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Abstract. Partial or total progressive collapse under abnormal loading conditions (e.g. deli-
berate terrorist attacks, uncontrolled gas releases, and vehicle or aircraft impacts) is one of
the most vivid examples of low probability-high consequence (LPHC) event that may occur in
the lifetime of a structure. Despite this, structural safety for extreme loads that may lead to
disproportionate (or progressive) collapse has been probabilistically assessed and controlled
in a few cases, thus neglecting uncertainties in loads and system capacity. As such, this paper
moves from a deterministic to a probabilistic framework, proposing fragility models at mul-
tiple damage states for low-rise reinforced concrete (RC) framed bare structures which may
be applied for progressive collapse risk assessment and management. Two building classes
representative of structures designed for either gravity loads or earthquake resistance in ac-
cordance with current European rules were investigated. Monte Carlo (MC) simulation was
used to generate random realizations of two-dimensional (2D) and three-dimensional (3D)
structural models. Their fiber-based finite element (FE) representations were developed with-
in an open source platform for nonlinear static pushdown analysis. The output consisted of
fragility functions for each damage state of interest. Such fragility models were then com-
pared to those derived through incremental dynamic analysis (IDA) in a previous study. IDA-
based and pushdown-based capacities were additionally used to propose regression models
for quick estimation of dynamic amplification factor (DAF) at a given displacement/drift tar-
get. The analysis results show a significant influence of both seismic design/detailing and
secondary beams on robustness of the case-study building classes.



Emanuele Brunesi, Roberto Nascimbene and FulvisiPar

1 INTRODUCTION

Accidental and man-made extreme events such asctmydaes or explosions can induce
abnormal loads on building structures, which imtoray suffer heavy damage and finally ex-
perience a partial or total building collapse. Tepends on the fact that structural systems
designed according to conventional approaches @reeatessarily able to withstand extreme
loads. To confirm this scenario, several residéntt@nic and public buildings resulted in
significant casualties and property loss as a apresgce of a disproportionately high propa-
gation of direct damage to their key componentS][1-

Following the early interest in blast- and progres<ollapse-resistant building analysis
and design, which was triggered by the 1968 pactdapse of Ronan Point tower in UK, the
occurrence of further dramatic accidents and dedileeattacks either in urban or industrial
environments has led homeland security to becompenaary concern for public authorities
and stakeholders, causing the protection of strastagainst extreme loads to have a larger
and larger impact on economy and society. Severfhitions of progressive collapse, the
most known of which is based on the significanprbgortion in size between the initial and
final damage configurations, have appeared initeeture [6-12]. Acting on building expo-
sure, the contribution of nonstructural protectimeasures such as barriers, sacrificial ele-
ments and limitation or control of public accessénbeen reaffirmed to be crucial in order to
increase structural safety and to mitigate progressollapse-related risk in a cost-effective
manner. Moving from passive to active strengthersitngtegies, extensive efforts have been
more recently made in design and simulation [13485propose approaches and rules for
structural integrity and robustness against abnbtozals. Codified methodologies [13-16]
have emerged in the last two decades providingydegiidelines to inhibit cascade or domi-
no effects as a result of a local failure, whicbhgresses in time to a collapse encompassing
the entire structure or essential parts of it. Boayon performance of structures and structur-
al components, the key role played by requiremsuath as robustness, integrity, continuity,
redundancy and ductility has been recognized []786sides direct and indirect design pro-
visions prescribed in codes and standards [13-d6juge amount of analytical studies on
blast and progressive collapse phenomena havedwmwen|[11, 12, 17-35], thus quantifying
the influence of modeling assumptions and anakgsiBniques. Solid or shell FE [25, 28, 33,
34], lumped-plasticity [18, 22-24, 26, 27] and ggrplasticity [11, 12, 17, 19, 25, 29-32, 35]
approaches have been examined for progressivepsellanalysis of different building typol-
ogies ranging from civilian to strategic and miljtdacilities. In this respect, conventional or
alternative pushdown procedures and implicit orliekpnonlinear dynamic analyses have
been explored using general purpose codes or dpgarms.

Despite the large number of deterministic invesiiges, probabilistic approaches have
been applied to a lesser extent in this field afelxaresearch works have appeared in the lite-
rature so far (see e.g. [1, 6, 36-41]), emphasitvegneed for probabilistic risk assessment
and management of disproportionate collapse uni@et bbads and/or sudden column loss
scenarios. In light of this, a framework for fratyilanalysis of European RC framed buildings
was implemented, integrating fiber-based FE modehith Monte Carlo simulation for ran-
dom realizations of structural prototypes and poshdanalysis techniques for progressive
collapse assessment. Two 4-story building populati@ach of which analyzed using two
types of numerical representation (i.e. 2D modets 2D models), were studied in a probabil-
istic fashion in order to propose fragility modelsmultiple damage states. The former class
was designed only for gravity loads according tso€ade 2 (EC2) [42], and the latter was
designed for earthquake resistance in compliantte Exirocode 8 (EC8) [43]. For each build-
ing class under consideration (i.e. EC2-complidnicsures and EC8-compliant structures),
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fragility analysis was based on (i) the random gatien of 2D and 3D fiber-based models
through MC simulation, (ii) pushdown analysis otleatructural model including dynamic
effects in a simplified manner [15], and (iii) deation of fragility functions for each structur-
al model and damage state of interest. Considel@sggn criteria and structural idealizations,
four groups of fragility models were presented stiquantifying the sensitivity of progressive
collapse to design rules (i.e. seismic or non-sejsand redistribution capacity of secondary
beam systems. A comparison was then provided batweeh pushdown-based fragility
models and those obtained by Brunesi et al. [4Bjgusicremental-mass nonlinear dynamic
analysis. Finally, the influence of dynamic effeots progressive collapse potential was esti-
mated by taking advantage of IDA-based predictipitjy and pushdown capacity curves,
which were determined without introducing any apsitic amplification factor for specific
structural portions. Pushdown and IDA estimatesiltieg) from the application of the same
uniform mass/load distribution over the entire stinwe were normalized in order to construct
a set of DAF-vertical displacement/drift curves dodit a corresponding regression model
for each building class and structural represesmatinder study, thus permitting a quick ana-
lytical assessment of DAF at a given displacemeifititesign target.

2 FRAGILITY ANALYSIS: METHODOLOGY AND PROCEDURES

In a general framework for probabilistic risk arg$y(PRA) using either hazard- or scena-
rio-based approaches, the annual probability oprdigortionate collapse can obtained
through the conditional probabilities of two linstates: (1) local damage given an extreme
event, and (2) global (structural) collapse givelo@l damage [6]. These two conditional
probabilities can be in turn quantified using a tikeirel analysis where uncertainties related
to abnormal loading and structural system are neodahd propagated. The probability of
damage to structural components and systems cdnebeobtained by means of reliability
computations in which demand is convolved with catyd44]. As such, PRA is a quantita-
tive and rational tool for an effective risk-infoeeh decision making process in case of LPHC
events and fragility analysis can be consideredrasof its fundamental components, which
is indeed used in conventional risk managementniqales to investigate and describe the
physical vulnerability of a population of buildings structural assemblies to specific damage
scenarios. Although such concepts currently pettaia well-established approach for disas-
ter mitigation in earthquake engineering (see [@%5:50]), only a few applications have been
recently presented for disproportionate collapsgeuiblast loads and/or sudden column loss
scenarios [36-41].

Several methodologies may be proposed to provichathematical formulation to vulne-
rability, either in terms of damage probability m@ts or vulnerability curves, and there can-
not be a unanimous consensus on a unique approaderivation of vulnerability models to
be implemented in PRA, due to a variety of struatunodeling options, analysis techniques,
and damage criteria. Even though any model witkeits| of sophistication presents peculiar
advantages and drawbacks, the development ofifgagibdels is recognized to be a key as-
pect for disaster mitigation actions, as those tions characterize the conditional probability
of exceeding a certain damage level for a presdribad intensity. The conditional probabili-
ty may be defined as follows:

Py =P[D2di|8=3k] (1)

whereD is the damage measure (DM) used to describe stalar nonstructural damage,
Sis the scalar or vector-valued intensity measiNg (sed to describe the load intensity, and
Pik is the probability that the damage ledels reached or exceeded for a given IM lexel
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Therefore, vulnerability to progressive collapseyrha regarded as a measure of how prone a
building is to damage for a given severity of tledested column removal scenario and the
corresponding fragility models at multiple damatgtes may be regarded as a graphical re-
presentation of vulnerability to this type of meoisan, providing estimates of the proportion
of a building class falling within discrete damdzpnds from a specified IM.

In light of the aforementioned considerations, stisdy presents a probabilistic mechan-
ics-based assessment procedure for fragility aisabfsstructures subjected to disproportio-
nate collapse. Analytical fragility curves wereided in case of gravity-load designed [42]
and earthquake resistant [43] RC framed buildiAgsdiscussed in the following, concepts of
methodologies developed for earthquake engineapqlications [45-50] and recently ap-
plied in this field [39, 40] were integrated witpexific analysis techniques for progressive
collapse simulation. A flowchart presenting thegmsed routine and their prevailing compo-
nents is shown in Fig. 1, while the rationale bdhims framework is summarized hereafter.

Generate a random
building population

(=1,..n)

For each limit state, i

Setj=1
Perform pushdown
Assume Qand perform NLTH: analysis and identify
Q, corresponding to
i" limit state

Q, = i"limit state?

Yes No
Setk=1 Setk=0 [—
| |
@ NO,! Next j —
Yes
Compute P=> k /n
i=1

Plot Rversus Qand
perform regression analysis

Figure 1: Flowchart for derivation of progressiwlapse fragility models.
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According to Brunesi et al. [40], fragility was esated by means of a MC simulation con-
sisting of the following three steps:

1)Generation of the building population which implieddeling of random variables (RVS)
in compliance with statistics and probability distition functions for material properties,
geometrical parameters and design loads.

2)Damage analysis of each random realization whigblied identifying simulated design
criteria and numerical modeling strategies to pregdrogressive collapse potential and
assess whether a prescribed amount of damage\arallyl level is reached or not.

3)Analytical derivation of progressive collapse fiagiwhich implied adopting procedures
for nonlinear regression analysis in order to Gitnwlative fragility points, after that ca-
pacity and demand were convolved.

In this latter step, the distribution of buildingseach damage state of interest was used to
derive the statistical parameters — i.e. megngtandard deviatiors) and coefficient of de-
termination &%) — of each lognormal fragility function, fittingistrete points from damage
probability matrices through the least squaresrtieghe. To evaluate progressive collapse fra-
gility, several thousands of structural prototyfmseach building class were randomly gener-
ated on the basis of statistics and probabilityrithstions for each RV, as specified in Section
3, and their capacity was estimated by means stidal fiber force-based [51] FE approach-
es commonly adopted in earthquake [46, 48, 50ab@8]progressive collapse analysis [11, 12,
17, 19, 25, 29-32, 35, 40]. To this aim, pushdowmugation techniques [11, 17, 18, 23, 24,
31] rather than IDA procedures [19, 26, 40] wer@leamented and the downward load on
beams Q,) was assumed as reference IM. Three criteriageith local/sectional or glob-
al/structural levels, were selected for the idésdifon of limit states corresponding to slight
damage (LS1), significant damage (LS2) and complateage (LS3), thus allowing the eval-
uation of structural performance. Based on cap@gtyand convolution, fragility models for
EC2-compliant [42] and EC8-compliant [43] buildingsalyzed using either 2D or 3D proto-
types were finally computed, allowing a two-way gquarison between functions obtained (i)
by different design solutions for the same type stifuctural representation (i.e. EC2-
conforming versus EC8-conforming), and (ii) by diint modeling types for the same design
rules (i.e. 2D versus 3D).

3 UNCERTAINTY MODELING AND COMPUTATIONAL STRATEGY

Pushdown analysis was implemented in a fragiliglysis framework to provide the prob-
ability of exceedance of different damage statdsiged by column loss events. In this study,
two design rules (i.e. according to EC2 [42] andBHE&3]) and two structural idealizations
(i.e. 2D and 3D models) were considered, resultinigur types of structural models each of
them characterized by different kinds of uncertaifthousands of samples of RC framed
structures were randomly generated for each ofwibebuilding populations (i.e. gravity-load
and earthquake resistant prototypes). Uncertaimigeometry, material properties and loads
were modeled according to Brunesi et al. [40], darther aim of this paper is to compare
IDA-based and pushdown-based fragility models, tuentifying the mismatch between the
two analysis methods. As discussed in SectionBective coefficients were proposed for the
statistical parameters (i.e.ando) of each lognormal fragility function derived frotime latter
approach in direct relation to those computed thinanonlinear dynamic simulations. As such,
every simulation realization analyzed herein wasua®ed to be equal to the corresponding
random idealization studied in the comparative asse [40]. A summary of selected RVs
with their peculiar probabilistic features was pd®d in the following, while more compre-
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hensive details regarding the statistical backgdooinMC sampling can be found in [40]. A
similar consideration can be drawn in terms of #&alization of each case-study of the two
building classes, as specified in the upcomingusision.

As shown in Fig. 2, the structures under study westory, 4x4-bay RC framed buildings,
which had a lateral force-resisting system (LFR&nposed of five primary frames con-
nected each other by one-way RC joist slabs antintmus cast-in-situ secondary beams.
Following typical layouts and building practice etlspan lengths in both longitudinal and
transverse directions, namelyandLy, were assumed as RVs with uniform distributiothie
range [4.0 m, 6.0 m]. A similar criterion was apgliin past studies for random sampling as-
sociated with seismic vulnerability analysis of Ructures (see e.g. [45, 46, 48, 50]). The
center-to-center plan dimensions were equal atflmay, but varied in lengthx¢direction)
and width ¢-direction) according to different random combioas of column spacing in the
two directions. As progressive collapse resistawes found to be almost insensitive to
changes in the interstory height [19], the latt@sveonsidered as a deterministic parameter
equal to 3.0 m. Material uncertainties were tak&o iaccount by randomly selecting steel
yielding strengths of 380 MPa and 450 MPa and cobitrete strengths of 25 MPa, 30 MPa
and 35 MPa, each of them assumed to have the sarbahiity of occurrence [48]. Those
values were considered as nominal strengths whetle then multiplied by a normally distri-
buted (dimensionless) RV with mean equal to 1.¢ase of reinforcing steel and 1.5 in case
of concrete, and with coefficient of variation (Co&tual to 10%. Finally, a normal distribu-
tion was assigned to dead load (DL) with mean 6fki/n? and CoV = 17%, whereas live
load (LL) was considered as a deterministic paramequal to 2.0 kN/mbecause the case-
study buildings were assumed to be employed fosingu In order to permit a representation
of the sample in the low probability region of thistribution, the Latin Hypercube algorithm
was adopted for MC sampling of RVs with normal wlsttion [40, 48].

Ix

Inelastic FB fiber elements

Figure 2: Example of a representative structuraigiype.
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Fig. 2 shows isometric and plan views of a repregi@ building model used for damage
analysis through distributed-plasticity approack @aashdown simulation techniques. While
high-definition solid FE models based on classjpaiciples of nonlinear fracture mechanics
[53-55] represent an attractive solution for intetimg the evolution of crack patterns and
damage mechanisms of RC structures at a local [@8el33, 34], fiber-based idealizations
were shown to be a transparent and viable apprtmaelccurately characterize the inelastic
response of such building typology in a computatilynefficient manner [32]. To this aim,
the open FE platform SeismoStruct [56] was adofaeprepare 2D and 3D models of EC2-
compliant and EC8-compliant structures and to platythe series of pushdown analyses ex-
plicitly including material and geometric nonlinges. Potential large displace-
ments/rotations and P-Delta effects were taken extoount using a total corotational
transformation [52] and the spreading of inelastiover the member length and cross section
was reproduced through a direct integration of uh&xial material response of individual
fibers. Each inelastic beam-column element hadtégmtion points and each cross section
was discretized in 400 fibers to accurately repregis stress/strain state during incremental
monotonic loading. A one-to-six correspondence betwstructural members and model ele-
ments was assumed to reduce numerical instabiit @accommodate the deformed shape
during progressive collapse analysis (Fig. 3).A@e bilinear constitutive rule with isotropic
strain hardening was assigned to reinforcing stelegreas the uniaxial uniform confinement
model proposed by Mander et al. [57] was assumeathtalate the inelastic behavior of con-
crete, explicitly accounting for tension soften[Ag].

o . SR Amm SR

EC2-compliant prototype EC8-compliant prototype

Secondary beam system Primary beam system

Figure 3: Deformed shapes at ultimate conditions©2-compliant and EC8-compliant buildings.

In order to characterize the nonlinear responsammdom populations of case-study build-
ings, two analysis types can be used in both dardtindirect progressive collapse-resistant
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assessment procedures: nonlinear static (or pustdavalysis, and nonlinear dynamic analy-
sis. The former is a relatively simple approach anavides a load-displacement capacity
curve that, similarly to seismic analysis, pernaite identifying whether a structure has ade-
guate capacity to withstand extreme loads or mog static fashion. Material and geometric
nonlinearities such as large displacements/rotat{oa. beam-catenary action), second order
effects, coupled axial-flexural inelastic behaviand plastic hinge formation (i.e. stiff-
ness/strength degradation and ductility exploitgtican be included in the analysis using a
nonlinear static method. Nonetheless, the mainddesatage of a static simulation is the ina-
bility to take into account the dynamic behaviorddtructure in case that one or more bearing
elements are instantaneously removed from the frarhes loading condition may cause
highly dynamic effects which in turn may lead atistdly safe structure to become dynami-
cally unsafe due to the fact that time-dependeetloads produced by column loss may in-
duce a progressive fracture of other members befarew equilibrium state is achieved [19,
22, 29, 34, 40]. As a result of this cascade effedifferent dissipative mechanism and re-
lated propagation of damage through the crossosedepth may be predicted to occur by dif-
ferent analysis methods. If pushdown analysis se8an the application of a monotonically
increased downward load or load distribution, dgiritynamic analysis the structure is dam-
aged under cyclic reversals, as it oscillates ugveard downward in such a way that more
closely reflects the physical nature of progressiapse.

In light of those considerations, procedures weop@sed to equivalently include dynamic
effects in a static fashion whether pushdown teqples are adopted for progressive collapse
assessment [14, 15, 26]. In particular, the newfiethiFacility Criteria (UFC) released in
2009 [15] prescribed the application of a non-umfodownward load distribution to the
structure, explicitly identifying structural portie characterized by different levels of dynam-
ic amplification (i.e. adjacent spans and areasydvwan the removed column). As such, this
code-compliant approach was integrated within th&babilistic simulations performed to
carry out fragility analysis, thus accounting foetdynamic nature of progressive collapse
phenomena in a simplified and computationally efit manner. As discussed in [40], fra-
gility analysis needs an iterative procedure inecalsdynamic analysis because a step func-
tion with monotonically increasing magnitude isuigd for an aprioristic factorization &,
that is able to simulate the different dynamic ingdconditions corresponding to attainment
of each limit state for each structure realizatiig. 1). On the other hand, a single incremen-
tal analysis can be more rapidly performed in éicstashion and directly provides a set of
displacement-controlle@, values for each building prototype which allowse @valuating
multiple damage states at once.

The effectiveness of this equivalent nonlinearictatocedure [15] was evaluated in com-
parison with IDA estimates [40] and a further ses@andard pushdown analyses [14] was
carried out assuming a uniform downward load distron consistent with that selected for
vertical mass when performing dynamic simulatiofiserefore, pushdown capacity curves
obtained by this latter approach were normalizetth wespect to IDA envelopes in order to
compute a series of specific force-based DAFs Hertivo populations of EC2-conforming
and EC8-conforming case-study buildings. Regresaimayses were then performed using
predictions for both 2D and 3D structural modeld ammplified equations were proposed to
allow DAF to be estimated as a function of vertidaplacement/beam drift. Furthermore,
sensitivity of progressive collapse potential togliation techniques with different levels of
sophistication (i.e. IDA [40] versus pushdown [1&fs probabilistically assessed in terms of
fragility functions.

The prevailing trends emerged from pushdown araly#ih and without consideration of
equivalent dynamic effects [15], namely P1 andd?@ discussed in the following.
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4 PUSHDOWN ANALY SIS OF EC2-CONFORMING STRUCTURES

In the first stage of this research, progressivkapse capacity of EC2-compliant buildings
was predicted by means of 2D and 3D structural tsadecombination with pushdown anal-
ysis techniques including or not dynamic effectaistatic fashion (i.e. P1 and P2). This al-
lowed the authors to carry out a two-way comparisetween response predictions obtained
() by different types of structural idealizatioor the same type of analysis (i.e. 2D versus 3D
models), and (ii) by different analysis types foe same structural representation (i.e. P1 ver-
sus P2). Thus, the influence of dynamic effects sembndary beam systems on robustness of
EC2-conforming case-study prototypes was quantifléet conclusions drawn from capacity
curves presented in this section were then comparétbse derived for earthquake resistant
building class examined in Section 5 and finallyeexled in terms of fragility models, as dis-
cussed in Section 6.

4.1 Two-dimensional versusthree-dimensional models. EC2-compliant buildings

To assess and compare the progressive collapsetiptsgeof gravity-load designed struc-
tures in terms of analysis method and structuradeting, an internal 2D frame was first ex-
tracted from each 3D model and then analyzed byverg the leftmost ground column. That
scenario was considered as it is the most demarsitigie column-removal condition in case
of framed buildings [19]. As shown in Fig. 4, reape estimates for the 2D models were then
collected and compared to those provided by noatisetic analysis of 3D models, in order
to quantify the effects of secondary beam systentlsa redistribution of gravity loads from a
removed column. This sensitivity was initially irstgated considering the results of standard
pushdown analysis (i.e. P2) and the trends obsereed then compared to those obtained by
pushdown assuming a non-uniform load distributio; 1), thus exploring the influence of
dynamic effects and corresponding equivalent laaitepn on the resisting/redistribution me-
chanisms enforced in both primary and secondargdsa
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Figure 4: Pushdown (P2) curves of EC2-conformindgpings using 2D models (left) and 3D models (rjght

Fig. 4 presents the set of downward load-verticgdldcement curves predicted for 2D and
3D models, revealing a maximum progressive coll@agacity of about 1.8, in case of the
most resistant 2D structure. Peaks of up to@,&2%n be observed if the median is considered,
and capacities approximately lying within a + 128¢kfwere shown when referring to median
+ 1 standard deviation. The set of numerical pitezhs obtained by 3D models confirmed the
significant influence of secondary framing beamsuorgressive collapse potential of the sys-
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tem, as they provide a rationally-controlled altgive load path for the unbalanced demand
induced by a column loss scenario. Given that oag-slabs were assumed according to con-
struction practice for such buildings, secondargrbe were supposed to resist only their self-
weight so they were designed to comply with minimeemmforcement requirements by cur-
rent European standards [42] and, hence, they eaotsidered as a latent resource of stiff-
ness and strength. The redundancy provided by dacpitheams or “secondary-beam effect”
visibly improved the robustness of case-study pypies, being their contribution effective in
controlling the overall structural response. A®sult, capacities approximately 3 times high-
er than those shown for 2D models were predictabisncase considering either maximum or
median resistance of the EC2-compliant buildindigh8y more scattered estimates were de-
termined as a wider fork of up to £ 24% resultecemwlcomputing median + 1 standard devia-
tion. As discussed by Brunesi et al. [40], predics suggested that these secondary members
may be actively used to interact with the primagnie systems, resulting in a stiffer, stronger
and more stable response under column loss-indmgerdbads. Due to their visible participa-
tion in primary mechanism, vertical displacemerdksemore than halved can be shown when
3D and 2D models are compared (Fig. 4).

4.2 Uniform versus non-uniform load distributions. EC2-compliant buildings

In this subsection, the sensitivity of progressio#lapse resistance to analysis method was
investigated, focusing on gravity-load designeda2id 3D structural models. In detail, Fig. 5
collects the series of downward load-vertical dispment capacity curves determined for the
EC2-conforming population of structures by meanpughdown analysis based on the appli-
cation of code-compliant [15] non-uniform load distitions able to account for different le-
vels of dynamic amplification in specific portionkthe structure. Peculiar behavioral aspects
of obtained response (i.e. P1) were examined. thtiad, a comparison was provided with
those discussed in subsection 4.1 for conventipasthdown analysis approach (i.e. P2).
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Figure 5: Pushdown (P1) curves of EC2-complianidings using 2D models (left) and 3D models (right)

Such an approach explicitly includes dynamic effeata nonlinear static analysis using an
equivalent/global procedure that provides a constarount of overload dependent on plastic
and yielding rotational capacity to be appliedgedfic structural portions more sensitive to a
sudden column removal than others (adjacent spenssiy areas away from the removed col-
umn). Therefore, predictions more conservative thase resulting from P2 were achieved in
this case either for 2D or 3D models. Peaks of abdiiQ, and 3.8 were predicted for the
most resistant 2D and 3D structure, respectivalghSan outcome confirms the considerable
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contribution provided by secondary frame elemeotgfavity load redistribution as a conse-
quence of a sudden column-removal condition. Asipusly mentioned, 3D models resulted
in capacities approximately 3 times larger thars¢hdetermined in case of 2D models. Com-
pared to P2, estimates roughly 10%-20% smallebeapbserved as a consequence of equiva-
lent dynamic effects. By contrast, similar consadiems can be drawn in terms of median and
standard deviation.

4.3 Regression modelsfor DAF estimation: EC2-compliant buildings

DAF can be considered as a mechanical measurpehaits one to quantify the inaccura-
cy of pushdown analysis in comparison with IDA fliiferent design targets beyond the elas-
tic range of the structure. As such, DAF was oladias the ratio between static and dynamic
capacities in terms of vertical peak resistancéhef2D or 3D structural model at a given ver-
tical displacement. Fig. 6 presents the seriegmetbased DAF versus vertical displacement
curves of the population of gravity-load designegdctures.
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Figure 6: DAF estimates for EC2-conforming builditigss using 2D models (left) and 3D models (right)

To get a reliable estimate of this quantity, staddgaushdown analysis (P2) was used as it
is based on the application of a uniform downwaraldl distribution, according to that as-
sumed for nonlinear dynamic simulations [40]. Thed static-to-dynamic capacity ratios of
2D and 3D models collected in Fig. 6 were then userbnduct a regression analysis, which
is aimed at providing specific analytical expreasifor a quick assessment of DAF at a given
vertical displacement/drift target. Accurate préidics were observed for both 2D and 3D
models, as the coefficient of determinati&)(was equal to 0.88 and 0.91, respectively.

5 PUSHDOWN ANALYSISOF EC8-CONFORMING STRUCTURES

The procedures assumed to perform progressivepsellanalysis of EC2-compliant build-
ing class were then applied to the population o8Gmpliant structures. As before, numeri-
cal simulations were carried out considering eii@ror 3D models. Pushdown analysis with
and without consideration of dynamic effects wadgsmed on prototype buildings having
the same overall geometry in accordance with MG@oansampling of RVs but different de-
tailing as they were separately designed in compéavith EC2 [42] and ECS8 [43]. In partic-
ular, the population EC8-conforming structures wasigned for a medium-high seismicity,
assuming the PGA at bedrock to be 0.30g for lifetgdimit state. A type C ground was se-
lected to perform design in medium ductility clédgsresponse spectrum analysis on 3D mod-
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els, incorporating accidental eccentricity of temter of mass. Further and more comprehen-
sive details regarding simulated design criterid erlated sectional properties/reinforcement
layouts may be found in Brunesi et al. [40], whie prevailing numerical observations re-

sulting from the series of pushdown analyses chwig are summarized hereafter, in direct
relation to those derived for EC2-conforming casehg buildings.

5.1 Two-dimensional versusthree-dimensional models. EC8-compliant buildings

The set of pushdown capacity curves obtained bp2D3D models are collected in Fig. 7,
and reflected a visible benefit from seismic deklgtailing rules. Peak force capacities 50%-
70% larger than those observed in case of gravdg-designed structures were predicted for
earthquake-resistant framed buildings.
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Figure 7: Pushdown (P2) curves of EC8-complianidings using 2D models (left) and 3D models (right)

Such an outcome is mostly due to more stable amastdlexural hinging mechanisms and
arch effects/catenary actions developed in thecaliportions of EC8-compliant structures, as
a result of minimum seismic requirements and symoatarrangement of longitudinal rein-
forcement [43]. Compared to EC2-conforming buildintheir collapse modes were characte-
rized by different levels of resistance, robustnessonale and control. The EC8-conforming
prototypes can displace further in the nonlinegime of their response, or alternatively carry
higher loads for a given vertical displacement. Mexof about 2.3Q, and 7.3, were de-
termined using 2D and 3D models, respectively. ldetite trends emerged by comparing the
responses of 2D and 3D gravity-load resistant faasteuctures were confirmed and corrobo-
rated even further by the series of pushdown cuskiesvn in Fig. 7.

5.2 Uniform versus non-uniform load distributions. EC8-compliant buildings

Dynamic effects were included in progressive capnalysis according to the equivalent
procedure proposed in UFC [15], thus permitting ttnevaluate their influence on robustness
of EC8-conforming building class. In Fig. 8, thendavard load-vertical displacement curves
predicted by means of 2D models were comparedagetbbtained using a 3D structural idea-
lization. The peak progressive collapse resistavafound to be equal to 2Q9and 6.70Qy,
in case that the strongest 2D and 3D prototypesaisidered, respectively. Compared to Fig.
7, Fig. 8 reveals 10%-15% lower capacities, thaffirening the key role played by this code-
compliant procedure in controlling the unsafetyelesf a standard pushdown approach. When
considering the median of EC8-compliant buildingg, maximum load carrying capacity was
approximately 1.3Q;, in case of 2D models and a + 15% fork was obsewegther referring



Emanuele Brunesi, Roberto Nascimbene and FulvisiPar

to median £ 1 standard deviation. On the other handore than doubled peak resistance re-
sulted from the median of 3D models, in combinatioth a £ 10% wider fork for median + 1
standard deviation.
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Figure 8: Pushdown (P1) curves of EC8-conformindgpings using 2D models (left) and 3D models (rjght

The comparison between pushdown capacity curv&CafFcompliant and EC8-compliant
random realizations (i.e. Fig. 5 versus Fig. 8aded trends similar to those evidenced when
comparing the results of standard pushdown sinaulat(i.e. Fig. 4 versus Fig. 7). The signif-
icant benefit from seismic design/detailing crigenivhich was highlighted for either 2D mod-
els or 3D models, can be therefore reaffirmed.

5.3 Regression modelsfor DAF estimation: EC8-compliant buildings

Conventional pushdown predictions (i.e. P2) and Exfimates [40] were used to quantify
the discrepancy between the two simulation tectesat different levels of inelastic demand
for column loss-induced overloads. As done in cddeC2-conforming prototypes, an expo-
nentially decaying model was fitted to the seriestatic-to-dynamic capacity ratios obtained
by 2D and 3D models (see Fig. 9), thus proposinmpkiied equations for quick analytical
assessment of DAF for earthquake resistant buiding
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Figure 9: DAF estimates for EC8-compliant buildiigss using 2D models (left) and 3D models (right).
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The scatter is very low in case of 3D structurabels, as the resulting regression function
is characterized by a coefficient of determinaggual to 0.95. Conversely, regression analy-
sis provided a less accurate fit using capaciti@s 2D models (i.eR* = 0.77), particularly in
the small displacement range, that is when stratherformance was characterized by minor
or moderate damage.

6 DERIVATION OF FRAGILITY MODELS

To convolve capacity and demand under progressillapse scenario, the following three
criteria were introduced — either at global/struat\i.e. vertical drifts) or local/sectional (i.e.
concrete and steel strains) levels — for limitegatefinition: slight (LS1), significant (LS2)
and complete (LS3) damage. As discussed in [4@jhtslamage limit condition refers to a
situation in which the building can be immediataked after an event with minor repair or
strengthening only, so it can be regarded as adafaerviceability limit state. Conversely,
complete damage can be considered as an ultinmatesate beyond which the structure is
close to collapse, being no longer able to defonchta sustain any further load increment nor
the gravity loads for which it has been designeagnicant damage can be regarded as an
intermediate case beyond which the building becommsgafe for its occupants, being the ma-
jority of its source of nonlinearity yet fully inse. Therefore, LS2 may be identified as a sort
of life safety limit state.

To determine whether a structural element reachesitacondition, strains and drifts ex-
perienced in the critical portion of the skeletalmhe where the progressive collapse mechan-
ism was forced to occur were compared with coneeally identified limit capacities [40]:

» LS1 was defined by steel and concrete strainsdtr EC8- and EC2-compliant building
classes. For each randomly generated structuregjdlteng strain of steel bars was com-
puted as the ratio between yielding strength andngts modulus, while concrete strain
at peak strength was determined in accordanceMattder et al. [57].

» LS2 was supposed to occur when the vertical ariiftained as the ratio between the peak
displacement above the column removed and the Ispam length, exceeded a determi-
nistic threshold. In detail, that drift was assunethe equal to 0.5% and 1.0% in case of
EC2-conforming and EC8-conforming building classespectively.

» LS3 was characterized in terms of ultimate ste@lirstand ultimate concrete strain. For
each randomly generated structure, the ultimaterets strain was calculated according
to different material properties and reinforcemeamtangement, whereas the buck-
ling/fracture strain of steel bars was set to 4% &% in the case of EC2-conforming and
EC8-conforming building classes, respectively.

Therefore, a multiplier of), was identified on each pushdown (P1) curve fohemmmage
state, in order to assemble a damage probabilitypxndhe latter contained fractions of sam-
pled structures in each damage state, for a sat@asingQy levels. The cumulative fraction
of buildings in each damage state was then compatedming up the percentages of frames
pertaining to each of them according to MC simolatiFinally, a lognormal cumulative dis-
tribution function was fitted to fragility pointfitough regression analysis, thus providing the
probability of exceeding each damage state in &rmoous fashion.

Fragility functions for each structure typology af@wn in Figs. 10 and 11, while their pa-
rameters, in terms of mean, standard deviationcaefficient of determination, are collected
in Table 1. A good match with fragility points fropushdown analysis was observed for each
limit state (i.e. LS1, LS2 and LS3), design appoée. EC2- and EC8-compliant structures)
and structural idealization (i.e. 2D and 3D modeigjngR’ in the range 0.972-0.999.
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Figure 10: Fragility models of EC2-compliant (ledihd EC8-compliant (right) building classes — 2btptypes.

Probability of exceedance [%)]

100
90+
80
70+
601
50
a0t
30+
201 %

107

*

*
H

—LS1

—LS2[q
LS3

0 f
0 50

.
100 150

.
200

Q, [%]

. .
250 300

.
350 400

100

90

80~

701

60

50

a0t

30

201

Probability of exceedance [%]

101

—LS1
—LS2y
LS3

0
0

100

.
300

.
400

Q, [%]

.
500

.
600 700

Figure 11: Fragility models of EC2-compliant (ledihd EC8-compliant (right) building classes — 3btptypes.

Ls1 Ls2 LS3
Class M odel H c R? H c R? c R?
2D | -5.243| 2.053| 0.983 -0.997 0.325 0.999 -0.Y49 4@®.p 0.985
EC2-cont 3D | -0.964| 1.112| 0.972 0.186 0.472 0.9p7 0.440 0.33B982
2D | -0.880| 0.288| 0.999 -0.122 0.319 0.9p8 0.051 1D.pE.996
EC8-cont 3D 0.367| 0.399| 0.999 0.731L 0.456 0.995 1.084 0.33r994

Table 1: Pushdown analysis (P1}-s andR® of fragility functions in terms o).

A very low scatter can be observed in case of E@8arming structures, as their fragility
models are characterized by a coefficient of deiteation close to unity (0.995 R? < 0.999)
for both 2D and 3D models. As far as the EC2-coamplbuilding class is concerned, an iden-
tical accuracy was obtained for LS2 and LS3, carsig both 2D and 3D models, while the
goodness of fit for LS1 was slightly lower BSequals 0.985 and 0.972 for 2D and 3D mod-
els, respectively. Nonetheless, that limit stat glight damage condition) is less crucial than
others for progressive collapse applications, inctvi{i) moderate damage is likely to occur
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as a consequence of redistribution of vertical $ofadm a removed column and (ii) an optim-
al design target is the life safety or collapsevprgion limit state in light of classical perfor-
mance-based design principles. Moreover, the ftagiiodels proposed in this study reaffirm
the key role played by secondary framing beamssarsiic design/detailing rules for a cost-
effective progressive collapse vulnerability mitiga of RC structures. In fact, a symmetrical
reinforcement configuration is effective for theation of a rationally-controlled primary re-
sisting mechanism, whereas redundancy added bydagobeam systems (designed to satis-
fy minimum reinforcement requirements prescribeadunrent code regulations) is crucial to
ensure alternative load paths under abnormal Igactinditions. In this respect, it can be em-
phasized that the additional robustness resourcesded by secondary frame systems can be
predicted at the design stage, for instance thrauggtrrelation between the maximum vertical
displacement of the 3D model normalized to thahefequivalent 2D modeDgax 30/Dimax 2p)

and the maximum demand-to-capacity ratio of bedr8k [

Finally, the set of fragility models at multiplerdage states derived and commented in this
research were compared to the corresponding $Bt*ebased functions proposed by Brunesi
et al. [40]. Table 2 presents ratios of mear=uipa/ip1) and standard deviatiof,(= oipalop1)
of IDA-based and pushdown-based fragility functiémseach damage state, design approach
and structural representation of interest.

LS1 LS2 LS3
Class | Model |y, Xo Ve Xo Xu Xo

2D 1.249| 1.132| 1.224 1.20p 1.158 1.088
EC2-conf.

3D 1.528 | 1.182| 0.237 1.16p 0.789 1.0/3

2D 1.321| 1.459| 2.015% 1.226 -0.511 1.0(5
EC8-conf.

3D 0.344| 1.208| 0.822 1.192 0.909 1.040

Table 2: IDA vs. P1 — ratios of meay, € tupalur) and standard deviatio,(= oipalory) Of fragility functions.

Pushdown analysis was therefore confirmed to benservative for vulnerability assess-
ment of RC framed structures subjected to progressllapse, as detailed from a determinis-
tic standpoint in past studies [19, 40]. In ligltls, ad hoc countermeasures are likely to be
implemented in current regulations for progressiokapse scenario loss modeling.

7 CONCLUSIONS

In this work, a modeling procedure for large displaent inelastic pushdown analysis was
integrated in a probabilistic framework for theidation of fragility functions for RC framed
structures under extreme loads resulting from eathindependent sudden column loss. Two
low-rise RC building classes were studied, namedyity-load designed buildings and earth-
qguake resistant buildings. The case-study strustwezre investigated using two analysis me-
thods, i.e. pushdown analysis with and without m@eration of equivalent dynamic effects,
and two modeling strategies, i.e. 2D and 3D fib&sdal models. The progressive collapse fra-
gility was evaluated for both case-study buildifasses, considering both structural idealiza-
tions as well as uncertainties related to geometrgtructural elements, material properties
and gravity loads. Classical performance-basedsassmt principles assumed in earthquake
engineering were extended to define demand anctitgea local and global structural levels.
A set of fragility models were then derived, allagithe following conclusions to be drawn:
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The fragility models proposed in this study areiroptly fitted to discrete fragility esti-
mates provided by pushdown analysis combined wighdimulation, particularly for life
safety and total collapse prevention limit statéschv are crucial for progressive collapse
assessment.

Different fragility levels are associated with niplk damage states, depending on the
building class and modeling strategy considereprababilistic progressive collapse as-
sessment.

Considerable benefits from seismic design and skrgrbeams on the actual robustness
level of RC bare building structures are confirnaed quantified by the fragility models
proposed herein.

Incremental-mass nonlinear dynamic analysis is astggl to be implemented in progres-
sive collapse-resistant building analysis and desag pushdown analysis was proven to
underestimate the fragility level associated witis type of structures in case of progres-
sive collapse.
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