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Abstract
This paper presents a study on the selection of engineering demand parameters (EDPs) for the definition of collapse for 
code-conforming reinforced concrete buildings. The definition of collapse for buildings is not unique, as different codes 
and authors define it with respect to different EDPs and different values of the EDPs. Since collapse is associated with large 
plastic deformations, collapse is typically defined by deformation, displacement, and eventually energy EDPs. The EDPs 
can be either local when they refer to a single structural element response parameter (such as element rotation with respect 
to the chord) or global when they refer to an overall building response parameter (such as inter-story drift or top floor dis-
placement). The Italian buildings code NTC2008 and Eurocode 8 use the chord rotation as EDP, while FEMA 356 and other 
North American literature use inter-story drift ratio. This study compares different definitions of EDPs and different values 
of the selected EDPs by analyzing two code-conforming benchmark buildings, one six-story and the other nine-story high, 
designed according to Italian code. Multiple-stripe, non-linear dynamic analyses are carried out on the two buildings mod-
eled with concentrated hinges. The results show that different collapse definitions lead to very different safety evaluations 
and point to the need for the definition of a single EDP and a single value to make collapse analyses (and risk assessment) 
studies comparable.
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Introduction

This work was inspired by the study that the authors car-
ried out within the Italian RINTC project (RINTC Work-
group 2018), a multi-year research initiative, whose aim is 
to assess the risk of collapse of code-conforming buildings 
designed according to the Italian Building Code NTC 2008. 
The RINTC project deals with reinforced concrete, precast 
reinforced concrete, masonry, steel, and base-isolated struc-
tures. The present work focuses on assessing collapse of 
cast-in-place reinforced concrete buildings. Only residential 

buildings are considered. The definition of building collapse 
is not unique (Villaverde 2007). Different codes and different 
authors have not converged to similar approaches to define 
collapse. In a performance framework, collapse can be 
defined as the inability of the structures to guarantee a given 
performance for a given earthquake. At collapse, a structures 
loses its capability to carry lateral loads. Collapse can be 
assessed through either local or global engineering demand 
parameters (EPDs) at the local (element) or global level 
(Whittaker et al. 2004). Local EDPs typically re. Collapse 
depends on a number of factors, all affected by the cyclic 
response of the structure to a given earthquake. This work 
compares different collapse definitions available in build-
ing codes (EC8, NTC2008), design guidelines (FEMA356, 
SEAOC Vision 2000), and published literature (Camata 
et al. 2017; Ghobarah 2004). The comparison between the 
different definitions is carried out by analyzing two differ-
ent code-conforming RC buildings (a six and a nine-story 
building) in three different configurations: Bare Frame (BF), 
Infill Frame (IF), and Pilotis Frame (PF).
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Definition of collapse EDPs

EDPs are structural response quantities that can be used to 
asses the performance of structural and nonstructural com-
ponents and systems (Whittaker et al. 2004). They can be 
defined as

– local EPSs, such as chord rotation and Local Damage 
Index;

– global EDPs, such as inter-story drift ratio (IDR), roof 
drift ratio (RDR), Global Damage Index.

The collapse EDPs are hereafter divided into those defined 
in design codes and guidelines and those proposed in the 
published literature. Table 1 summarizes the EDPs discussed 
in the next two sections.

Collapse EDPs by design code and guidelines

There is no unique definition of the collapse EPDs in build-
ing codes. Eurocode 8 (and similarly the Italian NTC2008 
building code) does not specifically define collapse EPDs 
for code-conforming buildings, but limits the EDP defini-
tions to existing buildings. In any case, the EDPs in EC8 
and NTC2008 are all local and refer to the response of the 
single structural members. The performance with respect to 
brittle mechanisms (typically shear mechanisms) is assessed 
by checking that the shear demand does not exceed the shear 
capacity in terms of applied vs resisting forces. For ductile 
mechanisms (bending in beams and axial-bending behavior 
in columns), performance is assessed by checking that the 
chord rotation does not exceed rotation limits defined for dif-
ferent limit states. In principle, collapse occurs when the first 
structural element in a structure reaches collapse in either 
a brittle or a ductile mechanism. SEAOC Vision 2000 and 
FEMA356 (which also deals with existing buildings), on the 
other hand, use a global EDP, more precisely the inter-story 
drift ratio (IDR), difference limit values are given in the 
two guidelines. Furthermore, there is no distinction between 
building models with and without infills.

Other collapse EDPs

Several papers have been published over the years dealing 
with this topic. Starting with the most recent studies, Camata 
et al. (2017) use the roof drift ratio (RDR) as global EPD in 
their study on the implicit risk of code-conforming Italian 
buildings (RINTC) (RINTC Workgroup 2018). The RDR 
capacity in each building direction is defined as the RDR 
corresponding to a 50% capacity drop in base shear after 
the peak shear force capacity in the pushover curves. RDR 
demand is assessed from non-linear time history analyses. 
The approach is schematically shown in (Fig. 1a).

An alternative global EDP is the inter-story drift ratio 
(IDR). Ghobarah (2004) defines different IDR limit values 
for different RC frames, mainly ductile moment resisting 
frames, and moment resisting frames with infills. In the first 
case, collapse is reached when IDR > 3.0% , in the second 
case when IDR > 0.8% . In this study, for the BF buildings, 
we will use the values proposed by Ghobarah (2004) for 
the ductile moment resisting frames, and for the IF build-
ings, the values proposed for the moment resisting frames 
with infills, and for the PF buildings, the two approaches are 
combined (ground floor assessed with 3.0% IDR limit and 
remaining floors with 0.8%).

Case study definition

The buildings are all intended for residential use (except for 
the ground floor level indented for commercial use) and are 
characterized by regularity both in plan and in elevation. As 
shown in Fig. 2, the architectural plan includes four apart-
ments per floor; though from a structural viewpoint, there 
are two structures separated by a seismic gap in the central 
axis of symmetry. Each floor (two apartments) has a 252 
 (m2) area. A single structure is studied hereafter.

The ground level is 3.4 (m) high, and all other stories are 
3.05 (m) high. Two buildings are studied here, one six-story 
and the other nine-story high, both with a flat roof and iden-
tical floor plans (except for the columns sizes).

Table 1  Collapse EDPs used in 
this work

Name Collapse EDP

NTC2008 and EC8 Achievement of chord rotation in the first structural element (column)
FEMA 356 IDR ≥ 4% (transient or Permanent)
Vision 2000 IDR ≥ 2.5% (transient or permanent)
RINTC (Camata et al. 2017) RDR. Collapse is reached when demand RDR reaches RDR capacity, 

assessed as RDR corresponding to 50% drop in base shear capacity in 
Pushover analysis

Ghobarah (2004) IDR: BF ≥ 3%, IF ≥ 0.8%, PF ground floor ≥ 3% and remaining floor ≥ 
0.8%
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Building design

Design of the RC buildings followed the Italian NTC 2008 
design code. All buildings were designed in low ductil-
ity class using response spectrum analysis. Two differ-
ent seismic sites were considered: Naples (six-story) and 
L’Aquila (nine-story), both on soil type C. The structures 
are moment resisting frames assumed fixed at the base. In 
the design linear elastic frame model, the beams and col-
umns are considered cracked with resulting reduced stiff-
ness of 50%Itrv and 75%Icol , respectively. The stairs were 
designed and modeled with knee beams. The minimum 
column size is 35 (cm) the outer beams are all deep, while 
all internal beams are flat (for this reason, the building 
automatically falls into the low ductility category of NTC 
2008). It is commonplace in Italy to use masonry infills 
for the building outer walls. Infills may be interrupted at 
the ground level to allow large openings (for garage and/
or commercial use). For the above reasons, three different 

infill configurations are considered in this study, as sum-
marized in Fig. 3:

– Bare Frame (BF), the infills contribute only in terms of 
dead load. Their stiffness and load carrying capacity are 
neglected both in linear (building design) and non-linear 
analyses.

– Infill Frame (IF), the infills are regularly distributed in 
plan and in elevation in the buildings’ outer walls. The 
infills only contribute to dead load in the linear analy-
ses (design) and are explicitly included in the non-linear 
analyses.

– Pilotis Frame (PF), the infills are identical to the IF, but 
are totally absent at the ground level. The infills only 
contribute to dead load in the linear analyses (design) 
and are explicitly included in the non-linear analyses.

The design of the BF and IF configurations is identi-
cal, because during design, the infills are not modeled as 

Fig. 1  RINTC collapse EDP 
(Camata et al. 2017)

(a) (b)

Fig. 2  Typical architectural plan with RC columns positions
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structural elements, but are only included as dead loads. 
For the PF configurations, the Italian building code 
NTC20087.2.3 considers that in buildings with an infill dis-
tribution irregular in elevation (such as the case of PF build-
ings), damage may concentrate in a single story. For this rea-
son, the code prescribes that all actions be increased by 40% 
for the vertical elements in stories with an infill reduction. 
The following materials are used: concrete C28/35 and steel 
B450C. Table 2 reports buildings main design data, while 
Table 3 summarizes the buildings modal parameters (periods 
and modal participation mass for the first two modes).

Non‑linear modeling

Opensees McKenna (2011) was used to run the non-linear 
analyses. Because the buildings were designed follow-
ing capacity design principles, only non-linear ductile 
mechanisms are of interest here. Beams and columns are 

modeled with end concentrated hinges connected by linear 
elements. The hinge model is the well-tested model by 
Ibarra et al. (2005), in its most recent OpenSees imple-
mentation “ModIMKpeakOriented” (Lignos and Krawin-
kler 2012).

The model is defined through seven parameters, five for 
the monotonic envelope and two for the degradation mecha-
nism (the beams have non-symmetric backbones, and thus, 
double parameters are needed).

These parameters are (refer to Fig. 4): yield moment 
( My ), elastic stiffness ( Ke ), strain hardening ratio ( Mu∕My ), 
pre-capping rotation ( �cap ), post-capping rotation ( �pc ), and 
two cyclic deterioration parameters ( � , c = 1).

The sections yield that moments are determined using 
the section analysis approach proposed by Panagiotakos 
and Fardis (2001). The remaining parameters are computed 
using the predictive equations by Haselton et al. (2009). This 
model can be used to describe the moment–rotation rela-
tionship in a single plane of flexure, for a fixed axial load. 
The columns’ parameters were calibrated by defining two 
distinct and independent relationships in the two orthogonal 
bending planes, evaluated for the axial force produced by the 
gravity loads of the seismic load combination. The beams’ 
parameters define non-symmetrical relationships, given the 
sections’ different upper and lower reinforcements.

(a) (b) (c)

Fig. 3  Infill configurations

Table 2  Summary of buildings 
design data

ΣApls∕Afloor total column area at the ground floor/total floor area
�tr.de,1L first level average deep beams longitudinal steel ratio
�tr.fl,1L first level average flat beams longitudinal steel ratio
�pls,gr ground floor average base floor columns steel ratio

ΣApls∕Afloor (%) �tr.de,1L (%) �tr.de,1L (%) �pls,gr (%)

Napoli-6p BF-IF 2.17 0.72 0.84 1.46
PF 2.17 0.72 0.84 1.48

L’Aquila-9p BF-IF 3.01 0.75 ÷ 1.80 0.9 ÷ 1.26 1.45 ÷ 2.08
PF 3.01 0.75 ÷ 1.80 0.9 ÷ 1.26 1.45 ÷ 3.19

Table 3  Summary of buildings modal parameters

Tx (s) Mx (%) Ty My (%)

Napoli-6p 0.88 82 0.80 83
Aquila-9p 1.47 79 1.24 77



329International Journal of Advanced Structural Engineering (2018) 10:325–337 

1 3

The beam and column elements are the assembly of an 
elastic element and of the two zero-length hinges, as shown 
in Fig. 4.

Since the three elements are in series, the thresholds of 
the member bending moment capacity are that of the inelas-
tic hinges, while the deformation thresholds are a function of 
the stiffness ratio n = ks∕ke , where s and e subscripts denote 
the section and the elastic element, respectively [Ibarra et al. 
(2005)—Appendix B]. In this paper, n = 10.

Modeling of the stairwell elements requires particular 
attention, because the large axial force variations in the 
inclined beams induce large shear forces in the adjoining 
members. In the non-linear model, the axial stiffness of the 
elasticBeamColumn staircase elements was set to zero, and 
an inelastic bar element was added in parallel, with a non-
symmetric elasto-plastic constitutive law for compression 
and tension (uniaxial material hysteretic).

The contribution of the masonry infill panels was repre-
sented by a diagonal strut element (compression only), using 
the models proposed by Decanini and Fantin (1987), Ber-
toldi et al. (1993), and Decanini et al. (2004) that describe 
the monotonic and cyclic behavior of the infill as a func-
tion of the mechanical and geometrical characteristics of 
the masonry infill.

In this project, it was assumed that the infills are made of 
30 (cm) thick hollow bricks with the following mechanical 
characteristics:

�0 : vertical stress [0 (MPa)];
�mo : compression strength [6 (MPa)];
�mo : shear strength [0.77 (MPa)];
u: sliding strength [0.54 (MPa)].

The width of the diagonal strut � was calculated using 
the relative stiffness parameter �h proposed by Smith (1962), 
where the two constants K1 and K2 were calibrated using 
results from experimental tests (Table 4):

d: equivalent strut length.
Em : infills’ elastic equivalent modulus [4312 (MPa)].
Ec : concrete elastic modulus;
e: masonry panels’ thickness;
� : equivalent strut angle ( H∖L ) (Fig. 5);
I: columns’ moment of inertia;
H: story height (Fig. 5);
h: masonry panels’ height (Fig. 5);

The Decanini et al.’s model backbone curve for the equiva-
lent strut model is shown in Fig. 6.

The infill panel strength was simulated by a fictitious 
compressive failure stress �br , computed as the lowest of 
the stresses corresponding to the four basic failure modes: 
diagonal tension ( �br1 ), sliding shear along the horizontal 
joints ( �br2 ), crushing in the corners in contact with the 
frame ( �br3 ) and diagonal compression ( �br4).

The ultimate lateral strength Hmfc is thus:

(1)� =

(

K1

�h
+ K2

)

d

(2)�h = 4

√

Eme sin 2�

4EcIH
h

(3)
Hmfc = �mine � cos �

�min = min{�br1 , �br2 , �br3 , �br4}.

Fig. 4  Hinge model shape 
and main parameters: element 
assembly (zero-length inelastic 
end hinges + elasticBeamCol-
umn element) (left), moment–
rotation law (backbone) accord-
ing to Ibarra et al. (2005) model 
(right)

Table 4  Coef. K
1
 and K

2

K1 K2

�h ≤ 3.14 1.3 − 0.178
3.14 ≤ �h ≤ 7.85 0.707 0.01
�h ≤ 7.85 0.47 0.04
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The ultimate lateral strength Hmfc was incremented by a fac-
tor estimated at 1.18 to obtain the median value, selected 
because the experimental database results on Hmfc were fit-
ted with a log-normal distribution. The stiffness of the equiv-
alent strut Kmfc was estimated using the following relation:

The presence of openings in the infills was taken into 
account using reduction factors for the panels’ stiffness and 
ultimate strength, according to the recommendations by 
Decanini et al. (2014)

(4)Kmfc =
Eme�

d
cos2 �.

(5)Hmfc,o = Hmfc,o ⋅ �o

(6)Kmfc,o = Kmfc,o ⋅ �o

(7)
�o = 0.55exp(−0.035�a) + 0.44exp(−0.025�1)

where �a = (l0h0�LH)100e�1 = (l0�L)100.

The original model by Decanini et al. (2014) was updated 
based on recent work Cardone and Perrone (2015) and Sas-
sun et al. (2016), where the masonry infill drift limits are 
revisited based on an updated experimental database.

The infills were modeled in Opensees with the Con-
crete01 material.

Results of non‑linear analyses

Non-linear static and dynamic analyses were performed on 
the non-linear models. Figures 7 and 8 show the pushover 
curves for two different force distributions (Uniform and 
Modal) for the Naples and L’Aquila buildings, respectively.

In the Y direction, there are two PO curves that refer to 
pushing in the positive and negative directions. The stair-
cases make be building response different in the push and 
pull directions.

In the RINTC project, the EDP is the roof displacement 
and the capacity is determined as the displacement corre-
sponding to the post-peak 50% decrease in base shear in the 
Pushover analyses. Different values are computed in the X 
and Y directions for the three structural configurations (BF, 
IF, PF). In each direction, the smallest displacement capacity 
governs. Table 5 reports the displacement capacities for the 
different cases, as determined from the PO analyses.

In the present work, the collapse EDPs of Table 1 are 
computed from “multi-stripe analyses” (MSA) (Jalayer 
2003; Jalayer and Cornell 2009). The record selection was 
carried out in a parallel study Iervolino et al. (2017), where 
the selection algorithm is based on the Conditional Spec-
trum (CS) approach (Baker 2010; Jayaram et al. 2011; Lin 
et al. 2013) for ten intensity measure levels each representing 
a selection to a common spectral acceleration Sa(T1) defined 
for the return period of seismic action. Table 6 summarizes 
the Sa(T) for the 10 IML together with the correspond-
ing return periods. Since the ground motion records were 
selected based on spectrum compatibility at Sa(T) , with T 

Fig. 5  Infill model by Decanini and Fantin (1987), Bertoldi et al. (1993), and Decanini et al. (2004): notation and main parameters of equivalent 
strut model

Fig. 6  Backbone curve for the equivalent strut model by Decanini 
and Fantin (1987), Bertoldi et al. (1993), and Decanini et al. (2004)
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Fig. 7  Pushover responses for Naples-6s building

Fig. 8  Pushover responses for L’Aquila-9s building
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equal to 0.25, 0.5, 1.0, 1.5, and 2.0 s, given that the structure 
fundamental period T1 , T was selected as the closest to T1 of 
the above periods, thus the different periods in Table 6. Each 
stripe (or IML) is made of 20 pairs (two horizontal direc-
tions) of ground motion records.

The MSA results are reported by taking as representative 
parameters the maximum displacement in both directions of 
a control node at the roof (Fig. 9), and the maximum IDR 
(Fig. 10) of all floors in both directions. In cases, where 
non-linear dynamic analyses did not converge, the results 
of the last step to which convergence has been obtained are 
reported. Figures 9 and 10 show very high top displace-
ment and IDR for the LAquila buildings. This is due to the 
high ductility of the structures that were designed following 
capacity design principles.

Collapse rates for different EDPs

For the previously defined EDPs, the D/C ratios are reported 
for the different non-linear time histories analyses at all ten 
intensity measure level (IML). Collapse is reached when 
D∕C ≥ 1 . For the NTC2008 and EC8 EDP (cord rotation), 
the capacity is computed from the codes formulas. For the 
FEMA 356, Vision 2000 and Ghobarah (2004) EDP IDR, 

Table 5  RINTC capacity

Typology Napoli-6s L’Aquila-9s

X Y X Y

BF 1.04 0.98 1.57 1.65
IF 0.86 0.71 1.28 1.14
PF 1.04 0.89 1.42 1.24

Table 6  Sa(T ≈ T
1
) for 10 IML Naples (NA) and L’Aquila (AQ)

IML TR (years) Sa(T ≈ T1) (g)

NA IF-PF NA BF AQ IF-PF AQ BF

[T = 0.5 
(s)]

[T = 1.5 
(s)]

[T = 1.0 
(s)]

[T = 2.0 (s)]

1 10 0.043 0.010 0.029 0.011
2 50 0.119 0.031 0.073 0.026
3 100 0.226 0.061 0.139 0.049
4 250 0.343 0.094 0.232 0.080
5 500 0.480 0.134 0.365 0.124
6 1000 0.637 0.180 0.558 0.184
7 2500 0.834 0.235 0.855 0.270
8 5000 1.051 0.292 1.217 0.379
9 10000 1.393 0.383 1.837 0.572
10 100000 2.114 0.573 3.520 1.077

Fig. 9  Maximum roof control node displacement
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the capacity is computed from the definitions in the different 
documents. For the RINTC project EDP (top displacement 
or RDR), the capacity was computed from the PO analyses, 
as previously discussed (values are reported in Table 5). For 

all EDPs, the demand was obtained directly from the non-
linear dynamic analyses.

In the six-story building, the results in terms of D/C 
(Figs. 11, 12, 13) show that the RINTC criterion is the least 
conservative for defining the collapse of all the criteria 

Fig. 10  Maximum IDRs

Fig. 11  D/C results for different 
EDPs for the Naples 6-story 
building—BF
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adopted for the three configurations (BF, IF, PF). In the case 
of BF typology, the next most conservative criterion is the 
IDR of SEAOC Vision2000, followed by the criterion of 
Ghobarah. Things are reversed in the infill typologies (IF, 
PF), where Ghobarah turns out to be overly conservative, 
since the D / C value is much larger than in the other cri-
teria. The FEMA356 EDP is the most conservative of the 
criteria based on the IDR (SEAOC Vision2000, Ghobarah). 
The results based on an element EDP collapse definition 
(NTC2008, EC8) tend to be in an intermediate condition 
between the RINTC EDP and the of FEMA356 criterion. In 
the L’Aquila nine-story building, the results in terms of D / C 
(Figs. 14, 15, 16) show greater homogeneity for the different 

collapse criteria (FEMA 356, SEAOC Vision 2000, Ghoba-
rah). The Ghobarah EDP appears to be overly conservative 
for the buildings with infills (IF, PF) for the less intense IM 
strips. The RINTC criterion is the least conservative. The 
element EDP (NTC2008, EC8) provides intermediate pre-
diction among the IDR criteria (FEMA 356, SEAOC Vision 
2000, Ghobarah).

Fig. 12  D/C results for different 
EDPs for the Naples 6-story 
building—IF

Fig. 13  D/C results for different 
EDPs for the Naples 6-story 
building—PF
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Conclusions

The different definitions of collapse available in building 
codes and the published literature lead to highly scattered 
collapse predictions, particularly for the six-story buildings 
in Naples. All criteria are, however, based on solid experi-
mental results or sound engineering judgement. More specif-
ically, the RINTC EDP is the most unconservative criterion. 
Only the Ghobarah EDP collapse value appears to be off 
for infill structures: its limit value is too high (IDR = 0.8%) 
compared to the bare frame case (IDR = 3.0%).

All EDPs considered in this work show limitations. The 
chord rotation used in Eurocode 8 and NTC 2008 is a local 
parameter. Strictly speaking, the first section that reaches 
the collapse chord rotation indicates global collapse. It is 
debatable whether beam collapse corresponds to global col-
lapse. In the present study, only column collapse was consid-
ered. However, the chord rotation remains a local parameter 
whose link to global collapse is questionable. On the other 
hand, IDR and RDR are global parameters that consider the 
overall building behavior or compare story responses. The 
problem is that different documents propose different capac-
ity values [for IDR, FEMA 356, Vision 2000 and Ghobarah 

Fig. 14  D/C results for different 
EDPs for the L’Aquila 9-story 
building—BF

Fig. 15  D/C results for different 
EDPs for the L’Aquila 9-story 
building—IF
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(2004), for RDR used in RINTC project, the capacity was 
defined here based on preliminary PO analyses].

Finally, it is not possible to establish which of these cri-
teria is the most accurate one for the definition of collapse. 
All show that a properly designed building has a low col-
lapse rate on average and in line with that for which it was 
designed. There appears to be the need to a unified definition 
of collapse, followed by a common EDP for measuring col-
lapse and a common EDP collapse limit, to properly com-
pare collapse rates in different countries.
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