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In this study, two RC frame structures having five stories and nine stories, respectively,

are designed using the current Romanian seismic code. The seismic performance is

evaluated by integrating the site-specific seismic hazard with the structural fragility. The

results show, as expected, a large scatter in the values of the collapse annual rates. The

smallest annual collapse rates correspond to sites under the influence of shallow crustal

seismic sources, while the largest ones are observed in sites under the influence of the

Vrancea intermediate-depth seismic source. In addition, based on the results obtained,

a larger seismic risk can be associated to the five-story structure. The study also shows

that it is vital to develop a seismic hazard model that captures the long-period spectral

amplifications observed at sites in southern and eastern Romania.

Keywords: control period, fragility function, seismic hazard, Vrancea intermediate-depth seismic source, annual

rate of exceedance

INTRODUCTION

The recent results obtained within the recently finalized RINTC project in Italy (Iervolino et al.,
2017) show annual collapse rates of code-conforming structures which can reach values in excess
of 10−3 for L’Aquila which has the highest seismic hazard level among the five considered sites and
can be lower than 10−5 for the least hazardous site among the ones considered (Milano).

On the other hand, Luco et al. (2007) have proposed an annual collapse probability of 10%
for the ground motion parameter with a mean return period of 2,475 years (e.g., a 10% collapse
probability for the code-conforming structures). Liel et al. (2009) have highlighted the influence
of the modeling uncertainties and of the height on the resulting annual collapse risk. In another
study, Ulrich et al. (2014) have obtained annual failure probabilities of the order 10−5. . . 10−7 for
France, depending on the seismic zone in which the structure is situated (lower failure probabilities
are assigned to the buildings built in the zones with the lower seismic hazard). On the other hand,
Fajfar and Dolsek (2012) computed much smaller collapse probabilities (e.g., 2·10−4) for structures
situated in areas characterized by larger seismicity as compared to France.

The seismic hazard of southern and eastern Romania is dominated by the Vrancea intermediate-
depth seismic source, while the sites situated in the western part of the country are mostly influence
by the local shallow seismic sources. The ground motion amplitudes of the Vrancea intermediate-
depth earthquakes appear to decrease muchmore rapidly with the distance toward the western part
of the country (back-arc region), as opposed to the sites situated to the south and east of this source
(fore-arc region). Consequently, the slope of the seismic hazard curves is much larger for the sites
influenced mainly by the Vrancea intermediate-depth seismic source. A detailed map of the slopes
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of the seismic hazard curves for various sites in Romania is given
in the paper of Pavel et al. (2016). An example of seismic hazard
curves for peak ground accelerations for sites situated in the
fore-arc region (southern and eastern Romania) and for three
sites (situated in the central or western part of Romania) are
illustrated in Figure 1. One can easily notice the different slope
of the seismic hazard curve, in the sense that the slope for sites
situated in the eastern and southern Romania (which are under
the direct influence of the Vrancea intermediate-depth seismic
source) is much larger, as compared with the other three sites.

Thus, one might expect different annual rates of exceeding
various damage states for a structure situated in the western
part of Romania, as opposed to a structure from the eastern
part of Romania even though the base shear coefficients (and
implicitly the design peak ground acceleration) are similar.
Another important observation to be made regarding the seismic
hazard of Romania is that the level of uncertainty is much larger
(more than two times) for the sites which are influenced by the
local shallow crustal seismic source (Pavel et al., 2016).

The computation procedure of the annual collapse rate
involves the convolution of the seismic hazard curve with the
seismic fragility defined in most of the case through a logarithmic
curve. It is obvious that besides the median value of the fragility
curve, its standard deviation (slope) which takes into account
both epistemic uncertainty and aleatory variability can have a
considerable influence of the results.

Consequently, in order to assess the annual collapse rate
of code-conforming structures in Romania and in order to
further develop the uniform risk approach, recently proposed for
Romania by Vacareanu et al. (2018), it was decided to perform
an assessment of the annual rates of collapse for two typical RC
frame structures designed for the seismic conditions in Romania.
Moreover, the impact on the seismic risk metrics of considering
the long-period spectral amplifications in the seismic hazard
assessment is another focus of this study.

FIGURE 1 | Comparison of hazard curves for PGA for three fore-arc sites and

three back-arc sites.

As mentioned before, this paper focuses on the evaluation
of seismic performance for two reinforced concrete (RC) frame
structures designed for the seismic conditions of Romania. The
two RC frame structures have five stories, and respectively
nine stories. Since both considered RC structures are doubly-
symmetrical, the analyses are performed on a planar frame, which
represents an approach commonly used in the literature. It has to
be highlighted the fact that this study does not refer to irregular
structures, even though Jeong et al. (2012) note that even this type
of structures will behave satisfactorily during future earthquakes
if they respect the design code provisions.

The seismic zonation of the Romanian territory according to
the map shown in the design code P100-1/2013 (2013) consists
of seven zones characterized by a peak ground acceleration in the
range 0.10–0.40 g (with an increment of 0.05 g between zones)
with a mean return period of 225 years (exceedance probability
of 20% in 50 years). The design response spectrum is anchored at
the design peak ground acceleration and consists of a constant
spectral acceleration plateau between the control periods TB

(defined as a function of the control period TC) and TC. The
soil conditions are taken into account through the values of
the control period TC = 0.7 s (hard soil conditions), 1.0 s or
1.6 s (soft soil conditions). The control period TC represents
the border between the constant acceleration and the constant
velocity domain part of the response spectrum. The largest design
peak ground acceleration for sites under the influence of local
shallow seismic sources is 0.25 g. A total of 16 combinations of
design peak ground acceleration and control period TC were used
in the design of each of the two analyzed RC frame structure.

A total of 50 sites from Romania characterized by various
combinations of design peak ground acceleration and soil
conditions (among the 16 possible combinations) are considered
in the analysis. Most of the sites are either under the influence
of the Vrancea intermediate-depth seismic source or under the
influence of local shallow seismic source, but there are some
cases in which both types of seismic sources have significant
influence.

STRUCTURAL MODELS

The Romanian seismic design code P100-1/2013 (2013) follows
to a great extent the Eurocode 8 format (CEN, 2004).
The Romanian seismic design code imposes a performance-
based approach with two limit states: damage control (SLS –
serviceability limit state) and life safety (ULS – ultimate limit
state). The strength checks are performed for ULS, while the
relative displacement checks are performed for both SLS and
ULS. The maximum story drift for the ULS check is limited by
the code at 2.5% of the story height irrespective of the chosen
structural system. P100-1/2013 (2013) allows the design for three
ductility classes, namely high (DCH), medium (DCM) and low
(DCL). The new structures are classified into four classes as a
function of their importance-exposure. A 40% increase of the
design spectral ordinates is required for structures having class
I of importance, while for class II of importance structures, the
increase of the design spectral ordinates is of 20%.

Frontiers in Built Environment | www.frontiersin.org 2 September 2018 | Volume 4 | Article 50

https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://www.frontiersin.org/journals/built-environment#articles


Pavel Collapse Assessment of RC Structures

A behavior factor q of 6.75 (the maximum allowed value)
corresponding to ductility class high (DCH) was considered
for all the analyzed structures. As such, the only parameter
controlling the design seismic force is the site-specific peak
ground acceleration. The sizing of the structures takes also into
account the limitation of story drifts for both the serviceability
limit state (SLS) and for the ultimate limit state (ULS), as well.
The mean return period of the seismic action associated to the
two limit states is 40 years (probability of exceedance of 72%
in 50 years) for SLS and 225 years (probability of exceedance
of 20% in 50 years) for ULS. In addition, all the structures
must exhibit a ductile failure mechanism, with a strong column-
weak beam mechanism and without any shear failures of the
elements. The maximum normalized axial force in the columns
in the seismic load combination is limited at 0.45. Consequently,
the cross-sectional dimensions of the structural elements were
dictated by the above-mentioned criteria for all the buildings
designed for small peak ground acceleration levels. The drift
limit check was particularly relevant for the structures designed
in areas characterized by values of the control period TC of
1.0 s and especially of 1.6 s (for which the inelastic spectral
displacement amplification factor given in the seismic design
code is larger than unity). It is also highlighted the fact that
the base shear coefficients used for design range between 3.2
and 12.6% of the building total weight. However, due to the
above-mentioned strength and stiffness conditions, the resulting
strength of the analyzed structures is larger (as can be observed
from the pushover curves).

The two considered RC frame structure have a constant story
height of 3.0m and four spans of 6.0m. The total height is 15.0m
for the five-story structure and 27.0m for the nine-story model.
The concrete class is C25/30 for the five-story structure and
C30/37 for the nine-story structure, while the steel grade is S500
in both cases. The fundamental eigenperiods (computed using
half of the stiffness of the RC elements) of the five-story models
are in the range 0.71 – 0.97 s, while for the nine-story mode they
range from 0.97 to 1.23 s. The cross-sections of the structural
elements are reported in Table 1. The cross-sectional dimensions
are kept constant throughout the elevation of the structures.
Two reinforcement patterns were used for the longitudinal beam

reinforcement in the case of the five-story models, while for
the nine-story models, three longitudinal beam reinforcement
patterns were employed. The percentage of column longitudinal
reinforcement varies from the minimum code-prescribed value
of 1% and up to about 1.6 % for the structures designed for
the largest peak ground accelerations (0.35 g and 0.40 g) and for
control periods TC of 1.0 s and 1.6 s. The height of the slab is
taken as 15 cm for all the models. The geometry of the structures
is shown in Figure 2. The design peak ground acceleration,
design spectral acceleration, control period TC and fundamental
period of each structure are given for each both the five-story and
nine-story models in Table 2.

The fragility functions are constructed using the simplified
SPO2FRAG approach proposed by Baltzopoulos et al. (2017)
and which is based on the results of the pushover analyses
performed on all the structural models. The base shear force—
top displacement curve is estimated in an approximate manner
using the SPO2IDA algorithm developed by Vamvatsikos and
Cornell (2006). Subsequently, the SPO2FRAG tool estimates
the logarithmic seismic fragility functions according to the IM
(intensity measure)-based procedure by simulating dynamic
analysis results via the SPO2IDA algorithm. The IM-based
procedure is applied only for the supplied limit states (e.g.,
in this case the collapse limit state). The parameters defining
the lognormal fragility functions (median value and logarithmic
standard deviation) were computed for the spectral acceleration
associated with the eigenperiod of the equivalent single degree of
freedom system.

The pushover analyses were conducted in the Seismosoft
(2016) using a load pattern proportional with the deformed
shape of the fundamental eigenmode and considering geometric
nonlinearity, as well. Inelastic force-based plastic hinges
(concentrating the inelasticity at the elements’ ends) are assigned
for all the structural elements and which were automatically
generated from the used-defined material characteristics. The
Mander et al. (1988) model was applied for the concrete fibers,
while the reinforcement is modeled through a bilinear law.
Mean strengths for both the concrete and the reinforcement are
considered in the analysis and a load pattern proportional with
the first eigenmode. The pushover curves obtained for all the 32

TABLE 1 | Cross sections of the structural elements (the cross-sectional dimensions outside the brackets correspond to sites with control period TC = 0.7 s, while the

values in brackets correspond to sites with longer control periods).

Design peak ground acceleration (g) Model

5-story 9-story

Beams (cm) Columns (cm) Beams (cm) Columns (cm)

0.1 25 × 50 45 × 45 30 × 60 55 × 55

0.15 25 × 50 45 × 45 30 × 60 55 × 55

0.20 25 × 50 45 × 45 30 × 60 55 × 55

0.25 25 × 50 45 × 45 (50 × 50) 30 × 60 55 × 55 (60 × 60)

0.30 25 × 50 45 × 45 (50 × 50) 30 × 60 55 × 55 (60 × 60)

0.35 25 × 50 (25 × 55) 50 × 50 (55 × 55) 30 × 60 (30 × 65) 55 × 55 (60 × 60) (65 × 65)

0.40 25 × 55 (25 × 60) 50 × 50 (55 × 55) 30 × 60 (30 × 70) 60 × 60 (65 × 65)
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FIGURE 2 | Geomery of the analyzed structures (A) planar view; (B) elevation of the five-story structure and (C) elevation of the nine-story structure.

models are shown in Figure 3. The curves which have the largest
base shear force capacity correspond to the sites characterized
by the largest values of the design peak ground acceleration (i.e.,
0.4 g) and control period TC (i.e., 1.6 s).

One can notice that the ratio between the maximum base
shear force and the minimum one is around two for both the
five-story and the nine-story models. However, the ratio between
the maximum and the minimum base shear coefficient used for
the design is much larger (around 6) in both cases. This fact
highlights again the previous observation with regard to the
sizing of the elements due to minimum requirements given in the
seismic design code and which dictate the elements’ size (strength
and stiffness requirements). In the collapse fragility assessment,
the model uncertainty is taken into account by considering it
as a normal random variable characterized by a mean value
(obtained from pushover analysis) and a corresponding standard
deviation. The record-to-record variability can also be taken into
account in SPO2FRAG approach, as well (e.g., a value of 0.3

was used as logarithmic standard deviation for the collapse limit
state).

RESULTS AND COMMENTS

The collapse criterion is defined based on the results of the
pushover analysis. In this case, the approach suggested by Camata
et al. (2017) is used, namely the collapse drift corresponds to
a 50% drop in the pushover curve. It is worth mentioning the
fact that these values were in the region of 7–8% for the five-
story structure and about 4–5% for the nine-story structure.
The deformed shape, as well as the position of plastic hinges
for two structural models (one five-story model and one nine-
story model) for the considered collapse criterion (described
above) is shown in Figure 4. It is worth noting that these values
are somewhat larger to the ones given by Federal Emergency
Management Agency (2012), namely 5.33% for the first structure
and 4% for the second model mainly due to the fact that the
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TABLE 2 | Design peak ground acceleration, design spectral acceleration, fundamental eigenperiod, and control period TC for the analyzed structural models.

Design peak ground

acceleration (g)

TC (s) Model

5-story 9-story

Fundamental period (s) Design spectral acceleration (g) Fundamental period (s) Design spectral acceleration (g)

0.10 0.7 0.99 0.18 1.23 0.14

0.15 0.7 0.99 0.27 1.23 0.21

0.20 0.7 0.99 0.35 1.23 0.28

0.25 0.7 0.99 0.44 1.23 0.35

0.30 0.7 0.99 0.53 1.23 0.43

0.35 0.7 0.90 0.68 1.23 0.50

0.15 1.0 0.99 0.38 1.23 0.30

0.20 1.0 0.99 0.50 1.23 0.41

0.25 1.0 0.90 0.63 1.23 0.51

0.30 1.0 0.90 0.75 1.17 0.64

0.35 1.0 0.90 0.88 1.17 0.75

0.40 1.0 0.83 1.00 1.17 0.85

0.25 1.6 0.90 0.63 1.17 0.63

0.30 1.6 0.83 0.75 1.17 0.75

0.35 1.6 0.78 0.88 1.04 0.88

0.40 1.6 0.72 1.00 0.97 1.00

FIGURE 3 | Comparison of the pushover curves for the five-story model (Left) and nine-story model (Right).

displacement drift demands and the overall structural design
leads to stiffer buildings in the case of the Romanian practice
as compared to US practice. The annual collapse rate is simply
obtained as the convolution between the fragility and the seismic
hazard, which is the approach used in many studies in the
literature (e.g., Jalayer et al., 2007; Douglas et al., 2013).

The site-specific seismic hazard was evaluated using the results
of the probabilistic seismic hazardmodel developed by Pavel et al.
(2016). The sites for which the computations are performed are
differentiated into three categories: sites influenced mainly by
the Vrancea intermediate-depth seismic source, sites influenced
mainly by crustal seismic sources and sites with a combined

influence from both types of seismic sources. The results are
summarized in Figures 5, 6 as a function of the control period TC

and the design peak ground acceleration (values ranging from 0.1
to 0.4 g, as stated in the first section).

The results show that the collapse rates are smaller for the
nine-story structure as compared to the five-story models, which
is basically what one might expect taking into consideration
that the spectral ordinates from the uniform hazard spectra
decrease with the period. The annual collapse rates appear
to show a more consistent trend in the case of the nine-
story frame model in the sense that the collapse rates increase
with the control period and with the design peak ground
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FIGURE 4 | Deformed shaped and plastic hinge formation for the five-story model (Left) and for the nine-story model (Right) for the considered collapse limit state

(50% drop in the pushover curve).

FIGURE 5 | Comparison of annual rate of collapse for the five-story model (Left) and nine-story model (Right) as a function of the control period TC.

acceleration [as also observed for Italy by Iervolino et al.
(2017)]. The smallest annual collapse rates correspond to
sites dominated by the local crustal seismic sources, while
the largest values are found in sites whose seismic hazard
is dominated by the Vrancea intermediate-depth seismic
source.

Another observation to be made regarding the results
obtained is related to the site-specific seismic hazard which
does not contain any long-period spectral amplifications
(a phenomenon observed from the ground motions recorded in
several sites in southern Romania during the Vrancea seismic
events of August 1986 and May 1990). In order to overcome this
serious shortcoming, Pavel et al. (2018) have developed a ground
motion model specifically for Bucharest, derived from both
natural and simulated ground motion recordings. A comparison
of the uniform hazard response spectra obtained in two studies

(Pavel et al., 2016) vs. Pavel et al., 2018) is shown in Figure 6. The
latter approach employs the previously discussed ground motion
model which is able to take into account long-period spectral
amplifications.

The annual collapse rates for the five-story and nine-story
model obtained for the seismic hazard computed with the above-
mentioned ground motion model are given in Table 3. One
can notice the much-larger annual collapse rates and the larger
annual collapse rate for the nine-story model as compared to the
five-story structure, which represents a result contrary to the one
obtained using the seismic hazard model from Pavel et al. (2016).
The reason for this issue is clearly visible from Figure 7—the
five-story model is much stiffer (and thus it has a larger median
capacity) than the nine-story one and in case of almost equal
seismic hazard levels for both models (as shown by the uniform
hazard response spectrum from Pavel et al., 2018) the parameter
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FIGURE 6 | Comparison of annual rate of collapse for the five-story model (Left) and nine-story model (Right) as a function of the design peak ground acceleration.

TABLE 3 | Comparison of annual collapse rates for Bucharest using two

approaches for seismic hazard assessment.

Structural model Annual collapse rate

Seismic hazard study

of Pavel et al. (2016)

Seismic hazard study

of Pavel et al. (2018)

5-story 2.3·10−5 5.2·10−4

9-story 3.4·10−6 7.3·10−4

FIGURE 7 | Comparison of uniform hazard response spectra for Bucharest

obtained in two studies (mean return period = 475 years).

controlling the collapse rate is the fragility. In the case of the
results based on the seismic hazard from Pavel et al. (2016), the
decrease of the seismic hazard levels from one structure to the
other is so large that the resulting collapse rate is much smaller for
the nine-story model (even though, as noted before, its median
collapse fragility is smaller).

Consequently, the development of groundmotionmodels and
of a seismic hazardmodel able to capture the long-period spectral
amplifications for sites in southern Romania is of paramount
importance for the correct assessment of the seismic performance
of structures situated in this area. Nevertheless, it should be
also noted that the results obtained in this study are based on
a very limited database of structural models and they should be
confirmed by further analyses performed in the future.

CONCLUSIONS

In this study, the seismic performance of two RC frame structures
with five stories and nine stories, respectively, and which were
designed for the seismic conditions of Romania is evaluated.
A total of 32 structures (16 for each height regime) were
designed considering all the combinations of design peak ground
acceleration and control period TC which represents the upper
limit of the constant acceleration plateau of the acceleration
design spectrum. The structural fragility is evaluated using
a simplified procedure based on the results of the pushover
analyses. The results show non-uniform annual collapse rates
in the range 10−6-10−4, with values smaller for the nine-story
model as compared to the five-story one. Moreover, the smallest
annual collapse rates correspond to sites dominated by the local
crustal seismic sources, while the largest values are found in sites
whose seismic hazard is dominated by the Vrancea intermediate-
depth seismic source.

However, if the seismic hazard can consider the long-
period spectral amplifications observed at sites in southern
Romania during large-magnitude Vrancea intermediate-depth
seismic events, the annual collapse rates are much larger
and, as expected, the seismic risk is larger for the nine-
story model as compared to the five-story structure (in the
case of almost similar seismic hazard curves, the fragility
dictates the seismic risk metric). Thus, a seismic hazard model
able to capture the long-period spectral amplifications for all
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the sites situated in southern and eastern Romania must be
developed in order to make a correct assessment of the seismic
performance of structures situated in this area. Also, it appears
as evident the fact that the largest uncertainties related to
the seismic performance assessment are mainly due to the
evaluation of seismic hazard and not to the structural modeling
itself. Another limitation of the study is of course related to
the small sample of structural models used in the analyses.
Nevertheless, an extension of this study is expected in the near
future.
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