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a b s t r a c t

This paper presents a new procedure to derive fragility functions for populations of buildings that relies
on the displacement-based earthquake loss assessment (DBELA) methodology. The recent developments
in this methodology are also presented herein, such as the development of new formulae for the calcu-
lation of the yield period or the consideration of infilled frame structures. In the fragility method pro-
posed herein, thousands of synthetic buildings have been produced considering probabilistic
distributions describing the variability in their geometrical and material properties. Then, their nonlinear
capacity has been estimated using the DBELA method and their performance against a large set of ground
motion records has been calculated. Global limit states are used to estimate the distribution of buildings
in each damage state for different levels of ground motion, and a regression algorithm is applied to derive
fragility functions for each limit state. The proposed methodology is demonstrated for the case of ductile
and non-ductile Turkish reinforced concrete buildings with and without masonry infill walls, and com-
pared with results obtained using nonlinear dynamic procedures and with the results from previous
studies.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Fragility functions representing the probability of exceeding a
set of damage states conditional on a level of ground motion are
a fundamental component to describe the physical vulnerability
of a population of buildings. The increase in the demand for reli-
able and more accurate loss estimations has triggered the develop-
ment of fragility functions based on analytical/mechanical
approaches which tend to provide a better representation of the
structural behaviour of the building typologies. As discussed by
Rossetto and Elnashai [41], there is no unique methodology for
the development of fragility functions and therefore, each ap-
proach will have its limitations and advantages. Several methodol-
ogies ([45,18,3,19]; amongst others) have been proposed with
different levels of simplification and efficiency in the past years.
However, it is well established that one of the main drawbacks
of any analytical methodology is the required computational and
modelling effort. For this reason, a simplified methodology is pro-
posed in this study.

The so-called DBELA methodology (e.g. [13,7]) is employed to
estimate the nonlinear capacity of thousands of reinforced con-
crete (RC) frames randomly generated and the associated demand
from a large set of ground motion records. The fact that several
synthetic buildings and ground motion records are used in the cal-
culations allows the consideration of the material and geometrical
uncertainties, as well as (to some extent) the record-to-record var-
iability. These calculations are performed within a probabilistic
framework and therefore, the parameters that define the fragility
functions (i.e. logarithmic mean and logarithmic standard devia-
tion) are also described by a probabilistic distribution, which per-
mits the propagation of the uncertainty in the vulnerability to the
risk analysis. This procedure proved to provide a good balance be-
tween computational efficiency and reliability, allowing a quick
and simple assessment of the physical vulnerability of many differ-
ent building typologies (e.g. reinforced concrete frames or shear
walls, masonry buildings with concrete or timber slabs).

This methodology is applied herein to estimate the statistics of
fragility functions for real Turkish reinforced concrete frames with
and without masonry infills walls. Then, these results are com-
pared with previous studies, as well as with results obtained using
complex nonlinear dynamic analysis, showing that despite the
simplicity of the proposed methodology, satisfactory results are
still attained.
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2. DBELA fragility function calculator

Since the initial publications of the DBELA methodology [24,13],
several improvements have been suggested, such as the develop-
ment of new period/height relationships or the consideration of
other building typologies. The new developments that concern
the assessment of reinforced concrete frames have been compiled
and are described in this section. Then, the proposed methodology
to derive fragility functions is comprehensively described. A proce-
dure to use these results in the calculation of vulnerability func-
tions (i.e. the probability distribution of loss for a set of intensity
measure levels) that propagates the uncertainties from the fragility
functions and consequence functions (which relate damage to loss)
is also presented. All of these efforts have been developed within
an open-source and transparent philosophy and therefore, all of
these calculators can be found in a public code repository at Git-
Hub [51].

2.1. Summary of DBELA

The DBELA methodology is a simplified nonlinear static analysis
method for the seismic risk assessment of buildings. The method
builds upon the urban assessment methodology proposed by Calvi
[10], in which the principles of structural mechanics and seismic
response of buildings were used to estimate the seismic vulnera-
bility of classes of buildings. In this method, the displacement
capacity and demand for a number of limit states needs to be cal-
culated. Each limit state marks the threshold between the levels of
damage that a building might withstand, usually described by a
reduction in strength or by exceedance of certain displacement/
drift levels. Once these parameters are obtained, the displacement
capacity of the first limit state is compared with the respective de-
mand. If the demand exceeds the capacity, the next limit states
need to be checked successively, until the demand no longer ex-
ceeds the capacity and the building damage state can be defined.
If the demand also exceeds the capacity of the last limit state,
the building is assumed to have collapsed. This procedure is sche-
matically depicted in Fig. 1, in which the capacities for three limit
states are represented by Di and the associated demand by Sdi.

In this example, the demand exceeds the capacity in the first
and second limit state but not in the third limit state, thus allocat-
ing the building to the third damage state.

2.1.1. Displacement capacity
As explained above, the demand in this methodology is repre-

sented by a displacement spectrum which can be described as pro-
viding the expected displacement induced by an earthquake on a
single-degree-of-freedom (SDOF) oscillator of given period and

damping. Therefore, the displacement capacity equations that are
derived must describe the capacity of a SDOF substitute/equivalent
structure and hence must give the displacement capacity at a given
limit state (which could be structural or non-structural) at the cen-
tre of seismic force of the original structure.

When considering structural limit states, the displacement at
the height of the centre of seismic force of the original structure
(HCSF) can be estimated by multiplying the base rotation by the
height of the equivalent SDOF structure (HSDOF), which is obtained
by multiplying the total height of the actual structure (HT) by an
effective height ratio (efh) (see Fig. 2).

Pinho et al. [37] and Glaister and Pinho [24] proposed formulae
for estimating the effective height coefficient for different response
mechanisms. For what concerns the beam sway mechanism (or dis-
tributed plasticity mechanism, as shown in Fig. 3), a ratio of 0.64 is
proposed for structures with 4 or less storeys, and 0.44 for struc-
tures with 20 or more storeys. For any structures that might fall
within these limits, linear interpolation should be employed. With
regards to the column-sway mechanism (or concentrated plasticity
mechanism, as shown in Fig. 3), the deformed shapes vary from a
linear profile (pre-yield) to a nonlinear profile (post-yield). As de-
scribed in Glaister and Pinho [24], a coefficient of 0.67 is assumed
for the pre-yield response and the following simplified formula
can be applied post-yield (to attempt to account for the ductility
dependence of the effective height post-yield coefficient):

efh ¼ 0:67� 0:17
esðLSiÞ�ey

esðLSiÞ
ð1Þ

The displacement capacity at different limit states (either at yield
(Dy) or post-yield (DLSi)) for bare frame structures can be computed
using simplified formulae, which are distinct if the structure is
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Fig. 1. Comparison between limit state capacity and the associated demand (adapted from [7]).

Fig. 2. Definition of effective height coefficient [24].
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