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ABSTRACT

Fragility curves are very useful in quantifying the physical and economic damage of buildings that
have undergone an earthquake. This paper presents the development of analytical fragility curves
representative of mid-rise residential structures built with reinforced concrete, taking into account the
specific structural characteristics of Algerian buildings. The derivation of the analytical fragility curves
is based on the capacity spectrum method (CSM), which combines a non-linear static analysis
(pushover) with a response spectrum analysis. Observation of the consequences of earthquakes of a
given intensity shows that the damage to buildings is not identical, even though their construction is
similar. This variability of damage can be explained by the variability of a large number of factors such
as the local intensity of the hazard, the heterogeneity of the terrain, and the mechanical and geometrical
characteristics of the constructions. The materials and patterns of demand spectra were considered as
random variables using the Latin Hypercube Sampling Technique. Most of the existing methods that

Pushover model the damage to structures accept a log-normal distribution hypothesis, where the log-normal law
is a model controlled by two parameters: its mean value and its standard deviation. To set these
parameters, Monte Carlo simulations (MCS) are performed to generate 1000 samples. The resulting
fragility curves following these analyses were applied to two real-life cases of buildings affected by the
earthquake of Beni-llmane 2010 (Msila, Algeria), so as to assess the damage.

doi: 10.5829/ije.2017.30.07a.03

NOMENCLATURE

Say Displacement at yielding (cm) P[ds /Sd] Probability of obtaining a given level of damage

Sdu Ultimate displacement (cm) §d,ds Median value of spectral displacement (cm)

. . Standard deviation of the natural logarithm of spectral

Sqe Elastic pseudo displacement spectrum (cm) LBs displacement

Sae Elastic pseudo acceleration spectrum %g ds Damage state (cm)

T Natural period (s) 0] Standard normal cumulative distribution function

SRa Spectral reduction factor of acceleration Bc Standard deviation of resistance

SRy Spectral reduction factor of velocity Bo Standard deviation of seismic stress

Pett Effective viscous damping R Lateral strength ratio -

k Damping modification factor - CSM Capacity spectrum method

dy Spectral displacement at yielding (cm) MCS Monte Carlo simulations method

ay Spectral acceleration at yielding %g PDF Probability density function

dpi Displacement at performance point %g POA Pushover analysis

Api Acceleration at performance point (m/s?) MDOF Multiple degrees of freedom

g Gravity (m/s?) SDOF Single degree of freedom
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1. INTRODUCTION

Algerian seismic regulations RPA 99 version 2003 [1]
specify an acceptable level of safety for new structures
located in a seismic zone and experiences of post-
seismic analyses show that the protection of human
lives has been ensured since the regulatory paraseismic
references have been applied to seismic constructions.
However, the existing buildings still pose significant
safety problems in the event of strong earthquakes.
Given the number of constructions existing prior to
RPA 99 version 2003, and in particular structures with
reinforced concrete (RCC) moment resisting frames that
make up the largest category in number in Algerian
cities, the experience of the 2003 Boumerdes earthquake
(MW=6.8) shows that this type of structure, which
represents between 80 and 90% of all the buildings
affected, suffered significant damage [2]. In addition,
the earthquake of Beni-limane 2010 (MW= 5.2), despite
its moderate seismicity, shows that buildings
constructed before the implementation of RPA 99
version 2003 are particularly sensitive. Therefore, it is
essential to be concerned about the issue of the seismic
vulnerability of this type of structure. An efficient and
powerful tool for the evaluation of the seismic
vulnerability of structures is the use of fragility curves.
These are fundamental components of the methodology
of seismic risk assessment and the probabilistic tools
used to assess the potential damage to structures at a
given level of seismic hazard [3]. Different methods can
be used to construct the fragility curves, and these
methods can be classified into four main categories:
empirical methods, methods based on expertise,
analytical methods and hybrid methods. The analytical
curves are defined from statistical data obtained from
structural damage models [4-7]. Damage distributions
from nonlinear dynamic analysis are indeed observed
when the models are subjected to earthquakes with
increasing amplitudes. This method of analysis can be
limited by the computing time required to obtain the
results of a comprehensive model. Therefore, to reduce
the computation time, simplified analytical models are
also available. Several researchers have proposed,
instead of a nonlinear dynamic analysis, the use of
nonlinear static pushover analysis procedures (POA) [4-
9].

This study is focused on the development of
analytical fragility curves representative of reinforced
concrete moment-resisting frames structures, taking into
account the specific structural characteristics of the
Algerian type of building for residential buildings of
medium height (mid-rise) of a high seismic level (High-
Code) and moderate seismic level (moderate-code).

2. METHODOLOGY

The methodology used to develop the analytical

fragility curves with respect to the seismic hazard is

based on two sets of curves: capacity curves and
fragility curves. The first category of curves indicates

the behavior of a building facing any excitation of a

seismic type. The second type of curves, i.e. fragility

curves, indicates the probability of achieving a given
level of damage [3]. The full methodology step by step
is shown below:

o Identification of the seismic excitation and selection
of a seismic intensity parameter;

e Structural model selection (base model);

e Generation of mechanical properties by Latin
Hypercube Sampling;

e Development of a reduced number of buildings
variants derived from the basic model;

o Implementation of the capacity spectrum method
(CSM) on each variant and statement of the limit
states of spectral displacements and spectral
acceleration corresponding to the damage levels;

e Construction of the probability density function
(PDF);

e Generation of N capacity curves by the Monte Carlo
simulations method (MCS) using the probability
density function;

e Calculation of the mean capacity curve and
parameter estimation of the fragility function;

e Construction of the fragility curve (log-normal
model law).

3. CAPACITY SPECTRUM METHOD (CSM)

The capacity spectrum method, was first introduced by
Freeman [10] and later included in ATC40 [11], and the
N2 method was created by Fajfar and his team [12] and
included in Eurocode 8 [13]. The capacity spectrum
method (CSM) is a rapid seismic assessment tool for
buildings. It is based on the capacity spectrum
determined from a nonlinear static pushover analysis
(POA) and the demand for spectrum determined from
the reduction of the elastic response spectrum. Once in
the plan, the curve of the structure’s behavior can be
superimposed on the spectrum demand curve (Figure
1a). The point at which the capacity curve intersects the
reduced demand curve represents the performance point
at which capacity and demand are equal. There are three
procedures (A, B, and C) described in ATC-40 [11] to
find the performance point, of which the most
transparent and most convenient for programming is
procedure A (see Figure 2).
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If the structure reacts elastically to the earthquake, the
two curves intersect in the linear portion of the capacity
curve. If damage begins, the peformance point is
obtained differently, and two main approaches are
proposed, one using the damping, as in ATC 40, and the
other using the ductility, as in Eurocode 8 [14]. The
capacity spectrum method (CSM) has been used by
many researchers for the development of fragility
curves. Figure 1 (a) shows an example of the capacity
and demand spectrum taking into account the inherent
variability of the structural behavior and soil movement.
The fragility curves can be generated from these spectra
to evaluate the predefined values of limit states. The
probability of failure is calculated as the intersection of
the demand and capacity distributions for different
levels of intensity measurement [15-17].

The simplified form of the capacity spectrum is the
equivalent bilinear representation (Figure 1 (b)) of the
actual capacity spectrum diagram (Figure 1 (a)).This
bilinear representation obtained by the idealization
allows us to compute the displacements and acceleration
limits (levels of damage), the ductility ratio p and the
equivalent damping, which includes viscous damping
and hysteretic damping [11, 18].

3. 2. States of Damage The construction of
fragility curves consists in defining a damage criterion.
The damage states can be characterized in three ways:
(1) maximum deformation (maximum displacement,
ductility ratio, or inter-story drift), (2) cumulative
damage and (3) a combination of the maximum
deformation and the cumulative damage (model of Park
and Ang) [3]. The capacity spectrum method (CSM)
that was adopted in our study offers four levels of
damage [19] which are defined as follows: slight,
moderate, extensive (near collapse), and complete
(collapse). Because of its simplicity, we use the Risk-
EU project [20], which links the displacements in the
elastic state limit state Sy and the ultimate
displacements Sgy, in the states of damage for an RC
frame (see Table 1 and Figure 1 (b)).

Median demand

Spectral acceleration
Spectral acceleration

Median Capacity
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a) Specral displacement b) Specral displacement

Figure 1. a) Statistical representation of demand and capacity
spectra [16] and b) bilinear capacity spectrum and damage
levels
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Figure 2. Capacity spectrum procedure A to determine
performance point [11]

TABLE 1. Predefined values of damage thresholds for RC
frame [20]

Damage Threshold

Slight Sd1=0.7Sgy
Moderate Sd2=Sqy
Extensive Sd3=Say +0.25(Squ — Say)
Complete Sd4=Sy

3. 3. Demand Spectrum The capacity spectrum
method (CSM) is based on the displacements. The
seismic action is also shown by the elastic design
acceleration—displacement response spectra (ADRS)
format. These elastic demand spectra are obtained using
the following formula [11]:

T2
Sde = 2 Sae @)
4r

The inelastic demand spectra are obtained by
multiplying the reduction factors SR, and SRy for the
range of constant spectral peak acceleration and
constant spectral peak velocity, respectively, as follows
[11]:

SR = 3.21-0.68In (Bett )
2.12

@

2.31-041In (Best ) )
- 1.65

where B is the effective viscous damping including an
assumed 5% structural viscous damping.

\

4. FRAGILITY CURVES

The fragility curves define the probability of reaching or
exceeding a certain level of damage, either structural or
non-structural, for a given value of displacement
corresponding to the point of demand. Most existing
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methods which model the damage accept an assumption
of a cumulative log-normal distribution. The model log-
normal distribution, which represents the result of
random variables well, is controlled by two parameters:
the median value and standard deviation.

The fragility curve is expressed through the
following formula [19]:

1 Sy
P[ds/Sq1=®| ——In| = 4
57541 {ﬁds n[sd,dsﬂ @

where P[ds /Sd] is the probability of obtaining a given
level of damage ds for a spectral displacement Sd, @ is
the standard normal cumulative distribution function,
the median value of spectral displacement at which the
building reaches the threshold of the damage state, and
Ba4s 1s the standard deviation of the natural logarithm of
spectral displacement for damage state ds expressed
through the following formula:

Pas =\ B2 + BE + B, (5)

where pc is the standard deviation of resistance
(variability in capacity curves).

Pw is the threshold of the standard deviation of a
level of damage ds (variability in the estimation of the
median value of the damage state) equal to 0.40,
regardless of the level of damage and the typology of
the considered building [19]; pp is the standard
deviation of seismic stress (demand variability)
calculated by Equation (7) [21]:

1 1

= 1.957

Fo {5.876 11749 +o.1)}>< (6)
x [1—exp(~0.739(R —1))]

R is estimated using the following relation:

S m*
R=—2 - _— [T

Say Fy ae( ! ) ¢

5. DESCRIPTION OF THE BASIC MODELS

This study is focused on the development of analytical
fragility curves of reinforced concrete residential framed
buildings of medium height. Two fundamental types of
structures were retained for the paraseismic conception:
buildings from after 2003 called Model A of a high
seismic level (High-Code) and buildings from before
2003 referred to as Model B of moderate seismic level
(Moderate-Code).

The first basic model (Model A) is a regular
reinforced concrete building of 5- storey (G + 4), where
the height of each story is 3.06 m. Main beams have
dimensions (30x45) cm? and secondary beams (30x40)
cm?, while columns have sections of (45x45) cm? The

second basic model (Model B) is a regular reinforced
concrete building with 4-storey (G+3), where the height
of each story is 3.06 m. The dimensions of the principal
and secondary beams are (30x40) cm? while columns
have sections of (35x35) cm?. Both models stand on an
isolated foundation system and are connected by
stringers. For the superstructure, the floors are
constructed with slabs of 20 cm thickness (hollow
elements + compression table) with an area of (21x9)
m2 constant over the building height. The bracing
system for both models is composed of load-bearing
structures, six in the transversal direction and three in
the longitudinal direction (see Figure 3). The description
of the reinforcement of columns and beams for two
basic models is presented in Table 2.

In order to take account of the actual variability that
exists within a group of buildings of the same type, we
have developed a series of variants derived from the
basic models. The generated variants retain the same
architectural dimensions as the base models but exhibit
variations in the mechanical properties of the materials.
Thirty-six (36) representative variants of the properties
dispersion of each model were generated using the Latin
Hypercube Sampling technique [22].
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Figure 3. View in plan and in elevation of buildings (Model A
and Model B)
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TABLE 2. Reinforcement of columns and beams

Reinforcement Model A Model B
Columns 100 16 80 14
Beams (cm?) Top Botton Top  Botton
Principal beams 4.62 6.03 3.4 4.62
Secondary beams 34 4.62 34 4.62

Table 3 shows the properties variations of materials for
the two basic models, such as the compressive strength
of the concrete fcc, the modulus of elasticity of the
concrete Ec and the tensile strength of the steel fy. Once
the variants were generated, nonlinear static analyses
were performed on each variant. The number of 36
analyzed variants is insufficient in the context of a
feasibility study, but it still provides limit states
(spectral displacements (PDF). From the latter, the
Monte Carlo simulations (MCS) [23, 24] are performed
to generate 1,000 capacity spectra for each model in
order to achieve satisfactory and accurate results. These
generated capacity spectra allow us to obtain average
capacity spectra, from which the two parameters gd.ds
and B, controlling the fragility function are deduced.

5. 1. Modelling of Generated Variants For the
36 generated variants of each model, structural elements
(beams and columns) are modulated themes to beam
elements. The floors are considered as rigid diaphragms.
To determine the capacity curves of the structure, two
types of analysis were performed [11]: (1) modal
analysis for gravity loads is required, and is performed
in the linear elastic case. This analysis allows us to
deduce the elements necessary for the conversion of
capacity curves into capacity spectra. (2) Nonlinear
static analysis (pushover) is performed on the same
model of the structure.

The model is subjected first to the vertical forces,
then to a system of horizontal forces simulating seismic
forces, which are increased until the collapse of the
structure, or until the maximum displacement is
reached. To perform this analysis, we used the
comprehensive law behavior in deformation that is
defined in ATC40 and FEMA 356 [11, 18].

TABLE 3. Material properties variations for the two models

Model parameter Average (MPa) Distribution COV (%)

fce 235 Normal 15
Model A Ec 31630 Normal 5
fy 448 Normal 5
fce 175 Normal 14
Model B Ec 28493 Normal 6
fy 420 Normal 5

Each beam element is discretized into three finite
elements. The first element located in the center follows
a elastic law characterized by a constant bending
rigidity El, while the other two located at the extremities
act as plastic hinges along a rigid plastic law
characterized by a bending stiffness oEI, which is the
result of multiplying the stiffness El in the uncracked
state by a coefficient o that takes account of the
reduction in stiffness due to cracking. We used the
stiffness values given by FEMA 356 (FEMA, 2000)
which are 0.7 Elc and 0.5 Elb for the columns and
beams, respectively.

6. RESULTS AND DISCUSSION

The hazard programs such as Hazus and Risk-EU
classify both four-storey and five-storey buildings in
medium-rise buildings and have the same capacity
spectra and the same fragility curves, therefore, the two
models can be compared.

6. 1. Capacity Spectra Figures 4 and 5 show the
capacity spectra for the 36 generated variants obtained
for both Models A and B.

6. 2. Mean Capacity Spectra Figures 6 and 7 show
the dots cloud for the 1000 generated variants obtained
by Monte Carlo simulation (MCS) for both Models A
and B.
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Figure 4.Capacity spectra of 36 generated variants, Model A
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Figure 5. Capacity spectra of 36 generated variants, Model B
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In the same figure we present the mean capacity spectra
(spectral accelerations-spectral displacements). For the
four levels of damage (slight, moderate, extensive and
complete), the values of the medians and standard
deviations obtained from the two models based on
spectral displacement are given in Table 4.

The comparison of the mean capacity spectra of the
two studied models is best expressed through a single
representation (see Figure 8). Model A has a greater
resistance than Model B. In addition, Model A,
dimensioned according to the new paraseismic
regulations RPA99 version 2003, has an ultimate
displacement capacity of 23.7 cm for a maximum
acceleration equal to 0.15 g.

TABLE 4. Values of medians and standard deviations of
fragility curves as a function of spectral displacement (cm)

Domage Model A Model B
Sds Pds Sds Pds
Slight 2.58 0.69 1.81 0.67
Moderate 3.68 0.74 2.59 0.75
Extensive 8.58 0.74 5.87 0.73
Complete 235 0.63 15.64 0.66

However, Model B, which is dimensioned to resist
moderate earthquakes, has an ultimate displacement
capacity of 15.68 cm for a maximum acceleration equal
to 0.12 g. The difference in ultimate displacement
between the two models is 34%, whereas the maximum
spectral acceleration is 20%.

6. 3. Fragility Curves Results Based on the
median values (S;4,) and standard deviations (B,,)
obtained (Table 4) and using Equation (4) already
mentioned above, we can establish a fragility curve for
each model of building and for the four levels of
damage. Figures 8 and 9 show the fragility curves of
both Models A and B, respectively.

The comparison of fragility curves for each level of
damage of both models is shown in Figure 10. It can be
clearly observed that for each level of damage, the
average damage in Model A is less than that of Model
B, and the fragility curves of Model A, due to the
weakness of the model, are always declared to the right.
However, for Model B, the curves are declared to the
left. This is consistent with the fact that Model B is
more vulnerable than Model A. The difference between
the fragility curves of Model A and Model B is due to
two main parameters influencing the overall behavior of
both models. These two parameters are the mechanical
properties of the materials, and the reinforcement of the
structural elements.
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7. CASE STUDY: IMPLEMENTATION OF FRAGILITY
CURVES

Two real cases of buildings affected by the earthquake
of Beni-limane (Msila, Algeria) in 2010 are selected for
the implementation of the fragility curves obtained
previously. The choice of buildings was based on the
availability of a study estimating damage to 21
buildings in Beni llmane. This application allows us to
perform the comparison of our results of the fragility
curves with damage really observed. To assess the
damage rate of each type of building, two earthquake
scenarios are considered. The first is the Beni-limane
earthquake of 14 May 2010, which corresponded to an
earthquake with a PGA of about 0.10 g (MW = 5.2),
where the site was 7 km from the epicenter. The second
scenario is that of the reference earthquake, including
the PGA of 0.15 g, because the buildings are located in
zone lla and located on a soil type S3 according to
RPA99 version 2003 [1].

7. 1. Description of the Studied Buildings The
first building (B1), considered for the application of the
fragility curves developed in this study is a five-storey
R.C. frame structure built in 2005 and designed
according to RPA99 version 2003, with a concrete
resistance to compression of fcc = 24 MPa, and steel of
fy = 400 MPa. The reinforcement of columns is 10916,

the upper and lower reinforcement beams are 3@14 and
3016, respectively. During the earthquake of Beni-
limane, the building suffered the following damage:
horizontal cracks across and angled deep on the outside
walls, shallow cracks in all directions on the walls,
peeling exterior and interior coatings.

The second case study (B2) is a four-story R.C.
frame structure, built in 2000 and designed according to
an earlier RPA 99 (before 2003). The building is
constructed with a compressive strength of concrete fcc
= 19.5 MPa, and steel of fy = 400 MPa. The columns
reinforcement is 8@14, the upper and lower
reinforcement beams are 3@12 and 3@14, respectively.
The construction suffered the following damage:
collapsed filling walls, cracks at nodes of columns on
the ground floor. The plans of the two buildings are
indicated in Figures 11 and 12.

‘ |

\lﬂﬁik

Flgure 11. View of bqulng B1
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- Figure 12. View of inIding B2

8. RESULTS

Applying the capacity spectrum method (CMS) and the
modeling of structural elements described in paragraphs
2.1 and 3.1 on the two buildings, it is possible to obtain
the maximum spectral displacements (Sq) of the two
buildings B1 and B2, for PGA = 0.10 g and PGA = 0.15
g, respectively. From the results obtained from spectral
displacements, we can determine the probability of
damage to the buildings studied on the fragility curves
(see Figures 13 and 14). For each level of damage, this
figure shows the probability percentage for each
building undergoing this level of damage.
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Figure 13. Estimated damage for building B1, PGA = 0.10 g
and PGA=0.15¢g
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Figure 14. Estimated damage for building B2, PGA= 0.10 g
and PGA=0.15¢g

One can clearly see the rate of probable damage that can
occur to building B1 for PGA = 0.10 g and PGA = 0.15
g. For the earthquake scenario of Beni-limane, with
PGA = 0.10 g corresponding to Sd = 2.85 cm, the
results indicate that the building is at a level of minor
damage. In general, the same damage was observed
following the earthquake of Beni-limane. For the
reference scenario earthquake (PGA = 0.15 g)
corresponding to (Sd = 4.5 cm), the results indicate that
the building is at a moderate level of damage. As far as
building B2 is concerned, for the Beni-limane
earthquake scenario with PGA = 0.10 g corresponding
to Sd = 5.1 cm, the results show that the building is at a
level of moderate to major damage. As for the reference
scenario earthquake (PGA = 0.15 g) corresponding to
Sd = 10.08 cm, the results show that the building
suffered quite extensive damage. By comparing the
behavior of the two buildings, one can easily note that
building B2 is more vulnerable than building B1.

9. CONCLUSIONS

In this work, a simplified methodology based on the
capacity spectrum method (CMS) for™ the development
of analytical fragility curves was presented. The
probabilistic approach of the seismic vulnerability by
capacity spectra, based on nonlinear static analysis
(pushover), has been used by many researchers because
of its simplified analytical models and reduced
computation time compared to a nonlinear dynamic
analysis. Two basic models of typical residential
buildings of medium height (mid-rise) of a high seismic
level (High-Code) and moderate seismic level
(moderate-code) were investigated for the development
of analytical fragility curves expressed in terms of
spectral displacement. The fragility curves obtained
show that buildings designed in accordance with the
new seismic regulations (RPA99 version 2003) are less
fragile than buildings constructed earlier (previous RPA
99 versions). Two real cases of buildings affected by the
earthquake of Beni-llmane 2010 (Msila, Algeria) were
chosen for the application of the developed fragility
curves. The results of damage levels from the fragility
curves are quite close to the results actually observed in
the two studied cases. Finally, the fragility curves are of
great use in the quantification of physical damage to
buildings on the scale of a structure and the scale of a

city.
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