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Abstract. Probabilistic methods to evaluate the seismic vulnerability of reinforced concrete (RC)
frames are largely used in the context of performance based design and assessment, often de-
scribing the structural response using global engineering demand parameters (EDPs) such as the
interstory drift. While such EDPs are able to synthetically describe the structural behavior, the
use of intermediate or local parameters of RC frames without seismic detailing can enable a more
realistic and thorough description of failure mechanisms for structural vulnerability. This study
proposes an optimized methodology for the probabilistic evaluation of seismic demand of low
ductility RC frames by exploring a range of intermediate, local and global EDPs, identifying ap-
propriate regression models and comparing performances of different ground motion intensity
measures used in the probabilistic analysis. Moreover, a probabilistic methodology for assessing
the vulnerability of buildings retrofitted by means of dissipative braces is proposed. The method-
ology use local EDP in order to develop single component and system fragility curves before and
after the retrofit. The proposed approach allows to highlight the possible changes in the most
significant collapse modalities before and after the retrofit and to evaluate the effectiveness of the
retrofit by taking into account the probabilistic properties of the seismic behavior of the consid-
ered systems. A benchmark 2-dimensional reinforced concrete frame with low ductility capacity is
considered as case study. The frame is designed for gravity-loads only and does not comply with
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modern anti-seismic code requirements. It is retrofitted by introducing elasto-plastic dissipative
braces designed for different levels of their target base-shear capacity, following a design method
involving the pushover analysis of the bare frame. The obtained results show the effectiveness of
the use of component level vulnerability evaluation of low ductility frames, and the effectiveness
of the methodology in describing the changes in the performance due to retrofit. The proposed
methodology also allows testing the effectiveness of this simplified criterion employed for the de-
sign of braces.

Keywords. Buckling Restrained Braces, Fragility Curves, Local engineeting demand parameters,
Reinforced concrete frames, Retrofit, Seismic Risk.
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1 Problem statement and objectives

The damage occurred during recent earthquakes in many existing reinforced concrete (RC)
buildings designed before the introduction of modern anti-seismic codes has shown that
these structures are very vulnerable to the seismic action due to their reduced ductility ca-
pacity. This underlines the need to develop retrofit techniques for reducing the vulnerabil-
ity of existing structures and of reliable tools for assessing the effectiveness of the retrofit
and the resulting structural safety.

Performance Based Earthquake Engineering (PBEE) [13][34] has gained momentum to
support seismic risk mitigation decision-making by disaggregating individual elements of
the risk assessment framework. Seismic fragility analysis is a key element of this process
used to evaluate the performance of structures under earthquake events based on quantifi-
cation of structural capacity limits and seismic demand. Probabilistic Seismic Demand
Models (PSDMs) are often used to characterize the variation in demand on structures un-
der seismic loading by providing a relationship between structural response and ground
motion Intensity Measure (IM). The result of the fragility analysis are fragility curves that
provide the probability of exceeding a specified limit state or failure condition, conditional
to the strong-motion shaking severity, quantified by means of an appropriately selected IM.

In this context, fragility curves were employed by [25] to investigate the effectiveness of
the addition of shear walls, column jacketing, and the confinement of column plastic hinge
regions using externally bonded steel plates in reducing the seismic fragility of a existing RC
building. In [41] the authors also assessed the effect of column strengthening on the seis-
mic vulnerability of RC frames designed for gravity loads only by comparing the fragility
curves of a benchmark building before and after retrofit. Only few works however analyzed
the impact of the use of braces on the fragility of existing RC frames. Among these, in [22]
the case of viscous dampers is considered, while in [35] and [23] the cases of elastic steel
eccentric braces and buckling restrained braces are illustrated respectively. Although these
studies have employed probabilistic methodologies for evaluating the effectiveness of dif-
ferent retrofit schemes, some modifications and extensions to these methodologies should
be introduced in order to propetly address the specific issues deriving from the use of dis-
sipative braces for the retrofit of existing low-ductile RC frames.

The first issue is related to the choice of appropriate engineering demand parameters
(EDPs) for monitoring the seismic response and evaluating the performance of the frame
and of the retrofit system. In the studies listed above the fragility curves are developed by
using the peak inter-storey drift as unique global EDP. This strategy is commonly pursued
since monitoring the time-history of the local response of all structural members may be
cumbersome, especially when complex models with a high number of degrees of freedoms
are considered. The use of this EDP may be adequate to describe the seismic response of
ductile frame designed by strength hierarchy rules, but may lead to a high approximation in
the vulnerability evaluation and consequently in loss estimates of low ductility frames, since
in this case there is not direct relation between local failure mechanism and global in-
terstory drifts. To obtain a more thorough characterization of the vulnerability of the struc-
ture, a multi-component fragility study is necessary, as suggested by [5][20].

The system capacity is defined in the studies above based on one of the two approaches:
7) by assuming the inter-storey drift limits suggested in seismic codes such as [19], or 7) by
deriving the inter-storey drift limits from the member-level limits suggested in seismic
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codes (i.e. maximum plastic rotation of members) through a simplified analysis, such as pu-
shover analysis. Obviously, in both the cases, the capacity limits must be properly updated
to account for the retrofit, as done in [25] and [41]. Although the first of the two ap-
proaches above described is widely and correctly used for new ductile structures thanks to
the well-established relations between local failures and global EDPs, it may constitute a se-
rious drawback for the case of existing low-ductile structures for which these relations may
differ case by case. Moreover, in the author opinion, this approach cannot be applied, at
least at the present knowledge level, to the case of existing low-ductile structures retrofitted
by means of dissipative braces for which the relations between local and global demand pa-
rameters often change by increasing the retrofit level, due to some specific problems, such
as the reduction of the flexural ductility capacity of the columns adjacent to the braces due
to the increased compressive forces resulting from the braces action.

With regard to the second approach above described, in addition to being more complex
since a pushover analysis must be performed for each analyzed case, it inherits the limits of
accuracy affecting the pushover analysis and cannot be followed in some cases, e.g. when
dissipative braces with viscous behavior are used, or when the vulnerability of the retrofit
system is affected by low cycle fatigue issues. On the other hand, the use of component-
specific EDPs [27][31][32][45], such as the strain demand at the most critical element sec-
tions or the shear demand on a beam-column joint, though more cumbersome, is not af-
tected by any of the above mentioned limitations. In addition, it permits to appropriately
assess in probabilistic terms the performance of the single resisting components (including
the braces), their contribution to the system vulnerability and the impact of the retrofit on
the local response of the individual members [37]. This aspect may be also crucial for the
estimation of the direct costs due to seismic damage, since it is easier to associate a cost to
the damage of the single component (beam, column, brace) rather than to the system
[20][39].

In addition to the problems deriving from the use of global EDPs, a second relevant is-
sue concerns the evaluation of the retrofit technique effectiveness, which was usually done
in the above cited studies by comparing the fragility curves of the structure before and after
the retrofit. In fact, when the natural period of the bare frame differs from the natural pe-
riod of the retrofitted frame, the comparison between fragility curves obtained by using a
structure-specific IM, such as the spectral acceleration at the fundamental period of the
structure, does not directly provide information about the effectiveness of the retrofit. This
implied the use of structural-independent IMs for the comparison, such as the less efficient
PGA [25]. Furthermore, some synthetic parameters should be used to accurately compute
the changes in the safety margin due to retrofit, based not only on the median values of the
IM, as in [22][35], but also on the dispersion of the fragility, since this parameter also af-
fects the estimate of the seismic risk [9][45].

2 Research Planning and activities

The objective of this study is to investigate the seismic response of low ductility reinforced
concrete frames. In particular, use of local Engineering Demand Parameters (EDPs) is
proposed in order to give a more complete understanding of the structural behavior of ex-
isting RC frames designed without seismic details. Probabilistic Seismic Demand Models
(PSDMs) have been proposed and evaluated, and moreover, the retrofit technique based
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on the use of elasto-plastic braces is considered and its effectiveness is evaluated by a prob-
abilistic methodology based on local EDPs.

In the first part of the study, different EDPs are considered in order to highlight the
most significant failure modalities in RC low-ductility frame buildings, optimal PSDMs of
single components are developed for various EDPs, and the viability of alternative IMs is
explored. In particular PSDMs for local and intermediate EDPs of low ductility RC frames
are investigated since they serve as a basis for component level damage and loss assess-
ment. While the form of PSDMs and efficiency of various IMs has been readily explored
for global response parameters of RC buildings, this study provides insight into the form of
regression model appropriate for such local and intermediate level EDPs as steel and con-
crete strains, moments and shears on beams and columns, and global responses such as
base shear or story accelerations. Furthermore, ground motion IMs are analyzed to identify
the IMs that are most appropriate for Probabilistic Seismic Demand Analysis (PSDA) of
low ductility RC frames on the basis of such characteristics as IM efficiency and sufficiency.
Additionally, the uncertainty about these demand models is assessed including hypothesis
tests of the typical lognormal distribution of demands and homoscedasticity assumptions.
All the considerations are based on the results of a PSDA performed on a case study. The
results of this study provide insight into the form of PSDM, including ideal IM, regression
form, and probability distribution, for a range of different demand parameters for low duc-
tility RC buildings. These findings can be used to support the formulation of demand mod-
els used in component level fragility analysis and loss estimation conducted within the
PBEE framework.

The second part of the study, illustrates a probabilistic methodology for assessing the
vulnerability of existing RC buildings with limited ductility capacity retrofitted by means
dissipative braces. The methodology use local EDPs in order to develop single component
and system fragility curves before and after the retrofit. The proposed approach allows to
highlight the possible changes in the most significant collapse modalities before and after
the retrofit and to evaluate the effectiveness of the retrofit by taking into account the prob-
abilistic properties of the seismic behavior of the considered systems.

Among the different types of retrofit techniques currently applied, dissipative braces ap-
pear to be very promising [10][44]. These braces provide a supplemental path for the earth-
quake induced horizontal actions and thus enhance the seismic behavior of the frame by
adding dissipation capacity and, in some cases, stiffness to the bare frame. It should be
noted, however, that the introduction of a bracing system into a low ductility frame often
induces remarkable changes both in the collapse modalities and in the probabilistic proper-
ties of the seismic response of the structure. The latter aspect assumes a considerable im-
portance in consequence of the high degree of uncertainty affecting the seismic input and
of the differences in the propagation of this uncertainty through the two resisting systems
(RC frame and dissipative bracing). For these reasons, the evaluation of the effectiveness of
this type of retrofit technique in reducing the frame vulnerability should be performed
within a probabilistic framework.

The fragility-based methodology proposed in this study overcomes the limits of the stud-
ies mentioned in the introduction by combining existing techniques already employed for
different structural systems, and tailoring these techniques to the specific problem analyzed.
In particular, Incremental Dynamic Analyses (IDA)[47] are performed by subjecting the
analyzed system, before and after the retrofit, to a set of natural records scaled in amplitude
according to the spectral acceleration at the fundamental period of vibration of the system
and local EDPs [27][31][32][45] are chosen to monitor the seismic demand with the aim of
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capturing the modifications to the frame component response induced by the introduction
of the bracing system. Component fragility curves are developed for single structural mem-
bers (e.g., beam, column or dissipative brace), in order to monitor the most vulnerable ele-
ments before and after the retrofit and to highlight the possible changes in the most prob-
able collapse modalities. Moreover, system fragility curves are also developed and
synthetically described by only two parameters: the “collapse margin ratio”, mso [28], meas-
uring the safety margin with respect to the seismic intensity corresponding to a pre-fixed
return period, and the lognormal dispersion ., measuring the dispersion of the fragility
curve[9]. These two parameters permit to take into account the probabilistic properties of
the seismic behavior and capacity of the bare and retrofitted structure and make it possible
to compare the performance of the two different systems.

A benchmark RC bi-dimensional frame with limited ductility capacity for which ex-
tended experimental results are available [1][7][8] is used as case study for both the parts of
the study. The frame has been designed for gravity loads only without any seismic detailing,
applying the design rules existing before the introduction of modern anti-seismic codes. In
the second part, the frame is retrofitted by inserting a system of buckling-restrained braces
(BRBs) with elasto-plastic behavior designed for several levels of the base shear capacity.
The braces are designed by applying a widespread method based on the nonlinear static
analysis of the bare frame [15][16][26]. The application of the probabilistic methodology
permits to evaluate the accuracy of the retrofit design criterion and to draw some important
considerations about the changes in the behavior of the system components, the effective-
ness of the retrofit and the resulting structural safety.

2.1 Case Study

A three story ordinary moment resisting RC frame which is representative of typical gravity
load designed low rise RC frames constructed in the Eastern and Central U.S is adopted as
case study. The frame was extensively experimentally investigated by [1][7][8], enabling va-
lidation of the finite element model and improved confidence in the global and local dy-
namic response estimates. This case study has been selected because experimental results
concerning local behavior are available allowing an accurate validation of the model in or-
der to achieve reliable results in terms of global and local quantities.
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Figure 1. General layout of the structure and braces arrangement (adopted from [7])

The dimension adopted for the frame members are based on a survey of typical construc-
tion practices in the Eastern and Central United States conducted by [17]. The frame con-
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sidered consists of three stories 3.66 m high for a total height of 11 m and three bays, each
5.49 m wide. Columns have a 300X300 mm? square section while beams are 230X460 mm?
at each floor. The provision of [1], Grade 40 steel (f, = 276 MPa) and concrete with com-
pression resistance /= 24 MPa, were employed in the design. Figure 1 contains the general
layout of the structure and complete detailing may be found in [7]. Extended experimental
results are available for a 1:3 reduced scale model of the frame and of its subassemblages in
[1][7][8]. The experimental results included those obtained during a snap back test, white
noise excitation test, shaking table tests of the whole frame [7][8], and quasi-static lateral
load tests of columns and beam-column joints subassemblages [1].

In this study a two dimensional Finite Element (FE) model of the structure is developed
using OpenSees [33] and employing “Beam with Hinges” elements [42] to model the non-
linear behavior of beams and columns. In the plastic hinge zone, the behavior of concrete
is described by the Concrete02 material model. The behavior of steel reinforcements is de-
scribed by the Hysteretic material model and the parameters controlling pinching of force
and deformation, damage due to ductility and energy, and degraded unloading stiffness are
calibrated to obtain the best fit of the simulated results to the experimental results. The
plastic hinge length for both beams and columns was evaluated based on [38]. In order to
account of concrete cracking, the elastic part of each element is modeled with an effective
flexural stiffness, evaluated through moment-curvature analysis, for the axial force level in-
duced by the dead loads. The rigid-floor diaphragm is modeled by assigning a high value to
the axial stiffness of the beams and the masses are deposited at the beam-column connec-
tions.

The developed FE model is validated by comparing the available experimental results
with the simulated test results of the 1:3 scale numerical FE models of the frame and of its
subassemblages. [1] reports the results concerning four 1:3 scale column specimens with
and without lap splices loaded with low and high levels of axial forces, representing interior
and exterior column at floor slab and beam soffit levels. The columns were subjected to re-
versed cyclic loading for increasing drift amplitudes up to failure. The study also reports the
results of the tests of two 1:3 scale specimens of an exterior and an interior beam-column
joint subassemblage, subjected to axial load and reversed cyclic lateral displacements.
Figure 2 and Figure 3 show the comparisons between the experimental and the simulated
results concerning column specimen 1 (column specimen with lap splices and with low ax-
ial load) (Fig. 2a), column specimen 3 (column specimen without lap splices and with low
axial load) (Fig. 2b), the interior subassemblage (Fig. 3a) and the exterior subassemblage
(Fig. 3b).

The material properties in the 1:3 scaled FE model are defined coherently with experi-
mental test results on the materials specimens. The simulated test results show a satisfac-
tory agreement with the experimental results and demonstrate the capability of the FE
model to simulate the cyclic local behavior of the structure. [7] and [8] report the results of
the experimental tests carried on the 1:3 scale frame. Snap back and white noise tests were
performed to obtain information about the vibration periods and the modal shapes. The
first three natural periods measured in the experimental test results (0.538, 0.177 and 0.119
sec) are in close agreement with the periods provided by the 1:3 scale FE model with un-
cracked gross stiffness properties (0.561, 0.180, and 0.110 sec). A good agreement is also
observed in the first three modal shapes.
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Figure 2. Experimental and numerical lateral load-drift comparison for a) Column specimen 1, b)
Column specimen 4.
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Shaking table tests were also performed by applying the Kern County 1952, Taft Lincoln
School Station, NO21E component record scaled for different levels of the seismic intensity
(PGA = 0.05g, 0.20g and 0.30g). Figure 4 shows the comparison between the 3rd story
displacements of the 1:3 scale experimental and numerical model corresponding to ground
motions with PGA of 0.05g (Fig. 4a), 0.20g (Fig. 4b) and 0.30g (Fig. 4c), respectively. In
the FE model, damping sources other than the hysteretic dissipation of energy are modeled
through the Rayleigh damping matrix, with mass and stiffness related coefficients calibrated
such that the values of the damping factor of 3% are obtained for the first two vibration
modes. This value provides the best agreement between experimental and simulated results.
The agreement between the simulated and experimental response history is quite satisfac-
tory for values of the PGA equal to 0.05g and 0.02g, while for PGA =0.03g the agreement
is not as good. However, it should be stressed that only the peak values of the response are
of interest for the development of fragility curves and that the simulated peak values are
very close to the experimental peak values for all the seismic intensity levels considered.
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Figure 4. Comparison of dynamic analysis for model validation: a) 3rd story displacement subjected
to Taft at PGA of 0.05g, b) 3rd story displacement subjected to Taft at PGA of 0.20g, ¢) 3rd story
displacement subjected to Taft at PGA of 0.30g.

3 Analysis and discussion of the main results
3.1 Optimal PSDM:s for low ductility RC frames

The validated finite element model of the prototype structure is used as case study structure
to explore the appropriate form of PSDM for low ductility RC frames, including optimal
IM and form of regression, amongst other key assumptions for a broad range of EDPs. In
particular, the viability of linear versus bilinear regression (in the log-log space) is consid-
ered in this study. The ground motion IMs under investigation are shown in Table 1.The
IMs considered are chosen among the more popular IMs and other IMs considered easy to
use and for which seismic hazard curves are either readily available or computable with a
reasonable effort.
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Table 1. Intensity Measure

Intensity ~ Description Units Range
measure
Structure Dependent IMs
Sa Spectral Acceleration at Ty (§=5%) g 0.0051 - 0.981
Sy Spectral Velocity at Ty (§=5%) cm/sec 1.897 - 204.97
Sq Spectral Displacement at T (§=5%) cm 0.218 - 42.40
Sac Sa Predictor [Cordova, 2000][12] g 0.0013 - 0.259
Sni Sa Predictor [Lin, 2011][29] g 0.0013 - 0.281
Structure Independent IMs
PGA Peak Ground Acceleration g 0.019 - 1.068
PGV Peak Ground Velocity cm/sec 1.261 - 130.28
PGD Peak Ground Displacement cm 0.188 - 119.70
Sa02s Spectral Acceleration at 0.2 s (§=5%) g 0.041 - 2.136
Sats Spectral Acceleration at 1 s (§=5%) g 0.0121 - 1.392
L. Atias Intensity cm/sec 1.258 - 928.88
I, Velocity Intensity cm 1.854 - 288.87
CAV Cumulative Absolute Velocity cm/sec 113.3 - 3586
CAD Cumulative Absolute Displacement cm 6.885 - 639.9
Table 2. Engineering Demand Parameters
EDP Description Performance characteristic Unit
Local EDPs
Esmax Steel strain Flexural and Axial behavior -
Eomax Concrete strain Flexural and Axial behavior -
Do Curvature Flexural behavior 1/m
Cyunsmax ) OINt tensile stress Joint behavior kN/m?
GcomprmaxJOInt Compressive stress  Joint behavior kN/m?
Intermediate EDPs
V s Shear Shear resistance kN
Mo Moment Flexural resistance kNm
Global EDPs
Vime ~ Base Shear Global behavior kN
Aipae  Story Displacement Global behavior m
O e Interstory Drift Global and non structural behavior rad
StV el ; ax Story Velocity Global and non structural behavior m/sec
St A ; yax Story Acceleration Global and non structural behavior m/sec?

A set of 240 ground motions from [6] has been used in the nonlinear dynamic analyses,
with a range of IM characteristics as indicated in Table 1. The ground motions used in this
study are representative of a wide range of variation in terms of source to site distance
(from 8.71 to 126.9 km) and soil characteristics with an average shear wave velocity in the
top 30 m (Vs3o) that range from 203 to 2016.1 m/sec while the magnitude of the ground
motions range from 5.3 to 7.9. Pulse like ground motions are not included. In order to in-
vestigate about all the possible failure modes, 12 EDPs are considered in this study such as
shown in Table 2. PSDMs for all the considered IM-EDP pairs are developed by using the
dynamic responses from the 240 NTHA in what is often termed a “cloud analysis”. The
validated frame model is considered to be deterministic and the variability in local, inter-
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mediate, and global responses captured in the PSDA reflects the propagation of ground
motion variation alone.

3.1.1 Optimal Regression form

Optimal regression form of PSDMs for response quantities of interest in vulnerability
modeling of low ductility RC frames are described as follow. The PSDMs using S.(T1) as
the IM are shown as an example to explore the regression form, however, all EDP-IM
pairs were explored confirming that the behavior in terms of viability of linear versus bi-
linear regression (in log-log space) is consistent across all IMs. Figure 5 illustrates the
PSDMs constructed in the transformed space for four different EDPs, including interstory
drifts (6), curvature (@), concrete and steel strains (&, and &) for upper section of column
C1-1. Similar PSDMs have been developed for all the considered EDPs and for all the crit-
ical section of the structure. The results reveal that linear regression of the structural de-
mands relative to S,(T1) provides a good fit for the drift, velocity, and acceleration re-
sponses while, for local and intermediate EDPs a bilinear regression is indispensable to
adequately represent the demand. Bilinear regression of the demand is found to be best fit
to build PSDMs reflecting typical stress-strain bilinear behavior of the materials and typical
moment-curvature bilinear behavior for sections.
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Figure 5. PSDMs comparing linear and bilinear regression for a) Interstory drifts for 1% story, b)
Curvature upper section el. C1-1, ¢) Concrete Strain upper section el. C1-1, d) Steel Strain upper
section el. C1-1. S;(T4) is used as the IM for illustration.
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3.1.2 Intensity measure comparison for different IM

Given the form of regression identified for PSDA of different EDPs a comparison of al-
ternative ground motion IMs is conducted to select the ideal independent variable for the
PSDM regression. In order to identify the “best” IM, conditions of practicality, sufficiency,
hazard computability and efficiency have to be evaluated. All the IM-EDP pairs evaluated
in this study are considered practical and amongst others, the efficiency of an IM is consid-
ered as a main decision parameter for IM selection to reduce the uncertainty in the prob-
abilistic seismic demand model. Identification of the “best” IM is challenging since the re-
quired conditions may vary for different components even when considering the same
EDP (e.g. the dispersion in curvature demands varies across different beams and columns
in the structure for a given IM). To facilitate comparison, a statistic of the indicators of
each IM properties amongst all components is evaluated for each EDP and IM. The fol-
lowing sections investigate the characteristics of an ideal IM and present the results of the
IM comparison.

3.1.2.1 Sufficiency

The IMs from Table 1 are evaluated for sufficiency in terms of conditional statistical inde-
pendence of the response from magnitude (M) and distance (R) [30][36]. Residuals from
the PSDMs, € |IM, are considered in a linear regression with M and R and hypothesis tests
of residual independence from M or R are conducted resulting in p-values [24] used to as-
sess the sufficiency. The sufficiency of each IM is evaluated among all the EDPs and rele-
vant components. Among all of the IM, PGA and S,2s are found to be insufficient with
respect to magnitude, while PGD, I, and CAD are found to be insufficient respect to dis-
tance. PGV is found to be the best IM that respect the sufficiency hypothesis respect both
R and M, while for all the other IMs the sufficiency condition is equally satisfied.

3.1.2.2 Efficiency

Efficiency indicates the amount of variability of an EDP given an IM and can be quantified
by the dispersion, S, [21]. This estimate of the logarithmic standard deviation (B ;) is
calculated from the error of the mathematical demand model with respect to the corre-
sponding realization of the NTHA. Structure dependent IMs tend to be much more effi-
cient for all the considered EDPs relative to the structure independent IMs. Among the
structure independent IMs, PGV and S, are found to be the best while Si02s and PGA
have the largest dispersions. Among the structure dependent IMs, S.(T1) and Sa(T1) are
found to be the best IMs consistent with previously obtained results from studies on
framed structures and bridges [43][32]. The dispersions of S¢(T1), Sxi(T1) and Sac(T1) are
larger, but these IMs are still relatively efficient, in particular with respect to the structure
independent IMs. The optimal IM in terms of efficiency does not tend to show depend-
ence upon EDP of interest, and consistent results can be observed looking each EDP in-
dependently.

3.1.2.3 Hazard Computability

Among the IMs considered, hazard information is readily available across the United States
for PGA, PGV, PGD, and specific spectral quantities corresponding to 0.2 sec and 1.0 sec
(Sa-02s and Sa15), from such entities as the U.S. Geological Survey. For structural dependent
IMs considered in this study, hazard curves can be approximated with a reasonable level of
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effort. While, the definition of hazard curves for other structural independent IMs consid-
ered in this study (I, I, CAD and CAV) is practicable but it requires considerable efforts.

3.1.3 Assessment of the demand variation

This section tests common simplifying assumptions regarding the form of the probabilistic
seismic demand model and their validity for a range of EDPs of interest in low ductility RC
buildings. In particular, the variation of the dispersion of the demand with increasing
ground motion intensity, and its probability distribution, often adopted as lognormal are
explored. In order to verify the validity of the widely used homoscedasticity assumption,
logarithmic standard deviation values /3, ;, are defined for different intervals of IM values
and in order to verify whether a lognormal distribution of the demand can be assumed,
Kolmogorov-Smirnov goodness-of-fit tests are conducted.

3.1.3.1 Homoscedasticity assumption
Homoscedasticity of the demand is often assumed as a simplification of the probabilistic
seismic demand model, in which the variation of the demand is considered constant across

all IMs and hence a single parameter of the logarithmic standard deviation is adopted to de-
rive fragility curves. In order to verify the validity of the widely used homoscedasticity as-

sumption, the estimates of 3, are calculated for different ranges of the ground motion IM.
1 .

4 5 6 7 8 2 3 4 5 6 7 8
IM interval number IM interval number

Figure 6. Variation in dispersion of a) Drift at the 1t level of the structure, b) Curvature upper sec-
tion el. C1-1for the structural dependent IMs.

Figure 6 shows the variation in dispersion for structural dependent IMs for demand models
constructed for the interstory drift at the 1%t level of the structure and for the for curvature
referred to the column C1-1. Results shown that Sa(T1), Sa(T1) and S¢(T1) have a higher var-
iation of dispersion compared with Sx1(T1) and Sac(T1). This results can be attributed to the
fact that for low values of the IM the structural behavior is controlled by the elastic modal
period of the structure, while, for higher level events, IMs able to take into account the pe-
riod elongation caused by inelastic structural behavior are more efficient. Hence, adoption
of IMs that account for period elongation (i.e. Sac(T1) and Sxi1(T1)) helps to satisty the ho-
moscedasticity assumption. However, also for these IMs the homoschedasticity assumption
is not satisfied. Similar results are found also for other EDPs and other critical sections of
the structure. For the structure independent IMs the homoscedasticity assumption is always
better satisfied since these IMs are not efficient for all the range of IM values. For global
deformational EDPs, such as story displacement and drift, as well as story velocity and sto-
ry acceleration, the use of Sic(T1) and Sni(T1) improves the assumption of an approxi-
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mately constant value of dispersion. However, the homoscedasticity assumption is never
satisfied for local and intermediate EDPs of the RC frame, regardless of IM adopted; it is
recommended that the heteroscedasticity instead be considered when assessing the disper-
sion in probabilistic seismic demand modeling of these IMs.

3.1.3.2 Lognormal distribution assumption

The validity of the typical lognormal probability distribution assumption regarding the vari-
ation in demand in PSDAs is investigated through a Kolomogorov-Smirnov goodness-of-
fit test [11]. The hypothesis test with a confidence level of 85% is conducted for all of the
EDPs considered. The structural dependent IMs tend to produce demand variations that
conform to the traditionally assumed lognormal distribution. The percentage failure of the
hypothesis test for structural dependent IMs range from 16.5% with Sq(T1) to 20.8% using
Sac(T1) as the IM. While, for the structural independent IMs this value ranges from 22.3 %
with Sa1s to 34.2 % using Sa.02s as the IM.

3.1.4 Optimal PSDMs results

Optimal PSDMs confirm that linear regression (in the logarithmically transformed space)
provides a good fit of the demand for conventionally used global EDPs, while it is found
that for local and intermediate EDPs, such as curvature, shear, joint stresses, or material
strains, a bilinear regression is required. From the IM study, Sq(T1) and Sa(T1) are found to
best satisfy the requirement of practicality, sufficiency, hazard computability and efficiency
across the range of EDPs, while satisfying traditional lognormal probability distribution as-
sumptions. However, bilinear regressions with heteroscedastic dispersions are required in
the PSDA for local and intermediate EDPs, regardless of IM selection.

3.2 Probabilistic methodology for vulnerability assessment

As already mentioned in the introduction, the use of global EDPs permit to drastically re-
duce the computational effort but, their use may lead to incorrect results in the cases of ex-
isting low-ductile structures, since the relations between local and global demand parame-
ters change case by case and among the components. In addition, for the existing low-
ductile frames retrofitted using dissipative braces, these relations change by increasing the
retrofit level. This is a consequence of some specific problems, such as the reduction of the
flexural ductility capacity of the columns adjacent to the braces due to the increased com-
pressive forces induced by the bracing system.

In addition, the use of efficient structure dependent IMs for the evaluation of the retrofit
technique effectiveness involves some complications. In fact, when the natural period of
the bare frame differs from the natural period of the retrofitted frame, the comparison be-
tween fragility curves of the structure before and after the retrofit does not directly provide
information about the effectiveness of the retrofit. This implied the use of structural-
independent IMs for the comparison, such as the less efficient PGA [25]. Furthermore,
some synthetic parameters should be used to accurately compute the changes in the safety
margin due to retrofit, based not only on the median values of the IM, as in [22][35], but al-
so on the dispersion of the fragility, since this parameter also affects the estimate of the
seismic risk [9][45].

This second part of the study illustrates a probabilistic methodology for assessing the
vulnerability of existing RC buildings with limited ductility capacity retrofitted by means
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dissipative braces. Local EDPs are used in order to directly capture the modifications of
the frame response and of the capacity induced by the introduction of the bracing system.

The seismic response of the frame before and after retrofit is affected to the uncertain-
ties due to the earthquake input (record-to record variability), the properties defining the
system (model parameter uncertainty) and the lack of knowledge (epistemic uncertainty)
The effect of model parameters uncertainty and epistemic uncertainty are usually less nota-
ble than the effect of record-to-record variability and hence they are not considered in this
study. The uncertainty affecting the earthquake input is taken into account by selecting a set
of natural ground motion (g.m.) records that reflect the variability in duration, frequency
content, and other characteristics of the input expected to act on the system. In particular,
records are chosen in a range of magnitude, source to site distance and propagation veloc-
ity of § waves in the upper 30 m (vi30), so that they are compatible with a uniform hazard
spectrum related to a specified soil type. In order to generate fragility curves, Incremental
Dynamic Analysis (IDA) [47] is performed by subjecting the system to the selected set of
g.m. records for increasing values of the seismic intensity. Based on the results of the first
part of the study, spectral acceleration S,(T) at the fundamental period of the structure Ty
for a damping factor £€=5% is used as seismic intensity measure IM. This choice requires
the scaling of the g.m. records in order to obtain the same value of S,(T) for the natural pe-
riod of the structure, which is different for the bare and the retrofitted frames. The result
of the multi-record IDAs is a set of samples of appropriately selected EDPs monitoring the
system response for discrete values of the IM.

In particular, the local EDPs adopted to monitor the seismic demand on the frame due
to flexural and axial forces are the maximum-over-time values of /) the concrete compres-
sive strain ¢ and 7) the absolute steel strain & at the critical sections of each element
(beams and columns) of the frame; moreover the maximum-over-time values of 7z) the
shear force 17, at the critical sections of each element of the frame, ) the diagonal tension
stress 07 and v) the diagonal compression stress o at each beam-column joint are recorded
in order to monitor the non-ductile mechanisms; finally the maximum-over-time value of
vi) the damage parameter of each dissipative brace (such as the ductility g, for elasto-plastic
braces) is also recorded in the retrofitted cases, in order to monitor the demand on the in-
troduced braces. Coherently with the monitored EDPs, the limit states considered to de-
velop the numerical component fragility curves for the bare and the retrofitted frame are:
LS7) & exceeding the limit ¢, at each element, [.52) & exceeding the limit ¢, at each ele-
ment, [.§3) the shear demand exceeding the shear resistance at each element, [.54)
o. exceeding the resistance in compression O, at each joint, 1.§5) o; exceeding the resis-
tance in tension Oy, at each joint, and L.§6) the damage parameter overcoming the capacity
of each dissipative brace (i.e. the ductility demand 4 overcoming the ductility capacity #q,
at each dissipative brace).

The system fragility curves are developed by comparing the demand with the capacity for
all the monitored components and by assuming a series arrangement of the components,
i.e. failure in one component yields system failure. It is noteworthy that the series arrange-
ment represents the situation in which all the monitored limit states are required to be satis-
fied. Consequently, if not premature failure of the non ductile mechanisms occur, the first
flexural failure of the most critical section of the frame is assumed as the system failure. It
is evident that the bare frame has residual resources after the first failure but, in order to
limit damages on the bare frame elements, they are not considered in the retrofit. Hence,
the system failure is assumed coincident with the first flexural failure of the most critical
section of the frame or the first failure of the most critical brace. The comparison between
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the system and the single component fragility curves permits to quickly evaluate the most
vulnerable components before and after the retrofit and their contribution to the system
vulnerability. Moreover, the comparison between the vulnerabilities of the frame compo-
nents and of the dissipative devices permits to evaluate the reliability of the simplified de-
sign method adopted. The fragility points obtained through the numerical procedure are
fitted by two-parameters cumulative lognormal distribution functions [14], whose parame-
ters have been obtained by least-square minimization. Finally, the system fragility curves
obtained are synthetically described by the two following parameters: the median IM at col-
lapse, IM 50, i.e. the IM corresponding to 50% probability of failure of the system, and the
dispersion measure, ., given by:

s - lln[’M“S“ ] M

where IM, g4 and IM, ;6 are the IM values corresponding to the 84 and the 16t fractiles of
the fragility curve. However the first parameter IM, 50 does not directly provide informa-
tion about the effectiveness of the retrofit, since the natural period of the bare frame differs
from the natural period of the retrofitted frame. For this reason the so called “collapse margin
ratio” mso 1is introduced, defined as the ratio between the IM 50 parameter and the value of
the maximum considered earthquake spectral intensity at the system natural period
Samax(T). In this study the maximum considered earthquake spectrum is assumed as the
uniform hazard spectrum scaled so that #;,=1, i.e. IM, 5, = Sai(T), for the bare frame, as il-
lustrated in Figure 7. In this way, by assuming that the spectral shape does not change with
the seismic input intensity, this normalized factor of safety directly measures the increment
of the seismic intensity that can be withstood by the structure due to retrofit by accounting
for the change in the IM due to the variation of the system natural period. In a similar way,
based on the ratio IM, 16/ Samax(T) and IM 34/ Samax(T), the factors 716 and n4 correspond-
ing to the 16t and 84" fractiles are defined. These parameters are used to compare the per-
formance of the bare and of the retrofitted frame and, thus, to assess in probabilistic terms
the effectiveness of the retrofit.

0.8 0.8
retrofitted frame g maximum earthquake spectrum
0.6 = 0.6
S B ¢
bare frame 0.4 0.4

[M50 1
m - 750
} % Sa,max (T)

Figure 7. Collapse margin Ratio (#50)
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3.2.1 Retrofit design methodology

This paragraph synthetically illustrates the procedure employed for the design of the dissi-
pative braces exhibiting an elasto-plastic behavior. The interested reader is referred to [15]
for a more detailed description.

The dissipative braces considered in this study are made by an elasto-plastic dissipation
device placed in series with an elastic brace exhibiting adequate overstrength. These devices
are usually placed in series since they are quite short, so that they are able to yield for small
displacements and thus can be used in the retrofit of RC frames with limited ductility which
cannot undergo large displacements without failure. The properties of the dissipative brace
can be defined based on the properties of its components. In particular, if K; denotes the
axial stiffness of the elastic brace and Ko, Fo and o, respectively the stiffness, yielding force
and ductility capacity of the elasto-plastic device, the dissipative brace stiffness Kz and duc-
tility capacity ug, are given by:

- KK _ Ko + Ko,

= s M, 2
K, +K, K, +K,

d
while the yielding force Fy is equal to Fo. Usually, the value of w, is given by the dissipation
device manufacturer, while the value of zg depends on the ratio Ko/Kj and is design pa-
rameter which must be chosen at the beginning of the design procedure. It should be ob-
served that large values of the ductility ratio g /uou lead to very onerous metallic brace
dimensions, whereas low values of the ductility ratio lead to small brace dimensions and
consequently to brace buckling problems. The method followed for designing the dissipa-
tive system is based on pushover analysis of the existing frame under a distribution of
forces corresponding to its first vibration mode. The “collapse point” for the frame is de-
fined by the values of the maximum displacement at the top floor 4, and by the maximum
base shear 1, the frame is capable to withstand without any rupture at the plastic hinges.
The dissipative bracing system is assumed to behave as an elastic-perfectly plastic system,
with shear capacity equal to 1, ductility capacity equal to zg, and with the same collapse
displacement of the bare frame (d,). This last assumption aims at obtaining a simultaneous
failure of both the frame and the dissipative braces. It is noteworthy that the value of 1, is
a design choice and depends on the objective of the retrofit. For a given value of 11, the
stiffness of the bracing system at the first story is given by:

Kl V;ﬂdu (3)

“ds

where ¢ is the inter-story drift at the first story, normalized with respect to the top floor
displacement according to the first modal shape. The shear I, and stiffness K, of the dis-
sipating bracing system at each story can be determined by the following relations:

Vi=Vy o K=Kk )

where #' and £' are the shear force and stiffness at each story, normalized with respect to
the base shear and base stiffness according to the first mode of the bare frame. By this way,
the stiffness distribution of the dissipative braces at each story ensures that the first modal
shape of the bare frame remains unvaried after the retrofit. This avoids drastic changes to
the internal action distribution in the frame, at least in the range of the elastic behavior.
Additionally, the chosen strength distribution of the dissipative braces aims at obtaining
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simultaneous yielding of the devices at all the stories and, thus, a global ductility of the
bracing system coinciding with the ductility of the single braces. Given 17, and K, the
braces properties (K, ', and K)) at each story can be determined based on the number of
braces and on geometrical considerations and applying Equation 2

3.2.2 Retrofit cases

In Figure 8a, the pushover curve obtained for the load distribution relative to the first vi-
bration mode of the bare frame is shown and the limit corresponding to the failure of the
most critical element, i.e., columns C1-2 of Figure 1, is posed in evidence. This limit corre-
sponds to a strain demand ¢, in the most critical concrete fiber equal to the assumed capac-
ity €,=0.0035. The corresponding value of the top floor displacement is 4= 0.102 m (which
corresponds to a maximum inter-story drift of about 1.0%) and is assumed as design ulti-
mate displacement (4,) in the retrofit design methodology in order to limit damages on the
bare frame elements. The corresponding base shear capacity is "1, =186 kN. In Figure 8b a
picture of yielded and failed sections at this displacement level is given. Obviously, after
this first failure, the bare frame has residual capacity up to a displacement of about 4= 0.18
at which all the columns are failed at the base, as illustrated in Figure 8c. It is worth to no-
tice that the damage distribution illustrated in Figure 8c is very similar to the damage layout
experimentally observed under severe shaking and described in [8]. Failure of the beam-
column joints as well the shear failure of the frame elements are not monitored in the
pushover analysis, assuming that local retrofit measures will be applied to avoid these fail-
ure modes.

The bare frame is retrofitted by inserting a bracing system designed for several values of
the ratio & between the base shear capacity of the bracing system 11, and that of the bare
frame 17, in the range from 0.4 to 3.2. Elasto-plastic dissipative braces adopted for the case
study described in this section are buckling-restrained braces. In particular, differently from
buckling-restrained braced used in steel-structures, dissipative braces used in the case study
are made by a buckling-restrained device placed in series with an elastic brace with adequate
over-strength. In fact, when used in RC frame with low ductility which cannot undergo
large displacements without failure, the device must be quite short so that they are able to
yield for small displacements. An example of these devices may be found in [4]. Usually,
the ductility capacity #, of well detailed buckling-restrained devices is in the range 15-20
[46]. In this application the maximum ductility capacity of the devices is assumed equal to
You = 15, while, in order to obtain adequate dimension of the elastic braces, the ductility ca-
pacity assumed for the dissipative brace is #,=12. In Figure 8a the pushover curves of the
retrofitted frames are reported and compared with the pushover curve of the bare frame.
In Table 3 the axial force ', and the axial stiffness K, of the dissipative braces are given for
the different retrofit levels. From the properties of the dissipative braces, the properties of
the buckling-restrained devices (K, F)) and the stiffness of the elastic link braces (K) at
each story can be determined based on indication given in the previous section. In the same
table the vibration periods, calculated by considering an effective stiffness for the elastic
part of the bare frame members, are also reported for each retrofit level.
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Figure 8. Pushover curves for bare and retrofitted frames.

Table 3. Braces properties at each story

a=0.4 a=0.8 a=12 a=1.6
T 0.670 sec 0.521 sec 0.448 sec 0.404 sec
Story F; K} F; K} F; K} F; K}
[kN] [kN/m] [kN] [kN/m] [kN] [kN/m] [kN] [kN/m]
1 88 36046 175 72091 263 108137 351 144183
2 75 25106 150 50212 226 75317 301 100423
3 43 22921 86 45843 130 68764 173 91685
a=2.0 a=24 a=2.8 a=32
T 0.374 sec 0.352 sec 0.335 sec 0.321 sec
Story I K 7 K 7 X 7 I
[N]  [N/m]  [N]  [KN/m] kN [KN/m]  [kN]  [kN/m]
1 438 180228 526 216274 614 252319 702 288365
2 376 125529 451 150635 526 175741 601 200847
3 216 114607 259 137528 302 160449 346 183371

3.2.3 Vulnerability assessment

For the purpose of developing fragility curves, a number of 30 natural g.m. records are se-
lected from the European database [3]. These records are compatible with the uniform ha-
zard spectrum type 1 given by the Eurocode 8 [18] with soil type D (§ =1.35) and peak
ground acceleration 4,=0.15g. They have been chosen in a range of magnitude and source
to site distance of 5.5-7.0 and 25-75 km respectively. The spectral acceleration at the fun-
damental period of the structure S,(T) is used as seismic intensity measure IM. Thus, the
records are scaled so that they have the same IM, i.e. the same spectral acceleration at the
fundamental period of the system. It is noteworthy that the vibration period and conse-
quently the IM are different for the bare and the retrofitted frames and also vary with a.

In developing the fragility curves, the limits of the concrete and steel capacity are set
equal to &, = 0.0035 and &g = 0.04 [18]. The shear resistance of beams and columns and
the resistance in tension and in compression of beam-column-joints are evaluated accord-
ing to the formulas proposed by [40].
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In Figure 9a the points of the numerical fragility of the bare frame and the fitted log-
normal fragility curve are plotted. Figure 9a suggests that the lognormal curves fit very well
the numerical fragility. Thus, only lognormal curves will be shown hereinafter. In Figure 9b
fragility curves relevant to the different failure modalities considered are reported. The
most significant failure mode is the failure of joints in tension while failure of joints in
compression and shear failure have a zero probability of occurrence. However, in this study
joint cracking is not considered as system failure mode and will be disregarded hereinafter
in the development of the fragility curves. Consequently, concrete failure (I.S7) becomes
the most critical collapse modality, while steel failure (I.§2) is much less probable.
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Figure 9. Fragility curves related to a) the system and b) the different failure modalities.

Figure 10 shows the fragility curve of the system and of the most vulnerable elements, for
the bare frame and three retrofitted frames, corresponding to a=0.4, a=1.6 and a=3.2.
Column C7-2 and column C7-3, failing in concrete crushing mode (I.S7), are the most vul-
nerable components before and after the retrofit, according to the results of the pushover
analysis. However, for the bare frame as well for low values of a (a =0.4) the fragility
curves of the two columns are very close to each other, thus vulnerability of the two system
components is very similar. Differently, for increasing values of a (a=1.6 and a=3.2) the
two curves are more spaced and the curve of the column C1-2 tends to coincide with the
system fragility curves, thus the failure of the system is due to the C1-2 column failure in
the 100% of cases. This is attributed to the fact that the placement of the bracing leads to a
higher level of axial load to be resisted by column C1-2 when compared with column C1-3
and to the fact that the difference became higher for increasing value of the coefficient a.
Furthermore, it should be observed that for all the levels of the retrofit considered, the fra-
gility curve of the most vulnerable dissipative brace (i.e., D7) are close to the fragility curves
of the most vulnerable elements of the frame. The comparable vulnerabilities of the frame
components and of the dissipative devices confirm the reliability of the simplified design
method, which aims at achieving a simultaneous failure of both the frame and the braces.
Figure 11a reports the system fragility curves of the bare frame and of the retrofitted
frames, for all the different a values considered in the study. Obviously, an increase of
IM_. 50 can be observed for increasing values of a, however this parameter does not directly
provide information about the effectiveness of the retrofit, since the natural period of the
systems are different. Figure 11b reports the variation with a of the factors mso, 754, and
716, defined according to Section 3.2 which may be directly used to evaluate the effective-
ness of the retrofit. It is observed that for low a values, an increase of a yield a significant
increase of the collapse margin ratio, while for large values of a (higher than 1.5) the rela-
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tion between the collapse margin ratios and a becomes strongly non linear and an increase
of a does not yield a significant increase of the collapse margin ratio. This trend is conse-
quence of the effect of axial force increment on the columns involved by the bracing sys-
tems and lead to the conclusion that the effectiveness of the retrofit system is strongly re-
duced for value of a larger than 1.5.
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Figure 10. Fragility curve of the system and of the most vulnerable components for a) the bare
frame and b) the frame retrofitted for selected « levels.
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Figure 11. a) System fragility curves for the bare frame and for the retrofitted frame, and b) varia-
tion with » of the factors s, 754 and 7z5.

Figure 12a plots the dispersion measure . evaluated according to Equation 1 for increasing
values of « and shows that a significant increase of the dispersion occurs when elasto-
plastic braces are introduced into the bare frame. In fact, the value of j. for all the cases of
retrofit is significantly larger than the corresponding value of the bare frame. This can be
explained recalling that the dissipative braces yield a more pronounced nonlinear behavior
and this may add dispersion to the response when it is evaluated in terms of displacement.
Furthermore, accounting for the vulnerability of the braces in addition to that of the frame
components necessarily results in an increase of global dispersion of demand.

Finally, Figure 12a reports the comparison between the factor 730 and of the factors 7509
and msorsp obtained by elaborating fragilities curves developed by considering global
EDPs, in particular the maximum inter-story drift (6) and the top story drift (TSD), respec-
tively. In order to make this comparison, global EDPs limits are chosen so that IM ;, =
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IM. 5. 0 (50,0 =1) and IM, ;5= IM, 5,15, (m50,sp=1) for the case of bare frame. From Figure
12a is evident that, if the same value of the global EDP limit is assumed for the bare and
the retrofitted frames, a significant overestimation of the seismic increment capacity of the
retrofitted frames is obtained, especially for large values of the retrofit level. In fact, by us-
ing this strategy, local phenomena such as the increment of the axial force of the columns
involved in the dissipative bracing system are not accounted for. In order to accurately es-
timate the efficiency of the retrofit based on dissipative braces, proper limits need to be es-
timate for each retrofit level, if global EDPs are considered, otherwise local EDP must be
used.
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Figure 12. Variation with » of a) the factor 5o by considering different EDPs and b) the dispersion
measure [,

4 Conclusions

In the study, the use of local EDPs is provided in order to achieve a more accurate under-
standing of the seismic behavior of low ductility RC frames.

A first part of the work proposes a methodology for the probabilistic seismic demand anal-
ysis of low-ductility RC frame buildings, to support multi-component vulnerability assess-
ment of such structures which exhibit susceptibility to damage under earthquake loads. In
particular, this study considers local and global EDPs, explores the appropriate form of
PSDM in terms of the regression model and analyzes the performance of alternative IMs
on the basis of such criteria as model efficiency. Furthermore, uncertainty of the demand
including probability distribution and homoscedasticity are tested. Among the traditional
and advanced ground motion IMs, 14 structure dependent and structure independent IMs
are assessed to identify IMs that “best” respect the requirements of practicality, sufficiency,
hazard computability and efficiency. Twelve EDPs indicative of damage potential to RC
buildings are considered that span the categories of local, intermediate, and global response
quantities. To construct the PSDMs for all IM-EDP pairs and structural components, non
linear dynamic analyses are conducted on the validated model using a set of 240 ground
motions.

Optimal PSDMs confirm that linear regression (in the logarithmically transformed space)
provides a good fit of the demand for conventionally used global EDPs, while it is found
that for local and intermediate EDPs, such as curvature, shear, joint stresses, or material
strains, a bilinear regression is required.
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The sufficiency test of each IM with respect to magnitude and source to site distance indi-
cates that among all considered IM-EDP pairs, PGA and S,02s are insufficient with respect
to magnitude, while PGD, I, and CAD are found to be insufficient with respect to distance
for most of the EDPs. PGV best satisfies the sufficiency hypothesis with respect to both
distance and magnitude, while all other IMs were found to be equally sufficient. Assess-
ment of the demand dispersions indicates that structure dependent IMs are much more ef-
ficient for all considered EDPs relative to the structure independent IMs, with approxi-
mately 50%-75% lower f,. Among the structure independent IMs, PGV and S..s are the
most efficient while Sa02s and PGA produce the largest values of dispersion. Among the
structure dependent IMs, S,(T1) and Sq(T1) have the lowest £, while Sy(T1), Sni1(T1) and
Sac(T1) are all relatively efficient.

The homoscedasticity assumption is evaluated for all of the PSDMs showing that for lo-
cal and intermediate EDPs this condition is not satistied, regardless of IM. Thus the vari-
ability of the dispersion should be taken into account when defining fragility curves of the
RC building components. While structure independent IMs show improved conformance
in terms of homoscedasticity for global EDPs, this outcome is an artifact of the poor effi-
ciency and overall high dispersion in the models which is not ideal. Kolomogorov-Smirnov
goodness-of-fit tests are conducted to investigate the validity of the typical assumption that
the demand can be modeled by a lognormal probability distribution, revealing the superior-
ity of the structural dependent IMs to satisfy this assumption. Overall, Sq(T1) and Sa(T1) are
found to best satisfy the requirement of practicality, sufficiency, hazard computability and
efficiency across the range of EDPs, while satisfying traditional lognormal probability dis-
tribution assumptions. Bilinear regressions with heteroscedastic dispersions are required in
the PSDA for local and intermediate EDPs, regardless of IM selection.

The second part of the work illustrates a probabilistic methodology for assessing the
vulnerability of existing RC buildings with limited ductility capacity and retrofitted by
means of dissipative braces. The methodology is based on the development of fragility
curves of the bare and the retrofitted frame. It employs non linear incremental dynamic
analysis under a set of input ground motions to account for the randomness of the earth-
quake excitation and local EDPs to capture the modifications of the frame response in-
duced by the introduction of the bracing system. Furthermore, in addition to global system
fragility curves, component fragility curves are built for single structural components, in
order to monitor the most vulnerable elements before and after the retrofit. The method-
ology developed allows to evaluate the safety level reached by the frame before and after
the retrofit by taking into account the probabilistic properties of the seismic response and
at the same time, employing an efficient structure dependent IM. The methodology can be
also used to evaluate the effectiveness of the criterion employed to design the dissipative
braces.

The proposed methodology is applied in this study to a benchmark RC frame with lim-
ited ductility capacity and retrofitted by elasto-plastic braces for different values of the
shear capacity of the bracing system. The comparable vulnerabilities of the frame and of
the dissipative braces obtained for the various retrofit levels confirm the effectiveness of
the simplified criterion often employed to design the braces, which aims to achieve a simul-
taneous failure of both the frame and the braces. For large values of the retrofit levels the
most loaded column involved in the dissipative bracing system becomes a very vulnerable
element of the system. This is consequence of the effect of axial force increment on the
columns involved by the bracing systems, the obtained results show that, for low « values,
the seismic capacity significantly increases for increasing values of «, while for large values
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of o (higher than 1.5) the relation an increase of a does not yield a significant increase of
seismic capacity of the frame. By performing similar evaluation by using overall maximum
interstory drift and top story drift, the increase of seismic capacity is overestimated high-
lighting the lack of accuracy linked to the use of these global EDPs. Finally, an increase of
the dispersion of the retrofitted frames with respect to the bare frame is shows. This can be
explained by recalling that the dissipative braces yield a more pronounced non linear be-
havior and this may add dispersion to the response when it is evaluated in terms of dis-
placements. This result implies the importance of considering the dispersion in the evalua-
tion of seismic safety level achieved after the retrofit.
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