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Abstract
This study proposes a practical fragility-oriented approach for the seismic retrofit
design of case-study structures. This approach relies on mapping the increase of the
global displacement-based ratio of capacity to life-safety demand (CDRLS) to the
building-level fragility reduction. Specifically, the increase of CDRLS due to retrofitting
is correlated with the corresponding shift in the fragility median values of multiple
structure-specific damage states, observing that a pseudo-linear trend is appropriate
under certain conditions. Accordingly, a practical approach is proposed to fit such a
(structure-specific) linear trend and then use it by first specifying the desired fragility
median and subsequently finding the corresponding target value of CDRLS that must
be achieved through retrofit design. The validity of the proposed approach is illu-
strated for an archetype reinforced concrete (RC) structure not conforming to
modern seismic design requirements, which has been retrofitted using various tech-
niques, namely, fiber-reinforced polymers wrapping of columns and joints, RC jacket-
ing, and steel jacketing.
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Introduction

Many existing reinforced concrete (RC) buildings in earthquake-prone regions do not con-
form to modern seismic design codes as they were designed/built to resist gravity loads
only. As a result, those structures are vulnerable to severe damage or even collapse under
moderate-to-high ground-shaking intensity levels (e.g. De Luca et al., 2018). This has led
to significant economic and life losses, as demonstrated by numerous past earthquakes
(e.g. Mazzoni et al., 2018; Ricci et al., 2011; Stewart et al., 2018). Structural retrofit is often
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necessary to mitigate the consequences of earthquakes on such buildings and improve their
seismic performance. This approach has become quite popular in recent times due to ease
of construction and cost-effectiveness compared with other drastic solutions like demoli-
tion and replacement. In general, retrofit strategies aim to either modify key structural
properties such as strength, ductility, and stiffness—as depicted in Figure 1—or reduce
seismic demand. Several techniques (systems) can be used to achieve one or more strate-
gies. For instance, adding RC shear walls (e.g. Kaplan et al., 2011; Miano et al., 2017) or
bracing (e.g. Badoux and Jirsa, 1990; Freddi et al., 2013, 2021; Gutiérrez-Urzúa et al.,
2021) to existing buildings notably improves stiffness and lateral strength. In contrast, base
isolation is applied to reduce seismic demand by decoupling the horizontal motion of a
structure and that of the ground (e.g. Natale et al., 2021).

Many challenges may arise in adopting the above techniques. Those challenges are
related to the architectural compatibility of the intervention, its invasiveness, the need to
modify existing foundations or add new ones, the high implementation costs, and long
work duration. Therefore, less-invasive retrofit techniques are more widespread. Examples
include wrapping structural elements with fiber-reinforced polymers (FRP) and jacketing
columns using steel or RC jackets, which enhance ductility and/or strength. These local
techniques are fundamentally less expensive, and they pose a minimal degree of invasive-
ness/business interruption compared with RC shear walls or bracing. It should be noted
that structural retrofit can improve lateral sway mechanisms of buildings, especially if they
experience non-ductile local sway ones (e.g. joint failure, soft story). Such mechanisms can
be shifted to global ones such as mixed sway, where plastic hinges develop in different
structural elements (e.g. beams, columns, joints), or even beam sway, where plastic hinges
only form in beams and column bases.

While retrofitted structures are generally expected to perform better against
earthquake-induced ground shaking, field observations for such buildings under actual
seismic events are still scarce (O’Reilly and Sullivan, 2018). This indicates the lack of suffi-
cient empirical seismic fragility and vulnerability models in the literature, which are essen-
tial for applications aimed to select/design/implement seismic risk reduction strategies and
ultimately enhance the resilience of earthquake-prone communities. This also demon-
strates the need to derive such models numerically adopting nonlinear dynamic analysis

Figure 1. Effects of different retrofit strategies on seismic performance.
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methods, which usually require a large number of analyses, practically incompatible with
the preliminary/conceptual design process. Moreover, especially in the seismic risk assess-
ment of building portfolios, retrofit solutions are often designed based on engineering
judgment using simplified models without accounting for different alternatives and/or per-
formance objectives. Such a practice does not grant an analyst the complete control over
the reduction in seismic fragility/loss estimates and makes it challenging to optimize the
results.

Accordingly, a practical and relatively flexible approach is needed to fill this gap,
enabling one to control and specify the desired seismic fragility level and returning the cor-
responding ‘‘nominal’’ performance to be achieved through retrofit design. Such a ‘‘nom-
inal’’ performance is usually assessed by using simple metrics quantified within the
acceleration–displacement response spectrum (ADRS) space, thus requiring pushover-
based analysis methods. One common metric is the displacement-based global ratio of
capacity to life-safety (LS) demand of a similar new structure (CDRLS), or simply capacity–
demand ratio (New Zealand Society for Earthquake Engineering (NZSEE), 2006).

The above issues have attracted many research efforts in the past few decades, but a
limited number of studies are available. Although a detailed review of such studies is
beyond the scope of this article, a few are briefly discussed to provide the reader with some
background on the topic. Most of the past research focused on the experimental investiga-
tion of different retrofit techniques and developing analytical and numerical models to
simulate their effect on existing structural elements and/or systems. For instance, some
studies investigated the effects of steel jackets on RC columns experimentally and devel-
oped design procedures (e.g. Aboutaha et al., 1996, 1999; Alvarez et al., 2018; Priestley
et al., 1994), while others explored FRP retrofitting (e.g. Alvarez et al., 2018; Lam and
Teng, 2003; Priestley and Seible, 1995; Seible et al., 1997) and RC jacketing for columns
(e.g. Priestley et al., 1996; Rodriguez and Park, 1994).

On the contrary, some studies developed fragility relationships considering FRP, RC
jacketing, base isolation, and adding shear walls (e.g. Cardone et al., 2019; Liel and
Deierlein, 2013). However, the fragility relationships in these studies accounted for collapse
only, without considering other damage states (DSs), which may significantly contribute to
earthquake-induced losses for low-to-moderate ground shaking levels. Moreover, the ret-
rofit solutions in some studies were either applied based on engineering judgment, that is,
without appropriately accounting for structure-specific seismic deficiencies or specific per-
formance objectives (e.g. Liel and Deierlein, 2013), or considering solely one, rather than
different, performance objective (e.g. Cardone et al., 2019; Gentile and Galasso, 2021b).
Contrarily, other studies considered applying different retrofit techniques with varying
intervention levels to achieve various performance objectives (e.g. Harrington and Liel,
2021; Ligabue et al., 2018), but only collapse fragility relationships were evaluated. These
studies also attempted to map different performance metrics to decision variables of inter-
est, such as collapse risk and/or seismic losses, to provide insight into their correlation.

Based on the aforementioned discussion, the current study proposes a practical
fragility-oriented approach based on mapping the increase of CDRLS due to retrofitting to
the reduction of building-level seismic fragility. The proposed approach enables the selec-
tion of the desired fragility level and returns the required ‘‘nominal’’ structural perfor-
mance in terms of CDRLS. This approach informs the retrofit design process, connecting
the desired level of fragility to the corresponding CDRLS, which is easy to control in the
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preliminary/conceptual retrofit design phase. It is worth mentioning that, under certain
assumptions, the desired level of fragility can be directly linked to seismic risk estimates/
loss metrics (as discussed later in the article), thus allowing the designer to effectively con-
trol such metrics through fragility reduction. After conceptualizing the proposed fragility-
oriented retrofit design approach, this study demonstrates its validity using a case-study
archetype RC frame located in a high-seismicity zone, which has been retrofitted using
three different techniques: FRP wrapping, steel jacketing, and RC jacketing. The results
are finally discussed to draw some remarks and recommendations for further research.

Fragility-oriented retrofit design

For this study, the nominal seismic performance of a structure of interest is quantified
using CDRLS; that is, the displacement-based global ratio of capacity to LS seismic
demand. The LS demand is calculated by first transforming the force–deformation rela-
tionship (i.e. capacity curve) derived from pushover analysis to a capacity spectrum of an
equivalent single-degree-of-freedom (SDoF) system plotted in the acceleration–
displacement space. The capacity spectrum method (CSM) is then applied to obtain the
‘‘nominal’’ structural performance (Applied Technology Council (ATC)-40, 1996;
Freeman, 1998). In contrast, a more-rigorous characterization of the improvement in seis-
mic performance is obtained through fragility relationships, which provide the likelihood
of exceeding different DSs over a range of ground-shaking intensity levels. However, the
derivation of such relationships could be very time-consuming and computationally
expensive because it usually requires carrying out nonlinear time-history analyses
(NLTHAs) for a large set of ground-motion records.

Retrofit generally aims to reduce seismic risk (for instance, in terms of the expected
annual loss, EAL) to an acceptable level. Computing seismic risk, however, requires quan-
tifying site-specific seismic hazard, fragility relationships, and damage-to-loss models.
Since retrofit will mainly affect fragility estimates, it might be required to design numerous
retrofit solutions, derive fragility relationships (based on NLTHA) for each one, and then
evaluate the seismic risk until meeting the target level. Such a process can be quite imprac-
tical and/or infeasible. To tackle this issue, this study proposes a fragility-oriented
approach that allows specifying the desired fragility level, represented by the median of
the fragility relationship for a given DS (mDS) before the retrofit design. One can then
obtain the corresponding CDRLS value that must be achieved through retrofit design to
ensure the desired level of fragility is satisfied.

The proposed approach relies on the practical assumption that the relationship between
CDRLS and mDS for a given structure is pseudo-linear when its performance is improved
via retrofitting. This trend can be empirically inferred from past results (e.g. Aljawhari
et al., 2021; Harrington and Liel, 2021). Such a trend can also be demonstrated on theore-
tical grounds under specific conditions. For pre-collapse DSs (e.g. life safety, near-col-
lapse), it is common to adopt the popular power-law model (EDP = aIMb) to characterize
the probabilistic seismic demand model in terms of an engineering demand parameter
(EDP) (e.g. maximum drift) and a ground-motion intensity measure (IM). The slope factor
of this model (a) generally relies on the stiffness of the structure, while the power factor
(b) is close to 1.0 (Cornell et al., 2002; Jalayer et al., 2017). This indicates that the power-
law model tends to be linear for any DS less severe than collapse. Accordingly, if the
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stiffness of the retrofitted structure is similar to that of the as-built one, the increase in
CDRLS will correspond to an improvement in the displacement capacity, and thus, a nearly
linear increase in mDS .

To apply the proposed fragility-oriented approach, it is practically required to obtain
only three points in the CDRLS versus mDS space, and then derive the linear best fit as per
Figure 2. The first point can refer to the as-built structure itself, but this is only permitted
when the stiffness of the retrofitted structure changes smoothly while CDRLS increases (i.e.
no major shift in the plastic mechanism). The slope of the power-law model, in this case,
will not change abruptly, and a single linear model describing the CDRLS versus mDSi rela-
tionship becomes effective. This case can be specifically encountered if the as-built struc-
ture exhibits a global mixed-sway mechanism. The remaining two points refer to any
retrofit solutions with considerably higher CDRLS but not necessarily conforming to any
specific performance objectives. One of those points can be a beam-sway configuration
(obtained by inverting the local hierarchy of strength at each beam–column joint), while
the other could be any arbitrary point between the previous two.

Conversely, if the as-built structure shows an unfavorable local mechanism (i.e. soft-
story), the retrofit design will likely aim to shift this mechanism to a beam-sway, or at least
a mixed-sway one. Such a mechanism shift leads to an abrupt change in the slope of the
power-law model, which appears as a step increase in the CDRLS versus mDSi relationship
(at CDR�LS) that becomes, in turn, a piecewise linear relationship as shown in Figure 2. In
such a case, two different linear models (in theory) can be, respectively, fitted before and
after CDR�LS . The first branch of this piecewise linear relationship is arguably not needed
for design purposes as it is undesirable to adopt a retrofit solution leading to a soft-story
behavior. Therefore, the first point to be used in deriving the linear best-fit should repre-
sent a retrofit solution that shifts the local mechanism of the as-built structure to a global
one. The remaining two points are defined as explained previously.

Upon properly defining the three points and considering the above discussion, a linear
model can be fitted for each DS, as shown in Figure 3. Those CDRLS versus mDSi models
can be used by first specifying the desired level of fragility median for any DS (Step 1) and
then locating the intersection point on the corresponding model (Step 2). Next, a vertical
line can be extended from this point until it intersects the fitted models for the other DSs
(if their medians are needed) and the horizontal axis (Steps 3–5). These new intersections

Figure 2. Schematics of the CDRLS versus mDS linear fit.
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represent the estimated fragility median values for the other DSs and the target CDRLS

needed for the final fragility-oriented retrofit design. Finally, after finishing the design of a
suitable retrofit solution that achieves the target CDRLS, NLTHA can be performed to re-
derive fragility relationships if more accuracy is needed.

It is important to recall that the CDRLS values of the three points selected for fitting the
linear models are determined using pushover analysis only. On the contrary, the required
fragility parameters (i.e. mDSi) associated with each DS should be derived based on
NLTHA. However, to reduce the needed computational effort at this stage, those para-
meters might be alternatively derived by using simplified response analysis approaches.
Procedures such as the cloud-CSM (e.g. Nettis et al., 2021) may provide a beneficial trade-
off between accuracy and efficiency. Capacity curves in this procedure are derived via
pushover analyses (or ‘‘by-hand’’ approaches such as the Simple Lateral Mechanism
Analysis, SLaMA), and IM versus EDP clouds are generated via the CSM to derive fragi-
lity relationships (e.g. Gentile and Galasso, 2021a).

It is worth emphasizing that the desired fragility level specified at the start of the pro-
posed approach can correspond to an acceptable level of risk/loss (e.g. EAL). In fact, the
specified fragility level, combined with a damage-to-loss model and a site-specific seismic
hazard, can be used to compute the resulting EAL. This can be finally compared with
acceptable values selected by the designer. This check must be assured before evaluating
the target CDRLS and proceeding with the retrofit design. The EAL can also be assessed
along with other decision variables (e.g. implementation costs, functional compatibility)
using multi-criteria decision-making schemes (e.g. Caterino et al., 2008; Gentile and
Galasso, 2021b). This, in turn, makes the proposed fragility-oriented approach helpful for
guiding the design of optimal retrofit solutions. The proposed approach can be addition-
ally adopted in retrofit plans of building portfolios, particularly when the modeled build-
ings are carefully selected to be representative of typical classes/archetypes in a given
portfolio, as it will be possible to obtain template retrofit configurations for the selected
classes/archetypes.

Finally, the proposed approach can also be advantageous to facilitate budget and
resource allocation procedures needed for risk mitigation of building portfolios, mainly if
the limited availability of financial resources constrains the decision-making process. This
can be achieved by optimizing the levels of fragility that provide the best reduction in the

Figure 3. Conceptual illustration of the fragility-oriented approach for retrofit design.
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overall seismic risk within the available budget and resources. Furthermore, the proposed
fragility-oriented approach could be applied oppositely. Specifically, an analyst can design
a retrofit solution, perform a pushover analysis to find the corresponding CDRLS and then
use the linear models of CDRLS versus mDSi to provide reasonable estimates of the median
values of fragility for any DS without performing NLTHAs. This is especially useful when
dealing with large building portfolios that include a few typical building classes.

Case-study application

The appropriateness of the linear models characterizing the CDRLS versus mDSi relation-
ship, as well as the applicability of the fragility-oriented approach for retrofit design, are
demonstrated by analyzing a case-study non-ductile RC frame. The adopted workflow is
depicted in Figure 4, and it incorporates the following steps: identification of a case-study
structure (Step 1); developing advanced numerical models to simulate the non-linear
response of both the as-built and retrofitted case-study structures (Step 2); design of multi-
ple retrofit solutions to meet specific performance objectives (Step 3); performing cloud-
based NLTHA using a selected set of unscaled ground-motion records (Step 4); derivation
of fragility relationships (Step 5); analysis of CDRLS versus median fragility (mDSi) correla-
tion (Step 6). The outcome of Step 6 is used to validate the proposed fragility-oriented
approach for retrofit design (Step 7).

Case-study building

An older five-story, four-bay RC moment-resisting frame with a total height of 15 m and a
uniform bay width of 4.5 m is considered, as shown in Figure 5. This frame is designed to
resist gravity loads only according to the Royal Decree n. 2229 in Italy in 1939 (Consiglio

Figure 4. Flowchart for the analysis of the case-study structure and validation of the proposed fragility-
oriented approach for retrofit design.
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dei Ministri, 1939), which regulated the design of RC frames until 1974. Following this
decree, simulated design (e.g. Verderame et al., 2010) is performed to define the propor-
tioning and detailing of the structural elements, using the allowable stress design.

It should be noted that buildings designed according to this decree constitute a consid-
erable portion of RC structures in Italy. For instance, Rosti et al. (2021) investigated more
than 2400 RC residential buildings in L’Aquila and Irpinia to derive empirical fragility
relationships. They found that almost all buildings in Irpinia were built before the seismic
classification in 1981, thus they were designed for gravity loads only. In contrast, most of
the RC buildings in L’Aquila were built after the seismic classification in 1915, indicating
that they have some seismic resistance. However, almost 35% of those were designed
before 1981, i.e., using obsolete building codes that do not adopt modern seismic design
requirements (Rosti et al., 2021). Similar observations were indicated by Del Gaudio et al.
(2017) for L’Aquila upon investigating more than 7500 RC buildings. It is also interesting
to note that 67% of L’Aquila’s considered buildings are mid-rise (three to five stories),
whereas around 33% of the residential RC structures in Irpinia belong to such a category
(Del Gaudio et al., 2017; Rosti et al., 2021).

Clearly, the frame resulting from the simulated design does not satisfy the modern seis-
mic design provisions, such as capacity design and strong column–weak beam. Beams and
columns are poorly confined, and those have a very low amount of longitudinal rebar (less
than 1%). Moreover, the joints lack transverse reinforcement, use smooth bars, and
improper anchorage (Calvi et al., 2002a, 2002b; Pampanin et al., 2002). This makes the
frame susceptible to forming brittle failure mechanisms such as soft story, joint, and shear
failure. Typical average values for the material properties are used, which are representa-
tive of that era. Specifically, the average concrete compressive strength (fcm) is 16.5 MPa,
in compliance with other studies (e.g. Braga et al., 2001; Masi et al., 2014). The average
yield strength (fym) of reinforcing steel is equal to 330 MPa (e.g. Caprili et al., 2012;
Puppio et al., 2017; Verderame et al., 2001).

Considered retrofit techniques

Three retrofit techniques are investigated in this study: FRP wrapping, steel jacketing, and
RC jacketing. Typical cross sections for columns retrofitted using these techniques are

Figure 5. Layout of the case-study frame and sample cross sections (section dimensions are in centimeters).
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illustrated in Figure 6. FRP wrapping is used here to retrofit joints and columns to prevent
any shear failure. It also provides a high level of confinement for columns, thus improving
their ductility under extreme load conditions (e.g. Priestley and Seible, 1995; Seible et al.,
1997). The contribution of FRP wrapping to the lateral stiffness and flexural strength is
minimal because the unidirectional fibers are placed perpendicular to the longitudinal axis
of columns.

The selected FRP material consists of laminated precured sheets with high-strength car-
bon fibers (CFRP), which are wrapped around the full height of as-built columns. This
type is among the most commonly used ones in the practice and literature (e.g. Alvarez
et al., 2018; Cardone et al., 2019; Harrington and Liel, 2020, 2021; Natale et al., 2021).
The elasticity modulus (Ef ) is equal to 140 GPa, (average) ultimate tensile strength (Ffu) is
2000 MPa, and rupture strain (efu) is 1.2% (American Concrete Institute (ACI) 440.2R,
2008; National Research Council (CNR)-DT 200 R1/2013, 2013). Each FRP layer is 0.5-
mm-thick, and the maximum number of layers is equal to five to ensure confinement effi-
ciency (CNR-DT 200 R1/2013, 2013). It should be noted that the FRP is also used for
joint retrofitting in the cases where joint failure is observed (mainly in external ones).

Rectangular and elliptical steel jackets are another popular option to prevent the shear
failure of columns. They can also increase lateral stiffness due to the isotropic steel proper-
ties (Alvarez et al., 2018). However, only elliptical (or circular) jackets are used in this
study because they effectively improve confinement and ductility due to the continuous
confining pressure they provide (Priestley et al., 1994). This technique can also offer some
enhancement of flexural strength. Conversely, experiments demonstrated that rectangular
steel jackets lose much of their confinement efficiency (e.g. Priestley et al., 1994, 1996).
The adopted steel jacketing consists of full-height elliptical/circular jackets. The space
between the jacket and retrofitted column can be filled with grout material or plain con-
crete (e.g. Alvarez et al., 2018; Priestley et al., 1994). The jackets are made of structural
steel grade S235 with an average yield strength (fyj) of 235 MPa and a minimum thickness
equal to 1.5 mm (e.g. Harrington and Liel, 2020). A gap of 50 mm is deliberately left
between the edges of the steel jacket and foundations/beams to prevent excessive flexural
strength enhancement, which transfers forces to adjacent members (Priestley et al., 1994).

RC jacketing is the most traditional and common technique in practice as it is charac-
terized by a low cost and does not require specialized labor. It consists of encasing existing
columns with a cast-in-place RC jacket to improve confinement, ductility, and both shear
and flexural strengths. Continuous column jacketing in two consecutive floors also
enhances joint behavior. The thickness of an RC jacket is mainly controlled by the size of
longitudinal and transverse reinforcement to be used, in addition to the minimum cover
requirement (e.g. Lizundia et al., 2006; Priestley et al., 1996). Compared with the other
two techniques, RC jacketing poses the highest level of invasiveness. It can notably
increase the size of existing columns and may require extending reinforcement through
slabs, foundations, and joints. The adopted RC jacketing involves a full-height encasement
of existing columns using cast-in-situ concrete, with the possibility of extending longitudi-
nal rebar through foundations and slabs. RC jackets with a minimum thickness of 50 mm
are adopted, with at least 4F14 mm for external columns and 4F16 mm for internal ones
(F refers to the diameter). Hoops with F8 mm are used with a spacing not exceeding
150 mm. The concrete material is characterized by fcm of 33 MPa, while fym for the rein-
forcement is 490 MPa.
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Damage-state definition

Three structure-specific DSs are adopted to characterize different damage conditions
reflecting the building’s performance level (PL). Each DS occurs when the structure attains
a specific threshold defined with respect to an EDP. This study adopts the maximum inters-
tory drift ratio (MIDR) as an EDP, which is a reliable and widely used proxy to quantify
global structural and nonstructural damage (at least for drift-sensitive components). The
MIDR thresholds for each DS are calibrated by assessing multiple measurable criteria dur-
ing pushover analysis using a modal-pattern incremental load. These criteria are adapted
from Aljawhari et al. (2020) and summarized in Table 1. uy and uu are the yield and ulti-
mate chord rotations, respectively. The latter is evaluated according to Eurocode 8-Pt.3
(EN 1998-3, 2005). It must be noted that the MIDR threshold for each DS is based on the
first occurrence of any criterion among those shown in Table 1 (e.g. Aljawhari et al., 2020).

The three selected DSs are defined as follows: DS1 reflects moderate damage levels;
DS2 represents significant damage (SD); and DS3 accounts for near-collapse conditions.
Buildings experiencing DS2 and DS3 should meet the life safety and collapse-prevention
PLs, respectively. A more detailed description of each DS is provided in Table 1. Since the
infills are not modeled explicitly, the defined DSs do not account for the initial infill dam-
age. However, it is possible to indirectly tackle this issue by using predefined MIDR
thresholds existing in different codes/standards that account for such damage (e.g. 0.5%).
Lastly, it should be noted that the analytical formulation of uu requires inputting the
amount of transverse reinforcement. This is directly applicable for existing structural com-
ponents and those retrofitted using RC jackets. In the case of FRP and steel jacketing, the
equivalent transverse reinforcement concept is implemented (e.g. Alvarez et al., 2018;

Figure 6. Typical cross sections of a column retrofitted using (a) FRP, (b) steel, and (c) RC jacketing.

Table 1. Criteria adopted for mapping of DSs: Aljawhari et al. (2020)

Level/DS DS1 DS2 DS3

Section level Reaching yield bending
in a supporting column

Max. bending strength
of a column is reached

Reaching shear failure
in any element

Component level Reaching uy in any
supporting column

Reaching 75% of the
uu in any component

Reaching the uu in any
component

Global level Reaching the global
yield point of the
structure

Reaching the
maximum strength

About 20% drop in
the maximum strength

General description Moderate structural
and nonstructural
damage. No significant
yielding of members

Severe structural and
nonstructural damage.
Some residual strength
and stiffness is
retained

Full exploitation of
strength and ductility.
Low residual strength
and stiffness

DS: damage state.
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Harrington and Liel, 2020, 2021). In this approach, the FRP or steel jacketing can be con-
verted to standard transverse reinforcement that mimics their effect by generating a lateral
confining pressure equal to that produced by either of them.

Performance-targeted retrofit design

In this study, a large number of retrofit configurations (realizations) with varying perfor-
mance are developed to demonstrate the linear trend between CDRLS and mDSi considering
different performance objectives (performance-targeted retrofitting). For each objective, a
specific PL (or DS) under a defined hazard level (e.g. American Society of Civil Engineers
(ASCE)/SEI 41-17, 2017) must be achieved, which can be investigated by using the CSM
and evaluating the CDRLS value. An iterative design procedure is adopted to develop the
different retrofit configurations for each technique. Design iterations might vary with
respect to the detailing, geometric characteristics, and number of retrofitted elements,
resulting in numerous realizations of potential retrofitted structures with incremental
improvement in their seismic performance. It is worth highlighting that the large number
of retrofitted structures developed in this study is only needed to validate the hypothesis
of the linear relationship between CDRLS and mDSi. In contrast, the proposed fragility-
oriented retrofit design approach requires defining only three retrofit configurations, as
discussed above.

For the sake of simplicity, the same hazard level is used for all performance objectives,
which is the one associated with life safety, that is, corresponding to a 475-year mean
return period (e.g. EN 1998-3, 2005). The seismic demand corresponding to this hazard
level, which is used to design/assess the different retrofitted cases developed in this study,
is characterized by a Type-1 response spectrum as per Eurocode 8 (EN 1998-1, 2004). This
spectrum is defined adopting a peak ground acceleration (PGA) of 0.30 g and a ground
type C to account for high seismicity conditions. Such a code-based demand is adopted
for convenience and practicality; however, analysts can use any other demand form. A
summary of the adopted performance objectives is provided in Table 2. Some performance
objectives, other than those listed in Table 2, might require using different hazard levels
with return periods lower than 475 years (e.g. operational performance objective), but
they are outside of the scope of this article.

It should be noted that the 475-year hazard level, introduced above, is selected because
it is the most relevant and widely used one for the design/assessment of building structures,
especially in Europe—and for which hazard maps/curves are (generally) readily available.
It is interesting to note that, for US-based buildings, the same hazard level existed in
FEMA 356 (Federal Emergency Management Agency (FEMA), 2000). However, other

Table 2. Selected performance objectives for seismic retrofit

Performance objective Description

No-(near)collapse performance Achieve the collapse-prevention PL (DS3) against the LS seismic
demand

Limited performance Partially achieve significant damage PL (DS2) against LS demand
(CDRLS’ 75%)

Basic performance Achieve the significant-damage PL (DS2) against LS demand (100% of
CDRLS)

Advanced performance Achieve moderate damage (DS1; limited occupancy) against LS
seismic demand

PL: performance level; DS: damage state; LS: life-safety.
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hazard levels are currently implemented in the most recent standards, particularly ASCE/
SEI 41-17 (2017), depending on the performance objective (e.g. 225- and 975-year hazard
level for the basic performance objective).

Nonlinear-modeling strategies

The nonlinear response of the case-study building is simulated by developing 2D numeri-
cal models via OpenSees (McKenna, 2011). Structural components are modeled as beam–
column elements with finite-length plastic hinges to simulate the nonlinear flexural
response, which is defined by performing moment–curvature analysis following Priestley
et al. (2007) and Karthik and Mander (2011). The hysteretic parameters and post-capping
degrading response for the moment–curvature are based on O’Reilly and Sullivan (2019).
Additional shear springs are added in series to the beam–column elements to account for
potential shear failure modes, as shown in Figure 7a. The backbone curve parameters for
the shear response are calculated following Mergos and Kappos (2012), Sezen and Moehle
(2004), and Zimos et al. (2015).

As stated earlier, joints in older Italian RC frames lack transverse reinforcement and
use smooth bars with end-hooks, mainly in external ones (e.g. Calvi et al., 2002a, 2002b;
Pampanin et al., 2002). Therefore, the early failure of such joints leads the building to
develop a brittle failure mechanism. Thus, an additional spring is added in each beam–
column joint zone, as indicated by Figure 7b. The parameters of the nonlinear material
used for joints are defined according to O’Reilly and Sullivan (2019); a mechanics-based
approach introduced in many other studies (e.g. Pampanin et al., 2003; Priestley, 1997).

It is acknowledged that the response of RC frames in Italy (and the Mediterranean
region) can be considerably influenced by the presence of infills. However, they are not
considered explicitly in the adopted modeling strategy. Despite such a limitation, disregard-
ing infills remains a very popular simplification in the design practice for new structures
and existing ones if they need retrofit intervention. Nevertheless, it might be necessary to
consider infills in fragility analyses, at least to confirm that the fragility is reduced (right-
shifting of fragility relationships) or to investigate the effects of infills on the lateral sway
mechanism of retrofitted buildings. Furthermore, considering infills becomes essential if
higher accuracy is needed, particularly when evaluating risk-related decision variables such
as seismic losses. This is because the infill damage represents the major contributor to such
losses, especially at low-intensity levels of ground shaking (e.g. Cardone and Perrone, 2015;
De Risi et al., 2018; Del Gaudio et al., 2019; Sassun et al., 2016).

(a) (b)

Figure 7. (a) Modeling strategy for column elements and (b) modeling of a frame configuration.
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To account for the FRP effects on columns, the moment–curvature relationship is mod-
ified considering the confinement provided by this technique. This is achieved by first
assuming that the entire column’s cross section is confined, rather than the core only, since
FRP layers are wrapped around the external perimeter of the column. Next, the confine-
ment pressure ( fl) due to FRP wrapping is calculated based on Priestley and Seible (1995)
and then the compressive strength and ultimate strain of the confined concrete ( fcc and
eccu) are estimated based on Mander et al. (1988) and Priestley and Seible (1995), respec-
tively. It should be noted that FRP wrapping around rectangular columns is less effective
than circular ones because only inward corner forces provide the confinement in the for-
mer case instead of continuous pressure around the perimeter. Thus, a confinement effec-
tiveness factor is used to reduce the value of fl as per ACI 440.2R (2008). Moreover, the
additional shear strength due to FRP is calculated and added to the value of the as-built
column following Priestley and Seible (1995).

It should also be noted that the unique failure modes pertaining to FRP, such as
debonding and fracture mechanisms, are not explicitly modeled, assuming the FRP retro-
fit is designed and installed appropriately so that the concrete and reinforcement will gov-
ern the softening behavior of the elements at high levels of deformation (e.g. Harrington
and Liel, 2020, 2021). Steel jacketing is treated similarly to FRP. The value of fl is esti-
mated as per Priestley et al. (1994), while fcc and eccu are found based on Mander et al.
(1988) and Priestley et al. (1996), respectively. These new values are adopted to modify the
moment–curvature relationship. The additional shear strength due to the steel jacket is
estimated according to Priestley et al. (1994). Finally, columns retrofitted with RC jackets
are treated as equivalent monolithic members. This assumption is valid if the jackets are
well constructed and the surface of existing columns is adequately treated (e.g. Bousias
et al., 2007; Harrington and Liel, 2020). However, to address the possibility of a poor
bond between RC jackets and existing columns, the as-built value of fc is used for the
entire cross section, and it is assumed that lateral confinement is provided solely by the
hoops of the new RC jacket (Priestley et al., 1996).

Fragility relationships and ground-motion record selection

Retrofit can lead to a significant improvement in fragility relationships, which describe the
conditional probability of exceeding different structure-specific DSs over a range of IM
levels, that is, P(DS ø DSijIM). Such relationships can be derived using the cloud analysis
approach that includes selecting a set of unscaled ground-motion records covering a wide
range of IM levels to run NLTHA (Jalayer et al., 2015). Other approaches involving
stepped scaling of records can also be used in fragility derivation, such as the multiple-
stripe analysis (MSA) (Jalayer and Cornell, 2009) and incremental dynamic analysis
(Vamvatsikos and Cornell, 2002), but they are outside the scope of this study. The cloud
analysis approach generates IM versus EDP clouds that can be adopted to fit probabilistic
seismic demand models (PSDMs) in the form of a power-law (EDP = aIMb), which eventu-
ally allows deriving fragility relationships using a closed-form solution (Cornell et al.,
2002). The adopted fragility derivation approach accounts explicitly for the collapse analy-
sis cases via the method proposed by Jalayer et al. (2017). The collapse corresponds to the
global dynamic instability of the numerical analysis and/or maximum interstory drift val-
ues (Jalayer et al., 2017) larger than a nominal threshold (e.g. 10%). The formulation of
P(DS ø DSijIM) is reported by Equations 1 and 2:
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P DS ø DSijIMð Þ= P DS ø DSijIM , NCð Þ 1� P CjIMð Þð Þ+ P DS ø DSijIM , Cð ÞP CjIMð Þ ð1Þ

P DS ø DSijIM , NCð Þ= F
ln (IM=mDSijNC)

bDSijNC

 !
ð2Þ

where C and NC account for the collapse and non-collapse cases; PðCjIMÞ is the probabil-
ity of collapse (given an IM value) characterized by a generalized regression model with a
‘‘logit’’ link function (logistic regression); P DS ø DSijIM , NCð Þ is the conditional probabil-
ity of exceeding a specific DS given an IM level, and given that collapse has not taken
place; P(DS ø DSijIM , C) is equal to 1.0 as all DSs are exceeded if collapse has taken place.
mDSijNC and bDSijNC are, respectively, the median and dispersion of the fragility relation-
ships evaluated for the NC cases only. As done in Gentile and Galasso (2020), the para-
meters of the final distribution (including C and NC cases) are the median, that is, mDSi,
equal to that in Equation 1, and the logarithmic standard deviation (bDSi) calculated as
per Equation 3, in which IM16=84 are the 16th and 84th percentiles of the original distribu-
tion. The bDSi is constant for all DSs for each set of fragility relationships due to the homo-
scedasticity assumption adopted in cloud analysis:

b =
ln IM84ð Þ � ln IM16ð Þ½ �

2
ð3Þ

The records used for NLTHA are selected from the SIMBAD (Selected Input Motions
for Displacement-based Assessment and Design) database developed by Smerzini et al.
(2014), which includes 467 three-component records of shallow crustal earthquakes with
magnitudes from 5 to 7.3 and epicentral distances less than 30 km (Smerzini et al., 2014).
Only 150 records are selected following the criteria defined in Gentile and Galasso (2021b)
and Gentile et al. (2019) to reduce computational efforts yet maintain the engineering sig-
nificance of analysis. Specifically, all ground motions are ranked based on their PGA
obtained as the geometric mean of the two horizontal components. The horizontal compo-
nent with the highest PGA is kept for each ground motion, then the 150 records with the
highest rank are selected. Such a record-selection procedure is compatible with the adopted
analysis approach, that is, cloud analysis. This approach, among others such as the MSA,
is more appropriate for risk assessment of building portfolios, especially when coupled
with optimal IMs, as done in this study. This is related to the fact that it does not require
site- and building-specific hazard-consistent record selection; thus, the same record set can
be used to perform NLTHAs for an entire building portfolio.

The implemented IM is the geometric mean of the 5%-damped spectral acceleration
over a specific range of periods (avgSa), which indirectly accounts for the effects of higher
modes and period elongation due to component damage and strength/stiffness degrada-
tion (e.g. Baker and Cornell, 2006; Kazantzi and Vamvatsikos, 2015; Kohrangi et al.,
2017). This IM type, compared with conventional ones like the spectral acceleration at the
fundamental period Sa(T1), minimizes response variability and has a higher relative suffi-
ciency (e.g. Minas and Galasso, 2019; O’Reilly, 2021). It should be noted that the avgSa is
calculated considering 10 equally spaced periods ranging between 0:2T1 and 1:5T1 (e.g.
Kohrangi et al., 2016). However, to allow the fragility comparison between the as-built
and the retrofitted cases, the same period range is adopted for all of them, which is based
on T1 of the as-built case. This assumption is considered valid since the change in T1 for
the majority of retrofitted cases is not substantial.
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Results and discussion

Performance assessment for the as-built structure

To understand the response and failure mechanism of the as-built case-study structure, an
initial assessment is carried out using pushover analysis to identify the DS thresholds and
then apply the CSM to evaluate the CDRLS before any retrofit intervention. It should be
noted that the equivalent viscous damping needed to apply the CSM is calculated follow-
ing the Takeda-Fat hysteretic rule, as recommended by Priestley et al. (2007) for RC
frames. Figure 8a shows the pushover curve with the horizontal axis representing the
MIDR (mainly dominated by the third-story deformation), and the vertical axis showing
the base shear. The first occurrence of some damage observations is also illustrated in
Figure 8a, such as the first yield for beams and columns, SD for columns and joints (uSD

and gSD), and joint failure (gu); mainly external ones. The MIDR thresholds for all DSs
are listed in Table 3, in addition to relevant information on the dynamic characteristics of
the structure, that is, T1 and the mass participation ratio.

It can be observed in Figure 8a that both DS2 and DS3 are controlled by the limit
states of the joints, which take place before those of the columns. It is also noticed that
the beams do not reach their uSD and uu despite their initial yielding. The nonlinear beha-
vior is mostly concentrated in the columns and joints at the third story. Accordingly, ret-
rofit efforts must be directed toward improving the key properties (i.e. strength, ductility,
stiffness) of these structural components in particular, which will eventually improve the
overall plastic mechanism of the building until achieving a beam-sway one (mainly charac-
terized by beam hinging).

Figure 8b illustrates the idealized capacity spectrum of the equivalent SDoF system and
the demand spectrum, both elastic and inelastic, plotted in the ADRS space. Applying the
CSM, it is found that the inelastic demand spectrum (for a damping level corresponding
to the LS displacement) significantly exceeds the capacity of the as-built structure. In other
words, the capacity spectrum cannot intersect the inelastic demand spectrum, thus indicat-
ing a CDRLS less than 1.0. According to Figure 8b, the maximum capacity corresponds to
a spectral displacement (Sd) equal to 0.07 m. However, the expected displacement demand
identified through the intersection between the secant-to-LS stiffness line and the inelastic
demand spectrum is equal to 0.167 m. Therefore, the CDRLS of the as-built structure is
equal to 42%, demonstrating the need for structural retrofit.

(a) (b)
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Figure 8. As-built case: (a) pushover curve and damage observations and (b) capacity and demand spectra.
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Designed retrofitting solutions

The as-built structure is retrofitted aiming at selected performance objectives (see Table 2) to
study the CDRLS versus mDSi correlation. The iterative design process resulted in 13 retrofitted
cases using FRP wrapping of columns and joints, 15 cases for steel jacketing, and cases 18 for
RC jacketing. It should be noted that any change in the dynamic characteristics (e.g. mass,
stiffness, T1) due to retrofit was explicitly reflected in the pushover analysis, modal load pat-
tern, and CSM. The MIDR thresholds of the various DSs were also re-computed to consider
any capacity improvement.

Table 4 shows the details, layout, and number of retrofitted elements using FRP for all
performance objectives. For brevity, only one retrofitted case is described for each perfor-
mance objective, particularly the one satisfying the objective with the minimum possible
amount of intervention. Table 4 demonstrates that the advanced performance objective
could not be achieved using the FRP wrapping because it only improves ductility through
confinement and increases shear strength. Its contribution to the lateral strength and stiff-
ness is minimal (less than 10% in this study). However, enhancing these parameters is
essential with respect to moderate damage PL (or DS1) as the columns will not yield
quickly, especially at low IM levels. It should be noted that the maximum value of CDRLS

that could be achieved is 110%, obtained using five FRP layers for the columns. Adding
more layers would be ineffective and will not improve the performance.

Table 5 provides similar information about the cases retrofitted with steel jacketing. It
was possible to generate many cases of retrofitted buildings with larger CDRLS values com-
pared with the FRP case, particularly up to 147%. Such an observation can be primarily
attributed to the high effectiveness of circular/elliptical jackets with respect to the high and
continuous (radial) confinement they provide. This, in turn, significantly improves the duc-
tility of the columns, thus making them capable of sustaining considerable levels of inelas-
tic deformation. This also enhances the (near) collapse condition, allowing the beams to
undergo failure before columns. Similarly to the FRP case, all these advantages are insuffi-
cient to make the structure experience moderate damage (DS1) against the LS demand (i.e.
the advanced performance objective) for the same reasons explained previously.

Finally, a summary of the case studies with RC jacketing is provided in Table 6, which
shows that the advanced performance objective is achieved, unlike FRP and steel jacket-
ing. This is because the RC jacketing provides a significant overall enhancement for the
stiffness and strength, both shear and flexural, and improves the ductility through confine-
ment. These features can also shift the building mechanism from local (e.g. soft-story) to
global, that is, beam-sway. Therefore, the (frame-level) MIDR threshold of DS1 becomes
much higher, and the retrofitted structure will not be easily subjected to yielding and mod-
erate damages, especially at low IM levels. Nevertheless, as illustrated in Table 6, achieving
the advanced PL requires retrofitting the entire columns of the case-study building, result-
ing in a global retrofit intervention rather than local, which might be expensive and techni-
cally challenging.

Table 3. MIDR thresholds for different DSs derived from pushover analysis

Damage state (DS) DS1 DS2 DS3

MIDR thresholds (%) 0.41 0.93 1.71
Fundamental period T1 (s) 1.33 (82% mass participation)

DS: damage state; MIDR: maximum interstory drift ratio.
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To provide more illustration, Figure 9 depicts the new performance points representing
the intersection between demand and capacity spectra (obtained using the CSM) for a sam-
ple of retrofitted case-study structures for the three retrofit techniques considered in the
current study. The corresponding values of CDRLS are also provided.

Seismic fragility assessment

Upon developing non-linear models for both the as-built and retrofitted case studies,
NLTHAs are performed using the selected set of ground-motion records in order to assess
the seismic performance and derive the corresponding fragility relationships. Figure 10a
shows the IM versus EDP cloud and the fitted PSDM, demonstrating that the as-built
structure remained undamaged (ND) in less than 20% of the analysis cases. In contrast,
approximately 60% of the cases are characterized by high damage conditions (i.e. DS2
and DS3). Such a poor seismic performance is also reflected in the fragility relationships in
Figure 10b, showing that the building is expected to experience high DSs, even at a low
IM level. Fragility assessment is then carried out considering the retrofitted case studies
defined earlier. The fragility relationships for the as-built and retrofitted cases are reported
in Figure 11 as evidence of the substantial impact of retrofitting. For each retrofit tech-
nique, the fragility relationships for only one retrofitted case are illustrated for each
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Figure 9. Capacity and demand spectra: (a) FRP wrapping, (b) steel jacketing, and (c) RC jacketing.
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performance objective, particularly those that satisfied each objective with minimal inter-
vention. The resulting fragility parameters, including median (mDSi) and dispersion (b), are
summarized in Table 7.

Figure 11 reveals a significant improvement in the fragility relationships of DS2 and
DS3 when the frames are retrofitted until satisfying the basic performance objective
(CDRLS’100%), which is represented by the rightward shift. This improvement is very
similar for the three retrofit techniques but slightly higher for both steel and RC jacketing.
However, Figures 11a and b demonstrate that the improvement in fragility relationships
of DS1, unlike DS2 and DS3, is relatively low when the frames are retrofitted using either
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Figure 11. Fragility relationships for different performance objectives considering (a) FRP wrapping,
(b) steel jacketing, and (c) RC jacketing.

Table 7. Fragility parameters of the as-built and retrofitted cases for different performance objectives

Performance As-built Basic Advanced

Technique Non-retrofitted FRP
wrapping

Steel
jacketing

Concrete
jacketing

Concrete
jacketing

DSi mDSi (g) mDSi (g) mDSi (g) mDSi (g) mDSi (g)

DS1 0.083 0.123 0.099 0.250 0.410
DS2 0.180 0.491 0.510 0.504 0.772
DS3 0.316 0.707 0.744 0.701 1.055
b 0.250 0.238 0.247 0.290 0.286

FRP: fiber-reinforced polymers; DS: damage state.
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FRP or steel jacketing. This can be explained by the fact that both techniques mainly
enhance the ductility through confinement and prevent shear failure, which is beneficial
for DS2 and DS3 as they are associated with the nonlinear response under high levels of
inelastic deformation.

On the contrary, improving the DS1 fragility relationship requires enhancing both lat-
eral strength and stiffness to control the sway mechanism of the building and make it more
resistant against developing moderate damages due to early yielding. However, the contri-
bution of steel jacketing to the lateral strength and stiffness is minor compared with RC
jacketing, whereas the contribution of FRP is almost negligible. In contrast, RC jacketing
can change the mechanism to a full beam-sway one. It also provides a significant overall
improvement for all the above parameters, which resulted in a considerable shift in the
DS1 fragility relationship illustrated in Figure 11c. Furthermore, the advanced perfor-
mance objective could be achieved using RC jacketing, which caused a considerable shift
in the fragility relationships of the three DSs.

It is important to remember that the same period range is adopted to quantify avgSa
for the as-built and retrofitted cases to allow fragility comparison. This period range is
based on T1 of the as-built case, which is the largest. It is understood that T1 might notably
change upon retrofitting due to stiffness and/or mass variations. However, the retrofitted
cases are more ductile than the as-built ones, and they can experience period elongation of
up to 3 T1 (ASCE/SEI 7-16, 2017; Baker and Cornell, 2006). Also, the change in T1 for the
majority of the retrofitted cases is not substantial. This makes the selected period range
appropriate for derived the fragility curves. It is also worth noting that the variation in b

for the retrofitted cases, compared with the as-built case, is within 15% (see Table 7), yet
allowing for a better comparison between the different fragility relationships. This minimal
variation is registered as the same record set is used for every retrofit configuration, thus
maintaining the same uncertainty related to record-to-record variability. Hence, the slight
variation in b is attributed to the differences in dynamic response and number of collapse
cases, which reduce moving from the as-built to the retrofitted cases.

Correlation between CDRLS and fragility medians

The proposed fragility-oriented approach for the retrofit design relies on the assumption
that the CDRLS versus mDSi trend is linear. To prove this, Figure 12 shows the scatter of
such data for each considered retrofit realization and retrofit technique. The same
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variation is depicted in Figure 13, but this time treating mDSi in a normalized fashion, that
is, considering the variation in mDSi as a percentage of mDSi of the as-built structure
(DmDSi). A gradual increase in the values of mDSi for DS2 and DS3 is observed for all the
retrofit techniques, which results from the performance improvement characterized by the
CDRLS . A step-change in the values of mDSi can be noted in Figures 12c and 13 for the RC
jacketing, particularly for CDRLS values close to 90%. As described above theoretically,
such a jump is related to the sudden shift from a local to a global failure mechanism.

In contrast, the overall increase in mDS of DS1 is minimal for both FRP and steel jack-
eting, as clarified in Figures 12a and b and 13, even at very high levels of CDRLS as dis-
cussed earlier. Only the RC jacketing is capable of significantly improving the mDSi for
DS1, indicating that the structure becomes less susceptible to moderate damage, especially
at low IM levels. It should also be noticed that large values of CDRLS could be reached
using either steel or RC jacketing. After these levels, retrofitting might become ineffective
because the global failure becomes associated with the beams rather than the columns
and/or joints. Contrarily, the extent of the CDRLS increase in the case of the FRP tech-
nique is notably lower since a limited number of layers can be wrapped around columns
to ensure confinement efficiency, as stated earlier.

The clear trends between CDRLS and DmDSi (or mDSi), as shown earlier, indicate that sim-
ple linear models expressing DmDSi as functions of CDRLS can be reasonably identified
through establishing the best-fit lines in a least-square sense. Figure 14 illustrates these
models for all DSs and retrofit techniques. For the RC jacketing technique only, addi-
tional piecewise linear fits are provided to reflect the observed shift in the lateral-sway
mechanism. The coefficient of determination (R2) values are also displayed, confirming the
goodness of such linear fits. Although this illustrative analysis involves only a single case
study, the resulting empirical data agree well with the general mechanics-based discussion
about the pseudo-linear trend between CDRLS and mDSi anticipated above. Therefore, it is
reasonable to expect that this trend applies with some level of generality to RC frames,
provided that fragility relationships are derived using the power-law model, and CDRLS is
displacement-based. Conservatively, applications to other structural systems/materials
should be verified on a case-by-case basis.

The numerical form of the models is provided in Table 8, knowing that the initial CDRLS

is 42% for the FRP wrapping and steel jacketing, while it is equal to 93% for the RC jacket-
ing, accounting for the second branch of the piecewise linear function. The proposed simpli-
fied models can be easily implemented to provide reasonable estimates for the shift in fragility
relationships of the as-built structure as a result of structural retrofit once the CDRLS is deter-
mined by just performing a pushover analysis. The outcome of these simplified models is
directly used to modify the median values of the original fragility relationships to achieve the
desired shift. This approach is deemed a quick and reasonable approximation for the prelimi-
nary/conceptual design phase instead of performing computationally expensive NLTHAs to
derive new fragility relationships in a trial-and-error design procedure.

It is worth mentioning that the results obtained by the proposed models are limited by the
uncertainties associated with the modeling assumptions, material properties, geometry, layout,
and so on. Therefore, additional research is required to generalize such models (expressions)
to other structural typologies with different failure mechanisms and geometric and material
properties. Those, in turn, can be adopted to analyze and/or design scenario-based retrofit
implementation plans at a portfolio level through a regional seismic risk model (e.g. Silva
et al., 2018). This is beyond the scope of this study and requires further investigation.
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Table 8. Mathematical expressions developed for DmDSi (%) as a function of CDRLS

Technique/DS DmDS1 (%) DmDS2 (%) DmDS3 (%)

FRP wrapping 0.524 CDRLS – 18.07 2.575 CDRLS– 98.69 2.167 CDRLS – 98.81
Steel jacketing 0.146 CDRLS – 4.275 2.650 CDRLS – 102.32 2.216 CDRLS – 97.79
RC jacketing 2.817 CDRLS – 134.29 1.826 CDRLS – 12.26 1.126 CDRLS + 7.49

FRP: fiber-reinforced polymers; DS: damage state; RC: reinforced concrete.
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An illustrative application of the fragility-oriented approach for retrofit design

The proposed fragility-oriented approach for the retrofit design takes advantage of the
pseudo-linear relationship between the CDRLS and mDSi (or DmDSi) discussed earlier and
further demonstrated in the previous section. Therefore, only three points are sufficient to
fit a line expressing this relationship (for each DS) with a reasonable level of accuracy.
Analysts can adopt the proposed approach by (1) selecting the desired level of mDSi for
any DS; (2) obtaining estimations of mDSi for the other DSs; and finally (3) obtaining the
CDRLS value to be achieved through retrofit design to ensure that the desired fragility lev-
els are satisfied (see Figure 3). For illustrative purposes, fitting such lines using only three
points is performed for each retrofit technique. This is accomplished by selecting random
three-point sets, finding the best-fit lines, and then comparing them with the models fitted
using the entire set of points.

It is worth recalling that if the retrofit intervention leads to a significant shift in the sway
mechanism (e.g. from soft-story to beam-sway), the relationship between CDRLS and mDSi

will be piecewise linear. The first branch of this piecewise linear relationship, as explained
earlier, can be completely disregarded as it is not desirable to design any retrofit interven-
tion leading to a local soft-story mechanism. This situation was observed in the RC jacket-
ing case since a shift in the plastic mechanism took place, as indicated in Figure 15. The
figure also reports the fitted linear models using both the complete set of points and a
three-point set selected after the mechanism shift.

It is interesting to note in Figure 15 that the models fitted by using the three-point set
upon the mechanism shift are almost identical to those fitted using the entire point set,
which incorporates all the different mechanisms simultaneously. This is attributed to the
fact that most of the points in the full set constitute the retrofitted structures after the
mechanism shift, so they dominated the fitted models. However, for practical application
of the fragility-oriented approach, only three points are needed for efficiency. Therefore,
special attention must be given to the failure mechanism for each selected point. On the
contrary, the FRP wrapping and steel jacketing techniques could not entirely prevent col-
umn hinging; hence, no sudden jump was recorded in the CDRLS versus mDSi space.
Therefore, the linear models fitted using a three-point set with the as-built configuration
as the first point, as shown in Figure 16a, would be similar to those fitted using the mixed-
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sway configuration as the first point, as indicated by Figure 16b. Nonetheless, using the
mixed-sway configuration as the first point is always recommended.

Conclusion

This study proposed a fragility-oriented approach for seismic retrofit design. This
approach relies on the mapping between the displacement-based ratio of capacity to life-
safety demand (CDRLS), computed using the CSM, and the median of seismic fragility
relationships for different damage states. A general, mechanics-based discussion showed
that a linear model is a reasonable approximation for such a relationship, which becomes
piecewise linear if the adopted retrofit technique produces a sudden shift of the structure’s
plastic mechanism (e.g. transforming a soft story into a global mechanism). Such a general
discussion was empirically demonstrated using an older non-ductile RC frame as a case
study, which was retrofitted adopting three widely used techniques: FRP wrapping, steel,
and RC jacketing. A large number of retrofit configurations (with varying performance)
were developed to populate the CDRLS versus mDSi space and fit linear trends with R2 val-
ues particularly close to one.

The application of the proposed retrofit design approach only requires defining three
points in the CDRLS versus mDS space, and then deriving the best-fit linear model for those
points (for each DS). Accordingly, by specifying a desired fragility median, the designer
can obtain the corresponding CDRLS value that will drive the detailed design of the struc-
ture. The desired level of fragility can be also linked to seismic risk estimates/loss metrics
(e.g. EAL) by using a building-level damage-to-loss model, thus enabling one to indirectly
control such metrics. Therefore, using the proposed approach will help avoid the impracti-
cal/infeasible process of designing numerous retrofit solutions, carrying out NLTHAs, and
finally deriving fragility relationships for each one until ensuring that the acceptable risk
(or EAL) level is reached.

Although the illustrative analysis in this article involved a single case study, the empiri-
cal data agrees well with the general mechanics-based discussion on the CDRLS versus mDSi

pseudo-linear trend. Therefore, it is reasonable to expect that the proposed fragility-
oriented retrofit design approach applies with some level of generality to RC frames, pro-
vided that fragility relationships are derived based on the commonly adopted power-law

20 50 80 110 140 170

Capacity-Demand Ratio CDR
LS

 [%]

0

0.3

0.6

0.9

1.2
M

ed
ia

n
 F

ra
g
il

it
y
 

D
S

i [
g
]

DS1

DS2

DS3

20 50 80 110 140 170

Capacity-Demand Ratio CDR
LS

 [%]

0

0.3

0.6

0.9

1.2

M
ed

ia
n
 F

ra
g
il

it
y
 

D
S

i [
g
]

DS1

DS2

DS3
Complete Fit

3-Point Fit

(a) (b)

Figure 16. Comparison between the linear models of CDRLS versus mDSi fitted for the steel jacketing
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model, and the CDRLS is displacement-based. Applications to other structural systems and
materials must be verified on a case-by-case basis.
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