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Abstract

This paper introduces a simplified methodology to develop state-dependent fragility relationships,
based on nonlinear static analyses combined with the Cloud Capacity Spectrum Method. Capacity re-
duction factors for structural members are applied to simulate the attainment of a specific damage state
under a mainshock. A cloud-based procedure is adopted to compute fragility analyses. The procedure
is illustrated for a case-study building designed for gravity loads only. Results highlight the importance
of considering the effect of cumulative damage in the fragility analysis of buildings. The proposed
methodology may be used for seismic-risk assessment studies accounting for ground-motion sequences.

1 Introduction and motivation

In earthquake-prone countries, ground-motion sequences clustered in space and time are typically ob-
served. Recent earthquakes, such as the 2010-2011 Canterbury earthquake sequence [1] and the 2016—
2017 Central Italy earthquake sequence, have further highlighted the potentially catastrophic conse-
quences of sequential earthquake-induced ground shaking. After a mainshock (MS), buildings may be
characterised by substantial structural damage, and, as a result, loss of their lateral-force resisting ca-
pacity may occur. Therefore, assessing the residual capacity of earthquake-damaged buildings to sus-
tain subsequent aftershocks (AS) is critical to assess seismic risk in post-earthquake scenarios to support
decision-making related to both re-occupancy and repair vs demolition.

In the past decades, significant research efforts have been devoted to better understand the seismic
performance and fragility of mainshock-damaged buildings. In the Federal Emergency Management
Agency (FEMA) 306 report [2], a practical pushover-based approach for evaluating the effects of struc-
tural damage on concrete and masonry-wall buildings is proposed. Specifically, damaged building be-
haviour is simulated by adopting a modification of the nonlinear capacity curve (i.e., force-deformation
or moment-rotation relationships) of damaged elements based on stiffness, strength, and ductility re-
duction coefficients, namely 4, 44, and Ap. A conceptually-similar approach is also proposed in the
Japan Building Disaster Prevention Association (JBDPA) Guideline [3], where a single capacity reduc-
tion factor for structural members is adopted, defined as the ratio between residual energy dissipation
capacity and original energy dissipation capacity. Moving to fragility analysis, the concept of state-
dependent fragility relationships (i.e., fragility relationships depending on the attained damage state
after a MS) must be adopted to consider the effects of ground-motion sequences explicitly. According
to state-of-the-art procedures in the literature, the most reliable approach for seismic fragility analysis
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involves the use of nonlinear dynamic analyses of a Multi-Degree-of-Freedom (MDoF) numerical
model of the structure of interest (e.g., [4]-[8]). However, deriving state-dependent fragility relation-
ships through nonlinear dynamic procedures, such as back-to-back incremental dynamic analyses
(IDA), typically requires significant computational effort. For many practical applications (e.g., those
involving a large building portfolio), simplified approaches are often required/preferred [9]. For exam-
ple, Orlacchio et al. [10] recently proposed a pushover-based methodology to estimate state-dependent
fragility relationships. A semi-empirical predictive model is adopted to define the mainshock-damaged
force-displacement curve of an equivalent Single-Degree-of-Freedom (SDoF) system. Then, state-de-
pendent fragilities are estimated via IDA for those SDOF systems. Moreover, following the FEMA 306
approach, Polese et al. [11] proposed a methodology to develop damage-dependent collapse fragility
curves based on a spectral approach, i.e., by applying the incremental N2 method (IN2, [12]) consider-
ing the structure in its as-built and damaged configuration. It is worth noting that default fragility dis-
persion values are adopted, and only the median values of the fragility curves are explicitly derived. A
simplified and practical procedure to develop state-dependent fragility relationships considering record-
to-record variability is still missing in the literature.

Therefore, this paper introduces a novel simplified methodology to develop state-dependent fragil-
ity relationships. Firstly, a refined lumped plasticity modelling approach is adopted, and nonlinear static
analyses are performed to assess the force-displacement capacity curves of the structure in its damaged
and undamaged configuration. Specifically, the achievement of a specific damage state after a
mainshock is simulated by using capacity reduction factors for damaged structural members, according
to the FEMA 306 approach. Then, the seismic performance of the as-built and damaged configurations
is evaluated by applying an extension of the Capacity Spectrum Method (CSM, [13]), i.e. the Cloud-
CSM [14]. This methodology uses “real” (i.e., recorded) ground motions and allows explicitly account-
ing for record-to-record variability in fragility analysis. Finally, state-dependent fragility relationships
are derived for each damage state via cloud analysis. A detailed description of the procedure is reported
in section 2. In section 3, the procedure is illustrated for a case-study building designed for gravity loads
only, while conclusions are given in section 4.

2 Methodology

The proposed framework for developing state-dependent fragility relationships is illustrated in Fig. 1,
referring to an RC frame structure (however, the framework may be applied to other structure typolo-
gies as well). Each step is discussed in detail below.

1) As-built structure 2) Damaged configuration
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Fig. 1 Proposed flowchart for developing state-dependent fragility relationships

The main steps of the procedure are reported and discussed below:

1)  Building model and pushover analysis for the as-built structure (stepl):

Geometric details and material properties of the case-study structure are defined. The seismic behaviour
of the as-built configuration is assessed by adopting a lumped plasticity modelling approach and per-
forming nonlinear static (pushover) analysis. Moreover, different structure-specific damage states
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(DSs) are defined based on the pushover analysis results. More details about the modelling approach
adopted in this work as well as the considered DSs are reported in section 3.3 and section 3.4, respec-
tively. It is worth noting that the proposed framework is independent of the DSs definition, and different
criteria can be adopted.

2)  Seismic behaviour of the damaged structure (step 2):

The seismic behaviour of the structure in its post-earthquake (i.e., damaged) condition is evaluated
according to the FEMA 306 approach and the framework proposed in [11]. For each considered damage
state, the local ductility demand for the elements that have exceeded the yielding deformation is evalu-
ated, and suitable reduction factors for their plastic hinges’ response are selected to simulate the seismic
behaviour of the damaged structure. The modification factors proposed by Di Ludovico et al. [15] are
adopted. These plastic hinges modification factors are provided as a function of the rotational ductility
demand and were derived considering a database of cyclic test results on typical non-conforming RC
members of buildings in Mediterranean regions. Therefore, different nonlinear models are obtained for
each DS. The nonlinear capacity curve of the “damaged” elements is modified in terms of stiffness,
strength, and plastic rotation capacity (Fig. 1, step 2). Additional nonlinear static analyses are thus
performed to assess the seismic behaviour of the structure in its damaged conditions.

3)  Seismic response analysis of the as-built and damaged structure via Cloud-CSM (step 3)

Seismic response analyses of the as-built and damaged structure are performed by using numerical
pushover capacity curves coupled with the Cloud-CSM, following the procedure proposed in [14]. As
mentioned above, this method is an extended version of the traditional CSM that allows explicitly con-
sidering record-to-record variability, using as-recorded spectra instead of a code-base spectrum. More
details about the ground motion selection are reported in section 3.2. The equivalent viscous damping
(&) and the spectral reduction factor () are calculated according to [16]. Performance points of the as-
built and damaged structure are determined considering each selected ground motion. It is worth noting
that multiple performance points may be obtained when using real ground-motion spectra. In this study,
the performance point corresponding to the smallest displacement is considered in the case of multiple
solutions. As shown in [14], this selection approach shows a satisfactory accuracy without increasing
the calculation effort. An engineer demand parameter (EDP) vs intensity measure (IM) cloud is thus
obtained for each configuration.

4)  State-dependent fragility analysis (step 4)

The cloud-based procedure proposed by Jalayer et al. [17] is finally adopted to compute fragility anal-
yses. Specifically, the cloud data are divided into “collapse” (C) and “no-collapse” (NoC) cases. Col-
lapse cases correspond to no-intersection between the pushover capacity curve of the structure and the
earthquake demand (i.e., the considered ground-motion spectra) in the Acceleration Displacement Re-
sponse Spectra (ADRS) domain. Using the total probability theorem, the state-dependent fragility rela-

tionships can be expressed as:
P(EDP = edppg|DSys, IMys) = P(EDP = edpps|DSys, IMys, NoC)(l - ]
P(CIDSis, IM1s)) + P(CIDSus, M), @

where P(EDP = edppg|DSys, IMss, NoC) is the probability of exceeding a specific EDP threshold
given a DS in the MS and given that collapse does not occur; P(C|DSys, IMys) is the probability of
collapse, given a DS in the MS. It is worth noting that Eq. (1) assumes that
P(EDP = edpps|DSys, IMys, C) = 1. The linear least square method is applied on the NoC cloud
data to derive the power-law probabilistic seismic demand model EDP = alM? for the as-built and
the damaged structure. Therefore, P(EDP = edpps|DSys, [Mys, NoC) is represented by a lognormal
cumulative distribution function (CDF). A logistic regression model (suitable to binary variables, as
collapse-no collapse) is fitted to calculate P(C|DSys, IMys), considering each initial DS. Finally, the
result is converted into a lognormal CDF, defined by a median and a logarithmic standard deviation,
according to [18].

The following section demonstrates the proposed framework for an RC case-study building typical
of the Italian regions.

Livio Pedone, Roberto Gentile, Carmine Galasso, Stefano Pampanin | 3



2 fib Symposium on Concrete and Concrete Structures

3 lllustrative application

3.1  Case-study building

The considered case-study building is a 3-story RC structure with global dimensions and plan geometry
shown in Fig. 2. The structural skeleton consists of moment-resistant three-bay frames in one direction
and moment-resistant two-bay frames in the orthogonal direction. This structure represents an arche-
type pre-1970s building in the Italian region, i.e. designed for gravity load only. Therefore, neither
lateral-load design and capacity design principles are provided, and the structure presents the typical
structural weaknesses of buildings designed in that period (e.g., strong beam/weak column, inadequate
transverse reinforcement for shear and confinement, inadequate anchorage details, lower quality of ma-
terials). In this study, the central longitudinal frame is analysed. Geometrical details of RC members
are reported in Fig. 2 (right).
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Fig. 2 Global view of the case-study building (left) and geometrical details of RC members (right)

The beam-column joint presents no stirrups and plain round beam bars with end-hooks. Columns and
beams present a transverse reinforcement of ¢p6/15 and ¢8/15, respectively. The mean concrete cy-
lindrical strength is equal to 14.41 MPa, and the mean steel yield stress is equal to 340.51 MPa.

3.2 Ground-motion selection

A set of 621 recorded ground motions (Fig. 3) is selected to perform fragility analysis using the Cloud-
CSM. The ground motion records are selected from three different databases ([7]; [8]): (1) the 2012
KKiKSK ground-motion database [19]; (2) the database developed by Goda and Taylor [20]; and (3)
the 100 records with the highest peak ground acceleration (PGA) in the SIMBAD Database [21]. Only
the MS from the previous two databases are considered. Information about magnitude and source-to-
distance values, soil types, and PGA values for the considered records are reported in [7]. It is worth
noting that the cloud-based response analysis approach does not require a hazard-consistent suite of
ground-motion records. Moreover, cloud analysis does not require ground-motion scaling, overcoming
all the related issues. Unlike [7] and [8], the proposed methodology does not require ground-motion
sequences as the Cloud-CSM is only performed for the AS (Fig. 1, step 3).

Selected ground motions
—— 50th ground motion percentile
--- 16th ground motion percentile
—-= 84th ground motion percentile

Sa(T) [g]

102 101 10°
T [sec]
Fig. 3 Ground-motion response spectra
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3.3  Modelling approach

A refined two-dimensional (2D) lumped plasticity model is implemented in the finite-element software
Ruaumoko [22] to develop nonlinear static pushover analyses. Floor diaphragms are assumed rigid in
their plane, while fixed base joints are introduced (i.e., the soil-structure interaction contribution is
neglected). The RC members are modelled by mono-dimensional elastic elements with plastic hinges
at the connection interfaces (Giberson elements). Proper bi-linear moment-curvature relationships char-
acterise beam plastic hinges. The plastic hinge length is calculated according to [16]. An axial load-
moment interaction diagram characterises column plastic hinges. The shear failure mechanism is also
evaluated. The Takeda hysteresis is adopted for beams and columns. Panel zones are modelled using
rigid arms with additional nonlinear rotational springs to consider possible failure mechanisms [23].
The springs are characterised by equivalent column moment versus drift relationships [24]. Moreover,
an axial load-moment interaction diagram is implemented to consider the influence of the axial load in
the beam-column joint capacity. The modified Sina model [25] is adopted for beam-column joints,
allowing one to consider a pinching behaviour. Finally, a linear strength degradation for RC members
is defined. Specifically, the moment capacity is set equal to zero when twice of near-collapse defor-
mation capacity of the member is achieved.

34 Result and Discussion

3.4.1 Nonlinear static analyses

The nonlinear static analysis result for the as-built structure is reported in Fig. 4 (left) in terms of the
force-displacement capacity curve. As expected, the as-built structure shows a low global ductility be-
haviour. Due to the lack of capacity-design principles, a mixed-sway mechanism is observed, charac-
terised by external beam-columns joint failures coupled with columns failures. Moreover, Fig. 4 (left)
shows the DS thresholds adopted for the fragility analysis. In this study, four different DSs are consid-
ered, namely: DS1 (slight damage), DS2 (moderate damage), DS3 (extensive damage), and DS4 (com-
plete damage). Specifically, DS1 corresponds to the yield displacement of the idealised pushover curve;
DS2 refers to the first structural element reaching 50% of its life-safety plastic deformation capacity;
DS3 and DS4 correspond to the first attainment of life-safety and collapse prevention limit state for any
structural element, respectively. The corresponding DS thresholds in terms of maximum inter-storey
drift ratio are thus derived from the numerical analysis results. Then, for each considered damage state,
suitable reduction factors for the plastic hinges’ response of damaged members are selected as a func-
tion of their rotational ductility demand. Therefore, four additional nonlinear models are obtained (i.e.,
one for each DS). The results of nonlinear static analyses of the structure in its damaged conditions are
shown in Fig. 4 (right).
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Fig. 4 Capacity curves of the as-built (left) and damaged (right) structure configurations

3.4.2 Seismic response and fragility analyses

Seismic response analysis for the undamaged and damaged structure configurations are computed fol-
lowing the pushover-based Cloud-CSM. Capacity curves are converted into acceleration—displacement
curves in the ADRS domain. Effective height, effective mass, and equivalent viscous damping formu-
lations provided by Priestley et al. [16] are adopted. No bilinearisation of the capacity curve is consid-
ered. The Cloud-CSM is applied for each DS, using the 621 ground-motion response spectra previously
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selected. Results in terms of performance points are illustrated in Fig. 5 (left). The corresponding max-
imum inter-storey drift ratio (MIDR) is calculated using the displacement profile obtained from the
pushover analyses. Therefore, an EDP (i.e., MIDR) vs IM cloud is derived for the as-built structure and
each DSs. In this study, the adopted IM is the geometric mean (avgSA) of the pseudo-spectral acceler-
ation in a specific range of periods depending on the first-mode periods of the structure. As an example,
Fig. 5 (right) shows the results of the seismic response analysis and the obtained power-law probabil-
istic seismic demand model (PSDM) for the DS3 configuration. A comparison between the PSDM of
the undamaged and DS3 configurations is also reported. As expected, considering the same IM, higher
drift values are obtained for the DS3 configuration when compared to the undamaged configuration.

DS1
DS2
DS3
DS4

--- Undamged
— DS3

10°

® 0 0 e

DriftAs[%]

1071

10-! 10°

avgSAsslgl

010 015 0.0

0.05
Effective height displacement [m]

0.25
Fig. 5 Performance points of the structure in its damaged configurations (left) and seismic re-
sponse analysis results for the DS3 configuration (right).

Finally, state-dependent fragility relationships are derived. Fig. 6 (left) shows the fragility curves de-
rived for the undamaged case-study structure. State-dependent fragilities curves are shown in Fig. 6
(right). Moreover, median and standard deviation values of state-dependent fragility curves of state-
dependent fragility curves are listed in Table 1.

10 - — 10 ————
& &
Q‘ o Q o DS2|DS1
= s
= 06 = 06 DS3|DS1
< <
A —— DS1 A DS3|DS2
9 o4 DS2 9 04 DS4|DS1
8 0.2 DS3 Q02 DS4|DS2
= —— DS4 < DS4|DS3
0.0 - . ; . : . 0.0 — . ; .
00 02 04 06 08 10 12 14 00 02 04 06 08 10 12 14
avgSA(0.17s-1.31s) [g] avgSA(0.17s-1.31s) [g]
Fig. 6 Undamaged state fragility curves (left) and state-dependent fragility curves (right).
Table 1 Median and standard deviation values of state-dependent fragility curves
Initial DS due to the mainshock
As-built DSI DS2 DS3
upslgl B upslgl B upslgl B upslgl B
Conditional DS DS1 0.193 0315 - - - - - -
DS2 0.339 0317 0339 0317 - - - -
DS3 0429 0318 0429 0318 0400 0336 - -
DS4 0.529 0319 0.529 0319 0494 0337 0458 0354

As can be noted, a low level of damage (i.e., DS1) does not significantly modify the structural behaviour
of the structure. Therefore, no significant shift of the aftershock fragilities is observed for initial DS1
due to a mainshock. On the other hand, the presence of more severe initial damage (i.e., DS2, DS3)
increases the fragility of the structure. Specifically, a reduction equal to 7% is observed for the DS3|DS2
and DS4|DS2 fragility median, while the DS4|DS3 fragility median is reduced by 14%. No fragility
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curve crossings between various DSs are observed. It is worth remembering that the reference structure
is a pre-1970s building, showing a low seismic performance. Therefore, it could be observed that dam-
age accumulation could be considered less relevant since the building may not respect the code seismic-
performance standards even in its undamaged configuration. However, the increased fragility due to
initial earthquake damage may significantly affect retrofit/repair vs demolition decision-making in a
post-earthquake scenario.

4 Conclusions

In this paper, a simplified methodology to develop state-dependent fragility relationships for structures
subjected to mainshock-aftershock ground motion sequences was presented. The procedure is based on
nonlinear static analyses combined with the Cloud Capacity Spectrum Method. The seismic perfor-
mance of the structure in its post-earthquake (i.e., damaged) condition is evaluated by using suitable
capacity reduction factors for damaged structural members, according to the state-of-the-art of proce-
dures available in the literature. Seismic response analyses are performed for each DS according to the
Cloud-CSM. This methodology is based on natural, as-recorded ground motions and allows explicitly
accounting for record-to-record variability in fragility analysis. The proposed framework was illustrated
for a case-study RC frame designed for gravity loads only. The results from such an application confirm
the feasibility of the proposed methodology. The effects of damage accumulation were captured without
statistical inconsistencies (e.g., no fragility curve crossings between various DSs were observed). An
increasing reduction of the fragility median was obtained as initial damage due to a mainshock in-
creased.

The proposed methodology may be used for seismic-risk assessment studies accounting for ground-
motion sequences. It may support the decision-making process of both re-occupancy and repair vs dem-
olition in post-earthquake scenarios. It is worth mentioning that future, more-refined numerical inves-
tigations (e.g., nonlinear time history analyses) are needed to better validate the proposed framework.
Moreover, a broader class of frame structures can be used to improve the study, including newly-de-
signed RC frame structures and infilled frame structures.
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