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1 | INTRODUCTION AND MOTIVATION

In seismic design or performance assessment of structures, peak quantities (mainly displacements or drifts) are gener-
ally adopted to define both engineering demands and capacities at a global or member level. The seismic capacity of a
structural system/member is usually defined in terms of deformation thresholds obtained through monotonic or, less
frequently, cyclic experimental tests. There is a vast consensus on the effectiveness of such an approach for a large num-
ber of circumstances. However, disregarding cumulative engineering demand parameters, EDPs (e.g. hysteretic energy,
cumulated ductility demand, number of cycles), may not provide an analyst with full control of the performance assess-
ment process under certain circumstances in which low-cycle fatigue is relevant"?. Examples of this condition are long-
duration ground motions, ground motions on very soft soils, (multiple) ground-motion sequences. This paper specifically
deals with ground-motion sequences in which a first ground motion (called mainshock, MS) is followed by a second one
(called aftershock, AS, for simplicity), which can either be an actual AS or a ground motion related to a triggered event
(with a different rupture zone with respect to the one responsible for the MS).

Some recent research attention has been devoted to the development of fragility relationships for MS-AS ground-motion
sequences that explicitly depend on the damage state (DS) achieved by a structure in the MS (i.e. state-dependent fragility).
Most studies derive seismic fragility in terms of maximum interstorey drift thresholds®=, although in some cases this
is considered in conjunction with the residual drift®. This may create inconsistencies in the resulting statistical models
due to inappropriate consideration of damage accumulation. For instance, if the peak drift computed for an AS ground
motion is smaller than the one due to the corresponding MS, the structure is conventionally allocated to a lower DS with
respect to that of the MS, which is clearly an inconsistency. This can, in turn, result in fragility curve crossings between
various DSs. This is mostly avoided (rather than solved) by (a) using appropriately scaled ground motion sequences, thus
modifying the input signals; (b) disregarding the analysis cases for which the AS drift is smaller than the MS one, thus
biasing the statistical result (for example, Zhang et al.®). As hysteretic energy is a cumulative measure that monotonically
increases with the length of the applied excitation (see Changhai et al.,” for example), the above-mentioned inconsistency
is automatically removed if hysteretic energy is used as an EDP. However, no probabilistic seismic demand model (PSDM)
based on hysteretic energy has been proposed for MS-AS sequences to date.

Several studies explicitly included cumulative EDPs in the design/assessment process>®™12. Arguably, it is challenging
to estimate a member or global structural capacity in terms of cumulative EDPs, to define reliable DS thresholds, which
are more easily (and widely) defined based on displacement/drift. However, there exists a stable, pseudoparabolic rela-
tionship between peak deformation and hysteretic energy. This was confirmed by numerical dynamic analyses of single
degree of freedom (SDoF) systems subjected to ground motions*~° and quasi-static, cyclic experimental tests on single
members'®™?, It is worth stressing that the above statement refers to the cumulative definition of hysteretic energy for
dynamic actions, calculated over the force-displacement time history (due to a given ground-motion record). The mono-
tonic, quasi-static definition of the hysteretic energy is herein less relevant, as it could only serve as a phenomenological
aid to distinguish systems with different hysteretic characteristics. In fact, these are two completely different quantities
that are not correlated”’~>2. The work in this paper is based solely on the cumulative hysteretic energy.

Based on theoretical considerations on the peak deformation-hysteretic energy relationship, a PSDM is proposed here in
the form of a surface relating the hysteretic energy in the MS-AS sequence to the peak deformation in the MS and a ground-
motion intensity measure (IM) of the AS. The PSDM functional form, which embeds the peak deformation-hysteretic
energy relationship itself, is defined consistently with the mechanics of a structure subjected to an MS-AS sequence. A
procedure is finally proposed to derive state-dependent fragility relationships (i.e. representing the exceeding probability
of a DSin the AS, conditioned on the IM of the AS, and the DS of the MS). The adopted EDP for the fragility relationships is
the cumulative hysteretic energy in the MS-AS sequence. Therefore, the peak deformation-hysteretic energy relationship
is used to convert the deformation-based DS thresholds into energy-based ones. This allows one to retain the reliabil-
ity of the adopted DS thresholds, as the deformation-energy conversion can start from any widely accepted/validated,
deformation-based EDP limit. It is proposed to calibrate the PSDM through a cloud-based nonlinear time-history analy-
ses (NLTHA) using artificial MS-AS sequences assembled via a randomized approach’. This approach does not require a
site-specific, hazard-consistent record selection (e.g. Papadopoulos et al.?), and requires none-to-moderate scaling of the
ground motions. It is worth mentioning that catastrophic effects due to low-cycle fatigue (e.g. fracture of a rebar) are not
explicitly considered herein as this effect is typically not explicitly included in the numerical models. As the proposed
procedure is based on numerical analyses only, the results of this paper alone cannot fully confirm that hysteretic energy
is an appropriate proxy for damage accumulation. However, together with relevant experimental/field data, the proposed
procedure may be used to provide a deeper confirmation to such hypothesis.
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This paper has the following specific objectives, addressed in the subsequent sections: (a) To qualitatively discuss the
trend between hysteretic energy and peak deformation for individual ground-motion records or MS-AS sequences, iden-
tifying the parameters affecting such a trend based both on theoretical and empirical evidence; (b) to propose a PSDM
for MS-AS conditions consistent with the relevant physics; (c) to derive state-dependent fragility models for realistic case
studies. To this aim, a set of NLTHA is first carried out for a case-study SDoF system. Then, the proposed framework
is demonstrated for 14 reinforced concrete (RC) frame buildings, characterized by different height levels (four or eight
storeys), plastic mechanisms (beam sway, in which all the beams are yielding; column sway, with a soft-storey mecha-
nism; mixed sway, in which a combination of beam, column, and/or joint failures can be triggered), configuration of the
infill panels (bare frame, uniformly infilled frame, pilotis frame).

2 | PEAK DEFORMATION VERSUS HYSTERETIC ENERGY

For a structure subjected to a dynamic excitation, the energy dissipated through hysteresis is derived by adopting the
energy balance equation. For an SDoF system, the force equilibrium (Equation 1) depends on the mass of the system m,
the viscous damping coefficient c, the restoring force f, and the ground acceleration ii, (u, 1, are the displacement,
velocity, and acceleration relative to the ground, respectively). By multiplying such equation for the instantaneous
displacement udt, and integrating over time, the energy balance equation (Equation 2) is obtained. The third term of this
equation embeds, over time, the hysteretic energy and the stored elastic strain energy. However, if measured at the end
of a ground-motion excitation, when the system has come to rest, the elastic strain energy is zero and the term refers to
the hysteretic energy only.

mii +cu+ fy(u, ) = — milg €Y

/miludt + /cuzdt + /fs (w,w)udt = — /mu'gudt. )
t t t t

A fundamental parameter affecting the hysteretic energy is f;, which depends on the force-deformation backbone curve
of the system and the set of hysteretic rules. The backbone curve describes the (tangent) stiffness of the system under
monotonic, quasi-static loading, whereas the hysteresis describes how such stiffness evolves under cyclic conditions, that
is, under unloading and reloading. More complete/advanced models also involve strength degradation, both within a sin-
gle cycle or across multiple cycles. Within-cycle degradation depends on the maximum deformation (or ductility) demand
and produces a modification of the backbone curve (usually corresponding to a negative slope). Cyclic degradation gener-
ally depends on the number of plastic excursions (i.e. when the response “leaves” the backbone curve). The combination
of the above-mentioned parameters, together with the applied load history (e.g. a ground motion), determines the amount
of hysteretic energy dissipated by a structure. The amount of viscous damping has a significant effect on the hysteretic
energy (that is, the higher the damping, the lower the hysteretic energy).

For a realistic structure, damping depends on both material and lateral-load resisting system (e.g. steel frame vs. RC
wall). Moreover, the modal properties of the structure affect hysteretic energy, especially if higher modes are relevant.
Therefore, for a given material/lateral-load resisting system, this is indirectly controlled by the height of the structure.
Most importantly, the plastic mechanism is a fundamental factor to consider, which is likely governed by the level of
seismic design. This affects the members involved in the nonlinear dynamic response, and therefore both the monotonic
and cyclic properties at global level.

Based on this discussion, any consideration about hysteretic energy cannot be generalized. For a given (archetype)
structure, however, the ground-motion record is the most relevant parameter to consider when characterizing the energy
versus deformation relationship. This is herein discussed first for single-record conditions, and then for MS-AS sequences,
considering both an illustrative SDoF system and a realistic RC frame.

2.1 | Single ground-motion conditions

There exists a stable, pseudoparabolic relationship between the peak global displacement (A,,,,) and the hysteretic energy
of a system,"*"° herein called Ey; j5 for consistency with the subsequent sections. To qualitatively confirm this trend, an
illustrative SDOF system is analyzed via an incremental dynamic analysis, IDA?*. The SDoF is defined by the backbone
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FIGURE 1 (a)Hysteretic energy versus maximum drift IDA curves for a case-study SDoF system (150 records); (b) hysteretic energy versus
number of plastic excursions for different levels of displacement. T, : fundamental vibration period; p: correlation coefficient

curve shown in Figure 1, assuming a modified Takeda hysteresis**, and a period of 1 s. No cyclic degradation is consid-
ered for simplicity. A single case study is deemed sufficient because according to previous studies?>%, for a given set
of hysteretic rules, similar trends were encountered in the displacement versus energy behavior of SDoF systems having
different periods, backbone curves, and hysteresis rules; however, the absolute values of the hysteretic energy are different
depending on the above features. The IDA curves are represented in terms of hysteretic energy (normalized by the product
of the peak force and related displacement, F,A,,) versus peak displacement, which may be interpreted as a particularly
efficient IM. The 150 records with highest peak ground acceleration (PGA) in the SIMBAD database?® are arbitrarily used
(the details of the record selection procedure can be found in Gentile et al.?”). These records include a variety of conditions
(geographical setting, fault styles, ordinary vs. pulse-like records, short vs. long-duration records, etc.).

Figure 1a shows a pseudo-bilinear trend for the energy-versus-displacement relationship for each record. This is
because, for such a simple system, no hysteretic energy is dissipated for any peak displacement smaller than yielding.
As shown later in the paper, such a trend becomes pseudoparabolic in the case of more complex systems (for which the
transition between pre- and postyielding behavior is smoother). The pseudoparabolic trend may be well represented by
the widely adopted power law model ( Eyy s = aAfnax), as confirmed by various goodness-of-fit metrics. The scatter of
(Ep.mslA) is likely dependent on the number of plastic excursions registered in the response. Figure 1b shows scatter
plots in terms of energy and plastic excursions for four different levels of peak displacement (above yielding). Regardless
of the displacement level, the coefficient of correlation p falls in the range 0.56-0.60, therefore supporting the claim. As
significant duration may be a good proxy for the number of plastic excursions, this parameter may be used to explain
the variability of Efy y/5|A. Indeed, the correlation coefficient between Ej; y5|A and significant duration (5-95%) is within
the range 0.6-0.7 for this example. This is in line with previous findings®®, for which using the significant duration to
form a compound IM, together with peak displacement, significantly improves the correlation with hysteretic energy.
The median Ej; ;s versus A may be calibrated adopting a sufficiently large number of ground-motion records with a wide
range of both peak intensity (e.g. spectral acceleration) and significant duration.

2.2 | Mainshock-aftershock sequence conditions

Given the higher complexity of MS-AS conditions with respect to the single-record condition discussed above, it is decided
to first resort to a particularly simplified situation. An SDoF system with the same backbone as above is characterized by a
kinematic hardening hysteresis (i.e. no stiffness degradation). This is subjected to a quasi-static load history composed by

two half-cycle loadings (Figure 2a). The first half cycle (the MS) is represented by the path O-Y-MM-RM: it starts from zero,
AM S

reaches the displacement AM?3 | passing through the yielding point, and ends at the residual displacement AM? (defined

only by AM® and the initial stiffness). The second half cycle (the AS) is defined by the path RM-MM-MA-RAL. it starts

from the residual displacement in the MS AM5 | reaches the maximum displacement in the AS (A%> ) (passing through
the evolved yielding point, AM3 ), and ends at a residual displacement for the AS (AZS).
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FIGURE 2 Case-study SDoF system. (a) Load path for a quasi-static condition; (b) Displacement response for one realistic ground-motion
sequence; (c) Aftershock hysteretic energy versus maximum drift relationship for the quasi-static condition; (d) Aftershock hysteretic energy
versus maximum drift relationship for the ground-motion sequences loading (double IDA with 10 X 10 records)

Such a simple load condition is chosen because it allows one to analytically evaluate the hysteretic energy. Although
simplified, such a theoretical case helps the discussion of more complex conditions (e.g. SDoF systems or realistic struc-
tures subjected to MS-AS sequences). The expression for the hysteretic energy in the AS, E; 45 (for an AZS . not reaching
the degrading branch), is shown in Equation 3, in which F is the base shear. The shaded areas in Figure 2a represent the
three terms of the second member in Equation 3, which, respectively, correspond to the trapezoid MM’-MM-MA-MA’,
and the triangles RM-MM-MM’ and RA-MA-MA’ (MM’ and MA’ are the projections on the horizontal axis of the points
MM and MA). Extending the calculation for load histories with the point MA in the degrading branch is trivial and it is

not shown for brevity. Clearly, by setting AMS = AMS = 0, the calculated hysteretic energy refers to the MS.

max max max res
E = - .
H,AS > + > > 3)

(F (5,) + FOOYE)) (A5, — A1) (5, - M5) F (A1) _ (. — 08 F (a5

Figure 2c shows this equation for different values of AMS . For a peak displacement A2> . smaller or equal to the start of

the degrading branch, the Ej; 4 S(AAS ) relationship is parabolic with a fairly small concavity (confirming past findings,

e.g. Bojorquez et al.”°). For larger displacements (i.e. the point MA falls in the degrading branch of the backbone curve),

where the tangent stiffness is negative, the E;; 45(A75 ) relationship changes concavity and reaches a maximum for a dis-

. . . . AS . .
placement corresponding to a zero force in the backbone. Most importantly, for a given value of A%, ., there is a decreasing,

linear relationship between Ej; 45 and AM? | as the different curves in Figure 2c are equally spaced. Therefore, the SDOF

system dissipates less energy (for a given Az ), if the dissipation in the MS is higher (which is proportional to AM> ).
To confirm the above considerations for more complex conditions, the above-mentioned SDoF system (with Takeda

hysteresis) is analyzed via a double IDA approach. First, 10 records are randomly selected among the ones presented
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in Figure 1a, considering the scale factors that cause four different levels of AM> (greater than yielding). Each of these

(scaled) records is considered as the MS, and the double IDA is performed assembling each of them with the 10 records
in the suite, which are increasingly scaled. Forty seconds free vibration time is allowed between the MS and the AS, such
that the system can reach the rest configuration. Figure 2c shows the displacement response of the SDoF for one ran-
domly chosen ground-motion sequence in the double IDA. For each level of “conditioning” AM> 10 x 10 IDA curves are
available. Figure 2d shows the median and 5-95% confidence bounds of the IDA curves, represented in terms of Ep 45

versus A2S . It is worth mentioning that A% . is calculated relatively to AMS. The results confirm the above discussion,

particularly considering that the higher is the dissipated energy in the MS (proportional to AXS ), the lower is the dissi-
pated energy in the AS (for a given A7 ). This may not seem to apply for A%, /A, in the range [4.5-6], where for the

median Ey 4 relationship related to AMS equal to 3A, or 5A, is above the one related to 1.5A,,. This is related to the low

number of sequences used for this example: in Figure 2c, only 10 ground-motion sequences are adopted for each AM>
level. It is finally worth mentioning that such an inconsistency completely disappears if hundreds (rather than tens) of
ground-motion sequences are used (as shown in Figure 3b).

To further generalize the discussion, a realistic RC frame is also considered. The details of the case study (i.e. Beam-Sway,
four-storey frame below) are deemed less relevant here. However, a full description of the geometry, material properties,
and structural details is given in Section 4.1 while the nonlinear modeling strategy for the time-history analyses is given
in Section 4.2. The frame is analyzed via a cloud-based approach using MS-AS sequences obtained randomly assembling
natural ground-motion records. The details of this approach, also describing the 1000 considered sequences, are given in
Section 3.1. Figure 3a shows the results of the analyses in terms of hysteretic energy versus maximum interstorey drift for
MSs only. The proposed law Ep prs = aellﬂ/[s is fitted to the obtained data. This curve is used to define energy-based DS
thresholds starting from drift-based ones (as discussed in detail in Section 4.1). The Ej; 45 versus 8, data are partitioned
based on the DS achieved in the MS, and further power-law models are fitted to each subset of data. They are shown
in Figure 3b, in which only the points related to DS2 in the MS are shown to improve the clarity of the plot. It is worth
mentioning that the AS drift is calculated relative to the residual MS drift. The results clearly confirm the above discussion:
for a given value of 0,5, the Ej; 45 values are lower for a higher DS in the MS (corresponding to a higher Ey; 5;s and
Oums)- It is worth repeating that the absolute value of the fitting parameters (a, b) are strongly dependent on the backbone,
hysteresis, and degradation properties of the considered structure, in turn dependent on the material, lateral-load resisting
system, dynamic properties, etc.

3 | PROPOSED PROCEDURE TO DERIVE STATE-DEPENDENT FRAGILITY
RELATIONSHIPS

The proposed procedure for state-dependent fragility analysis is based on a cloud-based approach®’ to NLTHAs using
ground-motion sequences composed of two real (i.e. recorded) ground motions (herein called MS and AS, for simplicity).



GENTILE AND GALASSO

a) 16 b) 16+
1.4 14+
g 1.2 g 12}
4 TE & '
=] =)
\-120.8 \-«(20.8
& 06 & 06
(=] (<]
> >
© 04 ® 04
0.2 0
O 1 L 0
0 0.5 1 1.5 X
angAMS(0.23-1 .8s) angAMS(0.23—1 .8s)
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For each considered sequence, the maximum interstorey drift and the hysteretic energy are registered in both the MS and
AS. Such data are used to calibrate a five-parameter PSDM represented by a surface depending on the maximum response
in the MS and the IM of the AS.

For any set of drift-based DS thresholds (selected by the user), the above PSDM is used to derive the corresponding
thresholds based on the (normalized) hysteretic energy. It is assumed that the energy-based thresholds remain unchanged
regardless of the demand in the AS. Although it is fundamental to validate this assumption (which may be affected, for
instance, by catastrophic failures due to low-cycle fatigue), this is considered out of scope herein, given the numerical
nature of this study.

A set of lognormal fragility relationships is fitted: for the undamaged structure (using the hysteretic energy in the MS
as an EDP) and for each considered DS in the MS (using the sum of the MS-AS hysteretic energy). It is worth noting that
the lognormal distribution was demonstrated as appropriate for fragility relationships in terms of hysteretic energy.?

3.1 | Assembled ground-motion sequences

Past studies adopted real (i.e. as recorded) MS-AS sequences (e.g. Zhang et al.%). However, due to the low availability of
sequences with strong ASs, this often limits the observations of significant damage increase due to sequential excitations.
In turn, this does not allow developing statistically robust fragility models conditioned on the initial DS due to the MS.
To overcome this, while avoiding the use of synthetic ground motions®' or substantial amplitude scaling of real records
(e.g. IDA), a randomized approach based on real records is adopted, as done in Aljawhari et al.” The resulting artificial
sequences may represent multiple ground shaking that may occur in the form of typical ASs or triggered events. The seed
ground motions (crustal only) are collected from three different databases: (a) the 2012 KKiKSK ground-motion database;*?
(b) the database developed by Goda and Taylor;** (c) the 100 records with the highest PGA in the SIMBAD Database.?® The
relevant seismological parameters (e.g. magnitude and source-to-site distance ranges, soil types) are reported in Aljawhari
et al.” By separately considering both horizontal components of such records (MS only), 626 ground motions are selected.
It is worth mentioning that this arbitrary selection of records is consistent with the adopted cloud-based response analysis
approach, which does not require a hazard-consistent suite of ground-motion records.

By combining two records (herein called MS and AS, for convenience), artificial sequences are assembled, also allowing
40 s of free vibration in between. Instead of considering all the possible combinations (391,876; shown in Figure 4a), 1000
random pairs are selected adopting the Latin hypercube sampling approach. The interval [0,626], where 626 is the total
number of seed ground motions, is subdivided in 1000 equal-length bins, randomly extracting one sample from each bin
(based on a uniform distribution). Rounding up the result provides integer values corresponding to the actual ground-
motion index in the database. This process is repeated twice, and the results are randomly combined, without repetition,
to generate 1000 pairs of integers defining the assembled sequences. Figure 4b illustrates the values of the geometric
mean of the 5%-damped pseudo-spectral acceleration in a range of periods (AvgSA) for the MS and AS in each sequence.
This ensures increased efficiency and (relative) sufficiency in estimating a given EDP by means of a scalar IM, as it is
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FIGURE 5 Derivation of the probabilistic seismic demand model. (a) Mainshock; (b) aftershock

able to account for higher mode effects and period elongation.** The range of periods [0.2-1.8 s] is herein selected for
illustration purposes only. It is clear that this randomized selection method allows reducing the computational burden for
the NLTHAs, while keeping a wide variety of low and high IM levels for both MS and AS.

3.2 | Probabilistic seismic demand model

The proposed PSDM is the surface Ef yr545(Ons, IM 45), where 65 is the maximum interstorey drift in the MS and IM 4
is an IM in the AS (e.g. AvgSA). A fundamental requirement for any PSDM is the consistency with the physics of the
problem under investigation. Based on the discussion in Section 2, consistency with the relevant mechanics is achieved
if (a) the median hysteretic energy dissipated during the sequence is monotonic with respect to (any combination of) the
maximum response in the MS and the IM of the AS. In other words, the gradient of Eyy y;545(€prs, IM 45) must be positive
regardless of both the position and direction in the plane (6y,5, IM 45), for physically sound ranges of both 6,,5 and IM 4;
(b) for any given value of IM 45, Ejy 45 must be monotonically decreasing with respect to 6),s. As an additional (not
strictly necessary) condition, the proposed PSDM is required to be consistent with the power-law relationship commonly
adopted for cloud-based MS-only problems (it must be its generalization). In other words, predicting the MS response
with the proposed PSDM must give the same result as the power-law model.

The functional form of the PSDM is given in Equations 4 and 5, in which the MS and AS hysteretic energy values
are treated separately and then summed. The model depends on five parameters (a, b, ¢y, d, and m), which are estimated
through regression.

Enmsas = Egms + Egas = 0911345 +¢(Bus) Ifos “4)

¢ (Ops) = (1 — mBys) co. (5)

Figure 5a shows the MS portion of the hysteretic energy, together with an example scatter of the MS data. Clearly,
such data lie in the (0,5, Epy ps) plane and, according to the discussion in Section 2, it may be fitted with the power law
relationship aejgm. Such relationship is monotonically increasing as a function of 8,5 and clearly constant as a function
of IM 4. Figure 5b, on the other hand, shows the AS portion of the hysteretic energy together with the AS scatter data
(Oms> IM 55, Epy as).- In the IM 45, Epy 45) plane, the MS data are also shown (therefore for 6,5 = 0). This is possible
considering that an MS can be interpreted as an AS that follows an MS producing zero drift (i.e. an AS that follows no
MS is a MS itself). This consideration allows calibrating the relationship Ep prs4s (Ops = 0) = ¢ IMjS using the MS
data only. In this way, using this PSDM for MS-only predictions will provide, by definition, the same result as the simple
power-law model. Finally, the factor ¢ (6;;5) = (1 — m6y,s) ¢, allows to linearly reduce the “slope” of the ¢, Mis relation-
ship as a function of 8, consistently with the discussion in Section 2.2, and with requirement (b). This function is fitted
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FIGURE 6 (a)Probabilistic seismic demand model; (b) state-dependent fragility functions. Note: In panel b, the line type represents the
conditioning damage state (DS,,s) while the line color represents the achieved damage state (DS 45). For example, the red dotted line represents
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using the AS data (65, IM4s, Epy 45)- Based on these considerations, Ey 5545 has indeed a positive gradient for phys-
ically sound ranges of both 6,5 and IM 45 (satisfying requirement (a) above). It is worth mentioning that the dynamic
analyses leading to “collapse” are herein disregarded and the information carried out by such data can be considered
when deriving the fragility relationships. This can be done by characterizing the probability of collapse with a logistic
model, as described in Section 3.3. Collapse herein corresponds to a global dynamic instability of the numerical analysis
(i.e. nonconvergence), likely corresponding to a plastic mechanism (i.e. the structure is underdetermined) or exceeding a
conventional 10% maximum interstorey drift.
The steps to fit the proposed PSDM are herein summarized:

1. Using the MS data only (8ys5, Ep yms), the relationship ae;’“ is fitted. The parameters a and b are estimated via the
linear least squares method in the log-log space

2. Using the MS data only (IMyg, Ey ys), the relationship coIM gs is fitted. The parameters ¢y and d are estimated as per
point 1.

3. Using the AS data (05, IM 45, Ey 45), the parameter m is estimated via the nonlinear least squares to the function
By as = (1 — mBys) cIMS,.

3.3 | State-dependent fragility analysis

The proposed PSDM is used to derive state-dependent fragility relationships in the form of lognormal cumulative distri-
bution functions. As shown in Figure 6a (mixed-sway four-storey case study, below), after selecting the drift thresholds
(Q_DS) for an arbitrary number N of DSs, the PSDM will automatically provide their conversion in terms of hysteretic energy
thresholds (T’Ds). Equation 6 allows deriving fragility relationships for different combinations of the DS in both the MS
and AS, specified as F(DS 45|DS)s)- In such equation, the cumulative MS-AS hysteretic energy (previously referred to as
Eyy msas) is referred as Eyy, for brevity. Practically, F(ds|0) are the MS fragilities (with ds = 1...N), while F(DS 45|DSs)
represent the AS fragility conditioned on a given DS in the MS. In the latter condition, D Sy = DSy + 1,..., N, that
is they represent the exceeding probability of the AS causing a “jump” to a higher DS with respect to the MS, condi-
tioned to IM 4. In such equation, Wi, |ps,,s.1m . 18 the fragility median (also called u(DSAs|DSys), for simplicity) while
OlnEy|DSys.IM s 18 the logarithmic standard deviation of the proposed PSDM.

(6)

InE L= M : '
F (DS 45|DSpss) = P (EH > EH,DSAS|DSMSJMAS> 11— q)< H,DS1s — MinEy |DSys.IM s )

GlnEH |DSM5,IMAS

Using the drift threshold for DS),s and the energy threshold for DS 45, and inverting Equation 4, the median of a given
fragility curve is calculated (Equation 7). Equation 8 provides the dispersion of the fragility relationships, starting from
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For each case study, there is an 8-storey one with the same plastic mechanism.

FIGURE 7 Plastic mechanism (DS3) for the analyzed case studies (eight-storey ones are not shown for brevity). 8: maximum interstorey
drift

the logarithmic standard deviation (from the PSDM). The resulting fragility relationships are shown in Figure 6b. As a
direct consequence of having a monotonically increasing PSDM (see Section 3.2), the median of the AS fragility curves,
for a given DS 45, decreases as DS)s increases. This means that damage accumulation is captured in a consistent and
physically sound fashion.

It is worth repeating that the information carried out by the “collapse” analysis cases (dynamic instability or exceeding
10% drift), initially not considered in fitting the PSDM, can be accounted for here. Although this is not done here for
simplicity, the probability of collapse can be represented by a generalized regression model with a “logit” link function
(logistic regression), which is appropriate for cases in which the response variable is binary (in this case, “collapse” or “no
collapse”). Then, the total probability theorem can be used to modify any of the calculated fragility curves, as shown in
Jalayer et al.*"

1/d
Epps,s — by
Ml”EHlDSMSvIMAS = ,M(DSAleSMS) = MS (7)
Co (1 - meDSMS)
B = UlnEnlDSMs,IMAs/d- ®

4 | TLLUSTRATIVE APPLICATIONS
4.1 | Selected case studies

The proposed framework for state-dependent fragility analysis is demonstrated for 14 RC frames case studies (Figure 7).
They have four bays and either four or eight storeys (the storey weight is approximately equal to 2017 kN). For each
geometrical configuration, three different solutions are adopted for the seismic design and detailing of the RC members,
leading to three different expected plastic mechanisms: beam sway (all beams and the base columns yield), mixed sway
(combination of joint shear failures with beam and/or column flexure, shear, or lap-splice failures), and column sway
(soft storey mechanism at ground storey). The beam-sway case studies are designed according to direct displacement-
based design® assuming a medium seismicity (PGA = 0.25 g) according to the New Zealand load standard.>® Capacity
design principles are ensured for these frames, also including the minimum requirements for structural details according
to the New Zealand design standards.®” The mixed-sway frames have similar strength with respect to the beam-sway ones,
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TABLE 1 Drift-based DS thresholds [%]

Four storeys Eight storeys
Bare Uniformly infilled Pilotis Bare Uniformly infilled Pilotis
BS MS Cs BS MS CS CS BS MS Cs BS MS Cs Cs
T,[s] 0.48 0.50 1.06 0.18 0.19 0.22 0.99 0.97 1.02 1.19 0.38 0.38 0.44 0.82
DS1 0.03 0.03 0.08 0.03 0.03 0.05 0.08 0.14 0.17 0.05 0.02 0.01 0.04 0.06
DS2 0.24 0.19 0.42 0.19 0.19 0.18 0.44 0.34 0.33 0.27 0.18 0.17 0.17 0.31
DS3 2.10 1.32 0.74 2.56 1.31 0.60 0.78 291 1.37 0.66 3.17 1.36 0.69 0.73
DS4 2.90 1.76 0.99 3.16 1.74 0.83 1.05 3.92 1.82 0.95 4.39 2.21 1.08 0.99

Abbreviations: BS, beam sway; MS, mixed sway; CS, column sway; T;, fundamental period

but they do not meet any minimum requirement for the structural details. This leads to a similar peak base shear in the
pushover curve, but a considerably lower ductility capacity. The column-sway frames are designed for gravity loads only.
The reader is referred to Gentile et al.*® for details on the design of the case studies, the member detailing of each RC
member, the adopted material models, the load analysis, and mass properties.

For each plastic mechanism configuration, both a bare and a uniformly infilled configuration are considered. Finally, a
pilotis configuration (infills missing at the ground floor) is also considered for the column-sway cases. Such case studies
could be also considered as “archetype” structures representative of different vulnerability classes in various earthquake-
prone regions of the world. Four structure-specific DSs are assumed to derive fragility curves: slight, moderate, extensive,
and complete damage (DS1-DS4). Those DSs are qualitatively defined according to HAZUS, HAZard United States,*
and quantified for each case study using the pushover analyses results for each analyzed model. The plastic mechanisms
of the four-storey frames, measured at the onset of DS3, are shown in Figure 7. Other definitions of the DSs are pos-
sible and the proposed framework is independent of their particular choice. The drift-based DS thresholds are shown
in Table 1. As mentioned above, the corresponding thresholds based on hysteretic energy are derived using the fitted
PSDMs.

4.2 | Numerical modeling strategy

NLTHA are carried out for refined 2D numerical models defined using the finite-element software Ruaumoko.*’ A tan-
gent stiffness-proportional damping equal to 5% of the critical one is adopted for all the vibration modes. P-Delta effects are
considered in the analyses. The modeling strategy is based on an experimentally validated*' lumped plasticity approach.
Mono-dimensional Giberson elements*? are adopted for beams and columns. The end sections of the beams are character-
ized by a trilinear moment-curvature relationship, and equivalent plastic hinge length.* Axial load-moment interaction
diagram and plastic hinge length are used for columns. The software RCsection*® is used for the moment-curvature anal-
yses and the potential flange effect is accounted for with a 30% increase in the negative moment capacity of the beams.
Other failure mechanisms (i.e. flexure, bar buckling, lap-splice failure, shear) are evaluated, considering that the weakest
link will govern the member ultimate strength and deformation. The modified Takeda hysteresis** is adopted for beams
and columns. For the beams, the unloading and reloading stiffness factors are, respectively, equal to 0.3 and 0.5, while the
columns have a thinner loop (the factors are, respectively, equal to 0.5 and 0).

To model the joint panels, the rigid ends of the adjacent beams and columns are connected with nonlinear lumped
springs (two for each geometrical node of the frame). The nonlinear behavior of these springs is set consistently with the
equivalent column moment-joint drift relationships.** Beam-column joints are consistent with the Modified Sina model,**
which allows to consider a pinching behavior . The unloading/reloading stiffness factors are equal to 0.5 and 0, while
pinching moment (corresponding to zero deformation) is equal to 25% of the strength. Within-cycle strength degradation
of beams, columns and joint panels are set such that a negative stiffness branch in their backbone curves starts from their
ultimate capacity and ends (with zero residual strength) at twice the ultimate capacity. The cyclic degradation is set such
that strength reduces by 5% at the first plastic excursion. Such reduction exponentially decreases as the number of plastic
excursions increases.

Infill panels are modeled using a modified version of the typical single equivalent strut approach. In such refinement,
the pinned ends of each strut are connected to the beam and column interfaces with the joint panels by means of two rigid
arms (one horizontal, one vertical) able to sustain axial load only. This allows to transfer the vertical and horizontal com-
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FIGURE 8 (a)Normalized pushover curves. F: base shear, W total weight; (b) normalized hysteretic energy versus maximum interstorey
drift for the four-storey infilled case studies. A, F,: displacement and base shear at yielding (DS2); A, F,,: displacement and base shear at
damage state 4; M: total mass

ponent of the axial load of the strut by means of shear demand for the beam and the column, respectively. The Crisafulli
hysteresis is adopted,* which embeds the within-cycle strength degradation. No cyclic degradation is considered for the
infills.

Fully fixed boundary conditions are considered at the base, and floor diaphragms are modeled as rigid in plane. The
numerical modeling is validated using pushover analyses (in displacement control and linear force profile) that are com-
pared with analytical calculations through the simple lateral mechanism analysis (SLaMA).3%44:46:47

4.3 | Discussion

Figure 8a shows the pushover curves for all the considered case studies. Those are represented in terms of displacement
at the effective height® and base shear normalized with respect to the total weight. The effective height displacement is
obtained interpolating the displacement profile (A;) of any analysis step at the effective height H, = Y m;A;H;/ Y m;A;,
where m; and H; are the mass and the height from the ground of storey i, respectively. It is clear how the four-storey
frames are consistently stronger than the corresponding eight-storey ones, while having a higher DS4 displacement. The
mixed-sway frames have a slightly smaller strength with respect to the corresponding beam-sway ones, while having a
substantially lower displacement at DS4. The column-sway case studies show a particularly low strength and deformation
capacity, together with a remarked degrading behavior. For the beam- and mixed-sway frames, the degrading behavior
starts at particularly large displacements. As expected, the presence of the infills causes both a strength and stiffness
increase for small displacements, followed by a sudden drop due to their pronounced degrading behavior. The pilotis
column-sway frames show practically the same behavior as the column-sway bare ones.
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FIGURE 9 State-dependent fragility (four-storey frames). (a) Beam sway; (b) mixed sway; (c) column sway; (d) mixed sway infilled. Note:
The line type represents the conditioning damage state (DS,,s) while the line color represents the achieved damage state (DS 5). For example,
the red dotted line represents DS);s = 1and DS,5 = 4

Figure 8b shows the hysteretic energy versus maximum interstorey drift scatter for the four-storey infilled frames (beam-
, mixed- and column-sway). The hysteretic energy is normalized with respect to the product of the base shear and displace-
ment at DS4 (called F,A,). This is done because F, A, is explicitly dependent on the plastic mechanism of the structure
(and somehow proportional to number of involved members; e.g. smaller for a soft storey with respect to a global mech-
anism). Moreover, this parameter can give a proxy for the number of plastic cycles. Two alternative normalizations are
added to allow comparisons with previous studies: (a) with respect to the product of the base shear and displacement at
yielding (DS2, F,A,); (b) with respect to the total mass M, which gives the equivalent velocity v = 4/2Ey yrs/M, consistent
with energy-based design.®

Confirming the discussion in Section 2, the degrading behavior of the case studies has a pronounced effect on the
hysteretic energy versus maximum interstorey drift relationship. Indeed, such relationship (regardless of the adopted
normalization) has an asymptotic behavior for the shown column-sway case, unlike the beam- and mixed-sway frames,
which show a considerably lower degradation (within the range of the analyzed drift values). Such an asymptotic behavior
is also theoretically expected for beam- and mixed-sway frames, although this would emerge for unphysically large values
of the drift.

According to Section 3, a PSDM and a set of state-dependent fragility curves are derived for each case study. To drive the
discussion, Figure 9 shows the fragility curves for the four-storey beam-, mixed-, and column-sway bare frames, together
with the mixed-sway, infilled one. Moreover, the parameters of both the PSDM and the fragility curves for all the case
studies are listed in Table 2 for all the case studies. It is worth mentioning that the DS3 and DS4 fragility curves for the
four-storey, infilled beam-sway frame are deemed less reliable as the PSDM is used to extrapolate with respect to the
analysis data. Both the PSDMs and the fragility curves are derived adopting avgSA as an IM. In particular, avgSA is
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TABLE 2 Parameters of the probabilistic seismic demand models and the state dependent fragilities
Four storeys Eight storeys
Bare Uniformly infilled Pilotis Bare Uniformly infilled Pilotis
BS MS CS BS MS Cs Cs BS MS CS BS MS CS CS
0.79 2.27 2.09 1.15 2.32 2.20 1.75 0.36 0.61 3.20 0.59 0.84 2.49 2.33
1.38 1.37 1.32 1.20 1.17 1.26 1.23 1.64 1.78 1.54 1.29 1.27 1.22 1.27
Co 1.92 6.66 32.65 0.89 1.89 2.74 19.89 4.66 1.97 57.16 2.71 2.36 6.27 20.21
d 1.68 1.68 1.60 1.24 1.03 1.91 1.47 1.85 2.07 1.92 1.67 1.65 1.83 1.65
m 0.20 0.15 0.26 0.19 0.16 0.78 0.21 0.15 0.35 0.88 0.18 0.19 0.65 0.43
B 0.36 0.35 0.36 0.38 0.46 0.26 0.37 0.24 0.24 0.28 0.30 0.30 0.24 0.35
u(DS1) 0.03 0.03 0.02 0.05 0.02 0.13 0.02 0.04 0.12 0.02 0.02 0.02 0.07 0.03
u(DS2) 0.18 0.14 0.09 0.25 0.18 0.29 0.10 0.10 0.22 0.08 0.10 0.13 0.19 0.11
#(DS2IDS1) 0.18 0.13 0.08 0.22 0.16 0.26 0.09 0.09 0.19 0.08 0.10 0.13 0.17 0.10
u(DS3) 1.09 0.33 0.14 312 0.77 0.64 0.15 0.66 0.38 0.16 0.98 0.39 0.47 0.21
1(DS3IDS1) 1.09 033 013 3.13 0.75 0.63 015 066 038 0.16 098 039 046 021
H(DS3IDS2) 1.09 0.29 0.10 3.10 0.62 0.60 0.10 0.66 0.34 0.15 0.98 0.36 0.44 0.18
u(DS4) 1.42 0.42 0.17 3.84 1.07 0.79 0.20 0.86 0.49 0.21 1.25 0.49 0.63 0.27
#(DS4IDS1) 1.42 0.42 0.17 3.84 1.05 0.79 0.19 0.86 0.50 0.21 1.26 0.49 0.63 0.27
1(DS4IDS2) 143 0.39 0.15 3.84 0.93 0.79 0.16 0.87 0.48 0.22 1.27 0.47 0.63 0.25
#(DS4IDS3) 1.06 0.23 0.10 2.04 0.35 0.62 0.10 0.70 0.37 0.21 1.07 0.26 0.53 0.17

Abbreviations: BS, beam sway; MS, mixed sway; CS, column sway. Shaded cells refer to extrapolation with respect to the range of the analysis data

calculated in the range [0.2T; — 1.5T ] for the bare frames (including the column-sway, pilotis ones) and [0.2T; — 3.0T ]
for the infilled frames.

For all the case studies, as expected, a particularly low level of damage (DS1) does not cause a shift of the AS fragilities
for all the other DSs. However, higher levels of damage (DS2 or DS3) have particularly different effects depending on
the considered case study. As expected, the beam-sway frames (i.e. code-compliant, newly-designed structures) are only
slightly affected by damage accumulation, likely due to their particularly stable hysteresis governed by the flexure in the
beams. As shown in Figure 9a a higher DS in the MS essentially caused no shift in the AS fragility medians. The only
exception is the DS4 median given DS3 in the MS. Although this corresponds to a 25% reduction of the DS4 fragility
median for the MS, this is unlikely to be relevant for practical purposes because the DS4/DS3 median is still sufficiently
high. Moreover, if such a structure experiences a DS3 due to the MS, it is likely to be tagged as unsafe to occupy in the
aftermath of the MS.

On the other hand, column-sway frames (Figure 9c) are considerably affected by damage accumulation, given their
unstable hysteretic behavior and the pronounced strength degradation. The DS3 fragility median in the MS is reduced by
30% if DS2 is registered in the MS (DS3IDS2 fragility). The reduction is equal to 47% for the DS4|DS3 fragility. In absolute
terms, however, this effect corresponds to a small reduction in the median capacity, as the MS fragilities of this type of
uncompliant buildings (exhibiting a soft-storey behavior ) are particularly low. Therefore, damage accumulation may be
practically less relevant in this case, as this type of structures is likely to sustain a large DS in the MS, and likely be tagged
as unsafe.

The mixed-sway frames (Figure 9b), showing unstable hysteretic behavior likely governed by shear failures in the joint
panels, display a peculiar behavior related to damage accumulation effects. For such an underdesigned case study, which
does not develop a soft-storey mechanism, the DS4|DS3 fragility median is 47% smaller than the DS4 median in the MS
(12% reduction from DS2 to DS3|DS2). Given the higher median capacity with respect to the column-sway frames, damage
accumulation is likely to be particularly relevant, in absolute terms, for this case study. This effect is amplified by the
presence of the infills (Figure 9d), which strongly govern the hysteretic behavior of the frame for small displacements. In
fact, a level of damage equal to DS3 corresponds to the (almost complete) degradation of the infills. As an approximation,
if such a case study experiences a DS3 in the MS, it will behave as a bare frame in the AS. Indeed, the DS4IDS3 median
capacity of the mixed-sway, infilled frame is approximately equal to the DS4 median capacity of the corresponding bare
frame in the MS. In relative terms, the median capacity of the DS4/DS3 fragility is reduced by 70% with respect to the DS4
median capacity in the MS. The effect of the infills is qualitatively similar for the beam-sway and mixed-sway case studies.
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The column-sway pilotis frames are not discussed in detail as they effectively behave like the column-sway, bare frames
(already discussed).

It is noted that each eight-storey case study is considerably less affected by damage accumulation, if compared with the
corresponding four-storey frame with the same properties. This is likely due to a loss of efficiency of avgSA in the AS, with
respect to the MS. In particular, the MS is likely to cause a period elongation of the structure, mainly affecting the vibration
mode compatible with the developed plastic mechanism. In the AS, the relative influence of higher vibration modes
changes with respect to the MS. As the period range for avgSA is based on undamaged conditions, period elongation
causes the above-mentioned loss of efficiency of the IM.

5 | CONCLUSIONS

This paper has introduced a novel framework for the derivation of state-dependent fragility relationships for structures
subjected to MS-AS ground motion sequences. The total hysteretic energy dissipated in the ground-motion sequence is
adopted as the main demand parameter in the proposed framework. This is because hysteretic energy is a cumulative
measure that monotonically increases with the length of the applied excitation. Unlike peak parameters (e.g. maximum
interstorey drift), this allows one to develop statistical models consistent with the physics of a structure subjected to ground
motion sequences.

Based on the analysis of simple case studies, the hysteretic energy versus peak deformation relationship has been dis-
cussed, highlighting two important features: (a) the significant duration of the ground motion may be adopted to explain
the variability of the hysteretic energy for a given peak deformation; (b) in the AS, a structure dissipates less energy (for a
given peak displacement in the AS) if the peak displacement in the MS is higher.

Based on the first consideration, it was proposed to use the median hysteretic energy vs. peak deformation relationship
for a given structure to convert the deformation-based DS thresholds into energy-based ones. This allows calculating
fragility relationships in energy terms while retaining the confidence of widely accepted/calibrated deformation-based
DS thresholds.

A PSDM was proposed in the form of a surface relating the hysteretic energy dissipated in the sequence to the peak
deformation (e.g. maximum interstorey drift) in the MS and an IM of the AS (which may be a spectral acceleration or the
geometric mean of the spectral acceleration in a range of periods). Such function is consistent with the relevant mechanics
as the median hysteretic energy dissipated during the sequence is monotonic with respect to (any combination of) the
maximum response in the MS and the IM of the AS; and the hysteretic energy dissipated in the AS is lower if the peak
deformation in the MS is higher. The proposed model may be considered as a generalization of the power-law relationship
commonly adopted for cloud-based MS-only problems (it provides the same answer if it is used to predict MS fragility
curves).

The proposed framework was demonstrated for 14 RC frame buildings, characterized by different height levels (four
or eight storeys), plastic mechanisms (beam sway, in which all the beams are yielding; column sway, with a soft-storey
mechanism; mixed sway, in which a combination of beam, column, and/or joint failures can be triggered), configuration
of the infill panels (bare frame, uniformly infilled frame, pilotis frame). Overall, the results confirmed the feasibility of the
proposed approach, which allows considering damage accumulation without inconsistencies in the statistical model. It
is shown that, for a given structure, a sufficiently large number of ground-motion records, with appropriate distributions
of the geometric mean of the spectral acceleration and the significant duration, enables to fully characterize the structural
response in energy terms, allowing one to capture the accumulation of damage. The results for the considered case-study
structures highlighted that, for a given representative geometry, the plastic mechanism is the most influencing parame-
ter to consider in the energy-based seismic response characterization, followed by the height of the building. The infill
distribution has also a nonnegligible influence. However, a pilotis frame is likely to behave as a column-sway bare frame.

The proposed framework may be used for risk models that explicitly consider MS-AS sequences, both related to sin-
gle structures or large portfolios. Frameworks similar to the proposed one may be derived for problems involving long-
duration ground motions or very soft soils, exploiting the features of the hysteretic energy versus peak deformation rela-
tionship.
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