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Abstract

The development of fragility functions that express the probability of collapse of a building as a function of some
ground motion intensity measure is an effective tool to assess seismic vulnerability of structures. However, a number
of factors ranging from ground motion selection to modeling decisions can influence the quantification of collapse
probability. A methodical investigation was carried out to examine the effects of component modeling and ground
motion selection in establishing demand and collapse risk of a typical reinforced concrete frame building. The primary
system considered in this study is a modern 6-story RC moment frame building that was designed to current code
provisions in a seismically active region. Both concentrated and distributed plasticity beam-column elements were

various demand levels.

used to model the building frame and several options were considered in constitutive modeling for both options.
Incremental dynamic analyses (IDA) were carried out using two suites of ground motions—the first set comprised
site-dependent ground motions, while the second set was a compilation of hazard-consistent motions using the
conditional scenario spectra approach. Findings from the study highlight the influence of modeling decisions and
ground motion selection in the development of seismic collapse fragility functions and the characterization of risk for

1 Introduction

Partial or complete collapse of building structures results
in casualties as well as direct and indirect economic
losses following an earthquake. Because of the diverse
consequences of structural collapse, many recent stud-
ies have focused on the collapse safety of buildings in
high seismic zones. Collapse fragility functions, typi-
cally expressed as a function of a selected ground motion
intensity measure (IM), are gaining popularity as a tool
to quantify the likelihood of structural collapse during an
earthquake. Haselton et al. (2011) and Liel et al. (2011)
examined the collapse safety of over fifty ductile and non-
ductile RC moment frame buildings through the develop-
ment of fragility functions. Among other findings, their
study concluded that the reduction in the minimum base
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shear, introduced in ASCE 7-05 (2005) but subsequently
rescinded, dramatically increases the collapse risk of
long-period frame buildings in high-seismic regions. Ear-
lier, Lee and Foutch (2002) and Jalayer (2003) assessed
global dynamic instability of steel and RC frames, respec-
tively, through the application of incremental dynamic
analysis (IDA), a concept introduced originally by Bertero
(1980), who suggested scaling the seismic intensity to
determine capacity, but was enhanced and formalized
by Vamvatsikos and Cornell (2002). The proxy for failure
(which typically is a result of material degradation and
geometric nonlinearities) in these studies was interstory
drift (referred to as an engineering demand parameter
or EDP). Ibarra and Krawinkler (2005) recognized the
need to introduce some measure of the ground motion
intensity into the process of establishing collapse capac-
ity. They proposed a methodology for collapse assess-
ment using the ratio of ground motion intensity, such as
spectral acceleration at the first mode period, S,(7;), to
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a structural strength parameter (normalized base shear
capacity).

Fragility functions are typically predicated on a ground
motion IM, such as peak ground acceleration (PGA) or
spectral acceleration at a given period. As discussed in
Luco and Cornell (2007), the selection of an appropriate
IM is driven by its “efficiency” and “sufficiency,” both of
which are characteristics tied to the accuracy of probabil-
istic seismic demand prediction. An efficient IM should
result in a relatively small variability of the structural
demand measure given IM, and a sufficient IM should
render the selected demand measure to be conditionally
independent of earthquake magnitude and source-to-site
distance. Of the many possible choices for IM, S,(T}) has
been shown to meet the criteria of efficiency and suffi-
ciency for first-mode dominated buildings (Shome et al.
1998). Enhanced intensity measures would be needed for
taller buildings, where higher modes contribute signifi-
cantly to the system response.

One of the issues that emerges from past research on
collapse assessment is that a number of factors influ-
ences the quantification of collapse probability. These
factors range from the analysis approach to modeling
considerations at the component and material level to
ground motion selection and the choice of intensity
measures. Likewise, nonlinear analysis of a structure to
generate the response data can be carried out using dif-
ferent approaches. Typically, buildings are modeled using
frame elements with concentrated or distributed plastic-
ity. While the former is computationally more efficient,
it has several drawbacks, such as the need to predeter-
mine sectional properties and its inability to consider
axial force—bending moment (P—M) interaction. Distrib-
uted plasticity elements, on the other hand, can simulate
the spread of plasticity and incorporate P—-M interac-
tion. Previous studies have employed both approaches:
Haselton et al. (2011) and Liel et al. (2011) utilized con-
centrated springs at the ends of elastic beam—columns,
whereas distributed plasticity elements with fiber-section
models were used in the assessments reported in Rajeev
and Tesfamariam (2012) and Koopaee et al. (2015). It has
been shown by Koopaee et al. (2015) that the response is
sensitive to the choice of constitutive models used in the
nonlinear simulation, thus leading to different collapse
capacity predictions. Nonlinear dynamic techniques,
such as IDA and Multi-Stripe Analysis (MSA) which is
discussed in Jalayer and Cornell (2009) are based on time
history analysis. Thus, the selection of GMs used in the
study plays a significant role in the collapse predictions.
The suites of GMs used in the simulations must be ade-
quate to provide reliable statistical results to generate a
fragility function. For example, Koopaee et al. (2017)
used different GM selection methods and demonstrated
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that the predicted collapse fragilities were affected by the
GM selection method as well as the choice of structural
period in anchoring the IM.

Based on the aforementioned issues, a systematic
investigation was carried out to examine the effects of
modeling considerations and GM selection in establish-
ing collapse fragility functions of typical RC buildings in
the context of assessing the risk of exceeding a particular
drift demand. Collapse fragilities only provide a relation-
ship between collapse probability and a selected intensity
measure. In the present study, we extend the relation-
ship to include the rate of occurrence of the ground
motions, thereby enabling the quantification of “demand
risk” that provides the return period of a certain demand
level on the building. The demand risk plots can be used
to estimate the risk of a range of demand levels—from
design-level drifts to extreme drifts that signal imminent
collapse. The primary system considered in this study is
a seismically detailed 6-story RC moment frame building
as per current ASCE/SEI 7-16 (2016) requirements. Both
distributed and concentrated plasticity beam—column
elements were used to model the building frame and sev-
eral options were considered in constitutive modeling for
both options. Finally, fragility functions and EDP risk are
compared for different modeling assumptions using two
GM selection methods.

2 Description of Selected Building

The building selected for the comparative evaluation
was designed for a site in northern California in accord-
ance with the requirements of ASCE/SEI 7-16 (2016) and
ACI 318-14 (2014). The following spectral values were
used to establish the design base shear: §; = 1.715g and
S1 = 0.792g. The resulting design spectrum at the site is
shown later in Sect. 4 that describes the ground motion
selection process. The plan view and typical elevation of
the building are shown in Fig. 1. Additional design infor-
mation, including section sizes and reinforcing details,
are provided in Table 1. The perimeter frames support
the entire seismic lateral forces, and the interior frames
are designed to carry only gravity loads. The building is
symmetric in the plan; hence, only a typical perimeter
frame was considered in the analysis. The base of the
building is assumed to be fixed (fully restrained). An
eigenvalue analysis of the building model indicates the
following modal periods: T1 = 1.0s, Ty = 0.35s.

3 Modeling Considerations

Two-dimensional frame models were developed using
the OpenSees (2019) platform. Members were modeled
using two approaches: force-based beam—columns with
fiber sections at five Gauss—Lobatto integration points
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Fig. 1 Plan view and elevation of prototype 6-story building.
Table 1 Section and reinforcement details.
Floor Beams Columns
Size, b x h (mm) Long reinf. Trans reinf. Size, h (mm) Long reinf. Trans reinf.
Bot Top
1-2 610 x 762 9(29 10 929 P13 @127 762 20 936 013@127
3-4 559 x 711 8 929 10 929 P13@127 711 16 936 e13@127
5-6 508 x 610 529 7 929 P13 @127 610 16 929 013@127

Notation: ¢ = bar diameter (all dimensions in mm).

along the member length; and concentrated plastic
hinges at the ends of the element connected in series
to elastic beam—columns. The co-rotational geomet-
ric transformation was invoked in OpenSees to handle
large deformations. It is acknowledged that localiza-
tion in distributed plasticity elements can be an issue
when the deformations enter the post-peak softening
phase—limiting the force-based element to five integra-
tion points controls the localization phenomenon to a
significant degree. The nonlinear dynamic analysis was
performed using the Newmark-beta constant average
acceleration integration scheme and Rayleigh damp-
ing was specified with 5% viscous damping in modes 1
and 6. To avoid spurious damping forces in the inelastic

range, stiffness-proportional damping is constructed
using the tangent stiffness matrix, a feature available in
OpenSees.

3.1 Component and Material Modeling

Frame elements were modeled using two options: (a)
fiber-section models and (b) concentrated inelastic
springs. A partial section of the building frame with typi-
cal fibers in a beam and column is illustrated in Fig. 2a.
In the second approach, the structure is modeled using
elastic beam—column elements with rotational springs to
represent the structure’s nonlinear behavior at the ends
of each element, as shown in Fig. 2b and the elastic ele-
ment is connected in series to the rotational spring.
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Fig. 2 Element modeling options. a Fiber-section model. b Concentrated plasticity model.
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Fig. 3 Typical response of cover (unconfined) and core (confined)
concrete.

In the case of fiber-section modeling, the modi-
fied Kent—Park model (Scott et al. 1982) was adopted
to determine the properties of the confined concrete.
The material model in OpenSees used to define con-
crete fibers is the “Concrete02” material which is based
on the model developed by Yassin (1994) and consists
of a nonlinear curve in compression and linear elastic
behavior in tension up to tension cracking followed
by linear softening. Typical monotonic and cyclic
responses of both unconfined and confined concrete
are shown in Fig. 3.

Two methods are used to simulate the behavior of
reinforcing steel: in the first approach (referred to as
Model FS02), the steel reinforcing bars are modeled

using the “Steel02” material in OpenSees, which con-
structs a uniaxial Giuffre-Menegotto—Pinto steel
material with isotropic strain hardening (Menegotto
& Pinto, 1972); in the second approach, (denoted by
Model FHYS), the “Hysteretic” material in OpenSees
is used, so that softening behavior could be specified
beyond the ultimate stress, because the post-peak
response of structural components has been shown
to significantly affect the predicted collapse capacity
of structures (Ibarra & Krawinkler, 2005). Softening
on the tension side signifies necking of the bar lead-
ing to rupture, whereas on the compression side, it
represents the initiation of bar buckling. In addition
to these two variations in modeling the reinforcing
steel, an additional consideration was incorporated to
represent material failure. In OpenSees, a fiber can be
indirectly removed (or attain a failure limit state) by
specifying capping strains in compression and tension
through the “MinMax” material object. Particularly for
the Steel02 material, that continues to harden without
bounds, this option provides a simple and conveni-
ent method to limit the capacity of a section when the
material model does not allow for post-peak softening.
The “MinMax” constraint was applied to both Steel02
and Hysteretic materials and are denoted by FS02-M
and FHYS-M, respectively.

A preliminary IDA was carried out using several
ground motions and the peak strains in tension and
compression were recorded at the collapse limit state.
Based on average observed strains in the reinforcing
steel at collapse, the tensile failure strain was set at 12%
and failure due to buckling in compression was speci-
fied as 4%. The MinMax material returns zero stresses
when the fiber strains exceed these values. The cyclic
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Fig. 4 Constitutive models used for reinforcing steel. a Steel02 material with and without failure constraints. b Hysteretic material with and without
failure constraints.

response of the materials, including assumed values of
the capping strains, are shown in Fig. 4.

3.2 Moment-Rotation Model for Rotational Springs

In the case of rotational springs, the moment-rota-
tion behavior needs to be specified at the start of the
analysis. In the present study, the sectional moment—
curvature response of each cross section was first
obtained. The yield moment of the section was defined
at the first yield of a longitudinal bar. Assuming a lin-
ear curvature profile up to yield, the corresponding
rotation is directly obtained through integration of the
curvature profile across the length. Beyond the yield

limit, curvatures were converted into rotation using an
assumed plastic hinge length:

i = (¢i — dy)lps (1)

where 6; is the rotation at step i, ¢; is the computed cur-
vature at the same step and /, is the plastic hinge length,
assumed to be equal to half the depth of the section. The
resulting moment-rotation response was then ideal-
ized into a trilinear curve, as shown in Fig. 5a. Once the
monotonic moment—rotation relationship was estab-
lished using this procedure, the cyclic behavior of the
rotational spring was specified using the Hysteretic
material (denoted hereafter as Model SPR), as shown in

frame using fiber sections versus concentrated springs.

4500
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g 2
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Fig. 5 a Schematic trilinear moment-rotation relationship for rotational springs. b Simulated cyclic response. ¢ Comparison of pushover curves of
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Fig. 5b. Since the building being evaluated is a modern
ductile moment frame, no deterioration in stiffness or
strength was specified. The effect of this assumption was
determined (through comparisons of the GM intensity at
the target 6% inter-story drift used to quantify imminent
collapse) to be not significant, since the post-peak soften-
ing behavior was more critical at the collapse limit state.
The calibration of the concentrated plastic hinges using
the above methodology was verified in two ways: first
the modal periods of the frame using the two approaches
were shown to be nearly identical; and secondly, the
pushover responses of the two frame modeling schemes
were compared (see Fig. 5¢).

Finally, as with the previous modeling choices, an
additional option was considered for the model with
concentrated springs: peak rotations were capped
by invoking the MinMax material object and this is
denoted in the study as Model SPR-M. To establish
the capping rotations, maximum rotational deforma-
tions in the springs were monitored at the collapse
limit state. Consequently, the limiting rotations used
to define a collapse condition were+6%. A summary
of the different models considered in the study is pre-
sented in Table 2.

Table 2 Summary of models used in study.
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3.3 Building Collapse Criterion

In IDA, collapse is defined as the point of dynamic
instability, where the lateral story drifts of the building
increase without bounds. This typically occurs when the
IDA curve becomes nearly flat. In the present study, the
so-called flat-lining of the IDA curve was not evident in
several of the simulations. Hence, the definition of col-
lapse was further validated by not automatically assum-
ing that non-convergence represents collapse but actually
assessing whether a collapse mechanism has formed. To
ensure that a collapse condition was reached, the hinge
mechanism at peak interstory drift was examined. Fig-
ure 6 shows two examples of peak interstory drifts lead-
ing to a local story or global collapse mechanism. Based
on a comprehensive assessment of both the impending
collapse mechanisms and the near flat-lining of the IDA
curve leading to non-convergence, a peak interstory drift
ratio of 6% was used to classify a collapse state. This mag-
nitude is also consistent with the interstory drift ratio
(IDR) attained after the post-peak softening observed in
the pushover curve (shown previously in Fig. 5¢) as well
as collapse drifts reported in previous studies (i.e., Hasel-
ton et al. report collapse drifts ranging from 5 to 8%).

Model Beam-column element type Description

FS02 Fiber section Steel reinforcing bars are modeled using the “Steel02" material in OpenSees
FS02-M Model FS02 described is enhanced with failure constraints

FHYS Reinforcing bars are modeled using the "Hysteretic” material in OpenSees
FHYS-M Failure constraints are added to the above-referenced FHYS model

SPR Concentrated plasticity The sectional response is simulated using rotational springs

SPR-M Failure constraints are added to the rotational springs defined above

e column hinge

Fig. 6 Typical collapse mechanisms observed during seismic simulations.

o beam hinge
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4 Ground Motion Selection

Based on the building location, the primary sources
contributing to the seismic hazard are the Hayward,
Rodgers Creek, San Andreas, Calaveras, Concord,
Greenville and San Gregorio faults. A site-specific
probabilistic seismic hazard analysis (PSHA) was ini-
tially conducted to generate the uniform hazard spec-
tra (UHS) for a range of ground-motion hazard levels.
The hazard deaggregation provides the fractional
contribution of different scenario pairs (earthquake
magnitude and distance) to the total hazard. For the
selected building site, the hazard corresponding to a
2% probability of exceedance in 50 years is generally
controlled by seismicity on the Hayward Fault with a
mean magnitude (My,,) of 6.9 and a mean rupture dis-
tance (Ry,,) of ~ 2 km. The hazard at this site is also
affected by scenarios from the Rodgers Creek Fault
(M, of 7.1 and Ry, of 3 km), the San Andreas Fault
(Mp,, of 8.0 and Ry, of 28 km), and the Calaveras Fault
(My,, 0of 6.9 and Ry, of 22 km). Figure 7 shows the vari-
ous hazard curves for 15 different fault segments as
well as the total hazard at the site corresponding to the
target spectral acceleration S, (T=1.0s).
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4.1 GM Set 1—Site-Specific Motions for IDA Study

Using site-specific criteria identified in the previous sec-
tion and specifying soil sites with average shear wave
velocity (Vs30) 200—-400 m/s (corresponding to site class
D), an initial suite of 100 ground motions were extracted
from the PEER Strong Motion database (https://ngawe
st2.berkeley.edu/) for the IDA study. The selected
motions included both non-pulse and pulse-like motions.
Based on the rupture distance of ~ 2 km from the main
causative fault (Hayward) and a total epsilon of 1 (cor-
responding to the design spectrum per ASCE/SEI 7-16),
Hayden et al. (2014) recommend that the proportion of
pulse motions should be approximately 80 percent. Con-
sequently, the final set of 50 motions used in the IDA
study consisted of 40 pulse-like motions. The process of
eliminating records from the initial selection was dictated
by the degree of scaling that would be needed during the
generation of the IDA curves. If the S (7)) of an unscaled
record is very low, then a very large scale factor would be
needed to reach the collapse IM. As pointed out by Baker
and Cornell (2005), scaling low-to-moderate-IM ground
motions up to extreme-IM levels is not an appropri-
ate way to represent shaking associated with real occur-
rences of such large-IM levels. In addition, Davalos and
Miranda (2019) show that excessive scaling can also lead
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Fig. 7 Hazard curves for various fault segments and total hazard at site at target spectral period.
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Fig. 8 Response spectrum of selected earthquake recordings.

to bias in the estimated collapse probability. Therefore,
selected records with the lowest S (7)) values were dis-
carded and only the highest 50 were retained. Examining
the final selection of GMs, the actual magnitude range of
the selected accelerograms is between 5.4 and 7.6 and the
fault distance varies from 2 to 22 km. Figure 8 shows the
spectra of the individual records as well as the ASCE/SEI
7-16 design response spectrum and the mean spectrum
of the selected records are also superimposed in the same
figure.

4.2 GM Set 2—Hazard-Consistent GM Selection Using
Conditional Scenario Spectra

The ground motions selected for generating the IDA

curves (GM Set 1) are site-specific but not hazard
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consistent—meaning that the spectra of the selected
motions do not have rates of occurrence that reproduce
the hazard at the site in terms of both the hazard levels
and period range of interest.

Hence, an alternate approach was used based on the
conditional scenario spectra (CSS) methodology pro-
posed by Arteta and Abrahamson (2019), which results
in a set of earthquake time series each with a scale fac-
tor and rate of occurrence such that the ground-motion
hazard is fully captured by the time series. The UHS were
used to compute conditional mean spectra (CMS) for
each hazard level using the procedure outlined in Baker
(2011), as follows:

In(CMS(T)) = In(SAmed(T)) + ebar(T)o (T), )

ebar(T) = e*(T)p(T, To), 3)

where CMS(T) is the S, value of the CMS at period 7,
SAped is the median S, computed from the controlling
scenario for each hazard level, e,,,(T) is the mean epsilon
at period T, ¢ % (T) is the number of standard deviations
required to reach the UHS at the conditioning period Ty,
and p(T, Ty) is the correlation between £(T) and &(Tp).
In this study, each CMS was conditioned at a period of
1.0 s, the fundamental period of the building. The vari-
ability about each CMS, known as the conditional spec-
trum (CS), was computed using

ocs(T) = omeasa(T)/ (1 — p*(T, To)), (4)
where ocg(T) is the conditional standard deviation at
period T, oeqsa (T) is the standard deviation of the S, at
period T estimated from the ground-motion model. The
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Fig. 9 Record selection using CSS. a Target UHS for range of hazard levels. b Spectra of final record set.




Zhou et al. Int J Concr Struct Mater (2021) 15:27

conditional standard deviation combined with the CMS
describes the complete distribution of the S, values at
each period (Lin & Baker, 2015). Figure 9a shows the tar-
get UHS used in the analysis for ten hazard levels with
annual rates of exceedance ranging from 10~ to 107>,

An initial set of time series was selected based on the
PSHA deaggregation results. A subset of earthquake
time series was then selected based on spectral shape
so that the CMS and variability about the CMS (the CS)
were recaptured by the time series at each hazard level.
The initial rate of occurrence was estimated for each
time history by subtracting neighboring hazard levels
(HAZLevel, and HAZLevel;;;) and dividing by the num-
ber of time histories (N) that fall between the two hazard
levels at the conditioning period, as indicated in Eq. (6)
below:

HAZLevel; — HAZLevel; 4
N .

Ratery,; = (5)

The rates were then adjusted iteratively so that the haz-
ard was recaptured by the set of scaled time histories,
resulting in a final set of hazard-consistent time histories,
known as the CSS. Complete details on the methodology
are reported in Arteta and Abrahamson (2019). Applica-
tion of the CSS approach resulted in the selection of 33
unique time series which were scaled to fall between the
specified hazard levels at the conditioning period. This
produced a total of 297 ground-motion sets [note that
the mid-point between 2 consecutive UHS spectra is
used at the selected conditioning period to compute the
CMS, thereby resulting in 33*(N — 1) time series], each
with an assigned rate of occurrence, such that the UHS
at each hazard level was recaptured by the scaled earth-
quake records—only one of the horizontal components
is used in the present study. The spectra of the final CSS
set is shown in Fig. 9b. To develop fragility curves for the
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CSS approach, each time history was weighted by the
rate of occurrence, which is discussed later in this paper.

5 Nonlinear Seismic Simulations

Nonlinear simulations using OpenSees were carried
out on the six separate models of the 6-story frame,
i.e.,, models FS02, FS-02-M, FHYS, FHYS-M, SPR and
SPR-M as previously described. For the IDA study, seis-
mic simulations are carried out at increasing intensi-
ties until a collapse condition, as defined in Sect. 3.3 is
attained. Simulations were performed using the suite of
50 ground motions from GM Set 1 to generate 50 IDA
curves. Figure 10 displays the IDA curves obtained
for three different modeling options. While some IDA
curves terminated at much larger drifts, the plots are
truncated at 10% and the IM values are determined at the
collapse condition corresponding to 6% maximum inter-
story drift ratio (MIDR)—this typically involves interpo-
lating between two IM values. Unlike IDA, GM selection
using the CSS methodology results in a large ensemble
of records that cover a range of intensities as discussed
in Sect. 4.2. The seismic demands resulting from CSS
are shown in Fig. 11, where each point represents the
maximum interstory drift ratio for each ground motion.
MIDRs equal to or exceeding 6% are all shown at the col-
lapse limit of 6%.

6 Collapse Fragility Functions—Effect of Modeling
Considerations
Seismic demands, in general, and structure-specific col-
lapse drifts, in particular, are highly record depend-
ent. This record-to-record (RTR) variability is usually
accounted for if the fragility function is developed from
a reasonably large set of records. Previous studies that
have been cited in this paper suggest a number equal
to or larger than 30 to be adequate to incorporate RTR

0.02 0.04 0.06 0.08 0.1 0 0.02 0.04

a Model FS02

Fig. 10 IDA curves for three modeling options.
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V=
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Fig. 11 Scatter plot showing demands for two modeling options using CSS motions.
Table 3 Amplitude range of S,(T;) in each bin.
Bin 1 2 3 4 6 7 8 9 10
Sa;i (@) 0.0 0.5 13 1.7 2.1 26 3.2 4.0 54 6.0
Saj+1(9) 0.5 13 1.7 2.1 26 32 4.0 54 6.0 6.0+

variability. Matching the mean of the spectral shapes of
the selected records to the design spectrum also aids
in minimizing the effects of RTR variability (Iervolino
et al., 2008). In the present study, the dispersion of the
IM of the selected records is incorporated into the sta-
tistical fitting of the observed data, hence RTR variabil-
ity is explicitly considered. It is well-acknowledged that
a log-normal distribution, which is characterized by the
median and standard deviation of the natural logarithm
of the IMs, yields the best representation of the distri-
bution of any damage state in the framework of perfor-
mance-based seismic assessment of structures (Ibarra &
Krawinkler, 2011; Shome & Cornell, 1999, among others).
The lognormal cumulative distribution function used to
develop the fragility functions presented in this paper can
be expressed as

P(C|IM = x) = q><h1(;/9)>, (6)

where P(C|IM = x) is the probability of collapse of the
structure under the ground motion with IM = x, ®() is
the standard normal cumulative distribution function, 6
is the median of the fragility function (i.e., the IM magni-
tude that corresponds to 50% probability of collapse) and
B is the standard deviation of In (IM).

Hazard(1/yr)

Hazard; {--r=-—=-—-=----

Hazard

1

.l .
Bin; Bin, 1 Bin;
| 1
| |
1 1

Sai Sai+]

Fig. 12 Grouping ground motions into hazard bins.

S, (T=1.0 sec)

The IDA curves presented in Fig. 10 produce a set of IM
values associated with the onset of collapse for each ground
motion (GM). Since one of the primary objectives of the
study is to assess the risk associated with an EDP (maxi-
mum interstory drift in this study), the GMs are grouped
into bins based on S, ranges, as shown in Table 3. The
associated hazards in a typical Bin ‘" is shown conceptu-
ally in Fig. 12. The rate of the GMs in any bin ‘i, Ratey;y, ;, is
obtained from

Hazard; — Hazard;

Ratebim' = ngm ’ (7)
i
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where ngm, is the number of ground motions in bin ‘i
The total hazard curve shown previously in Fig. 7 is used
to obtain the hazard data in Eq. (8). Following the non-
linear simulations of the building model at increasing
intensity levels, the number of collapse cases in each bin
is counted. Unlike the hazard-consistent CSS approach,
where the GMs in a particular bin have different rates,
GMs in each bin using GM Set 1 have the same rate.
Based on the fraction of events that cause collapse, the
discrete collapse probability in each bin can be evaluated
as follows:

> 781 H(MIDR;;

- dc)

P(C|Sa; = Sa;) = (8)

ngm,

In the above expression, P(C|Sa; = Sa;) is the col-
lapse probability for the hazard level corresponding to
Sa;, where S, ; = mean Sy(T1) of GMs in bin i, MIDR;; is
the maximum interstory drift ratio of GM j in bin i and
H (MIDRi,j — d.) is the Heaviside function that assumes a
value of 0 or 1 depending on whether the MIDR exceeds
the collapse drift d.. A sample set of results using the
process described above and applying Eq. (9) to the IDA
curves shown in Fig. 10 (for Model FS02) is shown in
Fig. 13.

Collapse fragility functions were subsequently devel-
oped from the IDA curves for each of the material
modeling options presented in Sects. 3.1 and 3.2. The
collapse probability plots are displayed in Fig. 14 for
ground motions from GM Set 1, where it is evident that
modeling choices do not have a significant impact on
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Fig. 14 Collapse fragility functions for all modeling choices based on
IDA and GM Set 1.

the predicted median collapse probabilities. The big-
gest discrepancy occurs between models SPR-M and
FHYS-M with intensity levels for the median collapse
probability varying approximately between S,=2.5 g to
S,=2.85 g. Part of the reason for the limited variability
between modeling options is likely due to the fact that
the GM set is dominated by pulse-like motions, where
the peak story drift is controlled by a single large ine-
lastic cycle. Specifying limiting deformations that sig-
nify material failure (either strain for the fiber-section
models or rotation for the spring models) increases the
median collapse probability for the concentrated plas-
ticity model only.
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Fig. 13 Fragility function development. a Collapse rates in each bin for model FS02. b Log-normal fitted function to observed collapse fractions.
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6.1 Fragility Functions Using Hazard-Consistent Ground
Motions (GM Set 2)

To develop hazard-consistent fragility curves, the prob-
ability of collapse from each time history was weighted
by the time series rate of occurrence, which was selected
and adjusted as previously discussed in Sect. 4.2. There-
fore, generating fragility functions from the CSS simu-
lations shown in Fig. 11 requires that the data first be
sorted into appropriate bins consistent with the hazard
(i.e., return period). After the GMs are grouped into their
hazard-consistent bins, the number of collapse cases in
each bin is established. Based on the fraction of events
that cause collapse, we can estimate the discrete prob-
ability for each hazard level, as follows:

ngm
P(C|Haz = k) = Zm_l Hazfac,m H(MIDR — do),

)
h H RateGM,,,
where azZ, = —Fom
fracm = SN RateGM,, (10)

In the above expression, P(C|Haz = k) is the collapse
probability for hazard level Haz = k, ngm is the num-
ber of unique GMs used in the assessment (33 in this
study), Hazg,c ,,, is the fractional contribution of GM,, to
the total hazard for Hazard Level k, RateGM,,, is the rate
associated with GM,,;, and H(MIDR — d.) is the Heavi-
side function that assumes a value of 0 or 1 depending
on whether the MIDR exceeds the collapse drift d,. The
resulting discrete probability distribution for one mod-
eling option (SPR-M) is shown in Fig. 15a and the cor-
responding log-normal fitted fragility function is shown
in Fig. 15b. This procedure was then applied to all
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modeling options. The resulting collapse fragility func-
tions are shown in Fig. 16—in this case modeling choices
are seen to have a more significant effect on the median
collapse probability which varies between S,=3.18 g to
S,=4.12 g. The least conservative estimate of the collapse
probability is obtained with model SPR; however, the
most conservative estimate occurs with the same model
with imposed failure constraints (as was the case with the
IDA study).

It is also observed that using hazard consistent motions
(GM Set 2) results in less conservative estimates of the
collapse probability of the building. Considering the
median probability of collapse, the required spectral
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Table 4 Variation in intensity measure (g) for different collapse probabilities.

Method P(ollapse =01 Pcollapse =05 Pcollapse =09

Min Max Min Max Min Max
IDA 144 1.72 2.50 2.85 4.05 5.20
CSS 2.05 2.80 3.18 4.12 4.71 6.15

demand (S,(71)) for GM Set 2 compared to GM Set 1
increases from 2.7 g to 3.5 g (30%) for model FS02 and
from 2.5 g to 3.0 g (20%) for model SPR-M. A summary
of the collapse probabilities corresponding to 10%, 50%
and 90%, highlighting the minimum and maximum IMs
among all six models, is displayed in Table 4.

Finally, the results of the simulations are utilized
to examine the risk associated with different seismic
demands. Given the MIDR for each ground motion set
and using the associated rates of each time series, the
EDP hazard can be obtained using

#records
J(EDP) = u(EDP > d) = > Rate; H(MIDR — d),
i=1
(11)
where A(EDP) = v(EDP > d) is the annual frequency
with which the engineering demand parameter or EDP
(the maximum interstory drift, in this case) d is exceeded,
Rate; is the rate of GM; and H(MIDR — d) is the Heavi-
side function that is assigned a value of 0 or 1 depend-
ing on whether the MIDR for a particular time series i
exceeds a certain drift d. Figure 17 shows the resulting
hazard curves for both GM selection methods as well
as all modeling options considered in the study. The
horizontal lines in the figures indicate the drift demand
for a design level event with a 10% probability of being
exceeded in 50 years (i.e., a return period of 474 years)
varies between 1.8 and 2.1% using IDA and GM Set 1,
whereas it reduces to 1.3-1.6% for the different modeling
options when hazard-consistent motions are used (CSS
approach). The return period at the code-mandated drift
limit of 2% ranges from 830 to 1160 years for the CSS-
based motions but reduces significantly to 450-510 years
for GM Set 1. This implies that the current ASCE 7-16
guidelines for limiting maximum interstory drifts to 2%
for design level events with a 10% probability of being
exceeded in 50 years is conservative if hazard-consistent
motions are used in the assessment, whereas the drift
limitation appears to be justified when using IDA and
GM Set 1.

Finally, considering the collapse limit state, the
return period varies between 3100 years (model SPR-
M)—4700 years (model FS02-M) for GM Set 1 with
IDA, but the range changes drastically to 12,000 years

(model SPR-M)—40,000 years (model SPR) when the
CSS approach is used. This is a significant discrepancy
that highlights the impact of GM selection on collapse
probability.

7 Conclusion

The effects of ground motion selection and choice of ele-
ment and material modeling parameters on establishing
collapse fragility functions and assessing demand risk
were evaluated for a mid-rise code-compliant RC build-
ing. Findings from the study indicate that GM selection
plays a more significant role than modeling considera-
tions on the predicted collapse probabilities and collapse
risk. The CSS approach, which is an enhancement of the
Conditional Spectra (CS) method incorporating spec-
tra with assigned rates of occurrence that reproduce the
hazard at the site over a period range, resulted in lower
collapse probabilities than IDA, where the selected GMs
were based on site characteristics (soil type and fault dis-
tance) and an additional criterion for the composition of
pulse-like motions in the GM set. The variability in the
median collapse probability across all modeling options
was less significant for the IDA than the CSS approach.
In both cases though, the building model with phenome-
nological concentrated plasticity springs with embedded
failure constraints (SPR-M) produced the most conserva-
tive estimate of collapse probability.

The study also examined the annual risk associated
with a maximum interstory drift, providing a means to
assess the true return period corresponding to target
drifts, such as the ASCE 7-16 mandated interstory drift
limit or an extreme limit corresponding to imminent
collapse, as well as the variability in the risk for different
modeling options. The IDA study suggests that the code-
mandated story drift limit of 2% represents a reasonable
design requirement for the return period associated with
the design event, whereas the use of hazard-consistent
motions indicate the requirement to be overly conserva-
tive. In general, using the CSS approach resulted in less
conservative estimates—both in terms of demand and
collapse risk. However, considering the importance of
using hazard-consistent motions, the CSS methodology
is recommended for seismic assessment of structures.
It should also be emphasized that the findings reported
in this paper are based on the assessment of a single
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building and additional studies on buildings of varying
height and different plan configurations will be needed to
make general recommendations. But the general meth-
odology utilized in the present study can be extended to
other building types and to investigate the effects of addi-
tional modeling parameters and GM selection methods.
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