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ABSTRACT

The current FEMA P58 library provides damage fragility curves of acceleration-sensitive nonstructural components based on
peak floor accelerations (PFASs). A shortcoming of PFA as an engineering demand parameter (EDP) is that it is independent of
the period of components. As an alternative EDP for damage fragility curves, this study considers the spectral accelerations
(Sa) at the period of the nonstructural component. To achieve this, nonstructural components with a range of periods between
0.01 and 1 second were designed for different strength levels and modeled in OpenSees using single-degree-of-freedom (SDOF)
components with an elastic perfectly plastic material. The nonlinear time-history analyses for the SDOFs were performed using
floor motions from the first and top floors of a six-story steel buckling-restrained braced frame. The effectiveness of PFA and
Sa as EDPs was assessed by considering two efficiency and relative sufficiency criteria. The results show that although using
Sa as the EDP is more efficient than using PFA for nonstructural components mounted on the lower floors, both the PFA and
the Sa have similar efficiency for nonstructural components on the upper floors due to floor motion frequency content filtering
caused by the structure’s natural frequencies. Also, for almost all considered period ranges and strength levels of nonstructural
components, using Sa is more sufficient than using PFA.

Keywords: Damage fragility curves, Nonstructural components, Engineering demand parameters (EDPs), Single-degree-of-
freedom (SDOF) components, Numerical analysis.

INTRODUCTION

Studying the aftermath of recent earthquakes shows the considerable contribution of nonstructural components to economic
losses [1,2]. Nonstructural components are generally divided into two categories: displacement-sensitive and acceleration-
sensitive. Damage to displacement-sensitive nonstructural components is assessed directly through the inter-story drift of
buildings. Conversely, for acceleration-sensitive nonstructural components, since inertia forces can cause overturning or
excessive displacements of the components, their damage is indirectly evaluated using a parameter that is linked to floor
accelerations. The current FEMA P58 [3] library uses peak floor accelerations (PFAs) for damage fragility curves of such
nonstructural components. However, the efficiency of PFA to correlate with damage is limited because it does not consider the
period of the component.

There is already a well-established set of engineering demand parameters (EDPs) that represent the response of a structure to
an earthquake, as described through ground motion intensity measures (IMs). Examples of EDPs include the maximum
displacement at the roof, the PFA, and the floor response spectrum. Examples of IMs include the PGA and the ground response
spectrum. Historically, PGAs were once used as the primary IM of ground motions. However, with the advancement of response
spectra theory [4,5], the spectral acceleration at the fundamental period of a structure became the prevalent IM in earthquake
engineering. Although several studies in the last decade have proposed alternate IMs, this parameter is still the most used IM
in procedures for assessing the seismic performance of buildings. Also, as IMs and EDPs are random variables showing high
dispersion [6], many statistical approaches have been developed [7-9] to extract information from EDP-IM pairs to select the
most suitable IM.
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Just as previous studies have sought ground motion IMs that would predict the structural response in terms of EDPs, there is a
need to understand structural EDPs that will predict the non-structural damage. However, unlike the many studies on selecting
of a suitable IM for the prediction of EDPs in buildings, to the best knowledge of the authors, there are no studies comparing
the performance of EDPs in assessing damage for acceleration-sensitive nonstructural components. Not only can acceleration-
sensitive nonstructural components be the source of significant seismic losses, but the characteristics of the floor motions they
experience during earthquakes may also differ as they are installed on various floors of buildings, which may filter the ground
motion frequency content. To shed some light on this issue, this study aims to compare PFA and the spectral acceleration at
the period of acceleration-sensitive nonstructural component (Sa) to identify the more suitable EDP for damage fragility curves
of nonstructural components. For this purpose, nonstructural components, modeled as elastic perfectly plastic single-degree-
of-freedom (SDOF) components, are subjected to floor motions resulting from nonlinear time-history analyses of a code-
compliant six-story steel buckling-restrained braced frame. Then, statistical efficiency and sufficiency studies are used to
identify the more suitable EDP by comparing ductility-PFA and ductility-Sa pairs resulting from the numerical analyses.

FLOOR MOTION DATABASE AND MODELING OF ACCELERATION-SENSITIVE NONSTRUCTURAL
COMPONENTS

In this study, a six-story office building with a plan area of 2010 m? and a story height of 4.57 m was designed using buckling-
restrained braced frames. The building is assumed to be located in a high seismicity area in the United States with a seismic
category D and mapped short-period and 1-second spectral accelerations of Ss=1.5 g and $;=0.5 g [10], respectively. The
numerical model of the building was developed using the OpenSees platform [11] based on analytical modeling and calibrated
data for the behavior of buckling resistance braces suggested by Zsarn6czay [12]. The nonlinear time-history analyses were
performed using the suite of 44 far-field ground motion records recommended by FEMA P695 [13]. The selected suite was
scaled at six intensity levels: 0.25, 0.50, and 1.0 times the design earthquake (DE), and 1.0, 1.5, and 2.0 of the maximum
considered earthquake (MCE). Figure 1 shows the individual records’ and median acceleration floor response spectra for the
first and roof levels of the building at the design earthquake (DE) level.
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Figure 1: Median acceleration floor response spectra at the design earthquake (DE) level.

This study assumes that nonstructural components behave as damped SDOF nonstructural components and are rigidly attached
to their supporting buildings. The SDOF nonstructural components' initial (elastic) periods ranged from 0.01 to 1 second, with
increments of 0.01 s. The behavior of SDOF nonstructural components was modeled using a bilinear elastic-perfectly-plastic
hysteresis model with no strain hardening and a damping ratio of 5%. The yield strength (fy) of the hysteresis model was
determined using the design earthquake (DE) level median acceleration floor response spectrum at the period of the SDOF
nonstructural component as illustrated in Figure 1 divided by a response modification coefficient (R). To account for various
levels of strength, three R values of 1.5, 2.0, and 3.0 were selected.

Nonlinear time-history analyses were performed on each SDOF nonstructural component subjected to the absolute floor
acceleration time-history responses that were computed for the six intensity levels obtained from the nonlinear time-history
analyses of the building. The ductility (i) demands for the SDOF nonstructural components were estimated using either PFAs
or Sa as seismic EDPs. As an example, Figure 2 shows the ductility demands in terms of PFA and Sa that were obtained for
the SDOF nonstructural component with a nonstructural period of 0.6 s and R of 3, mounted on the first floor. For this
component, the ductility reaches up to 20 at scaled floor motions of 1.5 to 2.0 MCE levels. At lower intensity levels, such as
0.25 and 0.5 DE, the component mostly has linear response with ductility less than 1. For this range of ductility, the results
confirm a linear relationship between Sa and ductility.
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Figure 2: Ductility demands of the SDOF nonstructural component with a period of 0.6 s and R of 3, installed on the first
floor, in terms of PFA and Sa(0.6 s).

SEISMIC FRAGILITY EVALUATION

A fragility curve provides the probability of the seismic demand, in this study p of the SDOF nonstructural components,
surpassing a particular capacity level or damage state. A fragility curve is conditioned on an EDP. A fragility curve can be
estimated using the standard normal cumulative distribution function using the below equation [14]:

In(Mg) — In(Mc)

1)
/.8§|EDP + ,85

where My is the median of the p estimate as a function of EDP, M. is the median estimate of the capacity, Sqeor is the logarithmic
standard deviation of the demand conditioned on the EDP, f is the logarithmic standard deviation of the capacity, and @ is the
standard normal cumulative distribution.

P(u > C|EDP) = ®

The linear least squares method is employed herein to determine the median of the  and the logarithmic standard deviation of
M given EDP. Using the power law model [7] and assuming that the standard deviation is constant with respect to the EDP [15],
Mg and Bgeop can be determined as follows:

M; = aEDP? (2)
Y, [In(y) — In (aedp))]?
.Bd|EDP = \/ N_2 3)

In Eq. (2), a and b are the parameters of the regression. In Eq.(3), and for this study, N is the total number of floor acceleration
time-history responses, and L and edp; denote the g and EDP values, respectively, that are associated with the it floor
acceleration time-history response. A linear regression model was developed for each SDOF nonstructural component using
logarithmically transformed variables of the considered p and EDPs. To ensure that the regression focuses on data that may be
associated with component damage, only data with ductility demands greater than unity was included in the regression model.
The regression model developed for the example in Figure 2 is shown with a solid black line for the p-PFA and p-Sa pairs,
respectively.
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EDP SELECTION CRITERIA

Whereas an ideal EDP would directly indicate the probability of damage, selecting a real acceleration-related EDP can greatly
impact the uncertainty in fragility curves. Two commonly used criteria for selecting the optimal EDP are identified in the
literature [6,15,16] as efficiency and sufficiency/relative sufficiency.

In this study, the efficiency is related to the variability in the ductility p for a given EDP value [17]. The Bqeop (hereafter simply
referred as p) is one of the quantitative measures used to assess the efficiency of the candidate EDPs. A lower value of g
indicates less variability in the estimated value of p. Another predictor used to assess efficiency is the regression R-squared
(R?) value, which indicates how well the regression model proposed in Eqg. (2) fits the data. The value of R? ranges from zero
to one, with values closer to one indicating a better fit of the model. In this study both 8 and R? were evaluated for all SDOF
nonstructural components to compare the efficiency criterion for PFA and Sa. These two predictors are shown in Figure 2 for
the regression models applied to the example case.

In regression analysis, sufficiency means that the selected independent variable such as the EDP is adequate to explain the
variation in the dependent variable such as the ductility p. Jalayer et al. [18] proposed relative a sufficiency approach to quantify
the suitability of one EDP relative to another. This approach is denoted as I(UEDP2|EDP3), in which for this study EDP; and
EDP; are Sa and PFA, respectively, and can be calculated as follows:

by
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where ¢ is the standardized Gaussian probability distribution function. Relative sufficiency measure is expressed in units of
bits of information, can be interpreted as the amount of information that is gained/lost on average about the uncertain response
parameter p by knowing EDP; instead of EDP; (relatively) [19]. A positive value of I(U|EDP,|JEDP,) implies that EDP; contains
more information on p than EDP1, which means that EDP, is more sufficient. Conversely, a negative value of I1(L|EDP,|EDP:)
indicates that EDP- is less sufficient than EDP; in providing information.

In this study, the relative sufficiency approach was employed, and a sufficient EDP was defined as one whose estimations are
not, or are less, affected by the floor on which the nonstructural component is mounted. For this purpose, because the SDOF
nonstructural components with the same initial period installed on different floors were modeled using different strength fy, the
EDPs were normalized by f, for the regression model to incorporate data from both the first floor and roof level.

RESULTS AND DISCUSSION

Figure 3 compares the $ indicator from the regression models for all SDOF nonstructural components. Due to the floor motion
frequency content filtering by the natural frequencies of the buildings, almost identical values for the S values are seen for
regression models with PFA and Sa for the nonstructural components on the roof of the building. However, for the nonstructural
components mounted on the first floor of the building, comparing the 4 values from regression models with two EDPs can be
divided into three regions based on the range of the nonstructural components’ periods: 0t0 0.2's,0.2t00.5s,and 0.5t0 1 s.
The g values for the SDOF nonstructural components having periods shorter than 0.2 s are similar but large for both regression
models with PFA and Sa showing large variability in the estimated demands. For the SDOF nonstructural components with
periods between 0.2 and 0.5 s, the S values are almost identical for regression models based on PFA and Sa, and those values
remain around 0.4. For the SDOF nonstructural components having periods longer than 0.5 s, the regression models with Sa
show lower f values than those with PFA, indicating Sa is the better EDP based on the £ indicator. By increasing R, the
values for both regression models increase, and the difference between PFA and Sa also grows larger for components with a
period of more than 0.5 s. This indicates that the regression model based on Sa is more optimal than PFA for the SDOF
nonstructural components with lower strength. Furthermore, for periods longer than 0.4 s, the 8 values obtained from regression
models with Sa are mostly lower than or equal to 0.4 across all ranges of the period and levels of strength. Mollaioli et al. [20]
reported that # values ranging from 0.20 to 0.30 are generally indicative of good efficiency, while values between 0.30 and
0.40 are still considered reasonably acceptable.

Generally similar conclusions to those observed for the 4 values are also obtained for the R? values, as shown in Figure 4.
However, unlike the  indicator, a larger R? value indicates a more efficient regression model. Also, in contrast to the 8 indicator,
which showed that increasing R (reducing strength) decreases the efficiency of regression models with both Sa and PFA,
increasing R increases R? values, indicating an increase in efficiency, for both Sa and PFA regression models. The reason is
that unlike the 8 indicator which measures the standard deviation of residuals, R? is calculated as one minus the ratio of the sum
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of squared residuals to the total sum of squares, which represents the distance of the data points from the mean. Although the
squared residuals increase in the R? indicator like the g indicator, the denominator also increases due to the larger ductility
experienced by the SDOF with a larger R, resulting in an increase in the distance of the data from the mean. Nonetheless, even
when using the R?indicator, the regression model with Sa is shown to be more optimal than PFA for nonstructural components
with periods longer than 0.5 s mounted on the first floor of the building.

To assess the EDPs’ statistical independence with regard to the location of nonstructural components, the relative sufficiency
of regression models for all SDOF nonstructural components is compared in Figure 5. Overall, for the SDOF nonstructural
components with periods longer than 0.2 s and all strength levels, the calculated 1(x|Sa|PFA) is mostly positive, which indicates
that the regression model with Sa is more sufficient than PFA. Also, for such SDOF nonstructural components, using Sa as the
EDP provides mostly over 0.2 bits more information (on average) about the ductility per period, compared to using PFA. The
results suggest that for the SDOF nonstructural components with periods shorter than 0.2 s, using PFA can provide conversely
more information about ductility compared to Sa.
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Figure 3: Comparing logarithmic standard deviations, g, of the regression models for all SDOF nonstructural components.
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Figure 4: Comparing R? of the regression models for all SDOF nonstructural components.
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Figure 5: Comparing relative sufficiency, I, of the regression models for all SDOF nonstructural components to assess the
level of EDPs’ statistical independence with regard to the location of nonstructural components.

CONCLUSIONS

This study compared peak floor accelerations (PFAs) and fundamental period spectral accelerations (Sa) as engineering demand
parameters (EDPs) for damage fragility curves of acceleration-sensitive nonstructural components. For this purpose, the
behavior of nonstructural components was modeled using single-degree-of-freedom (SDOF) components with an elastic
perfectly plastic material. Nonstructural components mounted on the first floor and roof of a building with six-story buckling-
restrained braced frame were assessed based on floor motions from the first and roof levels that were obtained from nonlinear
time-history analyses under the FEMA P695 [13] far-field ground motions set scaled to six intensity levels, ranging from 25%
of the design earthquake (DE) to 2.0 times the maximum considered earthquake (MCE). Two lognormal regression models
were developed using data pairs of ductility-PFA and ductility-Sa for each SDOF nonstructural component on each considered
floor level. To assess the efficiency of candidate EDPs, the logarithmic standard deviation (8) and R-squared (R?) were used as
indicators and were calculated for each model. Also, to assess the statistical independence of the candidate EDPs based on the
location of nonstructural components, the relative sufficiency between Sa and PFA was employed as an indicator. The main

findings of this study are as follows:
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For the nonstructural components installed on the roof of the building, the £ values obtained from the regression
models using PFA and Sa were similar over all ranges of component periods with all levels of strength, as the
frequency content of the floor motions was filtered by the building's dynamic characteristics. However, for the
nonstructural components installed on the first floor, the § values obtained from the regression models showed
different trends depending on the period ranges of the nonstructural components. For components with periods shorter
than 0.2 s, the f values are large for both regression models with PFA and Sa, indicating a large variability in the
calculated ductility. For components with periods between 0.2 and 0.5 s, the 8 values are almost constant and identical
for the models using PFA and Sa. For components with periods longer than 0.5 s, the regression models with Sa had
lower g values than the models with PFA, indicating that Sa is the more efficient EDP for such nonstructural
components installed in the lower levels of the building. Similar conclusions were also obtained using the R? indicator.
The results of the relative sufficiency analyses show that Sa is more sufficient than PFA for nonstructural components
with periods longer than 0.2 s. However, for nonstructural components with periods shorter than 0.2 s, PFA is slightly
more sufficient than Sa.

Based on the indicators used in this study, since Sa as an EDP demonstrated either better or at least equal sufficiency and
efficiency when compared to PFA, it can be considered a better candidate EDP than PFA. However, further studies should be
conducted, considering more advanced EDPs, in order to identify the best alternative candidate to PFA.
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