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Abstract Fragility functions are an important tool in earthquake engineer-
ing, used to compute the probabilities of different damage states as a function
of seismic response. They can be developed for large systems like buildings
and bridges, as well as for individual structural and non-structural compo-
nents, such as those used in the FEMA P-58 Seismic Performance Assessment
Procedure. There are currently a number of problems associated with some
P-58 non-structural mechanical component fragility functions and related loss
predictions, including non-convergence when fitting the fragility functions in
some cases and non-monotonic loss predictions. In this study, we recommend
improvements to these fragility functions and loss predictions. Firstly, we rec-
ommend using the maximum likelihood method to fit the fragility functions to
the underlying empirical data. This mitigates the non-convergence problems
when fitting and makes predictions that better align with damage observed
in past events. To compute predicted losses for anchored mechanical compo-
nents, it is necessary to additionally consider anchorage damage, which can
be predicted using fragility functions based on building code provisions. We
recommend refining the current FEMA P-58 method for predicting anchored
mechanical component losses, such that component and anchorage damage
are calculated directly according to their corresponding fragility functions.
The proposed method yields more intuitive loss predictions that vary mono-
tonically with anchorage capacity. It also leads to better predictions of losses
relative to damage observed in previous events. If implemented, the recom-
mendations made in this paper would enhance the FEMA P-58 Seismic Per-
formance Assessment Procedure.
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1 Introduction

Fragility functions are used in earthquake engineering to compute the proba-
bilities of different damage states as a function of seismic response. Originally
created to characterize the seismic risk of nuclear power plants (Kennedy and
Ravindra, 1984), they can be developed for large systems such as buildings and
bridges (e.g. Akkar et al., 2005; Huo and Zhang, 2012), as well as individual
structural and non-structural components (e.g. Choe et al., 2008; Lopez Gar-
cia and Soong, 2003). They are typically calculated using earthquake reconais-
sance data (e.g. Colombi et al., 2008; Rota et al., 2008), experimental obser-
vations (e.g. Pagni and Lowes, 2006; Gardoni et al., 2002), structural analysis
results (e.g. Rota et al., 2010; Nielson, 2005), and/or expert opinion (Mosleh
and Apostolakis, 1986). Numerous statistical techniques exist in the literature
for fitting fragility functions to the underlying data (Lallemant et al., 2015),
but they do not all yield equivalent functions.

The FEMA P-58 Seismic Performance Assessment Procedure (FEMA,
2012a), a performance-based earthquake engineering methodology for individ-
ual buildings based primarily on US construction data, provides a database of
structural and non-structural component fragility functions for building dam-
age calculations. In this study, we examine some FEMA P-58 non-structural
mechanical component fragility functions that were derived from post-earthquake
reconnaissance data and experimental observations. These fragility functions
currently have a number of associated problems, including non-convergence
issues in some cases. We recommend a change to the current fragility function
fitting technique, and demonstrate the benefits of the proposed procedure.

To compute predicted losses for anchored mechanical components, it is
necessary to additionally consider anchorage damage. This can be predicted
using fragility functions derived from building code provisions, or case-specific
failure modes if sufficient anchorage detail is available. The current FEMA
P-58 procedure for predicting anchored mechanical component losses involves
pre-selecting a damage mode that is dependent on differences in the compo-
nent and anchorage fragility functions, and consequently the resulting damage
predictions do not correspond to the individual fragility functions. This proce-
dure can lead to unexpected results, including non-smooth variation of repair
costs as a function of median anchorage capacity. We recommend refining this
procedure such that the damage predictions are directly calculated according
to both the component and the anchorage fragility functions, and show the
advantages of this approach.
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2 Fitting Fragility Functions from Empirical Data

A fragility function is used to determine the probability that the damage state
(DS) will reach or exceed a given damage state of interest (dsy), conditioned
on the value of an appropriate engineering demand parameter (EDP), such as
peak floor acceleration or story drift ratio, or intensity measure (e.g. spectral
acceleration). It is typically modeled as a lognormal cumulative distribution
function (e.g. Singhal and Kiremidjian, 1996; Rossetto and Elnashai, 2005;
Porter et al., 2007; Sarabandi et al., 2004; Porter et al., 2001; Badillo-Almaraz
et al., 2007). That is,

P(DS > dsp|EDP = edp;) = @(ln(edﬂpi/ﬁ)) (1)
where P(DS > dsi|EDP = edp;) is the probability of being in or exceeding
dsy when EDP = edp;, &(.) is the standard normal cumulative distribution
function (CDF), 6 is the median of the fragility function, i.e. the value of EDP
such that P(DS > dsg|EDP = 0) = 50%, and S is the standard deviation
of In EDP|dsi. It can be seen from equation 1 that a fragility function is
completely defined by the 6 and 8 parameters.

We focus on FEMA P-58 fragility functions for non-structural mechanical
components with known installation conditions that were fit using empirical
data from both post-earthquake reconnaissance efforts and experimental ob-
servations in Porter (2011). These are Method B (‘Bounding EDP’) type data,
as they contain observations of both damage and no damage, and there is infor-
mation on the maximum EDPs to which all specimens were subjected (Porter
et al., 2007; Bradley, 2010). EDP in this case is the estimated peak floor accel-
eration at the appropriate level in a building (PFA). Note that there is only
one damage state (denoted ds;) associated with a given component. Each
component is either unanchored and not vibration isolated (installation cate-
gory 1), vibration isolated but not snubbed or restrained (installation category
2), or vibration isolated/ hard anchored with seismic restraints (installation
category 3).

The functions are currently fit to the empirical data using a least-squares
curve fitting method. We recommend that the functions are instead fit using
maximum likelihood estimation. The proposed fitting procedure mitigates the
problem of non-convergence that can occur for the current fitting procedure
with data that contain low proportions of damage. It also offers a number of
other advantages.

2.1 Proposed Fitting Procedure

We recommend using the maximum likelihood method to fit these fragility
functions. This method has previously been proposed for fitting fragility func-
tions with similar data (e.g. Lallemant et al., 2015; Shinozuka et al., 2000).
Assume that in a given dataset, there are n components, m of which were



4 Gemma Cremen, Jack W. Baker

damaged. The likelihood that an arbitrary component is damaged at a level
of demand that caused damage (edp;) is the normal distribution probability
density function (PDF) evaluated at the fragility function defined by equation

1, i.e.,
In (edpi/0)
o) @)

where ¢(.) is the normal distribution PDF. For the n—m components that were
not damaged, we know that the maximum EDP to which they were subjected
(edpmaz) is less than the level that would cause damage (edp;). The likelihood
that an arbitrary component is not damaged at edp,,.q. is the probability that
edp; exceeds edpmaq, i-€.,

Likelihood =1 — @ (ln(edpﬁmw/H)> (3)

where &(.) is the standard normal CDF. Assuming independence of edp; val-
ues, the likelihood of the given dataset being observed is the product of the
likelihoods for each component, i.e.,

Likelihood = {f[ ¢(ln(dﬁp/9>>} [1 - Q(W)} W

The fragility function parameters are the values of 6 and 8 that maximize this
likelihood. We maximize the logarithmic likelihood instead, since it is easier
and produces equivalent results, i.e.,

Ry L e | e e ]
(5)

where 6 is positive. For consistency with the current P-58 fragility function
fitting procedure, we constrain the value of 8 between 0.2 and 0.6.

Likelihood = q§<

2.2 Current P-58 Fitting Procedure

The P-58 fragility functions are currently fit using a least-squares curve-fitting
method, detailed in Porter (2011). This involves minimizing the sum of the
squared differences between the fraction of components damaged and the cor-
responding probability of damage calculated according to the lognormal CDF,
for each unique value of PF'A observed i.e.,

where M is the number of components in the dataset, M; is the number of
components in bin 4, y; is the fraction of damaged components in bin i, N is
the number of bins of constant excitation, and x; is the PF' A associated with
bin 7. 0 is positive and § has a value between 0.2 and 0.6.
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2.3 Comparison of Fitting Results

The two procedures can result in very similar fragility functions (Figure 1(a)),
or significantly different functions (Figure 1(b)), depending on the underlying
data. We examined all components with Method B type data in Porter (2011).
A summary of all mechanical component fragility parameters calculated using
both procedures is found in Table 1. The proposed procedure reduces the value
of @ for 15 out of the 21 components examined, and increases the value of 8 for
all other components. The reduction in 6 is more than 40% for 6 out of the 21
components examined, while the maximum increase in 6 is 19%. The proposed
procedure either maintains (for 11 components), increases (for 9 components)
or decreases (for 1 component) the value of § obtained in the current P-58
procedure. Increases in 8 are as large as 200% for 3 components, while the
only decrease in 3 is 23%.
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Fig. 1 Comparing the fragility functions obtained using both procedures for (a) chiller
(installation category 3) and (b) diesel generator (installation category 3). The fragility
functions are almost identical in (a), where the proposed procedure yields respective 6 and
[ values of 0.75 and 0.20, and the current P-58 procedure yields respective 6 and [ values
of 0.72 and 0.20. The fragility parameters differ significantly in (b), where the proposed
procedure yields respective € and 3 values of 0.87 and 0.60, and the current P-58 procedure
yields respective 6 and S values of 2.00 and 0.20.

2.4 Advantages of the Proposed Fitting Procedure
2.4.1 Mitigates Non-Convergence Problems

The current P-58 fitting procedure does not always converge to a solution
for data sets with low proportions of damage (Porter, 2011). An alternative
procedure has to be used in such cases instead, which was created for fitting
data with no damage and therefore makes a number of simplifying assumptions
(Porter et al., 2007). It computes 8 by creating a subjective damage probability
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Table 1 Comparison of mechanical component fragility parameters obtained using the
proposed and current P-58 fragility function fitting procedures. The data used to fit the
fragility functions can be found in Porter (2011). * indicates a parameter value for which
the current P-58 fitting procedure did not converge, and a simplified fitting strategy was
employed. There were no convergence issues using the proposed procedure for any of the
components.

Component Installation Category 6 B
Proposed  P-58 Proposed  P-58
Battery Charger 3 1.55 2.70 0.60 0.60
Battery Rack 1 0.81 1.11 0.60 0.60
Battery Rack 3 2.56 2.32 0.60 0.20
Chiller 2 0.51 0.43 0.60 0.60
Chiller 3 0.75 0.72 0.20 0.20
Compressor 2 0.48 0.47 0.20 0.20
Compressor 3 1.13 1.84 0.60 0.60
Control Panel 3 1.29 2.61 0.60 0.20
Cooling Tower 2 0.92 0.97 0.46 0.60
Diesel Generator 3 0.87 2.00 0.60 0.20
Distribution Panel 3 3.40 3.05 0.60 0.40
HVAC Fan 2 0.95 1.01 0.60 0.60
HVAC Fan 3 2.12 4.82 0.60 0.60
Low Voltage Switchgear 3 1.37 2.40 0.60 0.40
Motor Control Center 1 0.87 0.73 0.60 0.45
Air Handling Unit 3 1.34 1.54 0.60 0.60
Transformer 2 0.89 1.01 0.60 0.60
Transformer 3 2.49 3.05 0.60 0.60
Motor Control Center 3 1.24 2.50*  0.60 0.40*
Control Panel 1 0.64 0.69*  0.60 0.40*
Diesel Generator 1 0.84 0.90*  0.60 0.40*

for specimens subjected to the higher end of the tested range of EDP, depen-
dent on the level of distress in the specimen as determined by the analyst, and
uses an assumed value of § = 0.4. The proposed procedure always converges to
a solution for the data examined, however. It was successfully used to fit data
for the three cases in Porter (2011) that experienced non-convergence for the
current P-58 procedure. The parameters obtained using both procedures are
summarized at the bottom of Table 1 for these three cases. It can be seen that
the proposed procedure produces a significantly lower 6 value for the motor
control center, and similar 6 values for the other two components. Note that
the proposed procedure increases the value of 3 by 50% in all three cases.

2.4.2 Damage Predictions Better Align With Observed Damage

To study consistency of damage probabilities with observed damage data, we
examine given buildings that were damaged in the 1994 M,, 6.7 Northridge
earthquake, using post-earthquake inspection data from the Strong Instrumen-
tation Program (SMIP) Information System (Naeim, 1997; Naeim and Lobo,
1998). We use component damage data reported on ATC-38 post-earthquake
damage assessment forms (Rojahn, 2000), which are included in the SMIP In-
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formation System. Component damage is classified into ‘None’, ‘Insignificant’,
‘Moderate’, and ‘Heavy’ categories on this form. We focus on the roof level of
each building, and choose components from Table 1 that were likely installed
at the roof in each building (chiller, air handling unit, motor control center,
transformer, and distribution panel). Damage probabilities for each component
are computed using equation 1, with FDP equal to the maximum accelera-
tion recorded at the roof amplified by a factor of 1.2 (pfareor), in line with
the FEMA P-58 methodology for components not sensitive to directionality
(FEMA, 2012a).

Damage probabilities for the chiller are compared with damage recorded
in the ‘Damage to Boilers, Chillers, Tanks, etc.” category of the ATC-38 form.
Damage probabilities for the air handling unit are compared with damage
recorded in the ‘HVAC Damage (Fans, Ducts)’ category of the form. Damage
probabilities for the motor control center, the transformer, and the distribution
panel are compared with damage recorded under the ‘Electrical Equipment
Damage Including Backup Generators’ category of the form. We assume that
all of the components were seismically restrained (installation category 3),
based on photographic evidence (Naeim, 1997, personal communication).

Figure 2 compares observed damage with the damage probabilities calcu-
lated using both procedures for each component. The mean damage probability
for a given observed damage level is the mean of all damage probabilities cal-
culated for that observed damage level. It can be seen from Figure 2 that there
is not a consistent increase in mean damage probability with observed dam-
age level for the current P-58 fragility function fitting procedure, as the mean
damage probabilities for ‘Moderate’ and ‘High’ observed damage levels are
effectively identical. However, there is a consistent increase in mean damage
probability with observed component damage level for the proposed fragility
function fitting procedure. The fragility functions fit using the proposed proce-
dure produce damage probabilities that better align with the damage observed
for these buildings than those fit using the current P-58 procedure. The Figure
2 data can be found in Section 5.1 of the Appendix.

2.4.8 Fragility Parameters Are More Effectively Estimated

An important property of the data used to fit these fragility functions is the
heteroskedasticity of variance for different observed probabilities of damage
(Kaufman, 2013). This means that an error in fitting of 0.1 when the ob-
served probability of damage is 0 is significantly larger than a fitting error
of 0.1 when the observed probability of damage is 0.4. The presence of het-
eroskedasticity violates the conditions necessary for the current P-58 procedure
of least-squares fitting (Agresti, 2013), but it is accounted for in the proposed
procedure.

The proposed procedure produces more efficient fragility estimates than
the current P-58 procedure. We can compare the efficiency of fragility func-
tions fit with both procedures, using the method outlined in Baker (2015).
We use the 65 acceleration values observed for the battery rack (installation
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Fig. 2 Damage probabilities for components at the roof level in the Northridge buildings
calculated using fragility functions fit with the proposed procedure and the current P-58
procedure, plotted against component damage observed. The mean damage probability for
a given observed damage level is the mean of all damage probabilities calculated for that
observed damage level.

category 1) in Porter (2011), which range from 0.30g to 0.79g. We assume the
true fragility function has 8 = 0.70 and 8 = 0.30. We use 500 Monte Carlo
simulations to generate damage or no damage at each of the acceleration val-
ues of interest (using probabilities from the assumed fragility function), and
fit fragility functions on each set of generated data using both procedures. We
measure the efficiency by calculating the standard deviations of repeated pa-
rameter estimates; the higher the efficiency, the lower the standard deviations
(Baker, 2015). The proposed procedure reduces the standard deviation of
estimates by 13% (Figure 3), and the standard deviation of § estimates by
18% (Figure 4).

The proposed procedure reduces epistemic uncertainty due to having finite
data. We can measure this uncertainty for fragility functions fit with both
procedures, using bootstrapping (Bradley, 2010). We examine the 58 data
points for the HVAC fan (installation category 2) from Porter (2011), with
acceleration values ranging from 0.35¢ to 0.88g. We fit fragility functions for
both procedures using 500 bootstrap samples of the data. The closer the fitted
fragility function is to the mean bootstrapped result, the lower the epistemic
uncertainty due to finite sample uncertainty. The mean result from bootstrap-
ping at a given value of PF' A is the mean probability of damage calculated at
that value across all bootstrap samples. Figure 5 shows the absolute difference
in damage probability between the fitted function and the mean bootstrapped
result for both procedures across a range of values of PFA. It can be seen
that the fragility function fit using the proposed procedure more closely fol-
lows the associated mean bootstrap result than that fit using the current P-58
procedure. Note that for the bootstrapping method to work, it is important
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Fig. 3 Histogram of estimated 6 values for (a) the proposed fragility function fitting pro-
cedure and (b) the current P-58 fragility function fitting procedure. The standard deviation
of the estimates is noted in both plots.
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Fig. 4 Histogram of estimated 3 values for (a) the proposed fragility function fitting pro-
cedure and (b) the current P-58 fragility function fitting procedure. The standard deviation
of the estimates is noted in both plots.

to choose a data set with a high proportion of damage, so that there are some
damage observations in each bootstrapped sample, and the damage observa-
tions should be reasonably well distributed across the range of PF A.

3 Predicting Losses for Anchored Components

To predict losses for anchored mechanical components (installation categories
2 and 3), it is necessary to consider anchorage damage in addition to the com-
ponent (henceforth referred to as ‘equipment’) damage described in Section 2.
Anchorage damage can be predicted using fragility functions based on building
code provisions in effect at the time of installation, or based on case-specific
failure modes if sufficient anchorage detail is available. When predicting losses
for anchored components, we recommend that probabilities of damage for the
anchorage and the equipment are directly calculated according to their respec-
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Fig. 5 Comparing the fitted fragility function with the mean result from bootstrapping. The
fragility function fit using the proposed procedure more closely follows the mean bootstrap
result than that fit using the current P-58 procedure, indicating that the proposed fragility
function has lower epistemic uncertainty due to finite sample uncertainty.

tive fragility functions. The total loss prediction is then the sum of the losses
to the anchorage and the equipment.

The proposed approach differs from the current P-58 procedure, in which
predicting the losses involves pre-selecting a damage mode depending on the
difference in the anchorage and equipment median capacities. The damage
mode determines the occurrence of both anchorage and equipment failure,
such that the resulting damage predictions do not directly correspond to the
individual anchorage and equipment fragility functions. The current P-58 pro-
cedure yields some unexpected results, including non-monotonic variation of
repair costs with median anchorage capacity. The proposed procedure always
leads to smooth variation of repair costs, and offers other benefits.

3.1 Current P-58 Loss Prediction Procedure

The current P-58 procedure for predicting anchored mechanical component
losses assumes that damage occurs according to a pre-selected damage mode,
which is determined based on the difference in the median equipment capacity
and the median anchorage capacity. The loss (e.g. repair cost) for the equip-
ment and anchorage is then exclusively the loss associated with this damage
mode. There are three possible damage modes (FEMA, 2012b):

1. Anchorage failure (a). If the median anchorage capacity (6,) is less than

30% of the median equipment capacity (6.), this mode assumes that the
anchorage fails well before the equipment. There are two mutually exclu-
sive damage states in this damage mode, i.e. anchorage failure only (ao),
and both anchorage and equipment failure (ae). The anchorage fragility
function describes the probability of occurrence of this damage mode. The
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expected repair cost prediction for EDP = edp; (RC,) is calculated as
follows:

RCo = P(DS > a|EDP = edp;) X [£1 X RCao + (1 — z1) X RCqe] (7)

where P(DS > a|EDP = edp;) is the probability of occurrence of a ac-
cording to the anchorage fragility function, x; is the conditional probability
of occurrence of ao given a, RC,, is the repair cost for ao, and RC, is the
repair cost for ae.

2. Equipment failure (e). If 6. is less than 30% of 6,, this mode assumes

that the equipment fails well before the anchorage. There are N mutually
exclusive damage states in this damage mode (e;) that describe different
types of equipment damage, with the highest representing equipment fail-
ure. The empirical equipment fragility function describes the probability of
occurrence of this damage mode. The expected repair cost prediction for
EDP = edp; (RC,) is calculated as follows:

N
RC. = P(DS > e|EDP = edp;) x >_y; x RC., ®
J

where P(DS > e¢|EDP = edp;) is the probability of occurrence of e accord-
ing to the equipment fragility function, y; is the conditional probability of
occurrence of e; given e, and RC,, is the repair cost associated with e;.

3. Combined failure (c). For all other values of 6, and 6., this mode as-

sumes simultaneous failure of anchorage and equipment. There are three
mutually exclusive damage states associated with this damage mode, i.e.
anchorage failure only (ao), anchorage and equipment failure (ae), and
equipment failure (e). e involves the N mutually exclusive damage states of
the equipment failure damage mode (e;). The anchorage fragility function
describes the probability of occurrence of this damage mode. The expected
repair cost prediction for EDP = edp; (RC,) is calculated as follows:

N
RC. = P(DS > ¢| EDP = edp;) X [v3 X RCao + x3 X RCac + x4 X Y _ 2; X RC¢;] (9)
J

where P(DS > ¢|EDP = edp;) is the probability of occurrence of ¢ accord-
ing to the anchorage fragility function, o, x3, and x4 are the conditional
probabilities of occurrence of ao, ae, and e respectively given the occur-
rence of ¢, and z; is the conditional probability of occurrence of e; given
e. RCyp, RCqe, and RC,; are as defined in the other two damage modes.

3.2 Proposed Loss Prediction Procedure

In the proposed procedure, the probabilities of anchorage and equipment dam-
age are calculated directly according to the the anchorage and equipment
fragility functions. This means that the anchorage and equipment failure dam-
age modes of the current P-58 procedure are still used, but they can occur
simultaneously instead of one of them being pre-selected. The total mean loss
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prediction is the sum of mean losses predicted for the two damage modes, mi-
nus loss from equipment damage double counted in both modes. The expected
repair cost prediction for EDP = edp; (RC) is calculated as follows:

RC = P(DS > a|EDP = edp;) X [£1 X RCao + (1 —z1) X RCqae] + P(DS > e|EDP = edp;)
N
x Y y; x [l = (1 —x1) x P(DS > a|EDP = edp;)] x RC.,
J
(10)

where all variables are as defined in equations 7 - 9.

3.3 Comparison of Loss Results

Here, we compare the two procedures for chiller and distribution panel compo-
nents (both installation category 3) by examining expected repair cost predic-
tions across ranges of both EDP (i.e. PFA) and median anchorage capacity
(0,). We assume that the § value for the anchorage fragility function (5,)
is 0.5 in all cases, which is consistent with FEMA P-58 directions for code-
based fragility functions. Other relevant parameters for the two components
are obtained from the FEMA P-58 methodology, and are summarized in Table
2. Note that there is only one equipment damage state (e;) for both compo-
nents.

Table 2 Fragility and repair cost data for components to be compared under both proce-
dures.

Component Oc Be Ty, T2, T3, T4 RCqo RCe, RCqe
Proposed P-58 Proposed P-58

Chiller 0.75 0.72 0.20 0.20 0.70,0.35,0.15,0.50 1100 50,820 51,920

Distribution Panel  3.40 3.05  0.60 0.40  0.70,0.35,0.15,0.50 1440 61,680 63,120

3.3.1 Chiller

Loss predictions for the chiller component are shown in Figure 6. It can be
seen in Figures 6(a) and 6(b) that the proposed procedure results in higher
expected repair cost predictions for most values of PF' A and 0, examined. This
is because the median capacity of the equipment (which dominates the repair
cost) is small relative to much of the range of median anchorage capacities
examined, which dictate the probability of equipment damage for the current
P-58 procedure in both damage modes that feature for the values of PF A
and 6, examined (i.e. anchorage failure and combined failure). Section 5.2 in
the Appendix contains sample calculations of expected repair cost using both
procedures, for PFA = 1g and 0, = 1g.
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Fig. 6 Expected repair cost predictions for the chiller component over a range of 6, and
PF A, calculated using (a) the proposed procedure and (b) the current P-58 procedure. The
two predictions are compared for PFA = 1g in (c) using expected repair cost as a percentage
of the maximum repair cost. Note that in (b), the red color denotes expected repair costs
controlled by the anchorage failure damage mode (calculated using equation 7), and the
orange color denotes expected repair costs controlled by the combined failure damage mode
(calculated using equation 9).

3.8.2 Distribution Panel

Loss predictions for the distribution panel component are shown in Figure 7.
It can be seen in Figures 7(a) and 7(b) that the proposed procedure results
in lower expected repair costs for most values of PF A and 0, examined. This
is because the median capacity of the equipment (which dominates the repair
cost) is large relative to much of the range of median anchorage capacities
examined, which dictate the probability of equipment damage for the current
P-58 procedure in both damage modes that feature for the values of PFA
and 6, examined (i.e. anchorage failure and combined failure). Section 5.2 in
the Appendix contains sample calculations of expected repair cost using both
procedures, for PFFA = 1g and 0, = 1g.
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Fig. 7 Expected repair cost predictions for the distribution panel component over a range
of 0, and PFA, calculated using (a) the proposed procedure and (b) the current P-58
procedure. The two predictions are compared for PFA = 1g in (c) using expected repair
cost as a percentage of the maximum repair cost. Note that in (b), the red color denotes
expected repair costs controlled by the anchorage failure damage mode (calculated using
equation 7), and the orange color denotes expected repair costs controlled by the combined
failure damage mode (calculated using equation 9).

3.4 Advantages of the Proposed Procedure
8.4.1 Loss Predictions Vary Smoothly and Intuitively

It is clear from Figures 6(c) and 7(c) that there are discontinuities in expected
repair costs predicted using the current P-58 procedure across different values
of 4, for a given value of PFA (PFA = 1g in these cases). The discontinuities
occur at the values of 8, where the damage mode changes. There is smooth
variation of expected repair costs across different values of 6, given PF' A for
the proposed procedure.

As the median anchorage capacity increases, the current P-58 procedure
can result in higher expected repair costs if the damage mode changes. This
can be observed for PF'A = 1g in Figures 6(c) and 7(c). This is not intuitive,
as we anticipate the expected repair cost to decrease if the anchorage becomes
less vulnerable. The proposed procedure produces repair costs that intuitively
decrease monotonically with increasing median anchorage capacity.
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3.4.2 Loss Predictions Better Align with Observed Damage

To demonstrate this, we use the same building and component data from Sec-
tion 2.4.2. We calculate anchorage fragility functions according to ASCE/SEI
7-10 provisions (ASCE, 2010), which require the use of short period spectral
acceleration (Spg) values to calculate median anchorage capacity. We obtain
Sps values for each building using the USGS seismic design map tool for
ASCE/SEI 7-10, assuming soil category D for each site. Calculations of an-
chorage capacity and component repair cost data (obtained from the FEMA
P-58 methodology) are summarized in Section 5.3 of the Appendix. Expected
repair cost predictions are carried out exactly according to the calculations in
Section 3.3.

Figure 8 compares observed damage with expected repair costs (as a per-
centage of the associated maximum repair cost) calculated using both pro-
cedures for each component. The mean repair cost percentage for a given
observed damage level is the mean of all expected repair cost percentages as-
sociated with the given observed damage level. It can be seen from Figure 8
that the proposed loss prediction procedure produces repair cost percentage
estimates that are more consistent with the observed level of damage; there is
a clear increase in mean repair cost percentage prediction as the observed dam-
age level increases, while the current P-58 loss prediction procedure produces
effectively identical mean repair cost percentage predictions for components
that were insignificantly or moderately damaged.
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Fig. 8 Expected repair cost percentages for components at the roof level in the Northridge
buildings, calculated using the proposed procedure and the current P-58 procedure, plotted
against component damage observed. The mean repair cost percentage for a given observed
damage level is the mean of all expected repair cost percentages calculated for that observed
damage level.
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3.4.8 Procedure is Consistent with Code Prescriptions

According to design standards underlying United States codes (e.g ASCE,
2010, 2016), mechanical component equipment capacities are only calculated
using code procedures for equipment pieces with importance factors (I,) greater
than 1, which are those typically required to function for life-safety purposes
after an earthquake. In these cases, the capacities of the equipment and its
associated anchorage are calculated using the same equation in the code and
are therefore identical to each other. In all other cases (i.e. I, = 1), which
include all of the components examined in this study, only the capacity of
the anchorage is calculated according to code provisions and the equipment
capacity can be obtained from an empirical fragility function. This is exactly
adhered to in the proposed procedure. However, the current P-58 procedure
follows code provisions for I, > 1 in the combined failure damage mode, where
it assumes that equipment capacities are identical to anchorage capacities.

4 Conclusions

Fragility functions are an important tool in earthquake engineering for com-
puting the probabilities of different damage states as a function of seismic
response. In this study, we have made several recommendations for improving
non-structural mechanical component fragility functions and associated loss
predictions in the FEMA P-58 Seismic Performance Assessment Procedure.
Revised procedures were proposed, and several benefits of the proposal were
illustrated.

Firstly, we have recommended re-fitting P-58 fragility functions for non-
structural mechanical components derived from empirical data, using max-
imum likelihood estimation. The proposed fitting procedure mitigates non-
convergence issues that arise in certain cases for the current P-58 fitting proce-
dure, makes predictions that better align with observed damage in past events,
and more efficiently estimates fragility parameters, among other benefits.

To compute loss predictions for anchored mechanical components, anchor-
age damage also needs to be considered. This is typically derived using a
fragility function based on building code provisions or case-specific anchorage
failure details. The current FEMA P-58 procedure for computing anchored me-
chanical component loss predictions involves pre-selecting a damage mode that
depends on differences between the component and anchorage fragility func-
tions, and consequently the resulting damage predictions do not correspond
to the individual fragility functions. This procedure can lead to unexpected
results, including non-smooth variation of repair costs as a function of median
anchorage capacity, and increased repair costs as the anchorage becomes less
vulnerable. We have recommended refining this procedure, such that dam-
age is predicted directly in line with the component and anchorage fragility
functions. The proposed procedure leads to repair cost predictions that vary
smoothly as a function of median anchorage capacity and decrease monotoni-
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cally as anchorage becomes less vulnerable. In addition, repair cost predictions
are more consistent with damage observed in previous events.

If implemented, the recommendations made in this paper would enhance
the FEMA P-58 Performance Assessment Procedure, an important tool in
seismic design and risk analysis practice.
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5 Appendix

5.1 Comparing Mechanical Component Damage Predictions with Observed
Damage

Table 3 Comparing mechanical component damage probabilities (calculated using the pro-
posed and current P-58 fragility function fitting procedures) with component damage ob-
served in the SMIP Information System for Northridge buildings, as described in Section
2.4.2. Note that Observed Damage and P(DS > ds1|EDP = pfarooy) are reported in the
following order: chiller, air handling unit, motor control center, transformer, distribution
panel. For Observed Damage, N = ‘None’, I=‘Insignificant’, M = ‘Moderate’, and H =
‘Heavy’. Note that the values of pfa,,,s include the 1.2 amplification factor required by
FEMA P-58 for components not sensitive to directionality.

Pfaroos () P(DS > ds1|EDP = pfaroof) Observed Damage

Proposed P-58

0.74 (0.48,0.16,0.20,0.02,0.01)  (0.56,0.11,0.00,0.01,0.00)  (N,N,N,N,N)
1.83 (1.00,0.70,0.75,0.30,0.15)  (1.00,0.61,0.22,0.20,0.10)  (H, M H H,H)
0.58 (0.10,0.08,0.10,0.01,0.00)  (0.14,0.05,0.00,0.00,0.00)  (N,N,N,N,N)
0.56 (0.07,0.07,0.09,0.01,0.00)  (0.10,0.05,0.00,0.00,0.00) (M,LI,LI)
0.78 (0.57,0.18,0.22,0.03,0.01)  (0.65,0.13,0.00,0.01,0.00)  (I,I,I,L,I)

0.48 (0.01,0.04,0.06,0.00,0.00)  (0.02,0.03,0.00,0.00,0.00) (N, N N,N,N)
0.23 (0.00,0.00,0.00,0.00,0.00)  (0.00,0.00,0.00,0.00,0.00)  (N,N,N,N,N)

5.2 Sample Calculations of Anchored Component Repair Cost Predictions

Let EDP = 1g and 6,

are summarized in Table 2 of Section 3.3.

5.2.1 Chiller

Proposed Procedure
First, calculate the probability of anchorage damage with equation 1, using

= 1g for both components. All other variable values



20 Gemma Cremen, Jack W. Baker

the anchorage fragility parameters:
P(DS >a|EDP=1)=& (%) =0.50 (11)

Then, calculate the probability of equipment damage with equation 1, using
the equipment fragility parameters:

P(DS > ¢|[EDP =1) =& (bg(z#) =0.92 (12)

Finally, compute the expected repair cost using equation 10:

RC = 0.50x[0.70x 1100+(1—0.70) x 51, 920]+0.92x[1 — (1 — 0.70) x 0.50]x50, 820 = $48,121

(13)
X 100 = 93 % (14)

48,121
x 100 =

RC% =
*~ RCae 51,920

Current P-58 Procedure

Since 0.3 x 8. < 6, and 0.3 x 6, < 6., select combined failure damage mode.
First, calculate the probability of occurrence of the damage mode with equa-
tion 1, using the anchorage fragility parameters:

log(1/1
P(DS > c|[EDP =1) =& (%) =0.50 (15)
Then, compute the expected repair cost using equation 9:
RC = 0.50 x [0.35 x 1100 + 0.15 x 51,920 + 0.50 x 50, 820] = $16,792 (16)
16,792
RC% = x 100 = — x 100 = 32 17
% RClae 51,920 32 % (17)

Even though the probability of equipment failure is significant in this case, the
expected repair cost predicted using the current P-58 procedure is low since
it is restricted by the lower vulnerability of the anchorage.

5.2.2 Distribution Panel

Proposed Procedure
First, calculate the probability of anchorage damage with equation 1, using
the anchorage fragility parameters:

P(DS > a|EDP =1) =& (1og(§15/1)) =0.50 (18)

Then, calculate the probability of equipment damage with equation 1, using
the equipment fragility parameters:

P(DS > ¢|[EDP =1) = & (%) =0.02 (19)

Finally, compute the expected repair cost using equation 10:
RC = 0.50x[0.70x1440+4(1—0.70) x 63, 120]4-0.02x[1 — (1 — 0.70) x 0.50]x61, 680 = $11,057
(20)

11,057
x 100 = — x 100 =18 % (21)

RC% = =
% RCae 63,120
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Current P-58 Procedure

Since 0.3 x 8, < 6, and 0.3 x 6, < 6., select combined failure damage mode.
First, calculate the probability of occurrence of the damage mode with equa-
tion 1, using the anchorage fragility parameters:

P(DS > ¢|[EDP =1) = & (1°g0(15/1)) — 0.50 (22)

Then, compute the expected repair cost using equation 9:
RC = RC. = 0.50 x [0.35 x 1440 + 0.15 x 63,120 + 0.50 x 61, 680] = $20,406  (23)

20, 406
x 100 =

RC% = =
% RCae 63,120

x 100 = 32 % (24)

Even though the probability of equipment failure is extremely low in this case,
the repair cost predicted using the current P-58 procedure is relatively large
as it is inflated by the higher vulnerability of the anchorage.

5.3 Comparing Anchored Mechanical Component Repair Cost Predictions
with Observed Damage

5.8.1 Calculating Anchorage Capacity

To calculate anchorage capacity, it is first necessary to obtain the anchorage
system design resistance (¢R,), which is calculated according to ASCE/SEI
7-10 equations 13.3-1 - 13.3-3 as follows:

F, 04xa,xSpsx(1+2%)

n = i 2
OR, = T o (25)
Ip
quRn S 1.6 x SDS X Ip (26)
®R, > 0.3 x Sps x I, (27)

where a, is a component amplification factor (assumed to be 1 for all com-
ponents examined since we are calculating capacity), Sps is the short period
spectral acceleration value (see Table 5 in Section 5.3.3 for building-specific
values), h is the height of the building relative to the ground, z is the height of
the component in the building relative to the ground (equal to h in this case,
since we are considering roof-level components), I,, is the component impor-
tance factor (equal to 1 for all components examined in this study) and R, is
a component response modification factor (equal to 2.5 or 6 for components
examined in this study, depending on the component of interest). We assume
that the anchorage has the brittle failure modes typical for concrete anchor-
age (FEMA, 2012b), so the relevant equation to calculate median capacity is
equation 3-2 in FEMA (2012a):

0 =C, x 8 x oR, (28)
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where 0 is the median anchorage capacity, C, is an adjustment coefficient for
construction quality, and g is the 8 parameter for the anchorage fragility func-
tion. C; and § are both set equal to 0.5, in accordance with FEMA (2012b).

5.8.2 Component Repair Cost Data

Table 4 Repair cost data for the components examined in Northridge buildings.

Component 1 Y1 Y2 To T3 T4 X 21 T4 Xz2 RCH RCe, RCe, RCgue
Chiller 0.70 1.00 ~ 0.35 0.15 0.50 ~ 1100 50,820 ~ 51,920
Air Handling Unit 0.70 0.67 0.33 0.35 0.15 0.35 0.15 2640 2200 204,600 207,240
Motor Control Center 0.70 1.00 ~ 0.35 0.15 0.50 ~ 550 4565 ~ 5115
Transformer 0.70 1.00 ~ 0.35 0.15 0.50 ~ 1100 8333 ~ 9433
Distribution Panel 0.70 1.00 ~ 0.35 0.15 0.50 ~ 1440 61,680 ~ 63,120

5.83.3 Comparing Predictions and Observations

Table 5 Comparing expected component repair cost percentage predictions (calculated us-
ing the proposed and current P-58 procedures) with component damage observed in the
SMIP Information System for Northridge buildings, as outlined in Section 3.4.2. Note that
Observed Damage and Expected Repair Cost % are reported in the following order: chiller,
air handling unit, motor control center, transformer, distribution panel. For Observed Dam-
age, N = ‘None’, [=‘Insignificant’, M = ‘Moderate’, and H = ‘Heavy’. Note that the values
of pfaroof include the 1.2 amplification factor required by FEMA P-58 for components not
sensitive to directionality.

pfarcos (8) Sbs Expected Repair Cost % Observed Damage
Proposed P-58

0.74 146 (48,16,29,15,11)  (6,11,23,14,11)  (N,N,N,N,N)

1.83 200  (99,42,80,51,36)  (29,24,50,50,51)  (FL,M,H,H,H)

0.58 139 (11,9,17,9,7) (3,7,14,8,7) (N,N,N,N,N)

0.56 156 (8,7,13,6,5) (1,4,9,9,9) (M,LILI)

0.78 159 (58,16,30,15,11)  (5,10,21,21,21)  (L,L,L,L,I)

0.48 157 (2,4,8,3,3) (1,3,5,5,5) (N,N,N.N,N)

0.23 148  (0,0,0,0,0) (0,0,0,0,0) (N,N,N,N,N)




