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ABSTRACT:

A methodology was recently proposed for the development of hapangatible building fragility models
using parameters of capacityrves and damage state thresholds from HAZUS (Karaca and Luco, 2008). In th
methodology, HAZUS curvilinear capacity curves were used to define nonlinear dynamic SDOF models tt
were subjected to the nonlinear time history analysis instead of the tyagg@@itrum method. In this study, we
construct a multilinear capacity curve with negative stiffness after an ultimate (capping) point for the nonline
time history analysis, as an alternative to the curvilinear model provided in HAZUS. As an illusthatienve
propose parameter values of the multilinear capacity curve for a modeddowrise steel moment resisting
frame building (labeled S1L in HAZUS). To determine fimal parameter values, we perform nonlinear time
history analyses of SDOF sgsts with vaious parameter values and investigate their effects on resulting
fragility functions through sensitivity analysis. The findings improve capacity curves and thereby fragilit
and/or vulnerability models for generic types of structures.
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1.INTRODUCTION

Fragility functions for generic structural models are very useful for estimating seismic risk on a regional level
a relatively simple manner, but are of course less accurate than bupgicific fragility functions for a
particular building. HAZUS, a popular risk assessment tool, has fragility functions for a total of 36 gener
structural models and 4 design code levels (Higide, Moderat€ode, LowCode, and Pr€ode). However,
HAZUS fragility functions are not in a format that can be coupled with hazard curves (e.g., USGS haza
curves) for a fullyprobabilistic risk assessment since they are not conditioned on spectral accelerstisarl

they areconditioned on building response. BiiKaraca and Luco (2008) recently proposed a methodology for
the development of hazambmpatible building fragility models using parameters of capacity curves and
damage state thresholds from HAZUS.

In the methodology of Karaca and Luco (2008), buddiesponse was estimated by time history analysis of

single degree of freedom systems corresponding to the HAZUS pushover curves under a large numbe
earthquake records, instead of the capacity spectrum method applied in HAZUS. The resulting fragil
functions conditioned on a single scalar spectral acceleration are derived using statistics of the building resp:
as a function of spectral acceleration, together with damage state thresholds from HAZUS that are in term:
building response (expressedterms of inelastic spectral displacements). Hazardpatible fragility functions

can then be coupled with existing hazard information, such as USGS seismic hazard curves. Also,

methodology allows one to account for, in derivation of the fragilitycfions, uncertainties in the building
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capacity curve and damage state thresholds, as well as ground motiontoeemaid variability in building
response.

Karaca and Luco (2008) used the curvilineapacitycurves provided in HAZUS%see Figure 2 foan example)

in order to be consistent. However, those curves weended to be used for the capacity spectrum method,
rather than for nonlinear time history analysis. So we may improve haaarpatible building fragility models

if we choose a more widehvailable and flexible capacity curve parameterization. As shown in Figure 1, in this
study we use multilinear capacity curves (see Figure 3 for an illustration) instead of the curvilinear capac
curves provided in HAZUS, due to the following reasohs:There are many available structural analysis
programs using multilinear back bones (e.g., OpenSees). In those programs, we can implement diffel
hysteresis models such as pinching or Clough models. 2) With multilinear capacity curves we can introdt
negative stiffness past the ultimate (capping) point, which can have significant effects on the response
nonlinear dynamic analyses (Ibarra, 2003). With negativeqaggting stiffness and various hysteresis models,
one can simulate strength and/orfess deterioration and collapse behavior.
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Figurel Overview of revisions to the HAZUS methodology

In this study, we review the HAZUS curvilinear capacity curves and point out limitations if we use them fc
nonlinear time histy analysis. We then construct multilinear capacity curves with negative stiffness after a
ultimate (capping) point, as an alternative to the HAZUS curvilinear curves. We propose appropriate capac
parameter values for the multilinear capacity curvesaraillustration in this paper, for a moderatele low

rise steel moment resisting frame building (labeled S1L in HAZUS). To determirimaheapacity parameter
values, we perform nonlinear time history analyses of SDOF systems wituy@arametervalues and
investigate their effects on resulting fragility functions through sensitivity analysis. The findings improv
capacity curves and thereby fragility and/or vulnerability models for generic types of structures.

2. HAZUS CAPACITY CURVE

Each HAZS building capacity curve is a plot of spectral displacement and acceleration converted from a ste
pushover curve of base shear versus displacement. It is intended to be used in the capacity spectrum m¢
rather than nonlinear time history analysisgufe 2 shows the curvilinear HAZUS capacity curve for a
moderatecode lowrise steel moment resisting frame (S1L) building. The building capacity curve consists o
two control points: yield and ultimate capacity. The yield capacity represents the kst strength of the
building considering conservatisms in design. The ultimate capacity represents the maximum strength of
building when the global system has reached a fully plastic state. The capacity curve is linear up to the vyi
point, it transitions in slope from an elastic state to a fully plastic state from the yield point to ultimate point, ar
it remains plastic past the ultimate point.
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Figure2 Curvilinear HAZUS capacity curve for a moderaigde lowrise steemoment resisting frame building

The yield capacityccelerationA,, is computed, as shown in Egn. 2.1, using a design strength coeffiCjent,

that is approximately based on the latdomte design requirements ofirrent seismic design codes (e.g., 1994
NEHRP Provisions). The conversion from yield acceleration,to yield displacement) , is computed using

the elastic fundamentahode period of the buildingZ, .

A =Cyy/e (9)

D, =98AT (in)
wherey is the overstrength factor relating yield strength to design strengtla,aiscthe fraction of building
weight effective in the pusbver mode.

2.1)

The ultimate capacityaccelerationand displacement are computed, as shown in Egn. 2.2, by multiplying the
yield capacity acceleration and displacement with, respectively, an overstrength factoand the
multiplication of the overstrenly factor, A, and ductility factor,u. For the example S1L building, the elastic
fundamentaimode period ) is 0.5 sec, the ductility factond) is 6, and the overstrength factqm) is 3. It
should be noted that the building peridfl X, pushover mode parameter(), and overstrength factory énd

A) are assumed to be independent ofgtesiode level, while the design strength coefficienif) @nd ductility
factor (u) are dependent on both building type and design level.

A,=27A (9)

D, = 4D, (in) @2
The capacity curve parameters are base@d combination of engineering calculations and judgment (Kircher
2007, personal communicatiorgincethey are originally derived from static pushover curves and converted for
the capacity spectrum methdtey may not be fully suitable for nonlinear &@rhistory analyses. In particular,
the curve is assumed to have plastic behavior without any strength and/or stiffness deterioration past
ultimate point, which is not realistic for general buildings. Also, the ratio of ultimate and yield displacemen
i.e., the effective ductility, is too large for real structures (e.g., 18 for the ex&tblauilding). This is because

the ultimate capacity displacement is not the OtrueO ultimate displacement capacity of thét sygtesha
point along the capagitcurve at which maximum strength has been fully attained (Kircher 2007, persona
communication). To overcome these limitations andatgve atmultilinear capacity curves appropriate for
nonlinear time history analyses, we need to determine parameaies\al multilinear capacity curves. In doing
S0, we investigate the effect of varying capacity parameter valuiagility functions, as describdad the next
section.
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3. MULTILINEAR CAPAC ITY CURVE

We construct a multilinear capacity curve for nonlmiae history analysis as an alternative to the curvilinear
capacity curve provided in HAZUS due to the reasons described in the Section 1. The multilinear capacity cu
consists of three points: yield, ultimate, and residual capacity, as shown in Eidaraddition to adjusting the

yield (D, A)) and ultimate points, , A,) that already exist in the HAZUS curvilinear curve, we introdaice

residual capacity pointfj, , 4.), and thereby negative stiffness past the ultimate (capping) point, because it he
significant effects on the responses in nonlinear dynamic analyses (Ibarra, 2003).
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Figure3 Multilinear capacity curve

Figure 4 shows a tree illustratiripe optionswe consideredor determining the multilinear capacity curve
parameters, where the chosen options are underlined. In determining the parameter values, we peri
nonlinear time history analyses of SDOF systemth vaiious capacity parameter values and investigate their
effects on resulting fragility functions through sensitivity analysis. The SDOF systems with the multilinee
capacity curves are subjected to a suite of 1554 ground motions from the PEER NerdtiGe Attenuation
(NGA) database. Weonstruct the fragility functions by combining building response and its variability from
regression analysis for nonlinear displacement demand,daittage state thresholds provided in HAZWUS
more detailed descrifion of the input ground motionsregression analysis procedure, and construction of
fragility functionscan be found in Karaca and Luco (2008).
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Figure4 A tree illustrating options for determining multilinear capacity curvaipaters



The 14" World Conference on Earthquake Engineering
October 1217, 2008, Beijing, China
14', \WCEE

For each multilinear capacity curve parameter, we make a decision considering the concepts behind HAZ
capacity curves, which we reviewed in Sectioard the effects of varyinipe parameter values on the fragility
functions. As an illustrationhere we determine parameter values for a modewte lowrise steel moment
resisting frame building (labeled S1L in HAZUS). We use hereafter OCurvilinearO to denote the curvilin
capacity curve with the parameter values provided in HAZUS, OTrilinead®note the multilinear curve
without the residual capacity point (i.e., zero stiffness after the ultimate point), and OMultilinearO to denote
multilinear curvewith the residual capacity point.

3.1. Yield Capacity PointD; and A)

A yield capacity point consistent with HAZUS may be determined in the two ways shown in Figure 4: 1) usir
the HAZUS yield capacity point; 2) computing a new yield capacity using the equal area rule that is often us
to estimate theigld point of a bilinear capacity curve that approximates a curvilinear Mote. that in our
application of the equal area rule wintain the initial stiffness of the structure.

Figure 5 shows trilinear capacity curves with both yield points andairesponding HAZUS curvilinear curve
for the example S1L buildingdn advantage of using the HAZUS yield point (denotéy , A)) in Figure 5) is

that it is based on a combination of seismic design codes and expert judgmedescribed in the Section 2.
However, usingD, results in an effectivductility and strain hardening rat{e.g.,18 and 0.12 respectively for

the exampleéS1L building) thatare unreasonably large for general buildings. Using th@lagea rule shifts the
yield displacement (denote(d);f,A;) in Figure 5) in a way that makes the ductility and strain hardening ratio

more appropriate for general buildings.
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Figure5 Capacitycurves with various yield points
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Table 1 summarizes the median spectral acceleratipacity from the fragility function fagachdamage state
(i.e., S,(T =0.5sec) corresponding to a damage state exceedance probability ofth@%y computedor the

two trilinear capacity curveand the curvilinear ondote that the median spectral acceleration is not computed
directly from the capacity curve, but frommet methodology described briefly in Sectiartlshows that, in the
slight and moderatdamage states, the trilinear model with a new value based on the equal area rule is as cl
as or closer to the curvilinear curve than the one with the original HAZUS value. For the extensive a
complete damage statese donOt expect the sensitivity etved in Table 1 for the multilinear capacity curve
we will eventually arrive atThus we choose the yield capacity point based on the equal ardarrtile new
yield capacity point.
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Tablel Median spectral acceleratiesapacityfor eachdamage state for the trilinear curves with two

different yield capacity points compared with that for the curvilinear curve with the HAZUS parameter values
Damage states | Trilinearwith (D, A)) | Trilinearwith (D, A)) Curvilinear
Slight 0.55 0.55 0.57
Moderate 0.84 0.90 0.88
Extensive 1.63 1.77 1.68
Complete 3.46 3.81 3.52

3.2. Ultimate Capacity Point®, and A)

Given the new vyield caeity point determined in Section 3.1, the ultimate capacity displacement may bt
determined in the three ways shown in Figure 4u%)D , multiplication of the HAZUS ductility factory, and

the HAZUS yield capacity disptement,D,; 2) D, (=AxuxD,), use of the HAZUS ultimate capacity
displacement; 3)uxD;f, multiplication of the HAZUS ductility factoryu, and the new yield capacity
displacementpD; .

Presuming we choose to use the HAZUS ultimate yield acceleration, which is an option discussed at the en
this subsection, Figure 6 shows trilinear capacity curves with the three ultimate displacements for the exan
S1L building. The effectiveluctility values (i.e., ultimate displacement divided by yield displacement) for the
three options and the exampBdL building are 2.76, 8.15, and 6.0, respectively. The first optior Ip,)

results in an unreasonably small ductility andeasonably large strain hardening ratio for general buildings.
Also, the resulting ultimate capacity displacement is unreasonably small compared to the median damage
threshold value from HAZUS for the extensive or complete damage states, as stigurén6. If we choose

the second optionn},), then the effective ductility is comparable to the original ductility factor,/jufrom

the HAZUS curvilinear capacity curve does not have a solid reason to be maintaimeciifnear time history
analysis (in place of the capacity spectrum method), as described in Section 2. Furthermore, the effec
ductility is larger than the HAZUS ductility factoy, not only for the example S1L building but for HIAZUS
building types and design code levels.
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Figure6 Capacity curves with various ultimate points

With the third option we maintain the HAZUS ductility fact@vithout the additionalHAZUS overstrength
facton by choosinguxD;f. It should be noted here thatx D;f is different than the ultimate displacemdnj

that was used in applying the equal area rule to determ;iné'hus, a new yield displacement can bmpated

based on the equal area rule witl D;f instead ofD,, via an iterative procedure that can be performed until
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the new yield and ultimate displacements are converged within a specified tolérhiscéeration is ldf to
future work.

Given the new vyield capacity point determined in Section 3.1, the ultimate capacity acceleration may
determined in the two ways shown in Figure 4:A13 A)* multiplication of the HAZUS overstrength ratia,,

and the new yield acceleration;; 2) use ofA,(=AxA)), the HAZUS ultimate capacity acceleration. If we
chooseAxA;f, it results in unreasonably large strain hardening ratio for general buildings. chooseA,,

then AM/Ax becomes smaller than the HAZUS overstrength fagtobut it results in a more reasonable strain

hardening ratio. Also, we know that the ultimate capacity accelerat®talge effects on building responses
and fragility functions, based on sensitivity analysis (Ryal, 2008). Thus, we choose to keep the HAZUS
ultimate capacity acceleratiod,,, for our multilinear capacity curve.

3.3. Residual Capeity Point (D" and 4 )

As illustrated above in Figure 3, we introduce a residual capacity, @ridtherebynegative stiffness in the
multilinear capacity curve past the ultimate (capping) point, because it hascsighéffects on the responses in
nonlinear dynamic analyses (Ibarra, 2003). With negativeqaggting stiffness and various hysteresis models,
we may be able to simulate strength and/or stiffness deterioration and collapse behavior. It is diffictlf, thou
to determine the residual capacity point because it is not included in HAZUS and there is not enough guida
or information on the residual capacity for generic types of buildings. Based on the damage state descripti
from HAZUS, the residual capagitisplacement (i.e., where the residual strength branch stBytsinay be

determined in the two ways shown in Figure 4: 1) useiQf; ..., the median damage state threshold from
HAZUS for the complete damage state;(ﬁz)mm.omp,m /mDST,ex,em,e)x D,, multiplication of the ratio of the

median damage state threshold for the complete and extensive damage states and the new ultimate displac
determined in the Section 3.2. The resulting negative-gaygbing stiffness ratios fahe two options are0.10
and-0.15, respectively, which are reasonable values for the example S1L building.

If we choosen g .m..» NOWeVer, then the resulting negative peegpping stiffness getshallowerfrom the
HAZUS high-code to precode design levels, contrary to common sense, instead of geteeygetike it does if
We  USE (Mps7icompiere /Mpsticensive )% D - THUS, We  ChOOSEM ps71.mpiere /Misricntensve )% Da TOT the  residual
capacity displacement of our multilinear capacity curve.
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Figure7 Capacity curves with various residualpacitypoints
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To determine the residual capacity acceleratiéh, we perform sensitivity analysis considering residual

strength ratios A:/Ay*) of 0.0, 0.2, and 0.4 based on (Ibarra, 2003). Figure 7 shows the capacity curves for tl

three different residuakapacity accelerations, and Table 2 summarizes the resulting median spectrs
acceleration capacity from the fragility function computed forhedamage state (via the methodology
described briefly in Section 1Jhe effect of the negative pesapping stiffnesén the multilinear model can be
easilyidentified in the extensive and complete damage states, but the median spectral acceleraii@s asgpac
relatively insensitive to the residual strength ratio for the example S1L builfing, one might choose any
residual strength ratio in the range considered, say 0.2.

Table 2 Median spectral acceleration capacity focledamage state for the multilinear capacity curves with
three different residual strength ratios, compared with those for curvilinear and trilinear capacity (Blotees
thatthe resultsn Table 1for thetrilinear capacity curveusedthe HAZUS not nev, ultimate capacity point.)

. . . Trilinear with

D;r:tige M(l{!ﬂh:g)& ' '\(/I.l.milg_esr I\(/Iu Iti|8.e4asr Curvilinear new yield a}nd

' i r ultimate poing
Slight 0.56 0.56 0.56 0.57 0.56
Moderate 0.91 0.91 0.92 0.88 0.94
Extensive 1.61 1.65 1.67 1.68 1.79
Complete 3.09 3.23 3.34 3.52 3.77

4. CONCLUSION

To create a more realistic capacity curve model that is easy to implement for nonlinear time history analysis,
construct multilinear capacity curvésat are consistent with the curvilinear capacity curves and median damag
state thresholds provided in HAZUS. The multilinear capacity curves include negative stiffness past the ultim
(capping) point, which can be used to simulate strength andfmessfdeterioration and collapse behavior. Our
choices for the parameters of the multilinear capacity curve nmavdels follows: 1)a yield capacity point

(D;,A;), based onan equal area ruleelative to thecurvilinear capacity curveprovided in HAZUS 2)
D,=u" D, and A, =A, for the new ultimate capacity pojnthere i and A are from HAZUS; 3)

D: :(mDST|compIete/mDST|extensiv; ! D:J and A: =0.2" A\; for the residual CapaCity poinWhere mDSTlextensiw and

Mpsicomplete &€ from HAZUS. In choosing these parameters we perform nonlinear time history analyses of th

new multilinear SDOF systems with vauis capacity parameter values and investigate their effects olimgsu
fragility functions through sensitivity analysis. As an illustration, in this paper we propose appropriate capac
parameter values for a moderatede lowrise steel moment resisting frame building (labeled S1L in HAZUS)
based on the sensitivity alysis resultsAlthough not reported herehe applicability of the procedure proposed

in this studyhas beernnvestigated for other types of structures in HAZUS. In future work, comparisons betwee!
the multilinear capacity curvemd thecurvilinear onesvith original parameter values provided in HAZUS will

be further extended from fragility functions to risk and loss estimation.
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