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Abstract: This paper introduces a quantitative methodology to model the way the hurricane wind vulnerability of a region’s building
inventory changes over time due, for example, to aging, structural upgrading efforts, construction and demolition of buildings, and
changing materials, construction technologies, and building code content and enforcement. The model aims to explore the overall rate ¢
vulnerability change and the relative contributions of various societal and natural factors affecting it, and ultimately to be incorporated into
regional risk assessment models. Current risk assessment models assume that a region’s vulnerability remains constant over time. T
methodology combines a component-based building vulnerability model, simulation, and Markov modeling. The vulnerability changes are
represented by changes in the form of fragility curves over time. A limited scope sample analysis is presented for a model residential
wood-frame building category in North Carolina. The sample analysis addresses vulnerability changes due to building code changes onl
and includes an investigation of the sensitivity of the results to several key parameters.
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Introduction changes due to building code changes, the time period from 2000

The vulnerability of a region’s building stock to natural hazards © 2020, and one residential, wood-frame building category in

continuously changes over time due, for example, to aging, struc-c0astal North Carolina. _ _
tural upgrading efforts, construction and demolition of buildings, " this paper, vulnerability refers to the potential of the built
and changing materials, construction technologies, and building €nVironment to be damaged or destroyed. The vulnerability of a
codes. In fact, many natural disaster risk management efforts relycategory of buildingse.g., single-family wood-frames charac-

on the assumption that we can affect this change such that Vu|_ter|zed_l_)y a set of f_ra_glllt)_/ curves, each of_whlch r_epresents the
nerability, and therefore risk, are reduced. Nevertheless, regionalProbability that a building in that category will experience at least
natural disaster risk assessment modalso known as loss esti- ~ the associated damage stégeg., minor, moderate, severgiven
mation models currently assume that building vulnerability re- & certain wind speed. Changes in the vulnerablll_ty of a building
mains constant through time. As a result, these models may in-category, therefore, are represented by changes in the form of the
correctly estimate risk. This paper introduces a methodology to @ssociated fragility curvege.g., see Fig. )1 In loss estimation
model the way that the hurricane wind vulnerability of a region’s Models, vulnerability models are combined in a Geographic In-
building inventory changes over time. The model is being devel- formation System with a hazard model and structural inventory
oped as part of a larger effort to model how hurricane risk databases to estimate the expected loss in a region in a specified
changes over time. This paper focuses on the theoretical developfuture time periode.g., NIBS 2000, Rosowsky et al. 1999

ment of the vulnerability change methodology, which aims to be ~ Many societal and natural factors affect the vulnerability of a
generic enough to allow inclusion of all causes of vulnerability region’s building inventory. Some serve to increase(atg.,
change, and ultimately to be adapted to different hazards andaging; some to decrease {e.g., improving building codes or
regions. The paper's sample analysis, however, is restricted intheir enforcement A building vulnerability change model that

scope, addressing only the hurricane wind hazard, vulnerability €xplicitly simulates these effects can help shed light on which of
these competing factors dominates and can show how their effects

evolve over time.
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a vulnerability model for a group of structured:) component-
09 based and?2) direct. In the component-based approach, the vul-
g 08 nerability of the components of a structue=g., windows, roof
£07 - are each determined separately, and the vulnerability of the struc-
2o ture is determined based on the component vulnerabilities and
205 /= their interactions. In the direct approach, the model is determined
f 04 / ,,// 7 2010 Moder ‘ for the entire structure without considering components, for ex-
2 03 ﬁ’ // — - 2010-Destruction ample, by deriving relationships between historical damage and
& 02 ,./// /[ :%mﬁ wind speeds. Chiu1994, Holmes (1996, Stubbs and Perry
ol "'/ ’/ —=—2020-Severe (1996, Unanwa et al.(2000, Unanwa and McDonald2000),
0 ﬁ/T ] . . _MD“""C""" ! and NIBS (2000 offer examples of wind vulnerability models
0 6 8 100 120 140 160 180 developed using the component-based approach. Examples of
Three-second peak gust wind speed (mph) wind vulnerability models developed using the direct approach

can be found in Leicester et al1979, Mitsuta et al.(1996),
Fig. 1. Sample analysis results showing change in fragility curves Sparks et al(1994, and Rosowsky et a(1999.
over time A building vulnerability change model requires a vulnerability

model to serve as its foundation. The building vulnerability

change model developed in this work is based on a simplified
a delay between the decision and implementation, a delay in theversion of HAZUS, the NIBS(2000 model. Based on a draft
policy having an effect on the riske.g., zoning laws actually  technical manual, the HAZUS model will use a component-based
reducing the number of structures in hazardous areas delay approach that employs simulation to combine component damage
in the time until the next hurricane occurs and the benefits of the into building damage. Discussions in the sections, “Overall Meth-
effort are realized. A fully dynamic risk assessment model could odology” and “Component, Component State, and Damage State
show the user how the effects of his decisions will unfold over Definitions” explain specifically how the HAZUS methodology
time. Third, by explicitly modeling the societal and natural factors has been modified for use in this study. Although it is more
effecting the change(e.g., demographic and building code calculation- and data-intensive than the direct approach, the
changes a hurricane risk forecasting methodology could allow component-based approach was selected because it allows more
assessment of the relative contributions of those factors. Under-direct modeling of building code changes or other mitigation ef-
standing how these factors come together to create risk may sugforts than the direct approach. The simulation-based approach of
gest risk management opportunities that target the root causes 0HAZUS was chosen because it could be incorporated into the

risk and can be most effective in the long term. Fourth, one of the yyinerability change methodology and is publicly available.
reasons for a relatively low level of public concern about hurri-

cane risk is that hurricanes are seen as part of the future, and

therefore, as an issue that can be addressed at a later time. Riskulnerability Change Models

forecasts can establish more directly and quantitatively the con- ) o

nection between today's actions and the effects of a hurricane 20Currently, there are no available quantitative models of how the
years from nowe.g., as a decision to build on the coast today Vulnerability of a region’s building inventory to natural hazards
creates inventory to be damaged in the next hurricakstronger changes over time. A recent report by the National Association of
connection between present and future can make hurricane riskiome Builders(NAHB 2000) offers perhaps the best available
more salient and encourage risk management activities. macro-examination of building vulnerability change. The report,

This paper begins with a background on available vulnerabil- Which is based on statistical data, construction documents, and
ity and vulnerability change models. The new building vulnerabil- Personal interviews, describes the U.S. residential building inven-
ity change methodology is described in the next section. A sampletory as a wholenot broken down regionally or otherwisguring
application of the methodology is then presented, considering three periods of time: the early-1900s, the mid-1900s, and the
only the effects of building code changes for a model residential, late-1900s. Stewart et 42000 uses the Rosowsky et 4l1999
wood-frame building category in North Carolina. The sample direct vulnerability model to explore the effects of a few scenario-
analysis is meant only to illustrate the model application and re- based hypothetical changes in vulnerability on estimated losses
sults, not to provide definitive conclusions about this study re- (€.g., if all houses were retrofit after experiencing hurricane dam-
gion. The paper concludes with summary remarks on the @ge, or if all new housing was constructed with reduced vulner-
strengths and limitations of the methodology. ability). Tao et al.(1994 uses a Markov decision process-based

modeling approach to identify an optimal design and maintenance

policy for a specific structure. As part of the model, changes in a
Background structure’s resistance over time due to aging and maintenance
efforts are simulated.

While those studies examine changes in building inventory
from a broad perspective, studies of fastener corrosion and weath-
In applying vulnerability models, the built environment is divided ering and decay of wootk.g., Browne 1960; Wilcox 1978; Ben-
into groups of structures that exhibit similar vulnerability. A sepa- gelsdorf 1982 can be considered examinations of aging-related
rate vulnerability modeli.e., set of fragility curvesis developed changes in building vulnerability at a microlevel. The building
for each group. A model building is typically defined within the vulnerability change model introduced in the next section incor-
building category, the vulnerability of the model building is ana- porates some of the findings of these macro- and micro-studies
lyzed, and it is assumed that its behavior represents that of allinto a framework that explicitly, quantitatively models changes in
buildings in the category. There are two approaches to developinga region’s vulnerability over time.

Vulnerability Models
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Table 1. Sample Analysis Component and Building Damage States

Damage state Damage description Roof cover area failure  Window failure  Roof sheathing area failure Roof-to-wall connection failure
0 No or very minor damage <2.5% None None No
1 Minor damage >2.5% <2 None No

<15%
2 Moderate damage >15% >2 <5% No

<50% <4
3 Severe damage >50% >4 >5% No

<6 <40%

4 Destruction >50% >6 >40% Yes

Note: A building is considered to be in the higher damage statryibf the italicized damage indicators in the corresponding row occurs. Based on NIBS
(2000, as described in the section, “Component, Component State, and Damage State Definitions.”

Building Vulnerability Change Model simulation, which is based on NIB&000, has seven basic steps.
The simulation is done for one building category at a time. First,
for each component, the mean component resistangg. is
randomly sampled from the probability mass function that de-
The building vulnerability change model aims to capture the way scribes the relative frequency of the component being in each
in which the vulnerability of a region's building inventory  state. Second, for each component, a value of the resistance of the
changes during each time stéy in a specified time horizoft. componenR, is randomly sampled from a lognormal distribution
The methodology was developed for residential construction andyith the specified mean resistangg, and coefficient of varia-

Fhe hurricane wind hazard only, although it _could be extended 1o {jgp, CVg.. The lognormal distribution was chosen to keep the
include other structural types and hazards in the future. Vulner- joge| simple while ensuring that the non-negativity constraint is
ability changes due to changes in the numbers, locations, or ar-fijled. Other distributions could easily be substituted for some
chitectural styles of buildings are not included in this methodol- o 5| components if evidence supported that decision. Component
ogy, rather, they are addressed in a building inventory change qgistances are assumed to be independent. The variability mod-
model developed in conjunction with this mod@avidson and  gjeq in Step 1 captures the fact that different buildings within a

Objectives and Scope

Rivera 2003 building category have different configurations for each compo-
nent(e.g., for roof-to-wall connections, a building may use three
Components 8d toe nails alone or threed3toe nails plus a strap on every

In this building vulnerability change model, each building is con- raftep. The v_ar_lab|I|ty_|n Step 2 recognizes that there_ IS va_r|ab|l|ty
. - etween buildings with the same component configuratard
sidered to be an assemblage of components, such as windows an . - ; . .
even within one buildingdue to construction and material vari-

roof sheathm_g. Th? expected performance of each componentabi"ty. Third, for each component, the component resistétde
during a hurricane is evaluated separately, and together the Combom ared to the wind load that would be applied to that
ponents’ damage determines the building’s performance. Compo- omponent at each of a seiwc’)f different three-srt)azond eak qust
nents included in the model are those that are key determinants of °MP p 9

a building’s damage level in hurricane winds. Those characteris- :N'ng ?ﬁeedsw (40—2tOfO_|mpD: t':] t:we _rejlstanci |sﬂiess_tharjt tge
tics that depend on the building owner’s style preferences are oad, the component fails at that wind Speed, otherwise, It does

captured by the building inventory change motiey., number of MOt The component wind loads, resulting from each specified
stories, roof shape(Davidson and Rivera 2003Those that are wind speedN_are est!mated deterministically as the design wind
more the result of structural performance considerations are cap/0ads determined using ASCE 7-98SCE 1993.

tured in this vulnerability change modés.g., roof covering at- Fourth, the damage state of each component at each wind
tachment, roof-to-wall connection speed is determined using established damage state definitions.

Each component type hasS, possible states, defined as pos- qu example, if none of the roof sheathing fails, it has “no _to
sible values of the mean component resistance. The actual resisMinor damage;” if no more than 5% of the area of roof sheathing
tance of a component in a given building is a random variable. At fails, it is in the “moderate damage” state; and so on. The roof
a point in time, for a given component, a state vector describes sheathing is modeled as many discrete pieces, and the failure of
the probabilities of the component being in each state. The stateach piece is modeled separately. The percentage of damage to
vector is like a probability mass function for the mean component roof sheathing, therefore, is based on the number of pieces of roof
resistance. A Markov-based model is used to estimate how thesheathing(and the associated percentage of roof ateat are
state vector changes over time. The section, “Component, Com-damaged. The same approach holds for roof covering and win-

ponent State, and Damage State Definitions” explains how com- dows. Fifth, the building damage state is determined based on the
ponent states are defined. component damage states. For example, if no more than 2.5% of

the roof covering fails, no windows fail, no roof sheathing fails,
and the roof-to-wall connection does not fail, the building is in
Overall Methodology the “no or very minor damage” statState (. Table 1 shows the
The building vulnerability change model uses simulation to de- component and building damage states used in the sample analy-
termine, for each time step in the time horizon, a set of fragility sis. Sixth, Steps 1 to 5 are repeatédsay, 1,000 times, and the
curves for each component, and for a building as a whole. The frequency of each component and building damage state at each
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wind speed within theN iterations are determined and used to Markov-Based Model

develop fragility curves. Finally, for each component, the prob- -, o, ch componert a methodology based on a stationary Mar-
ability mass function of component states is updated using & Mar-y ., chain is used to model the way that the component resistance
kov model(see next sectigrfor the next time step. This updating changes over time. TH8, states of the Markov chain correspond
reflects changes that occur in the mean resistances of building the possible values of mean resistance of the compangnt
components.. The entire process is repeated for each time step ifrpe variabler;(t) represents the probability that the component
the time horizon. is in statei at timet. The values ofr.;(t) are all stored in a 1 by
The component- and simulation-based vulnerability model that S, state vectorr(t), which defines a probability mass function
is the foundation of this methodology is similar to that used in fgor the mean resistance of componenAn analogous methodol-
HAZUS with a few significant simplifications. According to the ogy could be developed to model changes in the variance of com-
draft technical manualNIBS 2000, HAZUS reevaluates wind  ponent resistances, but at this time the coefficient of variation of
speed and direction at 15-min time intervals, allowing it to incor- the resistance€ Vg, is assumed to be constant over time for all
porate the effect of internal pressurization and to model the evo- components.
lution of damage during a hurricane explicitly. At each time step, Changes in building vulnerability may occur due to one of
HAZUS calculates the wind loads on componemts using four factors:(1) changes in the content of building codBs(2)
directionality-dependent pressure coefficients, rather than ASCEchanges due to technological innovatidesg., introduction of a
7-95 design wind loads used in the simplified model in this study. new materigl or other societal factor; (3) structural agingA;
HAZUS also accounts for the shielding effect of the terrain near a and (4) building upgradedJ. During a given time step, the first
structure and computes the probability of a missile impact on a two factors(B andT) affect only the vulnerability of new build-
wall at each time step; the model in this paper does not. Theseings that are constructed during that time step; the second two
simplifications were made to facilitate development of the vulner- factors(A andU) affect only buildings that already existed at the
ability changemodel that is the focus of this resear@nd is not beginning of the time step. The probability that comporesitan
part of HAZUS but if desired, it should be possible to incorpo- existing building is in statéat timet, w52(t), is calculated using
rate the full HAZUS model when it is complete. Eq. (1)

Eo ()= mEB(t—1)EB, 1+ 72 T(H)eNB+ 7 (1)(1—e)NB—w28(t)DB,

i EBt (1)

where EB,=number of buildings that exist at timg NB, and “TcEiB(t)
DB;=number of new buildings built and buildings demolished

between time$— 1 andt, respectively:w2:7(t) = probability that mEB(t—1)+ w2 T (en+wl(tH)(1—e)n—=EB(t—1)d
componentc of a new building built to code between timés = 1+n—d

—1 andt is in statei; 7 ;(t) = probability that component of a

new building not built to code, but built to the technology of the (2)
time between times—1 andt is in statei; mg°(t) = probability The distribution of component mean resistances in buildings

that component of a building demolished between tire 1 and that existed in time— 1 may change during the time step due to
tis in statei; ande,= percentage of new buildings built between the effects of aging or building owners undertaking structural up-

timest—1 andt that are built to the current building codee., grades. To represent those changes, the distribution of existing
for which the code is enforcgdThe first term in the numerator  puildings is updated by a transition probability mat{V . The
represents the number of buildings for which comporeist in distribution of component mean resistances in new buildings built

statei at t—1. The remaining terms represent the number of to the current code and with current technology can be deter-
buildings built to code, the number of buildings built but not to  mined using a Markov Chaimrg’T(t)ZWE:T(O)[pE’T]t, where

code, and the number of buildings demolished between times 2.7(0) is the initial state vector containing the probabilities that

—1 andt for which component is in statei. Dividing the nu- the code and current technology require comporeta be in
merator (i.e., the total number of buildings at tintefor which statei, and P2'T is a transition probability matrix representing
component is in statei) by the total number of buildings at time  changes in the content of the code and changes in technology.
t gives the probability that a building at timidias componert in Similarly, the distribution of component mean resistances in new
statei. buildings built not to the current code but with current technology

If it is assumed that the distribution of buildings demolished can be determined using a Markov chaﬁg(t):ﬂl(o)[pg]g
betweent—1 andt is the same as that of buildings existing in  wherew[(0) is the initial state vector containing the probabilities
timet—1, thenw28(t)=m5B(t—1). Letn andd be the numbers  that current technology require componertb be in statd, and
of new buildings built and existing buildings demolished between P! is a transition probability matrix representing changes in tech-
timest—1 andt, expressed as percentages of the number of ex- nology. Incorporating these elements into E2), and expanding
isting buildings at timet—1, EB,_;. Substituting NB; each probability into a vector produces Eg), which is used to
=nEB;_,, DB=dEB;_,, and EB,=EB;_;+NB;—DB; and update the probability mass function of component resistances in
simplifying Eq. (1) yields Eq.(2) step 7 of the simulation
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mEBt—1)[PYY]+wBT(0)[PET]len+wl (0)[PL](1—e)n—=EB(t—1)d

EBty_
e (1) 1rn—d 3)
[
Each valueP%;’ (i,j=1,2,...5), in the P{"Y matrix is de-  the roof covering are assumed to penetrate through the sheathing
fined as the probability of componeatransitioning from staté panels. Rafters are spaced 2 ft on center, and the eave width is 1

to statej in one time stepdue only to the effects of aging and ft with soffit. The building is in a suburban or urban areat-
upgrading The matrixP>V is defined as a combination of two  egory B exposure in ASCE 7-95and in the high-wind area as
probability matricesP? and PY, which represent state changes designated by the 1996 NC building code.

due to aging only and due to upgrading only, respectively. The  Building categories should be defined narrowly enough that
values in the two matrices are assessed, then the overall probabilthe buildings within a category all exhibit sufficiently similar be-

ity of a component’s mean resistance changing from stabej havior, but broadly enough that there are not too many categories
can be calculated using E@). The transition probability matrix ~ to efficiently apply the methodology to all the buildings in a re-
PET is calculated similarly. gion. A category definition will determine the applicable building
code, the key building components, the number and size of each
Pé\i,ju: > Pé\ikP(L:ka 4) of those components, and the wind loads they experience. To the
K extent that other wood-frame, residential buildings in North Caro-

To implement this Markov-based model for a building cat- lina have similar configurations that would result in similar wind
egory, the matrix states have to be defined; the new construction,IOadS on components,_ the sample analy5|_s_ can be can|dered to
demolition, and code enforcement ratesd, ande, , respectively, apply to th.at larger building category. AQd|t|ongI _vvork is neces-
have to be estimated; and probability values for the matries ( sary to define a complete set of appropriate building categories to

P, PA and PY) and the state vectors;E8(0), =27(0), and which the methodology should be applied.

m!(0) have to be estimated for each of the components. The

section, “Parameter Estimation” describes how these parametersComponent, Component State, and Damage State
were estimated in the sample analysis. Definitions

For simplicity, only four key components were considered in the
Sample Analysis sample analysig1) roof covering attachment=1 (i.e., nailing

schedul¢ (2) roof sheathing attachment=2 (i.e., nailing
To illustrate the application of the building vulnerability change schedulg (3) roof-to-wall connection types=3 (e.g., toe nailed,
model, a sample analysis was conducted for a model residential strappedt and (4) window glass thickness=4. Each section of
wood-frame building category in coastal North Carolina, for the roof and each window is considered to be a separate component.
period 2000 to 2020 =20 years) with a five-year time step A typical building, therefore, has many roof covering and roof
(At=5 years). Only the effects of building code changes are in- sheathing attachment components, and many window compo-
cluded in this sample analysis; aging, upgrading, and new tech-nents. In the sample analysis, there are 44 roof sheathing
nologies were not considered. The sample building category iscomponents—36 the size of a full sheathing panel, and 8 half the
described first. The following section discusses how the compo- Size of a sheathing panel. Each full sheathing panel constitutes
nents, component states, and damage states were defined. Parar@bout 2.5% of the entire roof area. There are the equivalent of 14,
eter estimation for the sample analysis is then discussed, and fi20, and 6 full roof sheathing components in ASCE 7-95 wind load
nally, the sample analysis results and sensitivity analysis arezones 1, 2, and 3, respectively. Panels crossing two zones are
presented. The model has not been extensively calibrated, so thigonsidered to be in the zone with a higher load, and the capacities
sample analysis is intended only to illustrate the application of the of the 44 sheathing panels are assumed to be independent of each

methodology and interpretation of the results. other in the analysis. Zhat2002 shows the roof component
layout. Roof covering components are considered to have the

same size and layout as the roof sheathing components. HAZUS
(NIBS 2000 includes the same four components, plus doors and
The building vulnerability change methodology should be applied walls, which were not included in this sample analysis for sim-
to one building category at a time. One approach in developing plicity.

vulnerability models is to define one or a few model buildings Each component type has four or five possible states, defined
within the building category, analyze the vulnerability of the as possible values of the mean component resistance. The number
model buildings), and assume that its behavior represents that of of states was selected so that there would be enough to adequately
all buildings in the categorye.g., NIBS 2000, Unanwa et al. represent the variability in component states, but no more than
2000. In the sample analysis, a single model building is defined. necessary. In defining component states, it is necessary to deter-
It is a one-story, residential wood-frame building in coastal North mine a range of component resistances that covers all those that
Carolina. The applicable code for this type of building is the existtoday or are likely to exist during the time horizon. For each
“North Carolina State Building Code, Volume for Residential” component, therefore, based on past and current building codes,
(NCBCC 1996. It has a 28K 40 ft rectangular floor plan, 9 ft ~ and on experimental evidence and analytical models in the litera-
walls, two 2.5 ft< 4 ft sheet plate glass windows on each exterior ture, typical configurations are identified, and the mean resistance
wall, and a gable roof with a 1:2 slope. The roof sheathing is associated with each configuration is estimated. For example,
comprised of 4 fK 8 ft, 3/8 in. thick plywood panels and the roof typical roof sheathing attachment configurations identified @e:
covering is 1 fix 3 ft, 3-tab asphalt shingles. Nails used to attach 6d nails at 12 in. on centejo.c) on the edges and 12 in. o.c. on

Building Category Description
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Table 2. Roof Covering Component States and Value®8f =2(0), and=58(0)

pE State 0, 20 psf State 1, 30 psf State 2, 40 psf State 3, 60 psf State 4, 80 psf Configurations
State 0(20 psh? 0 0 1 0 0 2,128

State 1(30 psh 0 0 1 0 0 3,12 ¢

State 2(40 psh 0 0 0.75 0.25 0 4,12 g

State 3(60 psf 0 0 0 0.5 0.5 6,12 g

State 4(80 psf 0 0 0 0.25 0.75 8,12¢

w27(0) 0 0 1 0 0

w8(0) 0.1 0.1 0.6 0.15 0.05

Note: Configurations75'7(0), w£8(0), andP? are based on building codéCBCC 1996, 1985, 1976, 1968; ICC 200nd construction handbooks
(Anderson 199p Estimation of all values in this table is explained in more detail in Z{2092, 41-4%

&vlean component resistances were estimated by calculating nail withdrawal capacities based on the National Design Spétife&idrior Wood
Construction(AF&PA 1997).

Bx, y refers to using« nails of sizey for each 3-tab, 1 3 ft asphalt roof shingle strip.

the support$12 in./12 in), (2) 6d nails, 6 in./12 in.(3) 8d nalils, Parameter Estimation

6 in./12 in., and(4) 8d nails, 6 in./6 in. Based on the American

Plywood Association test results for Douglas Fir-Lat€unning- The effects of aging, upgrading, and new technologies were not
ham 1993, the mean resistances associated with these configuraconsidered in the sample analy$i®., it was assumed th&,

tions were estimated to be 22 psf, 44 psf, 104 psf, and 131 psf,=P.=P!=1 for all ¢; and thatw®T(0)==E(0)]. It was also
respectively. These mean resistances are then defined as thassumed that buildings built between 1 andt, but not to code,
states. Thus, while all possible configurations of a component arehave the same distribution of states as those existing at ttime
not considered explicitly in defining component states, any con- —1 [i.e., wl(t)=mE>(t—1)]. A ten-year demolition rate of 15%
figuration can be represented by the state with a similar meanwas estimated using 1980 and 1990 Census data. Based on the
resistance. Tables 2-5 show the states and associated configurgensus-based projections of buildings in 2000 to 2020 in David-
tions for the four components. Zhg@002 provides details of  son and Riverg2003, the ten-year construction rate was esti-
how the component states were identified and the mean resisyyated as 20%. Based on those ten-year values, the five-year con-

tances were estimated for each component. Table 1 presents theiction and demolition rates for the sample analysis were
component and building damage states defined for the sample,

assumed to ben=9.5% andd=7.8%, respectivelyfe.g., (1
analysis. A building is considered to be in the higher-damage state ; ° P feg. (

. S o ) ' + Nienvea) = (L + Nevevea) 2] It was assumed that the enforcement
if any of the italicized damage indicators in the corresponding lenyeal ¢ . o .
row occurs, Table 1 is similar to that used in HAZUSIBS rate is 50% in 2000, and will increase by 10% every five years

2000, but without columns fowall structure failure, or missile (making it 73% in 2020 Although little information on enforce-
impaéts on wallswith window failurereplacingwindo;/v and door ment rates is available, these values are reasonable compared to
failure: and with a few values adjusted slightly. The values were evalugtions of the I.nsurance Services Office, Inc. Building Code
adjusted to fit the characteristics of the model building. For ex- Effectiveness Grading Schedule for North CarolifgO 2003.
ample,<2.5% was used to define “no or very minor roof cover- _ Based on an examination of changes in the North Carolina
ing damage” rather than the2% used in HAZUS, because 2.5% Residential Building Code from 1968 to the pres¢éNCBCC
corresponds to one 48 ft panel, the unit used in the roof 1968, 1976, 1985, 1996possible future code changes were esti-
analysis. While it would be useful if Table 1 were the same as that mated for each component. Those possible future changes in the
in HAZUS to facilitate comparison, since the focus of this study Written code were then translated into probabilities of change in
was on the methodology development and since the HAZUS component resistances, the values in the code content transition
model is not finalized, it was not critical to use the identical matricesP? (Zhao 2002 The past codes were also used to esti-
damage state definitions at this time. mate the initial state vectorsS®(0) andw2(0).

Table 3. Roof Sheathing Component States and ValueB%f w5(0), andw58(0)

PE State 0, 22 psf State 1, 44 psf State 2, 104 psf State 3, 131 psf Configurations
State 0(22 psh? 0 1 0 0 &, 12 in./12 in°
State 1(44 psh 0 0.5 0.5 0 @, 6 in./12 in.

State 2(104 psj 0 0 0.75 0.25 8, 6in./12 in.

State 3(131 psj 0 0 0.5 0.5 &l, 6in./6 in.
w27(0) 0 1 0 0

w58(0) 0.1 0.4 0.4 0.1

Note: Configurationsy®7(0), w58(0), andP? are based on building codéslCBCC 1996, 1985, 1976, 1968; ICC 200&nd Cunninghan{1993.
Estimation of all values in this table is explained in Zh@602, 45-48

3lean component resistances were estimated based on APA test (€suitsingham 1993
By, vy, /y, refers to using nails of size at a distance of; on center on the edges agg on center on the supports.
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Table 4. Roof-to-Wall Connection Component States and ValueBf w5(0), andw58(0)

PE State 0, 430 psf State 1, 670 psf State 2, 1,210 psf State 3, 1,590 psf State 4, 2,010 psf Configurations
State 0(430 psj? 0.5 0 0.5 0 0 3, 8, no strap

State 1(670 psj 0 0.25 0.5 0.25 0 3, 1B no strap

State 2(1,210 psf 0 0 0.5 0.5 0 3, 8, 1 small strap every other rafter
State 3(1,590 psf 0 0 0.25 0.65 0.1 3,@, 1 small strap every rafter
State 4(2,010 psf 0 0 0 0.75 0.25 3, 8, 2 small straps every rafter
w27(0) 0 0 0 1 0

w£B(0) 0.5 0.09 0.2 0.2 0.01

Note: Configurationsg$'7(0), w(0), andP? are based on building codd4CBCC 1996, 1985, 1976, 1968; ICC 2Q0&stimation of all values in this
table is explained in more detail in Zh&p002, 48—-51

&Vlean component resistances estimated based on test results from Connét@8%land Reed et al1997).

bx, y, zrefers to using nails of sizey for toe-nailing and straps as describedzin

Consider the roof sheathing attachment component, for ex-the code content will enter States 0 or 1. Therefore, the values in
ample. The 1968 through 1985 North Carolina codes simply re- the first two rows of the code content transition maf do not
quire that “all roof sheathing shall be securely nailed to rafters at matter, and they are defined to &0 1 0 §. States 0 and 1 are
each bearingTNCBCC 1976, 25 In the 1996 NC code, nail size  nonetheless included in the matrix because some of the existing
and spacing are specified for different panel thicknesses. For panbuildings are in those states. A similar situation exists for the roof
els with thickness from 5/16 to 1/2 in., the code requires use of sheathing component.
6d nails at 6 in./12 in. spacing. For panels with thicknesses from
19/32 to 3/4 in. it requires use ofd8nails at 6 in./12 in. In the
2000 international residential code, which North Carolina is ex-
pected to adopt, the requirement for 5/16 to 1/2 in. thick panels is For each component, the probability of being in each damage
upgraded to require use ofd8nails (ICC 2000. No particular state at each time step was calculated by applying the Markov
specification is given for high-wind treatment in any of the code model procedure, using the parameter values given in the section,
versions. The American Plywood Association recommends closer“Parameter Estimation{Table 6. Table 6 shows, for example,
nail spacing for high wind region€Cunningham 1998 For ex- that the probability that a building’s roof sheathing attachment is
ample, with &l nails, it recommends 6 in./6 in. spacing. Based on in State 2(i.e., has a mean resistance of 104)psf0.40 in year
these changes in the roof sheathing attachment code requirementg000, 0.42 in 2010, and 0.44 in 2020. The increasing resistance
over the past 30 years, the distribution of configurations in the over time is a result of the analysis that the building code will
building inventory in 2000wE8(0), the code requirements in  continue to require more resistance over time.

20002(0), and theprobabilities that the content of the building Using the simulation procedure to combine the Markov model
code will change from one configuration to another in a given results with the damage definition matrix, resulted in a set of
five-year periodD?ij , Were estimate@Table 3. It was estimated, fragility curves for each time stef2000, 2005, 2010, 2015, and
for example, that if the code required &ails, 6 in./12 in., then in 2020, for the building overall and for each of the components. As
the next five years there would be a 75% chance that it would stayan example, Fig. 1 shows how the model suggests that overall
the same and a 25% that it would change to a requiremend of 8 building fragility curves will change over time from 2000 to 2010
nails, 6 in./12 in(Table 3. Conducting similar analyses for each to 2020. In Fig. 1, the fragility curves move to the right as time
component yielded the component states and parameter values igoes on, indicating the building becomes less vulnerable. This is
Tables 2—5. Zhad2002 explains in detail the identification of  expected because the sample analysis only takes into account
component states and estimation of parameter values for all com-changes in building code content, which would serve to reduce
ponents. vulnerability. Specifically, Fig. 1 shows, for example, that at 80

For roof covering, note that since the initial state of the build- mph (Category 1 hurricane the probability of having at least
ing code content is State 2 and the probability of transitioning moderate damage is 0.81 in 2000, 0.79 in 2010, and 0.74 in 2020.
from States 2, 3, or 4 to States 0 or 1 is zero, there is no way thatBy incorporating this information into a larger hurricane risk fore-

Sample Analysis Results

Table 5. Window Component States and ValuesRjf, w5(0), andw52(0)

Pf‘f State 0, 50 psf State 1, 60 psf State 2, 70 psf State 3, 100 psf Configurations
State 0(50 psh? 0.5 0.5 0 0 3/16 in. shekt
State 1(60 psh 0 0.75 0.25 0 7/32 in. sheet
State 2(70 psh 0 0 0.9 0.1 1/4 in. sheet
State 3(100 psj 0 0 0 1 5/16 in. sheet
w27(0) 1 0 0 0

wEB(0) 0.5 0.3 0.15 0.05

Note: Configurationsg$7(0), w(0), andP? are based on building codd4CBCC 1996, 1985, 1976, 1968; ICC 2Q0&stimation of all values in this
table is explained in more detail in Zh&002, 51-58

&MVlean component resistances were estimated based on Fig. R-208.5 in N@BE&C
bRefers to thickness of plate glass windows.
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Table 6. Component State Probabilities;55(t), for Years 2000, to the base cas@lable 7. In each scenario, only one parameter

2010, and 2020 was changed, while the others remained at their base case values.
Roof Roof Roof-to-wall Little or no information was available on probability distributions
Time State covering sheathing  connection Windows for the parameter values, so the investigators made subjective

assessments of what they considered to be reasonable high and

2000 10 (?ilc? c?'j(? gé’; :'35(;) low estimates of each. ForE8(0) and PB, an optimistic and

) 0'60 0'40 0'20 0'15 pessimistic estimate was made for each compoiteptimistic

3 0'15 0'10 0'20 0'05 corre_sponds to reduced vulnerabﬂl_t)For e, n, and _d, three

: : : : possible values of each were considef&dble 7. While these

4 0.05 — 0.01 - rough estimations do not allow precise comparison of the relative
2010 0 0.09 0.09 0.45 0.49 influence of the five parameters, they do enable an approximate

L 0.09 0.40 0.08 033 exploration of the sensitivity of the results to parameter values.

2 0.60 042 021 0.14 According to the sensitivity analysis, varying the existing

s 0.16 010 0.24 0.05 building initial state vectorar5®(0) had the greatest impact on

4 0.05 - 0.02 - the fragility curves. The maximum effect was to cause a change in
2020 0 0.08 0.08 040 0.44 the probability of experiencing at least moderate dani&gete 2

1 0.08 0.36 0.07 035 from 0.46 to 0.58. Across all damage states and wind speeds in

2 0.58 0.44 0.22 0.16 Scenarios 3 and 4, the average absolute value of the change in the

j 8'32 0.11 g'(i? 0.04 probability of experiencing at least a specified damage state was

0.036. The significant effect of theEB(O) vectors seems reason-
able since they determine the vulnerability of the initial distribu-

casting methodology, one could estimate quantitatively, the tion of buildings as well as which buildings will be demolished.

changes in expected losses due to hurricanes over time that are The rate of new cqnstruc’upn and the enforcement rag .
due to changes in building vulnerability. were the next most influential parameters. Across Scenarios

If each damage state is related to an expected damage rati® 10 the average probability change was 0.026; across Scenarios

(repair cost/replacement valyehen the changes in vulnerability >~/ the average probability change was 0.023. The fragility

can be examined in terms of the expected dollar losses that would®U'VeS Were probably less sensitive to these parameters than

EB
be avoided as a result. As a simple example, suppose that thé"c (0), even though the range & values was very large, be-

damage ratios associated with no, minor, moderate, severe dam¢@use they influence only new buildings. The parametensde,

age, and destruction are 0, 5, 20, 50, and 100%, respectively. Thdntéract so that the effect & increases with the value of and
expected damage ratio given 80 mph wind speed then would beVice versa. Intuitively, the extent to which the building code is
41.6, 36.7, and 32.4%, in 2000, 2010, and 2020, respectively. Forénforced in new construction only makes a difference if new
a $100,000 building, that would translate into expected losses,buildings are built; and conversely, the amount of new construc-
given 80 mph winds, of $41,600, $36,700, and $32,400 in 2000, tion can reduce a region’s vulnerability only if the building code
2010, and 2020, respectively. The reduction in vulnerability from is enforced in that new construction. The fragility curves were
2000 to 2020 would save $9,200, given 80 mph winds. Incorpo- least sensitive to the building code change matriegsand the
rating the relative probabilities of each wind speed would allow demolition rated. Across Scenarios 1-2, the average probability
calculation of an overall expected loss for each year. change was 0.013; across Scenarios 11-13, the average probabil-
ity change was 0.003. The® matrices were probably not very
influential because they affect only a relatively small proportion
of the building inventory, those buildings that are newly built to
A sensitivity analysis was conducted to assess the effects of fivecode. The effect of the demolition rate was limited by the assump-
key parameters on the final resulting fragility curves; n, d, tion that the distribution of buildings that are demolished is the
wEB(0), andPE. Thirteen scenarios were considered in addition same as the distribution of existing buildings. The rate of new

Sensitivity Analysis

Table 7. Sensitivity Analysis Scenario Definitions

Value of changed parameter Value of changed parameter Value of changed parameter
1 PP are all adjusted to be optimistic, e.g., 3 wEB(0) adjusted to be optimistic: 5 €00~ 100%,
‘0.4 04 0.15 0.0 wE8(0)=[0.050.05 0.6 0.2 0]1 rate of growth= 0%/5 years
0 06 03 01 m5%(0)=[0.050.30.50.1p 6 2000 75%,
Pg= o o0 o085 o1 m35°(0)=[0.450.05 0.2 0.25 0.05 rate of growth=5%/5 years
' ' m3°(0)=[0.450.250.20]L 7 €00= 0%,
L 0 0 0 1 rate of growth=0%/5 years
2 PB are all adjusted to be pessimistic, e.g., 4 wEB(0) adjusted to be pessimistic: 8 n=5%
075 025 0 0O m;°(0)=[0.150.150.6 0.1 9 n=20%
0 095 005 0 w58(0)=[0.15 0.5 0.3 0.05 10 n=30%
PB= o o 095 00 w58(0)=[0.550.14 0.2 0.1 0.01 11 d=3%
: : w5B(0)=[0.550.350.10 12 d=15%
Lo o0 o 1 13 d=30%

Note: The base case 1s-°(0) andP? values are in Tables 2—8yq05=50%, rate of growth o&;=10% per 5 yearsp=9.5%, d=7.8%.

62 / JOURNAL OF INFRASTRUCTURE SYSTEMS © ASCE / JUNE 2003



1 % on residential buildings and the hurricane wind hazard, it is ge-
09 neric enough that it may be expanded to address additional build-
/// ing categories and hazards.

/ Nevertheless, the methodology has several limitations at this

PIEB(0) Pessimistic time. As with any model, the results are only as good as the data
E 06 ) \/;ﬁ/ used to obtain them. In this case, some of the required data are

Z 05 hard to find or require difficult subjective assessments. The
4 04 ///\ sample analysis suggests, however, that it is possible to obtain
- Basecase,_/// PIEB(0) Optimistic estimates that are adequate for drawing general conclusions about

the trends in regional vulnerability over time and for exploring

the relative effects of various parameters on those trends. Addi-
tional work is necessary to define appropriate building categories
to which the methodology should be applied. The model also

8 o /)l
Tl A

O T T Ll T T
should be calibrated with observed damage data before its results
40 60 80 ‘90 120 140 are used to support decisionmaking. Use of the methodology to
Three-second peak gust wind speed (mph) model vulnerability changes due to structural aging, technological
Fig. 2. Sensitivity analysis results for at least moderate damage in changes, and upgrading have not yet been demonstrated. Those

2010

forces of change, which could be more important than building
codes, may involve additional complications when being incorpo-

rated into an analysis for a region. These are topics for future

work.

constructionn was somewhat more influential than the rate of
demolitiond because all new buildings built to code are assumed

to have reduced vulnerability, whereas not only the most vulner- Acknowledgments

able buildings are demolished.

The results of the sensitivity analysis can be shown graphically The writers would like to thank the Cornell University College of
as well, by plotting the new fragility curves resulting from each Englngerlng for sgpportlng this WOYK through thg McMullen Fel-
scenario and comparing them with each other and with the baselowship, and David Rosowsky for his valuable input throughout

case. Given the parameter uncertainty assumed in the 13 scethe project.
narios, therefore, the sensitivity analysis enables the development

of rough bounds on the fragility curves produced in the analysis.

For example, Fig. 2 illustrates the range of realizations deter- Notation
mined in the sensitivity analysis for one of the fragility curyas
least moderate damage in 201® shows how this particular
fragility curve changed very little for all sensitivity analysis sce-
narios except the ones in which th&5(0) vectors were altered.
All of the 2010 fragility curves were similarly bounded by the d
scenarios in whichwEB(0) were altered. In 2020, the outer

bounds were either from the scenarios in which ﬁf@(O) vec-

tors were altered, or from those in whichwas altered.

In general, the estimated damage state probabilities at higher DB
wind speed€160 mph and highe¢mnvere not sensitive to param-
eter uncertainty because at those wind speeds, the probabilities of EB;

failure were all close to one. The analysis also suggests that the e =

fragility curves for lower-damage states were more sensitive to

parameter variation at lower wind spee@sg., 80 mplh and

fragility curves for higher-damage states were more sensitive to cw
parameter variation at higher wind spedgsg., 120 mph As

expected, the estimated damage state probabilities were most sen-

sitive at the end of the time horizon 2020 because they were N =
subject to the cumulative effect of the uncertainty in parameters in NB, =

each previous time step.

Conclusions

P¢ . PG
The building vulnerability change model presented offers a new,
quantitative way to study the evolution of a region’s building
vulnerability to hurricane winds over time. When integrated into a
regional wind loss estimation model, it may be used to examine
the way that hurricane-related losses change over time, thus im-
proving regional loss estimations and the risk management deci- P&, P5
sions that rely on them. While the methodology currently focuses

AU AU
Pc ’Pcij

P2,PE

cij

The following symbols are used in this paper:
CVg. = coefficient of variation of resistance of compo-

nentc;

number of existing buildings demolished
between times—1 andt, as a percentage
of number of existing buildings at time
t—1;

number of existing buildings demolished
between time$—1 andt;

number of buildings existing at time
percentage of new buildings built between
timest—1 andt that are built to the current
code;

ASCE 7-95 design wind load on component
¢ given three-second peak gust wind speed
W,

number of iterations in simulation;

number of new buildings built between
timest—1 andt;

number of new buildings built between
timest—1 andt, as a percentage of the
number of existing buildings at time-1;
transition matrix due to aging only, and its
element;

transition matrix due to aging and
upgrading, and its element;

transition matrix due to building code only,
and its element;

= transition matrix due to building code and

technology changes, and its element;
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P¢,Pg; = transition matrix due to technology changes
only, and its element;

P¢.Pg; = transition matrix due to upgrading only, and
its element;
R. = resistance of component
S. = number of possible states for component
T = time horizon;
t = time;
At = time step;

Lre = Mean resistance of component
wT(t) = probability that component of new build-
ing built to code and with current technol-
ogy between times—1 andt is in statei;
probability that component of building
that is demolished between times 1 andt
is in statei;
probability that component of a existing
building is in state at timet; and
probability that component of new build-
ing not built to code, but built with current
technology between times-1 andt is in
statei.

moo(t) =

mel(t) =

mu(t) =
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