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Introduction rather than life-safety. This is not the case with other natural
hazards, such as seismic and flood hazards.
Economic losses from wind and hail amount to 90% of losses It is therefore increasingly important to estimate probable
from all natural hazardgStubbs and Perry 1996and these losses ~maximum lossesi.e., expected insurance lossesd the effect
are by no means insignificant. Damages in the United States av-that changes to existing structural vulnerability have on building
eraged $1.6 billion annually for the period 1950-1989 and more damage and expected insuraitaed societallosses. This has led
than $6 billion annually for the period 1989—-19@Bainly dueto ~ to some preliminary insurance or economic risk analy&isgle-
Hurricanes Andrew and HugdPielke and Pielke 1997 The po- hardt et al. 1993; Stubbs and Perry 19%8at considered in a
tential for even larger losses exists given that the population andsimplified manner the effect of proposed changes to building
property at risk are increasing dramatically; for instance, in codes. However, a more realistic and robust long-term GIS-based
Florida the total coastal insured property values increased fromhurricane hazard risk analysis has been develdping et al.
$566 billion in 1988 to $872 billion in 1998 55% increase 200J) in which event-based simulation is used to model the sto-
Until recently, total insurance losses from natural disasters chastic and spatial characteristics of hurricane-induced wind
were $2—4 billion annually and reinsurance was able to spreadspeeds and associated insurance losses over a 50-year exposure
this risk across the insurance industry worldwide. However, in- period for any zip code. A key aspect of previous work has been
surance losses since 1989 have been significantly higher, leadinghe need for accurate structural vulnerability models; namely,
to greater difficulty in obtaining reinsurance. This has resulted in models representing the effect of wind speed on the proportion of
reinsurers “demanding a much higher level of accountability in insurance claims and damages.
terms of assessment of risk from insurance companies before pro- EXisting structural vulnerability models provide a “point-in-
viding reinsurance’(Walker 1995. The risk of death and injury ~ time,” or a snapshot, of housing as it was during the time period
from hurricanes is very lowSparks et al. 1994 so the main ~ When they were developed. Naturally, over time this “point-in-
criteria for minimizing insurancéand housing ownerosses are  time” structural vulnerability will vary because of changes in
economic(i.e., reducing damage to the building and its contents housing types or styles; new materials; age profitase of new
housing construction code specifications, compliance, and en-
IAssociate Professor, Dept. of Civil, Surveying, and Environmental forcement; Chgnggs In exposure qategorﬁgs;., effect of in-
Engineering, Univ. of Newcastle, NSW 2308, Austraforresponding ~ créased urbanizatignand so on. Of interest in the present study
authoy. E-mail: Mark.Stewart@newcastle.edu.au is how changes to structural vulnerability over time will affect
°Richardson Chair in Wood Engineering and Professor of Civil short-term and long-term insurance risks. For example, it has
Engineering, Dept. of Wood Science and Engineering, Oregon State been widely suggested that 25—40% of insurance losses from
Univ., Corvallis, OR 97331-5751. _ _ Hurricane Andrew(total insured loss of $17 billionwould not
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Note. Discussion open until July 1, 2003. Separate discussions must This paper proposes two scenario-based models of changes in
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month, a written request must be filed with the ASCE Managing Editor. the structural vulnerability of residential construction due to im-
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ance losses. One scenario, for example, is retrofitting existingoped vulnerability curves for various housing types based on
houses immediately after they experience hurricane damage. Thalamage surveys of cyclone damage in Australia. Sparks et al.
cost of retrofit or additional cost of upgrading new construction (1994 used insurance claims records to determine relationships
can be included in the hurricane damage risk-cost-benefit analysisbetween damage ratio and gradient wind speed, for different
in order to assess the economic viability of this and other sce- building components. Holme&l996 proposed a vulnerability
narios. The model can also aid decision makers by determining atcurve for an ideal, fully engineered structure on the assumption
what point in time a particular retrofit strategy will be economi- that the vulnerability curve could be derived from the cumulative
cally viable; namely, the time when the sum of additional cost of distribution of strength of any element. A relationship between
retrofit and reduced damage costs fall below the expected damagevind speed and house losses from Typhoon Mireille was then
costs of existing vulnerability(i.e., “do nothing” scenari. proposed by Mitsuta et al1996. The structural vulnerability
Clearly, such work has great potential for more rigorous and ra- model proposed by Stubbs and Pe(96 was based on an
tional economic analyses of retrofitting and strengthening propos-analysis of the performance of different building components and
als for increased hurricane resistance that may be used to estimatgheir corresponding relative importance. The damage ratio for the
insurance premium underwriting costs, develop disaster mitiga- entire structure is thus weighted in proportion to the expert-
tion or postdisaster strategies, or form public policy. supplied constants representing the relative importance of the
contribution of the consequence of each damage mode. A some-
what similar approach has been developed by Unanwa and Mc-
Prediction of Expected Losses Donald (2000, although their model is more versatile and ca-
pable of predicting wind damage for a large number of different
Expected losses to be calculated herein are based on the hurricaneouse types and building performance parameters.
hazard risk analysis framework developed by Huang €2a01). One of the most comprehensivbased on large data sgts
This study used event-based simulation to generate hurricanesstructural vulnerability models to date has been developed by
The simulation procedure for this stochastic process is summa-Huang et al.(2001) using claim and loss information from Hur-

rized as follows: ricanes Hugo and Andrew obtained from a very large insurer. The
1. Hurricane arrival time is generated from a Poisson arrival data from Hurricane Hugo covered 81,161 policies from 118 zip
model. codes with insured values totalling $10.4 billion. The total num-
2.  Gradient wind field is generated. ber of claims was 44,448 in South Carolina amounting to dam-
3. Gradient-to-surface conversion factor is used to determineages of $247.7 million(2.4% of total insured valye Following
surface wind speed. Hurricane Andrew, information was collected from 71 zip codes

4. Hurricane is moved to next location and the wind field is in Florida covering 72,796 policies with insured values totalling
regenerated taking into account spatial changes such as$12.4 billion. The total number of claims was 59,523 and the total
decay. A similar process also calculates wind speeds in claim amount reached $2.6 billiof21.3% of the total insured
nearby zip codes. value.

5. After the hurricane has degraded to a point where wind  Two measures of structural vulnerability were used: claim
speeds are no longer significant, the simulation randomly ratio and damage ratio. The claim ratio is defined as the total
generates the next hurricane event. number of claims in a zip code divided by the total number of

The exposure period is 50 years. A structural vulnerability model jnsurance policies in that zip code. The damage ratio is defined as

that related claims and damages to surface wind speed allows thghe amount paid out by the insurén damagesdivided by the
claim and damage ratios at each zip c@dentroid to be deter- total insured valugincluding contents

mined for each hurricane event, summed for each hurricane event, Both the temporal and spatial characteristics of gust winds are

and then divided by 50 at the end of each 50-year period to obtainhighly variable; this can lead to significant uncertainty in the pre-
eXpeCted annual claim and damages ratios for all Z|p codes indicted gust wind Speeds_ The mean wind Speed is a more repre-
North Carolina, South Carolina, and Florida. The Monte-Carlo sentative measure of wind conditions over a large spatial area,
simulation analysis considered 1,000 simulated 50-year exposureand we have greater confidence in our ability to estimate mean
periods. wind speeds than gust wind speeds. Furthermore, the severity of
This is a particularly realistic long-term hurricane hazard \ind damageover a large areais more a function of the mean

analysis model since spatial parameters considered in this modelyind speed than a potentially isolated gust, which would not be
include annual occurrence rate, approach angle, central pressurgorrelated over a large area. Hence, the reference wind was as-
difference, radius of maximum wind speed, translational constant, sumed to be the effective mean surface wind speed, averaged over
decay constant, and gust factor. Note that no account is taken of{g min, which would be measured at a height of 10 m at a hypo-
losses caused by extratropical cyclones and thunderstorms, whichhetical exposed location, located at the geographical centroid of

may be significantfrom a percentage standpairfor inland re-  the zip code area taking into account, in broad terms, the local
gions in which these events contribute more to the extreme wind exposure. Surface wind speeds at the centroid of each zip code for
climate (Huang et al. 1999 Hurricanes Andrew and Hugo were obtained from a hurricane

wind field model, and the vulnerability models were then devel-

oped by relating the effective mean surface wind speed to the
Existing Hurricane Structural Vulnerability Models claim ratio and damage ratio in each zip code. A statistical analy-

sis weighted the data from zip codes having similar effective
A limited number of structural vulnerability models have been mean wind speeds according to the total number of policies in
developed for hurricane or tropical cyclone damdgeicester each zip codéi.e., claims ratios and damage ratios were weighted
et al. 1979; Leicester 1981; Sparks et al. 1994; Holmes 1996; averages The relationships between the weighted claim ratio
Mitsuta et al. 1996; Stubbs and Perry 1996; Unanwa and Mc- (Fc) and weighted damage rati&§) with effective mean wind
Donald 2000. Leicester et al(1979 and Leicestef1981) devel- speed are
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are not influenced by changes in housing numbers, but rather by "-5_9 20 ! ‘ xf[umiﬁonpoim ...... E
changes in the mix of housing for a particular zip code. It is g 10 */’ minor damage
assumed herein that changes in structural vulnerability will not Py I :[,M o
influence the number of insurance claims but rather the value of 0 5 10 15 20 25 30 35 40 45 50
such claims(i.e., damage ratjo Thus, the term “structural vul- Effective Mean Surface Wind Speed (m/s)
nerability” subsequently refers to the effect of effective mean . ) o
wind speed on the damage ratio of residential construction. Fig. 1. Claims ratio and proposed model of existing structural
vulnerability
Proposed Structural Vulnerability Models There is clearly a need for a more comprehensive suite of

_ ) structural vulnerability models that are conditional on type of
It has been observed that housing damage is closely related to theonstruction, quality of construction, age, code specifications, etc.
performance of the roof and wall building envelofgeg., Sparks  These factors are also interrelated. Unfortunately such models do

broadly categorised as _ structural vulnerability models. These are described in the follow-
1. Minor damage to building envelope—lost shingles, broken jng sections.

windows, damage to doors, damage to external facilities.
2. Loss of building envelope—rain entering building as a result . .

of substantial damage to building envelopess of weather ~ Reduced Vulnerability to Minor Damage

protection, significant structural damage. If it is assumed that improvements to building construction will
Changes in code and standard SpeCIflcatlonS, hOUSing deSIgn, etCmostly affect the Vulnerability to minor damage, then Bj'can

are likely to affect the structural vulnerability of these two dam- pe modified such that the conditional structural vulnerability
age types differently. For this reason, the structural vulnerability (£ ) may be expressed as

model developed by Huang et dR001) is modified to better

illustrate the transition between these damage categories. Based For(0)= (100-4) exp0.252 —~5.823 v=35 m/s

on the characteristics of the structural vulnerability model and on DR 100 ' ’ @)

past experience, the transition between minor and major damage (100- )

occurs at a damage ratio of 20%. The damage data from Hurri-  F_o()="———-20+11.43v-35<100 v>35 m/s

canes Andrew and Hugo show that the relationship of minor dam- 100

age to wind speed is nonlinear. However, at higher wind speedswhere ¢ =reduction in existing(1989—-1992 structural vulner-

the trend appears nearly linear. Consequently, the structural vul-abjlity. In other words, the transition point is reduced by 20

nerability model to be used in the present study is expressed as x (100-h)%. For example, Fig. 2 shows the effect df=40%
Fpo(v)=exp0.252—5.823 <35 m/s and ¢ =80% reductions in existing structural vulnerability.

Fp(v)=20+11.43v—35 35 mis<u<42 m/s  (3)

Fp(v)=100 v=42 m/s . . . . .
If all materials, section sizes, connections, fixings, and external
This proposed structural vulnerability model is shown in Fig. 1. facilities in a building (particularly the building envelopeare
In this case, the “transition point” is 20% damage ratio at a mean
surface wind speedv of 35 m/s.

Reduced Vulnerability Due to Design to ASCE 7-98

The literature contains a large amount of experimental data =~ 100 _I_Exl;“ng;ummlblmy ;O)I'IA/'
showing the increase in the strength/capacity for a wide range of & 90‘5“ — — - §=40% reduction in vuinerabllity 5 :
potential retrofit and strengthening procedures. For instance, Sutt % | S $=50% reduction In vuinerabikty //,"
et al. (1996 have shown that screw fasteners have a mean with- & ° / :
drawal capacity four times larger than nails. Unfortunately, such gn 3 /,/ :
data provides little indication of how existing and proposed ret- 5 503 /,:.‘ E
rofit procedures quantitatively affect structural vulnerability. The 2 404 L E
general belief—from experimental testing, damage surveys, and E 303 4’ t
anecdotal evidence—is that many retrofit procedures, if properly on 203 A:" 3
designed and installed, will significantly reduce structural vulner- é’ 103 , ’ 3
ability. There is clearly a need to quantify these improvements. Lo N—— -
This will require additional research focusing on the interaction of 0 5 10 15 20 25 30 35 40 45 50
probabilistic wind field and structural response modeling to pre- Effective Mean Surface Wind Speed (m/s)

dict reductions in structural vulnerability and hence increases in

structural reliability. Fig. 2. Effect of reduced vulnerability to minor damage
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“fully engineered,” then structural vulnerability for most houses whereF(v) andFp(v)=damage and claim ratid86) given by
will be reduced considerably since most existing houses are non-Egs. (1) and (3); Csy=cost of retrofitting a single structure ex-
engineered. The term “fully engineered” would typically imply pressed as a percentage of the value of the structure;i and
that the building would be designed to withstand design wind =hurricane event. Huang et 42001 assumed that the insured
forces, for example, as specified by the ASCE Standard “Mini- value of a house is 150% of the value of the structure. The dam-
mum Design Loads for Buildings and Other Structur¢éaASCE age ratio for subsequent events will then be influenced by the
7-98). It might be noted that following Cyclone Tracy in 1974, proportion of retrofitted housing, and this proportion in turn is
building regulations in Australia were revised and now require affected by the peak mean wind speed experienced by the site up
domestic housing in cyclone-prone areas to be structurally engi-to this time. For subsequent hurricane-induced events, the damage
neered to the same performance criteria of other “fully engi- ratio for hurricane everitis
neered” buildinggWalker 1980. The effect of a fully engineered _
building envelope on structural vulnerability and associated pre- Fp,(v)=Fpr(v) Fclv)sF¢ (6)
dicted insurer costs due to retrofit and upgrading of new construc-if the hurricane event is of lesser intensity than all previous hur-
tion are described elsewhef8tewart et al. 2000 ricanes(i.e., reduced damage loss for houses previously retrofitted
and no additional houses retrofitiedr

Future Residential Construction Scenario Models (Fe(v)—=Fe,,) F e
_ . FDi(v):WFD(U)'F mFDR(U)
There are many possible scenarios for changes to structural vul- clv clv
nerability over time of new and existing residential construction.
However, for the present study three scenarios associatedyith +(Fe(v)—F¢ )i Fo(v)>F, 7
“do nothing” (existing vulnerability, (2) strengthenindretrofit), max 1.5x100 e
and (3) changes to population mix of nevtrengthenedcon- if the hurricane event is of greater intensitye., reduced damage

struction are considered. The latter two scenarios can be expectedoss for houses previously retrofitted, additional houses damaged

over the passage of time, to lead to significant reductions in theand retrofitteil The reduced vulnerability due to retrofitting is

vulnerability of communities to hurricanes. represented by pr, which may be expressed by Ed). In this
Since costs of upgrading and damage costs are likely to occurcaseF. _ represents the percentage of houses retrofitted imme-

at different times, it would be rational to discount future costs to giately prior to the next hurricane event and is calculated as the

H t
present values, e.g., present value is equal/{d +r)’, whereC maximum claims ratio experienced up to hurricane evefthis
is the future cost at time andr is the discount rate. Note, how- ives
ever, that future costs are given in terms of the insured value of a
house(structure and contentsvhose replacement value is likely Fena Max (Fc) (8)

to increase in value beyond the rate of inflation. Although dis- j=ti-1

counting can readily be incorporated into the risk-cost-benefit whereF ;= claims ratio for hurricane eveit
analyses to follow, discounting of costs will open up many pos-
sibilities regarding parameter selection, and so for convenience
are omitted from the analyses described herein.

For both scenarios it is assumed that the wind speed charac-Another possible scenario considers the effect of the rate of
teristics are constant across an entire zip code and that the strucgrowth of new housing assuming that such new housing is con-
tural vulnerability of an individual house in its initidundam- structed with reduced structural vulnerability. For a hurricane
aged condition is time-invariant and deterministic. Thus, a low eventi occurring at timet, the damage ratio conditional on
wind speed event will only cause damage to the same subset of-years ofx% annual growth of new housing is
houses previously damaged by a higher intensity wind event. 100— (xt)

Xt
Retrofit during Repair to Hurricane Damage Fo,(v)= 750 Fol)+ 755 or(v) ©)

Rate of Growth of New (Strengthened) Construction

If a house is damaged by a hurricane then this is a convenientwherext represents the percentage of new housing at tiitleis
time to retrofit(strengthen, upgradiéhe house, since a builder is  product cannot exceed 100%Clearly, xt may also be seen to
already on-site conducting repairs. It is quite likely that the addi- represent the rate of growth of retrofitted houses or other strate-
tional cost of retrofitting will only be incrementally greater than gies that result in houses of reduced vulnerability. For example,
the cost of simply restoring the house to its inittahdamager Cook et al. (1993, Sutt et al.(1996, and others suggest that
condition. However, the cost of retrofitting residential structures stripping of old roof coverings, improved attachments of the
is often a deterrent to homeowners. Hence, some form of financialsheathing followed by installation of wind resistant roof covering,
assistance or incentives from insurance firms or governmentand using hurricane straps to secure rafters and trusses to walls
agencies is generally needed to encourage retrofitGogk et al. should become a regular part of reroofing. If reroofing occurs
1993. This scenario therefore assumes that insurance fully coversevery 20 years ther would be equal to 5% per year to ensure
the cost of retrofitting, and the hurricane damage risk-cost-benefit100% retrofitted houses within 20 years. The additional cost of
analysis to follow will help assess if such an investment strategy new housing is assumed to be borne by the homeowner, not the
will prove to be economically viable to the insurer. insurer.

The analysis assumes that retrofitting is conducted once, and

only after the first hurricane-induced incidence of damage. For Hyrricane Damage Risk-Cost-Benefit Analysis and
the first hurricane-induced damage the damage ratio is thus: Results

Csr Huang et al(200]) estimated annual expected damage ratios for

Fo,(v)=Fo(v) +Fc(v) 755750 ) all zip codes in North Carolina, South Carolina, and Florida for
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tional costs for houses in Australia range from 15% to 50% for
retrofit of existing houses. While there can be expected to be a
relatively wide range of additional costs due to the large choice of
strengthening procedures available for housing construction, work
is evidently needed to more precisely estimate these costs.

Unless noted otherwise, all expected losses assumed herein are
those borne by the insurer. If more costing data were available it
would be possible to consider other scenarios or costs and ben-
efits of other interested parties in a multiattribute decision analy-
sis. See Stewart et 82000 for more details and results of the
hurricane damage risk-cost-benefit analysis.

CAROLINA ®

Columbia

CAROLINA

Existing Structural Vulnerability

The expected annual damage ratios based on the existing struc-
tural vulnerability (i.e., “do nothing”) are shown in Table 1 for

Fig. 3. Map of Southeastern U.S. all sites. Naturally, these results are nearly identical to those re-
ported by Huang et al200). It is observed that the expected
annual damage ratio may be as low as 0.08% for sites far inland
existing structural vulnerability given by Eqé&l) and (2). The (Columbia, Raleighand as high as 2% for exposed coastal sites
present study will consider a smaller number of sites—namely, (Folly Beach). An expected annual damage ratio of 2% implies

+ North Carolina: Cape Lookout, Kure Beach, Raleigh, Wilm- that houses will experience losses totaling 100% of the insured

ington value, on average, every 50 years. However, the expected annual
« South Carolina: Charleston, Columbia, Folly Beach damage ratio decreases significantly for sites only 2—4 km inland.
* Florida: Miami, Orlando, Panama City, Venice Table 1 also shows that major damadég. 1) can constitute a
These sites contain both coastal and intef$everal hundred kim ~ large proportion of expected losses, but a relatively small propor-

geographic locations with exposure to hurricanes originating from tion of claims.
both the Atlantic and Gulf coast&ig. 3). Furthermore, the effect

of short distances from the coast is illustrated by considering
coastal and inlan¢several km from the coadibcations at Miami
and Venice, in Florida. The Monte-Carlo simulation method is The expected annual damage ratiegcluding costs of retrofit
similar to that described previously in the paper except that struc-for this scenario are shown in Table 2, for retrofitting with struc-

Retrofit during Repair to Hurricane Damage

tural vulnerabilities are modified, as discussed with Efs-(9). tural vulnerability reduced by 40% and 80%. In all cases at least
Expected annual damage ratios are annualized for a 50-year ex50% of houses will be retrofitted over the 50-year exposure pe-
posure period. riod. The proportion of houses retrofitted represents the propor-

A number of studies have found that the additional cost to new tion of houses that experienced hurricane-induced damage, and
housing for increased hurricane resistance is in the range ofthus repairs and retrofitting. As such, the expected annual damage
1-10%(e.g., Stewart et al. 2000There is very little data on the  ratio decreases dramatically for the retrofit scenarios considered
costs of retrofitting a house for increased hurricane resistance.herein. In some cases this reduction is up to 65% for an 80%
However, Leicestef1981) has observed that “estimated” addi- reduction in vulnerability to minor damage.

Table 1. Annual Expected Damage Ratios and Categorization of Damage for Existing Structural Vulnerability

Proportion of Costs Proportion of Occurrences
Site Existing vulnerability(%) Minor damage(%) Major damage%) Minor damage(%) Major damagg%o)
North Carolina:
Cape Lookout 1.642 32.2 67.8 89.2 10.8
Kure Beach 1.337 32.1 67.9 88.9 11.1
Raleigh 0.080 100.0 0.0 100.0 0.0
Wilmington 0.163 80.1 19.9 99.5 0.5
South Carolina:
Charleston City 0.541 65.8 34.2 97.9 21
Columbia 0.080 100.0 0.0 100.0 0.0
Folly Beach 2.088 28.1 71.9 88.7 11.3
Florida:
Miami: Coast 1.012 61.1 38.9 96.9 3.1
2—4 km Inland 0.530 88.8 11.2 99.6 0.4
Orlando 0.508 88.0 12.0 99.5 0.5
Panama City 0.366 87.4 12.6 99.6 0.4
Venice: Coast 1.624 53.0 47.0 96.1 3.9
2—4 km Inland 0.479 89.4 10.6 99.5 0.5
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Table 2. Annual Expected Damage Ratios for Existing Structural Vulnerability and Retrofit during Repair to Hurricane Oi&xelgding Cost
of Retrofif)

Reduced Vulnerability to Minor Damage Houses retrofitted

Site Existing vulnerability(%) b=40% $=80% (%)
North Carolina
Cape Lookout 1.642 1.363 1.085 95.6
Kure Beach 1.337 1.123 0.909 94.2
Raleigh 0.080 0.058 0.035 50.9
Wilmington 0.163 0.129 0.095 70.6
South Carolina
Charleston City 0.541 0.409 0.276 88.0
Columbia 0.080 0.058 0.035 50.9
Folly Beach 2.088 1.754 1.420 96.6
Florida
Miami: Coast 1.012 0.746 0.480 93.6
2—4 km Inland 0.530 0.362 0.194 88.2
Orlando 0.508 0.352 0.196 88.1
Panama City 0.366 0.257 0.149 83.4
Venice: Coast 1.624 1.219 0.814 95.6
2—4 km Inland 0.479 0.330 0.182 88.0
Zone of Economic Viability pected annual damage ratio is developed—this is referred to
The cost-effectiveness of the retrofit scenarios considered hereirherein as the “zone of economic viability.”
can be evaluated by comparing the insurer c@snage ratio for Fig. 4 shows the zones of economic viability for Columbia
a particular reduction in structural vulnerabilityetrofit cost (interior) and Folly BeacHcoastal. Each combination of retrofit

Csyp) with the “do nothing” scenario. There are a large number of cost and reduction in structural vulnerability) determines the
combinations of reductions in structural vulnerability and retrofit percentage change in annual insurer costs. If the change in annual
costs. Hence, an “envelope” of these combinations producing insurance costs is negative then this scenario is economically vi-
expected annual insurer costs lower than the “do nothing” ex- able. The zone of economic viability is much smaller for Colum-
bia because of its reduced exposure to hurricanes; however, Fig.
4(a) shows that retrofitting is still cost-effective if a 60% reduc-
tion in vulnerability can be achieved for a retrofit cost not exceed-

2 S0 e 0 o ing 5% of the initial building cost. For Folly Beach, retrofitting is
b Z 4007 (2) Columbia (SC) 3032 0% cost-effective even if retrofit costs for the same reduction in vul-
£ § ] /// re nerability (¢ =60%) reach 40%. Clearly, the zones of economic
g & 3004 : /// - 024 ; viability (particularly for coastal or exposed regiorshow that
3 ] e r B for the scenarios considered herein, retrofit costs may be cost-
g f 2007 7 ro16 § effective even if they achieve only modest reductions in structural
2% 100 Z Foos 2 vulnerability.
S I — |
g2 o] o S o4 B IR Time to Economic Viability
oneof |..... % . . .
O Economic Viability Aaiada L 2 The preceding analyses have considered costs annualized over a
I3 -0 -——+—r—+—+—r—+rr—r—r+—rr—r——rrrr——"7"—"—1-008 ~ ~ ; f _
; o » o o & P 50-year exposure period. However, it may also be useful for de
é 60 PRV TRTIN T ST SN I T S S YT S S S I S ST SO S S S S N | 0 P | ) i Lt L
S (b) Folly Beach (SC) [y g ]
e 40 i o é 1 | Annualised Costs up to Year T, FD[o,T] .
§ 8 2‘ 2 8’5\ 254 | — — - Expected Damages (Existing Vulnerability) -
23 Fos B 2Y3 1°
E % E,’ 8 b1, 2T S T T T T T T T T T T T T T R Qe ] -
S E 5 = — g> g Folly Beach (SC)[
g2 ~_—0 g g 0'8 ]
2 + [ — 7 & g 157 L
5% fo 2 = g g
o & ros g g s ] Time of Economic Viability a
g_g 40 Zone of  4=60% [ g g g s ! ] [
BT g ity | SR T G E oY ]
O o2 Q> 05 L
® S — S — @ ] ] Columbia (SC)
0 10 20 30 40 50 60 0]
Retrofit Cost CST (% of Initial Building Cost)
Time T (years)
Fig. 4. Zone of economic viability for retrofit during repair to
hurricane damagereduced vulnerability to minor damagefor Fig. 5. Time to economic viability forp =60% and retrofit costs of
(a) Columbia andb) Folly Beach 5%
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Fig. 6. Percentage change in expected annual damage rati¢ for
=40% reduction in structural vulnerability

cision makers to monitor changes in insurer costs (damage
+ retrofit cost$ over time, as this will give an indication as to
when a particular retrofit strategy will be economically viable.
This is achieved by considering a time-variant measure of ex-
pected costs, namely, insurer costs (damaggrofit costs for all
years up to yeail annualized over this time periodkp[0,T]
expressed as

Fo(t)
T

T
Fol0T]=2, (10)
whereF(t) =insurer costs for yedr. It should be noted that for
the “do nothing” strategyF [ 0,T] is the same for all values df
since structural vulnerability is time-invariant and there are no

Rate of Growth of New (Strengthened) Construction

Any increase in the proportion of new constructialesigned and
constructed to reduced vulnerabi)ityill reduce expected annual
damage ratios. This is evident from Fig. 6, which shows the re-
duction in expected annual damage ratios faba40% reduc-

tion in vulnerability, for all sites. Even a 1% annual increase in
the proportion of new housing can reduce expected annual dam-
age ratios by at least 6%.

It is possible to determine the cost-effectiveness of a range of
possible strengthening requirements for new design and construc-
tion. This might include combinations of rate of new construction,
reduction in vulnerability, and additional cost of strengthening.
Fig. 7 shows the changes in total costs for one such combination
of parameters. In this case, strengthening causes a reduction to
minor damagéd) and the additional cost of upgrading new con-
struction is taken as 10%. This additional cost of construction is
probably conservative since it was shown earlier that additional
cost to new housing for increased hurricane resistance is generally
in the range of 1-10%. It is assumed that insurers will pay for
hurricane damage and the homeowner will pay for the additional
cost of construction; hence, these costs are essentially societal
costs or losses. In this particular case it appears that strengthening
of new houses is cost-effective for exposed regions such as Folly
Beach, but not for a less exposed region such as Columbia. To be
sure, similar analyses could be conducted for an almost infinite
number of scenarios. These are beyond the scope of the present
paper.

Further Work

There is clearly much opportunity for further work. This may

additional retrofit costs. For example, annualized costs up to yearinclude developing structural vulnerability models for different

T are shown in Fig. 5, for retrofit during repair to hurricane dam-
age (b =60%, Csr=5%) for sites in Columbia and Folly Beach.
The intercept of the cumulative costs for all years up to year

housing types or construction techniquasd materials age pro-
files, code specifications, compliance and enforcement, changes
in exposure categoride.g., effect of increased urbanizatjpand

annualized over this time period and the “do nothing” expected so on. The development of such models will require a substantial
damages shows the time needed for this particular retrofit strategyresearch effort that may include collection and analysis of insur-
to be economically viable. In this case, this particular retrofit ance claim(losg data, field or test datéor more subjective data
strategy becomes economically viable after 4 years and 50 yearobtained from “experts}, structural system modeling to assess

for Folly Beach and Columbia, respectively.
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effect of component strengthening on the structure and building
envelope, and probabilistic wind field and structural response
modeling to predict changes in reliability. There is also a need for
the quantification of the additional costs for increased hurricane
resistance.

Finally, more rigorous economic decision analyses may be de-
veloped that consider the effect of insurance premiums, deduct-
ibles, insurer incentives, discount rates, life safety, hurricane miti-
gation and response costs, and other costs and beful#fist and
indirec) of hurricane mitigation strategies related to the building
owner, insurer, reinsurance company, government agency, or so-
ciety in general. This will require a more detailed multiattribute
decision analysis. Whether such analyses are conducted will de-
pend on data and support from the insurance industry.

Conclusions

A GIS-based hurricane simulation model was used to statistically
characterize the extreme wind climateonsidering hurricane

‘events at selected sites in the Southeastern United States. This
information was then used in a risk-cost-benefit analysis to model
the stochastic and spatial characteristics of hurricane-induced



wind damagespecifically, insured losses to residential structures analysis of building codes Hurricanes of 1992: Lessons learned and
over a 50-year exposure period. The paper developed two implications for the futureASCE, 674—683.

scenario-based models for changes in vulnerability of the existing Holmes, J(1998. “Vulnerability curves for buildings in tropical-cyclone
building stock due to improvements in building envelope perfor- ~ regions.” Proc., ASCE Specialty Conf. on Probabilistic Mechanics
mance, for both existing and new residential construction. Sce-  and Structural ReliabilityD. M. Frangopol and M. D. Grigoriu, eds.,

. . . _ . . . ASCE, New York, 78—81.
T el XSl POy M0 a2 s, .V a Sk, P, St oo
y y exp 9 9 eling of mixed wind climate using event-based simulation and analy-

qonstructip_n is built with reduceq vulnerability. The _cost of retro- sis of wind records.”Proc., ICASP8 Applications of Statistics and

fit or additional cost of upgrading new construction was then  propapility in Civil EngineeringR. E. Melchers and M. G. Stewart,
included in the hurricane damage risk-cost-benefit analysis in  eds., Balkema, Rotterdam, The Netherlands, 2, 853—859.

order to assess the economic viability of these scenarios. “ZonesHuang, z., Rosowsky, D. V., and Sparks, P.(R001). “Long-term hur-

of economic viability” determined the potential for cost-effective ricane risk assessment and expected damage to residential structures.”
retrofitting of existing residential construction. For example, in Reliability Engineering and System Safets, 239-249.

some cases retrofit costs of up to 40% of initial building costs Leicester, R. H., Bubb, C. T. J., Dorman, C., and Beresford, F1979.

may be economically viable. The risk analysis also enabled the  “An assessment of potential cyclone damage to dwellings in Austra-
time to economic viability to be calculated. It was found, for ~ lia.” Proc. 5thInt. Conf. on Wind Engineerind. E. Cermak, ed.,
instance, that some retrofit scenarios may become economically Pergamon, New York, 23-36.

viable to insurers within only a few years.
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Notation

= cost of retrofitting;
Fc = claims ratio;
Fe. .. = percentage of houses retrofitted immediately
prior to next hurricane event;
Fp = damage ratio;
cumulative insurer costs for all years up to year
T then annualized over this time period;
Fpr = structural vulnerability conditional on reduced
vulnerability;
i = hurricane event;
Tt = time (years;
X = growth of new housing;
v = mean surface wind spedth/s); and
¢ = reduction in existing structural vulnerability.
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