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Abstract: This paper describes a procedure for evaluating the effect of changes to existing residential structural vulnera
hurricane-induced building damage and expected insurance losses. Two scenario-based models are proposed for modeling ch
vulnerability of the existing building stock due to improvements in building envelope performance, for both existing and new res
construction. The influence of changes in structural vulnerability over time on expected insurance losses can then be obtained
of retrofit or additional cost to upgrade new construction can be included in the hurricane damage risk-cost-benefit analysis to a
economic viability of this and other scenarios. ‘‘Zones of economic viability’’ are developed that illustrate in a graphical manner w
retrofitting of existing residential construction is cost-effective. For example, in some cases retrofit costs of up to 40% of initial b
costs may be economically viable. The risk analysis also enables the time to economic viability to be calculated.

DOI: 10.1061/~ASCE!1527-6988~2003!4:1~12!

CE Database keywords: Hurricanes; Buildings, residential; Damage; Risk analysis; Retrofitting; Costs.
ses
s

av
ore

and
in

rom

ters
ead
in-
din
in
in
pro

ts

ral

ble

ing

ing
sed

to-
ind
osure

een
ely,
n of

-
iod
n-
in

n-

dy
ct
has
rom

ents

es in
m-
ing
nefit
f the
ur-

tal

ivil
tate

res

mus
one
tor.
ible

ape
.

Introduction

Economic losses from wind and hail amount to 90% of los
from all natural hazards~Stubbs and Perry 1996!, and these losse
are by no means insignificant. Damages in the United States
eraged $1.6 billion annually for the period 1950–1989 and m
than $6 billion annually for the period 1989–1995~mainly due to
Hurricanes Andrew and Hugo! ~Pielke and Pielke 1997!. The po-
tential for even larger losses exists given that the population
property at risk are increasing dramatically; for instance,
Florida the total coastal insured property values increased f
$566 billion in 1988 to $872 billion in 1993~a 55% increase!.

Until recently, total insurance losses from natural disas
were $2–4 billion annually and reinsurance was able to spr
this risk across the insurance industry worldwide. However,
surance losses since 1989 have been significantly higher, lea
to greater difficulty in obtaining reinsurance. This has resulted
reinsurers ‘‘demanding a much higher level of accountability
terms of assessment of risk from insurance companies before
viding reinsurance’’~Walker 1995!. The risk of death and injury
from hurricanes is very low~Sparks et al. 1994!, so the main
criteria for minimizing insurance~and housing owner! losses are
economic~i.e., reducing damage to the building and its conten!
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rather than life-safety. This is not the case with other natu
hazards, such as seismic and flood hazards.

It is therefore increasingly important to estimate proba
maximum losses~i.e., expected insurance losses! and the effect
that changes to existing structural vulnerability have on build
damage and expected insurance~and societal! losses. This has led
to some preliminary insurance or economic risk analysis~Engle-
hardt et al. 1993; Stubbs and Perry 1993! that considered in a
simplified manner the effect of proposed changes to build
codes. However, a more realistic and robust long-term GIS-ba
hurricane hazard risk analysis has been developed~Huang et al.
2001! in which event-based simulation is used to model the s
chastic and spatial characteristics of hurricane-induced w
speeds and associated insurance losses over a 50-year exp
period for any zip code. A key aspect of previous work has b
the need for accurate structural vulnerability models; nam
models representing the effect of wind speed on the proportio
insurance claims and damages.

Existing structural vulnerability models provide a ‘‘point-in
time,’’ or a snapshot, of housing as it was during the time per
when they were developed. Naturally, over time this ‘‘point-i
time’’ structural vulnerability will vary because of changes
housing types or styles; new materials; age profiles~rate of new
housing construction!; code specifications, compliance, and e
forcement; changes in exposure categories~e.g., effect of in-
creased urbanization!; and so on. Of interest in the present stu
is how changes to structural vulnerability over time will affe
short-term and long-term insurance risks. For example, it
been widely suggested that 25–40% of insurance losses f
Hurricane Andrew~total insured loss of $17 billion! would not
have occurred if the properties had been built to the requirem
of the then-existing building code~Roth 1997!.

This paper proposes two scenario-based models of chang
the structural vulnerability of residential construction due to i
provements in building envelope performance, for both exist
and new construction. The hurricane damage risk-cost-be
analysis model developed herein assesses the influence o
changes in structural vulnerability over time on expected ins
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ance losses. One scenario, for example, is retrofitting exis
houses immediately after they experience hurricane damage
cost of retrofit or additional cost of upgrading new construct
can be included in the hurricane damage risk-cost-benefit ana
in order to assess the economic viability of this and other s
narios. The model can also aid decision makers by determinin
what point in time a particular retrofit strategy will be econom
cally viable; namely, the time when the sum of additional cost
retrofit and reduced damage costs fall below the expected dam
costs of existing vulnerability~i.e., ‘‘do nothing’’ scenario!.
Clearly, such work has great potential for more rigorous and
tional economic analyses of retrofitting and strengthening prop
als for increased hurricane resistance that may be used to est
insurance premium underwriting costs, develop disaster mit
tion or postdisaster strategies, or form public policy.

Prediction of Expected Losses

Expected losses to be calculated herein are based on the hurr
hazard risk analysis framework developed by Huang et al.~2001!.
This study used event-based simulation to generate hurrica
The simulation procedure for this stochastic process is sum
rized as follows:
1. Hurricane arrival time is generated from a Poisson arr

model.
2. Gradient wind field is generated.
3. Gradient-to-surface conversion factor is used to determ

surface wind speed.
4. Hurricane is moved to next location and the wind field

regenerated taking into account spatial changes such
decay. A similar process also calculates wind speeds
nearby zip codes.

5. After the hurricane has degraded to a point where w
speeds are no longer significant, the simulation rando
generates the next hurricane event.

The exposure period is 50 years. A structural vulnerability mo
that related claims and damages to surface wind speed allow
claim and damage ratios at each zip code~centroid! to be deter-
mined for each hurricane event, summed for each hurricane e
and then divided by 50 at the end of each 50-year period to ob
expected annual claim and damages ratios for all zip code
North Carolina, South Carolina, and Florida. The Monte-Ca
simulation analysis considered 1,000 simulated 50-year expo
periods.

This is a particularly realistic long-term hurricane haza
analysis model since spatial parameters considered in this m
include annual occurrence rate, approach angle, central pre
difference, radius of maximum wind speed, translational const
decay constant, and gust factor. Note that no account is take
losses caused by extratropical cyclones and thunderstorms, w
may be significant~from a percentage standpoint! for inland re-
gions in which these events contribute more to the extreme w
climate ~Huang et al. 1999!.

Existing Hurricane Structural Vulnerability Models

A limited number of structural vulnerability models have be
developed for hurricane or tropical cyclone damage~Leicester
et al. 1979; Leicester 1981; Sparks et al. 1994; Holmes 19
Mitsuta et al. 1996; Stubbs and Perry 1996; Unanwa and
Donald 2000!. Leicester et al.~1979! and Leicester~1981! devel-
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oped vulnerability curves for various housing types based
damage surveys of cyclone damage in Australia. Sparks e
~1994! used insurance claims records to determine relations
between damage ratio and gradient wind speed, for diffe
building components. Holmes~1996! proposed a vulnerability
curve for an ideal, fully engineered structure on the assump
that the vulnerability curve could be derived from the cumulat
distribution of strength of any element. A relationship betwe
wind speed and house losses from Typhoon Mireille was t
proposed by Mitsuta et al.~1996!. The structural vulnerability
model proposed by Stubbs and Perry~1996! was based on an
analysis of the performance of different building components a
their corresponding relative importance. The damage ratio for
entire structure is thus weighted in proportion to the expe
supplied constants representing the relative importance of
contribution of the consequence of each damage mode. A so
what similar approach has been developed by Unanwa and
Donald ~2000!, although their model is more versatile and c
pable of predicting wind damage for a large number of differe
house types and building performance parameters.

One of the most comprehensive~based on large data sets!
structural vulnerability models to date has been developed
Huang et al.~2001! using claim and loss information from Hur
ricanes Hugo and Andrew obtained from a very large insurer.
data from Hurricane Hugo covered 81,161 policies from 118
codes with insured values totalling $10.4 billion. The total nu
ber of claims was 44,448 in South Carolina amounting to da
ages of $247.7 million~2.4% of total insured value!. Following
Hurricane Andrew, information was collected from 71 zip cod
in Florida covering 72,796 policies with insured values totalli
$12.4 billion. The total number of claims was 59,523 and the to
claim amount reached $2.6 billion~21.3% of the total insured
value!.

Two measures of structural vulnerability were used: cla
ratio and damage ratio. The claim ratio is defined as the t
number of claims in a zip code divided by the total number
insurance policies in that zip code. The damage ratio is define
the amount paid out by the insurer~in damages! divided by the
total insured value~including contents!.

Both the temporal and spatial characteristics of gust winds
highly variable; this can lead to significant uncertainty in the p
dicted gust wind speeds. The mean wind speed is a more re
sentative measure of wind conditions over a large spatial a
and we have greater confidence in our ability to estimate m
wind speeds than gust wind speeds. Furthermore, the severi
wind damage~over a large area! is more a function of the mean
wind speed than a potentially isolated gust, which would not
correlated over a large area. Hence, the reference wind was
sumed to be the effective mean surface wind speed, averaged
10 min, which would be measured at a height of 10 m at a hy
thetical exposed location, located at the geographical centroi
the zip code area taking into account, in broad terms, the lo
exposure. Surface wind speeds at the centroid of each zip cod
Hurricanes Andrew and Hugo were obtained from a hurrica
wind field model, and the vulnerability models were then dev
oped by relating the effective mean surface wind speed to
claim ratio and damage ratio in each zip code. A statistical an
sis weighted the data from zip codes having similar effect
mean wind speeds according to the total number of policies
each zip code~i.e., claims ratios and damage ratios were weigh
averages!. The relationships between the weighted claim ra
(FC) and weighted damage ratio (FD) with effective mean wind
speed are
NATURAL HAZARDS REVIEW / FEBRUARY 2003 / 13
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FC~v !5100* exp$2exp@20.239~v221.21!#% (1)

and

FD~v !5exp~0.252v25.823! v<41 m/s

FD~v !5100 v.41 m/s (2)

wherev5effective mean surface wind speed~m/s!.
Note that the damage and claim ratios are normalized an

are not influenced by changes in housing numbers, but rathe
changes in the mix of housing for a particular zip code. It
assumed herein that changes in structural vulnerability will
influence the number of insurance claims but rather the valu
such claims~i.e., damage ratio!. Thus, the term ‘‘structural vul-
nerability’’ subsequently refers to the effect of effective me
wind speed on the damage ratio of residential construction.

Proposed Structural Vulnerability Models

It has been observed that housing damage is closely related t
performance of the roof and wall building envelope~e.g., Sparks
et al. 1994!. This suggests that structural vulnerability may
broadly categorised as
1. Minor damage to building envelope—lost shingles, brok

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

of substantial damage to building envelope~loss of weather
protection!, significant structural damage.

Changes in code and standard specifications, housing design
are likely to affect the structural vulnerability of these two da
age types differently. For this reason, the structural vulnerab
model developed by Huang et al.~2001! is modified to better
illustrate the transition between these damage categories. B
on the characteristics of the structural vulnerability model and
past experience, the transition between minor and major dam
occurs at a damage ratio of 20%. The damage data from H
canes Andrew and Hugo show that the relationship of minor d
age to wind speed is nonlinear. However, at higher wind spe
the trend appears nearly linear. Consequently, the structural
nerability model to be used in the present study is expressed

FD~v !5exp~0.252v25.823! v<35 m/s

FD~v !520111.43~v235! 35 m/s,v,42 m/s (3)

FD~v !5100 v>42 m/s

This proposed structural vulnerability model is shown in Fig.
In this case, the ‘‘transition point’’ is 20% damage ratio at a me
surface wind speed (v) of 35 m/s.

The literature contains a large amount of experimental d
showing the increase in the strength/capacity for a wide rang
potential retrofit and strengthening procedures. For instance,
et al. ~1996! have shown that screw fasteners have a mean w
drawal capacity four times larger than nails. Unfortunately, su
data provides little indication of how existing and proposed r
rofit procedures quantitatively affect structural vulnerability. T
general belief—from experimental testing, damage surveys,
anecdotal evidence—is that many retrofit procedures, if prop
designed and installed, will significantly reduce structural vuln
ability. There is clearly a need to quantify these improveme
This will require additional research focusing on the interaction
probabilistic wind field and structural response modeling to p
dict reductions in structural vulnerability and hence increase
structural reliability.
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There is clearly a need for a more comprehensive suite
structural vulnerability models that are conditional on type
construction, quality of construction, age, code specifications,
These factors are also interrelated. Unfortunately such model
not exist, so the present paper will propose two scenario-ba
structural vulnerability models. These are described in the follo
ing sections.

Reduced Vulnerability to Minor Damage

If it is assumed that improvements to building construction w
mostly affect the vulnerability to minor damage, then Eq.~3! can
be modified such that the conditional structural vulnerabil
(FDR) may be expressed as

FDR~v !5
~1002f!

100
exp~0.252v25.823! v<35 m/s

(4)

FDR~v !5
~1002f!

100
20111.43~v235!,100 v.35 m/s

where f5reduction in existing~1989–1992! structural vulner-
ability. In other words, the transition point is reduced by
3(100-f)%. For example, Fig. 2 shows the effect off540%
andf580% reductions in existing structural vulnerability.

Reduced Vulnerability Due to Design to ASCE 7-98

If all materials, section sizes, connections, fixings, and exte
facilities in a building ~particularly the building envelope! are

Fig. 1. Claims ratio and proposed model of existing structu
vulnerability

Fig. 2. Effect of reduced vulnerability to minor damage
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‘‘fully engineered,’’ then structural vulnerability for most house
will be reduced considerably since most existing houses are
engineered. The term ‘‘fully engineered’’ would typically impl
that the building would be designed to withstand design w
forces, for example, as specified by the ASCE Standard ‘‘M
mum Design Loads for Buildings and Other Structures’’~ASCE
7-98!. It might be noted that following Cyclone Tracy in 197
building regulations in Australia were revised and now requ
domestic housing in cyclone-prone areas to be structurally e
neered to the same performance criteria of other ‘‘fully en
neered’’ buildings~Walker 1980!. The effect of a fully engineered
building envelope on structural vulnerability and associated p
dicted insurer costs due to retrofit and upgrading of new const
tion are described elsewhere~Stewart et al. 2000!.

Future Residential Construction Scenario Models

There are many possible scenarios for changes to structural
nerability over time of new and existing residential constructi
However, for the present study three scenarios associated wit~1!
‘‘do nothing’’ ~existing vulnerability!, ~2! strengthening~retrofit!,
and ~3! changes to population mix of new~strengthened! con-
struction are considered. The latter two scenarios can be expe
over the passage of time, to lead to significant reductions in
vulnerability of communities to hurricanes.

Since costs of upgrading and damage costs are likely to o
at different times, it would be rational to discount future costs
present values, e.g., present value is equal toC/(11r ) t, whereC
is the future cost at timet and r is the discount rate. Note, how
ever, that future costs are given in terms of the insured value
house~structure and contents! whose replacement value is likel
to increase in value beyond the rate of inflation. Although d
counting can readily be incorporated into the risk-cost-ben
analyses to follow, discounting of costs will open up many p
sibilities regarding parameter selection, and so for convenie
are omitted from the analyses described herein.

For both scenarios it is assumed that the wind speed cha
teristics are constant across an entire zip code and that the s
tural vulnerability of an individual house in its initial~undam-
aged! condition is time-invariant and deterministic. Thus, a lo
wind speed event will only cause damage to the same subs
houses previously damaged by a higher intensity wind event

Retrofit during Repair to Hurricane Damage

If a house is damaged by a hurricane then this is a conven
time to retrofit~strengthen, upgrade! the house, since a builder i
already on-site conducting repairs. It is quite likely that the ad
tional cost of retrofitting will only be incrementally greater tha
the cost of simply restoring the house to its initial~undamaged!
condition. However, the cost of retrofitting residential structu
is often a deterrent to homeowners. Hence, some form of finan
assistance or incentives from insurance firms or governm
agencies is generally needed to encourage retrofitting~Cook et al.
1993!. This scenario therefore assumes that insurance fully co
the cost of retrofitting, and the hurricane damage risk-cost-be
analysis to follow will help assess if such an investment strat
will prove to be economically viable to the insurer.

The analysis assumes that retrofitting is conducted once,
only after the first hurricane-induced incidence of damage.
the first hurricane-induced damage the damage ratio is thus:

FD1
~v !5FD~v !1Fc~v !

CST

1.53100
(5)
-

-

-

l-

d,

r

-
c-

f

t

l
t

s
t

d

whereFC(v) andFD(v)5damage and claim ratios~%! given by
Eqs. ~1! and ~3!; CST5cost of retrofitting a single structure ex
pressed as a percentage of the value of the structure; ai
5hurricane event. Huang et al.~2001! assumed that the insure
value of a house is 150% of the value of the structure. The d
age ratio for subsequent events will then be influenced by
proportion of retrofitted housing, and this proportion in turn
affected by the peak mean wind speed experienced by the sit
to this time. For subsequent hurricane-induced events, the dam
ratio for hurricane eventi is

FDi
~v !5FDR~v ! Fc~v !<Fcmax

(6)

if the hurricane event is of lesser intensity than all previous h
ricanes~i.e., reduced damage loss for houses previously retrofi
and no additional houses retrofitted!, or

FDi
~v !5

~Fc~v !2Fcmax
!

Fc~v !
FD~v !1

Fcmax

Fc~v !
FDR~v !

1~Fc~v !2Fcmax
!

CST

1.53100
Fc~v !.Fcmax

(7)

if the hurricane event is of greater intensity~i.e., reduced damage
loss for houses previously retrofitted, additional houses dama
and retrofitted!. The reduced vulnerability due to retrofitting
represented byFDR , which may be expressed by Eq.~4!. In this
caseFcmax

represents the percentage of houses retrofitted im
diately prior to the next hurricane event and is calculated as
maximum claims ratio experienced up to hurricane eventi . This
gives

Fcmax
5 max

j 51,i 21
~Fcj

! (8)

whereFc j5claims ratio for hurricane eventj.

Rate of Growth of New (Strengthened) Construction

Another possible scenario considers the effect of the rate
growth of new housing assuming that such new housing is c
structed with reduced structural vulnerability. For a hurrica
event i occurring at timet, the damage ratio conditional o
t-years ofx% annual growth of new housing is

FDi
~v !5

1002~xt!

100
FD~v !1

xt

100
FDR~v ! (9)

wherext represents the percentage of new housing at timet ~this
product cannot exceed 100%!. Clearly, xt may also be seen to
represent the rate of growth of retrofitted houses or other str
gies that result in houses of reduced vulnerability. For exam
Cook et al. ~1993!, Sutt et al. ~1996!, and others suggest tha
stripping of old roof coverings, improved attachments of t
sheathing followed by installation of wind resistant roof coverin
and using hurricane straps to secure rafters and trusses to
should become a regular part of reroofing. If reroofing occ
every 20 years thenx would be equal to 5% per year to ensu
100% retrofitted houses within 20 years. The additional cos
new housing is assumed to be borne by the homeowner, no
insurer.

Hurricane Damage Risk-Cost-Benefit Analysis and
Results

Huang et al.~2001! estimated annual expected damage ratios
all zip codes in North Carolina, South Carolina, and Florida
NATURAL HAZARDS REVIEW / FEBRUARY 2003 / 15
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existing structural vulnerability given by Eqs.~1! and ~2!. The
present study will consider a smaller number of sites—name
• North Carolina: Cape Lookout, Kure Beach, Raleigh, Wilm

ington
• South Carolina: Charleston, Columbia, Folly Beach
• Florida: Miami, Orlando, Panama City, Venice
These sites contain both coastal and interior~several hundred km!
geographic locations with exposure to hurricanes originating fr
both the Atlantic and Gulf coasts~Fig. 3!. Furthermore, the effec
of short distances from the coast is illustrated by consider
coastal and inland~several km from the coast! locations at Miami
and Venice, in Florida. The Monte-Carlo simulation method
similar to that described previously in the paper except that st
tural vulnerabilities are modified, as discussed with Eqs.~5!–~9!.
Expected annual damage ratios are annualized for a 50-yea
posure period.

A number of studies have found that the additional cost to n
housing for increased hurricane resistance is in the range
1–10%~e.g., Stewart et al. 2000!. There is very little data on the
costs of retrofitting a house for increased hurricane resista
However, Leicester~1981! has observed that ‘‘estimated’’ add

Fig. 3. Map of Southeastern U.S.
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tional costs for houses in Australia range from 15% to 50%
retrofit of existing houses. While there can be expected to b
relatively wide range of additional costs due to the large choice
strengthening procedures available for housing construction, w
is evidently needed to more precisely estimate these costs.

Unless noted otherwise, all expected losses assumed here
those borne by the insurer. If more costing data were availab
would be possible to consider other scenarios or costs and
efits of other interested parties in a multiattribute decision ana
sis. See Stewart et al.~2000! for more details and results of th
hurricane damage risk-cost-benefit analysis.

Existing Structural Vulnerability

The expected annual damage ratios based on the existing s
tural vulnerability~i.e., ‘‘do nothing’’! are shown in Table 1 for
all sites. Naturally, these results are nearly identical to those
ported by Huang et al.~2001!. It is observed that the expecte
annual damage ratio may be as low as 0.08% for sites far in
~Columbia, Raleigh! and as high as 2% for exposed coastal si
~Folly Beach!. An expected annual damage ratio of 2% impli
that houses will experience losses totaling 100% of the insu
value, on average, every 50 years. However, the expected an
damage ratio decreases significantly for sites only 2–4 km inla
Table 1 also shows that major damage~Fig. 1! can constitute a
large proportion of expected losses, but a relatively small prop
tion of claims.

Retrofit during Repair to Hurricane Damage

The expected annual damage ratios~excluding costs of retrofit!
for this scenario are shown in Table 2, for retrofitting with stru
tural vulnerability reduced by 40% and 80%. In all cases at le
50% of houses will be retrofitted over the 50-year exposure
riod. The proportion of houses retrofitted represents the pro
tion of houses that experienced hurricane-induced damage,
thus repairs and retrofitting. As such, the expected annual dam
ratio decreases dramatically for the retrofit scenarios consid
herein. In some cases this reduction is up to 65% for an 8
reduction in vulnerability to minor damage.
Table 1. Annual Expected Damage Ratios and Categorization of Damage for Existing Structural Vulnerability

Site Existing vulnerability~%!

Proportion of Costs Proportion of Occurrences

Minor damage~%! Major damage~%! Minor damage~%! Major damage~%!

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 2.1
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



Table 2. Annual Expected Damage Ratios for Existing Structural Vulnerability and Retrofit during Repair to Hurricane Damage~Excluding Cost
of Retrofit!

Site Existing vulnerability~%!

Reduced Vulnerability to Minor Damage Houses retrofitted
~%!f540% f580%

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
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Zone of Economic Viability
The cost-effectiveness of the retrofit scenarios considered he
can be evaluated by comparing the insurer costs~damage ratio for
a particular reduction in structural vulnerability1retrofit cost
CST) with the ‘‘do nothing’’ scenario. There are a large number
combinations of reductions in structural vulnerability and retro
costs. Hence, an ‘‘envelope’’ of these combinations produc
expected annual insurer costs lower than the ‘‘do nothing’’

Fig. 4. Zone of economic viability for retrofit during repair t
hurricane damage~reduced vulnerability to minor damage!, for
~a! Columbia and~b! Folly Beach
n
pected annual damage ratio is developed—this is referred
herein as the ‘‘zone of economic viability.’’

Fig. 4 shows the zones of economic viability for Columb
~interior! and Folly Beach~coastal!. Each combination of retrofit
cost and reduction in structural vulnerability~f! determines the
percentage change in annual insurer costs. If the change in an
insurance costs is negative then this scenario is economically
able. The zone of economic viability is much smaller for Colu
bia because of its reduced exposure to hurricanes; however,
4~a! shows that retrofitting is still cost-effective if a 60% redu
tion in vulnerability can be achieved for a retrofit cost not exce
ing 5% of the initial building cost. For Folly Beach, retrofitting
cost-effective even if retrofit costs for the same reduction in v
nerability (f560%) reach 40%. Clearly, the zones of econom
viability ~particularly for coastal or exposed regions! show that
for the scenarios considered herein, retrofit costs may be c
effective even if they achieve only modest reductions in structu
vulnerability.

Time to Economic Viability
The preceding analyses have considered costs annualized o
50-year exposure period. However, it may also be useful for

Fig. 5. Time to economic viability forf560% and retrofit costs of
5%
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cision makers to monitor changes in insurer costs (dam
1retrofit costs! over time, as this will give an indication as t
when a particular retrofit strategy will be economically viab
This is achieved by considering a time-variant measure of
pected costs, namely, insurer costs (damage1retrofit costs! for all
years up to yearT annualized over this time period,FD@0,T#
expressed as

FD@0,T#5(
t51

T
FD~ t !

T
(10)

whereFD(t)5 insurer costs for yearT. It should be noted that fo
the ‘‘do nothing’’ strategy,FD@0,T# is the same for all values ofT
since structural vulnerability is time-invariant and there are
additional retrofit costs. For example, annualized costs up to
T are shown in Fig. 5, for retrofit during repair to hurricane da
age (f560%, CST55%) for sites in Columbia and Folly Beach
The intercept of the cumulative costs for all years up to yeaT
annualized over this time period and the ‘‘do nothing’’ expect
damages shows the time needed for this particular retrofit stra
to be economically viable. In this case, this particular retro
strategy becomes economically viable after 4 years and 50 y
for Folly Beach and Columbia, respectively.

Fig. 6. Percentage change in expected annual damage ratio ff
540% reduction in structural vulnerability

Fig. 7. Percentage change in expected annual costs for retrofit c
ing reduction to minor damage~f! and additional cost of constructio
(CST) of 10%
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Rate of Growth of New (Strengthened) Construction

Any increase in the proportion of new construction~designed and
constructed to reduced vulnerability! will reduce expected annua
damage ratios. This is evident from Fig. 6, which shows the
duction in expected annual damage ratios for af540% reduc-
tion in vulnerability, for all sites. Even a 1% annual increase
the proportion of new housing can reduce expected annual d
age ratios by at least 6%.

It is possible to determine the cost-effectiveness of a rang
possible strengthening requirements for new design and cons
tion. This might include combinations of rate of new constructio
reduction in vulnerability, and additional cost of strengthenin
Fig. 7 shows the changes in total costs for one such combina
of parameters. In this case, strengthening causes a reductio
minor damage~f! and the additional cost of upgrading new co
struction is taken as 10%. This additional cost of construction
probably conservative since it was shown earlier that additio
cost to new housing for increased hurricane resistance is gene
in the range of 1–10%. It is assumed that insurers will pay
hurricane damage and the homeowner will pay for the additio
cost of construction; hence, these costs are essentially soc
costs or losses. In this particular case it appears that strengthe
of new houses is cost-effective for exposed regions such as F
Beach, but not for a less exposed region such as Columbia. T
sure, similar analyses could be conducted for an almost infi
number of scenarios. These are beyond the scope of the pr
paper.

Further Work

There is clearly much opportunity for further work. This ma
include developing structural vulnerability models for differe
housing types or construction techniques~and materials!, age pro-
files, code specifications, compliance and enforcement, cha
in exposure categories~e.g., effect of increased urbanization!, and
so on. The development of such models will require a substan
research effort that may include collection and analysis of ins
ance claim~loss! data, field or test data~or more subjective data
obtained from ‘‘experts’’!, structural system modeling to asse
effect of component strengthening on the structure and build
envelope, and probabilistic wind field and structural respo
modeling to predict changes in reliability. There is also a need
the quantification of the additional costs for increased hurric
resistance.

Finally, more rigorous economic decision analyses may be
veloped that consider the effect of insurance premiums, ded
ibles, insurer incentives, discount rates, life safety, hurricane m
gation and response costs, and other costs and benefits~direct and
indirect! of hurricane mitigation strategies related to the buildi
owner, insurer, reinsurance company, government agency, o
ciety in general. This will require a more detailed multiattribu
decision analysis. Whether such analyses are conducted wil
pend on data and support from the insurance industry.

Conclusions

A GIS-based hurricane simulation model was used to statistic
characterize the extreme wind climate~considering hurricane
events! at selected sites in the Southeastern United States.
information was then used in a risk-cost-benefit analysis to mo
the stochastic and spatial characteristics of hurricane-indu

-
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wind damage~specifically, insured losses to residential structur!
over a 50-year exposure period. The paper developed
scenario-based models for changes in vulnerability of the exis
building stock due to improvements in building envelope per
mance, for both existing and new residential construction. S
narios considered included retrofitting existing houses imm
ately after they experience hurricane damage and ensuring
construction is built with reduced vulnerability. The cost of ret
fit or additional cost of upgrading new construction was th
included in the hurricane damage risk-cost-benefit analysi
order to assess the economic viability of these scenarios. ‘‘Zo
of economic viability’’ determined the potential for cost-effecti
retrofitting of existing residential construction. For example,
some cases retrofit costs of up to 40% of initial building co
may be economically viable. The risk analysis also enabled
time to economic viability to be calculated. It was found, f
instance, that some retrofit scenarios may become econom
viable to insurers within only a few years.
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Notation

CST 5 cost of retrofitting;
FC 5 claims ratio;

Fcmax 5 percentage of houses retrofitted immediately
prior to next hurricane event;

FD 5 damage ratio;
FD@0,T# 5 cumulative insurer costs for all years up to year

T then annualized over this time period;
FDR 5 structural vulnerability conditional on reduced

vulnerability;
i 5 hurricane event;

T,t 5 time ~years!;
x 5 growth of new housing;
v 5 mean surface wind speed~m/s!; and
f 5 reduction in existing structural vulnerability.
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