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Abstract: In recent years, severe hurricanes have caused enormous economic losses for society and placed tremendous burden on the
insurance industry. As the number of residential buildings in hurricane prone regions continues to rise, hurricane hazard mitigation is
of paramount importance for residential buildings. Although different retrofit measures are available to mitigate hurricane damage and
to reduce the associated social and economic losses, choosing the most cost-effective ones is still an engineering challenge. This paper
uses the performance-based hurricane engineering (PBHE) framework with multilayer Monte Carlo Simulation (MCS) for the loss analysis
of residential buildings subject to hurricane hazard. A highly efficient modified version of the multilayer MCS technique based on copula is
proposed for the faster re-evaluation of hurricane risk when different hurricane hazard mitigation strategies are considered for the same
building. This technique is combined with cost-benefit analysis to provide effective decision making tools based on the performance com-
parison of different design and retrofit solutions. A realistic case study is presented to illustrate the proposed methodology by comparing the
cost-effectiveness of several commonly used hurricane hazard mitigation techniques and design alternatives for a typical residential building.
DOI: 10.1061/(ASCE)ST.1943-541X.0001469. © 2016 American Society of Civil Engineers.

Introduction

Hurricanes are among the most costly natural hazards affecting
communities worldwide, in terms of both property damage and loss
of life. In the United States, the average annual economic loss
attributable to hurricanes in the period 1900–2005 was about
$10 billion (normalized to 2005 USD), and placed a tremendous
burden on the society and the insurance industry (Pielke et al.
2008). As the population tends to concentrate on coastal regions
and the number of residential buildings in hurricane-prone areas
continues to rise, the societal vulnerability to hurricanes is increas-
ing, with the prospect of even higher damages and losses in the
future (Li and Ellingwood 2006). Hence, hurricane hazard mitiga-
tion is of paramount importance for residential buildings located in
hurricane-prone regions. Many mitigation measures are available to
reduce the social and economic losses that are associated with
hurricane damage, and appropriate engineering criteria must be
used to select the most cost-effective solutions for different condi-
tions. In the case of residential buildings, hurricane risk mitigation
is limited by the high upfront cost of common hurricane risk
mitigation practices. To reduce the societal risk posed by hurricane
events in a cost-effective manner, appropriate decision-making
tools must be developed based on a rigorous performance-based
cost-benefit evaluation of different mitigation techniques for resi-
dential buildings.

In the last few decades, significant research was devoted to
developing vulnerability models (also called fragility curves)
for residential buildings subject to hurricane hazard. Leicester et al.
(1980) developed global vulnerability curves (i.e., for the entire
building) for various housing types based on cyclone damage sur-
veys in different regions of Australia after Cyclone Tracy in 1974.
Stubbs and Perry (1996) defined vulnerability models for differ-
ent building components based on reliability analysis techniques
and investigated the relative contribution from the damage of indi-
vidual components to the total damage for buildings subject to
extreme wind events. Huang et al. (2001) developed a hurricane
damage model for single family housing units using event-based
simulation and southeastern United States insurance data from
Hurricanes Hugo and Andrew to predict the expected losses at
a regional level. Pinelli et al. (2004) proposed a probabilistic
model for hurricane vulnerability evaluation of residential struc-
tures using basic damage modes for individual structural and non-
structural components and combining them in possible damage
states for specific building types. Grayson et al. (2013) proposed
a modular framework for assessing the building envelope failures
of light-frame wood construction subject to hurricane wind and
windborne debris hazards, by providing the time evolution of
building envelope damage for specific structures and the wind-
borne debris impact vulnerability plots at different locations for
given hurricane scenarios.

More recently, performance-based design approaches began to
receive significant attention by researchers in wind and hurricane
engineering. Ellingwood et al. (2004) proposed a fragility analysis
approach for assessing probabilistically the achievement of
specified performance objectives by light-frame wood construc-
tions subject to extreme windstorms and earthquakes. Augusti and
Ciampoli (2008) presented a general approach to performance-
based design of buildings subjected to wind and earthquake haz-
ards. van de Lindt and Dao (2009) proposed a performance-based
wind engineering approach that included the development of fragil-
ity curves for different performance objectives applied to wood-
frame buildings. Li and Ellingwood (2009) presented a multihazard
risk assessment framework to compare the impact of hurricanes
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and earthquakes on wood-frame residential construction and the
effectiveness of different mitigation strategies. Petrini (2009) pro-
posed a performance-based wind engineering framework based
on the total probability theorem for risk assessment of structures
subjected to wind hazard. Barbato et al. (2013) developed a prob-
abilistic performance-based hurricane engineering (PBHE) frame-
work, also based on the total probability theorem, for the risk
assessment and loss analysis of structural systems subject to hurri-
cane hazard. This framework considers the multihazard nature of
hurricane events, the interaction of different hazard sources
(i.e., wind, windborne debris, flood, rain), and possible sequential
effects of these distinct hazards.

In parallel with the development of performance-based design
approaches, the last two decades have seen the advancement of
risk-based cost-benefit analysis approaches in several subfields of
structural engineering (e.g., Frangopol et al. 1997 for bridge engi-
neering, and Porter et al. 2001 for earthquake engineering). Stewart
et al. (2003) performed a hurricane damage risk-cost-benefit
analysis proposing two scenario-based models to investigate the
structural vulnerability change for the existing building stock attrib-
utable to improvements in the building envelope performance, and
the effects over time of this change on expected insurance losses.
Pinelli et al. (2009) analyzed the cost-effectiveness of various mit-
igation measures for different residential building typologies of
different age and quality of construction. Li (2010) proposed a
risk-cost-benefit framework for assessing the damage risk and cost-
effectiveness of hurricane and earthquake mitigation strategies for
residential buildings using life-cycle and scenario-case analysis.
Li and van de Lindt (2012) proposed a loss-based formulation for
residential buildings subject to multiple hazards, in which cost-
benefit analysis was used to compare different design and retrofit
options for multihazard mitigation.

In this paper, the PBHE framework (Barbato et al. 2013;
Unnikrishnan and Barbato 2015) is adopted for the risk assessment
of structural systems located in hurricane-prone regions. Multilayer
Monte Carlo simulation (MCS) is employed to perform a loss
analysis for residential buildings subject to hurricane hazard. A
highly efficient modified version of multilayer MCS is proposed
for faster re-evaluation of hurricane risk when different design
alternatives and mitigation strategies are considered for the same
building. These design alternatives and mitigation strategies are
compared using a risk-based cost-benefit analysis. A realistic case
study is presented to illustrate the adopted methodology by com-
paring the cost-effectiveness of different hurricane hazard mitiga-
tion techniques applied to a typical house of an actual residential
development located in Pinellas County, Florida.

Summary of PBHE Framework

The PBHE framework proposed in Barbato et al. (2013) disaggre-
gates the performance assessment procedure for structures subject
to hurricane hazard into elementary phases that are carried out in
sequence. The structural risk within the PBHE framework is ex-
pressed by the probabilistic description of a decision variable, DV,
which is defined as a measurable quantity that describes the cost
and/or benefit for the owner, the users, and/or the society resulting
from the structure under consideration. The fundamental relation
for the PBHE framework is given by

GðDVÞ ¼
Z Z Z Z Z

GðDVjDMÞ · fðDMjEDPÞ

· fðEDPjIM; IP;SPÞ · fðIPjIM;SPÞ · fðIMÞ · fðSPÞ
· dDM · dEDP · dIP · dIM · dSP ð1Þ

where Gð•Þ = complementary cumulative distribution function, and
Gð•j•Þ = conditional complementary cumulative distribution func-
tion; fð•Þ = probability density function, and fð•j•Þ = conditional
probability density function; IM = vector of intensity measures
(i.e., parameters characterizing the environmental hazard); SP =
vector of structural parameters (i.e., parameters describing the
relevant properties of the structural system and nonenvironmental
actions); IP = vector of interaction parameters (i.e., parameters de-
scribing the interaction phenomena between the environment and
the structure); EDP = vector of engineering demand parameters
(i.e., parameters describing the structural response for the per-
formance evaluation); and DM = vector of damage measures
(i.e., parameters describing the physical damage to the structure).
By means of Eq. (1), the risk assessment is disaggregated into the
following tasks: (1) hazard analysis, (2) structural characterization,
(3) interaction analysis, (4) structural analysis, (5) damage analysis,
and (6) loss analysis.

Multilayer Monte Carlo Simulation

Similar to the Pacific Earthquake Engineering Research Center
performance-based earthquake engineering framework equation
(Cornell and Krawinkler 2000; Porter 2003), Eq. (1) can be solved
using different techniques, e.g., closed-form analytical solutions
(Jalayer and Cornell 2003), direct integration techniques (Bradley
et al. 2009), and stochastic simulation techniques (Porter et al.
2001). In PBHE, analytical solutions and direct integration tech-
niques require the knowledge of the joint probability density func-
tion of the component losses, which is usually very difficult to
obtain for real-world applications. Thus, in this study, a multilayer
MCS technique (Conte and Zhang 2007) is adopted and specialized
to efficiently perform loss analysis for residential buildings subject
to hurricane hazard. The result of the PBHE equation [Eq. (1)] is
the annual loss curve, GðDVÞ, i.e., the complementary cumulative
distribution function of the annual losses for the residential building
under consideration owing to hurricane events.

Fig. 1 shows the flowchart of the general multilayer MCS
technique applied to PBHE considering a one-year time interval.
Multilayer MCS takes into account the uncertainties from all six
phases of the PBHE framework. Each of these analysis phases
is performed in two steps: (1) a sample generation step of random
parameters with known probability distributions, which are needed
to describe the uncertainties in environmental actions, structural
properties, interaction phenomena, analysis techniques, and cost
estimates; and (2) an analysis step based on a deterministic model,
which is used to propagate the uncertainties from input to output
parameters of each analysis phase. It is noted here that the analysis
steps are usually more computationally intensive than the corre-
sponding sample generation steps. Thus, it is useful to identify
specific conditions under which one or more of the analysis steps
can be avoided to reduce the computational cost of the multilayer
MCS approach.

In particular, this study focuses on hurricane loss analysis for
low-rise residential buildings such as single-family houses. For this
specific building typology, component strength statistics are com-
monly available as functions of the environmental action intensity.
In fact, most of these structures are constructed based on design
models, and their components consist of products that are certified
based on building code requirements (NAHB 2000). Under these
conditions, the damage analysis phase can be performed without
requiring the statistical description of the structural response of
the building, because the probabilistic description of the strength
for the building components subject to damage (i.e., windows,
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doors, walls, roof) can be obtained from empirical relations avail-
able in the literature as a function of opportunely chosen IP. Thus,
it is computationally convenient to eliminate the structural analysis
phase from the multilayer MCS procedure. Fig. 2 shows the flow-
chart for the multilayer MCS technique specialized for probabilistic
hurricane loss estimation of low-rise residential buildings, and pro-
vides the list of analysis parameters involved in each analysis
phase. As noted above, the structural analysis phase is not per-
formed explicitly to derive the probabilistic description of the EDPs
that are related to structural damage. This simplification consider-
ably reduces the computational cost of the multilayer MCS
approach for probabilistic hurricane loss analysis of low-rise res-
idential buildings. The following sections of this paper describe
in detail the PBHE phases for the proposed specialized multilayer
MCS technique. It is noted here that, for simple structures of risk
categories I and II (ASCE 2010), such as single-family residential
buildings, simplified and computationally inexpensive models are
often appropriate to perform the analysis steps required by the
PBHE methodology.

Hazard Analysis Phase

The focus of this paper is on the effects of mitigation techniques for
wind and windborne debris hazards. Thus, the results presented in
this paper are valid for residential buildings that are sufficiently far
from water bodies and for which flood hazard mitigation is not re-
quired. The general multilayer MCS methodology presented in this

study can include also flood and rainfall hazard. However, this gen-
eralization is outside the scope of this paper.

Wind Hazard Characterization
The first step in the proposed multilayer MCS approach is the sim-
ulation of the number of hurricanes affecting the considered struc-
ture in a given year, e.g., according to a Poisson occurrence model
(Russel 1971; Chouinard and Liu 1997). For each of these hurri-
canes, a corresponding wind field needs to be simulated to char-
acterize the wind hazard. Three methodologies of increasing
accuracy and computational cost can be adopted to define the hur-
ricane wind field (FEMA 2007): (1) deriving the statistical descrip-
tion of the 3-s gust wind velocity, V, at the building site from
existing peak wind speed data (Batts et al. 1980; Li and Ellingwood
2006); (2) using site-specific statistics of fundamental hurricane
parameters to obtain a mathematical representation of a hurricane
at the building location, including the statistics of the wind speed
(Batts et al. 1980; Vickery and Twisdale 1995); and (3) modeling
the full track of a hurricane from its initiation over the ocean until
final dissipation and using appropriate wind field models to obtain
the wind speed statistics corresponding to the specified track at the
building site (Vickery et al. 2000).

In this paper, the first methodology (i.e., using existing peak
wind speed data at the building sites to derive the statistical descrip-
tion of the 3-s gust wind velocity) is adopted to reduce the computa-
tional cost of the proposed procedure. However, for important
structures, one of the more accurate procedures would be more

For each hurricane
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IA 
parameters

EDP

SA 
parameters

DM
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DA 
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Fig. 1. Multilayer MCS approach for PBHE framework (reprinted from Unnikrishnan and Barbato 2015, © ASCE)
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Fig. 2.Multilayer MCS approach for probabilistic hurricane loss estimation of nonengineered residential buildings (adapted from Unnikrishnan and
Barbato 2015, © ASCE)
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appropriate and should be selected. It is also noteworthy that, when
the number of hurricanes per year is equal to zero, the proposed
PBHE framework reduces to the performance-based wind engi-
neering framework proposed in Petrini (2009), and can be used
to assess the performance of structures subject to nonhurricane
wind actions. When the number of hurricanes per year is larger than
zero, the procedure shown in Fig. 1 or Fig. 2 is always performed
first for nonhurricane wind actions, and then repeated for hurricane
actions a number of times equal to the simulated number of
hurricanes.

Windborne Debris Hazard Characterization
The windborne debris hazard is described by the wind field inten-
sity (which is also needed to describe the wind hazard) and the
characteristics of the windborne debris that can affect the structure
under study. The parameters needed to describe the windborne
debris are: (1) the relative distribution of different debris types,
e.g., compact-type, rod-type, and sheet-type debris (Wills et al.
2002); (2) the physical properties of the debris, e.g., for sheet-type
debris, Md = mass per unit area of the debris, and Ad = area of the
single debris; (3) the density of debris sources, e.g., the building
density (applicable for expanding residential developments),
nbuildings, and the vegetation density, nvegetation, at the building site;
(4) the resistance model for the debris sources (which determines
the number of windborne debris generated by a given source under
a specified wind speed); and (5) the trajectory model for the debris
(which describes the debris flight path).

The relative distribution of the debris types and the statistical
description of the variables defining the physical properties of
the debris can be obtained either from the literature or through dam-
age surveys at the site from previous hurricane events. In residential
developments, the windborne debris are predominantly sheet-type,
e.g., roof shingles and sheathing (Holmes 2010), hence this paper
focuses on sheet-type debris. The debris source’s density can be
obtained from direct observation of the building site, and from de-
velopment and/or urban planning documents. Several debris gen-
eration models are available in the literature, e.g., component-based
pressure-induced model (Gurley et al. 2005), and empirical models
based on damage surveys (FEMA-325 2007b). In this paper, the
debris generation model employed by the Florida public hurricane
loss model (FPHLM) is adopted (Gurley et al. 2005). This model is
a component-based pressure-induced damage model, which pro-
vides the number of debris generated from each source house as
a function of: (1) the percentage of roof cover damage for a given
3-s gust wind speed, and (2) the geometry of the house.

Two different types of debris trajectory models are available in
the literature to estimate the debris flight path: (1) models that in-
vestigate the two-dimensional motion of debris in uniform wind
flow using simplified dimensionless equations of motion (Holmes
2004; Baker 2007; Lin et al. 2007), and (2) models that consider the
debris trajectory in a three-dimensional space through the numeri-
cal integration of the three- or six-degree-of-freedom debris equa-
tions of motion (Twisdale et al. 1996; Grayson et al. 2012). To
reduce the computational cost of windborne debris hazard analysis,
a 2D model using simplified dimensionless equations of motion
proposed by Lin et al. (2007) is adopted in this study to estimate
the debris flight trajectory. This model provides the landing posi-
tion of the debris in terms of two statistically independent Gaussian
random variables, i.e., X = along-wind flight distance and Y =
across-wind flight distance, which are described by their means
(μX and μY ¼ 0 m) and standard deviations ðσX ¼ σY ¼ 0.35μXÞ.
The parameter μX is expressed as a function of the normalized
flight time, ~T, and the Tachikawa number, K ¼ ρa · V2 · l2=md · g
(in which ρa = air density, l = characteristic dimension of the

debris, md ¼ Md · Ad = mass of the debris, g = gravity constant),
using nondimensional coefficients that depend on the shape
of the debris and were calibrated using wind tunnel tests (Lin et al.
2007).

Interaction among Hazards in the Hazard Analysis Phase
The interaction among different hazard sources acting during a hur-
ricane event can take place in the form of: (1) interacting hazards,
and (2) hazard chains. The PBHE framework accounts for the for-
mer type of interaction within the hazard analysis phase by consid-
ering two modes of interaction: (1) different hazards described
using shared IMs (e.g., wind and windborne debris hazards require
the description of the wind field, which is common to both hazards
for a given hurricane event); and (2) one or more hazards described
by statistically dependent IMs, which can be modeled using joint
probability density functions (e.g., Myers and Ho 1975). In this
study, the IMs used to describe the wind field and the debris proper-
ties are assumed as independent random variables.

Structural Characterization Phase

The structural characterization phase provides the probabilistic de-
scription of the SP vector, which includes the random structural
properties that can influence the loading applied to the structure
and/or its components through the IP vector. These properties
can include, e.g., geometrical properties, such as position and di-
mensions of windows and doors, and the dimensions of the build-
ing (length, width, and height); mechanical properties, such as
natural period and damping; and other parameters that determine
the intensity of the wind effects on the structure and its components
(e.g., pressure coefficients). Geometrical properties can usually be
treated as deterministic quantities, because they can be directly
measured for existing structures or are characterized by a small
variability. In general, the variability of the mechanical properties
of a low-rise residential building has a negligible effect on the per-
formance of the building itself and can also be neglected. The stat-
istical characterization of the other parameters affecting the
intensity of the wind effects can be obtained through wind tunnel
tests or from appropriate statistical distributions available in the lit-
erature. The latter approach is followed in this study. It is notewor-
thy that the statistical distributions of these parameters usually
change any time the building envelope is breached. Thus, it is im-
portant to account for these changes to properly evaluate the effects
of hazard chains (Barbato et al. 2013). In this paper, the following
random structural parameters are considered: wind pressure expo-
sure factor (evaluated at h = height of the target building), Kh;
external pressure coefficient for the j-th building component,
GCp;j; and internal pressure coefficient for the j-th building com-
ponent,GCpi;j (j ¼ 1; : : : ; nc, where nc = number of building com-
ponents). The variability of the wind gust factor G is incorporated
in that of external and internal pressure coefficients because it is
usually small for the building typology considered in this study
(Li and Ellingwood 2006).

Interaction Analysis Phase

The choice of the IP vector is crucially dependent on the hazard
sources, limit states, and performance levels of interest for both
structural and nonstructural elements. In this study, the IP vector
is selected to represent the effects of wind and windborne debris
hazard on the different limit states of interest for low-rise residential
buildings.

The interaction analysis for the wind hazard provides the
statistical characterization of the wind pressure acting on the differ-
ent components of the buildings, pw;j. In this study, the wind
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pressure acting on the j-th component of the building is computed
as (ASCE 2010)

pw;j ¼ qh · ðGCp;j −GCpi;jÞ ð2Þ

in which the velocity pressure evaluated at h, qh, is given by

qh ¼ 0.5 · ρa · Kh · Kzt · V2 ð3Þ

where Kzt = topographic factor.
The relevant IP components controlling the effects of wind-

borne debris impact are: (1) number of impacting debris, nd; (2) im-
pact linear momentum, Ld; and (3) impact kinetic energy, Kd. The
impact linear momentum is well correlated with the damage to
envelope components with a brittle behavior, e.g., glazing portions
of doors and windows (Masters et al. 2010); whereas the impact
kinetic energy is better correlated with the damage to envelope
components with a ductile behavior, e.g., aluminum storm panels
(Herbin and Barbato 2012; Alphonso and Barbato 2014).

The analysis step of the interaction analysis phase requires an
impact model to estimate nd, Ld, and Kd (Barbato et al. 2013). The
debris impact model uses the debris flight path obtained from the
trajectory model to check for any impact with the target building. In
the event of an impact, it uses the horizontal component of the mis-
sile velocity and data relative to the missile size and mass (obtained
from the debris generation model) to compute the impact linear
momentum and kinetic energy of the missile, which are given by

Ld ¼ Md · Ad · ud

Kd ¼
1

2
Md · Ad · u2d ð4Þ

in which ud = debris horizontal velocity at impact and is given by
(Lin and Vanmarcke 2008)

ud ¼ V · ½1 − expð− ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 · C · K · x

p
Þ� ð5Þ

in which x ¼ g · X=V2 = dimensionless horizontal flight distance
of the debris, and C ¼ 0.911 for sheet-type windborne debris.

Damage Analysis Phase

In the methodology proposed here for low-rise residential build-
ings, the structural analysis phase is not performed explicitly
and the strength of vulnerable components is directly compared
to the corresponding IP. Following a procedure commonly used
in performance-based earthquake engineering, the physical damage
conditions are represented using a limit state function LSF for each
damage limit state, i.e.

LSFj ¼ DMj − IPj ð6Þ

where DMj corresponds to the limit state capacity of the compo-
nent j, for the given damage limit state. The limit states generally
considered for residential buildings are: (1) breaking of annealed
glass windows/doors, (2) uplift of the roof sheathings, (3) uplift
of the roof covers, (4) roof truss failure, and (5) wall failure.
The IPs are compared with the limit state capacity of different com-
ponents of the building, and if the IPs assume values larger than the
corresponding limit state capacity of the building component, the
component is assumed to fail. In case of any breach in the building
envelope, the interaction and damage analysis phases are repeated
with updated SPs until there is no further additional breach (Fig. 2).

Loss Analysis Phase

The loss analysis phase gives the estimate of the annual probability
of exceedance of the DV. The DV can be chosen as, e.g., the repair
cost related to the hurricane induced damage, or the total cost of the
structural system during its design lifetime, which includes con-
struction and maintenance costs, repair costs, economic losses
attributable to structural and content damage, and loss of function-
ality (Bjarnadottir et al. 2011). The statistical description of the re-
pair cost for each of the building components can be obtained from
the literature and/or market, and the loss can be calculated as a
function of the percentage of component damage. Repair costs de-
pends on local labor cost, availability of materials, and local con-
struction practices. Loss data from insurance companies can also be
used to derive an appropriate probabilistic description of losses.

Faster Reanalysis Multilayer MCS Method

The ordinary multilayer MCS method proposed here for risk as-
sessment of residential buildings can be modified to achieve an im-
proved computational efficiency when numerous performance
assessment analyses are required for the same building (e.g., when
comparing different design alternatives and hazard mitigation strat-
egies). For this type of problem, the hazard and interaction analysis
phases remain the same as long as the location and geometry of the
building do not change. Under these conditions, the computational
effort of the multilayer MCS procedure can be significantly reduced
by randomly generating the IPs based on their statistical description
obtained from a first application of the multilayer MCS technique
(e.g., on an unmitigated structure), thus avoiding the repetition of
the hazard and interaction analysis phases.

The statistical description of the IPs consists of the marginal
probability distributions and the correlations between pairs of
IPs. Thus, the random generation of the IPs requires the joint prob-
ability distribution of the random variables that describe the IPs.
Different techniques are available in the literature to generate
the joint probability distribution of random variables given their
marginal distributions and correlations, e.g., the Chow-Liu tree
(Chow and Liu 1968), the Nataf transformation (Der Kiureghian
and Liu 1986), and the copula approach (Nelsen 2007). In this
study, the copula approach is adopted to model the joint probability
distribution of the IPs in conjunction with the faster reanalysis mul-
tilayer MCS method.

A copula is a multivariate joint distribution defined on the n-
dimensional unit cube ½0,1�n such that every marginal distribution
is uniform on the interval [0, 1] (Sklar 1959; Nelsen 2007). Accord-
ing to Sklar’s theorem (Sklar 1959), the multivariate joint cumula-
tive distribution function (CDF) of n random variables, X1; .....;Xn,
can be expressed as

FðX1; : : : ;XnÞ ¼ C½F1ðX1Þ; : : : ;FnðXnÞ� ¼ CðU1; : : : ;UnÞ
ð7Þ

where FðX1; : : : ;XnÞ = joint CDF of variables X1; : : : ;Xn; Ui ¼
FiðXiÞ = marginal CDF of Xiði ¼ 1; : : : ; nÞ; and CðU1; : : : ;UnÞ =
copula function. The joint CDF of Xiði ¼ 1; : : : ; nÞ can be deter-
mined by Eq. (7) if the marginal distributions of the random var-
iables and the copula function are known. Different types of
copulas can be used to describe the dependence between the ran-
dom variables (Tang et al. 2013). In this study, a Gaussian copula is
adopted to model the dependence between the variables. The inves-
tigation of the efficiency of different copulas in modeling the
dependence structure of the variables, albeit important, is out of
the scope of this study.
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The IPs obtained from the interaction analysis are pw;j for each
building component, nd, and Ld and Kd for each impact. The wind
pressure values depend on the velocity pressure,qh, and on the SPs
through Eq. (2). Based on the results obtained from numerous ap-
plications of the multilayer MCS method, it is assumed that, for a
given wind velocity, both Ld and Kd follow a lognormal distribu-
tion, which is completely characterized by its mean and standard
deviation (i.e., μLd

and σLd
for Ld, and μKd

and σKd
for Kd). These

means and standard deviations are modeled as random variables,
each described by an empirical CDF. It is further observed that
the correlation coefficients between μLd

and μKd
, and between

σLd
and σKd

are very close to 1. Thus, a Gaussian copula function
is generated for variables qh, nd, μLd

, and σLd
, based on the mar-

ginal distributions and correlation coefficients obtained in the first
application of the multilayer MCS method. In the subsequent re-
analyses, the hazard analysis and interaction analysis phases are
substituted in the modified multilayer MCS method by a sample
generation step (Fig. 3), in which: (1) variables qh, nd, μLd

, and
σLd

are sampled from the joint probability distribution constructed
using the previously obtained copula function; (2) for each of the nd
impacts, variables Ld and Kd are sampled from the corresponding
lognormal distributions with means and standard deviations μLd

and σLd
, and μKd

and σKd
, respectively; and (3) variables GCp;j

and GCpi;j are sampled for each building component and variables
pw;j are obtained from Eq. (2).

Cost-Benefit Analysis

Cost-benefit analysis can be used to compare the cost of different
storm mitigation techniques and the benefits achieved from
improved performance of the building over its entire design life.
Cumulative monetary damages or losses over a specific period
of time are of interest to decision-makers and can be estimated
based on the expected annual loss. The relationship between the
cost of mitigation tactics and its benefits are explicitly quantified
and thereby facilitate effective decision making for investment in
the safety of buildings (Liel and Deierlein 2013). The expected
present value of economic benefit of a hurricane mitigation tech-
nique (B) can be expressed as

B ¼
Xt

n¼0

EALu − EALr

ð1þ ρÞn − Cr ð8Þ

where EALu = expected annual loss for the unretrofitted structure;
EALr = expected annual loss after retrofit; ρ = discount rate;

t = planning period; and Cr = present cost of the retrofit. The
expected annual loss (EAL) is defined as the average economic
loss that occurs every year in the building and is equal to the area
under the corresponding annual probability of exceedance curve.
The retrofit or redesign is financially viable if the corresponding
expected value of economic benefit is greater than zero.

Case Study

A realistic case study of a single-family house subject to wind
and windborne debris hazards is presented here to illustrate the
proposed PBHE framework and to compare the costs and benefits
of different storm mitigation techniques and/or design alternatives
when applied to a given structure. The house is located in a
residential development in Pinellas County, Florida, which con-
tains 201 similar gable roof wooden residential buildings (Fig. 4).
The roof covers were considered as debris sources, whereas
the walls, windows, and doors were considered as debris impact
vulnerable components. The value of the target structure was
taken as $200,000. and the content value was assumed equal
to $100,000.

For each hurricane

No. of 
hurricanes 
per year

GCp

GCpi

pw, nd

Ld, Kd

No SA required

(based on strength 
statistics)

Envelope 
breach

update GCpi

Loss

Component 
costs

Total 
annual 

loss

Loss = 0

Yes

No

No 
additional 

breach

Strength 
parameter

Fig. 3. Modified multilayer MCS approach for probabilistic hurricane loss estimation of nonengineered residential buildings requiring multiple
reanalyses

Map data ©2015 Google

Target building

Fig. 4. Plan view of the benchmark residential development (map data
© 2015 Google)
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Hazard Analysis

The number of hurricanes per year was simulated using a Poisson
occurrence model, with an annual hurricane occurrence rate
νhurricane ¼ 0.52 obtained from the National Institute of Standards
and Technology (NIST) database (NIST 2005). The 3-s wind speed
(V) recorded at 10 m above the ground was adopted as IM for wind
hazard. The hurricane wind speed variability was described by us-
ing a two-parameter Weibull distribution, the parameters of which
were fitted for 16 different wind directions through maximum like-
lihood estimation of the hurricane wind speed records provided by
NIST for milepost 1,400 (Unnikrishnan 2015). The NIST wind
speed records contain data sets of simulated 1-min hurricane wind
speeds at 10 m above the ground in an open terrain near the coast-
line (NIST 2005). Before fitting, the wind speed data were multi-
plied by a factor equal to 0.89, to obtain the corresponding 3-s wind
speeds for exposure category B (Lungu and Rackwitz 2001). Non-
hurricane wind hazard was also considered in addition to hurricane
wind hazard. The daily maximum 3-s wind speeds at the building
location were obtained from the Iowa Environmental Mesonet
(IEM) database for the 1971–2013 period (IEM 2001). The histori-
cal hurricane tracks that passed within a 250-mile radius from
the site during the same 1971–2013 period were obtained from
the National Oceanic and Atmospheric Administration (NOAA)
database and were used to separate the nonhurricane wind speeds
from the hurricane wind speeds. The yearly maximum nonhurri-
cane 3-s wind speeds were then obtained and fitted to a lognormal
distribution, with a mean of 18.34 m=s and a standard deviation
of 1.08 m=s.

The IMs considered for windborne debris hazard were area of
debris, Ad, and mass per unit area of debris, Md. They were as-
sumed to follow uniform distributions defined in the range
½0.108; 0.184� m2 and ½10.97; 14.97� kg=m2, respectively (Gurley
et al. 2005). The FPHLM debris generation model was used to sim-
ulate the number of debris originating from the source houses.

Description of Base Structure and Hazard Mitigation
Techniques

Fig. 5 provides an unfolded view of the target residential building,
including its (deterministic) geometric parameters, and the position
and dimensions of windows and doors (Gurley et al. 2005). The
wind pressure exposure factor Kh was assumed as normally distrib-
uted with a mean value of 0.71 and a coefficient of variation (COV)
of 0.19. The topographic factor was modeled as a deterministic
quantity with value Kzt ¼ 1. The statistical characterization of the
external and internal pressure coefficients is given in Table 1 (Li and
Ellingwood 2006), and the roof zones for the external pressure
coefficients are shown in Fig. 6.

The base structure is characterized by (1) roof cover made of
asphalt shingles, (2) nailing pattern 8d C6/12 (i.e., 8 mm diameter
smooth shank nails, with a spacing of 6 in. at the center and 12 in. at
the edge) for the roof sheathing, (3) unprotected windows and
doors, and (4) wooden walls. Table 2 shows the statistics of the
limit state capacity for the different components of the base build-
ing and their corresponding limit states (Gurley et al. 2005; Datin
et al. 2010; Masters et al. 2010). The normal distributions reported
here are truncated with a lower bound of zero for the corresponding
quantity.

The following storm mitigation techniques and design alterna-
tives were considered: (1) using clay tiles as roof cover instead of
asphalt shingles; (2) using an improved roof nailing pattern of 8d
C6/6 (i.e., 8 mm diameter smooth shank nails, with a spacing of
6 in. in both directions) or 8d R6/6 (i.e., 8 mm diameter ring shank
nails, with a spacing of 6 in. in both directions) instead of the tradi-
tional 8d C6/12 pattern; (3) using aluminum hurricane protection

60 ft. 40 ft. 60 ft. 40 ft.

12
5

10 ft.

Roof sheathing panel
8 ft. x 4 ft. 2 ft.

Roof truss at 2 ft. spacing

Fig. 5. Unfolded view of target building (adapted from Unnikrishnan and Barbato 2015, © ASCE)

Wind Wind

Zone 1 Zone 2 Zone 3

Fig. 6. Roof zones for external pressure coefficients

Table 1. Statistical Characterization of External and Internal Pressure
Coefficients (reprinted from Unnikrishnan and Barbato 2015, © ASCE)

Pressure
coefficient Location/condition Mean COV Distribution

GCp Roof (zone 1) −0.855 0.12 Normal
Roof (zone 2) −1.615 0.12 Normal
Roof (zone 3) −2.470 0.12 Normal
Windward wall 0.950 0.12 Normal
Leeward wall −0.760 0.12 Normal
Side wall −1.045 0.12 Normal

GCpi Enclosed 0.150 0.33 Normal
Breached 0.460 0.33 Normal

© ASCE 04016011-7 J. Struct. Eng.
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panels for windows; and (4) using masonry walls instead of
wooden walls. The statistics of the limit state capacity for the differ-
ent storm mitigation techniques and design alternatives, and their
corresponding limit states are shown in Table 3 (Gurley et al. 2005;
Datin et al. 2010; Alphonso and Barbato 2014). Also in this case,
the normal distributions reported in this table are truncated with a
lower bound of zero for the corresponding quantity. The combina-
tion of different storm mitigation techniques and design alternatives
were considered, giving a total of 24 configurations (i.e., Case #1
through Case #24) including the base structure (corresponding to
Case #1).

The total loss during a 30-year design lifetime for the building
(given by the sum of the repair cost and the content loss) was as-
sumed as DV. The repair costs of each damaged component were
generated based on a lognormal distribution, with mean given by
the percentage of damage of the given component multiplied by its
total cost (expressed as a percentage of the building cost), and COV
equal 0.1 (Gurley et al. 2005).

The content loss was estimated using the approach followed in
HAZUS-MH (FEMA 2012), i.e., by using empirical functions that
express the content loss associated with the damage of each indi-
vidual component as a percentage of the total value of the content.
The content loss was sampled from a lognormal distribution with
mean equal to the highest loss estimate obtained from the HAZUS-
MH content loss functions and COVequal to 0.1. The total loss was
calculated by adding up all the losses attributable to the damage of
various components and the content damage.

To accurately estimate the annual probability of exceedance of
the total loss (which coincides with the complementary cumulative
distribution function of the DV), 100,000 samples were used for all
results presented in this study. Three sets of results are presented
here: (1) the hurricane loss analysis for the base structure; (2) the
validation of the proposed faster reanalysis method; and (3) the

cost/benefit comparison of different storm mitigation strategies
and design alternatives.

Loss Analysis Results for the Base Structure

Fig. 7 plots, in a semi-logarithmic scale, the annual probabilities of
exceedance of the loss for the target building for different hazard
scenarios. It also provides the EAL and standard deviation of loss
(SDL) for each of the hazard scenarios considered.

From the results presented in Fig. 7, it is observed that for hur-
ricane induced losses, the loss attributable to windborne debris haz-
ard is predominant for losses lower than approximately $15,000,
whereas the loss attributable to wind hazard is predominant for

Table 2. Statistics of the Limit State Capacity for Different Components of the Base Structure

Component Limit state Mean COV Distribution

Roof cover (shingles) Separation or pull off (Rcover1) 3.35 kN=m2 0.19 Normal
Roof sheathing (nailing pattern 8d C6/12) Separation or pull off (Rsh1) 6.20 kN=m2 0.12 Lognormal
Doors Pressure failure (Rdoor) 4.79 kN=m2 0.20 Normal
Windows Pressure failure (Rw;pressure) 3.33 kN=m2 0.20 Normal

Impact failure (Rw;impact) 4.72 kgm=s 0.23 Lognormal
Wall sheathing Pressure failure (Rwsh;pressure) 6.13 kN=m2 0.40 Normal

Impact failure (Rwsh;impact) 642.00 kgm2=s2 0.07 Lognormal
Roof to wall connections (wood) Tensile failure (Rwcon;wood) 16.28 kN 0.20 Lognormal
Wall (wood) Lateral failure (Rwall;wl) 5.40 kNa 0.25 Normal

3.53 kNb

Uplift failure (Rwall;wu) 9.00 kN=ma 0.25 Normal
5.80 kN=mb

aToe nail connection.
bSheathing nail connection.

Table 3. Statistics of Limit State Capacity for Different Storm Mitigation Techniques and Design Alternatives

Component Limit state Mean (kN=m2) COV Distribution

Roof cover (tiles) Separation or pull off (Rcover2) 5.25 kN=m2 0.20 Normal
Roof sheathing (nailing pattern 8d C6/6) Separation or pull off (Rsh2) 9.83 kN=m2 0.10 Lognormal
Roof sheathing (nailing pattern 8d R6/6) Separation or pull off (Rsh3) 12.08 kN=m2 0.07 Lognormal
Windows with hurricane panels Impact failure (Rpanel;impact) 0.496 kJ 0.15 Lognormal
Roof to wall connections (masonry) Tensile failure (Rwcon;masonry) 18.68 kN 0.20 Lognormal
Wall (masonry) Combined uplift and bending failure (Rwall;masonry) 18.00 kN 0.20 Normal

1.31 kN m

Fig. 7. Annual probabilities of loss exceedance for base building under
different hazard scenarios
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losses higher than approximately $15,000. This result is attribut-
able to the fact that, at lower wind speeds, the probability of dam-
age to the windows resulting from windborne debris is higher than
that attributable to wind pressure. For nonhurricane winds, the loss
owing to wind hazard is predominant, whereas the loss attributable
to windborne debris is negligible (i.e., zero loss over the 100,000
samples), because for nonhurricane winds the number of generated
windborne debris and, thus, the number of debris impacts is gen-
erally very small. It is also observed that the EAL attributable to the
interaction of all hazards is approximately 15% higher than the sum
of the EALs owing to each individual hazard. This result suggests
a significant level of interaction among the different hazards for the
case study considered here. In addition, it is observed that for all the
hazard scenarios, the SDL is significantly higher than the EAL,
which indicates that the annual loss is characterized by a high
dispersion. Therefore, the EAL is not sufficient alone to describe
the loss analysis results.

Validation of the Faster Reanalysis Multilayer MCS
Procedure

To validate the newly proposed faster reanalysis multilayer
MCS procedure, the hurricane loss analysis for the base structure
(Case #1) was repeated 10 times using both the original and faster
reanalysis multilayer MCS procedures. The results from the differ-
ent runs were compared in terms of annual probabilities of loss
exceedance (which are plotted in Fig. 8), and of EAL and SDL.
Using a workstation with an Intel quad core Q6600 2.4 GHz
and 4 GB RAM, the computational time for the 10 runs of the origi-
nal multilayer MCS procedure varied between 2,880 and 3,027 s,
whereas the computational time for the 10 runs of the faster rean-
alysis algorithm varied between 207 and 222 s, i.e., the reanalysis
algorithm was approximately 13–14.5 times faster than the original
algorithm.

From the results presented in Fig. 8, it is observed that the an-
nual probability of exceedance curves obtained using the proposed
reanalysis approach based on copula are similar to those obtained
using the original multilayer MCS method, with a variability
between the different repetitions of the two methods that is very
close to the variability observed among different repetitions ob-
tained from the same method. Additionally, a 95% confidence in-
terval was calculated for the sample means and standard deviations
of EAL and SDL for the original and faster reanalysis multilayer
MCS method (Unnikrishnan 2015). The computed sample means
and standard deviations for the faster reanalysis multilayer MCS

method were within the confidence interval for the sample means
and standard deviations of the original method, and vice-versa,
which indicated that the differences between the means and stan-
dard deviations of the two sets of samples are not statistically sig-
nificant. Therefore, it is concluded that the proposed faster
reanalysis approach can be used with good accuracy for problems
that require risk reassessment.

Cost/Benefit Comparison of Different Hazard Mitigation
Techniques

The annual probabilities of loss exceedance for the base structure
and each of the 23 mitigation scenarios considered in this study
were calculated using the faster reanalysis multilayer MCS method.
Some of these curves are shown in Fig. 9 using a semilogarithmic
scale, together with the corresponding EAL and SDL.

A cost-benefit analysis was carried out to compare the cost ef-
fectiveness of different retrofit techniques and design alternatives.
In this study, discount rate and planning period were assumed as
3% and 30 years, respectively. The cost of retrofit includes the cost
of the materials and the cost for the installation of the retrofits, and
was obtained as the mean values of the quotes obtained by directly
contacting several local suppliers and contractors. Table 4 provides
EAL, SDL, cost of retrofit, discounted mean loss in 30 years, and
discounted expected savings in 30 years for each mitigation sce-
nario when compared with the base structure.

From the results presented in Table 4, it is observed that roof
renailing using 8d R6/6 can result in an overall savings of
$12,472 and is the most effective solution to reduce hurricane risk
among the mitigation techniques considered in this study. Simi-
larly, the use of aluminum panels for window protection can pro-
vide savings of approximately $5,000. The design alternative of
using masonry or clay roof tiles is not a financially viable approach
to reduce hurricane risk. In addition, the combination of aluminum
storm panels and improved roof nailing pattern can reduce consid-
erably the expected total loss owing to hurricanes, resulting in sav-
ings of approximately $15,000.

Conclusions

In this paper, the performance-based hurricane engineering (PBHE)
framework is specialized for hurricane risk assessment of low-rise
residential buildings. The focus of this paper is on the hurricane

Fig. 8. Comparison of original and faster reanalysis multilayer MCS
approaches

Fig. 9. Annual probability of loss exceedance for different hazard
mitigation scenarios
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loss analysis of residential buildings and the effects of mitigation
techniques for wind and windborne debris hazards on the structural
performance. The problem of risk assessment is disaggregated into
the following basic probabilistic components: (1) hazard analysis,
(2) structural characterization, (3) interaction analysis, (4) structural
analysis, (5) damage analysis, and (6) loss analysis. A highly effi-
cient modification of the multilayer Monte Carlo simulation (MCS)
technique based on copula is proposed for faster reevaluation of
hurricane risk. The proposed faster reanalysis multilayer MCS
method is used in conjunction with cost/benefit analysis to compare
different hazard mitigation techniques and design alternatives.

A realistic case study consisting of an actual residential develop-
ment located in Pinellas County, Florida, is presented to illustrate
the framework. The annual probabilities of exceedance of the loss
for the target building for different hazard scenarios are calculated.
It is found that for hurricane induced loss, the loss attributable to
windborne debris hazard is predominant for lower loss levels,
whereas the loss attributable to wind hazard is predominant for
higher loss levels; whereas, for nonhurricane induced loss, wind-
borne debris hazard is negligible. The proposed faster reanalysis
approach is validated based on the corresponding results obtained
using the original multilayer MCS. The cost-effectiveness of differ-
ent hurricane hazard mitigation techniques and design alternatives
typically used for low-rise residential buildings are compared. For
the specific application example considered here and among the
different types of retrofits compared in this study, the most eco-
nomically viable form of retrofit is the use of roof renailing with
an 8d R6/6 pattern, and the least is the use of masonry walls.

It is concluded that the PBHE methodology, in conjunction with
the faster reanalysis multilayer MCS method proposed here and
cost/benefit analysis, can be effectively used to improve the design
or select appropriate hurricane hazard mitigation techniques for
a specific low-rise residential building. It is noteworthy that the
presented probabilistic methodology differs from the HAZUS-
MH approach because it is concerned with the design and/or retrofit

of specific buildings and structures, whereas HAZUS-MH focuses
on loss analysis at a regional level.

Acknowledgments

Partial support of this research by: (1) the Longwell’s Family Foun-
dation through the Fund for Innovation in Engineering Research
(FIER) Program, (2) the Louisiana Board of Regents through
the Economic Development Assistantship Program, and (3) the
Louisiana Department of Wildlife and Fisheries through award
#724534, is gratefully acknowledged. Any opinions, findings, con-
clusions, or recommendations expressed in this publication are
those of the authors and do not necessarily reflect the views of
the sponsors.

References

Alphonso, T. C., and Barbato, M. (2014). “Experimental fragility curves for
aluminum storm panels subject to windborne debris impact.” J. Wind
Eng. Ind. Aerodyn., 134, 44–55.

ASCE. (2010). “Minimum design loads for buildings and other structures.”
Reston, VA.

Augusti, G., and Ciampoli, M. (2008). “Performance-based design in risk
assessment and reduction.” Probab. Eng. Mech., 23(4), 496–508.

Baker, C. J. (2007). “The debris flight equations.” J. Wind Eng. Ind. Aerodyn.,
95(5), 329–353.

Barbato, M., Petrini, F., Unnikrishnan, V. U., and Ciampoli, M. (2013).
“Performance-based hurricane engineering (PBHE) framework.” Struct.
Saf., 45, 24–35.

Batts, M. E., Cordes, M. R., Russell, L. R., Shaver, J. R., and Simiu, E.
(1980). “Hurricane wind speeds in the United States.” Rep. No.
BSS-124, National Bureau of Standards, U.S. Dept. of Commerce,
Washington, DC.

Bjarnadottir, S., Li, Y., and Stewart, M. G. (2011). “A probabilistic-based
framework for impact and adaptation assessment of climate change on
hurricane damage risks and costs.” Struct. Saf., 33(3), 173–185.

Table 4. Cost/Benefit Comparison of Different Retrofit Scenarios

Materials
Window
protection Roof cover

Roof nailing
pattern

Case
number

Loss analysis Cost/benefit analysis

EAL($) SDL($) Cost($) Loss($) Saving($)

Wood No Shingles 8d C6/12 1 $1,287 $13,330 — $25,982 —
8d C6/6 2 $394 $6,656 $5,800 $7,954 $12,228
8d R6/6 3 $372 $6,550 $6,000 $7,510 $12,472

Tiles 8d C6/12 4 $1,184 $13,286 $11,000 $23,903 -$8,921
8d C6/6 5 $379 $6,559 $16,800 $7,651 $1,531
8d R6/6 6 $363 $6,507 $17,000 $7,328 $1,654

Yes Shingles 8d C6/12 7 $957 $12,639 $1,800 $19,320 $4,862
8d C6/6 8 $170 $5,011 $7,600 $3,432 $14,950
8d R6/6 9 $130 $4,451 $7,800 $2,624 $15,558

Tiles 8d C6/12 10 $901 $12,201 $12,800 $18,189 -$5,007
8d C6/6 11 $151 $4,864 $18,600 $3,048 $4,334
8d R6/6 12 126 $4,395 $18,800 $2,543 $4,639

Masonry No Shingles 8d C6/12 13 $1,093 $13,069 $19,200 $22,065 -$15,283
8d C6/6 14 $291 $5,627 $25,000 $5,874 -$4,892
8d R6/6 15 $278 $5,499 $25,200 $5,612 -$4,830

Tiles 8d C6/12 16 $1,003 $13,010 $30,200 $20,249 -$24,467
8d C6/6 17 $281 $5,528 $36,000 $5,672 -$15,690
8d R6/6 18 $263 $5,392 $36,200 $5,309 -$15,527

Yes Shingles 8d C6/12 19 $888 $12,115 $21,000 $17,927 -$12,945
8d C6/6 20 $100 $4,399 $26,800 $2,018 -$2,836
8d R6/6 21 $90 $4,112 $27,000 $1,816 -$2,834

Tiles 8d C6/12 22 $871 $12,064 $32,000 $17,584 -$23,602
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8d R6/6 24 $76 $3,747 $38,000 $1,534 -$13,552
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