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ABSTRACT

Extreme windstorms, such as hurricanes and tornadoes, can have adverse social

and economic impacts which pose a great challenge for a community’s economic

prosperity and quality of life. From 1997 to 2016, tornado events made up 39.9% of

total insured losses due to catastrophic events while hurricanes and tropical storms

comprised 38.2% of the losses. Consequently, over the past four decades, governments

and decision-makers adopted policies and mitigation plans to enhance the resilience

of communities against such hazards. The quantification of the impact of these

mitigation policies toward reducing the gap between the current and target resilience

levels is a computationally challenging problem.

To address this problem, research is undertaken to develop computational frame-

works to quantify the impact and effectiveness of policies and mitigation plans on

the resilience of residential wooden structures against wind hazards. These compu-

tational frameworks are able to quantify the response of a residential neighborhood

to the hazard immediately after its impact and during the recovery process. Damage

to the residential wooden buildings, that composes the neighborhood, immediately

after a hurricane is estimated considering dynamic wind pressure and the impact of

windborne debris. To model this damage for a certain subset of houses, debris gener-

ated in neighboring areas, defined as exogenous debris, must be taken into account.

The estimated damage is then integrated with a probabilistic recovery model which

enables a fully probabilistic quantification of the resilience of residential wooden

buildings.
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Hurricanes typically produce severe widespread rainfall. This rainfall can cause

significant damage to the built environment and its supporting infrastructure. To

extend the developed frameworks to account for the impact of hurricane rainfall,

estimates of water ingress due to wind-driven rain and inland flooding are included.

Finally, this dissertation presents a three-dimensional six-degree-of-freedom debris

trajectory model for tornadoes. The trajectory model can be used to determine the

landing locations of windborne debris as well as the impact energy upon landing

which are essential in quantifying the damage to buildings due to tornadoes. These

frameworks can help decision-makers identify the performance of residential wooden

buildings against wind hazards and optimally prioritize the mitigation plans.
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CHAPTER I

Introduction

1.1 Motivation

Severe windstorms, such as hurricanes and tornadoes, can have adverse social and

economic impacts which pose a challenge for a community’s economic prosperity and

quality of life. Moreover, risk-prone areas around the globe have experienced popu-

lation growth, migration, and increased wealth concentration, all of which inevitably

lead to increased risk of future losses. While recent improvements in forecasting and

early warning systems have resulted in a decrease in fatalities resulting from wind-

storms; the impact on the mental health of survivors, the environment, as well as

the economy cannot be mitigated through the aforementioned strategies (Bourque

et al., 2006; Deborah D’Souza, 2019; Espinel et al., 2019; Harriet Torry and Sarah

Chaney , 2018; Kyle Grammatica; Rhodes et al., 2010; Robert M. Horkovich, 2017;

Sallenger ; Strobl , 2011; Wetsman, 2019).

A more comprehensive and robust approach to windstorms risk mitigation (in

terms of risk reduction, transfer of risk, and better preparedness and response effec-

tiveness) can be achieved through implementing strategies that increase community

resilience, a concept that has recently been used to mitigate risk from various natural

hazards (e.g., Ceskavich and Sasani , 2018; Disse et al., 2020; Haggag et al., 2020; Han

et al., 2020; Hassan et al., 2020; Lu et al., 2020; Masoomi et al., 2018; McClymont
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et al., 2020; Nofal and van de Lindt , 2020; Ribeiro and Pena Jardim Gonçalves ,

2019; Sediek et al., 2020; Sen et al., 2021; Sharma et al., 2018; Stochino et al., 2019;

van de Lindt et al., 2020). Over the past two decades, research has focused on devel-

oping an understanding of the concept of resilience by introducing definitions as well

as identifying measures, properties, and dimensions (Haimes , 2009; Hosseini et al.,

2016b; Meerow et al., 2016; Rosowsky , 2020). The following definition of community

resilience is provided by the National Academy of Science “Community resilience is

the ability to prepare and plan for, absorb, recover from, and more successfully adapt

to actual or potential adverse events.”

Quantifying community resilience against windstorms, in light of the previous

definition, requires the development of computational frameworks that can capture

the response of the community during and after the windstorm event by (1) es-

timating the amount of damage and losses immediately after the windstorm, and

(2) modeling the community recovery process. A community, which is viewed as a

socio-technical system, is composed of various interdependent systems (e.g., build-

ings, electrical power grid, water pipelines, gas pipelines, people, etc.). The buildings

of a community constitute a critical system within the community and quantifying

their response and performance under windstorms is a fundamental step towards

quantifying and enhancing the resilience of the community. Within this context, this

dissertation focuses on multi-disciplinary computational frameworks for quantifying

the performance of residential wooden buildings against hurricanes and tornadoes.

1.2 Objectives

The goal of this research is to develop computational frameworks and detailed nu-

merical models to be used to estimate the damage sustained by residential buildings
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during hurricanes and tornadoes as well as their recovery trajectory. In particular,

the main objectives are listed as follows:

Objective I: Accurately account for damage from exogenous wind-

borne debris within physics-based hurricane vulnerability models and

incorporate this damage into the resilience quantification of residen-

tial wooden buildings. A major challenge in the quantification of damage

due to hurricanes is modeling the damage from exogenous windborne debris.

Exogenous debris is the windborne debris generated from neighboring commu-

nities that can potentially impact buildings in the considered community. A

comprehensive approach that can account for damage to wooden residential

structures from exogenous windborne debris is required.

Objective II: Performance and risk assessment of residential wooden

buildings under hurricane winds. Evaluating the resilience of residential

wooden buildings to hurricanes hinges on the assessment of their performance

as well as the hurricane-imposed risks associated with residential structures. A

fragility analysis methodology is used to achieve this objective.

Objective III: Probabilistic quantification of the resilience of residen-

tial wooden buildings against hurricane winds. A probabilistic recovery

model is developed and integrated with a physics-based vulnerability model to

estimate the resilience of residential wooden buildings against hurricane winds.

Objective IV: Estimation of water ingress due to hurricane rainfall.

A comprehensive framework to estimate the amount of water ingress into res-

idential wooden buildings due to wind-driven rain and the consequent in-land

flooding is developed to quantify the impact of hurricane rainfall on residential

neighborhoods.
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Objective V: Account for windborne debris damage during tornadoes

through a six-degree-of-freedom debris trajectory model. The problem

of estimating the damage caused by windborne debris in tornadoes requires a

debris trajectory model to identify the landing location and impact energy or

momentum of the windborne debris. This challenge is addressed through a six-

degree-of-freedom (6DOF) debris trajectory model that can trace the trajectory

of windborne debris of various geometric shapes.

1.3 Dissertation Structure

The dissertation is organized into 7 chapters.

Chapter 2 presents a methodology to to account for exogenous windborne de-

bris generated in neighboring subdivisions (Abdelhady et al., 2021b). The proposed

methodology is applied to analyze a hypothetical residential community in Miami,

FL. Analysis results quantify the required extent of the neighboring area that must

be modeled in light of hurricane maximum wind speed, floor-area ratio and capac-

ity of the building envelope components. A regression model is provided that can

be used to estimate the size of the neighboring area needed in damage estimation

models.

Chapter 3 integrates the methodology developed in chapter 2 into an engineering-

based vulnerability model to accurately estimate the damage due to dynamic wind

pressure and windborne debris impact (Abdelhady et al., 2021c, 2022). The developed

vulnerability model is used for risk and performance assessment of residential build-

ings under hurricane winds using fragility analysis. The resulting fragility curves

highlight: (1) the effect of the floor-area ratio on enhancing the performance of the

residential building due to the shielding effect; and (2) the variation of the signifi-
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cance of windborne debris on increasing the estimated hurricane risk. The estimated

fragility curves can be used directly to model residential buildings in community

resilience frameworks.

Chapter 4 integrates damage estimated immediately after a hurricane through

the developed vulnerability model with a probabilistic recovery model (Abdelhady

et al., 2019a,b, 2020, 2021a, 2019c). A fully probabilistic quantification of the re-

silience of residential neighborhoods against hurricane winds is achieved. The frame-

work is illustrated with a case study consisting of a typical residential neighborhood

in Miami, FL.

Chapter 5 presents a comprehensive framework that estimates the amount of

water ingress into residential buildings due to wind-driven rain and consequent in-

land flooding (Abdelhady et al., 2021d). The developed framework is illustrated by

modeling the impact of Hurricane Harvey on Houston, TX.

Chapter 6 presents a six-degree-of-freedom (6DOF) debris trajectory model that

can trace the trajectory of windborne debris of various geometric shapes (Abdelhady

et al., 2021e). The proposed model is used to show the significant difference in

modeling debris trajectory in tornado wind fields as compared to straight line winds.

Finally, chapter 7 presents general conclusions and contributions of this work.

Future research directions in the area of community resilience against hurricanes and

tornadoes are also provided.

1.4 Publications from this Dissertation

In accordance with the University of Michigan’s doctoral degree requirements,

this dissertation is presented as a series of journal papers. The papers comprising

chapters 2-6 are:
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Abdelhady, A.U., Spence, S.M.J. and McCormick, J. (2020). “Modeling the effect

of exogenous windborne debris in hurricanes,” Engineering Structures, Submit-

ted.

Abdelhady, A.U., Spence, S.M.J. and McCormick, J. (2020). “Risk and per-

formance assessment of residential wooden buildings under hurricane winds,”

Structural Safety, Submitted.

Abdelhady, A.U., Spence, S.M.J. and McCormick, J. (2020). “A framework for

the probabilistic quantification of the resilience of communities to hurricane

winds,” Journal of Wind Engineering & Industrial Aerodynamics, 206, 104376.

Abdelhady, A.U., Xu, D., Ouyang, Z., Spence, S.M.J., McCormick, J. and Ivanov,

V.Y. (2020). “A framework for the estimate of water ingress due to hurricane

rainfall,” Building and Environment, Under Preparation.

Abdelhady, A.U., Spence, S.M.J. and McCormick, J. (2020). “Three-dimensional

six-degree-of-freedom windborne debris trajectory model for tornadoes,” Jour-

nal of Wind Engineering & Industrial Aerodynamics, Submitted.
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CHAPTER II

Modeling the Effect of Exogenous Windborne Debris in
Hurricanes1

Abstract

Modeling and estimating the damage to the built environment caused by hurricane

winds is an essential requirement to enhance community resilience. Consideration of

damage to a building’s envelope caused by windborne debris impact is necessary. To

model this damage for a certain subdivision of houses, debris generated in neighbor-

ing subdivisions, defined as exogenous debris, must be taken into account. Existing

physics-based damage estimation models do not consider the effect exogenous wind-

borne has on the estimated damage due to hurricane winds. This paper provides

a methodology to identify the extent of the neighboring subdivisions that needs to

be considered during damage simulation to accurately account for exogenous wind-

borne debris. The presented methodology is based on first identifying the extent of

the neighboring subdivisions through a simulation-based strategy which follows an

iterative scheme. For each size increment, the iterative scheme estimates the number

of exogenous windborne debris using a physics-based damage estimation model. The

single building solution is then generalized to a subdivision of any arbitrary shape.

The proposed methodology is applied to analyze a hypothetical residential commu-

1Abdelhady, A.U., Spence, S.M.J. and McCormick, J. (2021). “Modeling the effect of exogenous windborne debris
in hurricanes,” Engineering Structures, Submitted.
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nity in Miami, FL. Analysis results show the effect on the required extent of the

neighboring subdivisions of the hurricane maximum wind speed, the floor-area ra-

tio and the resistance of the building envelope components. The analysis concludes

with a regression model that can be used to estimate the size of the neighboring

subdivisions to be used in damage estimation models.

2.1 Introduction

Windborne debris is one of the major causes of damage to the built environment

during severe windstorms, such as hurricanes and tornadoes. Damage caused by

debris is cascading in nature. Once flying debris breaches the building envelope, in-

ternal pressurization can cause more damage which leads to the generation of more

windborne debris (Lin et al., 2010b). The cascading nature of the windborne debris

damage increases the complexity of its estimation which is a fundamental step in

quantifying and mitigating risks associated with windstorms. The problem of esti-

mating damage from windborne debris has been studied by researchers over the past

four decades. In the Florida Public Hurricane Loss Projection Model (FPHLPM),

only unprotected windows are assumed to be vulnerable to windborne debris impact

(Gurley et al., 2005). Impact loads on unprotected windows are estimated empiri-

cally by modeling the likelihood of a piece of flying debris impacting and breaking

an unprotected window using an exponential distribution. Parameters controlling

the exponential distribution are chosen empirically based on engineering judgment.

HAZUS-MH follows a similar approach to estimate the windborne debris damage

to vulnerable envelope components (e.g., windows, doors, and garage doors) of resi-

dential wooden buildings. In this case, the exponential distribution parameters are

evaluated from the results of a physics-based damage estimation model (Vickery
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et al., 2006a,b). The damage estimation model explicitly models the windborne

debris trajectory, from generation until impact, for a neighborhood of around 140

buildings subject to 36 hurricanes of various categories.

With the aim of providing a better understanding of the damage caused by wind-

borne debris and its interaction with damage from dynamic wind pressure, physics-

based damage estimation models that account for both damage mechanisms have

been developed (Abdelhady et al., 2019a,b,c; Grayson et al., 2013; Lin and Van-

marcke, 2010b; Lin et al., 2010b; Yau, 2011; Yau et al., 2011). Lin and Vanmarcke

(2010b) use a 3-degree-of-freedom (3DOF) model to trace windborne debris trajecto-

ries, while Grayson et al. (2013) uses a 6DOF model to account for the aerodynamic

shape of the debris object (Grayson et al., 2012a). Despite the advantages of using

physics-based models, one of the biggest challenges that limit their applicability is

computational run-time since these simulations are computationally expensive. This

challenge poses a limit on the number of buildings that can be modeled within a

simulation.

Modeling a subdivision of a neighborhood without the surrounding buildings can

result in an underestimation of damage. This damage underestimation is due to

ignoring the windborne debris generated from outside the considered subdivision

that can potentially land and impact buildings within the considered subdivision.

This type of debris is referred to as exogenous windborne debris. The significance of

exogenous windborne debris in estimating damage has been recognized in previous

studies (Abdelhady et al., 2020; Grayson, 2014). Abdelhady et al. (2020) accounts

for exogenous windborne debris by including in the simulation all neighboring build-

ings that are within the maximum possible flight distance of potential windborne

debris. However, due to the cascading nature of windborne debris damage, including
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surrounding buildings beyond this distance may lead to further damage in build-

ings that are within this maximum debris flight distance therefore generating further

exogenous windborne debris.

Within the context outlined above, this paper provides a comprehensive method-

ology to account for the effect of exogenous windborne debris through physics-based

damage estimation models for residential neighborhoods. The proposed methodology

explicitly accounts for the following factors that affect the amount of exogenous wind-

borne debris: (1) factors related to the surrounding subdivisions: size and extension,

pressure and impact resistance of the buildings’ envelope, floor-area ratio (FAR),

and building configuration; (2) factors related to the hurricane hazard impacting

the community: size of the hurricane defined by its radius to maximum wind speeds

(Rmax), the location of the considered subdivision with respect to the hurricane track

defined by the minimum distance from the track to the considered subdivision (dmin)

and the hurricane heading (θ), the hurricane maximum wind speed (Vmax), and the

change in direction of the wind speed as the hurricane approaches the considered

subdivision. The proposed methodology is applied to study a hypothetical subdivi-

sion which consists of representative gable-roof buildings in Miami, FL. A regression

analysis of the simulation results provides a mathematical expression for estimat-

ing the extent of the surrounding subdivisions that must be modeled to accurately

capture damage from exogenous windborne debris.

2.2 Problem definition

Figure 2.1(a) shows a neighborhood of residential wooden buildings that have an

arbitrary configuration. Assuming this neighborhood is in a hurricane-prone region,

estimation of damage caused by hurricane winds ideally considers two mechanisms:
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(1) dynamic wind pressure and (2) impact of windborne debris. The damage sus-

ceptibility of a representative subdivision of the neighborhood can be modeled using

a physics-based damage estimation model (e.g. Abdelhady et al. (2020); Grayson

et al. (2013)) that can account for both mechanisms. The domain of the considered

subdivision (Ωcs) and its boundary (∂Ωcs) can be defined as follows:

Ωcs = {(x, y) ∈ R2 | Γcs (x, y) ≤ 0}

∂Ωcs = {(x, y) ∈ R2 | Γcs (x, y) = 0}
(2.1)

where Γcs is an implicit function that passes through the floor plan centroid of all

buildings on the boundary of the considered subdivision.

Only modeling the considered subdivision, i.e. the buildings in Ωcs, will in general

lead to an underestimation of the total damage since neighboring buildings around

the considered subdivision can also experience damage during a hurricane. Damage

to these external buildings will generate exogenous windborne debris. To account

for this, a subset of buildings in the surrounding subdivisions need to be included in

the model. The domain Ωns, and associated boundary ∂Ωns, that includes all build-

ings of neighboring subdivisions (ns) necessary for capturing the effect of exogenous

windborne debris can be defined as:

Ωns = {(x, y) ∈ R2 | Γns (x, y) ≤ 0}

∂Ωns = {(x, y) ∈ R2 | Γns (x, y) = 0}
(2.2)

where Γns is an implicit function that defines the boundary of the neighboring sub-

divisions.

To account for exogenous windborne debris, Γns needs to be chosen such that it

will include all neighboring buildings that act as a source of exogenous windborne

debris. This requirement can be stated as follows:

Γns (x, y) = Γcs (x, y) + α (x, y) (2.3)
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where α (x, y) is an enlargement function that expands the boundary of the consid-

ered subdivision to include buildings from neighboring subdivisions. The required en-

largement function (αexo) sets a boundary such that all possible exogenous windborne

debris impacting the considered subdivision is captured, while including the mini-

mum number of neighboring buildings to minimize computational run-time. This

enlargement function can be estimated mathematically as follows:

αexo = arg min
α

AΩns

subject to

Nexo(α = αexo; · · · ) = max
α

Nexo(α; · · · )

(2.4)

where Nexo is the total number of exogenous windborne debris for the considered

subdivision and AΩns is the area enclosed by the boundary ∂Ωns. AΩns can be

calculated using Green’s Theorem as follows:

AΩns =
1

2

∫
∂Ωns

xdy − ydx (2.5)

2.3 Simulation-based Approach

2.3.1 Single building formulation

Solving eqs. (2.3) and (2.4) directly for Γns generally defines a computationally

intractable problem. This section is focused on the development of a computationally

tractable algorithm for the identification of Γns. With this aim, it can be observed

that as αexo is a function of the shape of the boundary of the considered subdivision

(Γcs), an αexo for each specific Γcs will be required. As a result, a considered subdi-

vision must be picked that when eqs. (2.3) and (2.4) are solved for Γns, the solution

can be generalized to any arbitrarily shape of the considered subdivision’s boundary.

A subdivision consisting of a single building is considered first as shown in fig. 2.1(b).
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Figure 2.1: Schematic of the problem definition and the proposed methodology: (a) a neighborhood
of buildings of arbitrary configuration; (b) the single building case with a circular boundary for
inclusion of buildings in neighboring subdivisions; (c) graphical resolution of the boundary; and (d)
the final required boundary to account for exogenous windborne debris from buildings in neighboring
subdivisions.
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Equation (2.2) can be re-written, for the single building case, as follows:

Ωnsb = {(x, y) ∈ R2 | Γnsb (x, y) ≤ 0}

∂Ωnsb = {(x, y) ∈ R2 | Γnsb (x, y) = 0}
(2.6)

where Γnsb is an implicit function that defines the boundary of the domain defining

the buildings of neighboring subdivisions that must be considered.

The shape of ∂Ωnsb depends on the direction from which the exogenous windborne

debris originates, as shown in fig. 2.2. The direction of the hurricane wind field with

respect to the considered subdivision is the main factor that controls the origination

direction of the exogenous windborne debris. Since the approach of hurricanes is

variable, the shape of ∂Ωnsb is assumed to be circular, as illustrated in fig. 2.1(b).

This ensures there is equal chances for the exogenous windborne debris to come from

any direction. Γnsb can therefore be defined as follows:

Γnsb (x, y) = x2 + y2 − r2 (2.7)

where r is the radius of the boundary identifying the buildings of neighboring sub-

divisions to include. Equation (2.4) can be re-written for the single building case as

follows:

rexo = arg min
r

AΩnsb

subject to

nexo(r = rexo; · · · ) = max
r
nexo(r; · · · )

(2.8)

where rexo is the radius that captures all exogenous windborne debris that can po-

tentially impact the considered building while including the minimum number of

neighboring buildings; AΩnsb is the area enclosed by rexo, i.e. πr2; while nexo is the

number of exogenous windborne debris impacting the considered building.
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Figure 2.2: An example of a possible shape of the boundary ∂Ωnsb for the single building case.

2.3.2 Simulation strategy

Solving eq. (2.8) requires estimating the number of exogenous windborne debris,

nexo, as a function of r. The source of the exogenous windborne debris is the damaged

building envelope components of neighboring buildings, while the driving force for

the generated debris flight is the hurricane wind velocity. For any given extent of

the neighboring subdivisions (r), nexo depends on the following factors:

� Neighborhood-related factors: the configuration and the structural char-

acteristics of the buildings. These factors control the generation of debris as

buildings in the considered and surrounding subdivisions are damaged.

� Hurricane-related factors: the shape of the storm track and its location with

respect to the considered subdivision, the size of the storm and the pressure drop

within its eye. These factors control the evolution of wind speeds and direction

during the hurricane event which is the driving force for the flight of the debris.

To account for these factors while estimating nexo, the scenario of a hurricane

impacting the considered building surrounded by the neighboring buildings (within

radius r) needs to be simulated using a physics-based damage estimation model.

Due to the uncertainty associated with these factors, eq. (2.8) will be re-written as
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follows:

rexo = arg min
r

AΩnsb

subject to

E [nexo(r = rexo; · · · )] = max
r

E [nexo(r; · · · )]

(2.9)

where E [nexo] is the expected value of nexo.

Figure 2.3 illustrates the proposed simulation-based strategy to solve eq. (2.9). It

follows an iterative scheme to find rexo which keeps increasing r incrementally, using

a predefined step ∆r, until the value of E [nexo] stabilizes. The E [nexo] is estimated

using a Monte Carlo simulation where nMC is the number of simulations. Based

on a predefined maximum hurricane wind speed of interest (Vmax), the Monte Carlo

simulation generates hurricanes having a maximum wind speed equal to Vmax using

the specified hurricane hazard statistics. To this end, the single-site probabilistic

hurricane hazard model introduced by Vickery and Twisdale (1995a) is used. Un-

certainties in the buildings’ structural characteristics are considered by sampling the

components’ pressure and impact resistances from provided distributions. The dam-

age estimation model creates models of both the considered building as well as the

neighboring buildings within the current region of interest, i.e. for buildings within

current radius rj. From this model, the progression of damage from wind pressure

and windborne debris impact is estimated using a time-stepping approach. At the

final time step, the number of exogenous windborne debris that hit the considered

building (i.e. the middle building) over the duration of the hurricane event is counted

and the expected number of relevant exogenous windborne debris is calculated as

shown in fig. 2.3.
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Figure 2.3: Flowchart of the simulation-based strategy.

2.3.3 Damage estimation model

The physics-based damage estimation model presented by Grayson et al. (2013) is

used to estimate E [nexo]. The model is implemented with the following modifications:

� External pressure coefficients: compiled from the wind tunnel database

provided by Tokyo Polytechnic University (2007);

� Internal pressure coefficients: calculated using the internal pressure model

provided by Holmes (2017);

� Debris impact: checked for all the components (i.e., windows, doors, garage
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doors, roof sheathing, etc.) of the buildings’ envelope by solving for the point of

intersection of the debris trajectory and the building envelope. This approach

allows for consideration of debris hitting the building even if the estimated debris

landing location is not within the perimeter of the building plan, as illustrated

in fig. 2.4.

The windborne debris trajectories are traced using the probabilistic 6DOF debris

trajectory model presented by Grayson et al. (2012a). The model solves the equa-

tions of motion for flying debris numerically using the Modified Euler method. The

location of a debris object at landing (DL) as well as the time step immediately

prior to landing (DP ) are used to determine which component is hit by the wind-

borne debris. The debris trajectory between DP and DL can be assumed linear and

is represented using the following parametric form:

DP + tDPL; t ∈ R (2.10)

where DPL = DL −DP . The parametric equation of the planes of the components

of the building envelope is written as:

Ck
2 + uCk

21 + vCk
23; u, v ∈ R & k = 1, · · · , nC (2.11)

where Ck
1, Ck

2 and Ck
3 are the coordinates of the first, second and third vertices of the

kth component, respectively; nC is the total number of components in the building;

and Ck
21 = Ck

1 −Ck
2 while Ck

23 = Ck
3 −Ck

2.

The point of intersection of the debris trajectory and the kth component is ob-

tained by solving eqs. (2.10) and (2.11) simultaneously. The values of the parameters
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Figure 2.4: A piece of windborne debris hitting a building envelope component.

at the intersection point are given as follows:

tk =

(
Ck

21 ×Ck
23

)
·
(
DP −Ck

2

)
−DPL ·

(
Ck

21 ×Ck
23

)
uk =

(
Ck

23 ×−DPL

)
·
(
DP −Ck

2

)
−DPL ·

(
Ck

21 ×Ck
23

)
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(
−DPL ×Ck

21

)
·
(
DP −Ck

2

)
−DPL ·

(
Ck

21 ×Ck
23

)
(2.12)

For components of rectangular shape, the debris object hits the kth component if

uk, vk ∈ [0, 1]. In the case of triangular components, an additional condition of

(uk + vk) ≤ 1 needs to be satisfied at the intersection point for the debris object to

hit the building envelope component. The value of tk is used if the debris trajectory

intersects two components. In this case, the component with a lower value of tk (i.e.

hit first) is the one that is considered impacted by the debris.

2.3.4 Solution generalization

The single building case can be generalized to any considered subdivision of any

arbitrary shape as show in fig. 2.1(c,d). This generalization is described mathemat-

ically as follows:

Ωns =

ncb⋃
l=1

Ωl
nsb (2.13)
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where ncb is the number of the buildings in the considered subdivision while Ωl
nsb is

the domain identifying the required buildings of the neighboring subdivisions for the

lth building. From the boundaries, ∂Ωl
nsb, of the domains Ωl

nsb, it is straight forward

to estimate the boundary of Ωns. The domain, Ωl
nsb, and associated boundary, ∂Ωl

nsb,

of the lth building are defined as:

Ωl
nsb = {(x, y) ∈ R2 | Γlnsb

(
x− xlcb, y − ylcb

)
≤ 0}

∂Ωl
nsb = {(x, y) ∈ R2 | Γlnsb

(
x− xlcb, y − ylcb

)
= 0}

(2.14)

where xlcb and ylcb are the x− and y− coordinates of the lth building in the considered

subdivision; Γlnsb is the implicit function defined by eq. (2.7) and evaluated at r =

rexo.

Equations (2.13) and (2.14) are solved using alg. 1 to obtain the buildings that

need to be included in the damage estimation model to account for exogenous wind-

borne debris. In alg. 1, xonb and yonb are the x− and y− coordinates of the oth building

in a neighboring subdivision; nnb is the total number of the buildings in the neighbor-

ing subdivision; while xmod and ymod are the x− and y− coordinates of the buildings

to be modeled while estimating the damage in the considered neighborhood.

Algorithm 1: Generalization of the single building solution

Input: rexo; (xlcb, y
l
cb), · · · , (xncb

cb , y
ncb

cb ); (x1nb, y
1
nb), · · · , (xnnb

nb , y
nnb

nb )
Output: (x1mod, y

1
mod), · · · , (xnmod

mod , y
nmod

mod )
count = 1
for l = 1, · · · , ncb do

for o = 1, · · · , nnb do

dlo =
√

(xlcb − xonb)2 + (ylcb − yonb)2
if dlo ≤ rexo and (xonb, y

o
nb) /∈ [xmod, ymod] then

xcountmod = xonb
ycountmod = yonb
count = count+ 1

end if
end for

end for
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2.4 Exogenous windborne debris for gable-roof buildings

The approach presented in section 2.3 is used in this section to analyze a neigh-

borhood that consists of gable-roof buildings in Miami, FL, as shown in figs. 4.4

and 5.5. The main objective is to understand the impact of various factors, such

as wind speed, floor-area ratio and building strength, on the required extent of the

neighboring subdivisions to accurately model the effect of the exogenous windborne

debris. This gained understanding is used to perform a regression analysis which

results in a mathematical expression that relates the required extent of modeling

neighboring subdivisions to the aforementioned factors.

2.4.1 Description

2.4.1.1 Community layout and building archetype

The extent of the neighboring subdivisions required to accurately model the effect

of exogenous windborne debris for a hypothetical residential community, illustrated

in fig. 4.4(a), located in Miami, FL is investigated. Figure 4.4(b) shows the reduction

of the community to the single building case which is a fundamental step in the

described methodology.

Buildings, that constitute the neighborhood, are modeled using the archetype

shown in fig. 5.5 and are arranged on a rectangular grid with spacing sx and sy

between the grid lines in the x− and y− directions, respectively. To study the effect

of the floor-area ratio, FAR = building area/sxsy, on modeling the exogenous windborne

debris, three cases are considered (1) FAR = 0.1: sx = 38.55 m and sy = 33.88 m,

(2) FAR = 0.3: sx = 23.33 m and sy = 18.66 m, and (3) FAR = 0.6: sx = 17.27 m

and sy = 12.60 m.
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Figure 2.5: The hypothetical residential community: (a) community layout, and (b) the single
building case for the considered community.

2.4.1.2 Construction cases

There are numerous types and construction methods for the components of a

building envelope (e.g., windows, doors, sheathing, etc.) which result in a wide

range of wind pressure and debris impact resistances. To study the effect of the

strength of the building defined by the resistances of its components to both wind

pressure and debris impact, the resistance ranges are taken from available literature

(e.g. Datin et al., 2011; Grayson et al., 2013; Gurley et al., 2005; Unnikrishnan and

Barbato, 2016; Vickery et al., 2006b). Ten construction cases are defined based on

the identified ranges such that the resistance is increasing gradually from case one

(the weakest) to case ten (the strongest).

Tables 3.2 and 3.3 summarize the resistances for wind pressure and debris impact,

respectively. Component resistances are modeled as normal random variables with

coefficients of variation equal 0.2 for the wind pressure resistance of the windows,

door, garage doors, and roof-wall connections and 0.4 for the wind pressure resistance

of the roof and wall sheathing, roof and wall cover, and the impact resistance of all

components.
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Figure 2.6: Residential gable-roof building archetype: (a) isometric projection, (b) back view, (c)
left-side view, (d) top view, (e) right-side view, (f) front view.
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Table 2.1: Mean wind pressure resistance for the considered construction cases.

Building component Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7

Window (kPa) 2.5 2.8 3.2 3.5 3.8 4.2 4.5
Door (kPa) 3.0 3.3 3.6 3.8 4.1 4.4 4.7
Garage door (kPa) 2.0 2.2 2.4 2.7 2.9 3.1 3.3
Wall sheathing (kPa) 1.0 1.9 2.8 3.7 4.6 5.4 6.3
Roof sheathing (kPa) 1.0 1.9 2.8 3.7 4.6 5.4 6.3
Wall cover (kPa) 2.5 2.8 3.2 3.5 3.8 4.2 4.5
Roof cover (kPa) 2.5 2.8 3.2 3.5 3.8 4.2 4.5
Roof-wall connection (kN) 1.0 2.7 4.4 6.2 7.9 9.6 11.3

Table 2.1: Mean wind pressure resistance for the considered construction cases (Continued).

Building component Case 8 Case 9 Case 10

Window (kPa) 4.8 5.2 5.5
Door (kPa) 4.9 5.2 5.5
Garage door (kPa) 3.6 3.8 4.0
Wall sheathing (kPa) 7.2 8.1 9.0
Roof sheathing (kPa) 7.2 8.1 9.0
Wall cover (kPa) 4.8 5.2 5.5
Roof cover (kPa) 4.8 5.2 5.5
Roof-wall connection (kN) 13.1 14.8 16.5

Table 2.2: Mean debris impact resistance (in kJ) for the considered construction cases.

Building component Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7

Window 0.05 0.10 0.15 0.26 0.36 0.47 0.57
Door 0.10 0.15 0.30 0.51 0.72 0.93 1.14
Garage door 0.10 0.15 0.30 0.51 0.72 0.93 1.14
Wall sheathing 0.10 0.25 0.50 1.04 1.59 2.13 2.68
Roof sheathing 0.10 0.25 0.50 1.04 1.59 2.13 2.68
Wall cover 0.10 0.25 0.50 1.04 1.59 2.13 2.68
Roof cover 0.10 0.25 0.50 1.04 1.59 2.13 2.68

Table 2.2: Mean debris impact resistance (in kJ) for the considered construction cases (Continued).

Building component Case 8 Case 9 Case 10

Window 0.68 0.78 1.00
Door 1.36 1.57 2.00
Garage door 1.36 1.57 2.00
Wall sheathing 3.22 3.77 5.00
Roof sheathing 3.22 3.77 5.00
Wall cover 3.22 3.77 5.00
Roof cover 3.22 3.77 5.00

2.4.1.3 Hurricane hazard statistics

Hurricane wind velocity is an important factor in estimating the required extent of

neighboring subdivisions in a simulation model. In this context, the considered com-
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Figure 2.7: Maximum flying distance of a 4 ft × 8 ft roof sheathing panel.

munity is subject to hurricanes with Vmax = {5, 15, 25, 35, 45, 55, 65, 75, 85, 95, 105}

m/s. For each Vmax, 200 hurricanes (i.e. nMC = 200) are generated. Parameters

defining track and intensity of these hurricanes are sampled from the probabilistic

hurricane hazard model defined by Vickery and Twisdale (1995a).

2.4.1.4 Radius step consideration

As mentioned in section 2.3.2, the presented methodology requires a predefined

radius increment (∆r) to solve for rexo. Since the analysis is carried out for var-

ious cases of Vmax (11 cases), ∆r is defined by normalizing it with respect to the

maximum flight distance of windborne debris (rmax) for the given Vmax. A typ-

ical 4 ft × 8 ft roof sheathing panel is used to estimate rmax. Figure 2.7 sum-

marizes the values of rmax for each Vmax case. The following values of r/rmax =

{0.5, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0, 2.2, 2.4, 2.6, 2.8, 3.0} are then used as the iteration steps

in the simulation.

25



2.4.2 Results and discussion

2.4.2.1 Overview

The analysis is conducted for a combination of 3 values of FAR, 10 construction

cases, 11 values of Vmax with 200 hurricanes (i.e., Monte Carlo simulations) con-

sidered for each Vmax, and 12 iterations on r. This results in 792,000 simulations

to comprehensively study the factors influencing the extent of the neighboring sub-

divisions that must be modeled to fully capture all potential exogenous windborne

debris.

2.4.2.2 Effect of wind speed

Figure 2.8 shows the expected number of exogenous windborne debris impacting

the considered single building, shown in fig. 4.4(b), for each Vmax over all iterations

of r (additional iterations were added for lower wind speeds to further refine rexo).

No exogenous windborne debris (i.e., E[nexo] = 0) is observed for the cases of

Vmax < 55 m/s as the maximum debris flight distance is 9.7 m for Vmax = 45 m/s,

fig. 2.7, which is to short to impact any of the surrounding buildings. As expected,

E[nexo] increases as Vmax or r/rmax increase. The increasing rate of ∂(E[nexo])
∂(r/rmax)

keeps

declining as the extent of the modeled neighboring subdivision increases until E[nexo]

eventually plateaus, identifying the value of rexo.

Figure 2.9 summarizes the values of rexo/rmax for Vmax ≥ 55 m/s. For Vmax < 55

m/s, rexo/rmax can be assumed zero meaning that only the considered neighborhood

needs to be modeled. The plot shows that rexo/rmax is directly proportional to Vmax.

This direct proportionality can be explained by the fact that as Vmax increases,

the number of debris objects flying in the wind field increases. More objects in

the wind field increases the potential of damage due to windborne debris. Due to

the cascading nature of the windborne debris damage, the extent of neighboring
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Figure 2.8: Expected number of exogenous windborne debris for cases of Vmax ≥ 55 m/s.

subdivisions required to account for exogenous windborne debris increases as well.

2.4.2.3 Effect of floor-area ratio (FAR)

The FAR indicates the level of urbanization in a neighborhood (i.e. higher FAR

means more buildings for a given area). The expected number of windborne debris

increases with increasing FAR as the increase in the density of buildings increases

the sources of windborne debris, as shown in fig. 2.10. However, fig. 2.11 suggests

that rexo/rmax is inversely proportional to FAR. This inverse proportionality is due

to the increase in the number of buildings as FAR increases (e.g. FAR = 0.6 has six

times the number of buildings as when FAR = 0.1). Smaller extents of neighboring

subdivisions (i.e. smaller rexo/rmax values) become sufficient to capture all exogenous

windborne debris for larger FAR values.

2.4.2.4 Effect of building strength

The building strength factor (BSF ) is defined as an indicator of the resistance of

the entire building to damage from both wind-related damage mechanisms:

BSF =

∑nC
k R̄k

PA
k +

∑nC
k R̄k

IA
k

At
(2.15)
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Figure 2.9: The relationship between the required extent of neighboring subdivisions to model
exogenous windborne debris (rexo) and Vmax.
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Figure 2.10: Expected number of exogenous windborne debris for each FAR case.
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Figure 2.11: The relationship between the required extent of neighboring subdivisions to model
exogenous windborne debris (rexo) and FAR.

where R̄k
P is the mean wind pressure resistance of the kth building envelope compo-

nent in kPa; R̄k
I is the mean debris impact resistance of the kth building envelope

component in kJ; Ak is the surface area of the kth building envelope component; and

At is the total surface area of the building envelope.

Figure 2.12 shows the values of the BSF for the ten construction cases which are

sorted from weakest (case 1) to strongest (case 10) in ascending order. It can be

observed that as the building strength factor increases, E[nexo] decreases (i.e., more

strength leads to less damage and less windborne debris) while rexo/rmax remains

unchanged, figs. 2.13 and 2.14. This observation is consistent with all construction

cases except 1 and 2. The difference for these cases is due to the very low value of

BSF for cases 1 and 2 which indicates that the building components are damaged

at very low wind speeds. Because the wind speeds are low, the hurricane wind field

is not sufficient to carry dislodged components far enough to impact the considered

building. As a result, increasing r/rmax for cases 1 and 2 does not significantly change

E[nexo] compared to other construction cases.
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Figure 2.12: The building strength factor.
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Figure 2.13: Expected number of exogenous windborne debris for each construction case.
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Figure 2.14: Expected number of exogenous windborne debris for various values of BSF .

2.4.3 Regression analysis

The discrete rexo/rmax simulation results are used in a linear regression analysis

to provide a mathematical expression to estimate rexo/rmax as a function of Vmax,

FAR, and BSF . rexo/rmax is shown to be zero for Vmax < 55 m/s and constant for

3.7 ≤ BSF ≤ 13.1. For all other cases, rexo/rmax varies with respect to Vmax, FAR,

and BSF with the studied parameters. Based on these observations, the following

mathematical expression is proposed to estimate rexo/rmax:

rexo
rmax

=



0 Vmax, FAR,BSF ∈ D1

a1V
2
max + a2Vmax + a3FAR

2 + a4FAR

+a5BSF
2 + a6BSF + a7 Vmax, FAR,BSF ∈ D2

b1V
2
max + b2Vmax + b3FAR

2 + b4FAR + b5 Vmax, FAR,BSF ∈ D3

(2.16)

where Vmax is in m/s; D1 = {(Vmax, FAR,BSF ) ∈ R3 | 0 ≤ Vmax < 55, 0.1 ≤

FAR ≤ 0.6 & 1.90 ≤ BSF ≤ 13.10}, D2 = {(Vmax, FAR,BSF ) ∈ R3 | 55 ≤ Vmax ≤

105, 0.1 ≤ FAR ≤ 0.6 & 1.90 ≤ BSF < 3.77}, and D3 = {(Vmax, FAR,BSF ) ∈
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R3 | 55 ≤ Vmax ≤ 105, 0.1 ≤ FAR ≤ 0.6 & 3.77 ≤ BSF < 13.10}; and a1, · · · , a7

and b1, · · · , b5 are the regression parameters which can be estimated using the or-

dinary least square method. The estimated values of the regression parameters are

summarized in table 2.3.

Figure 2.15 shows the values of rexo/rmax estimated from eq. (2.16) for three levels

of FAR: 0.1, 0.3, and 0.6. The average relative error (ε) of these estimations equals

3.9% which is defined as follows:

ε =
ncases∑
p=1

∣∣∣∣∣ rexormax

p − ˆrexo
rmax

p

rexo
rmax

pncases

∣∣∣∣∣× 100% (2.17)

where ncases is the number of studied cases (330 cases), rexo
rmax

p is the true value (i.e.,

obtained from the simulations) of the pth studied case, and ˆrexo
rmax

p
is the estimated

value (i.e., obtained from eq. (2.16)) of the pth studied case. By combining the values

of rexo/rmax obtained from eq. (2.16) with the generalization methodology described

by eq. (2.13), the extent of the neighboring subdivisions required to capture the effect

of exogenous windborne debris can be obtained for neighborhoods of any arbitrarily

boundary shape in Miami, FL.

Table 2.3: Estimated values of the regression parameters.

Parameter Estimated value Parameter Estimated value

a1 −3.95× 10−4 b1 −1.78× 10−4

a2 6.99× 10−2 b2 6.08× 10−2

a3 −0.704 b3 1.486
a4 −0.441 b4 −1.969
a5 −0.331 b5 −1.744
a6 2.424
a7 −5.456

2.5 Conclusions

A methodology for estimating the extent of the neighboring subdivisions required

to account for exogenous windborne debris is presented. The underlying idea behind
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Figure 2.15: Estimated rexo/rmax for all studied cases: (a) FAR = 0.1, (b) FAR = 0.3, and (c)
FAR = 0.6.

the presented methodology is to reduce the problem from a representative subdivi-

sion to a single building. This reduction allows for the generalization of the solution

to any subdivision with any arbitrary boundary shape. For the single building case,

the required extent of the neighboring subdivisions is estimated using a simulation-

based strategy. The simulation-based strategy accounts for the neighborhood-related

factors and the hurricane-related factors which affect the number of exogenous wind-

borne debris. The simulation strategy is based on an iterative technique that in-

creases the extent of neighboring subdivisions incrementally until the number of the

exogenous windborne debris plateaus (i.e., the required extent of the neighboring

subdivision that needs to be modeled is obtained). The expected number of the

exogenous windborne debris is estimated using a physics-based damage estimation

model. The damage estimation model propagates uncertainties associated with es-

timating wind pressure damage and windborne debris damage using Monte Carlo

simulation. Finally, an algorithm is proposed to generalize the single building solu-

tion to a subdivision with any arbitrary boundary shape.

The presented methodology is applied to analyze a hypothetical community in

Miami, FL. The analysis comprehensively considers the problem of estimating the

required extent of the neighboring subdivisions to model exogenous windborne debris

by investigating the effect of the maximum hurricane wind speed, the floor-area ratio,
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and the resistance of the building envelope components to wind pressure and debris

impact. Results show that the required extent of the neighboring subdivisions is di-

rectly proportional to the maximum hurricane wind speed and inversely proportional

to the floor-area ratio. The required extent of the neighboring subdivisions is not a

function of the resistance of the building envelope except for very weak construction

cases for which direct proportionality is seen. Based on these results, a regression

model is derived that estimates the required extent of the neighboring subdivisions

to account for exogenous windborne debris.
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CHAPTER III

Risk and Performance Assessment of Residential Wooden
Buildings Subject to Hurricane Winds1

Abstract

Hurricanes are the major cause of damage and losses to residential wooden build-

ings in the United States. Thus, studying hurricane-imposed risks on the residential-

wooden buildings, as well as their performance against hurricanes, is a fundamental

step to mitigate these risks. Within this context, a fragility analysis methodology

is proposed to estimate the building performance probabilistically. Two damage

mechanisms are considered in the proposed methodology, excessive dynamic wind

pressure; and impact from windborne debris. Unlike existing frameworks, the pro-

posed methodology defines the geometric configuration, and the required extension of

the neighboring buildings to accurately estimate the damage from both mechanisms.

The proposed methodology is applied to the gable-roof archetype. Ten construction

cases are defined to cover the existing ranges of the resistance of the building com-

ponents to both damage mechanisms, as well as three floor-area ratios (FAR). The

resulting fragility curves highlight: (1) the effect of the FAR on enhancing the per-

formance of the residential building due to the shielding effect; and (2) the variation

of the significance of windborne debris on increasing the estimated hurricane risk.

1Abdelhady, A.U., Spence, S.M.J. and McCormick, J. (2021). “Risk and performance assessment of residential
wooden buildings subject to hurricane winds,” Structural Safety, Submitted.
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The estimated fragility curves can be used directly to model residential buildings in

community resilience frameworks.

3.1 Introduction

Light-frame wooden buildings represent the majority of the residential buildings

in the United States. This type of construction is vulnerable to windstorms (e.g.

hurricanes) as reported by post-disaster surveys (Beason et al., 1984; Masters et al.,

2010; Minor , 1994), and the consequent damage of these houses represents a signifi-

cant portion of the losses caused by hurricanes (Congressional Budget Office, 2019).

Observations from these surveys suggest that excessive dynamic wind pressure, and

impact of windborne debris are the prevailing damage mechanisms.

Both damage mechanisms are interdependent, progressive, and of cascading na-

ture. As the hurricane approaches the community, dynamic wind pressure starts

breaching the buildings’ envelope. Damaged components of the building envelope

are then carried by the wind-field and cause more damage to buildings in the down-

wind which leads to the generation of more windborne debris. Breaching the building

envelope leads to internal pressurization and rainwater intrusion which increases the

amount of monetary loss. Within this context, studying the performance of the

building envelope during this damage scenario is a fundamental step to mitigate

hurricane-imposed risks and enhance residential communities resilience against hur-

ricanes.

Several studies developed fragility analysis frameworks to assess the performance

of residential wooden buildings under wind loads. Some studies focused on the

component-level fragilities (eg. Ellingwood et al. (2004); Lee and Rosowsky (2005);

van de Lindt and Dao (2009)) and others on the building-level fragilities (e.g. Dong
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and Li (2016); Masoomi et al. (2018); Memari et al. (2018)). These studies ac-

count for the excessive dynamic wind pressure damage mechanism and simplifies the

progressive nature of the damage scenario by modeling the maximum wind speed

only. The Florida Public Hurricane Loss Projection Model (FPHLPM) uses a simi-

lar approach while accounting for windborne debris impacts on unprotected windows

empirically Gurley et al. (2005).

To estimate the damage of residential wooden buildings due to both damage

mechanisms, researchers developed relatively higher-fidelity frameworks that sim-

ulate the aforementioned damage scenario (e.g. Abdelhady et al. (2019a,b, 2020,

2019c); Grayson et al. (2013); Lin and Vanmarcke (2010b); Lin et al. (2010b); Vick-

ery et al. (2006b); Yau et al. (2011); Zhang et al. (2014)). Windborne debris tra-

jectory is traced using a 3-degree-of-freedom (3DOF) trajectory model in (Lin and

Vanmarcke, 2010b; Lin et al., 2010b; Yau et al., 2011; Zhang et al., 2014) while (Ab-

delhady et al., 2019a,b, 2020, 2019c; Grayson et al., 2013) use a 6-degree-of-freedom

(6DOF) trajectory model to more realistically account for various shapes of debris

objects. Both models account for uncertainties in the calculated trajectory using

different approaches, Lin and Vanmarcke (2010b) models the landing location using

a two-dimensional Gaussian distribution while Grayson et al. (2012a) randomizes

the flow angles to match landing locations from wind tunnel tests. With the aim of

enhancing the community resilience against hurricanes, Abdelhady et al. (2020) stud-

ied integrates the community vulnerability with the community recovery to quantify

the community resilience against hurricane winds. It should be mentioned that the

computational run-time is one of the major challenges that face developments in the

aforementioned high-fidelity damage estimation models.

In this paper, the performance of residential wooden buildings is assessed using
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a building-level fragility analysis approach. Unlike previous fragility analysis frame-

works, the proposed methodology accounts for the interdependency, progression and

cascading nature of the two damage mechanisms by modeling the hurricane full dam-

age scenario using a high-fidelity time-stepping damage estimation model. Developed

fragility curves are then convoluted with the hurricane hazard curve to assess the

hurricane-imposed risks on residential wooden buildings. The proposed methodology

is then applied to perform a parametric study on a gable-roof archetype, considering

various construction cases and floor-to-area (FAR) ratios. Outcomes from this study

highlight the significance of including damage from windborne debris, and the effect

of FAR on the estimated hurricane risks.

3.2 Problem setting

3.2.1 Performance analysis

3.2.1.1 Damage states

The performance of residential wooden building under hurricane winds is typically

described qualitatively using a hierarchy criteria as in HAZUS-MH (Vickery et al.,

2006b). The descriptive format of this criteria is stated as “no damage”, “minor dam-

age”, “moderate damage”, “severe damage”, and “destruction”. These qualitative

measures are quantified using damage states which are governed by the performance

of the building envelope. Table 3.1 summarizes the mapping between the qualitative

measures and the performance of building envelope components using damage states.

It should be noted that the building is considered in the damage state if any of the

damage indicators in the corresponding row occurs.

38



Table 3.1: Damage states for residential wooden buildings

Damage
state

Qualitative
measure

Roof/Wall cover
failure

Win-
dow/Door

failure

Roof/Wall
sheathing

failure

Roof-Wall
connection

failure

0 No damage ≤ 2% No No No
1 Minor damage > 2% and ≤ 15% 1 No No
2 Moderate damage > 15% and ≤ 50% 2 or 3 1-3 No
3 Severe damage > 50% > 3 and ≤ 8 > 3 and ≤ 25% No
4 Destruction Typically > 50% > 8 > 25% Yes

3.2.1.2 Fragility analysis

A probabilistic quantification of the building performance, based on the prede-

fined damage states, requires performing fragility analysis (Ellingwood et al., 2004).

Building fragility can be defined as the likelihood of the damage to exceed a certain

damage level (i.e. damage state) as a function of a hazard intensity measure. The

hazard intensity measure is the maximum 3-sec gust wind speed (Vmax) experienced

by the building during the passage of the hurricane, and the building fragility can

be written as follows:

FRi(v) = P [DS ≥ dsi|Vmax = v] ∀i ∈ {0, · · · , nDS − 1} (3.1)

where DS is the damage state defined in table 3.1; and nDS is the number of the

defined damage states which equals 5 in this work.

Deriving an analytical solution for FRi(v) is intractable, instead, a stochastic

simulation approach is proposed in this paper which will be described later.

3.2.2 Risk analysis

The hurricane-imposed risks on residential wooden buildings can be defined as

the annual probability of failure (i.e. exceeding a certain damage state), which is

written for the ith damage state as follows:

Pfi = P [DS ≥ dsi] (3.2)
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To calculate Pfi, the building fragility defined in eq. (3.1) is convoluted with the

probability density function of the annual maximum hurricane wind speed, fV (v), as

follows:

Pfi =

∫ ∞
0

FRi(v) · fV (v) dv (3.3)

fV (v) can be obtained using hurricane hazard models provided by (Vickery and

Twisdale, 1995a,b; Vickery et al., 2000), which are the basis of the development of

the design wind speed maps for the ASCE/SEI 7-16 (2017). However, the Weibull

distribution is found to be a reasonable fit for maximum wind speeds at the south-

east coast of the United States (Li and Ellingwood , 2006). Therefore, the Weibull

distribution will be used in this paper to model fV (v) as follows:

fV (v) =


α
β

(
v
β

)α−1

exp
[
−
(
v
β

)α]
v ≥ 0

0 v < 0

(3.4)

where α and β are the shape and scale parameters, respectively, of the Weibull

distribution. α and β are site-specific and can be determined from published wind

speed maps (e.g ASCE/SEI 7-16 , 2017).

3.3 Proposed methodology for fragility modeling

3.3.1 Overview

Figure 3.1 shows the flowchart of the proposed stochastic simulation methodology

to estimate eq. (3.1). The proposed methodology is based on the Monte Carlo simu-

lation method which estimates FRi for discreet values of Vmax. The discreet values of

Vmax are input to the proposed methodology as: (1) a range: defined by the lowest

(Vmax,l) and highest (Vmax,h) value of Vmax; and (2) a velocity step (∆Vmax): which

is required to define the jth value of Vmax. Within this context, eq. (3.1) can be
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re-written as follows:

F j
Ri(v

j) ≈ 1

nMC

nMC∑
k=1

1DSk≥dsi (3.5)

where vj is the jth value of Vmax; nMC is the number of samples used in the Monte

Carlo simulation; and 1 is the indicator function.

A common practice is to express the fragility function using a log-normal cumu-

lative distribution function (e.g. Ellingwood et al., 2004; Lee and Rosowsky , 2005;

Masoomi et al., 2018). The estimated values of F j
Ri from eq. (3.5) will be used to fit

a log-normal CDF with a logarithmic median λ, and a log-normal standard deviation

ζ.

FRi(v) = Φ

(
ln (v)− λi

ζi

)
(3.6)

3.3.2 Geometric model

Neighboring buildings influence the dynamic wind pressure on the considered

building as well as the windborne debris impact. Therefore, defining their geometric

configuration in the three-dimensional (3D) space, with respect to the considered

building, is an essential requirement for the accurate estimation of the damage to

the considered building. Concerning the dynamic wind pressure, it can be accu-

rately estimated based on the floor-to-area ratio (FAR), and the orientation of the

neighboring buildings Tokyo Polytechnic University (2007). In addition to these two

factors, the extension of the modeled neighboring buildings, fig. 3.2, is required to

be defined for the accurate estimation of the damage from windborne debris impact.

Figure 3.2 shows the extension of the modeled neighboring buildings which is

defined by r. The r required for the accurate estimation of windborne debris dam-

age needs to capture all possible windborne debris that could impact the considered

building while modeling the minimum number of neighboring buildings. This prob-

41



Three-dimensional geometric
model

Generate a geometric model of the building
and the surrounding building within rexo

Calculate rexo

v jൌV max,l൅ሺjെͳሻȟV max

Se��jൌͳ

Start

Define
V max,l ,�ȟV max ,�V max,h

Damage estimation model:

r exo

Resistance sampling
Generate pressure and impact resistance

Hurricane sampling
Generate a hurricane with maximum wind

speed equals to v j

k �ൌ�ͳ,�ǤǤǤ,�nMC

Calculate��DS k

M
on

te
 C

ar
lo

 si
m

ul
at

io
n

Calculate��F Riሺv jሻj
v j�൐�V max,h

End
Yes

No

j൅൅

Hurricane hazard statistics

Buildings configuration

Statistics of buildings'
structural characteristics

Input

Figure 3.1: Flowchart of the proposed simulation-based fragility modeling.

lem has been addressed by ? who provide a methodology to estimate the required r

(rexo). This methodology is incorporated in this work to estimate rexo.

3.3.3 Damage estimation

Damage for the building envelope components is estimated using the framework

presented by Grayson et al. (2013) with the enhancements outlined in (Abdelhady

et al., 2020; ?) as follows:

Djk
l = 1max

nt
m=1 W

jkm
l >Wk

l ∨ max
nt
m=1 I

jkm
l >Ikl

(3.7)

where Djk
l is the damage of the lth building envelope component in the kth sample

of the Monte Carlo simulation which is subject to the jth value of Vmax; 1 is the
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Figure 3.2: Plan of the considered building surrounded by the modeled neighboring buildings within
a radius r.

indicator function; nt is the number of time steps used in the damage estimation

model; W is the dynamic wind pressure; W is the resistance of the component to

wind pressure; I is the maximum debris impact energy or momentum at the mth

time step; and I is the resistance of the component to debris impact.

The damage estimation framework uses a time-stepping approach to model the

damage scenario of a hurricane impacting a residential neighborhood. Hurricane

modeling and generation follows the single-site hazard model presented by Vickery

and Twisdale (1995a). The estimated damage is used to determine the building

damage state, according to table 3.1.

3.4 Application to gable-roof archetype

3.4.1 Description

3.4.1.1 Building Archetype and construction cases

Figure 3.3 shows the residential building archetype used in this study. Ten con-

struction cases are assigned to this archetype to cover the broad range of the resis-

tance of the building components that exist in literature (?). Construction cases are
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ranked ascendingly based on their strength (i.e. construction case 1 has the lowest

resistance while case 10 has the highest resistance). The mean pressure and impact

resistance of the building components associated with each construction case are

summarized in tables 3.2 and 3.3, respectively. Components resistance are modeled

as normal random variables with Coefficients of Variation of: 0.2 for the wind pres-

sure resistance of windows, door, garage doors, and roof-wall connections; and 0.4

for the wind pressure resistance of roof and wall sheathing, roof and wall cover, and

the impact resistance of all components.

Table 3.2: Mean wind pressure resistance for the considered construction cases.

Building component Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7

Window (kPa) 2.5 2.8 3.2 3.5 3.8 4.2 4.5
Door (kPa) 3.0 3.3 3.6 3.8 4.1 4.4 4.7
Garage door (kPa) 2.0 2.2 2.4 2.7 2.9 3.1 3.3
Wall sheathing (kPa) 1.0 1.9 2.8 3.7 4.6 5.4 6.3
Roof sheathing (kPa) 1.0 1.9 2.8 3.7 4.6 5.4 6.3
Wall cover (kPa) 2.5 2.8 3.2 3.5 3.8 4.2 4.5
Roof cover (kPa) 2.5 2.8 3.2 3.5 3.8 4.2 4.5
Roof-wall connection (kN) 1.0 2.7 4.4 6.2 7.9 9.6 11.3

Table 3.2: Mean wind pressure resistance for the considered construction cases (Continued).

Building component Case 8 Case 9 Case 10

Window (kPa) 4.8 5.2 5.5
Door (kPa) 4.9 5.2 5.5
Garage door (kPa) 3.6 3.8 4.0
Wall sheathing (kPa) 7.2 8.1 9.0
Roof sheathing (kPa) 7.2 8.1 9.0
Wall cover (kPa) 4.8 5.2 5.5
Roof cover (kPa) 4.8 5.2 5.5
Roof-wall connection (kN) 13.1 14.8 16.5

3.4.1.2 Hurricane maximum wind speed

As previously discussed, Vmax is input as a range, and a step. In this study, the

range is [5, 105] m/s, and the ∆Vmax is 10 m/s. The number of Monte Carlo samples

used is 200 for each Vmax. Hurricane sampling is carried out by generating hurricanes
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Table 3.3: Mean debris impact resistance (in kJ) for the considered construction cases.

Building component Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7

Window 0.05 0.10 0.15 0.26 0.36 0.47 0.57
Door 0.10 0.15 0.30 0.51 0.72 0.93 1.14
Garage door 0.10 0.15 0.30 0.51 0.72 0.93 1.14
Wall sheathing 0.10 0.25 0.50 1.04 1.59 2.13 2.68
Roof sheathing 0.10 0.25 0.50 1.04 1.59 2.13 2.68
Wall cover 0.10 0.25 0.50 1.04 1.59 2.13 2.68
Roof cover 0.10 0.25 0.50 1.04 1.59 2.13 2.68

Table 3.3: Mean debris impact resistance (in kJ) for the considered construction cases (Continued).

Building component Case 8 Case 9 Case 10

Window 0.68 0.78 1.00
Door 1.36 1.57 2.00
Garage door 1.36 1.57 2.00
Wall sheathing 3.22 3.77 5.00
Roof sheathing 3.22 3.77 5.00
Wall cover 3.22 3.77 5.00
Roof cover 3.22 3.77 5.00

Window
Window

Window

Garage Door

Door

Roof Sheathing

Wall S
heathing

Window

Window

Window

9.3
3

14.00

3.
50

2.
33

Figure 3.3: Gable-roof building archetype.

with maximum 3-sec gust wind speed that matches the considered Vmax using the

hurricane hazard model parameters for Miami, FL (Vickery and Twisdale, 1995a).

3.4.1.3 Geometric model generation

Buildings are arranged on a rectangular grid with the considered building in the

middle as shown in fig. 3.4. The spacing between the grid lines in x− and y−

45



directions are chosen so that FAR equals to 0.1, 0.3, and 0.6. The extension of the

modeled neighboring buildings (rexo) is determined based on the regression model

presented by ?. A sample of the calculated rexo is shown in fig. 3.4.
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Figure 3.4: Plan of the generated geometric model for construction cases 3-10: (a) Vmax = 65 m/s
and FAR = 0.1; (b) Vmax = 65 m/s and FAR = 0.3; (c) Vmax = 65 m/s and FAR = 0.6; (d)
Vmax = 85 m/s and FAR = 0.1; (e) Vmax = 85 m/s and FAR = 0.3; and (f) Vmax = 85 m/s and
FAR = 0.6.

3.4.2 Performance assessment

To quantify the significance of the damage from windborne debris on the building

performance, the damage estimation for the building components is carried out for

two cases: (1) including damage from windborne debris impact, and (2) excluding

damage from windborne debris. Tables 3.4 to 3.7 summarize the building fragility

curves of all studied cases for damage states 1, 2, 3, and 4, respectively. It should be

noted that some cases show a zero probability to be in the damage state 4 over the

considered range of Vmax. These cases are construction case 10 at FAR = 0.3 & 0.6,
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construction case 9 at FAR = 0.6, and construction case 8 at FAR = 0.6.

Figure 3.5 shows the building fragility curves for 3 construction cases (3, 5 and

7) which are chosen to represent weak, moderate, and strong construction cases,

respectively. Fragility curves for DS1 and DS2 are identical in construction case 3,

and almost identical for construction case 5 because of the condition of no roof/wall

sheathing failure in DS1 (table 3.1). In other words, roof/wall cover are attached

to roof/wall sheathing, this attachment leads to a higher wind pressure acting on

the sheathing than the covering because of the internal pressure. Knowing that the

pressure resistance for the sheathing is lower than the covering in construction case

3, it is almost impossible to have a case where the covering is damaged without

the sheathing is also damaged. As the pressure resistance of the sheathing becomes

higher than the covering (as in construction case 5 and 7), the gap between DS1 and

DS2 fragility curves starts to increase.

The effect of FAR on the considered building performance is shown in fig. 3.5; as

FAR increases, building resistance increases. For example, in construction case 3, a

hurricane of category 3-4 will most probably cause destruction (DS4) to the building

when the FAR equals to 0.1. Increasing FAR to 0.6 will upgrade the building’s

resistance that a hurricane of category 4-5 is required to cause the same impact (i.e.

destruction). This apparent increase in resistance is actually due to the reduction

of wind pressure caused by the shielding effect of the neighboring buildings (see

e.g. Ahmad and Kumar , 2001; Gavanski et al., 2013; Surry and Lin, 1995; Tokyo

Polytechnic University , 2007). However, increasing FAR leads to increasing the

number of windborne debris which causes more damage from windborne debris. This

increase in the damage from windborne debris can be observed in fig. 3.5.
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Table 3.4: Building fragility curves for damage state 1.

Construction
case

DS1 - FAR = 0.1 DS1 - FAR = 0.3 DS1 - FAR = 0.6

Debris No debris Debris No debris Debris No debris

λ1 ζ1 λ1 ζ1 λ1 ζ1 λ1 ζ1 λ1 ζ1 λ1 ζ1

1 3.13 0.09 3.13 0.09 3.21 0.09 3.21 0.10 3.31 0.10 3.31 0.10
2 3.38 0.12 3.38 0.12 3.49 0.13 3.49 0.13 3.63 0.10 3.63 0.10
3 3.57 0.11 3.57 0.11 3.68 0.12 3.68 0.12 3.82 0.09 3.82 0.09
4 3.70 0.13 3.70 0.13 3.81 0.10 3.81 0.10 3.94 0.11 3.94 0.11
5 3.80 0.11 3.80 0.11 3.89 0.12 3.90 0.13 4.05 0.10 4.05 0.10
6 3.88 0.12 3.88 0.12 4.00 0.12 4.00 0.12 4.11 0.09 4.12 0.09
7 3.94 0.14 3.95 0.14 4.06 0.11 4.07 0.11 4.18 0.09 4.19 0.09
8 4.02 0.10 4.02 0.10 4.11 0.11 4.12 0.11 4.23 0.09 4.25 0.09
9 4.06 0.10 4.07 0.10 4.16 0.10 4.17 0.10 4.28 0.10 4.30 0.10
10 4.11 0.10 4.11 0.10 4.20 0.10 4.21 0.10 4.33 0.09 4.36 0.09

Note: v is in m/s

Table 3.5: Building fragility curves for damage state 2.

Construction case

DS2 - FAR = 0.1 DS2 - FAR = 0.3 DS2 - FAR = 0.6

Debris No debris Debris No debris Debris No debris

λ2 ζ2 λ2 ζ2 λ2 ζ2 λ2 ζ2 λ2 ζ2 λ2 ζ2

1 3.13 0.09 3.13 0.09 3.21 0.10 3.21 0.10 3.31 0.10 3.31 0.10
2 3.38 0.12 3.38 0.12 3.49 0.13 3.49 0.13 3.63 0.10 3.63 0.10
3 3.57 0.11 3.57 0.11 3.68 0.12 3.68 0.12 3.82 0.09 3.82 0.09
4 3.70 0.13 3.70 0.13 3.81 0.11 3.81 0.11 3.94 0.11 3.94 0.11
5 3.80 0.12 3.80 0.12 3.90 0.13 3.90 0.13 4.05 0.10 4.06 0.10
6 3.89 0.13 3.89 0.13 4.00 0.12 4.01 0.12 4.12 0.09 4.12 0.10
7 3.96 0.15 3.96 0.15 4.07 0.12 4.08 0.12 4.18 0.10 4.19 0.10
8 4.04 0.12 4.05 0.12 4.12 0.12 4.13 0.12 4.24 0.10 4.25 0.10
9 4.09 0.11 4.09 0.11 4.18 0.11 4.18 0.11 4.29 0.11 4.31 0.11
10 4.14 0.11 4.14 0.11 4.22 0.11 4.23 0.11 4.34 0.10 4.37 0.10

Note: v is in m/s

3.4.3 Risk assessment

As previously discussed, hurricane-imposed risks are quantified using Pfi. To es-

timate Pfi, the Weibull distribution parameters, eq. (3.4), α and β are determined

for Miami, FL. α equals 1.769, and β equals 27.298 m/s. The fitted cumulative

distribution function is shown in fig. 3.6. Equation (3.3) is solved using the Monte

Carlo method, the resulting values of Pfi are summarized in fig. 3.7. The annual

probability of failure increases (i.e. risk increases) as the building components re-
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Table 3.6: Building fragility curves for damage state 3.

Construction case

DS3 - FAR = 0.1 DS3 - FAR = 0.3 DS3 - FAR = 0.6

Debris No debris Debris No debris Debris No debris

λ3 ζ3 λ3 ζ3 λ3 ζ3 λ3 ζ3 λ3 ζ3 λ3 ζ3

1 3.45 0.05 3.45 0.05 3.51 0.08 3.51 0.08 3.62 0.05 3.62 0.05
2 3.72 0.07 3.72 0.07 3.82 0.05 3.82 0.05 3.91 0.06 3.93 0.06
3 3.89 0.07 3.91 0.07 3.98 0.07 4.00 0.07 4.06 0.07 4.11 0.07
4 4.01 0.05 4.02 0.04 4.10 0.07 4.13 0.07 4.22 0.06 4.24 0.06
5 4.11 0.08 4.13 0.08 4.21 0.06 4.24 0.06 4.31 0.06 4.35 0.06
6 4.21 0.05 4.22 0.05 4.29 0.07 4.31 0.07 4.39 0.06 4.43 0.07
7 4.27 0.06 4.29 0.06 4.36 0.07 4.39 0.07 4.46 0.06 4.51 0.07
8 4.33 0.07 4.36 0.08 4.41 0.07 4.45 0.08 4.52 0.07 4.58 0.06
9 4.39 0.07 4.41 0.07 4.47 0.07 4.52 0.07 4.57 0.07 4.63 0.07
10 4.44 0.06 4.46 0.07 4.52 0.07 4.56 0.07 4.61 0.06 4.68 0.07

Note: v is in m/s

Table 3.7: Building fragility curves for damage state 4.

Construction case

DS4 - FAR = 0.1 DS4 - FAR = 0.3 DS4 - FAR = 0.6

Debris No debris Debris No debris Debris No debris

λ4 ζ4 λ4 ζ4 λ4 ζ4 λ4 ζ4 λ4 ζ4 λ4 ζ4

1 3.72 0.04 3.72 0.04 3.81 0.06 3.81 0.06 3.92 0.03 3.93 0.03
2 3.95 0.04 4.00 0.05 4.06 0.05 4.10 0.05 4.17 0.04 4.20 0.03
3 4.14 0.05 4.17 0.04 4.24 0.05 4.25 0.06 4.34 0.04 4.36 0.04
4 4.26 0.06 4.28 0.06 4.36 0.06 4.37 0.06 4.46 0.05 4.48 0.05
5 4.37 0.06 4.38 0.06 4.46 0.06 4.48 0.06 4.57 0.06 4.59 0.06
6 4.46 0.05 4.47 0.05 4.54 0.07 4.56 0.08 4.65 0.08 4.68 0.08
7 4.52 0.07 4.53 0.07 4.61 0.08 4.63 0.08 4.72 0.07 4.73 0.07
8 4.58 0.07 4.59 0.07 4.67 0.09 4.70 0.09 − − − −
9 4.63 0.08 4.64 0.08 4.72 0.08 4.73 0.08 − − − −
10 4.68 0.08 4.69 0.08 − − − − − − − −
Note: v is in m/s

sistance decrease. For the same construction case, the annual probability of failure

decrease as FAR increases due to the shielding effect, discussed earlier.

The significance of damage from windborne debris impact is illustrated in fig. 3.8.

It is clear that including the impact of windborne debris is critical for estimating the

risk from hurricanes as this risk can be increased by 0− 310% when accounting for

windborne debris. This wide range can be explained as following:

1. Floor-area ratio (FAR): increasing FAR means increasing the number of build-
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Figure 3.5: Building fragility curves: (a) construction case = 3 and FAR = 0.1; (b) construction
case = 3 and FAR = 0.3; (c) construction case = 3 and FAR = 0.6; (d) construction case = 5 and
FAR = 0.1; (e) construction case = 5 and FAR = 0.3; (f) construction case = 5 and FAR = 0.6;
(g) construction case = 7 and FAR = 0.1; (h) construction case = 7 and FAR = 0.3; and (i)
construction case = 7 and FAR = 0.6. Nomenclature: no debris (ND); debris (D); simulation
results (S); and fitted log-normal CDF (F).

ings in the same area which will lead to an increase in the number of windborne

debris which will increase its damage. So, the variation of FAR influence the

contribution from windborne debris damage to the total risk.

2. Building strength: as building strength increases the significance of windborne

debris increases. This increase is due to the increase in the required wind speed

50



to cause damage to the buildings. Once building components are damaged,

they will experience these higher wind speeds which will lead to longer flying

distance and higher impact energy or momentum.

The effect of the building strength on the significance of windborne debris is shown

in fig. 3.9. The chart is divided into two zones: (1) zone I (eλi < 50 m/s): buildings

in this zone have low strength. Windborne debris does not increase the annual

probability of failure in this zone as the damaged components does not experience

wind speed high enough to impact other buildings; and (2) zone II (eλi ≥ 50 m/s):

buildings in this zone have higher strength than zone I. As eλi (i.e. building strength)

increases the effect of windborne debris on the annual probability of failure increases.

It should be noted that damage state 3 and 4 exhibit the highest and lowest rate

of increase in the annual probability of failure due to windborne debris, respectively.

The highest rate of DS3 is because it is higher than DS1 and DS2 so it requires higher

wind speeds to occurs. Moreover, DS3 requires a larger number of damaged windows

and doors (most vulnerable components to windborne debris damage) than DS1 and

DS2 and a wider range (> 3 and ≤ 8). The lowest rate of DS4 is because roof-

wall connection failure is one of the conditions for the building to enter this damage

state. Although impact from windborne debris can induce internal pressurization

which will increase the wind pressure on the roof-wall connection, windborne debris

impact does not directly cause roof-wall connection failure. Moreover, if the building

is destructed (in DS4) just by the wind pressure, adding windborne debris impact

will not add much to the damage in this case.
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Figure 3.6: Cumulative distribution function for the annual maximum hurricane wind speed in
Miami, FL.
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Figure 3.7: Annual probability of failure Pfi: (a) FAR = 0.1; (b) FAR = 0.3; and (c) FAR = 0.6.
Nomenclature: no debris (ND); debris (D).
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Nomenclature: simulation results (S); and fitted linear function (F).

3.5 Conclusions

Hurricane-imposed risks to residential wooden buildings, as well as their perfor-

mance against hurricanes, are the main focus of this work. Building performance is

estimated probabilistically using a fragility analysis approach. The proposed fragility

modeling methodology uses the Monte Carlo simulation method to estimate the

building fragility for discreet values of the maximum hurricane wind speed. Building

fragility is, then, represented using the log-normal CDF. The proposed methodology

accounts for two damage mechanisms to develop the building fragility curves, (1)

excessive dynamic wind pressure; and (2) impact from windborne debris. An appli-

cation to the gable-roof archetype is presented. Ten construction cases are studied as

well as three floor-area ratios. The resulting fragility curves show the significance of

the shielding effect caused by the high floor-area ratio on the building performance

and the hurricane-imposed risk. The influence of windborne debris on the hurricane-

imposed risk is categorized into two zones, zone I (low-strength buildings) where

windborne debris does not contribute to the damage; and zone II (high-strength
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buildings) where the contribution of the windborne debris increases as the building

strength increases.
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CHAPTER IV

A Framework for the Probabilistic Quantification of the
Resilience of Communities to Hurricane Winds1

Abstract

Enhancing community resilience against hurricanes, one of the costliest natural

hazards to impact the United States over the past four decades, is an essential re-

quirement for the nation’s security and welfare. A fundamental step in this direction

is to provide computational frameworks that are able to quantify the response of

the community to the hazard immediately after its impact and during its recovery

process. Existing frameworks focus on estimating damage and losses immediately

subsequent to the hurricane impact through vulnerability models. This paper pro-

vides a framework that integrates damage estimated from vulnerability models with a

probabilistic recovery model for quantifying community resilience against hurricanes.

The framework is based on five resilience limit states that identify the required re-

covery activities for each building based on the amount of damage. A building-level

recovery model, based on discrete functionality states, translates these limit states

to a building-level recovery function. By aggregating building recovery functions, a

community recovery function and resilience measure are obtained. The framework is

embedded in a Monte Carlo simulation strategy for uncertainty propagation therefore
1Abdelhady, A.U., Spence, S.M.J. and McCormick, J. (2021). “A framework for the probabilistic quantification

of the resilience of communities to hurricane winds,” Journal of Wind Engineering & Industrial Aerodynamics, 206,
104376.
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enabling a fully probabilistic quantification of community resilience. The framework

is illustrated with a case study consisting of a typical residential neighborhood in

Miami, FL.

4.1 Introduction

The risks to the built environment from natural hazards has been increasing over

time with predictions agreeing that this trend will continue in the future (Jain et al.,

2005). In this respect, hurricanes are the costliest natural hazard to which the United

States is subject (sigma, 2017). Over the past five decades, an increasing number of

hurricanes have reached categories 4 and 5 (Webster et al., 2005), while their potential

destructiveness, defined in terms of the total dissipation of power over the lifetime

of the hurricane, has shown a marked increase since the mid-1970s (Emanuel , 2005).

Hurricane prone areas have also, in many cases, experienced significant population

growth and increased wealth concentration (NOAA, 2013), all of which contribute to

increased vulnerability. While recent improvements in forecasting and early warning

systems have resulted in a decrease in fatalities resulting from hurricanes, the impact

on the mental health of survivors, the environment, as well as the economy cannot be

fully mitigated through the aforementioned strategies. A more comprehensive and

robust approach to hurricane risk mitigation (in terms of risk reduction, transfer of

risk, and better preparedness and response effectiveness) can be achieved through

implementing strategies that increase community resilience (Mitchell and Harris ,

2012 (accessed April 30, 2018): a concept that has recently been used to mitigate risks

from various other natural hazards (e.g. earthquakes and tornadoes) (Bruneau et al.,

2003; Burton et al., 2016; Cimellaro et al., 2010; Masoomi and van de Lindt , 2018).

Over the past two decades research has focused on developing an understanding of
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the concept of resilience by introducing definitions as well as identifying measures,

properties and dimensions (Aven, 2011; Bhamra et al., 2011; Haimes , 2009; Hosseini

et al., 2016a; Sharma et al., 2017; Woods , 2015). In particular, the following definition

is provided by the National Academy of Science “Community resilience is the ability

to prepare and plan for, absorb, recover from, and more successfully adapt to actual

or potential adverse events” (NAS, 2012).

Quantifying community resilience against hurricanes, in light of the previous def-

inition, requires the development of computational frameworks that can capture the

response of the community during and after a hurricane event by: (1) estimating

the amount of damage and losses immediately subsequent to the hurricane and (2)

modeling the community recovery process. A community, which is viewed as an in-

terdependent socio-technical system, is composed of various interdependent systems

(e.g. buildings, electrical power grid, water pipelines, gas pipelines, people, etc.).

The buildings of a community constitute a critical system within the community

and quantifying its response and performance under hurricanes is a fundamental

step towards quantifying and enhancing the resilience of the community. The dam-

age caused by hurricanes to the built environment is typically due to: (1) strong

winds: which results in excessive dynamic wind pressure on the building envelope as

well as impacts from windborne debris captured by the wind; (2) storm surge: which

causes coastal flooding; and (4) heavy precipitation: the leakage of the rainwater into

the building causes significant damage to its internal contents, moreover if the rain-

fall is persistent over longer period of time this can overwhelm the drainage system

which leads to inland flooding. Quantifying the performance of the built environment

against strong winds associated with hurricanes is the focus of this work. Previous

research efforts have been focused on estimating the amount of damage and losses
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due to hurricane winds immediately subsequent to the event either at the building

level or the community level through vulnerability models. A comprehensive litera-

ture review can be found in He et al. (2017); Pita et al. (2015); Walker (2011). This

paper is therefore focused on proposing a novel framework that integrates damage

estimated immediately subsequent to a hurricane through vulnerability models with

a probabilistic community recovery model. The recovery model is based on defining

a set of building resilience limit states that relate the amount of damage suffered

by each building during the hurricane to the required recovery activities. Building

recovery models are then introduced for relating the building resilience limit states

to appropriate building recovery functions that can be used to estimate the commu-

nity recovery function. By embedding the framework in a Monte Carlo simulation

scheme, a fully probabilistic quantification of community resilience against hurri-

canes is achieved. A case study for a typical residential neighborhood in Miami, FL

is presented to show the framework’s capabilities.

4.2 Proposed framework

4.2.1 Overview

An overview of the proposed framework is illustrated in fig. 4.1. The basic idea

underpinning the framework is to use building-level damage, estimated through vul-

nerability models, as input to a new building-level recovery model. By aggregating

the resulting building-level recovery functions, community-level recovery functions

are derived. By subsequently embedding the framework in a Monte Carlo simulation

scheme, a novel framework is defined that is capable of providing a probabilistic quan-

tification of both the community-level recovery function as well as any community

resilience metric of interest.

In the proposed framework, the hurricane hazard is modeled through the site-
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specific probabilistic hurricane hazard model introduced by Vickery and Twisdale

(1995b). Damage resulting from the hurricane winds is estimated for each building

using the engineering-based vulnerability model presented in Grayson et al. (2013)

with the following enhancements: (1) external pressure coefficients estimated directly

from the Tokyo Polytechnic University (2007) wind tunnel database for non-isolated

low-rise buildings; (2) internal pressure coefficients calculated using Holmes’ internal

pressure model (Holmes , 2017); and (3) inclusion of wind-borne debris coming from

outside the considered community. The outcome from the damage estimation stage is

unlike traditional vulnerability models, as damage for each building is directly related

to recovery activities through resilience limit states. In particular, the following five

resilience limit states for residential wooden buildings are defined in this work: (1)

very minor damage triggering minor inspections, (2) minor occupiable damage, (3)

moderate unoccupiable damage, (4) severe irreparable damage, and (5) complete

collapse. The building-level recovery model then translates the limit states into a

building-level recovery function. Since residential communities are the focus of this

work, the number of housed people (housed population) is the considered resilience

metric of the building-level recovery model. This resilience metric reflects the ability

of the building to maintain functionality through ensuring occupancy while providing

occupants with essential services (i.e. electricity, water, etc.). The community-

level recovery function is then estimated by aggregating the building-level recovery

functions.

To quantify the effects of uncertainty, a Monte Carlo simulation scheme is pro-

posed in which uncertainties in the hurricane intensity, debris field, building capac-

ities, and building-level recovery curves are considered. This enables a fully proba-

bilistic description of of both the community-level recovery function as well as the
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associated resilience metrics.

4.2.2 Community resilience measure

One of the main goals of the proposed framework is to quantify the resilience of

communities against hurricanes through the following measure:

R =
1

TR

∫ tE+TR

tE

H(t)dt (4.1)

where tE is the time of event occurrence (i.e. hurricane impact); TR is the community

recovery time; and H(t) is a normalized community recovery function at time t. The

measure of eq. (4.1) has been widely adopted to quantify community resilience for

other types of natural hazards (Burton et al., 2016; Cimellaro et al., 2010; Sharma

et al., 2017) and is therefore adopted in this work. The first step in quantifying R is

the definition of an appropriate community recovery function H(t).

4.2.3 Community recovery function

As proposed by Burton et al. (2016), in this work the community recovery function

is estimated through the aggregation of an appropriate set of building-level recovery

functions, and therefore as:

Q(t) =

Nb∑
i=1

pihi(t) (4.2)

where Nb is the number of buildings in the community; pi is the number of people

residing in the building prior to the hurricane event; and hi(t) is the recovery func-

tion of the ith building at time t. In particular, the modeling of hi(t) requires the

definition of an appropriate building-level recovery model. To obtain the normalized

community recovery function used in eq. (4.1), Q(t) is normalized as follows:

H(t) =
Q(t)

P
(4.3)
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where P is the total population of the considered community, which is equal to∑Nb
i=1 pi.

4.2.4 Building-Level recovery model

4.2.4.1 Vulnerability model

A necessary first step in estimating the building recovery, and therefore resilience

through the measure of eq. (4.1), is the estimation of the damage to each building

of the community immediately subsequent to the hurricane. This estimation can be

achieved through an appropriate vulnerability model. While numerous models have

been proposed (e.g. He et al., 2017; Pita et al., 2015; Walker , 2011), the engineering-

based vulnerability model presented by Grayson et al. (2013) is adopted as it provides

a relatively high-fidelity apprach in which the resistance of each building is modeled

at the level of individual component capacities while the effects of debris are included

through a mechanics-based three-dimensional probabilistic trajectory model. It also

does not restrict the model used to describe the hurricane wind speed field which

in this work is described through the site-specific probabilistic model outlined in

Vickery and Twisdale (1995b).

In applying this vulnerability model, the following enhancements are implemented:

1) the pressure coefficients used to model the external pressure field on each building

are based on wind tunnel data obtained from the Tokyo Polytechnic University (2007)

for non-isolated, low-rise buildings as opposed to the semi-empirical approach of the

Florida Public Hurricane Loss Projection Model (Gurley et al., 2005); 2) the internal

pressure coefficients are calculated through Holmes’ internal pressure model (Holmes ,

2017) as opposed to the enclosure classifications of ASCE 7 (ASCE/SEI 7-16 , 2017);

and 3) wind-borne debris coming from not only inside the study community, but also

outside the study community, were considered in estimating debris damage.
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4.2.4.2 Resilience limit states

In order to quantify the building-level recovery function of eq. (4.2), the damage

estimated from the vulnerability model for each building must first be translated

into specific recovery activities required for the restoration of building functionality.

To this end, five resilience limit states (RLS) are introduced. In particular, each

RLS consists of a unique combination of the following activities required for building

recovery: (1) inspection, evaluation and planning activities; (2) repair activities for

building envelope components as well as internal components (for cases of repairable

buildings); and (3) demolition and building replacement activities (for cases of non-

repairable buildings). The five RLS are defined as follows:

RLS1: Minimal damage. The building is considered intact and the required

recovery activity is limited to inspection.

RLS2: Minor occupiable damage. The building is still occupiable with only

limited inspections and repairs necessary to fully recover after the hurricane event.

RLS3: Moderate unoccupiable damage. Damage is enough to render the

building uninhabitable. Inspection, evaluation and planning activities are required

to decide the type of repair actions that will lead to full recovery.

RLS4: Severe irreparable damage. The amount of damage that occurs to the

building makes repairs unfeasible. The only way to restore building functionality is

full demolition and replacement. Inspection, evaluation and planning activities are

required to provide detailed plans about how the demolition and the replacement

activities will be carried out.

RLS5: Complete collapse. The building experiences almost complete dam-

age. Recovery activities consist of inspection and planning, followed by removal and

replacement of the damaged building.
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The methodology used to assess whether a building is in one of the RLS outlined

above should be based on a combination of indicators that reflect the amount of

damage to the building envelope as well as building internal contents. For simplicity,

the approach used to assign the RLS after a hurricane event is based on assuming

a one-to-one mapping between the RLS and the building damage states defined in

HAZUS-MH (Vickery et al., 2006b). Therefore, once the damage to each building is

assessed through the vulnerability model, the appropriate RLS can be assigned once

the HAZUS-MH damage state is determined.

4.2.4.3 Recovery function

The resilience of residential communities is of interest to this work. Therefore the

metric, h(t), that is chosen to model the recovery of each building in the community

is related to the capacity of the building to house its occupants at time t. This metric

is well suited for this problem as it provides a measure of the ability of each building

composing the community to maintain functionality through ensuring occupancy,

while providing occupants with essential services (i.e. electricity, water, etc.).

To assign an analytical form to h(t), three functionality states are proposed that

directly link h(t) to the RLS. These functionality states are: (1) safe and full service

(SFS), (2) safe with some services off (SSO), and (3) not safe (NS). The work

progress for the recovery activities typically advances continuously over time while

the functionality state changes only at completion of a group of activities (Burton

et al., 2016; Miles and Chang , 2006; Sharma et al., 2017). As a result, a step recovery

function is proposed to model this behavior, as shown in fig. 4.2, where 1.0 indicates

full functionality (i.e. residents can live in the building) while 0.0 indicates no func-

tionality (i.e. residents must evacuate the building). Within the context outlined
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above, the building recovery function can be written in the following form:

h (t) =hSFS − (hSFS − hNS) θ (t− tE) + (hSSO − hNS) θ (t− (tE + TNS))

+ (hSFS − hSSO) θ (t− (tE + TNS + TSSO))

(4.4)

where hSFS, hSSO and hNS are the functionality levels associated with the function-

ality states SFS, SSO and NS respectively; TNS and TSSO are the times spent by

the building in the states of NS and SSO; tE is the arrival time of the hurricane

event; and θ () is the Heaviside step function.

The level of functionality associated with SFS is full therefore hSFS = 1.0 while

for NS the building is unsafe leading to hNS = 0.0. For the functionality state of

SSO, the decision of the residents to evacuate or return back once their residence

is in the state of SSO will dictate whether hSFS = 1.0 or hSFS = 0.0. This de-

cision is affected by the amount of damage suffered by the building itself and the

surrounding buildings in the neighborhood. It is also affected by residents’ social and

economic conditions (e.g. income, education, tenure, available opportunities outside

the neighborhood, etc.). Household decision-making models presented in Masoomi

et al. (2018) and Burton et al. (2018, 2019) account for most of these factors in

predicting the decision of the residents. Integrating similar models in the presented

framework to predict the level of functionality of the SSO state is a straight-forward

process. However, for simplicity, the functionality level associated with SSO will be

modeled probabilistically in terms of the resilience limit state, as will be outlined at

the end of this section.

The time spent by the building in the functionality states of NS or SSO de-

pends on which operations have to be carried out for recovery. Therefore, the time

lengths TNS and TSSO can be defined in terms of duration of specific tasks, such as:

(1) inspection time, TINSP , defined as time required for building inspection as well
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as damage evaluation and decisions about consequent repair actions; (2) mobiliza-

tion time, TMOB, defined as the time required to mobilize construction crews and

equipment; (3) building envelope repair or replacement time, TREP ; and (4) building

internal contents repair time, TINT , defined as time to restore lost services inside the

building. The values of TINSP , TMOB, TREP and TINT , as well as the relationships

between these time intervals and TNS and TSSO, characterize the recovery function

for a given building and depend on the resilience limit state of the building after the

hazard event.

The relationship between the resilience limit states and the functionality states is

illustrated in fig. 4.2 and described as follows:

� RLS1: the building is in SFS throughout the passage of the hurricane with full

functionality.

� RLS2: the building is safe to occupy but limited inspection and repairs are

required which will lead to a functionality state of SSO before the building is

deemed fully functional and therefore in the state SFS. In this case TSOS =

TINSP + TMOB + TREP . Residents can decide to evacuate and return back after

these minor repairs are done or continue living in the building.

� RLS3: the recovery path in this case will involve all three functionality states.

The building is initially not safe to occupy and will therefore start in the NS

state until inspection and required safety repairs are completed. The time spent

in NS will be TNS = TINSP +TMOB +TREP . The building then enters the SSO

state until all services are reestablished leading to the state of SFS (TSSO =

TINT ). Residents may decide to return back to the building once the SSO state

has been declared.

� RLS4: the building will initially be in the NS state until inspection, planning,
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demolition and replacement activities are completed (TNS = TINSP + TMOB +

TREP ). Once the main structural system is complete and the building is safe

to occupy the SSO state will be declared. Once the installation of all internal

components and services are complete, the building will enter the SFS state

(TSSO = TINT ). Unlike RLS2 and RLS3, the declaration of SSO does not lead to

residents returning, as the building is missing internal components and services.

� RLS5: since the building in this limit state suffers complete damage, the recov-

ery path will follow the same steps associated with RLS4.

In this work, the decision that residents will either evacuate and not return, evac-

uate and return or not evacuate once the functionality state of SSO has occurred is

modeled through introducing the probability of functionality loss, P (FuncLoss|SSO,RLS),

given SSO and the resilience limit state. The value assumed by P (FuncLoss|SSO,RLS)

for each resilience limit state is reported in table 4.1. From table 4.1, it can be ob-

served that as the resilience limit state increases, i.e. the building requires more

repair actions to regain functionality, the value of P (FuncLoss|SSO,RLS) increases

indicating how people are more likely to evacuate or not return once the building

is safe to occupy. In particular, for RLS4 and RLS5, P (FuncLoss|SSO) = 1 as for

both these resilience limit states the building is replaced and reaching SSO essen-

tially coincides with the completion of the main structural system (i.e. the building

is safe), however, no services are available.

The previous discussion is focused on the recovery on the building-level which

treats each building as an isolated entity from the surrounding community. In fact,

there are many factors outside the building that can impact its recovery process like

(1) community resourcefulness: the availability of funds, materials, equipment and

labor required for the repairs and replacement of damaged buildings will affect the
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Figure 4.2: Building recovery function.

speed of the recovery process; (2) community infrastructure damage: for example

damage in the electric power network may lead to power outage to all buildings,

damage to transportation network may affect building accessibility; and (3) damage

of the surrounding buildings: this can affect building accessibility and hinders its

recovery process. These factors can be considered in the presented framework, in a

similar fashion to the seismic hazard Burton et al. (2016), by introducing amplifi-

cation factors to the times required for various recovery activities (TINSP , TMOB,

TREP , and TINT ).
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Table 4.1: Probability of functionality loss given the functionality state SSO and resilience limit
state.

Resilience Limit State RLS1 RLS2 RLS3 RLS4 RLS5

P (FuncLoss|SSO,RLS) 0 0.1 0.5 1.0 1.0

4.2.5 Probabilistic quantification of resilience

A key aspect to understanding community resilience is accounting for all relevant

uncertainties. To account for these uncertainties, the models of the previous sections

are embedded in a Monte Carlo framework. Because of the generality of Monte Carlo

methods, any parameter of the models can be taken as uncertain. In particular,

in this version of the proposed framework, the following major uncertainties are

considered:

� Hazard uncertainty: to account for the inhenert randomness that inevitably

affect the track of the hurricane as well as its intensity, the site-specific proba-

bilistic hurricane model developed by Vickery and Twisdale (1995b) is adopted.

� Damage uncertainty: randomness in the spatial variation of hurricane gust

wind speed and debris flight trajectories are considered as outlined in Grayson

et al. (2012a, 2013), while uncertainties associated with the capacities of the

building components are considered by assigning each component an appropriate

probability distribution.

� Recovery uncertainty: randomness in the recovery process is modeled by

assigning probability distributions to the recovery times appearing in eq. (4.4).

From the samples generated during the Monte Carlo simulation, various proba-

bilistic measures of resilience can be directly estimated. Of particular interest is the

expected level of functionality at a given time t = t̂ for hurricanes of category greater
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than or equal to cat, based on Saffir-Simpson scale, that can be estimated as:

E
[
H(t = t̂)|CAT > cat

]
=

∑NCAT>cat
i=1 Ĥi(t = t̂|CAT > cat)

NCAT>cat

(4.5)

where NCAT>cat is the number of hurricanes of category greater than or equal to cat

in the Monte Carlo simulation; and Ĥi is the community recovery function for the ith

realization. Another measure of interest is the probability of reaching or exceeding

a target level of functionality (Ht̂) at time t = t̂ for hurricanes of category greater

than or equal to cat that can be directly estimated as:

P
[
H(t = t̂) > Ht̂|CAT > cat

]
=

1

NCAT>cat

NCAT>cat∑
i=1

1H(t=t̂)>Ht̂|CAT>cat
(4.6)

where 1 is the indicator function. Similar expressions to eqs. (4.5) and (4.6) can be

used for estimating quantities such as the expected level of resilience, E[R|CAT >

cat], or the probability of community resilience reaching or exceeding a target level

of resilience, P [R > Rt̂|CAT > cat], for hurricanes of category greater than or equal

to cat.

4.3 Case study

4.3.1 Description

4.3.1.1 Community layout

The proposed framework is used to asses the hurricane resilience of a residential

community consisting of 513 buildings in Miami-Dade county, FL (fig. 4.3). As il-

lustrated in fig. 4.4, the buildings surrounding the community were also modeled

to ensure an accurate estimate of windborne debris damage. Indeed, a considerable

portion of debris damage can be attributed to windborne missiles originating from

damaged buildings located outside the considered community. The size of the sur-

rounding area considered was determined through the distance lout, as illustrated
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Figure 4.3: Location of the considered community (inside the solid rectangle) and the surrounding
buildings (inside the dotted rectangle).

in fig. 4.3. In particular, lout = 850 m was chosen as it represents the maximum

distance a typical plywood sheathing can travel when subjected to a wind speed of

152 m/s (the maximum wind speed generated from the hurricane hazard analysis).

The chosen lout is assumed to be adequately large to account for all debris coming

from outside the community.

4.3.1.2 Building archetype and construction cases

The archetype one-story residential wooden building shown in fig. 4.5 is considered

to be representative of all buildings in the community. To illustrate the capability of

the proposed framework in assessing the effects on resiliency of applying upgrades to

various building components as a mitigation plan, two construction cases are consid-

ered: (1) as-built case: which is considered representative of the current residential

built environment in Florida (Gurley et al., 2005); and (2) enhanced case: in which
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Figure 4.4: Layout of the modeled community and its surrounding buildings.

enhancements have been applied to the building components capacities. In partic-

ular, the component capacities for both cases are based on those outlined in (Datin

et al., 2011; Gurley et al., 2005; Vickery et al., 2006b) and are summarized in Ta-

ble 5.1. In applying the Monte Carlo scheme, the normal distribution is truncated

at two standard deviations from the mean.

To estimate damage from wind-borne debris impact, roof cover, roof sheathing

and gable-end sheathing are considered as possible debris sources; while windows,

doors and garage doors are assumed vulnerable to debris impact (Lin et al., 2010b).

The resistance of windows and doors to impact, in terms of kinetic energy, is taken

as deterministic and equal to 68 Nm for the as-built case (Vickery et al., 2006b).

Installation of window and door protection (shutters) is added to the enhanced case

which upgrades the impact resistance to 475 Nm (Vickery et al., 2006b).

4.3.1.3 Community population

In calibrating the housed population of the community, census report data for

Miami-Dade County is used (Census Reporter , 2017). This data led to the probabil-

ity distribution for number of residents reported in fig. 4.6. By sampling from this

72



Table 4.2: Resistance to wind pressure of the building components for the as-built and enhanced
construction cases.

Building component
Mean resistance

COV Distribution
As-built case Enhanced case

Glass window 2.5 kPa 2.5 kPa 0.20 Normal
Door 4.8 kPa 4.8 kPa 0.20 Normal
Garage door 2.5 kPa 2.5 kPa 0.20 Normal
Wall sheathing 6 kPa 8.7 kPa 0.4 Normal
Roof sheathing 7.2 kPa 8.7 kPa 0.4 Normal
Wall cover 3.2 kPa 6.2 kPa 0.20 Normal
Roof cover 3.35 kPa 6.2 kPa 0.40 Normal
Roof-wall connection 16.5 kN 20 kN 0.20 Normal
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Figure 4.5: Typical residential building adapted from Yau (2011).

distribution, the number of occupied buildings in the community is determined to

be 436 (85%) while the number of vacant buildings is estimated to be 77 (15%). The

location of occupied vs vacant buildings for the community is shown in fig. 4.7. In

total 1351 people are considered to reside in the 436 buildings resulting in an average

occupancy of 3.1 people per building.

4.3.1.4 Hurricane hazard

As mentioned, the hurricane hazard is simulated through the probabilistic model

outlined in Vickery and Twisdale (1995b). In this model, each event is defined by

five parameters that control the hurricane track and intensity. These parameters
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Figure 4.6: Calibrated probability mass function governing number of residents per building for the
community.
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Figure 4.7: Occupied vs vacant buildings.
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are central pressure difference (∆p), radius to the maximum wind speed (Rmax),

hurricane translational speed (Vtr), hurricane heading (θ), and the minimum distance

(dmin) between the hurricane track and the community of interest. Appropriate

probability distributions for each parameter can be found in Vickery and Twisdale

(1995b).

4.3.1.5 Recovery times

Uncertainty in the recovery model is accounted for through assigning appropriate

probability distributions to the recovery times of eq. (4.4). In this respect, TINSP ,

TMOB, TREP and TINT were modeled as lognormal random variables. Values of

dispersion for TREP and TINT are 0.4, while for TINSP and TMOB, a value of 0.8 is

assumed. These values are commonly used in modeling the community recovery from

earthquakes (Burton et al., 2016) and are assumed reasonable for hurricanes. Based

on the median repair and recovery times for residential wooden buildings available in

HAZUS-MH 2.1 (2003), the following medians are assumed for the recovery times:

� The median values for TINSP are dependent on the resilience limit states. These

values are equal to 0, 1, 5, 10 and 20 days for RLS1, RLS2, RLS3, RLS4 and

RLS5, respectively;

� Median values for TMOB are also assumed dependent on the resilience limit

states and are taken equal to 0, 0.5, 2, 4 and 6 days for RLS1, RLS2, RLS3,

RLS4 and RLS5, respectively;

� Calculation of TREP and TINT require specifying values for repair/replacement

times of each building component. Median values for the repair/replacement

times are specified as follows:

– 1 day for a window.
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Figure 4.8: Frequency distribution of the hurricanes considered in the Monte Carlo scheme.

– 1 day for a door.

– 2 days for a garage door.

– 50 days for the roof-wall connection.

– 0.5 day/m2 for wall and roof sheathing, and wall and roof cover.

4.3.2 Community resilience results and discussion

4.3.2.1 Preamble

In applying the Monte Carlo scheme of section 4.2.5, 15000 samples, and there-

fore hurricanes, were considered. Following the probability distributions suggested

in Vickery and Twisdale (1995b) for Miami, this resulted in the distribution of hur-

ricane category, based on Saffir-Simpson wind scale, shown in fig. 4.8. In particular,

category zero hurricanes are defined as those hurricanes that have a 1-minute maxi-

mum sustained wind speed of less than 33 m/s.
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Figure 4.9: Expected community recovery func-
tions for the as-built case.
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Figure 4.10: Expected community recovery
functions for the enhanced case.

4.3.2.2 Community recovery curve

Figures 4.9 and 4.10 show the expected community recovery curves obtained from

the proposed framework conditioned on hurricane category. The proposed framework

captured the improvement in the performance of the enhanced case over the as-built

case which can be deduced by comparing expected community recovery curves for

both cases. The need for carrying out probabilistic analysis is demonstrated in

figs. 4.11 and 4.12 where the standard deviation as well as the expected recovery

curves are shown. The significant standard deviations seen imply that modeling the

community recovery using a deterministic approach will generally not be sufficient.

This result is consistent for all hurricane categories for both cases as it can be noticed

that the standard deviation is equal to or higher the expected value, especially in the

early stage of recovery. Another advantage of a probabilistic quantification lies in

how it can be used to inform decision makers through estimation of the probability

of reaching a specific level of functionality at any given time during the recovery

process. By assuming, for example, that the community target level of functionality

(Ht̂) is 98%, the probability of reaching or exceeding this level of functionality can

be directly estimated as illustrated in fig. 4.13.
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Figure 4.11: Standard deviation and expected
community recovery curves for the as-built case.
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Figure 4.12: Standard deviation and expected
community recovery cures for the enhanced
case.
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Figure 4.13: Probability of reaching or exceeding a target 98% functionality for the as-built and
enhanced cases.
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As discussed in section 4.3.1.1, buildings both inside as well as outside the commu-

nity are considered in estimating damage induced by debris. To show the influence of

debris originating from buildings that are outside the community, windborne debris

is categorized according to its source as follows: (1) internal debris: debris generated

from buildings inside the considered community; (2) external debris: debris gener-

ated from buildings outside the considered community. The landing locations of both

types of debris are shown in fig. 4.14 for the as-built and enhanced cases. It can be

noticed that most of the internal debris lands around the buildings as it is gener-

ated from them, while external debris is concentrated at the south and east parts

of the considered community. The landing locations of the external debris can be

explained by fig. 4.15 which shows that most hurricanes are coming from the south.

Table 4.3 summarizes the expected number of debris objects of each type and their

ratios for each construction case. The expected number of debris objects that land

inside the considered community in the as-built case is significantly greater than in

the enhanced case. This result can be traced back to how buildings in the as-built

case suffer more damage than the enhanced case. However, the ratio of the external

to internal debris in the enhanced case (0.22) is notably more than the as-built case

(0.17). This result is due to the greater capacities of the wall and roof sheathing, and

the wall and roof cover (debris sources) in the enhanced case as compared to the as-

built case. In other words, higher wind speeds are required to release (cause damage)

components in the enhanced case compared to the as-built case. Once any of these

components are released (damaged) in the enhanced case, they will experience higher

wind speeds that will lead to longer flight distances. The low value of the expected

number of internal debris in the enhanced case reflects this phenomenon which leads

to a higher ratio of the external to internal debris in the enhanced case. These results
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Figure 4.14: Heat map for the debris landing locations for the 15000 generated hurricanes: a)
internal debris for the as-built case; b) internal debris for the enhanced case; c) external debris for
the as-built case; and d) external debris for the enhanced case.

shows how ignoring the effect of debris originating from outside the community will

lead to an underestimation of damage which in general will lead to underestimation

of the community recovery time and functionality loss. This finding is illustrated by

comparing the recovery curves estimated by ignoring the effects of debris external to

the community, figs. 4.16 and 4.17, with those estimated considering both internal

and external debris, figs. 4.9 and 4.10. Significant underestimation of the recovery

times and functionality loss are seen, especially in the case of enhanced building

component capacities.
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Table 4.3: Expected number of the internal and external debris objects for each construction case.

Construction case As-built case Enhanced case

Expected number of internal debris 1215 387
Expected number of external debris 207 86
Ratio of external to internal debris 0.17 0.22
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Figure 4.16: Community recovery functions for
the as-built case considering damage from inside
debris only.

-100 0 100 200 300 400 500
0

0.2

0.4

0.6

0.8

1

1.2

0

200

400

600

800

1000

1200

1400

1600
Expected Cat 0 Expected Cat 1 Expected Cat 2

Expected Cat 3 Expected Cat 4 Expected Cat 5

Figure 4.17: Community recovery functions for
the enhanced case considering damage from in-
side debris only.

4.3.2.3 Community resilience

From the recovery curves of the Monte Carlo simulation, the resilience measure of

eq. (4.1) can be directly estimated. In this respect, fig. 4.18 reports the expected value

for R conditional on hurricane category, construction case, and inclusion/exclusion

of debris originating outside the community. From fig. 4.18, the effect of ignoring
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Figure 4.18: Expected value of the Resilience measure (R) for both construction cases.

outside debris becomes more significant as the hurricane category increases due to

how this increases the amount of debris objects entering the community and therefore

causing damage.

With the aim of quantifying the resilience measure probabilistically, figs. 4.19

and 4.20 show the cumulative distribution functions of R conditioned on hurricane

category for the as-built and enhanced case, respectively. The improvement in the

performance of the enhanced case over the as-built is reflected on the right-shift of

the cumulative distribution function of R for the earlier with respect to the later.

The dispersion of the values of the resilience measure becomes more noticeable for

hurricanes of higher category for both construction cases. This dispersion of R

once again emphasizes the importance of a probabilistic quantification of community

resilience in the case of hurricanes.
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Figure 4.19: Conditional cumulative distribu-
tion functions of the resilience metric R for the
as-built case considering damage from all debris.
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Figure 4.20: Cumulative distribution functions
of the resilience metric R for the enhanced case
considering damage from all debris.

4.4 Conclusions

A framework to probabilistically quantify community resilience against hurricanes

is presented. The modeling of the community response to hurricane winds is achieved

by integrating an engineering-based vulnerability model with a novel community re-

covery model that enables the estimation of the community recovery curve and subse-

quently community resilience. By embedding the model in a Monte Carlo simulation

scheme, probabilistic representations of both the recovery curves as well as the re-

silience measure are obtained. To illustrate the proposed framework, a case study

consisting of a typical residential community in Miami, FL is presented. In particu-

lar, two construction cases are considered, an as-built case and an enhanced case, in

order to show how the effects of mitigation strategies can be measured in terms of

changes in resilience through the proposed framework. Two main conclusions from

the case study are as follows: (1) the modeling of debris originating from outside

the community is essential for accurate estimation of community damage and there-

fore accurate estimation of the community recovery function and any subsequent

community resilience measure; (2) probabilistic analysis is essential for community
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resilience quantification as significant uncertainty exists in the recovery curves even

when the analysis is conditioned on hurricane category. These findings can be used

by designers and developers to account more accurately for the damage caused by

windborne debris, and by planners and decision makers to help identify strategies to

mitigate the risks and consequences of hurricanes.
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CHAPTER V

A Framework for Estimating Water Ingress Due to
Hurricane Rainfall1

Abstract

Hurricane rainfall can have adverse effects on residential communities and pose

a significant risk to the community’s economic prosperity and quality of life. These

adverse effects are mainly caused by the ingress of rainfall water into the buildings

due to wind-driven rain (WDR) and inland flooding. Existing frameworks focus

on estimating the amount of water ingress due to WDR and inland flooding sepa-

rately. This paper provides a comprehensive framework that considers both WDR

and inland flooding in estimating the amount of water ingress into residential build-

ings due to hurricane rainfall. The framework estimates the water ingress due to

WDR by combining the WDR intensity with the perforated area (i.e., damaged

area) of the building envelope. The intensity of the WDR is quantified using an

Eulerian Multi-phase Model (EMM) which characterizes the wind field by solving

the Reynolds-Averaged Navier-Stokes (RANS) equations with a realizable k− ε tur-

bulence model. The buildings’ envelope is considered susceptible to damage from the

impact of windborne debris and excessive dynamic wind pressure. For inland flood-

ing, the framework uses a coupled hydrologic-hydrodynamic model (tRIBS-OFM)

1Abdelhady, A.U., Xu, D., Ouyang, Z., Spence, S.M.J., McCormick, J. and Ivanov, V.Y. (2021). “A framework
for the estimate of water ingress due to hurricane rainfall,” Building and Environment, Under Preparation.
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to estimate the inundation depth at each building. The framework is illustrated by

a case study consisting of a residential community in Houston, TX which is sub-

ject to Hurricane Harvey. The main conclusion of the case study is the importance

of considering both WDR and inland flooding to estimate losses due to hurricane

rainfall.

5.1 Introduction

Hurricanes typically produce severe and widespread rainfall. This rainfall can

cause significant damage to the built environment and its supporting infrastructure.

In particular, the damage caused by rainfall to buildings happens progressively over

two stages. In the first stage, rainwater seeps into the building, under the influence

of the wind (wind-driven rain), through perforations in the building envelope leading

to potential damage to the internal contents and, in extreme cases, to the structural

system. The second stage starts when the rainfall persists over a longer period,

this saturates the ground and overwhelms surrounding drainage systems leading to

inland flooding. Thus, a fundamental step to accurately estimating the damage

caused by hurricane rainfall to residential communities is to quantify the amount of

water ingress to buildings over both stages.

Estimating water ingress due to wind-driven rain (WDR) is a highly complex

problem that is governed by many factors (e.g. rainfall intensity, raindrop size and

distribution, wind speed and direction, buildings geometry and arrangement, etc.).

Research efforts in this area can be categorized into experimental methods (e.g. Ge

et al., 2017; Raji et al., 2020; Vutukuru et al., 2020), semi-empirical methods (e.g.

ISO , 1997; Straube, 1997), and numerical methods (e.g. Choi , 1993, 1994; Dao and

Van De Lindt , 2010; Ouyang and Spence, 2019, 2020; Wang et al., 2019). The
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experimental and semi-empirical methods have an important role in understanding

the inherent complexity of the problem. This understanding provides the basis to

develop numerical methods that are based on Computational Fluid Dynamics (CFD)

which are essential to investigate the impact of various scenarios of hurricane rainfall

on the built environment. A comprehensive review of these methods can be found

in (Blocken and Carmeliet , 2004, 2010).

The estimation of water ingress due to inland flooding hinges on the quantifica-

tion of flood inundation depth at each building in the community. Methods used for

flood inundation modeling have been categorized by Teng et al. (2017) into empiri-

cal methods, simplified-conceptual methods, and hydrodynamic methods (one-, two-,

and three-dimensional models). The empirical and simplified-conceptual methods are

generally suitable for flood monitoring, crude flood risk assessment, calibration, and

validation of more sophisticated methods, etc. However, the two-dimensional (2D)

hydrodynamic models that are based on the 2D Saint-Venant (shallow-water) equa-

tions are more appropriate for simulation of overland flow over complex topography

(Akanbi and Katopodes , 1988; Begnudelli and Sanders , 2006; Di Giammarco et al.,

1996; Gottardi and Venutelli , 2008; Horritt , 2002; Nofal and Van De Lindt , 2020;

Nofal and van de Lindt , 2020).

In contrast to the large amount of research that has treated WDR and the in-

land flooding separately, to knowledge of the authors, there is a significant lack

of published studies that focus on the integrated quantification of the impacts of

WDR and inland flooding on the built environment. Even though WDR and inland

flooding are both consequences of hurricane rainfall, each one is different in nature

and requires diverse mitigation actions. For example, while mitigation measures like

dams, levees, floodwalls, and crawl-space foundations can be efficient in mitigating
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the damage from flooding, these measures do not mitigate damage from wind-driven

rain. Within this context, this paper provides an initial framework for estimating the

amount of water ingress into residential buildings through both stages of hurricane

rainfall.

5.2 The framework

5.2.1 Overview

For a given residential community subject to a hurricane with significant rainfall,

the basic idea is to simultaneously estimate the temporal evolution of water ingress

into the buildings due to both WDR and inland flooding using a time-stepping

approach. The framework is schematically represented in fig. 5.1. The approach

steps through the hurricane event incrementally using a predefined time step (∆t).

For each time step, the hurricane wind speed (v) and direction (α) are estimated at

the considered community using a hurricane wind field model (e.g., Guo and van de

Lindt , 2019; Holland , 1980; Jakobsen and Madsen, 2004; Vickery et al., 2000).

The volume of the water ingress due to WDR is then obtained by combining

the WDR intensity with the perforated area (i.e., damaged area) of the building

envelope. The spatial distribution of the WDR intensity over the envelope of the

buildings is estimated through an Eulerian multiphase model (EMM) (Huang and Li ,

2010; Kubilay et al., 2013, 2014; Ouyang and Spence, 2019, 2020) while the perforated

area of the building envelope is estimated using an engineering-based vulnerability

model (e.g. Grayson et al., 2013; Yau et al., 2011). The vulnerability model estimates

damage due to dynamic wind pressure and the impact of windborne debris.

The water ingress due to inland flooding is quantified for each time step by es-

timating the flood inundation depth at each building using a coupled hydrologic-

hydrodynamic model. In particular, the hydrologic processes over the land surface

88



Hurricane eye

H
u
rr
ic
an

e

tr
ac
k

× Considered
community

Wind-driven rain

Windborne debris

flooding
Inland

Figure 5.1: Conceptual representation of the proposed framework.

and subsurface are modeled using the TIN (Triangulated Irregular Network)-Based

Real-time Integrated Basin Simulator (tRIBS) (Ivanov et al., 2004). The flow of the

runoff, resulting from the hydrologic processes, over the ground can be regarded as

the propagation of shallow water waves. The shallow water waves are described math-

ematically using the 2D Saint-Venant (shallow-water) equations which are solved

using the hydrodynamic model, overland flow model (OFM), to estimate the flood

inundation depth at each building in the community (Kim et al., 2012).

5.2.2 Vulnerability model

The engineering-based vulnerability model outlined in (Abdelhady et al., 2020;

Grayson et al., 2013; ?) is adopted due to its high-fidelity in modeling damage due

to dynamic wind pressure and the impact of windborne debris. The main features

of the vulnerability model are summarized as follows:

1. Hurricane wind speed (v) and direction (α) are evaluated at each building in

the community using the parametric hurricane wind field model provided by

Jakobsen and Madsen (2004) based on the location of the hurricane eye (defined

by the hurricane track), the hurricane translational velocity, the radius to the

maximum wind speed (Rmax), and the central pressure difference (∆p).

2. Dynamic wind pressure is evaluated using external pressure coefficients ex-
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tracted from the wind tunnel database provided by Tokyo Polytechnic Univer-

sity (2007) and internal pressure coefficients obtained from the internal pressure

model provided by Holmes (2017).

3. Pressure damage is evaluated by comparing the calculated dynamic wind pres-

sure of each building component with its pressure resistance.

4. If pressure damage occurs to any of the building envelope components (e.g.,

roof coverings, roof sheathing, etc.), the damaged component is traced using a

six-degree-of-freedom debris trajectory model (Grayson et al., 2012a; Richards

et al., 2008b). If the damaged component impacts any downwind building com-

ponent, the impact energy is compared to the impact resistance to determine if

further damage occurs.

5. Both pressure and debris damage to the envelope of the buildings trigger internal

pressurization which can cause more damage to the buildings.

These features allow for the explicit modeling of the interdependencies between

pressure and debris damage. The total damage of the building envelope components

at each time step is then estimated as follows:

Diq
C (tj) = 1maxjj=1 P

iq(tj)>R
iq
P ∨ maxjj=1 I

iq(tj)>R
iq
I

(5.1)

where i = 1, · · · , nB with nB the number of buildings in the considered community;

q = 1, · · · , nC with nC the number of components in the building; j = 1, · · · , nT

with nT the total number of simulation time steps; t is the simulation time; 1 is the

indicator function; P is the dynamic wind pressure; I is the impact energy of the

windborne debris; and RP and RI are the pressure and impact resistances.

The perforated area of the ith building envelope is then estimated as follows:

AiP (tj) =

nC∑
q=1

Diq
C (tj)A

iq
C (5.2)
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where AC is the area of the building envelope component.

5.2.3 Wind-driven rain

The volume of the water ingress due to WDR (VWDR) into the ith building can

be written as follows:

V i
WDR (tj) = V i

WDR (tj−1) +

∫
AiP (tj)

Ri
WDR (tj) ∆t dA (5.3)

where Ri
WDR is the spatial distribution of the WDR intensity over the envelop of the

ith building. The quantification of RWDR is carried out using the Eulerian multiphase

framework outlined in (Kubilay et al., 2013, 2014; Ouyang and Spence, 2019, 2020).

The framework can be summarized into two main steps. In the first step, the time-

averaged wind speed, vw, is estimated around the buildings by solving the Reynolds-

averaged Navier–Stokes (RANS) equations with the realizable k−ε turbulence model

(Shih et al., 1995).

vw (x, tj) = RANSk−ε (v (tj) , α (tj) , zo) (5.4)

where zo is the site roughness length.

In the second step, the Eulerian multiphase model (EMM) uses the simulated vw

to model the WDR field. In this model, the rain field is divided into nWDR phases

based on the raindrop diameter sizes dm for m = 1, · · · , nWDR. The velocity (vm)

and the volume fraction (am) of the mth rain phase at the envelope of the ith building

can be estimated as follows:

[
vim (tj) , a

i
m (tj)

]
= EMM (vw (x, tj)) (5.5)

Based on vm and am, the specific catch ratios (ηm) for each rain phase are defined

as:

ηim (tj) = aim (tj)
|vim (tj) · ni|

um
(5.6)

91



where ni is the unit normal vector to the ith building envelope and um is the terminal

velocity of the raindrops of diameter dm. Using ηm, RWDR can be estimated as

follows:

Ri
WDR (tj) = Rh (tj) ·

nWDR∑
m=1

∫ dm+ ∆dm
2

dm−∆dm
2

fh (dm|Rh) η
i
m (tj) dd (5.7)

where Rh is the horizontal rainfall intensity; ∆dm is the diameter range associated

with the mth rain phase; and fh (dm|Rh) is the horizontal raindrop size distribution

that can be obtained from Best (1950).

It should be noted that, for a given residential community, ηm depends only on v

and α. Therefore, based on eq. (5.7), RWDR can be rapidly updated based on the

value of Rh if v and α are held constant. Since v and α are continuously varying

as the hurricane approaches the community, ηm needs to be estimated for each time

step (tj). This approach will require solving the RANS and the EMM each time

step which is computationally expensive. Alternatively, the evaluation of ηm can

be carried out using interpolation between limiting values of v and α. Such an

interpolation approach has been validated in literature (e.g., Kubilay et al., 2013,

2014, 2017).

5.2.4 Inland flooding

The input data for the tRIBS model are community layout (L), land use (U), to-

pography (T ), vegetation (V ), soil characteristics (S), and meteorological data (M);

e.g. temperature, humidity, radiation, horizontal rainfall, etc. The tRIBS uses these

data to model each relevant hydrologic processes, such as evapotranspiration, infil-

tration, rainfall interception, etc., to estimate the temporal variation of the surface

runoff:

R (t) = T RIBS (M (t) , T, L, S, U, V ) (5.8)
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The OFM propagates the surface runoff in the residential community using shallow-

water equations to estimate the inundation depth (h) at each building:

hi (tj) = OFM (R (t) , T, L, S, U, V ) (5.9)

The shallow-water equations are solved using the finite-volume method which uses

Roe’s approximate Riemann solver to calculate fluxes (Begnudelli and Sanders , 2006;

Kim et al., 2012). Additionally, the flow boundaries in urban environments affecting

surface flows is represented in tRIBS-OFM, for example, the buildings are included

in the model explicitly. This will provide a certain blockage to the flow path therefore

intensifying local inundation. Those capabilities guarantee the good performance of

tRIBS-OFM in simulating the flow depth and velocity around buildings.

It should be noted that, generally, the time step used in tRIBS is not the same

as that used in the OFM and both are different from ∆t. The time step used in

OFM is constrained by the Courant-Friedrichs-Lewy (CFL) condition while tRIBS

typically operates using much larger time step Sanders (2008). Consequently, R

produced from eq. (5.8) is assumed to be constant over the tRIBS’s time step when

communicating with the OFM. The OFM then solves for h and the output is exported

every ∆t to be consistent with the output from the WDR model.

5.2.5 Simulation strategy

Figure 6.4 illustrates the simulation strategy of the proposed framework. The

WDR and the inland flooding simulations advance in parallel. For the WDR, the

simulation starts by evaluating the RWDR for chosen values of v and α. These chosen

values will be used later to obtain the required RWDR using interpolation as described

in section 5.2.3.

The simulation then proceeds by time-stepping through the hurricane event. For
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each tj, hurricane wind speed (v) and direction (α) are estimated and used in the

building damage estimation. After estimating the damage of each building compo-

nent according to eq. (5.1), the perforated area of the building envelope is estimated

using eq. (5.2). AP is then combined with the interpolated value of RWDR using

eq. (5.3) to estimate the volume of water ingress into each building due to WDR.

For the inland flooding, the tRIBS models the appropriate hydrologic processes

and estimates the spatial and temporal variation of the surface runoff. The OFM

then propagates the surface runoff through the considered community to estimate h

at each building. After the last time step, the simulation exports the time histories

of VWDR and h for each building.

5.3 Case Study

5.3.1 Description

5.3.1.1 Community location and layout

The framework is used to estimate the water ingress for residential wooden build-

ings in Houston due to the rainfall that occurred during Hurricane Harvey. Figure 5.3

shows the location of the storm track with respect to Houston as well as the evolution

of Harvey from a tropical storm to category four then its decay to a tropical storm

as reported in NOAA Satellite Imagery of Hurricane Harvey (2017). The beginning

and end portions of the storm track are excluded in the model as they do not have

any impact on the results. The modeled part of the storm track is shown in fig. 5.3.

A residential community of 580 buildings in Houston is modeled using the proposed

framework, the location and orientation of the buildings are shown in fig. 5.4.
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Figure 5.2: Flowchart of the proposed framework.
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Figure 5.4: Location and orientation of the residential buildings composing the community.

5.3.1.2 Building archetype and construction cases

The residential buildings in the considered community are modeled using the

gable-roof archetype shown in fig. 5.5. The resistance of the building envelope com-

ponents to both wind pressure and windborne debris impact is categorized, using

values suggested in the literature (e.g. Datin et al., 2011; Grayson et al., 2013; Gur-

ley et al., 2005; Vickery et al., 2006b), into weak, moderate, and strong, The chosen

values for the resistances are summarized in table 5.1.

Table 5.1: Resistance to wind pressure and windborne debris impact of the building components
for the weak, moderate, and strong construction cases.

Building component
Wind pressure Windborne debris impact

Weak Moderate Strong Weak Moderate Strong

Wall sheathing 3.21 kPa 4.16 kPa 5.51 kPa 0.25 kJ 1.04 kJ 2.13 kJ
Roof sheathing 3.21 kPa 4.16 kPa 5.51 kPa 0.25 kJ 1.04 kJ 2.13 kJ
Wall cover 3.20 kPa 3.20 kPa 3.20 kPa 0.25 kJ 0.25 kJ 0.25 kJ
Roof cover 2.90 kPa 3.35 kPa 5.25 kPa 0.25 kJ 1.04 kJ 2.13 kJ
Glass window 3.33 kPa 3.33 kPa 3.33 kPa 0.10 kJ 0.10 kJ 0.10 kJ
Door 4.79 kPa 4.79 kPa 4.79 kPa 0.10 kJ 0.10 kJ 0.10 kJ
Garage door 2.49 kPa 2.49 kPa 2.49 kPa 0.20 kJ 0.20 kJ 0.20 kJ
Roof-wall connection 11.68 kN 11.68 kN 11.68 kN N/A N/A N/A
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Figure 5.5: Typical residential building archetype adapted from ?.
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Figure 5.6: Hurricane Harvey input parameters as reported in National Oceanic and Atmospheric
Admenstiration (NOAA) (2017).

5.3.1.3 Wind field modeling

Input data required to model the wind field associated with Hurricane Harvey is

obtained from National Oceanic and Atmospheric Admenstiration (NOAA) (2017).

The time history of the storm eye location is defined by the storm track, shown in

fig. 5.3, and is used to obtain the translational velocity of the storm eye. The size

of the hurricane, defined by the radius to maximum wind speeds (Rmax) and the

pressure difference (∆p) at the center of the storm, are shown in fig. 5.6.
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Figure 5.7: Schematic of the computational domain used to estimate the wind-driven rain.

5.3.1.4 Wind-driven rain modeling

A computational domain of size 1362× 1215× 76 m3 is discretized into 30 million

cells to model the WDR within the considered residential community, as shown

in figs. 5.7 and 5.8. The discretization is carried out using the snappyHexMesh

algorithm in OpenFOAM (Weller et al., 1998). The wind flow is simulated for

α = 108.7◦ (as illustrated infigs. 5.7 and 5.8), as this represents the average wind

direction during the rainfall event. A logarithmic inlet profile with zo = 0.07 m was

calibrated to a reference wind speed of 10 m/s at the building top. Horizontal rainfall

intensity (Rh) associated with Hurricane Harvey was obtained from NCEI (2017)

and modeled using 17 rain phases (i.e., nWDR = 17) with representative raindrop

diameters ranging from 3-60 mm. After the initial RWDR value is calculated through

eq. (5.7), an empirical linear scaling method for flows around shaped-edged bluff

bodies is used to scale RWDR to be consistent with the target hurricane wind speed

(v) Kubilay et al. (2013).
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Figure 5.8: Illustration of the computational domain of 1362 × 1215 × 76m3 size with 30 millions
cells.

5.3.1.5 Flood modeling

The whole Houston area (i.e., not just the considered community) is modeled

using tRIBS-OFM to accurately estimate the inundation depth at each building in

the considered community. The total watershed area is 46.9 km2, the number of

buildings is 76,609 and the ratio between the area of buildings to the watershed area

is 0.3 (i.e., urbanized watershed). For an urbanized watershed that is simulated over

a short period of time, the losses from rainfall due to the hydrologic processes, such

as soil infiltration and evapotranspiration, can be neglected and all rainfall can be

converted directly to surface runoff. The validation of this assumption can be found

in Ivanov et al. (2021).

The finite volume mesh used to solve the shallow water equations consists of

271,215 triangular cells. The mesh is constructed with river channel network and Dig-

ital Elevation Model (DEM) at 3 m resolution obtained from USGS (2021). Building

footprint data are obtained from Koordinates (2021) then merged into the mesh such

that the buildings’ cells are eliminated and wall boundary conditions are applied at

the edges (i.e., the flow velocity normal to the building edge is zero). The Manning
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coefficient, which is assumed to be spatially uniform, is calibrated to be 0.015 m1/3/s

(Ivanov et al., 2021).

5.3.2 Results and discussion

5.3.2.1 Preamble

The wind speeds generated from the hurricane wind field model are compared

against the best track estimate reported in National Oceanic and Atmospheric Ad-

menstiration (NOAA) (2017). Figure 5.9 shows that the simulated maximum sus-

tained surface wind speeds are in agreement with the best track estimate. Daily

snapshots of Harvey’s wind speeds generated from the wind field model are shown in

fig. 5.10, and the time history of the hurricane wind speed and direction impacting

Houston is shown in fig. 5.11. It should be noticed from fig. 5.11 that Hurricane

Harvey impacted Houston as a Tropical Storm with a maximum surface 1-min wind

speed of 22 m/s which matches the data from National Oceanic and Atmospheric

Admenstiration (NOAA) (2017). The wind speeds at Houston are amplified so that

Hurricane Harvey impacts Houston as Category two and three hurricanes. This am-

plification is to study more what-if scenarios to provide more understanding of the

role of WDR and inland flooding on the amount of water ingress due to hurricane

rainfall.

5.3.2.2 Water ingress

The amount of water ingress is measured using the volume of water entering the

building (VWDR) and the inundation depth (h) for the WDR and inland flooding,

respectively. To make the comparison between both the WDR and inland flooding

possible, a nominal inundation depth for the WDR is defined by dividing the VWDR

by the plan area (14 m × 9.33 m) of the building.
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Figure 5.9: Simulated maximum sustained surface wind speed for Hurricane Harvey and the best
track estimate as reported in National Oceanic and Atmospheric Admenstiration (NOAA) (2017).
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Figure 5.10: Daily snapshots for the simulated wind speeds of hurricane Harvey.
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Figure 5.11: Simulated surface 1-min wind speed and direction for Houston.

Figure 5.12 compares the resulting discharge from the tRIBS-OFM model at the

location of the USGS 08074540 gauge with the measured discharge during Harvey

obtained from USGS (2017). The agreement between tRIBS-OFM and the measured

data validates the approach.

The complexity of the spatial distribution of the WDR intensity (RWDR) over the

buildings’ envelope is highly dependent on the surrounding environment. This depen-

dency is considered explicitly using the presented framework by modeling the entire

community, rather than a single building, as illustrated by the spatial distribution

of η3 shown in fig. 5.13.

Figures 5.14 and 5.15 shows that no damage was caused by the tropical storm

winds in any of the three construction cases. This leads to the ratio Ap/At equaling

zero for all buildings, where At = 331 m2 and is the total area of the building

envelopes. In this case, the water ingress due to WDR is zero as there is no water

seepage into the building envelope and all the water ingress is due to inundation from

the inland flooding shown in figs. 5.12 and 5.16.

For the case of a category two hurricane, the amount of water ingress due to
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Figure 5.12: Validation of the tRIBS-OFM model is shown in the top panel by comparing the
resulting discharge with data from the USGS 08074540 gauge. A snapshot of the inland flooding
inundation depth at the time of maximum discharge is shown in the bottom panel.
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Figure 5.13: Spatial distribution of the specific catch ratio, η3, of the 3rd rain phase with d3 in the
range of [7.5,10.5] mm.

WDR is: of no significance in the strong construction case; almost equal to half

the water ingress due to flooding in the moderate case; around 1.25 times the water

ingress due to flooding in the weak case. In the case of a category four hurricane, the

water ingress due to WDR dominates the amount of water ingress for the moderate

and weak construction cases, as shown in fig. 5.16. The results of the water ingress

due to both wind-driven rain and flooding emphasizes the importance of considering

both these mechanisms when estimating the losses for residential communities due

to hurricane rainfall.

5.4 Conclusions

This paper presents a framework for the estimate of water ingress due to hur-

ricane rainfall in residential communities. Water ingress due to hurricane rainfall

occurs as a result of WDR and inland flooding. To estimate the amount of water

ingress due to WDR, the framework combines the WDR intensity over the build-

ings’ envelope with the perforated area caused by the hurricane wind damage to

the building envelope. WDR intensity is estimated using a RANS-EMM framework

while the building envelope damage is estimated due to dynamic wind pressure and
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Figure 5.14: Perforated area of the buildings’ envelope: (a) weak construction case subject to
Harvey; (b) moderate construction case subject to Harvey; (c) strong construction case subject to
Harvey; (d) weak construction case subject to Category 2 amplified Harvey; (e) moderate construc-
tion case subject to Category 2 amplified Harvey; (f) strong construction case subject to Category 2
amplified Harvey; (g) weak construction case subject to Category 3 amplified Harvey; (h) moderate
construction case subject to Category 3 amplified Harvey; and (i) strong construction case subject
to Category 3 amplified Harvey.
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Figure 5.15: Time history of the rainfall intensity and the evolution of the average area of perforation
of the envelope of all buildings in the considered neighborhood.
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Figure 5.16: Average inundation due to wind-driven rains and flooding for all buildings in the
considered neighborhood.
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windborne debris impact using a hurricane damage estimation model. The water

ingress due to inland flooding is estimated using a coupled hydrologic-hydrodynamic

model (tRIBS-OFM) which estimates the inundation depth at each building in the

considered community. The framework is applied to a case study consisting of a

residential community in Houston, TX, that is subject to Hurricane Harvey. Three

construction cases are considered (weak, moderate, and strong). The results of the

case study show that the amount of water ingress due to hurricane rainfall can be

dominated by either WDR or inland flooding depending on the construction case and

the hurricane wind speeds. These results emphasize the importance of considering

both WDR and inland flooding while estimating losses due to hurricane rainfall.
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CHAPTER VI

A Six-Degree-of-Freedom Windborne Debris Trajectory
Model for Tornadoes1

Abstract

Windborne debris is a major cause of damage to the built environment during tor-

nadoes. A fundamental step for quantifying this damage is to provide models that are

able to describe the trajectory of the flying debris and thereby determine their impact

location and associated momentum/energy. This goal can be achieved through the

adoption of an appropriate three-dimensional (3D) six-degrees-of-freedom (6DOF)

debris trajectory model. However, existing 3D 6DOF debris trajectory models are

focused on describing the debris flight in straight line winds and therefore cannot be

applied to tornado winds that are characterized by relatively small but rapidly rotat-

ing vortices. This paper presents a 3D 6DOF debris trajectory model for describing

the flight of windborne debris in tornadoes. The proposed solution strategy is based

on a predictor-corrector time-marching scheme which solves the equations of motion

for each time step while updating the wind field from an appropriate tornado wind

field model. A convergence analysis is carried out to determine the suitable time step

that balances the accuracy of the numerical scheme with the computational run-time.

The proposed model is then used to show the significant difference in modeling the

1Abdelhady, A.U., Spence, S.M.J. and McCormick, J. (2021). “Three-dimensional six-degree-of-freedom wind-
borne debris trajectory model for tornadoes,” Journal of Wind Engineering & Industrial Aerodynamics, Submitted.
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debris trajectories in tornado wind fields as compared to straight line winds.

6.1 Introduction

Damage surveys and field studies after past tornadoes have shown that a signifi-

cant amount of damage to buildings is caused by debris impact (Marshall , 2002; Mc-

Donald , 1990; Tanner , 2002). Moreover, when flying debris penetrates the building

envelope, increases in the internal pressure can occur leading to additional damage to

the building envelope (i.e. release of additional windborne debris) and a cascading or

progressive failure mechanism. To quantify the damage caused by windborne debris

in tornadoes, four main quantities should be identified: (1) the nature of the debris

object (i.e. mass and shape); (2) the number of debris objects flying in the wind

field; (3) the landing location; and (4) the impact energy or momentum. Field stud-

ies from past tornadoes have shown that, while large tornado-generated missiles such

as pipes, utility poles and cars attract media attention, their occurrence is very rare

(McDonald , 1990). Most common missiles are medium size pieces of timber planks

from damaged residences and other timber structures (Marshall , 2002; McDonald ,

1990; Tanner , 2002). The shape of these missiles can be classified geometrically into

plate-like, rod-like and compact-like objects (Wills et al., 2002). Hence, the number

of debris objects is a function of the amount of damage occurring to buildings and

can be initially determined using a pressure damage model. Landing location and

impact momentum or energy require the identification of an appropriate debris flight

trajectory model.

Debris flight trajectory models can be divided into two-dimensional (2D) and

three-dimensional (3D) models. The 2D models are primarily based on the pio-

neering research of Tachikawa (1983) who studied the trajectory of plate-like debris
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objects. This work was extended in (Tachikawa, 1988) for estimating the probability

distribution of debris trajectories through randomizing the lift coefficient. In Holmes

et al. (2006), numerical calculations using 2D models based on the work of Tachikawa

for plate like debris objects were validated using the wind tunnel and full-scale test

results presented in (Lin et al., 2006; Tachikawa, 1983, 1988). In Lin and Vanmarcke

(2010a), a debris risk analysis methodology was introduced, based on the 2D model

presented in (Tachikawa, 1983), and subsequently adopted in a vulnerability model

(Lin et al., 2010a).

Although 2D models are easier to implement as compared to 3D models, Baker

(2007) highlighted the need of having 3D models to describe the flight of plate-and

rod-like debris objects. Sebsequently, Richards et al. (2008a) derived the determin-

istic solution to the 3D motion of plate-and rod-like debris objects using a 6 degree

of freedom (DOF) trajectory model. Force and moment coefficients were calculated

based on wind tunnel tests. To account for uncertainties in the debris flight, Grayson

et al. (2012b) extended this deterministic 3D 6-DOF trajectory model to a probabilis-

tic setting capable of reproducing debris landing patterns similar to those obtained

from wind tunnel tests. The aforementioned debris trajectory models were all devel-

oped under the assumption of straight line wind fields. This assumption is reasonable

for modeling the flight of debris in hurricanes since they are generally characterized

by a relatively slow rate of change in wind direction. This behavior is not the case

for tornadoes that are transitory in nature and will generally produce rapid changes

in wind direction. Due to the lack of wind tunnel data on the aerodynamic forces

and moments acting on general debris objects that are required for developing 3D

6-DOF trajectory models, Simiu and Cordes (1976) estimated the debris flight tra-

jectory for only compact objects flying in a Rankine-vortex tornado-like wind field.
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To account for the effects of turbulence on the flight of compact debris, Maruyama

(2011) generated the unsteady wind field of tornadoes through Large Eddy Simu-

lation. Recently, Baker and Sterling (2017) derived a simple and realistic tornado

wind field model that can be used in structural engineering applications, Baker and

Sterling (2018). This model was subsequently used for computing the trajectory

of compact debris in tordardoes. Both Maruyama (2011) and Baker and Sterling

(2017) highlighted the need for the development of trajectory models that are able

to account for the effects of the configuration and aerodynamic characteristics of the

debris object, and therefore adequately model the flight of, for example, rod- and

plate-like debris objects.

This paper presents a 3D 6DOF debris trajectory model for describing the debris

trajectories of non-compact objects in tornadoes. The wind field model is based

on that presented in Baker and Sterling (2017), while the aerodynamic force and

moment coefficients are compiled from the wind tunnel data presented in Richards

et al. (2008a). The proposed solution strategy is based on a predictor-corrector time-

marching scheme. The presented model is used to trace the trajectory of a typical

plywood roof sheathing panel where the size of the time step is determined using

convergence analysis that is carried out for a wide range of possible initial conditions

for the debris object. Results of the panel trajectory in the tornado wind field show

significant difference from trajectories generated using straight line winds.

6.2 Debris flight

6.2.1 Equations of motion: flying debris

A flying debris object can be assumed as a rigid body in space, therefore six

degrees of freedom are required to describe its motion. This assumption has been

adopted by several studies in the literature (e.g. Grayson et al., 2012b; Redmann
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et al., 1978; Richards et al., 2008a) and is the basis of the presented trajectory model.

Based on the geometric classification provided by Wills et al. (2002), the rectangular

hexahedron in fig. 6.1 is used to model the geometry of the debris objects of interest.

As illustrated in fig. 6.1, the following reference systems are considered in describ-

ing the motion of the debris object: (1) a global reference system, OX1X2X3; and

(2) a local reference system, Dξ1ξ2ξ3, with origin fixed at the center of mass of the

object (D). The axes Dξ1ξ2ξ3 correspond to the debris object’s principal axes of

inertia that translate and rotate during the flight of the object. For a debris object

with dimensions lξ1 , lξ2 and lξ3 , as shown in fig. 6.1, the axes of the local reference

system are chosen such that lξ1 ≤ lξ2 ≤ lξ3 . The orientation of the local principal

axes with respect to the global axes is defined by the roll (θ1), yaw (θ2) and pitch

(θ3) convention of Euler angles, as illustrated in fig. 6.2.

The position of the debris object is defined by the position of D with respect

to OX1X2X3, and therefore by the vector XD = [XD1, XD2, XD3]T which is shown

in fig. 6.1. The orientation is given by θ = [θ1, θ2, θ3]T , as shown in fig. 6.2. As a

consequence, the linear velocity of D is VD = ẊD =
[
ẊD1, ẊD2, ẊD3

]T
, while the

angular velocity is given by:

ω =


ω1

ω2

ω3


=


θ̇1 + θ̇2 sin(θ3)

θ̇3 sin(θ1) + θ̇2 cos(θ1) cos(θ3)

θ̇3 cos(θ1)− θ̇2 sin(θ1) cos(θ3)


(6.1)

The object is subjected to aerodynamic forces and gravity. Under these loads, the

equations of motion can be written as:

mV̇D = Faer −mgı̂̂ı̂ı2 (6.2)

L̇P = Maer + MD −ω× LP
(6.3)
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where Faer is the aerodynamic force; m is the mass of the debris object; g is

the magnitude of the gravitational acceleration; ı̂̂ı̂ı2 is the unit vector of axis X2;

LP = [Iξ1ξ1 · ω1, Iξ2ξ2 · ω2, Iξ3ξ3 · ω3]T is the angular momentum vector of the debris

object; Maer is the aerodynamic moment; and MD is a damping moment necessary

to prevent unbounded rotation of the debris object.

The aerodynamic forces and moments depend on the relative velocity of the debris

(VDW ) with respect to the velocity of the surrounding wind field (VW ), and can be

written as:

VDW = VD −VW
(6.4)

In particular, the aerodynamic forces are expressed as a function of force coefficient

CF which can be extracted from the wind tunnel database compiled in Richards

et al. (2008a). Analogously, the aerodynamic and damping moments depend on the

moment and damping coefficients CM and CD, respectively. In particular, from the

results of wind tunnel tests, it has been shown that the force and moment coefficients

are functions of the angle of attack (ε) and angle of tilt (γ) of the object at a given

instant. These angles give the orientation of the relative velocity vector (VDW ) with

respect to the local principal axes and are defined as:

ε = sin−1

(
VDWξ1

VDW

)
(6.5)

γ = tan−1

(
VDWξ2

VDWξ3

)
(6.6)

where VDW = |VDW |; and VDWξ1
, VDWξ2

and VDWξ3
are the components of the vector

VDW in the local reference system, Dξ1ξ2ξ3.

For straight line winds, solutions to Equations (6.2) and (6.3) can be found in

the literature, (Grayson et al., 2012b; Richards et al., 2008a). This assumption

is considered reasonable for modeling the debris flight in hurricanes as the change
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Figure 6.1: Reference systems used for describing the debris trajectory.

of wind speed and direction over the debris flight time and distance is negligible.

However, in the case of tornadoes, the high rate of change of wind speed and direction

requires solving eqs. (6.2) and (6.3) for non-straight line winds. Consequently, a

tornado wind field model is required to obtain VW .

6.2.2 Tornado wind field model

Tornadoes represent complex meteorological phenomenon that generate wind fields

of a sophisticated nature. To model the translating vortex structure of the tornado

wind field, the wind velocity generated by the tornado can be simplified into four

main components: (1) translational velocity (Vtr); (2) radial velocity (Vr); (3) cir-

cumferential velocity (Vc); and (4) vertical velocity (Vv). At any given time instant

(t), ignoring the dynamic and nonlinear translational effects, the tornado wind field

velocity at the location of the debris center of mass (D) can be described mathe-

matically as the vector sum of the previously defined velocities (also as illustrated in
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Figure 6.2: Angles defining the orientation of the debris.

fig. 6.3):

VW = Vtr + Vr + Vc + Vv
(6.7)

The translational velocity (Vtr) of eq. (6.7) can be estimated directly from available

tornado wind field data (e.g. Baker and Sterling , 2019). The other three velocity

components (Vr, Vc and Vv) can be estimated from available tornado wind field

models (e.g. Gillmeier et al., 2018). The single-celled tornado model developed by

Baker and Sterling (2017) is used in this study.

Given that the location of the center of the tornado is described by XT =

[XT1, XT2, XT3]T , the radial, circumferential and vertical components of the tornado

wind field velocity can be written as follows:

Vr =
−4VrmRHXDT3

(R2 +X2
DT ) (H2 +X2

DT3)
·


XDT1

XDT2

0


(6.8)

Vc =
2.88VcmR [ln (H2 +X2

DT3)− ln (H2)]

(R2 +X2
DT )

·


−XDT2

XDT1

0


(6.9)
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Figure 6.3: Schematic of the velocity components of the tornado wind field.

Vv =
4VrmR

3H [ln (H2 +X2
DT3)− ln (H2)]

(R2 +X2
DT )

2 ·


0

0

1


(6.10)

where XDT = XD − XT = [XDT1, XDT2, XDT3]T is the relative position of D with

respect to T ; XDT = |XDT |; Vrm and Vcm are the maximum radial and circumferential

wind speeds, respectively; R is the radius of maximum radial and circumferential

wind speeds; andH is the height of maximum radial wind speeds. To enable modeling

over the life-time of the tornado, i.e. from genesis until decay, the parameters defining

the tornado’s track (XT ), size (R and H), and intensity (Vrm, Vcm and Vtr) are

treated as time dependent quantities.

6.3 Proposed solution strategy

6.3.1 Overview

The solution strategy developed in this study is based on a predictor-corrector

time-marching scheme which continues to update the parameters defining the wind-

borne debris trajectory for each time step until the debris object impacts the ground

(i.e. XD2i+1
≤ 0). The required input data for the time-marching scheme are (1) the

debris initial conditions: debris initial location, orientation, and linear and angular
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velocity; (2) tornado wind field parameters: time histories of parameters defining

tornado track, size, and intensity; and (3) wind tunnel data: aerodynamic forces

and moment coefficients as well as moment damping coefficients. Figure 6.4 shows

a flowchart of the solution strategy proposed to solve eqs. (6.2) and (6.3) using the

tornado wind field model of eq. (6.7).

6.3.2 Predictor time-marching step

The predictor time-marching step starts from the current value (•i), then calcu-

lates an initial guess (•̃i+1) for the next time step via the Euler method. In particular,

the debris location, orientation, linear velocity and angular velocity are updated as

follows:

X̃Di+1
= XDi + ∆tVDi

(6.11)

θ̃i+1 = θi + ∆tθ̇i (6.12)

ṼDi+1
= VDi + ∆tV̇Di

(6.13)

ω̃i+1 = ωi + ∆tω̇i
(6.14)

where ∆t is the time step and ˜̇
θi+1 can be estimated using eqs. (6.1) and (6.14). The

tornado wind field will then be updated according to the new location (X̃Di+1
) of the

debris as follows:

X̃DTi+1
= X̃Di+1

−XTi+1
(6.15)

ṼWi+1
= Ṽtri+1

+ Ṽri+1
+ Ṽci+1

+ Ṽvi+1
(6.16)

where Ṽri+1
, Ṽci+1

, and Ṽvi+1
are estimated from eqs. (6.8) to (6.10) and (6.15).

The initial guess of the debris relative velocity is estimated as ṼDWi+1
= ṼDi+1

−

ṼWi+1
, from which ε̃i+1 and γ̃i+1 are calculated through eqs. (6.5) and (6.6). Sub-

sequently, ε̃i+1 and γ̃i+1, together with the wind tunnel data provided in Richards
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et al. (2008a), are used to obtain C̃Fi+1
, C̃Mi+1

and C̃Di+1
. This approach enables the

evaluation of the initial guess of the aerodynamic force (F̃aeri+1
), the aerodynamic

moment (M̃aeri+1
), and the damping moment (M̃Di+1

). Finally, ˜̇
θi+1, ˜̇VDi+1

and

˜̇ωi+1 are obtained from eqs. (6.1) to (6.3).

6.3.3 Corrector time-marching step

The corrector time-marching step improves the initial guess (•̃i+1) using the trape-

zoidal rule to obtain the value at the next time step (•i+1). It follows the same se-

quence in updating variables as in the predictor step which is summarized as follows:

XDi+1
= XDi +

∆t

2

(
VDi + ṼDi+1

)
(6.17)

θi+1 = θi +
∆t

2

(
θ̇i + ˜̇

θi+1

)
(6.18)

VDi+1
= VDi +

∆t

2

(
V̇Di + ˜̇VDi+1

)
(6.19)

ωi+1 = ωi +
∆t

2

(
ω̇i + ˜̇ωi+1

)
(6.20)

The rest of the variables are updated in the same fashion as in the predictor step

using the improved guess (•i+1) rather than the initial guess (•̃i+1).

6.4 Application for roof sheathing

6.4.1 Description

In this section, the proposed solution strategy is applied to estimate the trajec-

tory of a typical plywood roof sheathing panel subject to tornado winds. The so-

lutions are subsequently compared against those obtained from straight line winds.

The dimensions of the roof sheathing panel are 2.44 m × 1.22 m × 1.19 cm, with

a density of 517 kg/m3. Figure 6.5 shows the location of the tornado track with

respect to the roof sheathing panel. The initial elevation of the panel is cho-

sen to be 5 m, which is within the range of roof heights for residential timber
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Table 6.1: Characteristics of the simulated tornadoes .

Tornado size R (m) Vcm (m/s) Vrm (m/s) |VVV tr| (m/s)

Small 50 40 7.27 5
Medium 200 50 5.88 10
Large 500 60 5 12

houses. The initial position vector of the debris object is therefore defined as

XD0 = [0, 5m, 0]T . The initial orientation of the panel is θ0 = [0, θ20 , 65◦]T , where

θ20 = {−60◦,−45◦,−30◦,−15◦, 0◦, 15◦, 30◦, 45◦, 60◦} and is chosen to cover possible

orientations of the building with respect to the tornado track.

Tornadoes can vary significantly in their size and intensity Edwards et al. (2013);

Kosiba and Wurman (2010); Tanamachi et al. (2007). In Baker and Sterling (2019),

full-scale tornado data were collected and analyzed. As a result, standard tornadoes

were defined that cover a wide range of possible tornado sizes and intensities. These

standard tornadoes are used here to define the tornado wind field, as summarized

in table 6.1. The tornado track, shown in fig. 6.5, is located such that |XT3|/R =

{0.5, 1, 1.5, 2}. In total, 108 cases are defined through the parameter variations of

this section (i.e. 3 tornadoes × 9 values of θ20 × 4 locations defined by |XT3|).
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6.4.2 Time step

The use of the predictor-corrector numerical method as the basis of the proposed

solution strategy requires the identification of a suitable time step (∆t) that balances

the accuracy of the numerical approximations with the computational run-time. A

convergence analysis is carried out over the 108 cases defined in section 6.4.1 to

determine a suitable ∆t. The numerical error, required for the convergence analysis,

of any given parameter (•) is defined as follows:

ε•j+1
=
•j+1 − •j
•j+1

(6.21)

where •j is the estimated value of the parameter of interest at the jth time step.

The parameters of interest in the debris trajectory problem are those related to

the debris landing location and impact momentum or energy upon landing. These

parameters are the flight time (FT ), the flight distance (FD), and the landing ve-

locity (LV ). Figure 6.6 shows the convergence of the numerical error for each of

these parameters. In generating the results of fig. 6.6, the analysis commenced with

∆t = 0.1 sec and proceeded by reducing ∆t by half until ∆t = 7.8125× 10−4 sec.

The total error in the three parameters, at the jth time step, is defined as follows:

εtotalj =
√
ε2FTj + ε2FDj + ε2LVj

(6.22)

Figure 6.7 shows that the solution achieves a total error of less than 2% at ∆t =

7.8125×10−4 sec, fig. 6.7(a), with an average computational run-time of 548 seconds,

fig. 6.7(b). This time step was therefore chosen for all subsequent analyses.

6.4.3 Results

Figures 6.8 to 6.10 show the trajectory of the roof sheathing panel for the case of

small, medium and large tornadoes. As would be expected, due to higher wind speed,
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Figure 6.6: Error convergence: (a) flight time error, (b) flight distance error, and (c) landing velocity
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it can be observed that the flight distance for the large tornado is greater than that

for the medium tornado which is in turn greater than the small tornado. The tornado

track location influences the wind speeds experienced by the panel, which alters the

panel trajectory. The highest wind speeds are observed when |XT3/R| = 1 which

leads to the longest flight distance. The case with |XT3/R| = 0.5 and |XT3/R| = 2

typically have the smallest initial wind speed. In particular, the case |XT3/R| = 0.5

has debris trajectories with the shortest flight distance as the radial inflow tornado

velocity component drives the panel towards the center of the tornado, therefore

leading to higher wind speeds for |XT3/R| = 2 as compared to |XT3/R| = 0.5.

These variations in the panel trajectory are not observed in the case of straight

line winds as the wind field does not vary spatially or temporally. The effect of

house orientation (i.e. θ20) can be summarized as the more perpendicular (i.e. close

to θ20 = 0◦) the house is with respect to the initial tornado wind field velocity,

the longer the flight distance will be. As the house orientation moves away from

perpendicular to the initial wind velocity, e.g. fig. 6.9(a)-(d) for θ20 = {−30◦, 30◦},

the initial aerodynamic forces are inadequate for propelling the panel long distances.

Figures 6.8 to 6.10 also show the comparison of the trajectories of the panel when

subject to non-straight tornado winds versus straight line winds. There are clear

differences in the trajectories for each wind type. This difference is smaller in the

case of small tornadoes, fig. 6.8, as the wind speeds are not high enough to keep

the panel windborne for long distances. This comparison clearly emphasizes the

importance of considering the non-straight nature of tornado winds when modeling

the flight of wind borne debris.
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Figure 6.8: Windborne debris trajectory for the small tornado case and the corresponding straight
wind case: (a) |XT3/R| = 0.5, (b) |XT3/R| = 1, (c) |XT3/R| = 1.5, and (d) |XT3/R| = 2.
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Figure 6.10: Windborne debris trajectory for the large tornado case and the corresponding straight
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6.5 Conclusions

A 3D 6DOF debris trajectory model is presented for describing debris flight in tor-

nado wind fields. The proposed solution strategy is based on a predictor-corrector

time-marching scheme. For each time step, the time-marching scheme solves the

equations of motion while updating the wind velocity according to a translating

tornado wind field model. This update is essential for modeling debris flight in tor-

nadoes as opposed to hurricanes for which the wind field can be approximated using

straight line winds. The model is used to estimate the trajectory of a typical ply-

wood roof sheathing panel under various initial conditions and tornadoes of various

sizes. The aim is to compare the trajectories generated from tornado wind fields with

those generated by straight line winds. The results show that there is a significant

difference in trajectories generated by tornado wind fields as opposed to straight line

winds. This significant difference clearly illustrates the limits of assuming straight

line winds when modeling the flight of debris due to tornado winds.
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CHAPTER VII

Summary, Key Contributions and Future Directions

7.1 Summary

This dissertation provides computational frameworks and numerical models that

can be used to quantify the resilience of residential wooden buildings against hurri-

canes and tornadoes. Hurricane-imposed risks and the performance of the residential

residential buildings subject to hurricane winds is quantified using a physics-based

vulnerability model. The vulnerability model accounts for damage from dynamic

wind pressure and impact of windborne debris, including exogenous windborne de-

bris. Resilience of residential wooden buildings subject to hurricane winds is esti-

mated by integrating the developed vulnerability model with a probabilistic recovery

model.

Hurricanes are typically associated with heavy precipitation which can result in

significant damage to the built environment due to the leakage of rainwater into

buildings (i.e. wind-driven rain). If rainfall persists over long periods of time, the

failure of the drainage systems will potentially lead to inland flooding. Therefore,

hurricane rainfall on residential communities is then incorporated into a framework to

quantify its impact on residential wooden buildings. The framework estimates water

ingress due to wind-driven rain and inland flooding. Each of the wind-driven rain

and inland flooding hazards is of a different nature and requires different mitigation
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actions.

Finally, the problem of estimating the damage caused by windborne debris in

tornadoes is addressed. Four main items are required to be identified: (1) the nature

of debris objects (i.e. mass and shape), which can be identified from damage surveys

and field studies; (2) the number of debris objects flying in the wind field, which can

be estimated using a pressure damage moel; (3) the landing location; and (4) the

impact energy or momentum. To identify the landing location and impact energy

or momentum of the windborne debris, this dissertation provides a six-degree-of-

freedom (6DOF) debris trajectory model.

These frameworks can be used by decision-makers to compare the current re-

silience level of residential wooden buildings with target levels, identify gaps, and

select the most effective ameliorative strategies.

7.2 Key Contributions

The key contributions of this research work can be summarized as follows:

1. A methodology to account for the effect of exogenous windborne debris while

estimating the damage of residential neighborhoods subject to hurricanes is

presented.

2. A comprehensive set of hurricane fragility curves are developed for residential

wooden buildings that account for the damage from dynamic wind pressure and

the impact of windborne debris.

3. The resilience of residential wooden buildings subject to hurricane winds is

quantified probabilistically.

4. The impact of hurricane rainfall on residential communities is modeled compre-

hensively considering both wind-driven rain and inland flooding.
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5. The trajectory of windborne debris in tornado wind field is modeled using a

6DOF trajectory model.

7.3 Future Directions

7.3.1 A holistic multi-hazard approach for hurricane resilience

Hurricanes are typically associated with multiple hazards: strong winds, heavy

precipitation, storm surge, and even tornadoes. A more comprehensive approach to

quantify the resilience of a community against hurricanes is to develop frameworks

that are capable of modeling the impact of all hazards. In particular, the devel-

oped hurricane vulnerability model can be extended to estimate damage to the built

environment due to heavy precipitation and storm surge. With the aim of quanti-

fying community resilience, it is crucial to consider the inevitable interdependencies

between the critical infrastructure systems that constitute the community.

7.3.2 Tornado resilient communities

Within the wind engineering field, most of the attention has been focused on the

impact of synoptic windstorms (e.g. hurricanes) on structures. Non-synoptic winds,

particularly tornadoes, are considered of low-occurrence probability which has hin-

dered the inclusion of tornadic loading provisions in current building codes. Recently,

research on tornadoes has increased with a focus on understanding their impact on

a community and identifying appropriate mitigation actions. Within this context,

there is an opportunity to advance the state-of-the-art of this emerging research field.

Estimating tornado damage using high-fidelity engineering-based models that con-

sider interdependencies between various community systems as well as simulating

the recovery process will provide insights on a community’s response to this severe

localized storms. As a result, a community’s resilience against tornadoes can be
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quantified which is an essential step to mitigate their consequences.

7.3.3 Accelerating the estimation of the community resilience

Besides the intellectual challenges posed by modeling the interdependent response

of various community systems to windstorms (e.g. hurricane and tornadoes), there

are massive computational challenges that can severely hinder progress in this re-

search area. However, these computational challenges can be addressed with robust

GPU computing algorithms that are capable of providing efficient solutions. The

advantage of using GPU computing is the ability to accelerate simulations while

preserving the level-of-fidelity of the developed models.

With the aim of providing computational tools that can provide real-time re-

silience quantification (i.e. simulation time in order of seconds), there is a substantial

advantage to considering data-driven models and machine learning algorithms. In

particular, Kriging surrogate models (metamodels) can be used to establish a com-

putationally inexpensive input/output relationship based on the database generated

from the aforementioned high-fidelity models. These computationally inexpensive

models will ultimately arm decision-makers with tools for the identification of opti-

mum mitigation strategies as well as targeted intervention plans.
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