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ABSTRACT 

This thesis presents a methodology for developing windborne debris (WBD) impact fragility 

curves for building envelope components (BECs) by using stochastic finite element (FE) models. 

These fragility curves provide the probabilistic description of the impact resistance of BECs 

subject to an impact event described by an appropriate intensity measure (IM). Accurate fragility 

curves are essential in the development of a general probabilistic performance-based engineering 

framework for mitigation of WBD impact hazard. 

Monte Carlo simulation is used in combination with the FE method to propagate uncertainties in 

the BEC’s model parameters and WBD impact location. As an application example, the fragility 

curves relative to different damage measures are derived for aluminum storm shutters subjected 

to WBD impact.  It is found that (1) the missile kinetic energy at impact is a sufficient IM for 

BECs with ductile behavior subjected to WBD impact, and (2) the performance of storm panels 

in terms of penetration of WBDs is critically dependent on the details of the panels’ installation. 
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1 INTRODUCTION 

1.1 Motivation 

The threat of natural disasters is a significant concern to society. Hurricanes, for example, 

frequently cause severe damage to structural and infrastructural systems in the United States of 

America [1],[2] and worldwide [3],[4]. This severe damage can cause enormous economic and 

life losses. For example, the economic loss resulting from Hurricane Katrina in 2005 was 

estimated to be greater than 100 billion dollars. Hurricane Katrina was also estimated to have 

caused more than 1500 deaths upon its landfall [5].  

Approximately 50 percent of the population of the United States of America is concentrated 

in coastal regions and approximately 3 trillion dollars worth of infrastructure exists in these same 

regions [1]. To limit the damage to infrastructures, buildings, and production activities located in 

hurricane-prone regions, as well as the resulting economic and life losses, it is of high 

importance for engineers to better understand the possible impacts of hurricanes. The National 

Science Board (NSB) [1] identified the need for furthering the understanding of how hurricanes 

and structures interact and for increasing structures’ resistances to hurricane loading as high 

priority research topics for the advancement of the nation. 

1.2 Research Areas of Interest 

Large tropical storms are often the cause of structural damage and loss of life. Therefore, it is 

important for engineers to design structures that can adequately accommodate the extreme 

loading produced by hurricane events (e.g., due to excess wind pressure, flooding, and/or 

windborne debris (WBD) impact) with an optimal use of available resources.  Over the past few 

decades, significant advances have been achieved in risk assessment and mitigation for structures 

subjected to hurricane hazard [6],[7]. The advancement of structural reliability analysis and the 
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development of probabilistic performance-based engineering techniques have been integral to 

these advances. Structural reliability techniques allow the rigorous consideration of uncertainties 

inherent in engineering problems and are used for the calibration of design codes [8]-[10]. 

Probabilistic performance-based methods are extensively developed in the field of earthquake 

engineering [11],[12].  Similar methodologies, based on a performance-based engineering (PBE) 

approach, are currently being developed in other civil engineering subfields, including wind, fire, 

and blast engineering [13]-[17].   

PBE targets the achievement of specified levels of performance for a structural system rather 

than following a prescriptive approach over an entire spectrum of design problems (based on 

general equations and calibrated coefficients, the use of which is considered sufficient to satisfy 

some implicitly assumed levels of performance). The aim of PBE is to ensure a sufficiently small 

probability, over the design life of the structure, that the damage to a structure will exceed any 

limit states describing failure (e.g., physical failure, member buckling), serviceability (e.g., 

maximum deformation, occupant comfort), and/or other performance measures [18]. In PBE, the 

response of a structure is described by engineering demand parameters (EDPs) (e.g., maximum 

deformation, maximum displacement, maximum force applied on a member) and is evaluated 

with respect to different levels of an intensity measure (IM). In earthquake engineering, several 

scalar (e.g., peak ground acceleration [18], first-mode spectral acceleration [19]) and vector IMs 

[20]-[22] have been identified and employed. In hurricane engineering, physical quantities 

related to mean wind speed are good candidates for use as efficient and sufficient IMs [14].  

Performance is determined by comparing the response of the structure to appropriate damage 

measures (DMs), which are used to describe physical states of damage [12]. The PBE 

methodology can also provide an estimate of structural risk by determining the probability of 
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exceeding a given value of a decision variable (DV) which corresponds to a specified level of 

performance [23]. A DV is defined as a measurable quantity that represents the cost and/or 

benefit (e.g., monetary losses, loss of lives, downtime, and/or other factors) for the owner, the 

users, and/or the society resulting from the structure under consideration [12].  DVs for several 

design options can be compared in a PBE assessment analysis to guide the rational selection of a 

final design [23].  

A critical feature of probabilistic PBE methods is the explicit consideration of uncertainties. 

Uncertainties can be classified into two different categories, i.e., aleatory uncertainties (due to 

natural variability of physical, geometrical, and mechanical properties) and epistemic 

uncertainties (due to lack of knowledge, imprecise modeling, and limited statistical information) 

[24]. Inherent randomness is virtually irreducible since it is an inevitability of nature. In contrast, 

epistemic uncertainties can be reduced, e.g., by implementing more accurate and realistic 

models. There is a great need to develop a probabilistic PBE methodology in the field of 

hurricane engineering since the effects of a hurricane on the built and natural environment are 

characterized by significant uncertainties and cannot be predicted using only deterministic 

models. 

Among the tools developed in probabilistic PBE, a significant research interest has been 

focused on the construction of fragility curves [24]-[26]. Fragility curves are the cumulative 

distribution functions (CDFs) of the structural capacity with respect to a specific limit state, 

usually corresponding to a physical damage state for the structural system under consideration 

[27]. In hurricane engineering, only limited research has been devoted to fragility analysis 

[7],[28]. Thus, there is a need to develop fragility curves for structural and non-structural 

components of buildings. It has been shown that the building envelope is the building component 
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most susceptible to damage during a hurricane [7]. The building envelope consists of non-

structural components such as non-load-bearing walls, windows, doors, and roofing. When the 

building envelope is compromised, the structure is subjected to a much higher risk of damage 

due to increased internal wind pressure and water penetration from rain and flooding [7],[29]. In 

hurricane prone regions, protection for the most critical elements in the building envelope is 

often installed in the form of shutters, plywood, and other types of movable reinforcement. 

1.3 Objectives and Scope 

The objectives of this research are (1) to propose a methodology for developing the fragility 

curves corresponding to representative damage states for building envelope components (BECs) 

and BEC protection systems subjected to WBD impact loading, and (2) to apply this 

methodology to BECs in order to identify appropriate IMs, EDPs, and DMs. The proposed 

methodology is based on the combination of finite element (FE) analysis and Monte Carlo 

simulation (MCS) [30], and is integrated into a general probabilistic PBE framework. The scope 

of the general methodology proposed in this research is broad in that it can be applied to any 

structural and/or nonstructural component. The application presented in this research, however, 

focuses only on ductile non-structural BECs. In the application example, fragility curves 

corresponding to different damage states are derived for a storm panel representative of BECs 

with ductile behavior, and appropriate IMs, EDPs, and DMs are identified as a part of this study.  

1.4 Thesis Outline 

Chapter 2 of this thesis presents a literature review on the background of probabilistic PBE 

methods, and on existing research pertaining to WBD impact on BECs such as windows and 

window protection systems. 
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Chapter 3 introduces a PBE framework for WBD impact hazard assessment and proposes a 

methodology, based on a combination of MCS and the FE method, for the development of 

fragility curves for BECs and BEC protection systems. This chapter considers the case of an 

aluminum hurricane protection panel subject to WBD impact as a specific application example 

of the proposed methodology. Within this chapter, FE modeling techniques and the modeling of 

parameter uncertainties are described.  

Chapter 4 presents a comparison of different possible IMs and a discussion of results 

obtained from the application example in terms of EDPs obtained from FE analyses and relevant 

DMs identified for the BEC protection system. This chapter also includes the development of 

fragility curves for the aluminum hurricane protection panel with respect to the relevant DMs. 

Finally, Chapter 5 presents conclusions and recommendations for future research.  
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2 LITERATURE REVIEW 

2.1 Previous Research regarding WBD Impact  

In the recent past, substantial research was performed regarding the performance of BECs 

subject to WBD impact loading. Sources of WBD were identified and classified by their flight 

characteristics. Additionally, important observations were reported from studies in which  

laboratory testing and/or numerical simulation were conducted for BECs commonly subjected to 

WBD impact. These studies provide valuable  information regarding the performance of both 

unprotected annealed glass windows and aluminum hurricane protection panels under impact 

loading. This chapter provides a brief summary of the research results available in the literature 

and relevant to the study reported in this thesis. 

2.1.1 Sources of WBD 

In a residential area, WBD is generated from a number of different sources. These sources 

include, but are not limited to: roof cladding (e.g., shingles, tiles), roof and wall framing 

elements (e.g., 2”x4” lumber), vegetation (e.g., tree branches), road signs and signals, and any 

variety of items commonly found in private yards (e.g., garbage cans, mailboxes)  [6],[31],[32]. 

Holmes [6] estimated that, in Australia, approximately 50% of WBD causing damage is 

generated from roof cladding elements, 10% is generated from roof framing elements, and 

another 10% is generated from other roof attachments. WBD damaging residential buildings 

often originates from roofing materials on neighboring buildings and creates a “chain reaction” 

of damage (as seen in post-hurricane survey of Cyclone Tracy in Australia [6]). Holmes [6] also 

observed that WBD that originates at higher elevations relative to the ground (i.e., at roof level) 

has a higher damage potential than WBD generated at lower elevations (i.e., at ground level), 

since it generally has a longer flight trajectory and reaches higher velocities.  
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WBD trajectories are of particular importance in understanding how WBD impacts occur on 

structures. Willis et al. [33] defined three distinct types of WBD shapes based on their flight 

characteristics (see Figure 1). 

 
Figure 1. Types of WBD: (a) compact, (b) sheet, and (c) rod. 

These WBD types are: (1) “compact” type debris, which corresponds to small, pebble like 

debris with no capability of achieving aerodynamic lift (see Figure 1(a)); (2) “sheet” type debris, 

which are wide and flat (e.g., roof shingles, roof sheathing), and can develop lift forces (see 

Figure 1(b)); and (3) “rod” type debris, which are long and slender (i.e., 2”x4” lumber, tree 

brances) and may develop lift forces, but smaller than those developed by sheet type debris (see 

Figure 1(c)). Figure 2 provides a graphical representation of the trajectories for these three 

different types of WBD. It is noted here that the research presented in this thesis is focused on 

the effects of 2”x4” lumber rod type WBD impact. 

 
Figure 2. Typical trajectories for different types of WBD. 
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Willis et al. [33] determined the mathematical relationships describing the liftoff wind speeds 

(i.e., the wind speeds necessary for each type of WBD to achieve liftoff) by considering the 

balance of the forces (i.e., gravitational and aerodynamic forces) applied to potential WBD 

during hurricanes. For rod type WBD, the threshold wind field velocity which leads to liftoff and 

flight, Urod, is given by: 

 rod m a F( / ) ( / )
2

U I C d g


       (1) 

where ρm = density of the missile material, ρa = density of the air, I = “fixture strength integrity” 

(i.e., a measure of the wind force required to dislodge items from a structure which can become 

WBD), CF = aerodynamic force coefficient, d = effective diameter of the missile (i.e., the 

diagonal dimension of a 2”x4” missile), and g = gravitational acceleration constant. Using this 

equation, Willis et al. [33] estimate that wind speeds in excess of 32 m/s (i.e., approximately 72 

mph) will cause a typical 2”x4” lumber missile of length 2.400 meters to achieve liftoff. 

Based on wind tunnel and full case tests, the flight trajectories of sheet debris are studied in 

[34], and the flight trajectories of compact and rod debris are studied in [35]. It was found in [34] 

and [35] that the maximum horizontal velocities achieved by these three types of types of WBD 

are described by a function of the WBD horizontal flight distance, mass, and drag properties. Lin 

et al. [35] found that for rod type debris (i.e., corresponding to a 2”x4” missile of length 2.400 m 

and weight of 4.100 kg) the ratio of horizontal missile speed to wind field velocity, um/U, could 

be approximated as: 

 0.058m 1 xu
e

U

   (2) 

where x is the horizontal displacement of the missile. A plot of equation (2) over a possible flight 

distance of 100 m is provided in Figure 3. 
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Figure 3. Ratio of horizontal missile speed to wind field velocity for rod type WBD as a function 

of flight distance. 

From Figure 3, it is observed that largest acceleration of rod type 2”x4” lumber WBD occurs 

in the first 5 to 10 meters of flight in which the WBD can reach approximately 30-50% of the 

wind field velocity. With knowledge of the average distance between buildings (i.e., average 

flight distance of WBD) in a given hurricane prone area, an approximation of the range of um 

possible for a 2”x4” lumber missile in that area is attainable. Knowing the minimum velocity 

level that induces WBD flight (i.e., Urod in equation (1)), Figure 3 can be used to give an 

approximation of um for any magnitude of U ≥ Urod. 

2.1.2 WBD Impact on BECs with Brittle Behavior 

Vulnerability of window glass to WBD impact has attracted the interest of several 

researchers. However, only a few studies focused on the development of fragility curves for 

brittle BECs (e.g., annealed glass windows). In a study performed by the NAHB research center 

[36], annealed glass window samples of different sizes and thicknesses were subjected to 4.600 

pound (i.e., corresponding to a mass of 2.087 kg) 2”x4” missile (i.e., rod type WBD) impacts at 
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varying levels of missile impact linear momentum (LMm). The missiles considered in this study 

were representative of WBD generated from roof framing elements in a hurricane. In order to 

assess the fragility of the annealed glass specimens, several window specimens were tested at 

multiple levels of LMm. The probability of failure was recorded as the ratio of the number of 

windows which broke after one missile impact and the total number of trials N at each level of 

LMm. The results obtained from [36] indicated that a 100% probability of window failure was 

reached at m 7.198 kg m sLM    for  61cm x 61cm, 2.380 mm thickness window specimens, and 

at  m 8.096 kg m sLM    for 61cm x 61cm, 3.970 mm thickness window specimens.  

Masters et al. [32] used laboratory experiments to assess the vulnerability of double-strength 

annealed glass to impact by different types of debris with different impact orientations. The tests 

considered 61cm x 61cm glass specimens with thickness of 3.180 mm, and debris types 

commonly found in post-storm surveys, including rod type  wooden dowel missiles of diameter 

2.540 cm and 5.080 cm and mass equal to 200g. These missiles were intended to simulate tree 

limbs and other vegetation which become WBD during a hurricane. In order to build a 

“vulnerablility curve” (i.e., a fragility curve, using the terminology of PBE), N = 20 window 

specimens were tested at multiple levels of LMm (i.e., 20 window specimens per level of LMm) 

for the case corresponding to head-on impact using the two types of dowels. Through these tests, 

it was found that unprotected glass specimens impacted by lightweight rod type WBD present 

almost a 100% failure probability for values of the impact linear momentum as low as 

m 4 kg m sLM    [32]. The differences in the LMm levels corresponding to 100% probability of 

failure for the similar brittle BEC specimens tested in [32] and [36] suggest that the types of 

WBD impacting brittle BECs influence their fragilities in terms of LMm. 
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The fragility curves obtained in [32],[36] are among the first probabilistic descriptions of 

BEC performance under WBD impact and show that brittle BECs are extremely vulerable to 

damage from rod type WBD impacts even at low levels of LMm.  The results presented in these 

studies also suggest that WBD impact protection systems are essential to ensure acceptable 

levels of performance by structures located in hurricane prone areas 

2.1.3 WBD Impact on BECs with Ductile Behavior 

The research available in the literature regarding the performance of BECs with ductile 

behavior subjected to WBD impact is also scarce. Borges et al. [37] numerically studied the 

performance of  aluminum and steel storm shutters subject to WBD impact based on the Miami 

Dade County test protocols. In this study, a deterministic  FE model was used to simulate WBD 

impact. This FE model considered storm shutters mounted on a fixed rail system along two sides 

and left unconstrained along the other two sides. The following observations were made: (1) 

material failure is not observed in any trials due to the high level of flexibility in the model and 

the impact energy dissipation through panel deformation; (2) the highest level of damage is 

recorded in impacts occurring along the unrestrained outer boundaries of the panels and 

corresponding to the missile passing the panel and coming into unrestricted contact with the 

protected BEC with brittle behavior; and (3) the applied boundary conditions and the geometry 

of the panel significantly affect the response of the panel in terms of deformations [37]. 

Fernandez et al. [31] assessed the performance of storm shutters subject to WBD impact 

experimentally. In their study, the effect of impacts of different sources of WBD were 

considered, namely roof tiles and 9 lb 2”x4” missiles.  The impact velocities for all trials were 

fixed at a value of 15.250 m/s. Boundary conditions corresponding to a track mounting system 

were considered. The following conclusions were made: (1) WBD impacts near the panels’ 
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corners (i.e., near the track boundary conditions) can damage the panels in a “pull-out” or “push-

through” pattern (i.e., the panels can break at the connection between the track and the panels 

themselves and can be either pushed through or pulled out of the mounting track). (2) Debris of 

the same weight and impact velocity but of different shapes and impact orientations can cause 

different levels of damage when impacting storm shutters. (3) Commonly accepted 2”x4” lumber 

impact testing standards may be insufficient to ensure that a storm panel satisfying the 

requirements of the standards also achieves a target level of performance, since impact velocities 

are likely to exceed 15.250 m/s and missile types are not uniform during a design level hurricane 

event [31]. These results suggest that current best practices are not able to account for the typical 

variability observed in WBD impact during hurricane events and, thus, an alternative 

methodolgy is needed to ensure a satisfactory performance of BECs and BEC protection 

systems. 

2.2 Building Code Requirements for BECs Subject to WBD Impact 

The 2012 edition of the International Building Code [38] requires that glazing elements on 

structures located in hurricane prone regions must be protected by an impact resistant covering or 

be impact resistant themselves. According to the IBC, the performances of these impact resistant 

BECs must be assessed using the ASTM E1996 and ASTM E1886 test standards [39],[40]. The 

IBC also mandates that glazing elements located less than 30 feet above grade (i.e., indicative of 

most small residential construction) must be tested using the “large missiles” (i.e., 9 lb 2”x4” 

missiles) defined in [39]. An impact resistant BEC must pass these tests to be allowed for use in 

hurricane prone regions. A range of typical WBD impact velocities during hurricanes is 

identified as 9 to 30 m/s (i.e., approximately 20 to 70 mph) in [40]. According to the protected 



13 

 

structure’s location relative to the coastline, a WBD impact test velocity is prescribed by the 

standards. 

The testing methods described in [39] and [40] consist of subjecting an impact resistant BEC 

to WBD impact at prescribed locations on its surface and then to cyclical pressure loading (i.e., 

cycling from positive to negative pressures) to simulate the real conditions the BEC will 

experience during a hurricane [40]. The impact locations considered in the testing correspond to 

the center of the BEC and a corner of the BEC near its boundary conditions. The testing methods 

require the BECs be installed according to the manufacturer’s specification, i.e., there are no 

standard requirements for the details of BEC installation given in [39] and [40]. To accept an 

impact resistant BEC for use, these standards only require a number of performance metrics to be 

satisfied based on the prescribed test impact types and pressure loading. Therefore, it is seen that 

the existing building codes and test standards are prescriptive in nature and do not account for 

the uncertainty inherent to hurricane induced hazards. 

2.3 Probabilistic and Reliability-Based Methods in Structural Engineering 

Modern design methods, such as the Load and Resistance Factor Design (LRFD) method 

[37], generally have probabilistic (reliability-based) foundations. However, these methods are 

prescriptive in nature and are not suitable to satisfy explicitly specified levels of performance.  

Probabilistic approaches for direct assessment of WBD risk are relatively recent, e.g., 

compared to similar approaches in earthquake engineering. One of the first models for 

assessment of the risk of failure of glazing components due to WBD impact was developed by 

Twisdale et al. [6],[41]. A simplified version of this model was implemented in the HAZUS 

software to predict the risk of damage to a glazing element during a given period of time, T, 

during a hurricane event [6]. The probability of damage, PD , is given as: 
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 1 exp{ [1 ( )]}D DP N A T F         (3) 

in which N = average number of impacts per unit time and unit surface area, A  = surface area of 

the glazing components, ( )DF  = CDF of kinetic energy or linear momentum, and D  = kinetic 

energy or linear momentum beyond which the glazing component is damaged. While this 

approach represents a significant advancement toward PBE compared to ordinary prescriptive 

approaches proposed in design codes, it neglects important sources of uncertainty (e.g., 

variability of the damage threshold) and, thus, presents serious limitations when applied to 

design of structures subjected to WBD hazard. 

Another application of probabilistic and performance-based techniques to hurricane 

engineering is found in Li and Ellingwood [7]. In their proposed framework, first order reliability 

methods were used to probabilistically describe performance of building components. 

Uncertainty in wind speed modeling was considered by using three different models in the 

analysis and comparing the final results. Each model used a Weibull distribution with different 

site specific distribution parameters to describe the wind speed. Conducting first order reliability 

analyses of controlling limit state functions at increasing levels of the IM yielded fragility curves 

for roof and cladding elements. The fragility curves for each component were developed using 

hurricane 3 second gust speed at 33 feet above ground in exposure category C, taken from [42], 

as the IM.  These fragility curves proved to fit lognormal distributions with low sampling errors. 

By convolving the fragility models with wind speed models, the probability of failure of a 

component, Pf, was obtained as: 

 
0

( ) ( )f R vP F v f v dv


    (4) 
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in which ( )RF v  = structural fragility, and ( )vf v  = probability density function (PDF) of 

hurricane wind speed v . This approach represents a significant step forward toward the 

development of a PBE methodology for wind and hurricane engineering. 

2.4 State of the art PBE Methods 

Structures that are located in different geographical regions are inherently subjected to 

different levels of risk due to different sources with different expected magnitudes of natural 

hazards. Existing design and building codes account for the different hazard sources and their 

variability (e.g., ASCE 7 maps for wind, earthquake, and snow loads [42]), and employ 

reliability-based procedures to ensure implicit levels of performance with respect to safety and 

serviceability. However, a prescriptive approach to design presents several limitations [43]. 

Evaluating the relative effectiveness with respect to a given performance requirement of multiple 

proposed designs that are all acceptable based on code prescriptions is difficult if not impossible. 

Additionally, prescriptive code requirements present a road block to design innovation and 

cannot be directly applied to design of structures under conditions in which there is no 

previously existing knowledge [14]. Therefore, applying prescriptive building codes, design 

standards, and mitigation techniques to all structures regardless of type and location is not 

always appropriate [44].  

It is recognized that the most rational approach for structural design considering risk due to 

natural phenomena is through the use of PBE methodologies [44]. In PBE, the aim is to achieve 

specified levels of performance for structural designs, rather than designing a structure to 

withstand prescribed loading conditions. A design is acceptable if the probability that it does not 

satisfy a specified limit state is sufficiently low. This criterion removes many of the restrictions 

of a prescriptive approach and allows engineers to identify an optimal structural design among a 
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set of many possible designs for a given problem [14]. PBE methods also allow for the explicit 

consideration of uncertainties in structural loading resulting from highly unpredictable natural 

phenomena (e.g., earthquakes, hurricanes) and uncertainties in structural capacity emanating 

from variability in mechanical and geometrical properties [24]. Under these considerations, PBE 

methods have been adopted in several modern seismic design codes [45],[46]. 

The Pacific Earthquake Engineering Research (PEER) Center’s performance-based 

earthquake engineering (PBEE) method is a general and widely accepted example of 

probabilistic PBE based on the total probability theorem [11],[12],[23],[44]. The PEER method 

aims to evaluate performance at both the component and system level in terms of DVs such as 

structural response, repair costs, and deaths (i.e., dollars, deaths, and downtime [12]) after an 

earthquake using a series of independent analysis phases which consider four different quantities 

(i.e., IM, EDP, DM, DV) which fully describe the design problem. Additionally, the PEER PBEE 

methodology rigorously accounts for uncertainties affecting each phase of the analysis, e.g., 

component fragility and ground motion variability [12]. Performance is evaluated by estimating 

the probability that specific levels of DVs will be exceeded for a specific structure subjected to 

seismic hazard. This methodology can be used to build the probability distributions of the 

potential losses to stakeholders of the structure in question. Overall, extensive research results 

available in the literature have shown that the use of PBEE methods can lead to more accurate 

loss estimation and more efficient design for structures subject to seismic excitation [23],[47]-

[50]. 

2.4.1 Identification of IMs 

In PBE, IMs serve as a link between hazards and structural response. In order to obtain an 

accurate probabilistic estimate of the response of a structure subject to, for example, seismic 
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loading, an appropriate (i.e., sufficient and efficient) IM must be identified for the structure in 

question. Significant research has been conducted to determine sufficient and efficient IMs for 

use in PBE methodologies [19]-[22]. In the context of PBEE, an IM is said to be sufficient when 

it renders an EDP independent of the earthquake’s magnitude and site to source distance. An IM 

is said to be efficient when its use produces a small variance in the EDP [19]. In studies about 

sufficiency and efficiency of IMs, it was found that no single IM is sufficient and efficient for all 

types of structures. Different IMs have been identified for different types of structures by using 

several different methods, including time history analysis of nonlinear FE models of structures 

subjected to selected historical ground motions. In these studies, it is concluded that the 

determination of a structure specific appropriate IM is an integral part of a PBE methodology 

[19]-[22]. 

2.4.2 Fragility Analysis 

Fragility analysis is the component of a probabilistic PBE approach in which fragility curves 

(or fragility functions) are derived. Fragility functions provide the probabilistic representation of 

the structural capacity of a structure or of a structural component with respect to a specific limit 

state and correspond to the CDFs of DMs conditional to specific values of the corresponding 

EDPs [12]. An important element of fragility analysis is the identification of the pertinent limit 

states for a given structure or structural component.  

Fragility functions are often found or assumed to follow lognormal distributions [51]. In this 

case, the level of EDP corresponding to a given probability of structural damage, p, can be 

determined from a fragility function represented by a lognormal CDF as follows [51]: 

 
1exp( ( ))p mX x p     (5) 
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where Xp = value of EDP describing a probability of damage p, xm = mean of the distribution, β = 

log standard deviation of the distribution, and Φ
-1

(p) = inverse of the standard normal CDF for 

probability p. 

In the field of earthquake engineering, a significant research effort has been conducted 

regarding fragility analysis, including a number of past studies focused on deriving fragility 

functions for structures and structural components [24]-[27],[51]-[53]. Porter et al. [52] noted 

that fragility functions can be obtained from either empirical or theoretical data. In [52], fragility 

functions for structural and nonstructural components of a welded steel moment frame building 

subject to seismic excitation were derived using both empirically and theoretically obtained data 

available in the literature describing building components of interest. In Beck et al. [53], fragility 

functions were derived for reinforced concrete beam-columns subject to seismic excitation 

corresponding to a number of damage states ranging from light damage to collapse. These 

fragility functions were derived from existing empirical data regarding the failure of these types 

of structural components. From these fragility functions, fragility curves (see Figure 4) were 

plotted with respect to the displacement damage index, DDI (i.e., EDP = DDI), defined as the 

structural damage resulting only from member displacements (i.e., curvatures) during earthquake 

loading. Taken from the Park-Ang damage index, the DDI is calculated as follows: 

 m r

u r

DDI
 


 

 (6) 

where Φm = maximum curvature achieved by the beam-column under loading, Φr = recoverable 

curvature after unloading of the beam-column, and Φu = nominal ultimate curvature capacity of 

the beam-column.  

From Figure 4, it is observed that, as the magnitude of the EDP increases, the possible 

damage states become more severe and the damage probability increases.  
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Figure 4. Example fragility curves relative to multiple damage states for concrete beam-columns 

subject to seismic excitation (adapted from [53]). 

2.4.3 Extension of PBE to Hurricane Engineering 

An extension of the PEER PBEE methodology was proposed for hurricane engineering by 

Barbato et al. [23]. This extension is referred to as performance-based hurricane engineering 

(PBHE) and accounts for the different sources of hazard (i.e., wind pressure, flooding, WBD 

impact, and rainfall) related to hurricane landfalls in hurricane prone areas. In addition, the 

PBHE framework accounts for the uncertainties related to the “environment” (i.e., the region not 

affected by the presence of the structure), the “structure”, and the “exchange zone” (i.e., the 

region in which natural actions interact with the structure).  
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3 METHODOLOGY 

This chapter presents the PBE framework for assessment of WBD impact risk and illustrates 

the methodology adopted to build the fragility curves for BECs with ductile behavior. In 

addition, a detailed description of the deterministic FE model and of the uncertainties affecting 

the performance of the BEC is provided.  

3.1 Introduction 

This research proposes to adapt the probabilistic PBE framework developed by PEER for 

earthquake engineering to hurricane engineering problems, with particular emphasis on the 

assessment and mitigation of WBD impact risk. This framework has as theoretical basis in the 

total probability theorem. A crucial component of this research is the identification of 

appropriate IMs that are sufficient and efficient [54] as well as EDPs and DMs describing the 

structural response parameters and damage states, respectively, that are relevant to assess the risk 

due to WBD impact. The focus of this research is the development of fragility curves for BECs 

subjected to WBD impact. 

These fragility curves are constructed using results obtained from stochastic FE models that 

account for inherent uncertainties in both the BECs and in the location of WBD impact. The 

stochastic FE approach adopted in this research consists of building a set of FE models with the 

parameters’ values obtained from MCS. From the mechanical response of the FE models of the 

BECs subjected to WBD impact, the statistics of the relevant EDPs are computed and used to fit 

a theoretical CDF to the simulation results. In the damage analysis phase, relevant damage states 

are identified and the statistical description of the corresponding DMs is obtained, based on 

available data and/or on engineering judgment. Finally, the statistical description of the EDPs 

and DMs are convolved to derive the fragility curves for the DMs of interest.  
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The methodology described here is very general and can be applied to any structural 

component, non-structural component, and/or system subjected to WBD impact hazard. It is 

clear that every different component/system will require the definition of different IMs and will 

be described by different EDPs and DMs. Compiling an exhaustive list of possible IMs, EDPs, 

and DMs is beyond the scope of this research. In this research, the proposed methodology is 

illustrated for the specific problem of an aluminum storm panel (which is representative of BECs 

with ductile behavior) subjected to WBD impact hazard. 

3.1.1 Total Probability Theorem 

The total probability theorem allows the computation of the probability of occurrence of an 

event, A, by using conditional probabilities [55]. Considering a set of n mutually exclusive and 

collectively exhaustive events ( 1,2, , )iE i n  (i.e., events that cannot occur simultaneously, 

and having a sum of their probabilities equal to one), and given the conditional probabilities

( ) ( 1,2, , )iP A E i n , the total probability theorem can be stated as follows: 

 
1 1

( ) ( ) ( ) ( )
n n

i i i

i i

P A P AE P A E P E
 

     (7) 

where ( )iP AE  = probability of simultaneous occurrence of events A and iE . 

In the context of probabilistic PBE, uncertainties are characterized in terms of continuous 

random variables. Given two continuous random variables X and Y, the total probability theorem 

gives the complementary cumulative distribution unction (CCDF) of X, GX(x) as:  

 ( ) ( ) ( )X XX Y
G x G x y f y dy




    (8) 

where ( )
X Y

G x y
 
is the CCDF corresponding to the probability of X being greater than or equal 

to x subject to the condition Y = y [15]. 
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3.1.2 Adopted PBE Methodology 

The methodology adopted in this paper is derived from the PBEE framework developed by 

PEER. The PEER PBEE method is a general and widely accepted example of probabilistic PBE 

based on the total probability theorem [11],[12],[23]. The PEER PBEE framework computes the 

mean annual frequency of exceeding a specific level of a DV at a specific location, [ ]g DV , as: 

        | | | d d dg DV p DV DM p DM EDP p EDP IM g IM D IM EDP DM            (9) 

in which p[A|B] = probability density function (PDF) of random variable A conditional on a 

specified value of random variable B, and g[A] = mean annual frequency of variable A 

outcrossing a specified value. The analysis is decomposed into four phases that must be 

conducted sequentially. A flowchart describing the PEER PBEE methodology is provided in 

Figure 5. The parameters used in any step are chosen so that they remain independent of those 

from all previous steps [23].  

 
Figure 5. PEER methodology flowchart. 

The first phase is known as hazard analysis and consists of defining a hazard curve or hazard 

function, g[IM], for the specific location of the structure. The hazard function defines the 

frequency in which different levels of intensity of the hazard considered are exceeded in a given 

time frame. In the second phase, referred to as structural analysis, a structural model is used to 

determine the PDF of the EDP(s) conditional to knowledge of IM, i.e., p[EDP|IM]. The third 
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phase, referred to as damage analysis, is used to determine the fragility functions that describe 

the probability of exceeding a specific limit state represented in the form of a DM conditional to 

knowledge of EDP, i.e., p[DM|EDP]. Decision variables (DV) related to structural damage are 

then considered in the loss analysis phase, yielding p[DV|DM] in Eq. (9). 

3.2 Description of Physical Specimen 

BEC protection options readily available for practical applications include different types of 

hurricane shutters, e.g., Bahama shutters, colonial shutters, and storm panels. This research 

considers corrugated aluminum hurricane panels, which are chosen over other options based on 

their relatively low cost and ease of installation. The geometrical schematics for this type of 

hurricane protection are readily available. The aluminum panels are made of 0.05” (1.27 mm) 

gauge 3004 H34 type aluminum.  

A picture of the storm panel’s physical specimen is shown in Figure 6(a). The test missiles 

are 2”x4” (nominal dimensions: 5.080 cm and 10.160 cm) pieces of pine wood lumber (with 

actual dimensions after curing and finishing of 1.5 in (3.810 cm) and 3.5 in (8.890 cm)) weighing 

9, 12, and 15 pounds (corresponding to masses of 4.082, 5.443, and 6.804 kg), which represent 

the typical missiles recommended for use in the ASTM E1996 Standard [39]. This standard 

specifies the minimum required performance for protective systems which are impacted during 

extreme wind events. According to the standard, such elements must be able to withstand the 

impact of a 9 pound 2”x4” missile traveling at 90 ft/s (27.432 m/s). Thus, it is clear that the 

ASTM E1996 Standard requirements correspond to a prescriptive approach, which does not 

explicitly consider the uncertainties of WBD impact. 
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Figure 6. Aluminum storm panel: (a) picture of a physical specimen, and  

(b) ABAQUS FE model. 

3.3 Finite Element Modeling 

The commercially available FE program ABAQUS [56] is employed in this research to 

perform the nonlinear FE dynamic impact analyses required to estimate the effects of WBD 

impact on the storm panel. ABAQUS is chosen for its flexibility and extensive modeling options. 

Within ABAQUS, a complete model can be constructed using built-in CAD capabilities. 

ABAQUS also provides the user with several solution algorithms and a vast database of element 

types. Critical features of ABAQUS pertaining to WBD impact modeling include its capabilities 

for dynamic impact analysis and for nonlinear FE analysis, including both nonlinear material 

behavior and nonlinear geometry [56]. 

The three-dimensional geometrical representation of the two different model parts (i.e., the 

aluminum panel and the wood missile) is obtained by extrusion of the technical drawings of the 

panel’s cross-section (obtained from the producer’s website [57], see Figure 7(a)) and the cross-
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section of a 2”x4” lumber missile. Each part is modeled using material constitutive models 

readily available in the ABAQUS library. The wood constituting the missiles is modeled as a 

linear elastic material, while the storm panel’s aluminum is modeled using an isotropic hardening 

material model (similar to the material model used in Roeder and Sun [58], in which impact of 

steel projectiles on aluminum/alumina laminates was studied). This modeling choice is based on 

the fact that isotropic hardening is generally more significant for problems involving high levels 

of plastic strain for a single load cycle (like the ones considered in this research) when compared 

to kinematic hardening effects, which can become more important in modeling the mechanical 

response of materials subjected to cyclic loadings with large hysteresis cycles. The parameters 

used to define the material constitutive models of wood and aluminum are shown in Table 1. 

 
Figure 7. Aluminum storm panel: (a) panel cross section, (b) boundary conditions corresponding 

to the considered installation, and (c) details of the installation and corresponding physical 

constraints. 

Once the model’s individual parts are defined, they are assembled into a three-dimensional 

FE model using the ABAQUS CAE assembly module (see Figure 6 (b)). One of the panel’s 
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corners is located at the origin of the global coordinate system to ensure that the panel’s local 

coordinates correspond to the model’s global coordinates. This allows for easy relocation of the 

missile’s impact point from trial to trial. The boundary conditions of the panel component are 

imposed in order to simulate the mounting of the panel on a fixed rail system, which represents a 

common installation option (see Figure 7(b)). The top and bottom edges (i.e., the shorter sides) 

of the panel are fixed (i.e., the nodal displacements are constrained to be equal to zero in all three 

coordinates) and the portions of the panel that are in direct contact with the mounting system are 

constrained to allow motion only in the plane of the panel. These boundary conditions 

correspond to the connection between the panel and the rail system which is provided through 

the use of bolts (see Figure 7(c)). The left and right sides (i.e., the longer sides) of the panel are 

modeled as unconstrained. A predefined initial velocity field (before impact) is applied to the 

missile. Surface contact between the different components (i.e., the panel and the missile) is 

modeled using the penalty contact algorithm [56],[59]. The contact surfaces in the model are 

taken to be the entire surface of the missile as one surface and the entire surface of the aluminum 

panel as the other surface. 

The standard brick three-dimensional (3D) hexahedral C3D8R (3D continuum element with 

8 nodes and reduced integration) element with enhanced hourglass control and linear 

displacement interpolation in each direction is chosen for building the 3D FE model of the panel 

and the missile. This element type is readily available in the ABAQUS library and is preferred to 

wedge and tetrahedral elements due to its higher accuracy for the same mesh size and faster 

convergence rate when the FE mesh is regular (i.e., the shape deformation of the element is 

small) [56].  A selectively-reduced integration scheme is used to control volumetric locking, 

which can develop in fully integrated hexahedral elements for incompressible materials and can 
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cause displacements to be underestimated. This scheme fully integrates deviatoric strain terms 

and underintegrates volumetric strain terms using a single integration point [60]. Using this type 

of integration scheme, however, can lead to hourglass modes developing during an analysis. 

Hourglassing occurs in elements with only one integration point if the deformation of an element 

results in the calculation of zero strain at the integration point during the analysis. In ABAQUS, 

hexahedral reduced integration elements have built in hourglass mode stabilization control, and 

in the case of models which include nonlinear materials, it is recommended to enable enhanced 

hourglass control to provide greater resistance to hourglass modes [56]. The model mass is 

defined by assigning to each material a mass per unit volume, the values of which are given in 

Table 1. 

Table 1: Statistical characterization of model parameters. 

Parameter Units Mean COV Distribution Min Max 

Missile: Pine Wood 

Density kg/m
3 

494.252 - - - - 

Young’s Modulus GPa 8.963 - - - - 

Poisson’s Ratio - 0.387 - - - - 

Panel: 3004H34 Aluminum 

Density kg/m
3
 2720.935 - - - - 

Young’s Modulus GPa 68.948 10 Normal - - 

Poisson’s Ratio - 0.350 - - - - 

Yield Strength MPa 199.948 10 Normal - - 

Ultimate Strength MPa 241.317 10 Normal - - 

Strain at Rupture - 0.120 - - - - 

Missile Impact Location 

X Impact Location cm - - Uniform 0 36.513 

Y Impact Location cm - - Uniform 0 120.015 

ABAQUS uses the defined density to calculate the inertia properties of the FE model using a 

lumped mass formulation, i.e., the total mass obtained from the volume of the FEs and the 

corresponding material density is concentrated in the individual nodes of each element during the 

dynamic FE analysis [56]. 
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3.4 Dynamic Finite Element Impact Analysis 

WBD impact is analyzed with ABAQUS by using the nonlinear dynamic FE analysis 

technique. The FE model is analyzed using the explicit central-difference direct integration 

scheme [56]. WBD impact is simulated using an automatic time incrementation scheme, which 

ensures global stability of the time integration scheme. The duration of the time history is chosen 

so that both the peak response at impact and the vibration response after impact can be 

examined. Results are reported at 0.0005 s intervals, allowing for the accurate representation of 

the dynamic response of the panel. Both material and geometric nonlinearities are included in the 

analysis.  

 A FE mesh sensitivity study is performed to ensure that the FE results obtained in this 

research are independent of the mesh size. A first FE mesh sensitivity study is performed by 

considering geometric nonlinearities only, i.e., by modeling the aluminum material of the panel 

as a linear elastic material. This study is used to estimate the range of mesh sizes of interest for 

the fully nonlinear model. Figure 8 shows the nodal displacement time histories recorded at the 

center of the panel, Δctr, and corresponding to mesh sizes of 0.500”, 0.330” and 0.250” (1.270, 

0.838, and 0.635 cm respectively) for the FE model with nonlinear geometry and linear 

materials. Here, the mesh size is defined as the maximum dimension of any single hexahedral 

brick element in any direction. It is observed that the Δctr time histories are very close for all the 

meshes considered. In particular, the response of the FE model with nonlinear geometry and 

linear materials is no longer sensitive to the mesh at sizes of 0.250” or smaller.  

The mesh sensitivity study is then repeated for the fully nonlinear FE model. Figure 9  shows 

nodal displacement time histories recorded at the center of the panel, Δctr, and corresponding to 

mesh sizes of 0.500”, 0.330”, 0.250”, and 0.125”( 1.270, 0.838, 0.635, and 0.318 cm 

respectively) for the FE model with nonlinear geometry and linear materials. It is observed that 
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the Δctr time histories obtained from the model with mesh size equal to 0.250” and the model 

with mesh size equal to 0.125” have a difference of less than 3% in the peak values of Δctr, and of 

less than 4% in the residual plastic deflection. 

 
Figure 8. Mesh convergence study for FE model with nonlinear geometry and linear materials. 

A mesh size of 0.250” is chosen for the remainder of the FE analyses performed in this study, 

since the computational cost of a single analysis increases exponentially with decreasing mesh 

size (i.e., 1 hour and twenty minutes CPU time for 0.250” mesh over a 0.0250s time history 

versus 8 hours CPU time for 0.125” mesh over the same time history using a 64 bit Dell 

Precision T3400 machine with 4 GB of RAM, running on two of four cores available in a 2.40 

GHz Intel Core 2 Quad Q6600 quad core CPU). This computational cost increase is prohibitive 

for probabilistic PBE applications,  while the response time histories obtained with a mesh size 

of 0.25” are deemed accurate enough for engineering application. The FE model which is used in 

the remainder of this research has a total of 19,411 elements, 38,104 nodes, and 114,312 degrees 

of freedom (DOFs). The FE response is simulated over a 0.030s time history to ensure the 

accurate representation of the panel’s plastic deflection. 
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Figure 9. Mesh convergence study for fully nonlinear FE model. 

3.5 Modeling of Parameter Uncertainty 

The FE models employed to estimate the EDPs’ statistics are built using the sampled values 

of the model parameters obtained through MCS. This research considers the uncertainties in both 

the material properties of the aluminum panels and the location of the WBD impact. The 

modulus of elasticity, yield stress, and ultimate strength of aluminum are modeled as normally 

distributed random variables, while the aluminum Poisson’s ratio and strain at rupture, as well as 

the pine wood mechanical properties and the material densities of both aluminum and wood are 

modeled as deterministic quantities. The effects of space variability of these uncertain quantities 

are not considered in this research. The X and Y coordinates of the missile impact location 

(defined as the location of impact of the geometric center of the 2”x4” section of the missile) are 

represented as uniform random variables. The values of the model parameters modeled as 

deterministic quantities as well as the statistical description of the parameters modeled as random 

variables are provided in Table 1. Mean values of the aluminum random mechanical properties 

are obtained from [61], while the pine wood elastic modulus and mass density are taken from 
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[62]. Due to the lack of statistical information regarding the mechanical properties of 3004 H34 

aluminum, the types of probability distributions and the coefficients of variation (COVs) are 

selected based on engineering judgment and information regarding similar metallic materials.  

All random parameters are modeled as statistically independent random variables.  
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4 RESULTS AND DISCUSSION 

4.1 Determination of an Appropriate IM 

PBE applications require the identification of a sufficient and efficient IM. Three possible 

choices of IMs are considered here: (1) the missile impact velocity, Vm, (2) the missile impact 

linear momentum, LMm, and (3) the missile impact kinetic energy, KEm. These potential IMs are 

evaluated for sufficiency by using a deterministic FE model for WBD impact analysis with 

material parameters set at their mean value and a constant point of impact corresponding to the 

center of the panel. This model is referred to as the “mean model”. Impacts are simulated at 

various levels of the possible IMs, by considering missiles of three different weights, i.e., 9, 12, 

and 15 pounds (corresponding to masses of 4.082, 5.443, and 6.804 kg), and by varying the 

velocity of the WBD impacts. 

From each dynamic FE analysis, the values of the following two EDPs are recorded: (1) the 

maximum total deflection of the storm panel during impact, max, and (2) the maximum plastic 

deflection of the storm panel after impact, pl. The EDP values are extracted from the FE 

model’s output database through ABAQUS CAE. max is computed as the maximum 

displacement in the direction of impact over the entire response time history for all nodes of the 

panel’s FE model. This EDP is chosen because it is related to the possible damage to the 

windows protected by the storm panel. pl is defined as the largest residual displacement after 

impact in the direction orthogonal to the plane of the panel. This EDP is chosen because it is 

related to the possible damage to the storm panel itself. The values of max and pl recorded for 

the mean model are denoted as 0

max and 0

pl , respectively. A typical time history of the deflection 

of a node of the mean model during the dynamic impact analysis is shown in Figure 10. This 

node is chosen as node # 15,310, with coordinates X15310 = 15.390 cm and Y 15310 = 60.330 cm 
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(i.e., close to the center of the panel). Figure 10 also shows the values of the total deflection  

( 0

max,15310 ) and of the plastic deflection ( 0

pl,15310 ) for node # 15,310. 

 
Figure 10. Typical time history of the nodal deflection along the impact direction  

(node #15,310). 

The EDP values for the mean model are plotted versus their corresponding IM values in 

Figure 11 through Figure 13 in order to determine the sufficiency of the three potential IMs 

considered in this research. In particular, Figure 11 plots the EDPs as functions of Vm, Figure 12 

plots the EDPs as functions of LMm, and Figure 13 plots the EDPs as functions of KEm. It is 

observed that both 0

max and 0

pl  present a significant scatter when Vm and LMm are used as IM. In 

fact, the EDPs are dependent on Vm and LMm (with an approximately linear functional 

dependency) and on the weight of the missile. In contrast, the values of the two EDPs are 

practically independent of the weight of the missile when KEm is used as IM. Thus, KEm is 

identified as the only sufficient IM (among the three potential IMs considered here) for the EDPs 

considered in this research. 



34 

 

 
Figure 11. EDPs’ values for the mean model considering Vm as IM.  

 

 
Figure 12. EDPs’ values for the mean model considering LMm as IM. 

It is found that, for values of KEm larger than 0.250 kJ, 0

max and 0

pl  can be expressed as 

quadratic functions of KEm. The following relations are found by using a least-square fitting 

procedure for KEm ≥ 0.250 kJ and by adding a quadratic interpolation curve for 

m0 kJ 0.250 kJKE  : 
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The fitting curves given in Eqs. (10) and (11) are shown in Figure 13. The quadratic fitting 

provides a very good representation of the results obtained from the FE analyses. This finding 

suggests that the EDP-IM relations 0

max - KEm and 0

pl - KEm can be estimated with sufficient 

accuracy using only three FE analyses. 

 
Figure 13: EDPs’ values for the mean model considering KEm as IM. 

Based on the results obtained, it is inferred that KEm is an appropriate IM for BECs with 

ductile behavior. This result is consistent with results recently made available in the literature 

[6]. It is noted here that most of the studies currently available in the literature are focused on 

WBD impact on glass and/or other BECs with brittle behavior and suggest the use of LMm as IM 

for these types of BECs [32],[36] . 
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4.2 Structural Analysis Results and Statistical Characterization of the EDPs 

In the structural analysis phase, the statistical description of the EDPs conditional to the 

value of the identified IM (i.e., KEm) is obtained by using stochastic FE analysis for the BECs 

subjected to WBD impact. A statistically representative number of samples of the random 

parameters are obtained using MCS for each level of IM. The sampled values of the parameters 

are used as input to define the different sample FE models. Based on preliminary FE analyses, a 

number of 100 simulations per IM level is selected in order to identify an appropriate distribution 

for the fragility curves with an adequate accuracy for engineering applications. The different 

levels of the IM are obtained by using only one missile weight (i.e., 15-pound missile) and by 

varying the velocity of the missile. The results of 100 simulations for each random variable 

considered in the model corresponding to impact intensity of KEm = 0.612 kJ and with the 

boundary conditions shown in Figure 7 are shown in APPENDIX A. 

4.2.1 Identification of Impact Typologies 

Figure 14 and Figure 15 plot the experimental CDFs for max and pl, respectively, for 

different levels of KEm (i.e., KEm = 0.272, 0.612, 1.088, 1.700, 2.447, and 3.331 kJ). Each CDF 

is obtained from the results of 100 stochastic FE analyses at a specific level of IM. Three distinct 

regions can be identified in each of these experimental CDFs. The first region corresponds to a 

concentration of FE analyses resulting in very small values of max and pl. The second region 

includes FE analyses which provide values of max and pl that are more spread out. Finally, the 

third region in the experimental CDFs corresponds to the FE analyses in which the missile 

penetrates the storm panel. In this thesis, these impacts are referred to as “penetrations”. For 

these FE analyses, it is not possible to identify specific values of max and pl and only the 

number of penetrations observed at each level of IM can be recorded. These numbers of 
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penetrations are reported in Figure 14 and Figure 15. It is observed that the numbers of 

penetrations do not significantly vary for different levels of KEm.  

 
Figure 14. Experimental CDFs for max including all types of impacts. 

 

 
Figure 15. Experimental CDFs for pl including all types of impacts. 

The experimental CDFs shown in Figure 14 and Figure 15 can be better interpreted by 

analyzing the WBD impact locations and the corresponding impacts’ characteristics. In 
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particular, it is observed that the recorded values of max and pl are usually very small when the 

impact locations belong to the portion of the storm panel where the fixed boundary conditions 

are applied (including an additional rectangular area along the short side of the panel of width 

equal to one half of the height of the 2”x4” missile, i.e., 4.445 cm). These impacts are referred to 

as “boundary impacts” in this thesis, since the values of the EDPs critically depend on the 

boundary conditions applied. The main effect of these boundary impacts is a net reduction in the 

vulnerable area of the panel, assuming that the wall on which the panel is attached is not 

vulnerable to damage from WBD impact. More generally, the values of the EDPs for boundary 

impacts depend not only on the storm panel’s properties, but also on the properties of the 

structural component on which the storm panel is installed. In contrast, when the impacts do not 

occur on this portion of the storm panel and are not penetrations, larger values of max and pl are 

usually recorded. In this thesis, these impacts are referred to as “ordinary impacts”. Figure 16 

shows the impact locations on the storm panel and the corresponding impact types (i.e., 

boundary impacts, ordinary impacts, and penetrations) of 100 FE analyses with random material 

properties and random impact locations for 15-pound missiles impacting at 30, 50, and 70 mph 

(i.e., for KEm = 0.612, 1.700, and 3.331 kJ, respectively). It is noteworthy that the impact 

locations of the penetrations are concentrated in the portions of the storm panel which are located 

near the unconstrained sides. The dimensions of these portions are practically constant for all the 

values of KEm, and can be approximately identified with two symmetric parabolic segments with 

basis b = 103.510 cm and height h = 6.350 cm (see Figure 16).  The sum of the areas of these 

two parabolic segments correspond to 20.0% of the area of the panel, which is very close to the 

average ratio between the number of penetrations and the total number of impact analyses 

estimated over all values of KEm considered in this research (i.e., 20.8%, with 125 penetrations 
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out of 600 FE simulations). 101 of the 125 penetrations recorded are located within these two 

symmetric parabolic segments. These observations suggest that penetration is dependent on 

impact location and boundary conditions rather than intensity of the WBD impact and variability 

of the storm panel’s material properties.  

 
Figure 16. Impact locations and corresponding impact types: (a) KEm = 0.612 kJ,  

(b) KEm = 1.700 kJ, and (c) KEm = 3.331 kJ.  

4.2.2 Statistical Characterization of the EDPs for Ordinary Impacts 

The variability of the EDPs corresponding to ordinary impacts is also of interest. New 

experimental CDFs are obtained considering only the values of the EDPs obtained from the 

ordinary impacts (i.e., by eliminating the results corresponding to the boundary impacts and the 

penetrations, and then by normalizing the probability of the remaining results to 1). From these 

values, the means and standard deviations for max and pl are computed at the different levels of 

KEm. The normal, lognormal, and truncated normal (with lower truncations at max = 0 cm and 

pl = 0 cm, respectively) distributions are compared in order to find the best fit to the ordinary 

impacts’ results. This comparison is performed by using the modified Kolmogorov-Smirnov 

goodness-of-fit test [63], which accounts for the fact that the distributions’ parameters are 
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estimated from the data. Figure 17 illustrates the experimental CDF for EDP Δmax, and the 

theoretical CDFs corresponding to KEm equal to 0.612 kJ (i.e., to 15-pound missiles impacting at 

30 mph) for all considered distributions. Figures presenting the experimental and theoretical 

CDFs for Δmax and Δpl for all considered levels of KEm are presented in APPENDIX B. 

 
Figure 17. Experimental and fitted CDFs of max for ordinary impacts and KEm = 0.612 kJ. 

In the modified Kolmogorov-Smirnov test, the proposed distribution is accepted at a given 

significance level, , if the maximum difference between the experimental CDF and the 

theoretical CDF, Dn, is less than the critical value, Dn,, corresponding to the given level of 

significance [55]. If multiple distributions are acceptable at a given significance level, a more 

detailed statistical analysis (e.g., involving the use of the method of matching moments, 

maximum likelihood tests, and/or probability plots [55],[63]) is needed to decide the best fit. 

Table 2 presents the results of the modified Kolmogorov-Smirnov testing on the reduced data 

sets at a significance levels  = 5% and  = 1%. The critical Dn, values are obtained from [63]. 

In Table 2, bolded Dn values indicate that the considered probability distribution is acceptable at 
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 = 5% significance, and underlined Dn values indicate that considered probability distribution is 

acceptable at  = 1% significance.  

Table 2: Modified Kolmogorov-Smirnov test results for the probabilistic characterization of the 

EDPs corresponding to ordinary impacts. 

KEm 

[kJ] 
N 

Observed Dn (Δmax - Δpl) Critical Dn 

Distribution 

Normal Lognormal Truncated Normal .05 .01 

0.272 66 0.117-0.160 0.063-0.100 0.078-0.112 0.109 0.127 

0.612 60 0.117-0.086 0.178-0.129 0.114-0.085 0.114 0.133 

1.088 69 0.111-0.096 0.132-0.125 0.113-0.099 0.107 0.124 

1.700 60 0.113-0.102 0.135-0.133 0.118-0.111 0.114 0.133 

2.448 62 0.074-0.085 0.093-0.122 0.069-0.084 0.113 0.131 

3.331 70 0.158-0.163 0.188-0.196 0.164-0.160 0.106 0.123 

It is observed that (1) at 5% significance, many of the data sets can be represented by normal 

or truncated normal distributions, while in only three cases a lognormal distribution can be 

accepted; and (2) at 1% significance, a normal or truncated normal distribution is acceptable in 

most of the cases (with the exception of the largest value of KEm for both normal and truncated 

normal distribution, and of the smallest value of KEm and pl for the normal distribution), while a 

lognormal distribution is acceptable only in two cases out of six for max and in four cases out of 

six for pl. Thus, the lognormal distribution is excluded as a possible fit for the data, and the 

truncated normal distribution is preferred over the normal distribution because it avoids 

physically impossible negative values of max and pl. 

Figure 18 compares the mean values of max, μ(max), corresponding to the ordinary impacts 

in the probabilistic FE model simulations and the 0

max  curve given in Eq. (2). Figure 18 also 

shows the values of μ(max) plus/minus one standard deviation, σ(max), as well as the minimum 

and maximum values of max recorded over all the FE analyses performed (denoted as “Min” and 

“Max”, respectively, in Figure 18).  
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It is observed in Figure 18 that the curve μ(max) is consistently higher than 0

max , and the 

minimum and maximum values of max show a significant dissymmetry when compared with the 

μ(max) curve (i.e., the difference between the μ(max) and the Min curve is significantly larger 

than the difference between the μ(max) and the Max curve). The standard deviation σ(max) 

increases at a slower rate than μ(Δmax) as KEm increases, i.e., the COV (i.e., the ratio 

σ(max)/μ(max)) significantly decreases (from 0.414 to 0.186) in the m0.272 kJ 3.331kJKE   

range. 

 
Figure 18. Comparison of 0

max  and statistics of Δmax. 

It is observed that the two curves μ(max) - σ(max) and 0

max are close in the same KEm range. 

The difference between the mean EDP μ(max) and the EDP of the mean model, 0 , can be 

represented as normalized discrepancy δ(Δ), defined as: 

  
 

 

0μ
δ

σ

 
 


 (12) 
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in which  denotes max or pl, and 0  denotes 0

max  or 0

pl . It is observed that δ(Δmax) assumes 

values close to about 70% over the considered KEm range. The last observation suggests that it 

may be possible to obtain an approximate estimate of the mean and standard deviation from the 

0

max  curve. 

Figure 19 compares the 0

pl , μ(pl), μ(pl) + σ(pl), and μ(pl) - σ(pl) curves and shows the  

minimum and maximum values of pl recorded over all the FE analyses performed. Similar 

observations can be made for pl as those made for Δmax in Figure 18. In particular, the 

coefficient of variation σ(pl)/μ(pl) decreases from 0.551 for m 0.272 kJKE   to 0.185 for 

m 3.331kJKE  , and the normalized discrepancy δ(Δpl) remains close to about 80% over the 

considered KEm range. Table 3 reports the values of the mean, standard deviation, COV, and 

normalized discrepancy for both max and pl. 

 

 
Figure 19. Comparison of 0

pl  and statistics of Δpl. 
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Table 3: Statistics of EDPs.  

KEm 

[kJ] 

μ  [cm] σ  [cm] COV  [%] δ  [%] 

max pl max pl max pl max pl 

0.272 4.44 3.31 1.84 1.82 41.4 55.1 69.6 85.3 

0.612 6.70 5.48 2.35 2.17 35.0 39.6 71.1 81.2 

1.088 8.90 7.89 2.33 2.25 26.2 28.6 65.2 75.8 

1.700 11.74 10.74 2.80 2.96 23.8 27.6 64.9 64.1 

2.448 14.23 13.33 2.65 2.53 18.6 19.0 72.7 78.1 

3.331 16.73 15.76 3.10 2.92 18.6 18.5 84.8 86.5 

4.3 Effects of Impact Location Variability and Boundary Conditions 

The effects of the impact location variability and boundary conditions are studied by 

performing 100 FE analyses for KEm = 1.088 kJ (i.e., for a 15-pound missile impacting the panel 

at 40 mph): (1) with random impact locations (with the same probability distributions as 

described in Table 1) and the same boundary conditions described in Figure 2, but with 

deterministic material parameters (with values set equal to their means, see Table 1); and (2) 

with random impact locations and material parameters (with the same probability distributions as 

described in Table 1), but different boundary conditions (see Figure 20).  The new boundary 

conditions correspond to the same installation previously considered (i.e., the mounting of the 

panel on a fixed rail system); however in this case, the storm panel that is wider than the opening 

required for the window and it overlaps the installation wall by 0.5 in (1.270 cm) along the two 

unconstrained sides of the panel. The portions of the wall that overlap with the installed panel are 

explicitly incorporated into the FE model in order to simulate the effects of the contact between 

the deformed panel subject to WBD impact and the wall. The wall is considered sufficiently 

strong to tolerate impact without damage (a hypothesis that represents a reasonable 

approximation for brick and/or concrete walls) and is modeled as a rigid component by 

constraining all DOFs of the corresponding FE portion. In order to simulate the impact between 

the deformed panel and the rigid wall, two new surface-to-surface contact pairs are defined 

between the panel and the new portion of the FE model representing the wall.  
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Figure 20. Boundary conditions corresponding to storm panel wider than window opening 

(New BCs case): (a) front view, and (b) section view. 

Figure 21 shows the impact points and the corresponding impact type with KEm = 1.088 kJ 

for the case (1) with random material properties and impact locations and original boundary 

conditions (referred to as “Original Model”) in Figure 21(a); (2) with random impact locations, 

deterministic material parameters and original boundary conditions (referred to as “Deterministic 

Material”) in Figure 21(b); and with random impact locations and material parameters but new 

boundary conditions (referred to as “New BCs”) in Figure 21(c). 

For the Deterministic Material case, 27 penetrations are recorded out of the 100 FE 

simulations, compared to the 22 penetrations recorded for the portion in the Original Model case. 

22 of the 27 penetrations (i.e., 81.5%) occur within the two symmetric parabolic segments 

previously identified as the storm panel’s portions that are vulnerable to penetration. For the 

New BCs case, only four penetrations are recorded out of the 100 FE simulations. This reduction 

of the number of penetrations is very significant, since it is obtained with a relatively small 

modification of the boundary conditions which can be easily implemented in practical 

applications (e.g., by introducing into building codes minimum requirements on the overlap 

between walls and storm panels). The storm panel’s portion where the missile impacts can be 

classified as boundary impacts (i.e., impacts producing very small deflections due to the 

boundary conditions in the FE model) is significantly larger when compared to the Original 



46 

 

Model case. In fact, in addition to the two regions at the top and at the bottom of the panel 

identified in the Original Model case, this portion includes two additional regions located along 

the unconstrained sides of the panel which have a width equal to the width of the overlap 

between the wall and the storm panel plus one half of the width of the missile (i.e., 3.175 cm). 

From Figure 21(c), it is observed that three of the four recorded penetrations in the New BCs 

case occur within the region defined as the difference between the two symmetric parabolic 

segments identified as vulnerable to penetration in the Original Model case and the new region 

with boundary impacts. The impact location of the fourth penetration is also very close to the 

vulnerable region identified above. The previous observations confirm that penetration of storm 

panels is strongly dependent on the missile’s impact location and storm panel’s boundary 

conditions, while it is only weakly dependent on the variability of the storm panel’s material 

properties. 

 
Figure 21. Impact locations and corresponding impact types for KEm = 1.088 kJ:  

(a) Original Model case, (b)  Deterministic Material case, and (c) New BCs case. 
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Figure 22 and Figure 23  compare the experimental CDFs of the EDPs Δmax and Δpl, 

respectively, relative to KEm = 1.088 kJ and corresponding to ordinary impacts for the Original 

Model, Deterministic Material, and New BCs cases.  

 
Figure 22. Effects of boundary conditions and material variability on the experimental CDFs 

of max for ordinary impacts and KEm = 1.088 kJ. 

 

 
Figure 23. Effects of boundary conditions and material variability on the experimental CDFs of 

pl for ordinary impacts and KEm = 1.088 kJ. 



48 

 

In both Figure 22 and Figure 23, the three experimental CDFs are similar, particularly the 

ones corresponding to the Original Model and the New BCs cases. The CDFs of Δmax and Δpl 

corresponding to the Deterministic Material case have a slightly smaller mean than in the other 

two cases. These results suggest that, in contrast to the number of penetrations and boundary 

impacts, the variability of the material parameters has a greater influence (albeit overall small) 

than the boundary conditions on the probability distributions of the EDPs relative to ordinary 

impacts only. 

4.4 Damage Analysis Results and Development of Fragility Curves 

In the damage analysis phase, the EDPs (max and pl) obtained in the structural analysis 

phase are compared to relevant DMs, including a measure of damage to the panel itself, a 

measure of damage to the window behind the panel, and a measure of complete penetration. 

Figure 24 graphically represents the failure conditions corresponding to these DMs. Figure 24(a) 

illustrates the limit state corresponding to failure of the panel only. In this scenario, a WBD 

impact causes the hurricane panel to reach an excessive plastic deformation (i.e., the plastic 

deformation is enough to render the panel unusable in future storms, yet the maximum deflection 

of the panel is not enough to damage the window behind it). This failure occurs when the value 

of the EDP pl recorded from the FE model output is larger than or equal to the threshold DM 
plξ  

assumed to warrant replacement of the panel (i.e., 
pl plξ  ). In this research, it is assumed that 

plξ  can be represented as a lognormally distributed random variable with mean  plμ ξ  = 2.500 

inches (6.350 cm), and coefficient of variation  plCOV ξ  = 0.100. Figure 24(b) illustrates the 

limit state corresponding to excessive deformation of the panel resulting in the failure of both the 

panel and the window behind it. In this case, a failure occurs when the EDP max obtained from 
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the FE analysis is larger than or equal to the threshold DM maxξ , defined as the minimum 

distance between the storm panel and the window protected by the panel (i.e., max maxξ  ). It is 

assumed that the maxξ  can be represented as a lognormally distributed random variable with 

mean  maxμ ξ  = 5.0 inches (12.700 cm), and coefficient of variation  maxCOV ξ  = 0.150. The 

statistics of 
plξ  and maxξ  adopted in this thesis represent realistic values of the means and COVs 

based on engineering judgment. However, for real-world applications, these statistics should be 

obtained from statistical data regarding window installation in the hurricane prone region of 

interest. Figure 24(c) illustrates the complete penetration of the panel and window after WBD 

impact. A simulation corresponding to a missile penetration is also considered a failure with 

respect to the other two DMs of interest. 

 
 

Figure 24. Damage limit states: (a) damage to the storm panel, (b) damage to the 

window, and (c) penetration of the missile. 
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Fragility curves are constructed from the data by plotting the probability of failure relative to 

each DM versus its corresponding level of IM. These curves represent the CDFs of the relevant 

DMs as functions of KEm and are presented in Figure 25. Each data point in Figure 25 is 

representative of 100 stochastic FE simulations at a specific level of the IM. Therefore, the 

probability of failure with respect to each DM is the number of total failures out of 100 total 

trials for each discrete KEm level. In addition to the fragility curves obtained by modeling both 

plξ  and maxξ  as random variables (referred to as random threshold (RT) fragility curves), Figure 

25 also plots the fragility curves obtained by assuming 
plξ  and maxξ  equal to their mean values 

(referred to as deterministic threshold (DT) fragility curves). 

 
Figure 25: Fragility curves for hurricane protection panels. 

In Figure 25, it is observed that (1) the DT and RT fragility curves for the DM related to the 

panel failure (i.e., for the limit state
pl plξ  ) are extremely close; (2) the RT fragility curve for 

the DM related to the window failure (i.e., for the limit state max maxξ  ) is significantly flatter 

(i.e., it is characterized by a larger dispersion) than the corresponding DT fragility curve; and (3) 

for low values of KEm, penetrations are the dominant failure condition. Thus, while the panel 



51 

 

failure is practically insensitive to the randomness of the failure threshold, the window failure 

condition shows a non-negligible dependence on the variability of the failure threshold. 
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5 CONCLUSIONS AND RECOMMENDATIONS 

This thesis presents the development of windborne debris (WBD) impact fragility curves for 

building envelope components (BECs) in the context of a performance-based engineering (PBE) 

methodology for assessment and mitigation of WBD impact hazard produced by hurricanes. 

These fragility curves provide the probabilistic description of the impact resistance of BECs 

subject to an impact event described by an appropriate intensity measure (IM). Monte Carlo 

simulation is used in combination with the FE method to propagate the uncertainties from 

modeling parameters (such as material constitutive parameters and impact location) to 

engineering demand parameters (EDPs), i.e., response parameters computed, in this case, by 

using dynamic impact analysis of nonlinear FE models of BECs and wooden missiles. 

Appropriate damage measures (DMs) are defined to describe relevant physical states of damage 

and evaluate the structural performance.  

This thesis focuses on BECs with ductile behavior. For this typology of BECs (which 

includes the aluminum storm panels for window protection used as an application example in 

this thesis), it is found that the impact kinetic energy, KEm, is a sufficient IM. Three damage 

states are identified, namely (1) damage to the storm panel (with EDP corresponding to the 

maximum plastic deformation of the panel, pl); (2) damage to the window protected by the 

storm panel (with EDP corresponding to the maximum total deflection of the panel, max); and 

(3) penetration of the panel by the missile. Three typologies of impacts are identified: (1) 

boundary impacts, (i.e., impacts whose effects are mainly dependent on the installation details of 

the storm panel and on the strength of the wall on which the panel is installed); (2) penetrations; 

and (3) ordinary impacts. For boundary impacts, the values of the EDPs are generally very small 

and, under the assumption that the wall is sufficiently resistant to avoid damage from WBD 
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impact, correspond to no building damage. For penetrations, the values of the EDPs are 

undetermined and the level of damage to the building is the highest produced by WBD impact. 

For ordinary impacts, the values of the EDPs related to panel damage and window damage show 

a significant variability and can be described using, e.g., a truncated normal probability 

distribution. It is observed that impact location has a crucial effect on determining the type of 

impact and the corresponding damage to the structure. It is shown that a small change in the 

model’s boundary conditions results in a significant reduction of the number of penetrations 

observed. Therefore, the recommendation is made to include in future building codes a minimum 

requirement for the overlap between hurricane protection panels and the walls of a structure. 

This minimum requirement would have the beneficial effect to reduce significantly the 

probability of penetration of WBDs in buildings with a minimal modification of common 

practice and a negligible additional cost for the building’s owners and the storm panels’ 

producers. It is also shown that, while boundary impacts and penetrations depend mainly on the 

boundary conditions (i.e., installation details) of the storm panel, the values of the EDPs obtained 

from ordinary impacts show a small but not insignificant dependency on material variability. 

Development of fragility curves for BECs plays an integral role in the development of a 

probabilistic performance-based hurricane engineering (PBHE) framework. The procedure 

developed in this thesis can be extended to any type of BEC subject to WBD impacts. Further 

research is needed to identify appropriate IMs, EDPs, and DMs for different typologies of BECs 

and structural components of structural systems located in hurricane-prone regions.  

Based on the research presented in this thesis, the following recommendations for future 

research are made. (1) In order to confirm the results obtained in this research, an experimental 

validation must be conducted for aluminum hurricane protection panels with different 
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installation typologies. The experiments should be conducted using an apparatus capable of 

launching 2”x4” lumber missiles at the speeds necessary to achieve the levels of KEm considered 

in this research (i.e., the air cannon at Louisiana State University). (2) As there are many 

different types of BECs and WBD impact protection systems with vastly different materials and 

characteristics, the development of fragility curves for these other types of BECs is crucial. The 

vulnerabilities of both BECs with brittle materials and ductile materials have been assessed in 

previous research available in the literature, but there remains a need to assess the vulnerability 

of BECs with intermediate properties representative of behavior between brittle and ductile. (3) 

The behavior of BECs impacted by types of WBD other than rod type 2”x4” lumber missiles is 

not considered in this research. Previous research demonstrates that BECs subjected to WBD 

impact behave differently depending on the type of the WBD impacting them. Therefore, it is 

recommended to develop fragility curves for BECs subject to WBD impact by compact and sheet 

type debris to give a full description of their fragilities in terms of WBD impact. (4) It is also 

noted that structures are subjected to several different hazards besides WBD impact during a 

hurricane. There are some sources of hazard which may interact with each other and compound 

the damage to a structure. A particular area of interest for future research related to WBD impact 

on BECs is the study of the effects of interaction between WBD impact and wind pressure. (5) 

The development of overall fully-probabilistic PBHE framework is necessary to rigorously 

assess the hazards and possible damages to a structure located in a hurricane-prone region. The 

methodology presented in this thesis for developing fragility curves for BECs subjected to WBD 

impact can be extended in order to develop a more general overall PBHE framework. Such 

framework should account for the interaction among different hazards and between hazard and 
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fragility (e.g., WBD damage to a structure increases the fragility of the structure to wind hazard, 

and wind damage increases the hazard of WBD impact for surrounding structures). 
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APPENDIX A SAMPLE RESULTS OF MCS 

This appendix presents the 100 sampled values of each random variable considered in this 

research corresponding to the original model case for KEm = 0.612 kJ. These values are obtained 

using Monte Carlo simulation. In each figure, the theoretical mean value and 10% and 90% 

fractiles are also shown for each random variable. 

 
Figure 26. MCS results for aluminum Young's modulus. 

 



62 

 

 
Figure 27. MCS results for aluminum yield stress. 

 

 
Figure 28. MCS results for aluminum ultimate stress. 
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APPENDIX B EXPERIMENTAL AND FITTED CDFS  

This appendix provides the comparison between the reduced CDFs (i.e., corresponding to 

ordinary impact only) experimentally obtained from FE simulations and the normal, lognormal, 

and truncated normal theoretical distributions with parameters estimated from the sample data. 

These CDFs are used to perform a modified Kolmogorov-Smirnov goodness of fit test to 

determine which theoretical distribution best describes each of the experimentally obtained data 

sets (i.e., corresponding to Δmax and Δpl for ordinary impacts at each level of KEm considered in 

this research). 

 
Figure 29. Experimental and fitted CDFs of max for ordinary impacts and KEm = 0.272 kJ. 
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Figure 30. Experimental and fitted CDFs of pl for ordinary impacts and KEm = 0.272 kJ. 

 

 
Figure 31. Experimental and fitted CDFs of pl for ordinary impacts and KEm = 0.612 kJ. 
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Figure 32. Experimental and fitted CDFs of max for ordinary impacts and KEm =1.088 kJ. 

 

 
Figure 33. Experimental and fitted CDFs of pl for ordinary impacts and KEm = 1.088 kJ. 
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Figure 34. Experimental and fitted CDFs of max for ordinary impacts and KEm = 1.700 kJ. 

 

 
Figure 35. Experimental and fitted CDFs of pl for ordinary impacts and KEm = 1.700 kJ. 
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Figure 36. Experimental and fitted CDFs of max for ordinary impacts and KEm = 2.448 kJ. 

 

 
Figure 37. Experimental and fitted CDFs of pl for ordinary impacts and KEm = 2.448 kJ. 
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Figure 38. Experimental and fitted CDFs of max for ordinary impacts and KEm = 3.331 kJ. 

 

 
Figure 39. Experimental and fitted CDFs of pl for ordinary impacts and KEm = 3.331 kJ. 
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