
This article appeared in a journal published by Elsevier. The attached
copy is furnished to the author for internal non-commercial research
and education use, including for instruction at the authors institution

and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party

websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright

http://www.elsevier.com/copyright


Author's personal copy

Fragility curves for building envelope components subject to windborne
debris impact

A.H. Herbin, M. Barbato n

Department of Civil and Environmental Engineering, Louisiana State University, Patrick F. Taylor Hall, Baton Rouge, LA 70803, USA

a r t i c l e i n f o

Article history:

Received 24 October 2011

Received in revised form

7 May 2012

Accepted 28 May 2012
Available online 20 June 2012

Keywords:

Performance-based engineering

Windborne debris

Finite element method

Building envelope components

Fragility curves

a b s t r a c t

This paper 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 states 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.

& 2012 Elsevier Ltd. All rights reserved.

1. Introduction

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 (NSB, 2007; Pielke et al., 2008) and worldwide (Kentang,
2000; Stewart, 2003). Severe 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
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 assess-
ment and mitigation for structures subjected to hurricane hazard
(Li and Ellingwood, 2006; Holmes, 2008, 2010). The advancement
of structural reliability analysis and the development of probabil-
istic performance-based 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 (Nowak, 1999;
Abu-Farsakh et al., 2010; Kwon et al., 2011). Probabilistic perfor-
mance-based methods are extensively developed in the field of

earthquake engineering (Cornell and Krawinkler, 2000; Porter,
2003). 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 (Hamburger and Whittaker, 2003; Augusti and
Ciampoli, 2006; Rini and Lamont, 2008; Ciampoli et al., 2009;
Petrini, 2009).

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 mea-
sures (Bertero and Vitelmo, 2002). 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
(Bertero and Vitelmo, 2002), first-mode spectral acceleration
(Luco and Cornell, 2007)) and vector IMs (Baker and Cornell,
2005, 2008; Vamvatsikos and Cornell, 2005) have been identified
and employed. In hurricane engineering, physical quantities
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related to mean wind speed are good candidates for use as
efficient and sufficient IMs (Petrini, 2009).

Performance is determined by comparing the response of the
structure to appropriate damage measures (DMs), which are used
to describe physical states of damage (Porter, 2003). The PBE
methodology can also provide an estimate of structural risk by
determining the probability of exceeding a given value of a
decision variable (DV) which corresponds to a specified level of
performance (Barbato et al., 2011). A DV is defined as a measur-
able quantity that represents the cost and/or benefit (e.g., mone-
tary losses, loss of lives, downtime, and/or other factors) for the
owner, the users, and/or the society resulting from the structure
under consideration (Porter, 2003). DVs for several design options
can be compared in a PBE assessment analysis to guide the
rational selection of a final design (Barbato et al., 2011).

A critical feature of probabilistic PBE methods is the explicit
consideration of uncertainties. Uncertainties can be classified into
two different categories, i.e., inherent randomness (due to natural
variability of physical, geometrical, and mechanical properties)
and epistemic uncertainties (due to lack of knowledge, imprecise
modeling, and limited statistical information) (Lupoi et al., 2006).
Inherent randomness is virtually irreducible since it is an inevit-
ability of nature. In contrast, epistemic uncertainties can be
reduced, e.g., by implementing more accurate and realistic mod-
els. There is a great need to develop a probabilistic PBE metho-
dology 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, significant
research interest has been focused on the construction of fragility
curves (Gardoni et al., 2002; Lupoi et al., 2006; Brandenberg et al.,
2011). 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 (Mackie and Stojadinovic,
2004). In hurricane engineering, only limited research has been
devoted to fragility analysis (Gurley et al., 2005a,b; Li and
Ellingwood, 2006; FEMA, 2007). 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 most susceptible to damage during a hurri-
cane (Li and Ellingwood, 2006). The building envelope consists of
non-structural components such as non-load-bearing walls, win-
dows, doors, and roofing. When the building envelope is compro-
mised, the structure is subjected to a much higher risk of damage
due to increased internal wind pressure and water penetration
from rain and flooding (Li and Ellingwood, 2006; Lopez et al.
2011). 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.

Substantial research has focused on WBD hazard in residential
settings and performance of building envelope components
(BECs) subject to WBD impact loading. Earlier studies focused
on practical design approaches (Minor et al., 1978), on the
deterministic description of the flight characteristics of different
WBD (Tachikawa, 1983, 1988), and on the resistance of different
materials to WBD impact (McDonald, 1990). In the recent past
and particularly after the extensive damage to glazing elements
produced by Hurricane Andrew (NAHB, 1993), an increased
attention was given to risk analysis (Twisdale et al., 1996) and
damage analysis (NAHB, 2002; Willis et al., 2002). This new
interest led to improved standardized tests for WBD impact
resistance of BECs (ASTM, 2005a,b) and probability-based damage
models for BECs subject to WBD impact hazard (Pinelli et al.,
2004; Gurley et al., 2006; FEMA, 2007).

More recently, significant research has been devoted to the
study of WBD flight trajectories and speeds (Lin et al., 2006, 2007;
Martinez-Vazquez et al., 2010; Kordi et al., 2010; Kakimpa et al.,
2010; Scarabino and Giacopinelli, 2010), on WBD risk analysis
(Holmes, 2008, 2010; Lin and Vanmarcke, 2010; Lin et al., 2010),
and on the vulnerability of BECs (Masters et al., 2010; Fernandez
et al., 2010). It is noted here that only scarce information is
available regarding the fragility of BECs with ductile behavior
(Borges et al., 2009; Fernandez et al., 2010).

The objective of this research is to propose a methodology for
developing the fragility curves corresponding to representative
damage states for BECs and BEC protection systems subjected to
WBD impact loading. This methodology is based on the combina-
tion of finite element (FE) analysis and Monte Carlo simulation
(MCS) (Liu, 2001), and is integrated into a general probabilistic
PBE framework. The fragility curves corresponding to different
damage states are derived for a storm panel representative of
BECs with ductile behavior. Appropriate IMs, EDPs, and DMs for
BECs with ductile behavior are also identified.

2. Methodology

The methodology adopted in this paper is derived from the
performance-based earthquake engineering (PBEE) framework
developed by the Pacific Earthquake Engineering Research Center
(PEER). The PEER PBEE method is a general and widely accepted
example of probabilistic PBE based on the total probability
theorem (Cornell and Krawinkler, 2000; Porter, 2003; Barbato
et al., 2011). The PEER PBEE framework computes the mean
annual frequency of exceeding a specific level of a DV, g[DV], as:

g DV½ � ¼

ZZZ
G DV9DM
� �

� p DM9EDP
� �

� p EDP9IM
� �

�
dg IM½ �

dIM

����
����� dIM � dEDP � dDM

¼

ZZZ
G DV9DM
� �

� dG DM9EDP
� ��� ��� dG EDP9IM

� ��� ��� dg IM½ �
�� ��

ð1Þ

in which G[A9B]¼complementary cumulative distribution func-
tion (CDF) of random variable A conditional on a specified value of
random variable B, p[A9B]¼probability density function (PDF) of
random variable A conditional on a specified value of random
variable B, and g[A]¼mean annual frequency of variable A out-
crossing a specified value. In Eq. (1), the two equivalent forms are
obtained by using the relation 9dG[A9B]9¼p[A9B]UdA. The analysis
is decomposed into four phases that must be conducted sequen-
tially. The parameters used in any step are chosen so that they
remain independent of those from all previous steps (Barbato
et al., 2011). 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. Several studies on
hurricane hazard analysis are available in the literature (Vickery
and Twinsdale, 1995; Hossain et al., 1999; Vickery et al., 2006,
FEMA, 2007; Vickery et al., 2009; Lin and Vanmarcke, 2010). In
the second phase, referred to as structural analysis, a structural
model is used to determine the PDF of the EDP(s) conditional to
IM, i.e., p[EDP9IM]. The third 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, i.e., p[DM9EDP]. Decision variables (DV) related to
structural damage are then considered in the loss analysis phase,
yielding p[DV9DM] in Eq. (1). Several studies on hurricane loss
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analysis are also available in the literature (Gurley et al., 2005b,
2006; FEMA, 2007; Lin et al., 2010; Yau, 2011).

This research proposes to adapt the probabilistic PBE frame-
work developed by PEER for earthquake engineering to hurricane
engineering problems, with particular emphasis on the assess-
ment and mitigation of WBD impact risk. A crucial component of
this research is the identification of appropriate IMs that are
sufficient and efficient (Shome et al., 1998) 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 paper is the development of
fragility curves for BECs with ductile behavior subjected to WBD
impact. Fragility curves are obtained from the following convolu-
tion integral

G DM½ � ¼

Z
G DM9EDP
� �

� dG EDP9IM
� ��� �� ð2Þ

Eq. (2) involves both the structural analysis and the damage
analysis components of the PBE framework.

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 study consists of building
a set of FE models with the parameters’ values obtained from
MCS. The joint PDF of these parameters is built using an appro-
priate model based on the available statistical information (e.g., a
Nataf’s model consistent with the first- and second-order statis-
tics of the parameters (Der Kiureghian and Liu, 1986)). 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 an analytical 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.

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 study. In this paper, the proposed
methodology is illustrated for the specific problem of an alumi-
num storm panel (which is representative of BECs with ductile
behavior) subjected to WBD impact hazard.

3. Structural modeling of BECs

3.1. Description of physical specimen

BEC protection options readily available for practical applica-
tions include different types of hurricane shutters, e.g., Bahama
shutters, colonial shutters, and storm panels. This research con-
siders corrugated aluminum hurricane panels, which are chosen
over other options based on their relatively low cost and ease of
installation. The geometrical schematics of this type of hurricane
protection are readily available. The side dimensions of the panel
are height H¼47.25 in (120.015 cm), and width W¼14.375 in
(36.513 cm). The aluminum panels are made of 0.0500 (1.27 mm)
gage 3004H34 type aluminum. A picture of the storm panel’s
physical specimen is shown in Fig. 1(a).

The test missiles are 200 �400 (nominal dimensions: 5.08 cm and
10.16 cm) pieces of pine wood lumber (with actual dimensions
after curing and finishing of 1.5 in (3.81 cm) and 3.5 in (8.89 cm))

weighing 9, 12, and 15 pounds (corresponding to masses of 4.08,
5.44, and 6.80 kg), which represent the typical missiles recom-
mended for use in the ASTM E1996 Standard (ASTM, 2005b). This
standard specifies the minimum required performance for pro-
tective systems which are impacted during extreme wind events.
According to the standard, such elements must be able to with-
stand the impact of a 9-pound 200 �400 missile traveling at 90 ft/s
(27.4 m/s). Thus, it is clear that the ASTM E1996 Standard
requirements correspond to a prescriptive approach, which does
not consider explicitly the uncertainties of WBD impact.

It is noted here that while this study focuses on the impact of
200 �400 wooden missiles (rod-type of WBD), which are recom-
mended in the ASTM E1996 Standard for testing the performance
of storm panels, the performance-based approach proposed in
this paper can be applied and should be extended to the analysis
of other types of WBD as well, i.e., compact-type debris and sheet-
type debris (e.g., roof shingles, roof sheathing). In fact, available
literature suggests that the performance of glazing elements and
protective devices for the building envelope is strongly dependent
on the WBD type (NAHB, 2002; Masters et al., 2010; Fernandez
et al., 2010).

3.2. Finite element modeling

The commercially available FE program ABAQUS (DSS, 2008) 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

Fig. 1. Aluminum storm panel: (a) Picture of a physical specimen, and (b) ABAQUS

FE model.
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impact analysis and for nonlinear FE analysis, including both
nonlinear material behavior and nonlinear geometry (DSS, 2008).

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 (AGI
Group, 2006), see Fig. 2(a)) and the cross-section of a 200 �400

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 (2001), 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 study) 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.

Once the model’s individual parts are defined, they are
assembled into a three-dimensional FE model using the ABAQUS
CAE assembly module (see Fig. 1(b)). One of the panel’s 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 vertical mount-
ing of the panel on a fixed rail system, which represents a
common installation option (see Fig. 2(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 Fig. 2(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 (DSS, 2008;
Laursen, 2002). 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 element
type used for both the panel and missile is a standard 3D
hexahedral C3D8R element with linear displacement interpola-
tion in each direction, which is available in the ABAQUS FE library.
These elements incorporate hourglass control and a selectively
reduced integration scheme which under-integrates volumetric
strain terms and fully integrates deviatoric strain terms (DSS,
2008; Belytschko et al., 2000; Hughes, 1987). The model mass is
defined by assigning to each material a mass per unit volume, the
values of which are given in Table 1.

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 (DSS,
2008).

3.3. 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 (DSS,
2008). WBD impact is simulated over a 0.03 s time history with
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 repre-
sentation of the dynamic response of the panel. A FE mesh
sensitivity study is performed to ensure that the FE results
obtained in this study are independent of the mesh size. A mesh
with FE size smaller than or equal to 0.25 in. (0.635 cm) is found
to provide FE response results that are converged with respect to
the FE mesh size. The FE model with mesh independent response
(which is used in the remainder of this study) has a total of 19,411
elements, 38,104 nodes, and 114,312 degrees of freedom.

It is noted here that the FE model used in this study can
accurately capture the time history of the deflection and plastic
deformation in the storm panel and the rebounding of the missile.

Fig. 2. 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.

Table 1
Statistical characterization of model parameters.

Parameter Units Mean COV Distribution Min Max

Missile: Pine wood

Density kg/m3 494.252 – – – –

Young’s modulus GPa 8.963 – – – –

Poisson’s ratio – 0.387 – – – –

Panel: 3004H34 aluminum

Density kg/m3 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
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Author's personal copy

However, this FE model does not explicitly represent the fracture
of the metal panel, nor does it explicitly represent the plastic
damage to or disintegration of the wooden missile, which is
modeled using a linear elastic material constitutive model.
Explicit modeling of the fracture of the metal panel would require
the use of a damage parameter and an automatic removal
technique of the regions in the FE model with excessive damage
(Hooputra et al., 2004). Such a modeling approach, although
rigorous, would require experimental information on the panel’s
material behavior which is not currently available. In this study,
the fracture of the metal panel is verified a-posteriori, based on
the maximum plastic strain in the panel. The possible damage or
fragmentation of the wooden missile is also checked a-posteriori,
based on a comparison between the maximum values of the
principal stress components in the missile computed over the
entire time history analysis, and the strength of pine wood under
saturated conditions (Green and Kretschmann, 1994).

3.4. 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 study 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 distrib-
uted 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 varia-
bility of these uncertain quantities are not considered in this
study. The X and Y coordinates of the missile impact location
(defined as the location of impact of the geometric center of the
200 �400 section of the missile) are modeled as uniform random
variables. The values of the model parameters represented 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 Kaufman, (2008), while the pine
wood elastic modulus and mass density are taken from FPL
(2010). Due to the lack of statistical information regarding the
mechanical properties of 3004H34 aluminum, the types of prob-
ability distributions and the coefficients of variation (COVs) are
selected based on engineering judgment and information regard-
ing similar metallic materials. All random parameters are mod-
eled as statistically independent random variables.

4. Determination of an appropriate IM

PBE applications require the identification of a sufficient and
efficient IM. In this context, an IM is said to be sufficient when it
renders the EDP independent of other parameters such as missile
type and missile mass, while an IM is said to be efficient when its
use produces a small variance in the EDP (Luco and Cornell, 2007).
In this study, only scalar quantities directly related to the impact
intensity are considered as potential IMs. The effects produced by
different missile shapes, impact locations, and angles of impact
can also be included in the sufficiency study for the IMs by
considering the use of vector-valued IMs (Bazzurro, 1998; Baker
and Cornell, 2008). However, identification of the optimal IM for
the problem at hand, albeit very important, is a very complex
problem that is beyond the scope of this paper.

Three possible choices of IMs are considered here: (1) the
missile impact velocity, Vm, (2) the missile impact linear momen-
tum, LMm, and (3) the missile impact kinetic energy, KEm. The

choice of these three potential scalar-valued IMs is based on
existing studies available in the literature, which focus on the use
of these three quantities for the evaluation of the performance of
storm panels (NAHB, 2002; Borges et al., 2009; Masters et al.,
2010). 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
4.08, 5.44, and 6.80 kg), and by varying the velocity of the WBD
impacts. The ranges considered in this study for the three
potential IMs are: (1) Vmr49.5 m/s, (2) LMmr260.8 kg m/s,
and (3) KEmr5.00 kJ. The results presented hereinafter and the
corresponding observations are valid only for the considered
ranges of IMs.

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, Dmax, and (2) the maximum plastic
deflection of the storm panel after impact, Dpl. The EDP values are
extracted from the FE model’s output database through ABAQUS
CAE. Dmax 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. Dpl 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 Dmax and Dpl recorded for the
mean model are denoted as D0

maxand D0
pl, respectively. A typical

time history of the deflection of a node of the mean model during
the dynamic impact analysis is shown in Fig. 3. This node is
chosen as node 15,310, with coordinates X15310¼15.39 cm and
Y15310¼60.33 cm (i.e., close to the center of the panel). Fig. 3 also
shows the values of the total deflection (D0

max,15310) and of the
plastic deflection (D0

pl,15310) for node 15,310.
The EDP values for the mean model are plotted versus their

corresponding IM values in Figs. 4–6 in order to determine the
sufficiency of the three potential IMs considered in this study. In
particular, Fig. 4 plots the EDPs as functions of Vm, Fig. 5 plots the EDPs
as functions of LMm, and Fig. 6 plots the EDPs as functions of KEm.

Fig. 3. Typical time history of the nodal deflection along the impact direction

(node 15,310).
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It is observed that both D0
max and D0

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 func-
tional dependency) and on the weight of the missile. In contrast,
for values of KEm smaller than or equal to 3.50 kJ, 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 study, at least in the range
KEmr3.50 kJ. It is found that, for values of KEm larger than
0.250 kJ, D0

maxand D0
pl can be expressed as quadratic functions of

KEm. The following relations are found by using a least-square
fitting procedure for 0.25 kJrKEmr3.50 kJ and by adding a
quadratic interpolation curve for 0 kJrKEmo0.25 kJ:

D0
max ¼

�25:345� KEmð Þ
2
þ18:460� KEm 0rKEmo0:25

�0:713� KEmð Þ
2
þ6:144UKEmþ1:540 0:25rKEmr3:50

(

units : cm, kJ
� �

ð3Þ

D0
pl ¼D0

max ¼
�1:675� KEmð Þ

2
þ6:903� KEm 0rKEmo0:25

�0:745� KEmð Þ
2
þ6:438� KEmþ0:058 0:25rKEmr3:50

(

units : cm, kJ
� �

ð4Þ
The fitting curves given in Eqs. (3) and (4) are shown in Fig. 6.

The quadratic fitting provides a very good representation of the
results obtained from the FE analyses. This finding suggests that
the EDP-IM relations D0

max�KEm and D0
pl�KEm can be estimated

with sufficient accuracy using only three FE analyses (e.g., for
KEm¼0.25 kJ, KEm¼1.625 kJ, and KEm¼3.50 kJ). In the range
3.50 kJoKEmr5.00 kJ, D0

max and D0
pl present a larger scatter with

respect to the missile mass than for smaller values of KEm.
The a-posteriori analysis of the maximum strain in the storm

panel shows that, for 2.00 kJoKEmr3.50 kJ, the plastic strain can
reach values larger than the strain at rupture in small localized
regions of the panel (usually corresponding to the first points of
contact between the panel and the corners of the impacting face
of the missile). However, for KEm43.50 kJ, the plastic strain
becomes higher than the aluminum rupture strain in large
regions around the impact location. In addition, the a-posteriori
analysis of the principal stresses in the wooden missile shows
that, for 2.00 kJoKEmr3.50 kJ, the maximum compressive stres-
ses in the missile become larger than the lower bound for the
compressive strength (2.34 ksi¼16.1 MPa) of pine wood under
saturated conditions, while the maximum compressive stresses in
the missile become larger than the average value of the compres-
sive strength (3.12 ksi¼21.5 MPa) of pine wood under saturated
conditions (Green and Kretschmann, 1994). Since the FE model
employed in this study does not explicitly model fracture of the
aluminum panel and/or fragmentation of the wooden missile, this
FE model provides results that are very accurate for KEmr2.00 kJ,
and accurate for 2.00 kJoKEmr3.50 kJ. However, the same FE
model is not adequate to realistically capture the behavior at
impact of the panel-missile system for KEm43.50 kJ, due to the
modeling limitations described above (i.e., linear elastic missile
and non-explicit modeling of fracture in the aluminum panel).
Thus, the results presented throughout the remainder of this
study are limited to values of the impact kinetic energy
KEmr3.50 kJ. It is noteworthy that, even with the above limita-
tions, the results of this study can be used to analyze the

Fig. 5. EDPs’ values for the mean model considering LMm as IM.

Fig. 6. EDPs’ values for the mean model considering KEm as IM.Fig. 4. EDPs’ values for the mean model considering Vm as IM.
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performance of aluminum storm panels under a wide range of
realistic conditions corresponding to moderate hurricanes. In fact,
KEm¼3.50 kJ corresponds to the kinetic energy of a 9-pound
missile impacting the storm panel at a speed of approximately
92.6 mph¼41.4 m/s. Assuming a WBD flight time of 1 srtr3 s
and using the relations given in Lin et al. (2007) to evaluate the
ratio between the WBD speed, Vm, and the 3-s wind gust speed
Uw, the 3-s wind gust speed corresponding to KEm¼3.50 kJ is
estimated as 50.2 m/srUwr73.0 m/s (112.3 mphrUwr
163.3 mph).

Based on the results obtained, it is inferred that KEm is an
appropriate IM for BECs with ductile behavior, at least for
moderate values of KEm (i.e., for KEmr3.50 kJ for the storm panel
considered in this study). This result is consistent with results
recently made available in the literature (Holmes, 2008). 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 (NAHB, 2002; Masters et al., 2010).

5. 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.

5.1. Identification of impact typologies

Figs. 7 and 8 plot the empirical CDFs for Dmax and Dpl,
respectively, for different levels of KEm (i.e., KEm¼0.068, 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
empirical CDFs.

The first region corresponds to a concentration of FE analyses
resulting in very small values of Dmax and Dpl. The second region
includes FE analyses which provide values of Dmax and Dpl that
are more spread out. Finally, the third region in the empirical
CDFs corresponds to the FE analyses in which the missile
penetrates the storm panel. In this paper, these impacts are
referred to as ‘‘penetrations’’. For these FE analyses, it is not
possible to identify specific numerical values of Dmax and Dpl.
Thus, similar to a common convention used in PBEE (Vamvatsikos
and Cornell, 2002), infinite values are assigned to the EDPs
corresponding to penetration. The number of penetrations is
recorded at each level of IM. This number of penetrations
is reported in Figs. 7 and 8. It is observed that no penetration is
recorded for KEm¼0.068 kJ and that, for 0.612 kJrKEmr3.331 kJ,
the number of penetrations does not vary significantly for
different levels of KEm.

The empirical CDFs shown in Figs. 7 and 8 can be better
interpreted by analyzing the WBD impact locations and the
corresponding impacts’ characteristics. In particular, it is
observed that the recorded values of Dmax and Dpl 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 200 �400

missile, i.e., 4.45 cm). These impacts are referred to as ‘‘boundary
impacts’’ in this paper, 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 Dmax and
Dpl are usually recorded. In this paper, these impacts are referred
to as ‘‘ordinary impacts’’. Fig. 9 shows the impact locations on the
storm panel and the corresponding impact types (i.e., boundary

Fig. 7. Empirical CDFs for Dmax including all types of impacts. Fig. 8. Empirical CDFs for Dpl including all types of impacts.
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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
KEm¼0.612, 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 seg-
ments with basis b¼103.51 cm and height h¼6.35 cm (see Fig. 9).
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 the range 0.612 kJr
KEmr3.331 kJ (i.e., 22.0%, with 110 penetrations out of 500 FE
simulations). Considering the entire range KEmr3.331 kJ for
which FE response analyses are available, 101 of the 125 penetra-
tions recorded are located within these two symmetric parabolic
segments. These observations suggest that, for KEmr3.331 kJ,
penetration is dependent on impact location and boundary con-
ditions rather than intensity of the WBD impact and variability of
the storm panel’s material properties.

5.2. Statistical characterization of the EDPs for ordinary impacts

The variability of the EDPs corresponding to ordinary impacts
is also of interest. New empirical 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 Dmax and Dpl are computed
at the different levels of KEm. The normal, lognormal, and
truncated normal (with lower truncations at Dmax¼0 cm and
Dpl¼0 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 good-
ness-of-fit test (Kececioglu, 1993), which accounts for the fact
that the distributions’ parameters are estimated from the data.
Fig. 10 illustrates the empirical CDF for EDP Dmax, and the
analytical CDFs corresponding to KEm equal to 0.612 kJ (i.e.,
corresponding to 15-pound missiles impacting at 30 mph) for
all considered distributions.

In the modified Kolmogorov–Smirnov test, the proposed dis-
tribution is accepted at a given significance level, a, if the
maximum difference between the empirical CDF and the analy-
tical CDF, Dn, is less than the critical value, Dn,a, corresponding to

the given level of significance (Kececioglu, 1993). 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 prob-
ability plots (Ang and Tang, 1975; Kececioglu, 1993)) 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 a¼5% and a¼1%. The critical Dn,a values are

Fig. 9. Impact locations and corresponding impact types: (a) KEm¼0.612 kJ, (b) KEm¼1.700 kJ, and (c) KEm¼3.331 kJ.

Fig. 10. Empirical and fitted CDFs of Dmax for ordinary impacts and KEm¼0.612 kJ.

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

the EDPs corresponding to ordinary impacts.

KEm [kJ] N Observed Dn (Dmax�Dpl) Critical Dn

Distribution a

Normal Lognormal Truncated Normal 0.05 0.01

0.068 80 0.219–0.220 0.263–0.225 0.209–0.231 0.106 0.123

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
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obtained from Kececioglu (1993). In Table 2, bolded Dn values
indicate that the considered probability distribution is acceptable
at a¼5% significance, and underlined Dn values indicate that
considered probability distribution is acceptable at a¼1%
significance.

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 out of 14 a lognormal distribution can be accepted;
(2) at 1% significance, a normal or truncated normal distribution is
acceptable in most of the cases (with the exception of the largest and
smallest value of KEm for both normal and truncated normal
distribution, and of KEm¼0.272 kJ and Dpl for the normal distribu-
tion), while a lognormal distribution is acceptable only in two cases
out of seven for Dmax and in four cases out of seven for Dpl; and
(3) for KEm¼0.068 kJ, none of the considered theoretical distribu-
tions are acceptable to describe the data obtained from simulation.
Thus, the lognormal distribution is excluded as a possible fit for the
data, and the truncated normal distribution is preferred over the
normal distribution in the range 0.272 kJrKEmr2.442 kJ because it
avoids physically impossible negative values of Dmax and Dpl.

Fig. 11 compares the mean values of Dmax, m(Dmax), corre-
sponding to the ordinary impacts in the probabilistic FE model
simulations and the D0

max curve given in Eq. (2). Fig. 11 also shows
the values of m(Dmax) plus/minus one standard deviation, s(Dmax),
as well as the minimum and maximum values of Dmax recorded
over all the FE analyses performed (denoted as ‘‘Min’’ and ‘‘Max’’,
respectively, in Fig. 11).

It is observed that the curve m(Dmax) is consistently higher than
D0

max, and the minimum and maximum values of Dmax show a
significant asymmetry when compared with the m(Dmax) curve (i.e.,
the difference between the m(Dmax) and the Min curve is significantly
larger than the difference between the m(Dmax) and the Max curve).
The standard deviation s(Dmax) increases at a slower rate than
m(Dmax) as KEm increases, i.e., the COV (i.e., the ratio s(Dmax)/m(Dmax))
significantly decreases (from 0.663 to 0.186) in the
0.068 kJrKEmr3.331 kJ range. The two curves m(Dmax)�s(Dmax)
and D0

max are close in the same KEm range. The difference between the
mean EDP m(D) and the EDP of the mean model, D0, can be
represented as normalized discrepancy d(D), defined as

dðDÞ ¼
mðDÞ�D0

sðDÞ
ð5Þ

in which D denotes Dmax or Dpl, and D0 denotes D0
max or D0

pl. It is
observed that d Dmaxð Þ assumes values close to about 70% over the
range 0.272 kJrKEmr3.331 kJ and to about 80% for smaller and
larger values of KEm. The last observation suggests that it may be
possible to obtain an approximate estimate of the mean and standard
deviation from the D0

max curve. Fig. 12 compares the D0
pl, m(Dpl),

m(Dpl)þs(Dpl), and m(Dpl)�s(Dpl) curves, and shows the minimum
and maximum values of Dpl recorded over all the FE analyses
performed. Similar observations can be made for Dpl as those made
for Dmax in Fig. 11. In particular, the coefficient of variation s(Dpl)/
m(Dpl) decreases from 0.982 for KEm¼0.068 kJ to 0.185 for
KEm¼3.331 kJ, and the normalized discrepancy d(Dpl) remains close
to about 80% over the considered KEm range, with the exception of
the case KEmr0.068 kJ, for which d(Dpl)¼58.7%. Table 3 reports the
values of the mean, standard deviation, COV, and normalized dis-
crepancy for both Dmax and Dpl.

5.3. 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
KEm¼1.088 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 Fig. 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 Fig. 13). The

Fig. 11. Comparison of D0
max and statistics of Dmax. Fig. 12. Comparison of D0

pl and statistics of Dpl.

Table 3
Statistics of EDPs.

KEm [kJ] m [cm] s [cm] COV [%] d [%]

Dmax Dpl Dmax Dpl Dmax Dpl Dmax Dpl

0.068 2.46 1.09 1.63 1.07 66.3 98.2 81.1 58.7

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
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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 is wider than
the opening required for the window and it overlaps with the
installation wall by 0.5 in (1.27 cm) along the two unconstrained
sides of the panel. The comparison between the performance of
the storm panel using the new and original boundary conditions
provides important information regarding the acceptable max-
imum side clearance for storm panel installations. In fact, the
2010 Florida Building Code (ICC, 2011) allows a maximum side
clearance between the shutter and a wall or inset surface up to ¼
in (6.4 mm), and requires end closure or shutter overlap for any
wider side clearance. The original boundary conditions corre-
spond to an installation case with a side clearance smaller or
equal to ¼ in between the shutter and an inset surface, while the
new boundary conditions correspond to an installation case with
a side clearance smaller or equal to ¼ between the shutter and a
wall (see Fig. 13(b)). 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 hypoth-
esis that represents a reasonable approximation for brick and/or
concrete walls) and is modeled as a rigid component by con-
straining 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 repre-
senting the wall.

Fig. 14 shows the impact points and the corresponding impact
type with KEm¼1.088 kJ for the case (1) with random material
properties and impact locations and original boundary conditions
(referred to as ‘‘Original Model’’) in Fig. 14(a); (2) with random

impact locations, deterministic material parameters and original
boundary conditions (referred to as ‘‘Deterministic Material’’) in
Fig. 14(b); and with random impact locations and material
parameters but new boundary conditions (referred to as ‘‘New
BCs’’) in Fig. 14(c).

For the Deterministic Material case, 27 penetrations are
recorded out of the 100 FE simulations, compared to the 22
penetrations recorded for the Original Model case. 22 of the 27
penetrations (i.e., 81.5%) occur within the two symmetric para-
bolic 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 applica-
tions (e.g., by introducing into building codes minimum require-
ments 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 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 Fig. 14(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 pene-
tration 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, for the range 0.612 kJrKEmr
3.331 kJ, 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. In addition, the results presented in
this paper suggest that the installation configuration with a side
clearance between the storm panel and an inset surface performs
significantly worse than other admissible configurations, indepen-
dent of the size of the side clearance.

Figs. 15 and 16 compare the empirical CDFs of the EDPs Dmax

and Dpl, respectively, relative to KEm¼1.088 kJ and corresponding
to ordinary impacts for the Original Model, Deterministic Mate-
rial, and New BCs cases.

Fig. 14. Impact locations and corresponding impact types for KEm¼1.088 kJ: (a) Original Model case, (b) Deterministic Material case, and (c) New BCs case.

Fig. 13. Boundary conditions corresponding to storm panel wider than window

opening (New BCs case (all dimensions in cm)): (a) Front view, and

(b) section view.

A.H. Herbin, M. Barbato / J. Wind Eng. Ind. Aerodyn. 107–108 (2012) 285–298294



Author's personal copy

In both Figs. 15 and 16, the three empirical CDFs are similar,
particularly the ones corresponding to the Original Model and the
New BCs cases. The CDFs of Dmax and Dpl corresponding to
the Deterministic Material case have a slightly smaller mean than
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 distribu-
tions of the EDPs relative to ordinary impacts only.

6. Damage analysis results and development of fragility
curves

In the damage analysis phase, the EDPs (Dmax and Dpl)
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. Following a procedure commonly used in
PBEE, the physical damage conditions are represented using a
limit state function g for each damage limit state, i.e.,

g ¼DMlim�EDP ð6Þ

where DMlim denotes the limit state capacity (also called failure
threshold). According to this procedure, the physical damage is
described using discrete limit states instead of continuous DMs,
and failure with respect to a given damage state is reached when
gr0, or (equivalently) when EDPZDMlim. It is noted here that
the term ‘‘failure’’ does not necessarily represent the physical
failure of the storm panel, but simply denotes the outcrossing of a
specified limit state. Fig. 17 graphically represents the damage
limit states considered in this study.

Fig. 17(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 Dpl recorded from the FE model output
is larger than or equal to the limit state capacity xpl assumed to
warrant replacement of the panel (i.e., DplZxpl). In this study, it is
assumed that the xpl can be represented as a lognormally
distributed random variable with mean m(xpl)¼2.5 in. (6.35 cm),
and coefficient of variation COV(xpl)¼0.10. Fig. 17(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 Dmax

obtained from the FE analysis is larger than or equal to the limit
state capacity xmax, defined as the minimum distance between
the storm panel and the window protected by the panel (i.e.,
DmaxZxmax). It is assumed that the xmax can be represented as a
lognormally distributed random variable with mean
m(xmax)¼5.0 in. (12.70 cm), and coefficient of variation COV(-
xmax)¼0.15. The statistics of xpl and xmax adopted in this paper
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.
Fig. 17(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 limit states of interest.

Fragility curves are constructed from the data by plotting the
probability of failure relative to each limit state versus its corre-
sponding level of IM. These curves represent the CDFs of the relevant
limit state as functions of KEm and are presented in Fig. 18.

Each data point in Fig. 18 is representative of 100 stochastic FE
simulations at a specific level of the IM. Therefore, the probability
of failure with respect to each limit state is the number of total
failures divided by 100 (i.e., the number of total trials for each
discrete KEm level). In addition to the fragility curves obtained by
modeling both xpl and xmax as random variables (referred to as
random threshold (RT) fragility curves), Fig. 18 plots the fragility
curves obtained by assuming xpl and xmax equal to their mean
values (referred to as deterministic threshold (DT) fragility
curves). Fig. 18 also provides the confidence interval of7one
standard deviation for the fragility curve corresponding to the
limit state of penetration.

In Fig. 18, 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
DplZxpl) are extremely close; (2) the RT fragility curve for the DM

related to the window failure (i.e., for the limit state DmaxZxmax)
is significantly flatter (i.e., it is characterized by a larger

Fig. 15. Effects of boundary conditions and material variability on the empirical

CDFs of Dmax for ordinary impacts and KEm¼1.088 kJ.

Fig. 16. Effects of boundary conditions and material variability on the empirical

CDFs of Dpl for ordinary impacts and KEm¼1.088 kJ.
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dispersion) than the corresponding DT fragility curve; and (3) for
low values of KEm (i.e., KEmr0.612 kJ), penetrations are the
dominant failure condition. Thus, while the panel failure is
practically insensitive to the randomness of the limit state
capacity, the window failure condition shows a non-negligible
dependence on the variability of the limit state capacity.

It is also observed that the values of the failure probability
estimates for the penetration limit state do not monotonically
increase with KEm. This phenomenon contrasts with the definition
of a fragility curve. However, for this limit state, the standard
deviation of the failure probability estimator (which is a measure
of the simulation accuracy) is quite large (i.e., slightly more than
4% over the range 0.612 kJrKEmr3.331 kJ). This result indicates

that the limited number of samples used in this study (i.e., 100
samples) introduces a small but not negligible bias in the
estimation of the fragility curve for the penetration limit state.
For future studies, it is suggested that more accurate estimates of this
fragility curve should be obtained by increasing the number of
samples used in the MCS, or by adopting variance reduction simula-
tion techniques such as importance sampling (Melchers, 1999).

7. Conclusions

This paper 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 finite element (FE) method to propagate the uncertain-
ties from modeling parameters (such as material constitutive
parameters and impact location) to engineering demand para-
meters (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 paper focuses on BECs with ductile behavior subjected to
the impact of rod-type WBD. For this typology of BECs (which
includes the aluminum storm panels for window protection used
as an application example in this paper) and rod-type WBD, it is
found that the impact kinetic energy, KEm, is a sufficient IM in the
range KEmr3.50 kJ. Three damage states are identified, namely
(1) damage to the storm panel (with EDP corresponding to the
maximum plastic deformation of the panel, Dpl); (2) damage to
the window protected by the storm panel (with EDP correspond-
ing to the maximum total deflection of the panel, Dmax); and
(3) penetration of the panel by the missile. Three typologies of

Fig. 17. Damage limit states: (a) Damage to the storm panel, (b) damage to the window, and (c) penetration of the missile.

Fig. 18. Fragility curves for hurricane protection panels.
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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 bound-
ary impacts, the values of the EDPs are generally very small and,
under the assumption that the wall is sufficiently resistant to
damage from WBD impact, correspond to no building damage. For
penetrations, the values of the EDPs are infinite 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. For the range of KEm considered in this
study (i.e., KEmr3.50 kJ), it is also shown that, while boundary
impacts and penetrations depend mainly on the boundary con-
ditions (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.

The FE model adopted in this study can model the missile’s
impact on the storm panel with high accuracy for KEmr2.00 kJ,
and with sufficient accuracy for 2.00 kJoKEmr3.50 kJ. At higher
levels of impact kinetic energy, phenomena such as fracture of the
aluminum panel and/or fragmentation of the wooden missile
start to take place. These phenomena can significantly influence
the performance of the storm panels subject to WBD impact.
Thus, for KEm43.50 kJ, the construction of fragility curves for
storm panels requires the development of a FE model that is more
advanced than the model employed in this study. This model
should be able to explicitly model the fracture of the aluminum
panel and/or the fragmentation of the wooden missile.

Development of fragility curves for BECs plays an integral role
in the development of a probabilistic performance-based hurri-
cane engineering framework. The procedure developed in this
paper can be extended to any type of BEC subject to any type of
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. The effects of a variable angle of WBD impact should be
included in the construction of fragility curves. Analytical, numer-
ical, and experimental studies are also needed to extend the
results presented in this paper, and to derive the fragility curves
corresponding to the impact of compact-type and sheet-type
WBD on different BECs.
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