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a b s t r a c t

This paper presents the derivation of experimental fragility curves for windborne debris (WBD) impact
risk assessment of aluminum storm panels within a recently developed performance-based hurricane
engineering (PBHE) framework. By using a pneumatic wind cannon, rod-type WBDs were fired at
aluminum storm panels to evaluate the effects of WBD impact hazard. The experimental data from
testing were used to derive the probability of failure relative to specific damage measures (DMs) versus
its corresponding interaction parameter (IP). These experimentally derived probabilities were also
compared with finite element-based results that were available in the literature.

It was found that the impact kinetic energy of rod-type missiles is a sufficient IP for aluminum storm
panels subjected to WBD impact, the probability of penetration of aluminum storm panels is strongly
dependent on the details of the panels' installation, and the numerical results available in the literature
regarding the fragility curves of storm panels are qualitatively representative of the behavior of
aluminum storm panels subject to WBD impact. It is noteworthy that accurate fragility curves are
essential in the development of a general probabilistic performance-based engineering framework for
mitigation of WBD impact hazard.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Extreme weather events such as hurricanes and tornados have
repeatedly caused 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). Even
tropical storms have led to significant structural damage, some-
times even causing the loss of life. Thus, it is critical for engineers
to design structures that can safely withstand the loading condi-
tions accompanying these natural events.

Over the past decade, significant advances in risk assessment and
mitigation for structures subjected to hurricane hazards have been
achieved (Li and Ellingwood, 2006; Holmes, 2008, 2010). Structural
reliability analysis and the development of probabilistic performance-
based engineering (PBE) techniques have been two key elements to
the growth and advances in this research and practice field. Modern
structural reliability analysis techniques rigorously account for uncer-
tainties in engineering design and can be used to develop more
rational design codes (Nowak, 1999; Kwon et al., 2010). Probabilistic
performance-based methods have been extensively developed in the

field of earthquake engineering (Cornell and Krawinkler, 2000; Porter,
2003) and have already been used to develop modern seismic design
codes (ATC, 1997, 2005). Similar methodologies, which are based on a
PBE approach, have been advancing also in other civil engineering
subfields including wind engineering, fire engineering, and blast
engineering (Hamburger and Whittaker, 2003; Augusti and
Ciampoli, 2006; Li and Ellingwood, 2006; Rini and Lamont, 2008;
Ciampoli et al., 2011). Recently, a performance-based hurricane
engineering (PBHE) framework has been proposed to extend PBE to
the analysis and design of structures subject to hurricane hazard
(Barbato et al., 2013).

A critical feature of probabilistic PBE methods is the explicit
consideration of all pertinent uncertainties that can affect the
performance of a structure. Probabilistic PBE methodologies require
the development of several analytical and numerical tools to
propagate these uncertainties from the environmental actions to
the performance of structural systems. Amongst these tools, fragi-
lity curves are probably the most significant (Gardoni et al., 2002;
Lupoi et al., 2006). They are the cumulative distribution functions
(CDFs) of the structural capacity relative 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 a few studies have focused on
fragility analysis (ATC, 2005; Gurley et al., 2005; Li and Ellingwood,
2006). Thus, fragility curves for many structural and non-structural
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components of buildings subject to hurricane actions are still
needed in order to facilitate the use of the PBHE framework.
In particular, fragility curves for the non-structural components
constituting the building envelope (e.g., non-load-bearing walls,
windows, doors, roofing, and protection elements) are crucial to
evaluate the performance of buildings located in hurricane prone
regions, since buildings are exposed to a significantly higher
damage risk when their building envelopes are compromised
(Li and Ellingwood, 2006; Lopez et al., 2011). A typical issue for
building envelope components is the loading due to windborne
debris (WBD) impact. Numerous studies investigated WBD hazard
for residential buildings. Earlier studies focused on a deterministic
treatment of WBD impact (Minor et al., 1978; Tachikawa, 1983,
1988; McDonald, 1990). More recently, the attention of the engi-
neering community shifted to risk analysis (Twisdale et al., 1996;
Holmes, 2008, 2010; Lin and Vanmarcke, 2010; Lin et al., 2010) and
damage analysis (NAHB, 2002; Willis et al., 2002; Masters et al.,
2010; Fernandez et al., 2010), and led to improved standardized
tests for WBD impact resistance (ASTM, 2005a, 2005b) and to
probability-based damage models for building envelope compo-
nents subject to WBD impact hazard (Pinelli et al., 2004; Gurley
et al., 2005; ATC, 2005). However, only scarce information is
available regarding the fragility of building envelope components
with ductile behavior. Borges et al. (2009) studied the finite element
modeling of aluminum and galvanized steel storm panels subject to
wooden windborne debris impact. Fernandez et al. (2010) investi-
gated the experimental performance of aluminum and steel storm
shutters subject to the impact of wooden missiles and concrete roof
tiles under similar conditions to those enforced in the tests used for
product certification. Laboy et al. (2013) examined the likelihood
of the puncture of metal shutters by roof tile debris based on
hurricane intensity.

This research focuses on the evaluation of experimental fragi-
lity curves that represent the damage states for aluminum storm
panels subjected to WBD impact loading. Aluminum storm panels
are building envelope components with ductile behavior. In this
paper, a brief overview of the PBHE framework is presented,
followed by the description of the experimental apparatus used
to fire lumber missiles at the aluminum storm panels and the
research results in terms of experimental fragility curves. These
experimental fragility curves are compared with numerical results
available in the literature and based on finite element simulation
of the impact between wooden missiles and aluminum panels.
Additional considerations are provided on the applicability and
scope of this research. Finally, relevant conclusions are drawn.

2. Performance-based hurricane engineering (PBHE)
framework

Fragility curves for structural and non-structural components
are useful tools in several wind engineering applications.
In particular, they are crucial ingredients of the performance-
based hurricane engineering (PBHE) framework that was recently
proposed in Barbato et al. (2013). This framework accounts for the
effects on structural performance of the different hazard sources
(i.e., strong winds, windborne debris, flooding, and rain) that are
related to hurricane landfalls. This PBHE framework is based on
the total probability theorem (Ang and Tang, 1975) and disaggre-
gates the performance assessment procedure for structures sub-
ject to hurricane hazard into elementary phases, which are carried
out in sequence. An important feature of the PBHE procedure is
the qualitative independence of each phase from the others
(i.e., the choice of the parameters that are characteristic for a
given phase is independent from the parameters adopted in the

previous phases). PBHE is a multi-hazard approach that considers
the interaction among different hazard sources, whereas other
established PBE frameworks focus on a single hazard.

The risk assessment procedure is disaggregated into the follow-
ing six separate tasks, each providing the probabilistic description
of different sets of variables (which are indicated in parentheses
for each task): (1) hazard analysis (intensity measures: IM),
(2) structural characterization (structural parameters: SP),
(3) interaction analysis (interaction parameters: IP), (4) structural
analysis (engineering demand parameters: EDP), (5) damage ana-
lysis (damage measures: DM), and (6) loss analysis (decision
variable: DV). Fragility curves are obtained from the convolution
of the results derived from damage analysis and structural
analysis. An important consequence of the inclusion of the inter-
action analysis phase in PBHE is that fragility curves must be
expressed as functions of IP rather than of IM, as customarily done
in other PBE approaches. The determination of an appropriate
scalar or vector IP for a specific response quantity of a specific
structure subjected to a specific hazard is an integral part of the
PBHE methodology and follows the same criteria of sufficiency and
efficiency used, e.g., in Performance-Based Earthquake Engineer-
ing to determine appropriate IM (Baker and Cornell, 2005, 2008;
Vamvatsikos and Cornell, 2005; Luco and Cornell, 2007).

3. Experimental setup and test specimens

This section describes the experimental setup used to deter-
mine experimental fragility curves, as well as the properties and
configurations of the aluminum storm panels and wooden missiles
used in the tests. The fragility curves presented in this paper are
based on experimental results obtained from firing 2�4 lumber
missiles (with actual finished dimensions equal to 1-1/20 0 �3-1/
20 0 ¼38 mm � 89 mm) at aluminum storm panels using a
pneumatic wind cannon. The experimental campaign was per-
formed using the Louisiana State University Wind Cannon
(LSUWC), which is located at the LSU Blowout Prevention Facility
in Baton Rouge, LA. The experimental equipment consists of: (1) a
steel pneumatic cannon (i.e., the LSUWC), (2) a velocity measure-
ment system, (3) a support target frame, and (4) a deflection
measurement system.

3.1. LSU wind cannon (LSUWC)

The LSUWC is a pneumatically actuated steel cannon with
computer control that fires projectiles (e.g., 2�4 lumber missiles
and small steel balls), which simulate WBD caused by hurricane
force winds. The LSUWC main components are shown in Fig. 1.
They include: (1) a steel barrel of length equal to 150 (4.57 m) with
a 60 0 (15.2 cm) nominal diameter; (2) a 30-gal (113.56 l) tank
located above the barrel, which is used to hold pressurized air
(with a nominal capacity of 300 psi¼2.068 MPa); (3) a pressure
gage and a pressure control valve, which are used to achieve the
desired air pressure within the tank; and (4) a base structure,
which sustains the barrel and the tank, facilitate the transporta-
tion of the cannon, and controls its vertical and horizontal move-
ments. A mechanical winch attached to the base structure controls
the vertical movement of the cannon, while the horizontal (side-
to-side) movement of the cannon is controlled by a hand-operated
pulley, which is also an integral component of the base structure
(Fig. 1).

The air pressure achieved within the tank provides the force
needed to drive the projectile to the desired velocity. The amount
of pressure contained within the tank can be instantly released by
a 60 0 (15.2 cm) pneumatic butterfly valve. This butterfly valve can

T.C. Alphonso, M. Barbato / J. Wind Eng. Ind. Aerodyn. 134 (2014) 44–55 45



be opened through a master air cylinder that is controlled by a
four-way 110V AC solenoid valve. The solenoid-operating signal
originates from a lockable firing box, which includes an indicator
light (when lit, it indicates that the air in the tank is pressurized), a
firing button, and a safety-keyed switch that stops the air flow in
order to avoid accidental firing of the cannon.

3.2. Velocity measurement system

The velocity measurement system for the missile velocity
consists of a shooting chronograph with a dual sensor system,
which provides accurate projectile velocities that can be recorded
using different units of measure. The chronograph used in this
research is the Beta Master Chrony chronograph produced by the
company Shooting Crony (Shooting Chrony, 2014). This chrono-
graph exceeds the ASTM E1866 and E1996 standard specifications
for hurricane WBD impact testing (ASTM, 2005a, 2005b) and has
an accuracy of71% of the specified speed in the velocity measure-
ments. The device houses two light sensors that are strategically
placed at an accurately measured separation distance. As a
projectile breaks the first sensor's plane, the sensor transmits a
signal to the circuit board, which records the time when the first
sensor's plane is broken. When the projectile breaks the second
sensor's plane, another signal is sent to the circuit board, which
records the time at which the second sensor's plane is broken. The
difference between these two times is used to calculate the
velocity of the projectile, V. The chronograph was placed so that
the first light sensor was engaged after the missile had finished
accelerating.

The Beta Master Chrony chronograph has a detachable liquid-
crystal display to present the recorded velocity. The unit is able to
store up to 1000 readings, which can then be readily transferred to
computer applications for post-processing of the data. This chron-
ograph is equipped with two small light diffusers, which can be
placed above each sensor in order to assure the best lighting
conditions for each sensor. However, these diffusers are intended
for use with small projectiles. For this research, a larger diffuser
was built to ensure appropriate lighting conditions for accurate
velocity readings, since the open distance between the two
sensors and the small light diffusers was insufficient for safe firing
of the 2�4 lumber missiles.

3.3. Target support frame

The testing operations for this research were performed inside
a standard 80 �80 �200 (2.44 m � 2.44 m � 6.10 m) steel shipping
container located at the LSU Blowout Prevention Facility. This
container provides a self-contained protection system for operators

and bystanders during the testing activities, as well as a permanent
storage option to protect the cannon from the outside environment
when not in use. A steel target support frame is permanently
attached to the rear of the testing container while still allowing for
enough storage space for the cannon. The target support frame was
designed to withstand the impact forces from the tests with
negligible deflections. Fig. 2 shows an Autodesk REVIT Structure
(Autodesk Inc., 2013) model of the target support frame. The
components of the frame are: (1) shipping container (200 standard);
(2) and (3) left and right vertical supports (W6�25 beams),
respectively; (4) top horizontal support (C6�12 channel); (5)
bottom horizontal support (W6�20 beam); (6) top welded con-
nection; (7) bottom welded connection; and (8) container floor
(2�6 wood boards). The test specimens are connected to the
horizontal support beams via bolts or other elements to reproduce
boundary conditions that are consistent to those used in real-world
applications.

3.4. Deflection measurement system

The experimental equipment used in this research includes a
measurement system for both maximum deflections and plastic
deformations due to WBD impact. The maximum deflection
measurements are needed to build the fragility curve of the
aluminum panels corresponding to failure of the protected win-
dow, whereas the plastic deformation measurements are needed

Fig. 1. Main components of the LSUWC.

Fig. 2. REVIT model of the target support frame.
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to build the fragility curve of the aluminum panels corresponding
to failure of the panel.

Plastic deformations are easily measured while the panel is still
connected to the frame after impact by using the horizontal
support beams as reference system, a straight beam lying verti-
cally against the horizontal support beams, and a square ruler. The
maximum deflection measurement system consists of aluminum
(stiff) dryer vents positioned behind the test panel (i.e., on the
opposite side from the impact). This measurement system was
devised based on recommendations made by the Miami-Dade
Building Code Compliance Office testing department (Miami-Dade
BCCO, personal communication). Two different configurations
were used in the tests: (1) a single 40 0 (10.2 cm) dryer vent
extended 75% pressing upon the rear of the panel for the tests in
which the impact location was in the middle of the panel, and
(2) multiple 20 0 (5.1 cm) dryer vents extended 75% pressing upon
the rear of the panel for other impact locations. In both config-
urations, the dryer vent is in the horizontal direction parallel to the
projectile's traveling direction. Fig. 3 shows the installation and

use of a dryer vent for impact deflection measurements, as well as
a graphical representation of the measured plastic deformation
and maximum deflection.

3.5. Experimental specimens: aluminum storm panels and wooden
missiles

This research focuses on corrugated aluminum storm panels,
which are commonly used in hurricane prone regions to protect
brittle building envelope components (Fig. 4a). These storm panels
are characterized by relatively low cost, mobility, and ease of
installation. The aluminum storm panels considered here have
height H¼47.25 in (120.01 cm), and width W¼14.37 in (36.51 cm)
and are made of 0.05 in (1.27 mm) gauge 3004H34 type alumi-
num. A typical cross-section of the panel is shown in Fig. 4b.

Three sets of 2�4 missiles were considered: 9-lb, 12-lb, and
15-lb missiles, corresponding to masses of 4.08 kg, 5.44 kg, and
6.80 kg, respectively. The 2�4 missiles used in the test followed
the guidelines of the ASTM E1996 Standard (ASTM, 2005a). It is
noteworthy that the 12-lb missile is not included in the ASTM
E1996 specifications. The missiles were connected to a sabot
before firing (Fig. 4c). The sabot consisted of a circular cut section
of medium density fiberboard. These sabots were cut to measure
exactly 5-5/80 0 (14.3 cm) in diameter, in order to ensure that a
proper thrust was available to the projectile. It is noteworthy that
2�4 wooden missiles were selected for this research because
their use is required in the ASTM impact test standards (as well as
in previous standards) for the large missile tests. This choice
facilitates the comparison of the results presented in this study
with those customarily obtained in product acceptance tests.
However, it should be also noted that, in residential settings, roof
shingles were found to be a dominant source of wind-borne debris
when compared to the 2�4 wooden missiles used in standardized
test methods (NAHB, 2002).

4. Experimental results and discussion

The experimental component of this research achieved the
following results: (1) the derivation of pressure–velocity curves for
the LSUWC, (2) the determination of a suitable IP for ductile
building envelope components, (3) the identification of different
impact typologies, (4) the statistical characterization of the EDPsFig. 3. Deflection measurement system.

Fig. 4. Experimental specimens: (a) picture of an aluminum storm panels, (b) typical cross-section of a storm panel, and (c) sabot attachment to a 2�4 wooden missile.
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for ordinary impacts, and (5) the evaluation of the effects of
different boundary conditions for the aluminum panels. Each
aluminum panel was used for a single impact test and then
discarded.

4.1. Derivation of pressure–velocity curves for the LSUWC

The use of the LSUWC requires the derivation of different
pressure–velocity curves for different projectiles. These pressure–
velocity relations are used to set the pressure in the air tank and to
produces the desired velocity for the projectile within a specified
accuracy. Due to the large number of variables affecting the
projectile's velocity (e.g., air leaking around the sabot, inclination
and positioning of the missile within the barrel), as well as the
significant uncertainties affecting these variables, the pressure–
velocity curves were obtained experimentally for the three differ-
ent types of missiles considered in this research (i.e., 9-lb, 12-lb,
and 15-lb missiles).

The velocity measurement system was calibrated through a
repeatability test consisting of five missiles fired at the same air
pressure for each projectile type. Then, the pressure–velocity
curves for the three missile types were derived by firing several
missiles at a specified air pressure and by measuring the missile
velocities using the velocity measurement system. This procedure
was repeated for each missile type (9-lb, 12-lb, and 15-lb) with a
pressure range from 5 psi (34.47 kPa) to 30 psi (206.85 kPa). The
actual pressure ranges were different for the three missile types,
due to safety issues that limited the upper bound of the velocity
for the 9-lb missiles and accuracy issues that limited the lower
bound for the velocity of the 12-lb and 15-lb missiles. At least
three firings were conducted for each missile type and each
pressure value, at intervals of 1 psi from 5 psi to 20 psi, and at
intervals of 2 psi from 20 psi to 30 psi. Mean and standard
deviations were computed for each set of data points, and
analytical pressure–velocity relations were derived through
least-square fitting of the mean results for each pressure value
as follows:

V ¼
26:145 lnðpÞ�89:843; 34:47rpr165:47 ð9� lbÞ
22:708 lnðpÞ�78:694; 48:26rpr206:84 ð12� lbÞ
23:137 lnðpÞ�88:696; 68:95rpr206:84 ð15� lbÞ

8><
>:

ð1Þ

in which V denotes the missile velocity (in m/s) and p denotes the
air pressure (in kPa). Eq. (1) also provides the pressure ranges
within which the analytical pressure–velocity relations are valid
for each missile type. Fig. 5 provides the pressure–velocity curves
for the 9-lb, 12-lb, and 15-lb 2�4 wooden missiles.

4.2. Determination of a suitable IP

A first set of experiments was performed to determine an
appropriate IP for aluminum panels. The panels were bolted at the
top and bottom (i.e., on the short sides) to the horizontal beams of
the support frame, in order to reproduce typical installation
conditions (Fig. 6a and b). The following three potential IPs were
considered: (1) missile impact velocity, Vm; (2) missile impact
linear momentum, LMm; and (3) missile impact kinetic energy,
KEm. To evaluate the sufficiency of each IP, a WBD impact test was
conducted using a constant impact location corresponding to the
center of the panel (Fig. 6b). The impacts occurred at various levels
of the possible IPs, which were obtained by considering missiles of
three different sizes (i.e., 9-lb, 12-lb, and 15-lb) and several
different velocities, for a total of 62 impact tests. An IP is
considered sufficient for a given EDP of interest if the EDP
conditioned on IP is independent of other parameters (e.g., mass
of the missile). During each impact test, the values of the following
two EDPs were recorded: (1) the maximum total deflection of the
storm panel during impact, Δmax (which is related to the damage
to the windows protected by the storm panel); and (2) the plastic
deflection of the storm panel after impact, Δpl (which is related to
the damage to the storm panel). The values of Δmax and Δpl

recorded from this testing with fixed impact point near the center
of the storm panels were denoted as Δ0

max and Δ0
pl, respectively.

Fig. 6c–e plot the experimental EDP values versus Vm, LMm, and
KEm, respectively. It is observed that, when the EDPs are plotted as
functions of Vm and LMm, both Δ0

max and Δ0
pl present a significant

scatter. This scatter suggests that the EDPs are dependent on Vm

and LMm, with approximately a linear functional dependency, as
well as on the weight of the missile. The results presented in
Fig. 6e indicate that Δ0

max and Δ0
pl present a significantly smaller

scatter when they are plotted as functions of KEm, and they are
practically independent of the mass of the missile. It was also
experimentally observed that, for an impact kinetic energy
KEmZ1.150 kJ (denoted by a vertical dashed line in Fig. 6e), all
tested storm panels failed due to penetration of the missile or
failure of the connection with the support frame. For values of
impact kinetic energy higher than 1.150 kJ, the experimental
deflection measurements have a different physical meaning than
those corresponding to lower values of the KEm, as shown in
Fig. 6e by the change in the relation between KEm and EDPs. Fig. 7a
shows a storm panel failure due to tearing near the bolts from the
support frame for KEm¼1.175 kJ, whereas Fig. 7b shows a panel
failure from complete penetration for KEm¼1.500 kJ.

Based on the results presented here, it was concluded that KEm
is the only sufficient IP, among those considered in this research,
for aluminum panels. It is hypothesized here that KEm may be a
sufficient IP for building envelope components with ductile
behavior in general; however, this hypothesis needs to be tested
via additional experimental investigations. In addition,
KEm¼1.150 kJ was identified as the strength limit for the con-
sidered aluminum storm panel impacted by wooden 2�4
missiles.

4.3. Experimental CDFs of the EDPs and identification of impact
typologies

The structural analysis phase of PBHE provides the statistical
description of the EDPs conditional to the value of the identified IPFig. 5. Pressure–velocity curves of 2�4 wooden missiles for the LSUWC.

T.C. Alphonso, M. Barbato / J. Wind Eng. Ind. Aerodyn. 134 (2014) 44–5548



(i.e., KEm). A second set of tests was performed to derive the
experimental relation between EDPs and KEm for the considered
storm panel corresponding to three IP levels, i.e., KEm¼0.250 kJ,
0.500 kJ, and 0.750 kJ. Only one missile size was used (i.e., the 9-lb
missile). The impact locations were selected randomly using a uniform
distribution for both horizontal and vertical coordinates. A total of 48
impact tests were performed (i.e., 16 impacts for each level of KEm).
Due to the variability of the actual missile velocity when using the
pressure–velocity curves derived for the 9-lb missile, the measured
impact kinetic energy also presented a small variability (e.g., for the

tests corresponding to a nominal value of KEm¼0.500 kJ, the experi-
mentally measured impact kinetic energy was contained in the range
0.488 kJrKEmr0.513 kJ). This variability was neglected in the con-
struction of the relations between EDPs and KEm. It is noted here that
this variability is very small and, thus, has a negligible effect on the
results reported in the remainder of the paper. As in the previous set of
experimental tests, the boundary conditions considered in this set of
tests were bolted connections along the two shorter sides and free
ends along the two longer sides of the storm panel (Fig. 6a). This set of
tests was used to derive experimental CDFs for Δmax and Δpl and to

Fig. 6. Identification of a sufficient IP: (a) picture of a panel before impact, (b) drawing of boundary conditions, (c) plot of EDPs versus Vm, (d) plot of EDPs versus LMm, and
(e) plot of EDPs versus KEm.

Fig. 7. Storm panels' failures: (a) tearing near the bolted connections (KEm¼1.175 kJ), and (b) complete penetration (KEm¼1.500 kJ).

T.C. Alphonso, M. Barbato / J. Wind Eng. Ind. Aerodyn. 134 (2014) 44–55 49



verify that different types of impacts can be identified based on the
location of the impact point, as suggested by finite element-based
results available in the literature (Herbin and Barbato, 2012).

Fig. 8a and b plots the experimental CDFs for Δmax and Δpl,
respectively, for KEm¼0.250 kJ, 0.500 kJ, and 0.750 kJ. The follow-
ing three different response regions can be identified in the
experimental CDFs plotted in Fig. 8: (1) a region with a concentra-
tion of very small values of Δmax and Δpl, corresponding to
“boundary impacts”; (2) a region with values of Δmax and Δpl that
are more evenly distributed, corresponding to “ordinary impacts”;
and (3) a regionwhere the missile penetrated the aluminum storm
panel, corresponding to “penetrations”. Using an approach com-
monly employed in other PBE frameworks, an infinite value of
maximum and plastic deformation was associated to penetration
events, and only their number was recorded experimentally and
reported in Fig. 8.

A better understanding of the results reported in Fig. 8 is
achieved by analyzing the WBD impact locations and the corre-
sponding impact typologies. Fig. 9 shows the locations of the
impacts and their classification into boundary impacts, ordinary
impacts, and penetrations for the three levels of KEm considered.
It also identifies the regions where the three types of impacts are
most likely to happen.

When the impact locations occur in the portion of the alumi-
num storm panel that is connected to the frame, as well as in an
additional region that extends from the short side boundary
connections by half of the height of the 2�4 missile (i.e.,

4.445 cm), the projectiles impact the support frame. If the frame
is significantly stiffer than the panel (which is the common
condition for almost all residential construction), the values of
Δmax and Δpl are very small because they are limited by the
presence of the frame (Herbin and Barbato, 2012). These boundary
conditions result in a net reduction of the vulnerable area of the
panel. The EDP values for these impacts typically depend on the
properties of the structural component on which the storm panel
is installed. The results presented in Fig. 9 also show that the
impact locations corresponding to penetrations are concentrated
in the portions of the aluminum storm panel that are located near
the unconstrained sides. These portions can be approximately
identified with two symmetric parabolic segments with base
b¼103.51 cm and height h¼6.35 cm. The total sum of these two
parabolic areas consists of roughly 20% of the total panel area,
which is very close to the ratio between number of penetrations
and total number of impact analyses obtained in this research (i.e.,
2 penetrations out of 16 random impacts for KEm¼0.250 kJ, with a
12.50% ratio; and 3 penetrations out of 16 random impacts for
KEm¼0.500 kJ and KEm¼0.750 kJ, with a 18.75% ratio). Thus, the
experimental results obtained in this research confirm that the
probability of penetration for an aluminum storm panel is strongly
dependent on the boundary conditions (i.e., on the connection
details). It is noteworthy that, for KEmZ1.150 kJ, the penetrations
correspond to tearing of the panels at the bolted connections
(Fig. 7a) or puncturing of the panels (Fig. 7b), similar to the failure
mode observed in Laboy et al. (2013) for roof tile debris. However,

Fig. 8. Experimental CDFs for: (a) Δmax, and (b) Δpl.

Fig. 9. Impact locations and corresponding impact types.
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for KEmr0.750 kJ, the penetrations correspond to twisting of the
panel's unsupported sides and slipping of the missiles over the
panel's surface, as observed in Borges et al. (2009) and Herbin and
Barbato (2012).

When an impact occurs in the portion of the panel that is not
on the boundary connection or in the region vulnerable to
penetration, an ordinary impact is expected, for which finite EDP
values are obtained that are typically larger than those corre-
sponding to boundary impact. For ordinary impacts, it is of interest
to identify appropriate probability distributions that can be used
to describe the fragility curve corresponding to the limit states of
damage to the panel and to the window.

4.4. Statistical characterization of the EDPs for ordinary impacts

Experimental CDFs were obtained for the three values of KEm
considered by using only the values of the EDPs measured from
ordinary impacts (i.e., not including the results that corresponded
to boundary impacts and/or penetrations) and normalizing the
probability of those results to one. From these values, the means
and standard deviations for Δmax and Δpl were computed. The
normal, lognormal, and truncated normal (with lower truncations
at Δmax¼0 cm and Δpl¼0 cm) distributions were compared in
order to find the best fit to the ordinary impacts' results. The
comparison of these distributions was based on the modified
Kolmogorov–Smirnov goodness-of-fit test (Kececioglu, 1993).
Fig. 10a and b illustrate the experimental CDF for Δmax and Δpl,
respectively, along with the theoretical CDFs for all considered
distributions, for all three levels of KEm considered.

In the modified Kolmogorov–Smirnov test, a proposed distri-
bution is accepted at a given significance level, α, if the maximum
difference between the experimental CDF and the theoretical CDF,

Dn, is less than the critical value, Dn,α, corresponding to the given
level of significance (Ang and Tang, 1975). Based on the compar-
ison between Dn and Dn,α values (calculated for the three statistical
distributions at the three levels of KEm) for significance levels
α¼ 5% and α¼ 1%, the truncated normal distribution is preferred
over the normal and lognormal distribution (see Alphonso (2013)).
These results are consistent with those from Herbin and Barbato
(2012).

4.5. Effects of boundary conditions

The effects of different boundary conditions on the perfor-
mance of aluminum storm panels were studied by conducting
repeated impact tests at specified IP levels. In this test, two
different installation options were considered: (1) a reference
installation option without any support on the two long sides of
the aluminum storm panel (shown in Fig. 6a and b), which
corresponds to cases in which the panel is not wider than the
opening to be protected; and (2) a new installation option in
which the panel has some support on the two long sides of the
aluminum storm panel (illustrated in Fig. 11), which corresponds
to cases in which the panel is wider than the opening to be
protected.

The new boundary conditions replicate the manufacturer-
suggested mounting on a fixed rail system with a panel that
overlaps the installation wall by 1.27 cm along the two uncon-
strained sides of the panels (i.e., the portions of the panel that are
most vulnerable to penetrations). Installation of panels using these
new boundary conditions assumes that (1) the wall is sufficiently
strong to tolerate impact without damage (which is a reasonable
hypothesis for brick and/or concrete walls), and (2) the distance
between the panel and lateral support sides is sufficiently small to

Fig. 10. CDFs relative to ordinary impacts for: (a) Δmax, and (b) Δpl .

Fig. 11. New boundary condition case corresponding to an aluminum storm panel wider than the window opening: (a) elevation, and (b) section.
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ensure contact between the panel and the sides under impact
deformation. In order to represent this condition during testing, a
steel plate was used to provide the support corresponding to the
installation wall. It is noteworthy that both installation options are
acceptable according to manufacturer's suggestions and code
prescriptions, assuming that the distance between the panel and
the side of the opening to be protected is smaller than ¼0 0

(6.35 mm).
This set of experimental test consisted of a total of 32 impact

tests with random impact locations that were selected within the
parabolic regions considered prone to penetration for each of the
two installation options. In particular, 16 impact tests were
conducted at KEm¼0.250 kJ (actual variability: 0.238 kJrK
Emr0.256 kJ), and 16 impact tests were conducted at
KEm¼0.500 kJ (actual variability: 0.491 kJrKEmr0.520 kJ) using
a 9-lb missile. Figs. 12 and 13 show the impact locations and the
corresponding impact types for KEm¼0.250 kJ and KEm¼0.500 kJ,
respectively, as well as the parabolic regions vulnerable to pene-
tration for (a) the reference boundary conditions, and (b) the new
boundary conditions.

In the set of 16 impacts considering the reference boundary
conditions, all impacts occurred within the two symmetric para-
bolic regions that are vulnerable to penetration. In this first set of
tests, a total of 15 penetrations were recorded. Eight of these

penetrations were recorded for KEm¼0.250 kJ, corresponding to a
probability of penetration conditional to impact occurring in the
region vulnerable to impact (in short, conditional probability of
penetration) equal to 100%. The other seven penetrations were
recorded for KEm¼0.500 kJ (corresponding to a conditional prob-
ability of penetration equal to 87.5%).

In the set of 16 impacts considering the new boundary condi-
tions, 15 impacts occurred within the parabolic regions identified
as vulnerable to penetration (one of which was the only actual
penetration recorded), and one was a boundary impact on the
boundary of the panel's long side, which was supported by the
installation frame for the new boundary conditions. For this
second set of tests, no penetration was recorded for KEm¼0.250 kJ,
and only one penetration was recorded for KEm¼0.500 kJ, out of
seven impacts occurring in the vulnerable region of the panel
(corresponding to a conditional probability of penetration equal to
14.3%).

The large reduction in number of penetrations observed is very
significant as it can be achieved via a small modification of the
installation of the panel when protecting building envelope
components. This installation modification could be easily imple-
mented into practical installation applications by introducing it
into building code's minimum requirements, i.e., by requiring a
minimum value of overlap between walls and storm panels. With
this modification, the region of the storm panel where boundary
impacts take place becomes significantly larger than the region
identified in the reference installation option. This new boundary
region includes not only the boundary impact areas located at the
top and bottom of the panel near the bolted connections with the
fixed rail, but also two additional side regions along the uncon-
strained 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 missile width.

5. Damage analysis results and evaluation of fragility curves

The damage analysis phase of PBHE provides the probabilistic
description of DMs or limit states for given values of EDPs. These
results are then convoluted with the results of the structural
analysis phase (i.e., the CDFs of the EDPs conditional to the value
of KEm, see Fig. 8a and b) to provide the desired fragility curves.
This study considered the following three discrete limit states:
(1) failure of the panel, (2) failure of the window behind the panel,
and (3) complete penetration of the projectile. These three limit
states are graphically illustrated in Fig. 14, where pictures of
experimental results corresponding to failure for each of the three
limit states considered are also provided in the insets.

Fig. 14a shows the limit state corresponding to failure of the
panel only. In this scenario (i.e., panel failure), WBD impact causes
the aluminum storm panel to reach an excessive plastic deforma-
tion, which renders the panel unusable in future hurricane events.
This limit state failure is met when the value of Δpl is larger than
or equal to a threshold ξpl, assumed to warrant replacement of the
panel (i.e., ΔplZξpl). In this study, ξpl is assumed deterministically
equal to 2.50 in (6.35 cm). Fig. 14b illustrates the limit state
corresponding to excessive deformation of the panel resulting in
the failure of both the panel and the window behind the panel.
This limit state failure occurs when EDP Δmax is larger than or
equal to the threshold ξmax, which is defined as the minimum
distance between the aluminum storm panel and the window
protected by the panel (i.e., ΔmaxZξmax). In this research, ξmax is
assumed deterministically equal to 5.00 in (12.70 cm). Fig. 14c
illustrates the penetration of the panel and window after WBD
impact. A test corresponding to a missile penetration is considered
a failure also with respect to the other two limit states of interest.

Fig. 12. Impact locations and corresponding impact types for KEm¼0.250 kJ:
(a) reference boundary conditions, and (b) new boundary conditions.

Fig. 13. Impact locations and corresponding impact types for KEm¼0.500 kJ:
(a) reference boundary conditions, and (b) new boundary conditions.
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The value of ξmax adopted in this research represents a realistic
value of the mean distance between panels and windows for
common installations. However, for specific applications, appro-
priate statistics should be obtained from data regarding the
specific window installation under study in the specific hurricane
prone region of interest.

Fig. 15 compares the experimental fragility curves correspond-
ing to the three limit states considered in this research with the
numerical results found in Herbin and Barbato (2012). For the
penetration limit state, the standard deviation of the failure
probability estimator (which is a measure of the estimate's

accuracy) is also provided. This standard deviation is relatively
large when compared to the failure probability estimates for the
penetration limit state, due to the relatively small number of
penetrations recorded in the experimental tests.

A significant quantitative difference is observed between experi-
mental and numerical fragility curves. In particular, when compared
to the experimental results, the numerical fragility curves derived in
Herbin and Barbato (2012) are slightly higher for KEm ¼ 0:250 kJ,
whereas they provide lower probability of failure values for all limit
states at higher values of KEm. In addition, the experimental and
numerical failure limits (i.e., the values of KEm corresponding to
almost certain physical failure of the aluminum panels and identi-
fied in Fig. 15 by vertical dashed lines) are equal to 1.15 kJ and
3.50 kJ, respectively. These discrepancies are most likely due to the
fact that the modeling assumptions for the boundary conditions
made in Herbin and Barbato (2012) did not correspond to the
behavior that was observed experimentally for the bolted connec-
tions between the storm panel and the support frame. The
reference boundary conditions considered in this study consisted
of three bolted connections with ¾0 0 bolts at the top and bottom
sides of the panel, as recommended by the installation instructions
provided by the manufacturer (AGI Group, personal communica-
tion) and consistent with the requirements of the 2010 Florida
Building Code (ICC, 2011). In Herbin and Barbato (2012), these
connections were modeled using fixed boundary conditions, i.e., by
assuming that the portion of the panels surrounding the bolted
connection was rigidly connected to the supporting frame. How-
ever, the experimental tests showed that, for KEmZ1:150 kJ, the
panels began tearing at the bolted connections, splitting the
aluminum below the bolt and separating the panel from the target
support frame (Fig. 7a). This type of failure is inconsistent with the
modeling assumptions adopted in Herbin and Barbato (2012). As a
consequence of these inaccurate modeling assumptions for the
boundary conditions, the stiffness and strength of the aluminum
panels were significantly overestimated in Herbin and Barbato
(2012).

Fig. 14. Damage limit states: (a) failure of the storm panel, (b) failure of the window, and (c) penetration of the missile.

Failure Limit Failure Limit from 
Herbin and Barbato (2012)

Experimental Data

Data from Herbin and 
Barbato (2012)

Fig. 15. Fragility curves for aluminum hurricane storm panels: comparison of
experimental and numerical results.
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6. Additional considerations on applicability and scope of this
research

The results presented in this paper indicate that the current
standard for impact protective systems' performance (i.e., ASTM
E1866 and E1996, ASTM, 2005a, 2005b) are inconsistent with
modern performance-based design approaches. In fact, these
standard are based on simplistic pass/no pass criteria and, for
metal storm panels, do not distinguish among different failure
limit states and do not provide information on the fragility curves,
which are an essential ingredient of PBHE. This paper presents an
approach for developing fragility curves of windborne debris
impact protective systems. This approach involves: (1) defining
pertinent limit states; (2) identifying appropriate IPs; and (3) per-
forming experimental tests to derive the fragility curves. The first
two steps should be based on existing and future research on
different typologies of windborne debris protection systems (e.g.,
systems with brittle or ductile behavior). The third step should be
regulated in future standards and should be tailored to the
different types of protection systems, materials, installation con-
ditions, and types of missiles.

It is noteworthy that, while the methodology proposed in this
paper to derive fragility curves for windborne debris impact
protective systems is general, the specific experimental results
and their interpretation are valid only for the specific conditions
considered in this experimental campaign, i.e., for a single alumi-
num panel with direct mount through bolted connections
impacted by wooden 2�4 missiles. Additional experimental
investigations are needed to study the effects of (1) overlapping
multiple panels (which is the most common installation condition
in real-world applications); (2) different mount options (e.g., track
mount versus direct mount); (3) different materials (e.g., steel
versus aluminum); and (4) different missiles (e.g., roof tiles versus
wooden 2�4 missiles).

7. Conclusions

The research presented in this paper focused on the derivation
of experimental fragility curves for windborne debris (WBD)
impact risk assessment of building envelope components with
ductile behavior (in particular, aluminum storm panels) within a
recently developed performance-based hurricane engineering
(PBHE) framework. In PBHE, fragility curves represent the cumu-
lative distribution functions (CDFs) of damage measures or dis-
crete limit states, expressed in terms of appropriate interaction
parameters (IPs) that are used to describe the intensity of the WBD
impact.

Three limit states were identified in this research: (1) damage
to the storm panel (with engineering demand parameter defined
as the maximum plastic deformation of the panel, Δpl); (2) damage
to the window protected by the storm panel (with engineering
demand parameter defined as the maximum total deflection of the
panel, Δmax); and (3) complete penetration of the panel by the
projectile.

A first set of experimental tests was performed to identify a
sufficient IP for the three limit states considered in this study.
It was found that the impact kinetic energy, KEm, is a sufficient IP
for aluminum storm panels impacted by 2�4 wooden missiles. It
is suggested that KEm may be a sufficient IP also for other building
envelope components with ductile behavior, and that this hypoth-
esis should be verified through additional experimental testing.

A second set of experimental tests was performed to derive
experimental fragility curves for the three considered limit states.
Three typologies of impacts were identified: (1) ordinary impacts;
(2) boundary impacts (i.e., impacts occurring in the area of the

panels that is connected to the support frame, whose effects are
mainly dependent on the installation details of the storm panel
and on the strength of the supporting wall); and (3) complete
panel penetrations. It was also found that the location of impact on
the panel plays a large role in determining the impact type and
level of damage to the structure. Experimental CDFs for both Δmax

and Δpl were developed and used to derive analytical CDFs for
ordinary impacts.

A third set of experimental tests was performed to evaluate the
effects of installation details (i.e., boundary conditions) on the
performance of aluminum storm panels. It was found that a small
overlap between the storm panel and the supporting wall along
the panel's free sides decreases significantly the vulnerability of
the panel to penetration. These results suggest that the addition of
a minimum overlap requirement in the building code's specifica-
tions for storm panels could have a very beneficial effect on the
safety of structures subjected to WBD impact hazard; whereas it
may require only a minimal change in common application
practices and it may cause an insignificant cost increase for the
building's owners.
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