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ARTICLE INFO ABSTRACT

Structural Insulated Panels (SIPs), which consist of a composite of an insulating polymer foam sandwiched be-
tween two layers of structural skins, are widely used in residential and commercial buildings. Such panels, in
the regions prone to hurricanes and tornadoes, are often exposed to the risk of windborne debris impact. Despite
the consequences associated with damage to SIPs, the studies on their perforation resistance and design variables
have been rather limited. To address this gap, the current study develops a computational framework to assess
the vulnerability of the SIPs of various configurations subjected to a range of windborne debris impact scenarios.
For this purpose, impact simulations are conducted to quantify the response and evaluate the extent of damage
to the SIPs. The study is further extended to evaluate the effect of various structural details and material prop-
erties on the perforation resistance of the SIPs. Based on the simulation results, a set of vulnerability curves are
developed for the first time to capture the risk of failure of the SIPs under the windborne debris hazard. This is
expected to improve the design of this important category of wall panels, especially to ensure their safety and
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performance during severe windstorms.

1. Introduction

Windborne debris impact is one of the main sources of damage to
building envelopes during strong wind events, such as hurricanes and
tornados. In particular, if the impact leads to a perforation, an immedi-
ate risk to the safety of occupants is anticipated. The consequences can
be further expanded, as an impact-induced opening changes the internal
pressure of the building, triggering extensive damage to structural and
nonstructural building components. Among the most common building
envelopes, Structural Insulated Panels (SIPs) are categorized as high-per-
formance composite panels used in several residential and commercial
buildings. The SIPs commonly consist of an expanded polystyrene (EPS)
foam sandwiched between two structural skins of materials, such as gal-
valume/zincalume steel, stainless steel, fiberglass, and oriented strand
board (OSB). The thickness of the SIPs can vary from 50 mm (2 in.) to
300 mm (12 in.), depending on their applications. The EPS foam is light-
weight and has a closed-cell insulation structure, which features low
water absorption and vapor permanence, further to high energy saving
advantages [1,2]. Owing to the superior strength of the SIPs, they are
deemed an appropriate composite panel system to resist impact-induced
forces. This, however, has remained largely unexplored, as there are cur-
rently no guides/details for the optimal design of the SIPs in the regions
prone to windborne debris hazard.
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From a holistic review of the existing literature, there are a num-
ber of studies on the effect of windborne debris impact on various wall
panels [3-9]. Among them, Scheer [8] conducted large missile tests on
different wall and roof assemblies. The performed tests documented the
extent of damage that such assemblies can experience under debris haz-
ard. Frye et al. [3] investigated the response of metal cladding wall sys-
tems subjected to windborne debris impact loads. It was observed that
an increase in the flexibility of the wall can enhance the energy absorp-
tion capacity and provide an improved resistance against impact loads.
Peters and Robertson [9] tested multiple safe room's wall panels that
consisted of either wood studs or cold form steel studs. The study re-
ported how such panels can be vulnerable to the risk of windborne de-
bris impact. In a separate effort, Zhou et al. [4] proposed a design for
tornado safe rooms using carbon fiber-reinforced hybrid matrix compos-
ite (CHMC). The study also demonstrated how the wood studded houses
built not adequately resistant to tornados can be strengthened with the
CHMC. Chen et al. [7] conducted a set of impact tests on corrugated
structural panels. The study showed how the impact location, impact ve-
locity, and boundary condition can influence the impact response of cor-
rugated structural panels.

Although a number of different wall panels have been developed
and tested to date, there has been growing interest in transitioning
from conventional wall panels to SIPs, mainly because of the insula-
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tion and energy saving advantages offered by SIPs. To evaluate the per-
formance of SIPs subjected to windborne debris impact, there are lim-
ited studies available in the literature. Among them, Chen and Hao
[10-12] investigated how the SIPs respond to impact-induced forces.
It was found that the impact can cause large deformations in ductile
metal skins, in contrast to localized deformation and damage in rigid
skins, such as those made with OSB and fiber cement. In an effort to
improve the impact resistance of SIPs, Meng et al. [13] investigated
the use of glass fiber laminate for strengthening the SIPs with OSB face
sheets. For example, adding a 3 mm glass fiber laminate was found to in-
crease the strength against windborne debris impact by more than 75%.
Jing et al. [14] explored the perforation resistance of sandwich panels
with layered metallic cores. The layered structure was reported to ad-
versely affect the performance during a projectile impact, as compared
to monolithic sandwich panels. In a separate study focused on SIPs [15],
it was observed that their energy absorption capacity can be 15%-100%
greater than the sum of the capacities provided by their individual com-
ponents. It was also determined that, although the impact resistance of
the SIPs is primarily governed by the properties of face sheets, the den-
sity of the foam core can be an important factor. Despite the contribu-
tion of the past studies, none of them systematically evaluates the effects
of face sheet and foam core properties on the response of SIPs subjected
to debris impact. This has motivated the current study to address the gap
in the state of the knowledge and practice concerning the performance
of SIPs under windborne debris hazard.

In this study, a high-fidelity computational framework is developed
to evaluate the structural vulnerability of SIPs with metal skins under
windborne debris impact. This is achieved by developing a set of rep-
resentative finite-element (FE) models for the SIPs calibrated with im-
pact tests. To achieve a holistic assessment, more than 250 simulation
cases are developed to properly understand the perforation resistance of
the SIPs and the main factors contributing to it. This is ensured with
appropriate material models, which include the strain rate effects and
material erosion characteristics. Upon the validation of the developed
FE models with the experimental test results, the main simulations are
performed to determine the deformation pattern, critical and residual
velocity, and energy absorption, which are later employed for evalu-
ating the key design variables. The debris considered for the current
study is a wood lumber with the impact velocities that range from 15 m/
s to 35 m/s, following the guide provided by the available codes and
specifications [16—20]. The simulations are then extended to investigate
the effects of a wide range of contributing factors, such as debris mass,
impact velocity, and material and structural details of the face sheets
and the foam core, on the overall performance of the SIPs during vari-
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ous windborne debris impact scenarios. For improving the design of this
important category of composite wall panels, it is critical to determine
their perforation resistance. Thus, a set of vulnerability curves are devel-
oped for the SIPs as a function of debris mass and velocity, capturing the
complete penetration of debris into the SIPs, as the worst case scenario.
This is expected to directly help with optimizing the material design and
structural configuration of the SIPs used in the buildings exposed to the
risk of wind and windborne debris hazard.

2. Modeling details

A set of explicit FE simulations are performed to evaluate the dy-
namic response of SIPs subjected to windborne debris impact. A detailed
description of the geometry of the SIPs, material models, and loading
scenarios is provided in this section.

2.1. Model setup

The SIPs available in the market have a constant width of 1.2 m.
Their height, however, can vary to make sure that they properly fit in
the building envelopes. In this study, the SIP specimens with the dimen-
sions of 1.2 m X 2.4 m and the core thickness of 100 mm are investi-
gated (Fig. 1). The modeled SIPs represent the standard wall panels
used in several residential and commercial buildings. The face sheets are
made of 0.4 mm zincalume G300 steel, which is a continuous hot-dipped
aluminum/zinc alloy-coated structural steel. The face sheets are mod-
eled using fully integrated shell elements. The foam core is made of EPS,
which has a high energy absorption capacity. The foam core is modeled
using constant stress solid elements. In this study, the impact test re-
quirements prescribed for extreme conditions, per Florida Building Code
[171, are employed. This includes a lumber projectile with the nomi-
nal cross-sectional dimensions of 50 mm X 100 mm (2 in. X 4 in.) and
a total mass of 4.0 kg. As observed in the past field surveys and exper-
imental tests, the hardwood projectile commonly experiences no defor-
mation or mass loss during windborne debris impact. Thus, it is mod-
eled as a rigid object using constant stress solid elements. It should be
noted that using a rigid material for the hardwood projectile neglects
the elastic energy transferred to the timber projectile after impact [21].
This may produce a small overestimation of the energy dissipated by the
SIPs, particularly for low impact velocities when rebounding of the pro-
jectile is likely. Since the velocities investigated in the current study cor-
respond to the perforation level, this assumption was found to have no
adverse effect on the accuracy of the simulation results.
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Fig. 1. (a) Details of the SIP test setup, and (b) FE model developed for the windborne debris impact simulations.
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2.2. Material models

The material properties of the metal face sheets are described using
the piecewise elastic-plastic material model that can capture the kine-
matic hardening plasticity [22—-24]. Strain rate effects are incorporated
into the model by using the Cowper-Symonds model [25] defined using
the following equation:

1
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Where Cq is the dynamic flow stress at the strain rate of ¢; s is the as-
sociated flow stress; and C and p are the Cowper-Symonds model para-
meters. In this study, C and p are assumed as 100 s~! and 10, respec-
tively [11,26-28]. The elastic modulus and Poisson's ratio of the metal
face sheets are 210 GPa and 0.3, respectively. Based on the stress-strain
curve of zincalume G300 steel, a failure strain of 0.0525 is defined.

The EPS foam has a relatively complex behavior under external
loads. The stress-strain curve of the EPS foam under compression can
be broadly divided into three regions, i.e., elastic region, plateau com-
paction region, and densification region. It is important to note that the
stress-strain relationship is dependent on the density of the EPS foam.
The compressive elastic modulus and the yield strength both increase
as the density increases. In this study, the modified crushable foam
model is adopted to properly capture the main characteristics of the EPS
foam used in the core of the SIPs. This model is an extension of the
crushable foam model, which considers the yield stress as a function
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Fig. 2. Stress-strain curves (as a function of strain rate) for the three EPS foams investi-
gated in the current study.
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of volumetric strain and volumetric strain rate. The foam is assumed to
be isotropic with the strain rate sensitivity captured using a stress versus
volumetric strain relationship at various strain rates. Fig. 2 illustrates
the stress-strain curve for the EPS foam at different strain rates. The EPS
foam with a density of 13.5 kg/m? is considered for the current study,
replicating the foam commonly used in the building industry. The mod-
eled foam has an elastic modulus of 900 kPa and a Poisson's ratio of
0.0001. To simulate damage formation and propagation, an erosion op-
tion with a shear strain failure criterion of 0.5 is employed for the EPS
foam.

2.3. Boundary conditions and contact algorithms

To achieve accurate results, a proper modeling of boundary condi-
tions is critical. In the current construction practice, each structural wall
consists of several SIPs connected to each other. To reflect such connec-
tions, the SIPs are constrained against all the degrees of freedom at one
vertical edge and partially fixed at the other edge (Fig. 1). The partial
fixity involves constraints against in-plane translation and out-of-plane
rotation. The top and bottom of the SIPs are fixed against all the de-
grees of freedom. The interactions between the SIP and the projectile,
including friction effects, are controlled by using an eroding surface to
surface contact with a segment-based contact option [29]. In addition,
an eroding single surface contact is included to control the interaction
between the face sheets and the foam core, as they experience damage.
Since the EPS foam can undergo large deformations, an interior contact
is defined to avoid negative volume within the core of the SIP. In the
projectile tests performed on the SIPs, no debonding was observed be-
tween the face sheets and the foam core [11]. Therefore, a perfect bond
is assumed between them in the current study.

3. Model validation and mesh convergence

The simulation setup is validated first with the experimental tests
performed on the SIPs. The experimental tests included multiple projec-
tile impacts on the SIPs that consisted of an EPS foam sandwiched be-
tween two steel face sheets with the dimensions of 0.76 m x 1.20 m.
The impact velocity ranged from 17 m/s to 26 m/s for these tests. The
face sheets were made of zincalume G300 steel with a nominal thick-
ness of 0.42 mm and a yield strength of 330 MPa. Three different thick-
nesses of the EPS foam with a density of 13.5 kg/m® were used in the
experiments [11]. The SIPs were mounted on a rectangular frame us-
ing G-clamps. A 4.0 kg hardwood projectile was launched using a pneu-
matically driven cannon (Fig. 3). To validate the developed FE mod-
els, a setup similar to that used for the experiments is developed in the
LS-DYNA software package, including representative initial and bound-
ary conditions. For the validation effort, a total of six tests are inves-
tigated with different core thicknesses and projectile impact velocities,
as summarized in Table 1. It should be noted that upon validating the
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Fig. 3. Schematic diagram of experimental test setup replicated following [11].
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Table 1
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Comparison of the simulation results with the experimental test data for the six SIP configurations tested for validation purposes.

No. Face sheet thickness (mm) Core thickness (mm) Dimension (m) Debris mass (kg) Initial velocity (m/s) Residual velocity (m/s) Perforation
Experiment [11] FE Simulation
1 0.4 50 0.76 x 1.20 4.0 18 -3.8 -4.5 No
2 0.4 50 0.76 x 1.20 4.0 26 17.0 17.8 Yes
3 0.4 50 0.76 x 1.20 4.0 23 15.0 14.1 Yes
4 0.4 75 0.76 x 1.20 4.0 24 10.0 11.5 Yes
5 0.4 75 0.76 x 1.20 4.0 18 -4.0 -4.1 No
6 0.4 38 1.40 x 1.20 4.0 18 0.0 0.1 No

FE models with the first four tests, i.e., validation cases No. 1 through
No. 4, the FE models are further tested using two additional tests, i.e.,
validation cases No. 5 and No. 6.

From each simulation, various structural response measures are ex-
tracted. Based on a review of the impacted SIPs, different modes of dam-
age can be identified, ranging from the tearing of the front skin and core,
but no complete penetration, to a full shear punching failure. For each
specimen, the deformed shape and the residual velocity of the projectile
are extracted for validation purposes. The residual velocity refers to the
velocity of the projectile after complete perforation or rebound. A neg-
ative value for the residual velocity indicates that the projectile has re-
bounded after impact. According to Table 1, the residual velocities, as
well as the penetration modes, are very much comparable with the ex-
perimental test results. The validation effort is further extended by com-
paring the out-of-plane displacements at two locations for the validation
case No. 4, i.e., (1) half distance between the center and the long edge
of the panel, and (2) half distance between the center and the short edge
of the panel. For this case, the maximum out-of-plane displacements at
the two locations are recorded to be 18.6 mm and 12.3 mm from the FE
simulations, as compared to 18.9 mm and 11.4 mm measured in the ex-
periments for the same locations, respectively. Further to capturing the
maximum response measures, Fig. 4(a) shows how the post-impact de-
formed shape of the specimen investigated in the validation case No. 4
is compared between the FE simulation and the experimental test. The
stress contours, in particular, successfully capture the creases formed in
the front sheet consistent with the experiment. The validation case No.
5 involves a SIP with the dimensions of 0.76 m X 1.20 m, including a
foam core with a thickness of 75 mm. This SIP is impacted at the cen-
ter with an impact velocity of 18 m/s, following the experimental test
setup. The test data indicates that the debris rebounds with a velocity
of 4.0 m/s after rupturing the front face sheet. The FE model is able to
predict a very similar behavior, while capturing a rebound velocity of
4.1 m/s, consistent with the experiment. In the validation case No. 6, the
SIP dimensions are 1.40 m X 1.20 m with a core thickness of 38 mm.
The SIP was impacted at the center with an impact velocity of 18 m/s.
It is found that the debris pierces through but stays inside the SIP. The
damage, in particular, is characterized by the rupture of the front face
sheet followed by the tearing of the back skin. As shown in Fig. 4(b),
such a behavior replicates the behavior recorded during the experimen-
tal test very well. This confirms that the calibrated FE models are sat-
isfactory to simulate the perforation resistance of the SIPs under wind-
borne debris impact.

Upon establishing the main model setup with the dimensions of
1.2m X 2.4 m and the core thickness of 100 mm, a mesh convergence
analysis is conducted to determine an optimum mesh size. Considering
the sensitivity of simulation results to the mesh size, a fine mesh size
is required for the region of direct impact. Thus, three element sizes
of 20 mm, 10 mm, and 5 mm are tested for the two strips that pass
through the impact location. Among the response measures of inter-
est, the projectile is found to rebound after impacting the SIP with a
mesh size of 20 mm. However, a perforation consistent with the exper-
imental tests is observed for the mesh sizes of 10 mm and 5 mm. From

the monitoring of the residual velocity, the mesh convergence is ensured
by noting that the difference between the residual velocities obtained
from the mesh sizes of 10 mm and 5 mm remains under 6%. Therefore,
a mesh size of 5 mm is used for the two perpendicular strips, while the
mesh size is increased to 20 mm in the rest of the SIP setup.

4. Results and discussion

Using the validated FE models, a set of impact simulations are con-
ducted on the SIPs to evaluate their vulnerability to windborne debris
impact. Various response measures, such as deformation pattern, criti-
cal and residual velocity, and energy absorption, are employed to quan-
tify the structural performance of the SIPs subjected to a range of debris
impact velocities. Fig. 5 illustrates the damage formed in the SIPs un-
der the increasing impact velocities of 15 m/s, 20 m/s, and 25 m/s. The
SIP does not experience perforation under 15 m/s. However, perforation
occurs at 20 m/s and 25 m/s impact velocities with a punching shear
mode of failure. It is interesting to note that with increasing the impact
velocity from 20 m/s to 25 m/s, the damaged area slightly decreases.
This can be explained by the fact that the portion of the panel that can
contribute to resisting the impact force is reduced in the absence of suf-
ficient response time due to the increased impact velocity. The impact
process is further explained by investigating the energy absorption and
critical velocity of the SIPs under consideration.

4.1. Energy absorption

The amount of energy absorbed during impact can be used as a mea-
sure to evaluate the participation of various components of the SIPs
in resisting the impact load. By considering each numerical simulation
as a closed system, the total energy of the system must remain con-
stant. The kinetic energy introduced by the impacting debris is partly
absorbed by the SIP. The absorbed energy is due to either material dam-
age (Egamage) or structural deformation (Egeformation)- While the former
is characterized by the process of erosion, the latter is represented by
the changes in the internal energy. Fig. 6 shows the amount of energy
absorbed by the front sheet, foam core, and back sheet at the impact
velocities of 15 m/s, 20 m/s, and 25 m/s. The absorbed energy is pre-
sented as the fraction of the total energy imparted to the panel. Un-
der an impact velocity of 15 m/s, the SIP absorbs 100% of the total
energy with the primary contribution of the foam core, which receives
more than 80% of the total energy. The fraction of impact energy ab-
sorbed by the SIP drops to 84% and 56% for the impact velocity of
20 m/s and 25 m/s, respectively. This can be explained by the fact that
the projectile continues moving with a residual velocity of 8.32 m/s and
16.01 m/s after full penetration, respectively. Reviewing the contribu-
tion of the front and back sheets, it is observed that the front sheet ab-
sorbs a higher fraction of the applied energy when the timber projec-
tile rebounds. However, the amount of energy absorbed by the back
sheet becomes equal to the front sheet when perforation occurs. The en-
ergy absorption characteristics are further explored by evaluating the
ratio of Egamage/Edeformation- Fig. 7 illustrates the relationship between
Egamage and Egeformation for the three impact velocities of 15 m/s, 20 m/
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s, and 25 m/s. For the impact velocity of 15 m/s, the SIP does not ex- ing in an increase in the ratio of Egamage/Edeformation- ON€ important obser-
perience any material damage, i.e., Eqgnqge = 0, and all the energy dis- vation is that the ratio of Ejqnage/Edeformation iS higher for the front sheet
sipation occurs due to deformations, which naturally include indenta- than for the back sheet and the foam core. This further highlights the
tions as well. However, with increasing the impact velocity, Eganage cON- role of the front sheet to resist the impact-induced forces.

sistently increases due to the increase in the extent of damage, result-
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4.2. Critical velocity

The critical velocity is defined as the minimum impact velocity re-
quired for the windborne debris object to perforate through the SIP.
The critical velocity for a particular configuration of SIP can be deter-
mined from the FE simulations by having a number of trials to deter-
mine the impact velocity needed for the debris to penetrate into the SIP
with zero residual velocity. Considering the importance of this veloc-
ity and the computational effort required to capture it, an alternative
approach is employed in the current study by performing curve fitting

on the residual velocity data points to predict the critical velocity. Af-
ter recording the residual velocities from a set of FE simulations with
increasing initial debris impact velocities, the following expression pro-
posed by Ipson and Recht [30] is used to relate the initial, Vi, residual,
Vr, and critical velocity, Ve, of the windborne debris object:

0<v,<v,.

0
i PR @

Where P is a coefficient that can be assumed equal to 2 for a rigid de-
bris; and « is a coefficient that can be approximated using the following
expression:

mg

h m,+my 3

Where 4 and ™ are the mass of the windborne debris object and the
mass of the target ruptured by the debris, respectively. Fig. 8 shows
how Equations (2) and (3) can be utilized to fit a curve to the resid-
ual velocities extracted from the FE simulations for the initial impact ve-
locities, ranging between 20 m/s and 35 m/s. With the developed equa-
tions, a critical velocity of 17.47 m/s is predicted for the SIP under con-
sideration. This is found completely consistent with the critical velocity
determined directly from the numerical simulations (as shown in Fig. 8
by a blue dot).

5. Investigation of contributing design factors

A comprehensive investigation of the structural details, material
properties, and impact intensities that immediately influence the perfor-
mance of the SIPs subjected to windborne debris hazard is conducted in
the current study to obtain a proper insight for an optimal design of this
important category of building envelope components.
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5.1. Thickness of metal sheets

The perforation resistance of the SIPs greatly depends on the thick-
ness of their metal sheets, especially the front one, which is directly
impacted by windborne debris objects. To evaluate this design parame-
ter, five front sheet thicknesses ranging from 0.4 mm to 0.8 mm (with
0.1 mm intervals) are considered. All the SIPs are assumed to have a
similar steel yield strength of 330 MPa, EPS core thickness of 100 mm,
and EPS density of 13.5 kg/m®. Under various impact velocities, i.e.,
from 17.5 m/s to 35 m/s with 2.5 m/s intervals, the simulations are per-
formed and the main structural response measures are extracted. Fig.
9(a) shows the predicted residual velocity curves for the five front sheet
thicknesses. A significant decrease in the residual velocity is observed
with increasing the front sheet thickness from 0.4 mm to 0.5 mm and
from 0.5 mm to 0.6 mm. With further increasing the thickness, however,
reduction in the residual velocity becomes less pronounced. Fig. 9(b)
illustrates the critical velocities for various front sheet thicknesses. An
increase of 21% and 9% are observed when increasing the front sheet
thickness from 0.4 mm to 0.5 mm and from 0.5 mm to 0.6 mm, respec-
tively. Similar to the residual velocity, the effect of the front sheet thick-
ness becomes marginal if the thickness is increased beyond 0.6 mm. This
can be further explained by recording the energy absorbed by various
components of the SIPs with different front sheet thicknesses.

Fig. 10 presents the energy absorbed by the three components of
the SIPs under an impact velocity of 20 m/s. With increasing the front
sheet thickness from 0.4 mm to 0.8 mm, it is observed that the energy
absorbed by the front sheet increases, while the energy absorbed by
the back sheet decreases. This highlights that a reduced thickness can
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be considered for the back sheet when the front sheet can withstand the
impact load. The energy absorbed by the foam core is found to increase
by up to 32% with increasing the front sheet thickness from 0.4 mm to
0.7 mm. This can be explained through the load transfer observed in the
impacted SIPs. A higher front sheet thickness results in a wider trans-
fer of the impact force to the foam core, as the front sheet does not ex-
perience immediate perforation. Thus, the foam core experiences larger
deformations and higher energy absorption. With further increasing the
front sheet thickness from 0.7 mm to 0.8 mm, however, the energy ab-
sorbed by the foam core drops by 4%. This can be attributed to the high
resistance of the 0.8 mm front sheet against debris impact. This is evi-
dent in the drop of the energy absorbed by the back sheet as well.

Noting the importance of the front sheet thickness to resist (and dis-
tribute) the impact forces, the effect of utilizing unequal thicknesses for
the front and back sheets is explored by considering asymmetric thick-
nesses (rather than the conventional symmetric ones). For this purpose,
three different SIP configurations are considered with varying face sheet
thicknesses, while maintaining a constant total thickness for the front
and back sheets. The configurations under consideration are (i) 0.4 mm
thickness for each of the front and back sheets, (ii) 0.2 mm thickness for
the front sheet and 0.6 mm thickness for the back sheet, and (iii) 0.6 mm
thickness for the front sheet and 0.2 mm thickness for the back sheet.
Fig. 11 shows the debris velocity time histories for three SIP configura-
tions under initial impact velocities of 20 m/s and 25 m/s. It is observed
that the asymmetric face sheets have a significant influence on lower-
ing the residual velocity (up to 38%) for the initial velocity of 20 m/s.
However, no significant influence is observed on the residual velocities
as the impact velocity increases to 25 m/s. This is an indicator that the
use of asymmetric face sheets is most effective in the range of velocities
close to the critical velocity.

5.2. Material properties of metal sheets

Choosing metal sheets with appropriate material properties is crit-
ical to ensure a satisfactory performance of SIPs. This can be primar-
ily captured through considering the yield strength and failure strain of
the metal sheets. In the current study, four yield strengths of 330 MPa,
440 MPa, 550 MPa, and 660 MPa are investigated. The SIPs have a core
thickness of 100 mm and an EPS density of 13.5 kg/m3. Fig. 12(a)
shows the residual velocities obtained for the windborne debris ob-
jects that impact the SIPs of different yield strengths. A decrease in
the residual velocities is observed with the increase of the yield stress
of the metal sheets. However, the difference in the residual velocities
reduces as the impact velocity increases. As expected, the SIPs that
have metal sheets with a higher yield strength exhibit a better perfor-
mance. This is due to the reduction in the induced strains, and conse-
quently, deformations, as the yield stress increases. A significant reduc-
tion in the residual velocities is observed when the yield strength is in-
creased from 330 MPa to 440 MPa. With further increasing the yield
stress to 660 MPa, however, this reduction slows down. In terms of crit-
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Fig. 9. Effect of the front sheet thickness on the perforation resistance of SIPs: (a) residual velocity, and (b) critical velocity.
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ical velocity, a critical velocity of 17.47 m/s is obtained for the yield
strength of 330 MPa in contrast to 21.55 m/s for the yield strength of
440 MPa. With further increasing the yield strength to 550 MPa and
660 MPa, the critical velocity increases to 23.50 m/s and 25.43 m/s, re-
spectively. This trend can be further understood by investigating the
energy absorption of the SIP components. Fig. 12(b) illustrates the ef-
fect of the yield strength of the metal sheets on the energy absorbed
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by the three components of the SIP at an impact velocity of 20 m/s. With
increasing the yield strength from 330 MPa to 660 MPa, the energy ab-
sorbed by the foam core increases by 83%. This results in a 90% drop in
the energy absorbed by the back sheet.

Metal sheets can exhibit variations in their fracture strain, leading
to changes in the perforation resistance of the SIPs. To study this para-
meter, three fracture strains of 0.0525, 0.0600, and 0.0675 are selected.
The SIPs are assumed to have a yield strength of 330 MPa, an EPS core
thickness of 100 mm, and an EPS density of 13.5 kg/m?3. Fig. 13(a)
shows the residual velocities of the windborne debris objects, impacting
the SIPs of three different fracture strains. Contrary to the yield strength,
the fracture strain does not have a significant effect on the residual ve-
locities. With increasing the fracture strain from 0.0525 to 0.0675, the
critical velocity increases by 12%. The critical velocity also experiences
a marginal increase by observing 17.47 m/s, 18.75 m/s, and 19.65 m/s
for the fracture strains of 0.0525, 0.0600, and 0.0675, respectively. This
is further explored by evaluating the energy absorption of the SIPs with
various fracture strains considered for the metal sheets. Fig. 13(b) pre-
sents the effect of fracture strain on the energy absorbed by the three
components of the SIPs at an impact velocity of 20 m/s. It can be seen
that increasing the fracture strain does not cause any notable effect on
the distribution of the absorbed energy. With increasing the fracture
strain from 0.0525 to 0.0675, the energy absorbed by the front sheet,
foam core, and back sheet is found to increase by 28%, 13%, and 17%,
respectively.

5.3. EPS core foam properties

The density of the EPS foam can significantly affect the elastic com-
pressive modulus and the yield strength of the core of SIPs, leading
to changes in their perforation resistance. To evaluate this important
parameter, three EPS core densities of 13.5 kg/m3, 61.0 kg/m?3, and
112.0 kg/m? are considered. The elastic modulus of these three foams
are assumed as 0.9 MPa, 24.0 MPa, and 55.0 MPa, respectively [31,32].
Fig. 14 presents the stress contours in the SIP for the three EPS core
densities under the impact velocity of 20 m/s. It is clear that increas-
ing the EPS density significantly reduces the amount of damage to
the SIP. At the EPS density of 13.5 kg/m?, the projectile completely
penetrates through the panel, whereas the SIPs with the EPS densi-
ties of 61.0 kg/m? and 112.0 kg/m?® are found strong enough to resist
the projectile impact, despite the rupture of the front sheet. The ef-
fect of the EPS core density is further explained by comparing the en-
ergy absorbed by the SIPs at an impact velocity of 20 m/s. As shown
in Fig. 15(a), the energy absorbed by the foam core consistently in-
creases with increasing the density, while the energy absorbed by both
front and back sheets reduce. With increasing the EPS foam density
from 13.5 kg/m?® to 112.0 kg/m?, the energy absorbed by the front sheet
and back sheet decreases by 43% and 87%, respectively. This reduction
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Fig. 12. Effect of the yield strength of metal sheets: (a) residual velocity curves, and (b) energy absorption.
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Fig. 15. Response of the SIPs with three different core densities: (a) energy absorption, and (b) velocity time histories.

in the energy absorption of the face sheets is compensated by a 74% in-
crease in the energy absorbed by the EPS foam core. This can be further
supported by reviewing the residual velocity profiles, as shown in Fig.
15(b). In this figure, the debris penetration through the front sheet is
characterized by the first change in the slope of the velocity line. The
second change in the slope of the velocity line marks the debris penetra-
tion through the back sheet. According to the velocity profiles, the SIPs
with the core densities of 61.0 kg/m® and 112.0 kg/m® do not undergo
full perforation, as the debris is found to rebound. For the core density
of 13.5 kg/m3, however, the front sheet is punched through when the
debris velocity is 15.86 m/s, followed by a full penetration when the
residual debris velocity is 9.29 m/s.

The EPS foam thickness is another parameter that can affect the
perforation resistance of SIPs. In this study, three core thicknesses of
75 mm, 100 mm, and 150 mm are considered. The SIPs have a steel
yield strength of 330 MPa and an EPS density of 13.5 kg/m°. Fig. 16(a)
compares the energy absorbed by the three components of the SIPs.
Energy absorbed by the EPS core increases from 46% to 53% of the
total energy with increasing the thickness from 75 mm to 150 mm.
However, the amount of energy absorbed by the front and back sheets
do not change significantly. This observation is further justified using
the velocity profiles obtained for various core thickness under the im-
pact velocity of 20 m/s. As shown in Fig. 16(b), although the front
sheet is penetrated at the same velocity of 15.86 m/s, the velocity at
which the back sheet undergoes failure is lowered by 15% with increas-
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Fig. 16. Effect of the foam core thickness on the response of SIPs: (a) energy absorption ratio, and (b) velocity time histories.

ing the core thickness from 75 mm to 150 mm. Further to delaying
the time of penetration, it is observed that the residual velocity de-
creases from 8.59 m/s to 6.92 m/s with increasing the core thickness
from 75 mm to 150 mm. This highlights the contribution of the foam
core to providing the expected resistance against perforation and subse-
quent damage.

6. Vulnerability assessment

During strong windstorms, the mass of debris flown by the wind
can vary from the standard mass prescribed by the current guidelines
and specifications [16,17,19]. To broaden the scope of investigations
performed in the current study, a range of windborne debris masses
are considered beginning from 2.0 kg to 8.0 kg in 2.0 kg intervals. The
SIPs have a steel yield strength of 330 MPa, an EPS core thickness of
100 mm, and an EPS density of 13.5 kg/m?. Fig. 17(a) shows how the
residual velocities are influenced as a function of initial impact velocity.
The residual velocities are found to decrease with increasing the mass
of the impacting object. However, the effect of mass on the residual ve-
locities becomes less pronounced with increasing the mass to 8.0 kg. As
shown in Fig. 17(b), the critical velocity for 8.0 kg debris mass is deter-
mined to be 26% lower than the critical velocity for 4.0 kg debris mass.
On the other hand, the critical velocity is found to be 50% higher for
the 2.0 kg debris mass than that for the 4.0 kg debris mass. The rela-
tionships obtained for the debris impact characteristics can be expressed
in the form of vulnerability curves. The SIPs undergo perforation when
the combination of debris mass and velocity falls above the curve, while
they will be safe when this combination falls below the curve.

To facilitate the design of new and assessment of existing SIPs ex-
posed to the windborne debris hazard, a set of vulnerability curves

35 :
—Mass = 2 kg
—.ap [l —Mass=4kg
L Mass = § kg
E o | —Mass=gKg
-
0 o
QZID
g
- 15 |
o
2
.gm s
T g
{
c,......|.|.... PR |
4] 10 40

Initial velocity (mfs)

(a)

are developed for the main SIP configurations considered in the current
study. Based on the holistic matrix of the performed FE simulations, it
is found that the front sheet thickness, steel yield strength, and foam
core density have the most significant effects on the response of SIPs
to debris impact. Fig. 18(a) presents the vulnerability curves for the
SIPs with the front sheet thicknesses of 0.4 mm, 0.6 mm, and 0.8 mm.
On the other hand, Fig. 18(b) illustrates the vulnerability curves as
a function of yield strength of metal sheets, ranging from 330 MPa to
660 MPa. For both front sheet thickness and yield strength of steel, the
change of the critical velocity as a function of mass is found to be con-
sistent, while the effect of debris mass diminishes when approaching the
masses above 6.0 kg. Fig. 18(c) presents the vulnerability curves as a
function of the EPS foam core density. For a windborne debris mass of
4.0 kg, the critical velocity increases by 20% with increasing the density
from 13.5 kg/m? to 61 kg/m?3. The effect of density becomes more pro-
nounced as the density is further increased to 112 kg/m?. For the foam
density of 112 kg/m?, the critical velocity is found to be 52% higher
than that recorded for the SIP with a core density of 13.5 kg/m?>. Similar
trends of critical velocity are observed for the windborne debris masses
of 2.0 kg, 6.0 kg, and 8.0 kg. Such vulnerability curves are anticipated
to serve as a practical aid for the design and assessment of composite
SIPs subjected to windborne debris impact.

7. Conclusions

The structural response and perforation resistance of the SIPs were
investigated under windborne debris impact. Upon validating the de-
veloped FE models with the experimental test results, the performance
of various SIPs was examined by evaluating their deformation pat-
tern, critical and residual velocity, and energy absorption. The simula-
tions were then extended to study the main design factors, including
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Fig. 17. Effect of the windborne debris mass on: (a) residual velocities, and (b) critical velocities.
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the structural details and material properties of both metal sheets and
the foam core. The main observations and findings can be summarized
as follows:

The energy absorption of the SIPs was quantified to evaluate the con-
tribution of their various components. The energy absorption process
revealed that 50%-90% of the total energy is often absorbed by the
foam core. In addition to energy absorption, the critical velocity was
predicted as the minimum impact velocity required for the windborne
debris to perforate through the SIP. This was achieved through devel-
oping the necessary relationship between the initial impact and resid-
ual velocities. Further to saving the computational effort, it was found
that the predicted critical velocities are in a complete agreement with
those extracted directly from the FE simulations.

The performance of the SIPs subjected to windborne debris impact
was found to be enhanced by increasing the front sheet thickness,
steel yield strength, and steel fracture strain. This was attributed to
improving the transfer of impact-induced forces from the front sheet
to the foam core and back sheet. With increasing the front sheet thick-
ness from 0.4 mm to 0.8 mm, the critical velocity increased by 43%.
On the other hand, the critical velocity increased by 46% with increas-
ing the yield strength of the front sheet from 330 MPa to 660 MPa.
Fracture strain of the steel used in the front sheet was observed to
have only a marginal positive effect on the impact resistance of the
SIPs (compared to thickness and yield strength).

The effect of asymmetric face sheet thicknesses was explored on the
perforation resistance of SIPs. Three different values of face sheet
thicknesses were investigated, while the total thickness of the front
and back sheets was kept the same for all the three cases. The sim-
ulation results indicated that asymmetric face sheets can have a sig-
nificant effect on the response of the SIPs when they are subjected to
the impact velocities close to their critical velocity. However, the ef-

11

fect on the residual velocity was found to diminish with increasing the
impact velocity further.

® The perforation resistance of the SIPs was significantly improved with
adding to the density of the foam core. This was attributed to the
fact that the foam core absorbs significantly more energy than the
metal face sheets. Consistent with this observation, the critical veloci-
ties for the SIPs with the foam core densities of 61 kg/m® and 112 kg/
m® were found to be 20% and 52% higher than the SIPs with the
foam core density of 13.5 kg/m®. On the other hand, increasing the
core thickness caused more energy to be absorbed by the foam core,
while reducing the energy received by the back sheet. Overall, how-
ever, an increase in the core thickness resulted in a marginal improve-
ment in the perforation resistance. This was quantified by an 11% in-
crease in the critical velocity when the core thickness was changed
from 100 mm to 150 mm.

® A set of vulnerability curves for the SIPs were developed, capturing
the risk of failure of this important category of wall panels under the
windborne debris hazard. The developed curves are a function of mass
and critical velocity of the impacting debris and can be used as a prac-
tical aid to identify the impact scenarios that can cause perforation
in the SIPs. This provides the building industry with an in-depth in-
sight for the optimal design of SIPs in the regions prone to windborne
debris hazard. If properly designed, the SIPs can not only withstand
debris impacts with only minor to no damage, but also offer an eco-
nomic choice for durable and energy-efficient wall panels.
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