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A B S T R A C T

A number of studies have been performed to understand the lateral load carrying capacity of wood frame shear
walls. The existing studies, however, have been primarily focused on the intact shear walls, disregarding the
possibility of capacity loss due to prior extreme loading events. During windstorms, in particular, windborne
debris is the leading cause of damage and destruction. While the impact force induced by windborne debris can
directly damage a shear wall, the consequences can become disastrous, as the prior damage adversely affects the
in-plane lateral load carrying capacity of the shear wall. This critical aspect motivated the current study to
investigate the impact and post-impact performance of wood frame shear walls. For this purpose, a high-fidelity
computational framework capable of characterizing both types of damage is developed. Further to providing an
in-depth understanding of the process of damage formation and propagatin, this study examines how a range of
impact scenarios and wall design factors influence the extent of damage that the wood frame shear walls expe-
rience in a windstorm. The outcome of this study is then employed to introduce a capacity loss index for the multi-
hazard design and assessment of wood frame (and other similar) shear walls in the regions prone to severe
windstorms.
1. Introduction

During tornados and hurricanes, windborne debris is known to be one
of the main causes of damage to lightweight residential and commercial
building structures, incurring billions of dollars of property loss every
year. Common windborne debris objects are roof gravels, shingles, tiles,
tree limbs, rafters, and framing members, which can be broadly catego-
rized to “unrestrained” and “failed” objects (Lin et al., 2007). Large
missiles, such as tree limbs and framing members, often travel at (rela-
tively) low velocities. However, they can induce extensive damage to
exterior walls due to their (relatively) high mass. For the design of
building envelope components, including exterior walls, against wind-
borne debris hazard, a number of guidelines/standards have been
developed (e.g., FBC, 2017; FEMA, 2015; ICC, 2014). Among them,
FEMA (2015) and ICC (2014) provide similar details for the assessment
of the risk of windborne debris impact. The debris impact velocity is
assumed to vary based on the design wind speed, shelter type, and impact
location. For the impact resistance assessment of wall panels, FBC (2017)
prescribes a test missile of 4.1 kg (9 lb.) with the nominal cross-sectional
dimensions of 50 mm � 100 mm (2 in. � 4 in.). The debris mass can
increase to 6.8 kg (15 lb.) for tornado-borne debris, while the debris
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dimensions remain the same (ICC, 2014). The procedure and apparatus
required for the impact tests are provided in ASTM E1886 (2013) and
ASTM E1996 (2017). While these guidelines/standards are widely used
in the industry to test building envelope products against windborne
debris impact, their scope is rather limited, as many of wind load char-
acteristics and debris trajectory details are disregarded. This issue has
been explored through the past studies devoted to improving the debris
flight models under strong winds.

The current body of knowledge on debris flight (prior to impact) can
be broadly divided to experimental (e.g., Tachikawa, 1988; Holmes,
2004; Holmes et al., 2006; Lin et al., 2006, 2007; Visscher and Kopp,
2007; Kordi et al., 2010; Kordi and Kopp, 2011), analytical (e.g.,
Tachikawa, 1983; Wills et al., 2002; Holmes, 2004; Lin et al., 2007;
Baker, 2007; Richards et al., 2008; Noda and Nagao, 2010; Baker and
Sterling, 2017), and computational (e.g., Andersen et al., 2005; Jin and
Xu, 2008; Kakimpa, 2012 a,b) investigations. The cited studies all agree
that debris trajectories are sensitive to a variety of factors, such as local
topography and turbulence, as well as support and launch conditions.
Focusing on the impact resistance of wall panels, a number of studies
have explored structural panels (e.g., Alphonso and Barbato, 2014;
Herbin and Barbato, 2012; Pathirana et al., 2017; Saini and Shafei, 2018)
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and composite structural insulated panels with different front and back
skin types (e.g., Chen and Hao, 2014, 2015; Hao et al., 2015). However,
very few investigations have been carried out on the impact resistance of
wood frame shear walls, which are commonly used in lightweight
structural systems, especially in North America.

The penetration of debris into a wall causes local damage, leading to
changes in the internal pressure of the building. The situation, however,
becomes critical if the impacted wall is expected to serve as a shear wall.
The local damage results in the loss of in-plane lateral load carrying ca-
pacity of the shear wall, which makes the entire building structure
vulnerable to collapse under wind-induced loads. Such a domino effect
has been confirmed in the past reconnaissance studies performed on
wood frame shear walls after windstorms (Oliver and Hanson, 1992;
Marshall, 2002; FEMA P-2022, 2019). This demands a multi-hazard
design and assessment platform for wood frame shear walls subjected
to windborne debris and lateral wind loads. There is, however, no sys-
tematic study in the literature regarding the combination of loads that
the wood frame shear walls experience, particularly if used in the regions
prone to strong winds. This was one of the main motivations of the
current study to not only assess the wood frame shear walls under
windborne debris hazard, but also investigate their in-plane performance
after an impact-induced damage occurs.

Wood frame structures often consist of horizontal diaphragms in
conjunction with shear walls to resist both gravity and lateral loads (van
de Lindt, 2004). The shear walls are made of dimensional or engineered
lumbers surfaced with structural sheathing panels, such as oriented
strand board (OSB), plywood, and gypsum board. The performance of
intact wood frame shear walls under lateral loads has been investigated
through a number of experimental and numerical studies (e.g., Gupta and
Kuo, 1985; Lam et al., 1997; Folz and Filiatrault, 2001; Gatto and Uang,
2003; Blasetti et al., 2008; Pei et al., 2012; Lafontaine et al., 2017; Wang
et al., 2017). Based on the existing literature, the frame to sheathing
panel connections govern the wall’s overall structural response against
lateral loads, while the studs and sheathing panels play an important role
in defining the load-deformation properties. In a full-scale study con-
ducted by Pei et al. (2012), the in-plane collapse limit of wood frame
shear walls was evaluated. The results revealed that the tested walls can
remain stable up to an interstory drift ratio in the range of 7%–10%.
Lafontaine et al. (2017) performed full-scale laboratory tests to under-
stand the lateral behavior of wood frame shear walls with gypsum
sheathing panels. The response was found to become brittle when the
nail spacing at the panel edges was reduced from 150 mm to 50 mm. In a
separate effort, Wang et al. (2017) investigated the lateral load carrying
capacity of lightweight shear walls made with laminated bamboo stud
frames and ply-bamboo sheathing panels. The experimental test results
revealed how the expected capacity can be influenced by the connection
details and sheathing panel properties. In the absence of multi-hazard
experiments in the current literature, the observations from separate
impact and lateral load tests highlight the importance of employing an
alternative computational framework that can capture all the necessary
structural details, further to simulating various load effects, in such a way
that a holistic vulnerability assessment can be achieved.

To evaluate the performance of wood frame shear walls under real-
istic exposure conditions, involving both windborne debris impact and
lateral wind load, a high-fidelity computational framework is developed
in the current study. This framework is capable of characterizing two
critical aspects: (1) the extent of damage due to debris impact, taking into
account the high strain rate nature of the phenomenon, and (2) the
consequences of impact-induced damage, quantifying the residual load
carrying capacity of wood frame shear walls. For this purpose, rigorous
finite-element (FE) models are developed and validated with the single-
hazard experimental test results. The impact simulations are then per-
formed on a set of representative wood frame shear walls to determine
the key impact response characteristics, such as debris penetration depth,
extent of damage, and energy absorption capacity. The impact scenarios
are designed to cover various contributing factors, such as angle of
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impact, impact velocity, nail spacing, and wall’s moisture content. Upon
obtaining an in-depth understanding of the vulnerability of wood frame
shear walls to windborne debris hazard, in-plane lateral wind loads are
applied to the shear walls. For this purpose, the simulations are per-
formed on the FE models that carry the damage induced by debris
impact. The outcome of the second set of simulations leads to a capacity
loss index that quantifies what percentage of the original lateral load
carrying capacity of wood frame shear walls is lost due to windborne
debris impact. This is expected to pave the way for multi-hazard design
and assessment of wood frame (and other similar) shear wall systems in
the regions prone to severe windstorms.

2. Numerical models for wood frame shear walls

Detailed FE models are developed for a set of representative wood
frame shear walls to evaluate their structural response to windborne
debris impact and subsequent wind-induced lateral loads. A description
of the geometry of the wood frame shear walls under consideration,
material models, and loading scenarios is provided in this section.

2.1. Details of wood frame shear walls

In this study, the performance of wood frame shear walls with OSB
sheathing panels is investigated. Such walls are commonly used in pre-
fabricated residential and commercial building structures. The shear
walls under consideration often come in the form of 2.4 m� 2.4 m panels
(Durham et al., 2001). The framing members are assumed to be made of
pine lumbers with a cross-sectional dimension of 38 mm � 89 mm. The
framing members are connected by 75 mm long nails. The studs are
spaced at 400mm center to center and have been connected to horizontal
framing members at both top and bottom. All the individual studs are
allowed to rotate at their ends (in both in-plane and out-of-plane di-
rections) with a partial restraint due to the presence of nails. This ensures
capturing the response of the walls in a realistic way, including possible
separations of the individual studs from the bottom framing member due
to the weak withdrawal capacity in the nails. It is critical to note that only
the base of the bottom framingmember has been rigidly fixed (because of
the anchorages). The sheathing panels, which have a 9.5 mm thickness,
are connected to the framing members with pneumatically-driven spiral
nails. The nails under consideration are 50 mm long with a diameter of
2.67 mm. Noting the significant effect of frame to sheathing panel
connection details on lateral load carrying capacity, three different
configurations of wood frame shear walls (i.e., N1, N2, and N3Walls) are
considered in the current study based on the nail spacing along the
interior studs and the left and right edges of the sheathing panel, where
the end studs are located. For the N1 Wall, a nail spacing of 300 mm and
150 mm is used along the interior and end studs, respectively. For the N2
Wall, the nail spacing of the interior studs is reduced to half, i.e., 150mm,
while maintaining the nail spacing of the end studs. It should be noted
that the effect of nail spacing at interior studs is less pronounced
compared to panel edges. However, this is still an important parameter,
as reported in the study completed by Tissell (1993). Finally, for the N3
Wall, while maintaining the nail spacing of the interior studs similar to
the N1 Wall, the nail spacing of the end studs is reduced to half, i.e., 75
mm. As summarized in Table 1, this provides realistic combinations of
nail spacing at the interior and end studs. Fig. 1 shows a sketch of the
wood frame shear walls under consideration and the FE models devel-
oped for them in this study. For debris impact simulations, a typical
timber projectile with a mass of 4.1 kg and cross-sectional dimensions of
50 mm � 100 mm (2 in. � 4 in.) is used. This satisfies the requirements
for extreme test conditions per Florida Building Code (FBC, 2017). It is
important to mention that while 50 mm � 100 mm (2 in. � 4 in.) are the
rough cut dimensions of the timber projectile, as reported in the past
experimental tests (Chen and Hao, 2014, 2015; Meng et al., 2016 a,b),
the actual dimensions are smaller than 50 mm � 100 mm (2 in. � 4 in.).

The wood frame shear wall models consist of all the essential com-



Table 1
Wood frame shear wall configurations investigated in the current study.

Wall
Nail Spacing (mm) Moisture Content

Interior Studs End Studs

N1 300 150

5%
10%
15%
20%

N2 150 150 10%
N3 300 75 10%
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ponents, including framing members, sheathing panel, and mechanical
fasteners. Eight-node solid elements (with three degrees of freedom per
node) are used to model the framing members and sheathing panels.
Such elements are particularly appropriate to model the structural ele-
ments that are susceptible to experience a negative volume. Considering
that wood is a complex material with orientation-dependent stiffness and
strength, a detailed model is essential to accurately capture the stress-
strain relationships and failure modes, as they are influenced by the
type and direction of the applied load relative to the grains. In this study,
an elastic plastic wood model is employed to take into account the
properties of wood parallel and perpendicular to grains. The model in-
cludes both hardening and softening formulations to simulate the stress-
strain relationship. While this relationship provides ductility in
compression, it remains linear until brittle failure in tension and shear.
The nonlinear response of the wood under tension and compression is
primarily controlled by the fracture energies parallel and perpendicular
to grains. Under compression, the post peak transition behavior is gov-
erned by the initial yield surface location and rate of translation. The
material model also considers the effect of strain rate in the constitutive
equations and damage formulations. Further details regarding the wood
material model can be found inMurray (2007). For predicting the failure,
two yield functions, i.e., fk and f?, are defined in parallel and perpen-
dicular to the grain direction, respectively:

fk ¼ σ211
X2

þ σ2
12 þ σ213
S2k

� 1 and X ¼
�
XT for σ11 � 0
XC for σ11 < 0

(1)

f? ¼ σ2
22 þ σ2

33

Y2
þ σ223 � σ22σ33

S2?
� 1 and Y ¼

�
YT for σ22 þ σ33 � 0
YC for σ22 þ σ33 < 0

(2)
Fig. 1. Wood frame shear walls under consideration: (
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where XT and YT are the tensile strength parallel and perpendicular to the
wood grains, respectively; XC and YC are the compressive strength par-
allel and perpendicular to the wood grains, respectively; and Sk and S?
are the shear strength parallel and perpendicular to the grain direction,
respectively (LSTC, 2016). In Equations (1) and (2), σ11, σ22, and σ33 are
the stresses along the three orthogonal directions. Since wood is a hy-
groscopic material, it is capable of absorbing moisture during its service
life. The wood’s moisture content can significantly influence the per-
formance of wood frame shear walls. Thus, four moisture contents,
ranging from 5% to 20% (in 5% intervals), are considered for the framing
members in the current study to quantify the effect of this critical factor.
The stated range is consistent with the range suggested by Glass and
TenWolde (2007), which performed a holistic review of the past studies
on the in-service moisture and temperature condition of wood frame
buildings. The input parameters required for the wood material model
are provided in Table 2, which has been adopted from the investigations
performed by Otkur (2010).

The OSB sheathing panel is connected to the framingmembers using a
set of nails. Discrete spring elements with nonlinear properties are used
to model the behavior of nail connections with necessary details. The
force-displacement ðP�ΔÞ relationship for the frame to sheathing panel
connections is modeled using a logarithmic expression with a linear
softening branch:

P¼

8><
>:

Po þ r1KoΔ
�
1� e

�KoΔ
Po

�
if Δ � Δult

Pult þ r2KoðΔ� ΔultÞ if Δult < Δ � Δfail

(3)

whereKo is the initial stiffness (0.561 kN/m); Po is the secondary stiffness
intercept on the Y axis (0.751 kN); Pult is the ultimate load corresponding
to the ultimate displacement, Δult (12.5 mm); Δfail is the failure
displacement; and r1 and r2 are the fitting coefficients (0.061 and
�0.078, respectively), all obtained from the experimental test data re-
ported by Durham et al. (1998). As noted in the past impact experiments
and field observations, the hardwood projectile commonly experiences
no deformation or mass loss during impact. Thus, it is modeled as a rigid
object in the current study. It should be mentioned that using a rigid
material for the hardwood projectile neglects the elastic energy trans-
ferred to the projectile after impact and may produce a small over-
estimation of the energy dissipated by the wood frame shear wall,
particularly for low impact velocities when rebounding of the projectile
a) schematic sketch, and (b) developed FE model.



Table 2
Material properties of the southern pine lumbers (as a function of moisture
content) and OSB sheathing panels.

Property Southern Pine Lumbers Sheathing
Panels

Moisture Content 5% 10% 15% 20% OSB
Density (kg/m3) 673.1 673.1 673.1 673.1 638.0
Parallel normal modulus
(MPa)

16340 15490 14231 12560 3500

Perpendicular normal
modulus (MPa)

979.0 910.1 737.7 461.9 1800.0

Parallel shear modulus
(MPa)

805.0 789.8 767.0 836.9 1100.0

Perpendicular shear
modulus (MPa)

357.7 332.3 267.6 165.5 1100.0

Parallel major Poisson’s
ratio

0.2860 0.2586 0.2246 0.1842 0.2000

Parallel tensile strength
(MPa)

57.29 66.19 64.55 52.38 9.90

Parallel compressive
strength (MPa)

46.72 37.00 27.61 18.58 15.90

Parallel shear strength
(MPa)

9.19 8.53 7.32 5.58 6.80

Perpendicular tensile
strength (MPa)

1.92 2.14 1.98 1.46 7.20

Perpendicular
compressive strength
(MPa)

8.89 7.14 5.38 3.63 12.90

Perpendicular shear
strength (MPa)

12.87 11.94 7.32 7.81 6.80
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is likely (Herbin and Barbato, 2012). The comparison of simulation re-
sults performed with both rigid and elastic projectile confirms that the
difference in all the key response measures remains marginal. To control
the interactions between the projectile and the wood frame shear wall, an
eroding surface to surface contact algorithm with a segment-based
capability is employed (Saini and Shafei, 2019 a-c). In addition, an
eroding single surface contact algorithm is used to control the in-
teractions between the studs and the sheathing panel. Considering the
high strain rate nature of the event, an interior contact is also included to
avoid the formation of a negative volume in the studs or the sheathing
panel.
Fig. 2. Debris velocity time histories obtained with different mesh sizes for an
impact at the end stud of the N1 Wall.
2.2. Validation of numerical models under both lateral wind and impact
loads

To ensure that the developed FE models provide accurate results
under debris impact, the validation study begins from the cannon test
results performed on similar wood panels. Chen and Hao (2015) carried
out a series of laboratory experiments using a pneumatic cannon system
to investigate the impact resistance of OSB skin structural insulated
panels. In the experiments, the panels were impacted by 4.0 kg hardwood
projectiles with cross-sectional dimensions of 50 mm � 100 mm. In the
current study, a numerical model that replicates the panels is developed
in the LS-DYNA software package and various structural response mea-
sures, such as displacement, penetration depth, and failure mode, are
examined. Considering the fact that the panel is symmetric in both hor-
izontal and vertical directions, a quarter of the panel is modeled to reduce
the computational effort. Eight-node solid elements with single-point
integration are employed to model the panel. A detailed mesh conver-
gence study is conducted in the beginning to confirm that the simulation
results converge to a unique solution and are independent of mesh size.
This leads to a (relatively) fine mesh for the impact region and a (rela-
tively) coarse mesh for the regions away from it. Fig. 2 illustrates the
projectile’s velocity time-history when it impacts the end stud of the N1
Wall. Four different element sizes of 15.0 mm, 10.0 mm, 5.0 mm, and 2.5
mm are tested for the region of impact. The mesh size in the rest of the
panel, i.e., outside the region of impact, is maintained equal to 20.0 mm
for all the four cases. As demonstrated in Fig. 2, a significant difference in
4

the projectile velocity is observed when the two large mesh sizes are
employed. However, with decreasing the mesh size to 5.0 mm and 2.5
mm, it is noted that the results become insensitive to the mesh size. Thus,
to achieve computational efficiency while maintaining the accuracy of
results, a mesh size of 5.0 mm was adopted for the subsequent FE
simulations.

Fig. 3(a) shows the failure pattern extracted from the numerical
simulation. The simulated panel experiences a shear failure upon the
creation of a rectangular hole, which is consistent with the observations
made during the experiment. In addition, Fig. 3(b) illustrates how the
displacement time history recorded at half distance between the center
and top edge of the panel varies between the experiment and simulation.
A peak displacement of 8.7 mm is obtained from the FE simulation in
comparison with 9.0 mm reported from the experiment. Further to
capturing the peak displacement, the simulation is found to properly
reflect the overall trend of the displacement time history measured
during the experiment. This confirms that the developed FE models
produce accurate predictions for the wall panels subjected to debris
impact. The small discrepancy observed in the residual displacement
originates from the edge support conditions. In the experimental test
setup, each specimen was attached to a steel frame using G-clamps. This
boundary condition was converted in the FE models to constraints
against translation in the three orthogonal directions at the four edges.

The developed FE models are then validated with the full-scale test
results that involve in-plane lateral loads applied to intact wood panels
(in the absence of similar experiments on damaged panels). The lateral
load carrying capacity is evaluated by applying a horizontal displacement
to the top framingmember of the wall panel. Hold-downs and anchorages
are often used in practice for connecting the wall to the foundation or
floor below. They are primarily intended to prevent the uplift and sliding
of the wall at its base, thus, the base of the bottom framing member is
assumed to be constrained against all degrees of freedom. Upon repli-
cating the structural details, load-displacement curves are generated for
the same setup tested by Durham et al. (1998). An investigation of the
damaged wall panel shows that failure begins from bottom corners, as
reflected in Fig. 4(a). This is consistent with the observations made
during the experiment. Fig. 4(b) indicates that the developed FE model
can predict both ultimate load and load-displacement relationship in a
good agreement with the experiment. The ultimate load is found to be
25.21 kN in comparison to 21.94 kN from the experiment (with 14.9%
difference), while the displacement at the ultimate load is observed to be
47.9 mm in comparison to 54.63 mm from the experiment (with 12.3%
difference). Despite properly capturing the main structural response
characteristics, the accuracy of predictions could be further improved



Fig. 3. Results from debris impact analysis: (a) time-dependent deformed
shapes, and (b) comparision of the load-displacement curves obtained from the
experiment and FE simulation.
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with the availability of more detailed information for OSB material
properties and their connections to the framing members.

3. Vulnerability to debris impact

The wood frame shear walls under consideration are subjected to a
number of debris impact scenarios to evaluate the extent of impact-
induced deformation and damage. To define the debris impact sce-
narios, the current codes/guidelines relevant to windborne debris
impact, such as ICC (2014), FEMA (2015), and FBC (2017), are consid-
ered. According to FBC (2017), the wall panels need to be tested under an
impact velocity of 24.4 m/s for the structures in Risk Category IV. For the
structures in the other risk categories, the impact velocity can be reduced
to 15.2 m/s. To obtain a holistic vulnerability assessment, the current
study covers a wide range of impact locations (i.e., end stud, central stud,
and sheathing panel), impact velocities (i.e., from 5.0 m/s to 30.0 m/s in
2.5 m/s intervals), and angles of attack (i.e., from 45� to 90� in 15� in-
tervals). For each impact location, the penetration depth of the projectile
is measured as one of the parameters used for damage assessment. Fig. 5
compares the penetration depth of the debris into the N1 Wall impacted
at different locations with different impact velocities (under a 90� angle
of attack). The penetration depth is found to consistently increase with
increasing the impact velocity until failure. Under the impact velocities
ranging from 5.0 m/s to 15.0 m/s, the central stud undergoes less
displacement than the end stud because the end stud is supported only on
one side, while the central stud is supported on both sides, reducing the
extent of debris penetration. The end stud, however, is able to resist
higher impact velocities, as it is made of two framing members with a
smaller nail spacing (i.e., 150mm instead of 300mm in the N1Wall). The
end stud is found to fail at an impact velocity of 25.0 m/s, while the
central stud fails at 17.5 m/s marked by the detachment of the stud from
the wall. For the central stud, it is noted that the penetration depth
5

significantly increases with changing the impact velocity from 15.0 to
17.5 m/s. From a detailed review of the progress of damage formation
and propagation, this can be attributed to the failure of sheathing to
central stud connections. An impact velocity of 15.5 m/s and 16.0 m/s
results in the failure of two and four nails, respectively. When the impact
velocity reaches 16.5 m/s, six nails fail, but the projectile penetration is
still resisted, mainly because the central stud maintains its connection to
the top and bottom horizontal framing members. With increasing the
velocity beyond 17.0 m/s, however, the end connections are also lost and
a full penetration occurs. Fig. 6 compares the deformed shape of the N1
Wall impacted at the end and central stud under an impact velocity of
20.0 m/s. This figure confirms that the central stud is completely de-
tached from the wall, while the end stud remains in contact with the wall
(despite the failure of a few nails). In addition to the impact on the central
and end studs, simulations are carried out to capture the risk of debris
impact on the sheathing panel. The sheathing panel is found to fail under
a direct impact as soon as the debris impact velocity exceeds 10.0 m/s.

The debris impact simulations are further extended to the N2 and N3
Walls to understand the effect of nail spacing. Compared to the N1 Wall,
the N2 and N3 Walls have a decreased nail spacing at their interior and
end studs, respectively. To understand the effect of nail spacing in the
interior studs, Fig. 7(a) shows the penetration depth under a debris
impact at the central stud of the N1 and N2 Walls. For low impact ve-
locities, i.e., between 5.0 m/s and 12.5 m/s, no significant difference is
observed in the penetration depth of debris into the N1 and N2 Walls.
However, the effect of nail spacing becomes pronounced as the impact
velocity increases. For a velocity of 17.5 m/s, a penetration depth of 88.6
mm is observed in the N2Wall, which is close to a third of the penetration
depth recorded in the N1Wall under the same impact velocity. To further
understand the cause of this difference, Fig. 7(b) and (c) illustrate the
number and fraction of failed nails as a function of debris impact velocity,
respectively. With a failure of 86% of nails, the central stud of the N1
Wall is found to be detached from the wall at the 17.5 m/s impact ve-
locity. The central stud of the N2 Wall, however, remains attached to the
wall at the same impact velocity, as the fraction of failed nails is observed
to be 60%, leaving enough nails in place to maintain the sheathing to
central stud connection. For impact velocities higher than 17.5 m/s, the
central stud is detached from both N1 and N2 Walls.

To understand the effect of nail spacing at the edge of the sheathing
panel, Fig. 8(a) shows a comparison of penetration depth at the end studs
of the N1 and N3 Walls. It is noted that the penetration depth can be
reduced significantly if the nail spacing at the end studs is changed from
150 mm (for the N1 Wall) to 75 mm (for the N3 Wall). This is also re-
flected in the fact that the end stud in the N3 Wall can resist impact
velocities up to 27.5 m/s (in contrast to maximum 22.5 m/s obtained for
the N1 Wall). Fig. 8(b) and (c) compare the number and fraction of failed
nails at the end stud of the N1 and N3 Walls at various impact velocities,
respectively. Similar to Fig. 7, this figure indicates how a proper design of
nail spacing can help ensure the proper transfer of the impact-induced
forces in wood frame shear walls. The amount of energy absorbed dur-
ing impact is employed as another measure to quantify the vulnerability
of wood frame shear walls to windborne debris impact. Fig. 9(a) shows
the time history of the main energy components in the simulation system
when the end stud of the N1 Wall is subjected to a debris with an impact
velocity of 20.0 m/s. While the kinetic energy of the impacted debris is
found to decrease over time, the internal energy increases, reflecting the
energy absorbed by the wall components. The energy absorption can
originate from two phenomena in the wall, i.e., deformation and struc-
tural damage (Reddy et al., 1998). Fig. 9(b) illustrates how the total in-
ternal energy absorbed by the wall panel is distributed between the
deformation and damage components. The energy absorption of the
wood frame shear wall is observed to be mainly dominated by the wall’s
deformation. As the magnitude of the internal energy increases, however,
the energy absorption due to structural damage increases. The hourglass
energy, which captures the energy associated with the zero strain mode
of the solid elements, is monitored throughout the simulations. With an



Fig. 4. Results from the in-plane pushover analysis: (a) deformed shapes under increasing displacements, and (b) comparision of the load-displacement curves ob-
tained from the experimental test and FE simulation.

Fig. 5. Penetration depth of the projectile into the N1 Wall impacted at three
different locations.
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hourglass energy not exceeding 10% of the total energy, it is ensured that
the simulation results are not influenced by the hourglass effect.

4. Investigation of impact and wall design factors

To understand the effect of impact location, the energy absorption
due to deformation and structural damage is further employed for the
simulations performed on the N1 Wall subjected to windborne debris
impact at the end and central studs. The energy absorption characteristics
are found to vary depending on the point of impact. Fig. 10 illustrates the
absorbed energy normalized with respect to the total energy for impact at
the end and central studs. According to this figure, the energy absorbed
due to deformation consistently decreases with increasing the impact
velocity at the end stud. While the normalized energy absorbed due to
deformation reduces from 0.89 to 0.42, the energy absorbed by structural
damage is found to increase from 0.04 to 0.14. It should be noted that the
total energy is not fully absorbed by the shear wall at high impact ve-
locities. This fact, which is evident from the summation of the absorbed
energy due to deformation and structural damage, means that the debris
cannot be prevented from penetrating through the wall.

In the simulations performed to this point, the debris was considered



Fig. 6. Deformed shape of the N1 Wall under a 20.0 m/s debris impact at the (a) end stud, and (b) central stud.
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to impact the wood frame shear wall with a 90� angle. However, the
actual angle of debris impact can vary in hurricanes and tornadoes. To
study this important factor, the simulations are extended to cover three
additional angles of 75�, 60�, and 45�. Table 3 presents the debris
penetration depth into the three walls impacted at the end stud with
different angles of attack under a velocity of 20.0 m/s. For all the three
walls, no significant difference is observed in the penetration depth be-
tween the 90� and 75� angles of attack. However, as the angle of attack is
further reduced to 60� and 45�, the penetration depth decreases. This
decrease is 13.4% and 27.9% in the N1 Wall for 60� and 45� angles of
attack, respectively. Similar penetration depths are recorded for the N2
wall as the nail spacing of the N1 and N2 Walls is similar at the end stud,
i.e., location of impact. On the other hand, the penetration depth into the
N3 Wall impacted at the end stud is found least sensitive to the angle of
attack. With decreasing the angle of attack to 60� and 45�, the penetra-
tion depth is found to experience a drop of only 8.5% and 13.2%,
respectively. This can be associated to the close spacing of the nails in the
end studs of the N3 Wall.

Further to the angle of impact, the moisture content of the wood
panels is known to influence their performance under extreme loads. To
quantify the effect of this factor, four moisture contents, i.e., 5%, 10%,
15%, and 20%, are considered for the central and end studs, in addition
to the top and bottom framing members. Table 4 summarizes the debris
penetration depths into the N1Wall with different moisture contents. It is
noted that the deformability of the studs increases with increasing the
moisture content. This is characterized by their excessive deflections
without undergoing a complete penetration. For an impact velocity of
20.0 m/s, the penetration depth increases from 145.9 mm to 164.5 mm,
as the moisture content increases from 10% to 20%. The N1Wall with 5%
moisture content is found to fail at 20.0 m/s impact velocity, whereas the
same wall with 20% moisture content does not undergo complete
penetration even under an impact velocity of 25.0 m/s. The effect of
moisture content is further investigated using the energy absorption
characteristics of the N1 Wall, as shown in Fig. 11. It is clear that the
absorbed energy due to deformation increases with increasing the
moisture content. This can be attributed to increase in the wood’s
deformability with an increase in the moisture content. With changing
the moisture content from 5% to 20%, the energy absorption due to the
deformation of the impacted studs increases by 38% under an impact
velocity of 20.0 m/s. On the other hand, the energy absorption due to
damage remains almost the same under the same impact velocity.
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Although an immediate determination of moisture content can be too
difficult (with the current technology), the moisture content can be
frequently checked during the service life of a building to obtain an
assessment of the possible risk of failure during a windstorm. In a study
conducted by Sherwood (1985), a test building was constructed near
Gulfport, Mississippi, to monitor the moisture in the highly insulated
walls used for the building envelope. It was found that the moisture
content of the wall increased from 8-12% to 16–20% in two consecutive
winters. If the buildings in service are equipped with the sensing systems
that can monitor and report the moisture content, it is anticipated that
not only more realistic assessments of the extent of vulnerability can be
achieved, but also appropriate measures can be utilized to adjust the
moisture content in such a way that the desired structural performance is
achieved during windstorms.

5. Post-impact load carrying capacity

Because of the residual deformation and damage caused by wind-
borne debris impact, the post-impact structural response of wood frame
shear walls is adversely affected. To investigate this critical aspect, the in-
plane lateral load carrying capacity of the shear walls under consider-
ation is evaluated by conducting a set of pushover analyses on the shear
walls prior to and after debris impact. For this purpose, the shear walls
are incrementally loaded in the transverse direction until the failure
occurs. All the residual out-of-plane (and in-plane) deformations, as well
as damage to the studs and sheathing panel, are systematically saved for
each model at the end of each windborne debris impact simulation. The
saved information is then loaded to the FE model prior to performing the
simulations designed to assess the in-plane lateral load carrying capacity
of the damaged shear walls. Fig. 12 (a)-(c) illustrates the loading pattern,
as well as the deformed shape of the N1Wall in two conditions: (i) intact,
and (ii) damaged with a 20.0 m/s velocity debris impact. This figure
shows how the deformation along the height of wall changes after an in-
plane lateral displacement of 70 mm is applied to the top of the wall. The
lateral displacement has been further quantified in the displacement
profile shown in Fig. 12(d). With the detachment of the central stud from
the damaged wall, the lateral displacement is found to significantly in-
crease throughout the wall panel. In addition to the deformed shapes, the
load-displacement response of the walls is monitored during each
simulation. Fig. 13 illustrates how the N1, N2, and N3 Walls respond to
an increasing lateral displacement when they sustain a damage at the end



Fig. 7. Effect of nail spacing on the response of wall panels under debris impact
at the central stud: (a) penetration depth, (b) number of failed nails, and (c)
fraction of failed nails.

Fig. 8. Effect of nail spacing on the response of wall panels under debris impact
at the end stud: (a) penetration depth, (b) number of failed nails, and (c) fraction
of failed nails.
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stud (in comparison with the same walls in an intact condition).
The N1 Wall is found to provide an ultimate load carrying capacity of

25.2 kN at a lateral displacement of 47.2 mm. As a result of damage due
8

to an impact velocity of 25.0 m/s, the ultimate capacity of the N1 Wall
reduces to 17.8 kN, while the corresponding lateral displacement in-
creases to 53.2 mm. This indicates that the deformability of the shear
wall increases with the loss of the end stud. In the N2 Wall, the lateral
load carrying capacity reduces from 30.7 kN to 24.4 kN when the end



Fig. 9. Time history of energy distribution during the simulation of the N1 Wall
subjected to debris impact with a velocity of 20.0 m/s.

Fig. 10. Effect of impact location on the energy absorption of the N1 Wall.

Table 3
Effect of angle of attack on the debris penetration depth for impact on the end
stud of the three shear walls under an impact velocity of 20.0 m/s.

Debris Penetration Depth (mm)

Angle of Attack N1 Wall N2 Wall N3 Wall

90� 146.3 148.2 58.7
75� 140.7 137.9 56.7
60� 126.8 123.1 53.7
45� 105.4 96.5 51.0

Table 4
Effect of moisture content on the debris penetration depth for impact on the end
stud of the N1 Wall.

Debris Penetration Depth (mm)

Moisture Content Impact Velocity (m/s)

5.0 10.0 15.0 20.0 25.0

5% 25.1 59.1 95.6 Penetration Penetration
10% 26.1 60.8 95.9 145.9 Penetration
15% 26.5 61.8 96.6 153.9 Penetration
20% 28.3 63.7 96.7 164.5 185.5

Fig. 11. Effect of moisture content on the energy absorbed by the end stud in
the N1 Wall for an impact velocity of 20.0 m/s.
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stud is damaged due to an impact velocity of 25.0 m/s. The displacement
corresponding to the ultimate load carrying capacity is also shifted from
50.0 mm to 54.8 mm. For the N3 Wall, the ultimate load carrying ca-
pacity reduces from 41.0 kN to 28.6 kN when the end stud is damaged
9

due to an impact velocity of 30.0 m/s. With a trend consistent with the
N1 and N2 Walls, the lateral displacement corresponding to the ultimate
load carrying capacity of the N3Wall increases from 47.6mm to 56.8mm
after experiencing impact-induced damage. The additional displacement
required to accommodate the same lateral load highlights how the
displacement-sensitive structural and non-structural components of a
building can become vulnerable to wind-induced damage.

Considering all the factors that contribute to the assessment of wood
frame shear walls located in the regions exposed to severe windstorms, a
multi-hazard capacity loss index (CMH) is introduced to quantify what
percentage of the original capacity is lost due to windborne debris
impact:

CMH ¼
�
1� Pr

Pmax

�
(4)

where Pmax and Pr are the lateral load carrying capacity of the intact and
damaged shear wall, respectively. When the shear wall is in the un-
damaged condition, CMH is equal 0. This capacity loss index, however,
increases when the shear wall sustains debris-induced damage, which
adversely affects the in-plane lateral load carrying capacity.



Fig. 12. (a) Schematic illustration of the in-plane lateral load applied to the top of the N1 Wall, (b) and (c) deformed shape of the N1 Wall under a lateral displacement
of 70 mm in the intact and damaged condition, respectively, and (d) comparison of the displacement profile along the height of the N1 Wall under the lateral
displacement of 70 mm.
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Upon extracting the residual capacity of the N1, N2, and N3 Walls
from the pushover analyses conducted on the walls damaged with debris
impact under velocities ranging from 5.0 m/s to 30.0 m/s (in 5.0 m/s
intervals), the introduced multi-hazard capacity loss index is calculated
for both central and end studs (Fig. 14). For impact at the end stud,
damage is found to increase with increasing the impact velocity from 5.0
m/s to 30.0 m/s. As the end stud is detached from the N1 Wall at the
impact velocity of 25.0 m/s (and above), a similar percentage of capacity
loss is obtained for both 25.0 m/s and 30.0 m/s impact velocities. As
shown in Fig. 14(a), the maximum capacity loss in the N1Wall is found to
be 29.4% when the end stud is fully detached from the shear wall. On the
other hand, the maximum capacity loss when the central stud is detached
from the same wall is only 4.7%. This difference can be attributed to the
difference in the nail spacing at the end and central studs. Fig. 14(b)
shows the variation of the percentage of capacity loss as a function of
impact velocity for the N2 Wall. For impact at the end stud, the capacity
loss increases from 0.2% to 20.0% with increasing the impact velocity
from 5.0 m/s to 30.0 m/s. Due to the consistent spacing of nails in all the
studs, damage to the N2 Wall is reduced when the end stud is detached.
Fig. 14(c) reports the percentage of capacity loss for the N3 Wall. Due to
the dense spacing of the nails at the end studs, the residual lateral load
carrying capacity is mainly governed by damage to the end studs. The
recorded loss is found to increase from 0.5% to 31.0%with increasing the
impact velocity from 5.0 m/s to 30.0 m/s at the end studs. For the range
of impact velocities between 5.0 m/s and 20.0 m/s, the damage is not
significant. This confirms the importance of nail spacing in improving the
10
resistance of shear walls to impact loads. When the end stud is completely
detached, a capacity loss of 31% is observed in the N3 Wall, as compared
to 29% and 20% for the N1 and N2 Walls, respectively. This highlights
the fact that the loss of lateral load carrying capacity is directly propor-
tional to the failure of sheathing to frame connections.

6. Conclusions

This study investigated the structural response of wood frame shear
walls subjected to windborne debris impact and lateral wind loads. While
the studies available in the literature were primarily focused on the
assessment of wood frame shear walls under only one of these two
extreme events, there was a research gap regarding the performance of
this important category of structural systems under wind and windborne
debris impact, which often occur together during severe windstorms.
Noting that the damage caused by windborne debris impact can signifi-
cantly reduce the capacity of shear walls subjected to in-plane lateral
loads, a multi-hazard computational framework was developed in the
current study. Through this framework, the vulnerability of a set of
representative wood frame shear walls was studied by simulating the
windborne debris impact and then capturing how the impact-induced
damage influences the capacity of wood frame shear walls to resist
lateral wind loads. After validating the numerical models, the perfor-
mance of shear walls was examined using various performance measures,
such as penetration depth, absorbed energy, and deformed shape. The
simulations also unveiled the effect of various contributing factors, such



Fig. 13. Comparison of the pushover curves obtained for the wood frame shear walls with and without impact-induced damage at the end stud: (a) N1, (b) N2, and (c)
N3 Wall.
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as impact location, angle of attack, nail spacing, and moisture content.
The simulations were further extended to quantify the extent of damage
by evaluating the residual pushover capacity of the shear walls under
consideration, leading to introducing a multi-hazard capacity loss index.
Based on the simulation results, the loss of lateral load carrying capacity
was primarily due to damage to the studs. This was the main reason that
the impact on the shear walls was assumed alignedwith a stud, as such an
assumption leads to the most extreme scenarios. The main findings and
conclusions of the current study are as follows:

� The damage accumulated in the wood frame shear walls due to debris
impact was found to greatly depend on the structural details of the
studs and the sheathing panel. Upon a direct debris impact to the
sheathing panel, a punching shear failure was observed under the
impact velocities as low as 10.0 m/s. For impact to the studs, how-
ever, impact velocities below 25.0 m/s were tolerated, owing to the
deformation of the studs. Ultimately, the impacted studs were de-
tached from the rest of the wall, leading to a failure of the stud to
sheathing panel connections.

� The energy absorption characteristics were reported as a measure of
how the penetration resistance of the wood frame shear walls is
governed by deformation and structural damage. Under low impact
velocities in the range of 5.0 m/s to 15.0 m/s, the energy absorbed
due to deformation dominated. As the impact velocities exceeded
15.0 m/s, however, the energy absorbed due to structural damage to
the studs significantly increased. Comparing to the end studs, the
central studs were found to experience failure at lower impact ve-
locities, mainly because of their lower energy absorption capacity.
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� The frame to sheathing panel connections significantly affected the
impact resistance and lateral load carrying capacity of the wood
frame shear walls. For impact to the end studs, the penetration depth
was found to reduce by at least 60% with changing the nail spacing
from 150 mm to 75 mm. A similar improvement was observed in the
lateral load carrying capacity of the shear walls under consideration.

� The simulations performed with four moisture contents, ranging from
5% to 20%, showed the importance of this factor when predicting the
penetration resistance of wood frame shear walls. The nature of the
structural response of the wood frame shear walls was observed to
change as the moisture content increased to above 10%. In particular,
higher moisture contents resulted in more deformations in the studs
(prior to failure). This was confirmed through monitoring the
absorbed energy, which was consistently increased by up to 38%with
increasing the moisture content from 5% to 20%.

� The effect of windborne debris impact on the performance of shear
walls subjected to in-plane lateral loads was quantified by calculating
their residual load carrying capacity. Based on the pushover analyses
conducted on the intact and damaged shear walls, it was found that
the lateral load carrying capacity decreases up to 31% in the shear
walls that were damaged with debris impact velocities greater than
15.0 m/s.

� With taking into consideration the effects of two extreme events, a
realistic prediction of the percentage of capacity loss due to wind-
borne debris impact is deemed a critical input for the multi-hazard
design and assessment of wood frame shear walls in the regions
that often experience hurricanes and tornados. The outcome of this
effort can be further employed to inform the allocation of resources



Fig. 14. Loss of the original capacity as a function of impact velocity for (a) N1, (b) N2, and (c) N3 Wall.
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and prioritization of activities essential to mitigate the consequences
of severe windstorms.
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