
 

BEHAVIOR OF RESIDENTIAL SAFE ROOM WALLS 

 IMPACTED BY WINDBORNE DEBRIS 

 

 

by 

BLAIR BUTLER PIERCE 

WEI SONG, COMMITTEE CHAIR 

MICHAEL E. KREGER 

THANG DAO 

MARK E. BARKEY 

 

 

A THESIS 

 

 

Submitted in partial fulfillment of the requirements 

for the degree of Master of Science 

in the Department of Civil, Construction and Environmental Engineering 

in the Graduate School of 

The University of Alabama 

 

 

 

TUSCALOOSA, ALABAMA 

 

 

2021 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright Blair Butler Pierce 2021 
ALL RIGHTS RESERVED 



ii 
 

ABSTRACT 

Tornadoes and hurricanes are among the most devastating storms on the planet. Much of 

the damage from these storms occurs when debris is picked up by high winds and strikes 

structures. Safe rooms are often constructed in commercial and residential buildings to protect 

occupants from windborne debris. The process for designing safe rooms requires all components 

to pass the large missile test, in which a 2x4 wood missile is fired at high speeds at safe room 

assemblies. Prescriptive designs may be utilized for residential safe rooms; however, these 

designs can be costly and difficult to construct.  

The purpose of this research is to 1) Test safe room wall assemblies constructed with 

conventional steel sheets and alternative materials in order to decrease the cost and improve 

constructability of safe rooms, and 2) Develop an experimental procedure to measure full-field 

deformation of safe room wall assemblies under impact during large missile test. High speed 

photographs are taken of each impact and digital image correlation technology is used to obtain 

the deformation of the wall assemblies. Additionally, the stiffness and effective mass are 

measured for each specimen to verify the results.    

 While the alternative materials tested as part of this research were not successful in 

resisting debris impact, the non-contact measurements obtained for the passing specimens 

produced fair results. These measurements are further used to evaluate the behavior of the 

passing specimens, providing insights that go beyond the qualitative pass/fail method used in 

previous research.   
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CHAPTER 1  

INTRODUCTION 

Severe windstorms are among the most dangerous natural phenomena on the planet. 

Tornadoes and hurricanes threaten approximately 75% of the United States’ population and 

building stock [1] and on average, cause 115 deaths per year [2].  Additionally, tornadoes and 

hurricanes cause significant economic losses, with tornadoes causing an estimated $449 billion 

loss in U.S. GDP from 1950-2011 and hurricanes resulting in $621 billion in normalized losses 

over the same time period [3]. 

Much of the damage from these severe wind events is caused by windborne debris, 

defined by the Federal Emergency Management Agency (FEMA) as, “debris that is picked up by 

the wind and moved with enough force to damage and even penetrate windows, doors, walls, and 

other parts of a building” [4]. This damage has been documented extensively in damage surveys 

and literature ([6], [7], [8]). Windborne debris entering a building can not only injure occupants 

but can also cause openings in a structure. This can cause internal pressurization, significantly 

increasing the forces acting on the roof and leeward walls [8], which can quickly lead to the 

collapse of a structure, shown in Figure 1.1 and Figure 1.2. Openings in structure also allow rain 

and flood waters to enter the building, damaging both structural and non-structural components
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.  

 

 

 

 

Figure 1.1: Structural damage caused by internal pressurization [10] 

 

 

Figure 1.2: Effects of internal pressurization on structure [10] 

Safe rooms are often constructed in commercial and residential buildings to protect 

occupants from windborne debris. Design of safe rooms is governed by ICC 500 [9], which 

requires every element of a safe room envelope to pass the large missile test, as defined by 

ASTM E1886 [10]. The large missile test involves using a debris cannon to fire 15-lb 2x4 

missiles at safe room elements at high speeds and observing the damage. FEMA P-320 [4] 
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provides designs for residential safe rooms with multiple options for wall assemblies that have 

been tested and proven to pass the large missile test: 

• 8” CMU, fully grouted with #5 bars at 32” on center 

• 6” concrete with #4 bars at 12” on center vertically and horizontally 

• 8” concrete with #4 bars at 12” on center vertically and horizontally 

• 6” insulated concrete forms with #4 bars at 12” on center vertically and 

horizontally 

• Double 2x6 studs at 12” on center with one layer of ¾” plywood on the interior 

and two layers of ¾” plywood and one layer of 14-gauge steel on the exterior  

On April 27th, 2011, an EF-5 tornado ravaged Tuscaloosa, Alabama, causing over $5 

billion in cleanup and rebuilding costs [12]. After the tornado, Habitat for Humanity was revived 

in Tuscaloosa and began building low-cost homes for families who had been displaced by the 

storm. Habitat for Humanity Tuscaloosa has incorporated a residential safe room into every 

house they have built since the 2011 tornado [14].  The safe room design that Habitat for 

Humanity uses is based on the recommended design provided in the third edition of FEMA P-

320 [4], using two layers of ¾” plywood and one layer of 14-gauge steel on 2x4 double studs at 

16” on center for the safe room walls, as shown in Figure 1.3. The design was updated to 2x6 

double studs spaced at 12” on center in the fourth edition of FEMA P-320, and another layer of 

¾” plywood was added to the interior face of the wall, shown in Figure 1.4. 
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Safe rooms are invaluable to the residents of these new homes as there is often little 

warning prior to tornadoes for residents to seek shelter. However, safe rooms are expensive, 

ranging anywhere from $8,000 to $9,400 [4], and difficult to construct, especially for an 

organization that relies on volunteer labor. The steel is difficult to penetrate with standard nail 

guns and heavy for an individual worker to carry. One of the objectives of this research is to 

investigate new materials with comparable cost as an alternative to steel that would make safe 

rooms more economical and easier to construct. The materials would ideally be inexpensive, 

lightweight, and easy to penetrate with a conventional nail gun, but also able to resist impact by 

windborne debris. For this study, Kevlar and Line-X were chosen as alternative materials for 14-

gauge steel. The results of the missile impact test are discussed in Section 3.6. 

Previous research on windborne debris impact primarily focuses on simulating impact 

using the ICC 500 large missile test procedure and observing damage, rather than collecting 

quantifiable measurements during the impact ([1], [15], [17]). One challenge in studying impact 

behavior is collecting data during the impact, as the event occurs in a matter of milliseconds and 

most sensors used during static experiments would be damaged or yield inaccurate data during 

Figure 1.3: Wall construction specified by third 

edition of FEMA P-320 [5] 

Figure 1.4: Wall construction specified by 

fourth edition of FEMA P-320 [4] 
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impact. Another objective of this thesis is to develop a procedure for collecting reliable 

measurements during impact in order to quantify impact behavior. Digital image correlation 

technology (a method of non-contact measurement that relies on high-speed photography) is 

used in this experiment to measure the deformation for the wall during impact during the large 

missile test.  The background for digital image technology is discussed in Section 2.3 and the 

results of the investigation may be found in Section 3.6.  

In summary, the research objectives of this thesis include: 

i.) Investigate the windborne debris resistance of materials as a lightweight and 

affordable alternative to steel.  

FEMA P-320 presents safe room designs for cast-in-place concrete, concrete 

masonry unit walls, insulated concrete forms, and wood stud walls with two 

layers of ¾” plywood and 14-gauge steel sheathing. Habitat for Humanity 

Tuscaloosa uses a design with double 2x4 in. wood studs, ¾” plywood, and 14-

gauge steel based on the third edition of FEMA P-320’s prescriptive design 

because of its convenience and cost-effectiveness compared to the other designs.  

Habitat for Humanity relies on volunteers for construction, many who are 

unskilled in construction, so it is imperative that the construction materials are 

lightweight and easy to penetrate. Additionally, the houses are constructed 

primarily for low-income families or families who have lost their homes in 

disasters, so cost is another major factor in design. Steel is expensive, heavy, and 

difficult to penetrate with a nail gun, so finding a lightweight material that is able 

to withstand the large missile test would be extremely beneficial to Habitat for 

Humanity. In this experiment, Kevlar and Line-X are tested in place of 14-gauge 
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steel to investigate their effectiveness in resisting wind-borne debris. Walls 

constructed with 2x4 and 2x6 studs with 14-gauge steel are also tested to provide 

a baseline for the experiment. 

ii.) Establish a procedure for collecting reliable data during impact  

Previous research on safe rooms’ resistance to windborne debris has focused on 

performing the large missile test as specified in ICC 500 [9] to simulate the 

impact and observing the damage using the pass/fail criteria discussed in ICC 500 

to determine its effectiveness in resisting windborne debris impact. This thesis 

uses digital imaging correlation technology (DIC) to make non-contact 

measurements during impact and to measure the displacements and strains during 

impact. The data collected can be used to quantify damage and effectively 

compare specimens beyond observation of pass/fail criteria. The global stiffness 

and effective mass of each specimen is measured to verify the results of the non-

contact measurement.  

This thesis is organized as follows: In CHAPTER 2 , a literature review of previous research in 

the field of windborne debris behavior, windborne debris impact testing, and non-contact 

measurement is presented. CHAPTER 3 describes the experimental investigation that was 

performed to collect parameters and to simulate the impact by windborne debris. An analysis and 

discussion of the results is presented in CHAPTER 4. 4 discusses conclusions and 

recommendations for future research.    
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CHAPTER 2  

BACKGROUND 

In 1992, Hurricane Andrew tore through South Florida, causing $45 billion in damage 

(adjusted to 2010 dollars) [16]. Much of the damage from this storm was the result of windborne 

debris, highlighting to engineers the importance of incorporating windborne debris resistance 

into design. Hurricane Andrew prompted the state of Florida to adopt strict measures to prevent 

damage from windborne debris in the Florida Building Code in 2001 [16]. For example, the 

updated building code required buildings in windborne debris regions to use debris-resistant 

window shutters rated for winds up to 140 mph [38]. This was also the first design standard to 

require the large missile test in design of the building envelope [16]. Since then, several national 

and regional building codes have adopted measures from the Florida Building Code to 

incorporate windborne debris resistance in design. In 2009, the International Building Code 

(IBC) implemented standards which require impact-resistant storm shelters conforming to ICC 

500 in essential buildings such as 911 call centers, police stations, and K-12 schools in 250 mph 

wind zones [16]. Figure 2.1 identifies the designated 250 mph wind zones for tornadoes in ICC 

500 [9].  

These standards require storm shelters to pass the large missile test specified in ICC 500 

[9] to ensure that they will resist impact from windborne debris in the event of a severe 

windstorm. The large missile test involves firing a 15-lb 2x4 missile at every element of the safe 

room envelope.  The research presented in the following sections details the development of the 

large missile test procedure
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. The ICC large missile test is based on extensive research on windborne debris behavior 

and is designed to simulate impact by windborne debris as speeds up to 250 mph.  

 

Figure 2.1: Tornado wind map specified by ICC 500 [9] 

2.1    Design Criteria for Large Missile Test 

Windborne debris can be classified into three categories: small (light-weight) missiles, 

medium (medium-weight) missiles, and large (heavy-weight) missiles [17]. Light-weight 

missiles include gravel and shingles; medium-weight missiles include steel joists and wood 

studs; and heavy-weight missiles include items such as vehicles and refrigerators. Medium-

weight missiles are most likely to be accelerated horizontally by winds until they strike a 

structure or the ground. These types of missiles are by far the most common type of windborne 

debris in post-disaster surveys, as they are heavy enough to do significant damage, yet light 

enough to become airborne [17]. Wills et al. [18] further classified debris as “particles,” “sheets,” 

and “rods.” Based on trajectory trials in wind-tunnels and validated numerical models, “rod” and 

“sheet” debris are subjected to significant lift forces, giving them greater vertical displacements 

and greater horizontal speeds than “particle” debris, as debris accelerates more the longer it is 

airborne. Numerous post-disaster investigations ([19], [20]) reveal wood planks to be the most 
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common type of windborne debris. A wooden 2x4 was therefore chosen as a representative 

missile for the large missile test, as they are medium-weight missiles that fall into the “rod” 

category of debris and are the most common debris types in damage surveys. Statistical analysis 

of tornadoes surveyed validates the use of the 2x4 missile as the design basis missile [19]. The 

study is based on the now obsolete F-scale, which has since been replaced by the EF scale [4]. 

This analysis found that the mean weight of 2x4 missiles in an F-2 tornado is 6.80 lbs., 7.75 lbs. 

in an F-3 tornado, and 8.68 lbs. in an F-4 tornado. The 15-lb missile is recommended to give a 

conservative value of missile weight for an F-5 tornado [21].  

 The test missile velocity has been determined through both photogrammetric methods 

and trajectory simulation. Missile speeds are affected by characteristics of the wind field, 

location of the missile, degree to which missile is restrained, and physical characteristics of 

missile [19]. Windborne debris velocities have been investigated by a number of researchers, 

resulting in a wide range of missile speeds ([19], [22], [23], [24], [25]) . Researchers at Texas 

Tech University developed a computer simulation program to model the trajectory of windborne 

debris and determined that 100 mph is a representative average speed for wood 2x4’s during 250 

mph windstorms [19]. Holmes, Letchford and Lin [26] have performed tests on plate-type debris 

in wind tunnels and with full-scale experiments and have also performed numerical analysis to 

investigate the behavior of windborne debris. These experiments indicate windborne debris 

velocity is largely a function of horizontal displacement and wind speed. These investigations 

have led to the missile speeds presented by FEMA in Table 2.1 [4].  
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Design Wind 
Speed 

Missile Speed and Shelter 
Impact Surface 

130 mph 
Vertical Surfaces: 80 mph 

Horizontal Surfaces: 53  mph  

160 mph 
Vertical Surfaces: 90 mph 

Horizontal Surfaces: 60  mph 

200 mph 
Vertical Surfaces: 84 mph 

Horizontal  Surfaces: 56 mph 

250 mph 
Vertical Surfaces: 100 mph 

Horizontal  Surfaces: 67 mph 
 

Table 2.1: Projectile test speeds as specified by ICC-500 [9] 

 The angle of impact specified in the ICC 500 test procedure [9] is within 5°of normal to 

the surface. FEMA P-361 [21] states that for long, slender objects, the normal force drops rapidly 

as the angle of impact increases when the debris begins to rotate. Therefore, the critical angle for 

the large missile test procedure is 0° (normal to the wall surface).  

 The failure criteria for the test procedure outlined in ICC 500 [9] specifies failure as any 

behavior that may cause injury to occupants of the shelter, including perforation, dislodgement 

or disengagement, spalling, and deformation. Perforation is when wind-borne debris itself enters 

the safe room, potentially injuring occupants and creating a dangerous pressure differential 

inside the safe room. Dislodgement or disengagement is when connections in the safe room are 

disconnected due to direct impacts or due to the shock wave produced by the impact. Spalling 

typically occurs with concrete assemblies and occurs when concrete on the inside surface of the 

wall is ejected into the safe room. Permanent deformation greater than 3 inches is also deemed as 

unacceptable. Penetration occurs when windborne debris is embedded in the wall. This is not 

considered failure if none of the other failure modes occur. The failure modes listed in ICC 500 

derive from failure modes that have been documented in previous testing [1]. ICC 500 does not 

require quantitative measurements during the large missile impact test; the outcome is solely 

based on the pass/fail criteria.  
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2.2    Windborne Debris Impact Testing  

  Engineers and scientists have been investigating windborne debris behavior and the 

effects of impact by windborne debris since the 1970’s. Early research focused on the types, 

trajectories, and velocities of the debris ([22], [23]). Hundreds of wall assemblies, roof 

assemblies, doors, windows, and other building components have been tested with the large 

missile test procedure to determine its resistance to windborne debris impact ([1], [15], [17], 

[19]). It is clear from this research that conventional residential walls cannot withstand impact 

from windborne debris. Based on this research, FEMA [4] has produced prescriptive designs for 

residential safe rooms. Since the first edition of FEMA P-320 was published in 1998, more than 

25,000 residential safe rooms have been constructed with FEMA funding assistance [4]. FEMA 

P-320 recommends designs using materials and combinations that have passed the specified test 

procedure: grouted concrete block, cast-in-place concrete, insulated concrete form (ICF), and 

wood with steel plates. 

Chen et al. [27] tested corrugated panels for impact resistance and measured the 

displacement and strain of the panels under impact with laser linear voltage displacement 

transducers (LVDT) and strain gauges to observe the structural response of the panels. The 

measurements were used to create vulnerability curves to design corrugated panels for missile 

resistance; however, the panels were unsuccessful in resisting missiles at speeds over 30 m/s (67 

mph); and therefore, would not meet the ICC 500 large missile test for a 250-mph design wind 

speed. Additionally, the peak deformation at the time of impact exceeded the measuring 

capability of the LVDT’s for two of the seven specimens and was not able to be measured.   

Heidebrecht [28] determined that the displacement response of wood safe room wall 

assemblies resembles a single-degree-of-freedom damped sinusoidal response under impact. A 
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numerical model was developed to predict the failure of wood safe room walls based on 

measured parameters. The displacement was measured at each corner of the panel with LVDT’s. 

The model was successful in predicting specimens that would pass for walls constructed with the 

wide face of 2x4’s oriented perpendicular to impact, but the model not able to predict the 

behavior of walls with 2x4’s oriented with the narrow face perpendicular to impact, due to the 

highly localized behavior of wood during impact.      

Herbin and Barbato [40] developed a finite element model to predict the behavior of 

aluminum shutters under impact and develop fragility curves. The model was not successful for 

impacts with a kinetic energy larger than 3.5 kJ, corresponding to a 15-lb missile travelling at 72 

mph, as the model was not able to predict the localized fracture of the panels.  

Previous research on windborne debris impact testing primarily involves observing 

damage and classifying specimens as passing or failing based on the failure criteria listed in ICC 

500. While qualitative testing allows researchers to test building components without taking 

measurements, it limits the ability to predict the response of a similar assembly and compare 

passing specimens. There has been some research that has collected quantitative measurements 

during impact testing; however, there have been problems collecting reliable measurements due 

to the amount of energy during the impact, the size of the deformation and the complicated 

localized behavior at the impact location.  

2.3    Non-Contact Measurement 

Collecting data during impact experiments is a serious challenge. This is one reason why 

previous research has mainly focused on observing damage after impact. Sensors placed in 

contact with the specimen can yield inaccurate data and can easily be damaged by the projectiles 

that carry an extremely high amount of energy. Additionally, impacts occur in a matter of 
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milliseconds, so sensors must have a high sampling rate to capture data. Sensors also must have a 

very high capacity to measure the large forces and deformation produced during impact.   

To avoid these issues, digital image correlation is used in this study for collecting data as 

a non-contact alternative to using sensors in contact with the specimen. Digital image correlation 

(DIC) is a photogrammetric method that is used to measure the deformation and strain of an 

object’s surface. The software tracks the changes in the intensity of image pixels of small 

neighborhoods, or subsets, of images and uses a calibration system to assign physical units to 

these changes [29]. The DIC system used in this study was developed by a group of researchers 

at the University of South Carolina in the 1980’s and has been proven to be extremely accurate 

by experimental results and when compared to finite element models ([30],  [31]). DIC is now 

widely accepted in the field of experimental mechanics as a valid method for non-contact 

measurement. Based on the literature review conducted at the time when this thesis was written, 

DIC has not yet been used to analyze the large missile test specified by ICC 500. 

Unlike 2D DIC, which utilizes one camera, 3D DIC uses two cameras to achieve stereo 

vision to measure full-field deformations. The cameras are calibrated using calibration targets 

with a standard size and spacing to create a universal global coordinate system. The measured 

data is then mapped to the coordinate system to deliver a 3D contour.  

DIC relies on a random, high contrast speckle pattern to produce accurate results. The 

speckle pattern ensures that each subset will have a unique grey value distribution. The DIC 

software matches the pixels of each frame and tracks the displacements. A schematic illustration 

of the process is shown in Figure 2.2. 
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Figure 2.2: Schematic drawing of basic principles of digital image correlation 

The matching points (x, y, z) and (x’, y’, z’) in the reference image and the deformed image are 

mapped according to mapping functions that allow for translation, rotation, shear, and strain. 

��� � �� � ∆� � � � �	∆� � �
∆� (2.1) 

��� � �� � ∆� � � � �	∆� � �
∆� (2.2) 

�� � � � ∆ � � (2.3) 

This thesis uses the commercially available VIC-3D software from Correlated Solutions. 

VIC-3D allows the user to define the size of the subset and the number of points to be analyzed 

within the subset, also called the step size. Subsets must be large enough to capture a unique 

intensity value in each subset; however, larger subsets lead to decreased spatial resolution. A 

smaller step size will lead to better accuracy, but a higher processing time.  

 

 

 

 

(x,y,z) (x,y,z) 

(x’,y’,z’) Subset 



15 
 

CHAPTER 3  

EXPERIMENTAL INVESTIGATION 

3.1    Selection of Alternative Materials  

 As discussed previously, Habitat for Humanity is interested in an alternative to steel for 

safe rooms walls that is both lightweight and affordable, but also able to resist the forces from 

high winds and impact from windborne debris in the case of a tornado. The alternative materials 

must be strong enough to resist the large forces that occur during impact, but also have a high 

modulus of elasticity in order to deform and absorb the energy of the impact. 

Kevlar is a synthetic aramid fiber that is typically woven into a textile material. It was 

chosen as a material to investigate because it has been used historically to absorb energy from 

projectiles in bullet-proof vests and armored vehicles. It has a high strength and is very 

lightweight – in fact, its tensile strength-to-weight ratio is five times that of steel wire [32]. There 

also is evidence that Kevlar has been used successfully in composite walls for debris resistance 

in the past [33]. The thickness of the Kevlar material was limited by cost. In order to make the 

panels as cost-effective as the panels with the 14-gauge steel, one layer of Kevlar was used. Each 

layer of Kevlar is 0.26 mm (0.011 inches). For comparison, most bullet-proof vests use between 

8 and 16 layers of Kevlar [39]. A cost comparison of the backup materials used can be found in 

Table 3.1. 

 Line-X is a polyurethane spray typically used as a liner in boats and trucks. It was chosen 

because it is low-cost and extremely durable but can also flex and stretch. It has been shown 
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to resist impact in other experiments [34] and is used in buildings such as the Pentagon and the 

New York Federal Building for blast protection [35]. The thickness of Line-X used was 

approximately 0.125 inches, similar to what is used in truck beds. The thickness was again 

limited by cost, as the intent of the study was to find a material that was less than the cost of the 

14-gauge steel material.   

Backup 

Material Cost/Square Foot ($/SF) 

Total 

Square Feet 

(SF) 

Total Cost of Backup Material 

($) 

14 gauge 
steel 

(0.078” 
thick) 

$6.12 36 $ 220.32 

Kevlar 
(0.011" 
thick) 

$4.27 36 $ 153.72 

LINE-X 
(0.125" 
thick) 

$6.00 36 $ 216.00 

Table 3.1: Cost comparison of backup materials 

 Additionally, the difference between using 2x4 wood studs and 2x6 wood studs was 

investigated. Habitat for Humanity currently uses 2x4 studs in their safe rooms, based on the 

third edition FEMA P-320 drawings from 2008. FEMA updated their recommendations for 

residential safe rooms in 2014 and now recommends using 2x6 studs, rather than 2x4 studs.  

3.2    Test Specimens 

 Four wall types were constructed for this experiment. Each wall specimen was 6 foot in 

width and height and was constructed using double studs (2x4 or 2x6) at 16 inches on center. 

The groups of walls are described below: 

1. Group 1: Six specimens built in accordance with Habitat for Humanity’s current design 

using two layers of ¾” plywood and one layer of 14-gauge steel with 2x4 double studs. 
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Three of these specimens were used as trial specimens to calibrate the equipment used in 

the experiment. The data recorded for these wall specimens is not included in this thesis.  

2. Group 2: Three specimens using two layers of ¾” plywood and one layer of Kevlar fabric 

followed by an epoxy adhesive with 2x6 double studs.  

3. Group 3: Three specimens using two layers of ¾” plywood and one layer of Line-X liner 

(approximately 0.125” thick) with 2x6 double studs.  

4. Group 4: Three specimens using two layers of ¾” plywood, one layer of 14-gauge steel 

with 2x6 double studs, as shown in Figure 3.1.  

  

Ramset nails were used in a staggered pattern shown in Figure 3.1. Simpson Strongtie face 

mounted hangers were nailed at each stud to the top and bottom chord, per Habitat for 

Figure 3.1: Diagram showing construction of wall specimens  

AT 16” OC 
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Humanity’s typical construction. Intermediate blocking was installed 48” above the bottom of 

the panel at the panel joint. 

3.3    Test Set-Up 

Three individual tests were performed on each wall assembly. First, a quasi-static stiffness 

test was performed to obtain the global stiffness of the wall (see Section 3.4). Then, a hammer 

test was performed to obtain the natural frequency and effective mass (see Section 3.5). Finally, 

the large missile impact test specified in ICC 500 was performed (see Section 3.6). A 10-foot 

adjustable steel test frame was used to support the wall specimen, shown in Figure 3.2. The wall 

was clamped to the frame with 10-inch C-clamps at each corner. The wall specimen was set up 

with the front face facing the rigid frame for the stiffness test and the effective mass test and was 

turned for the impact test so that the stud side was facing the rigid frame. Figure 3.2 shows the 

test set-up for the missile test and Figure 3.3 shows the test set-up for the stiffness test and 

effective mass test. 

 

Figure 3.2:  Test Set-Up for Missile Test 
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                    Figure 3.3: Test Set-Up for Stiffness Test and Effective Mass Test 

3.4    Stiffness Test 

The effective stiffness of the specimen, �, can be determined using the linear relationship 

between the load applied and the corresponding deformation of the specimen. 

 � � �� (3.1) 

To determine the global stiffness of the wall panel, a force, �, was applied to the front 

surface of the wall specimen and the total displacement of the wall, �, was measured. A custom 

apparatus shown in Figure 3.4 was constructed using two Glideforce 500-lb linear actuators with 

a 6-inch stroke, shown in Figure 3.5, placed in parallel. The linear actuators were pin connected 

to a 6-inch square, 14-gauge steel plate that was used to transfer the load to the front surface of 

the wall. The actuators were pin connected on the back to a ¼” steel plate. A 1” threaded rod was 

screwed into the ¼” plate and attached to an Omega S-Shaped load cell with a capacity of 2000-

lb. The load cell is shown in Figure 3.6. The apparatus was attached to a Cross Laminated 

Timber (CLT) block that was attached to the back wall of the room with four steel angles. The 

CLT was used to close the gap between the back wall and the apparatus and to provide sufficient 

support for the actuators during loading.   
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The load cell was calibrated using an MTS uniaxial load frame, shown in Figure 3.7. For 

the calibration, the load cell was subjected to a 1600-lb load in tension and compression and the 

output voltage was measured by a Speedgoat data acquisition system. The results of the 

calibration can be found in APPENDIX A. The calibration constants were used to evaluate the 

force measured during the test.  

Figure 3.5: Glideforce 500-lb linear actuators Figure 3.6: Omega 2000-lb S-Shaped Load Cell 

Figure 3.4: Custom apparatus built to measure global stiffness 
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Figure 3.7: Calibration of load cell 

A 10V 50 mm Novotechnik linear potentiometer, shown in Figure 3.8, was used to 

measure the total displacement of the wall. The potentiometer was placed on a lightweight T-

frame approximately ½” above the plate to measure the deformation of the wall as it was loaded, 

as shown in Figure 3.9. The test was repeated three times for each specimen and the average 

stiffness was used.  

 

 

 

 

 

 

 

Figure 3.8: Novoteknik 50 mm potentiometer  
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The force was applied at the center of the wall, centered between two studs. This location 

was chosen as the test location as it was expected to yield the largest deformation, as compared 

to on a stud or near an edge of the wall. The force was applied continuously until the specimen 

no longer yielded, at which point the specimen was unloaded. A sampling rate of 30 

samples/second was used for both the potentiometer and the load cell. The stiffness was then 

calculated using the relationship presented in Equation (3.1).  

An average slope (representing the global stiffness) was calculated by plotting a linear 

trendline of the compression curve, shown for Group 1 – Wall 1 in Figure 3.10.  The full 

graphical results can be found in APPENDIX B. Table 3.2 displays the results of the stiffness 

test for each wall. 

Figure 3.9: Potentiometer set up 
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Group No. Wall Type Wall No. Stiffness (N/m) 

Group 1 14-gauge steel, 2x4 studs Wall 1 1,010,000 

 Wall 2 960,000 

 Wall 3 1,090,000 

Group 2 Kevlar, 2x6 studs Wall 1 1,730,000 

 Wall 2 2,050,000 

 Wall 3 1,700,000 

Group 3 
 

Line-X, 2x6 studs 
 

Wall 1 1,250,000 

Wall 2 1,370,000 

Wall 3 1,710,000 

Group 4 14-gauge steel, 2x6 studs Wall 1 1,700,000 

 Wall 2 1,610,000 

 Wall 3 1,690,000 

Table 3.2: Results from the Stiffness Test 

Figure 3.10: Average Stiffness of Group 1 – Wall 1 Specimen 
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3.5    Effective Mass Test 

The effective mass, ����, or the mass of the test specimen that is excited by the impact, 

is determined by the relationship between natural frequency, mass, and stiffness: 

 �� � 12� � ����� 

(3.2) 

To obtain the natural frequency, a hammer test was performed on each specimen. A code 

employing Natural Excitation Technique (NExT) [36] with Eigensystem Realization Algorithm 

(ERA) [37] was used to extract the modal parameters from the data collected by accelerometers. 

Five triaxial PCB accelerometers Model 356A15, shown in Figure 3.11, were placed on 

the studs in the locations shown in Figure 3.12. The accelerometers were placed on the studs to 

measure the global structural response of the wall.  

 

 

 

Figure 3.11: PCB Accelerometer Model 356A15 

Figure 3.12:  Accelerometer locations 
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The specimens were struck with a hammer at locations shown in Figure 3.13 for a short 

duration to generate an impulse. The wall was struck twice near each accelerometer on the front 

face of the wall. The response of each wall was measured for ten impacts to allow for adequate 

averaging of data. 

 

                 Figure 3.13: Strike Zones for Effective Mass Test 

NExT-ERA was employed to obtain the natural frequency of each specimen. The natural 

frequencies were plotted, shown in Figure 3.14, as well as the first mode shape, shown in Figure 

3.15. It is important to confirm that the first mode governs as this is the mode shape that governs 

during impact. Figure 3.15 shows the natural frequencies of the mode shapes (represented as a 

red line) for one of the specimens. The code eliminated “fake modes” by eliminating any 

frequencies that did not appear in more than 50% of the impacts.  
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Each test was performed three times per specimen to give a large body of data. The 

effective mass was then calculated for each specimen using the relationship in Equation (3.2). 

Table 3.3 shows the natural frequencies for the first mode for each specimen, as well as the 

effective masses.  

 

 

 

 

 

 

 

 

 

Figure 3.15: Governing mode shape for effective mass test 

Figure 3.14: Natural frequencies for Group 4 - Wall 1 
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3.6    Missile Impact Test 

The impact test follows the procedure specified in Chapter 8 of ICC 500 [9]. A debris 

cannon system comprised of four 8ft pneumatic cannons that may be positioned as desired is 

shown in Figure 3.16. The steel test frame used to restrain the wall specimens is set up 25 feet 

from the end of the cannon. The wall specimens are mounted at each corner to the steel frame 

with 10-inch C-clamps. The rigid frame prevents the specimen from deflecting along the top and 

bottom edges, but deflection is permitted along the unbraced vertical edges to simulate the in-

Group No. Wall Type Natural Frequency 

(Hz) 

Effective Mass 

(kg) 

Group 1 14 gauge steel, 
2x4 studs  

Wall 1 39.8 17.6 

Wall 2 33.9 21.0 

Wall 3 34.9 23.6 

Group 2 Kevlar, 2x6 studs Wall 1 44.7 22.0 

Wall 2 46.3 24.2 

Wall 3 48.2 18.6 

Group 3 
 
 
 

Line-X, 2x6 studs 
 
  

Wall 1 45.3 21.2 

Wall 2 43.1 23.1 

Wall 3 43.2 21.9 

Group 4 14 gauge steel, 
2x6 studs 

Wall 1 46.2 20.8 

Wall 2 44.5 20.6 

Wall 3 42.5 23.7 

Table 3.3:  Results from the Effective Mass Test 
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field condition. This study is primarily interested in the behavior of the wall material; therefore, 

the studs were supported by the rigid frame.  

 

 

 

  

 

 

 

An Ohler three-screen speed-measuring system (chronograph) was set up in front of the 

wall specimen to record the leading-edge velocity of the missile at the point of impact. The 

screens are located approximately 3 feet in front of the wall specimen, so it can be assumed that 

the velocity measured by the speed-measuring system is the impact velocity. The screens are 

adjustable to measure missiles at different heights. The chronograph consists of three screens 

aligned on either side of the missile that use infrared light and photodetectors to detect the 

velocity of the projectile. The chronograph was calibrated using the high-speed cameras and had 

an error of 0.414% (0.6 mph), which falls within the ASTM E1886 specified accuracy of ±2%, 

Figure 3.16:  Four-barrel Debris Cannon 

Figure 3.17: Long-range laser used to position cannon 
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as well as the ICC 500 specified accuracy of ±1 mph. Calibration data can be found in 

APPENDIX A.  

z  

Two Photron high speed cameras were used to record images of the front surface of the wall 

assembly. These images were used with the DIC system to obtain the deformations of the wall. 

The cameras were positioned about 15 feet away from the specimen behind a protective fence to 

prevent damage to the cameras during testing. A 57 mm lens was used on the cameras and the 

cameras were rotated so that the entire wall was visible. The high-speed cameras were placed on 

tripods that were adjusted to full height. Figure 3.19 shows the set-up of the high-speed cameras. 

 

  

 

 

 

 

 

Figure 3.19: High-speed camera set up for DIC 

Figure 3.18: Ohler speed measuring system 
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 The cameras used have frame rates up to 160,000 frames per second (fps); however, the 

cameras’ resolution decreases at higher frame rates. A frame rate investigation was performed in 

a pilot study to determine the frame rate to be used. Images of an impact were taken at 8,000 fps 

and the data was resampled at 6,000 fps, 4,000 fps, and 2,000 fps with the corresponding 

resolution at 1280x296, 1280x424, 1280x512, and 1280x1024, respectively. The results of this 

investigation can be seen in Figure 3.20. The frame rate investigation revealed a sampling rate of 

2,000 fps can capture the maximum displacement. Therefore, a frame rate of 2,000 fps was 

chosen for this experiment to achieve a desirable resolution of 1280x1024. 

 

Figure 3.20: Frame Rate Investigation 

 The cameras were calibrated before each specimen was tested. The calibration 

involved taking 15-20 images of a calibration grid with a known grid spacing to assign real 

dimensions to the images within the digital image correlation software. The calibration grid was 
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rotated about each x, y, and z, axis twice to give the software a full field to accurately calibrate 

the software. The calibration images were converted to black and white and were then uploaded 

to the VIC-3D software. A calibration constant, based on the standard deviation of residuals for 

each frame, of less than 0.1 is required to use the calibration images. 

Two LED spotlights, shown in Figure 3.21, were placed on either side of the cannon 

directed at the wall specimen. The spotlights were required to brighten the images taken by the 

high-speed cameras. LED lights are preferred over florescent spotlights as fluorescent lights give 

off heat that can distort the images.  

 

Figure 3.21: LED Lights 

 A PCB 10,000g accelerometer is placed on the back of the wall specimen on the stud 

nearest to the impact to measure acceleration during impact. A plastic box was constructed for 

the accelerometer to prevent damage, shown in Figure 3.22. The box was screwed into the stud 

to reduce the noise caused by the vibrations of the wall. Figure 3.23 shows the approximate 

location of the accelerometer on the specimen. The results from the accelerometer were not clear 

and were not considered in the analysis. 
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Figure 3.23: Accelerometer Location for Missile Test 

A custom stencil was created to apply the speckle pattern to the wall used for the DIC 

technology. The stencil is laser-printed on a 29”x19” sheet of 5mm Mylar. A study was 

conducted to determine the optimal speckle pattern for the custom stencil. The DIC software 

manufacturers state that ideal speckles are 3-5 pixels in diameter to optimize spatial resolution. A 

speckle size less than 3 pixels cannot be fully detected by the DIC system and may cause aliased 

Figure 3.22: PCB accelerometer and protective box 
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results, while speckles that are too large will require larger subset size and cause less spatial 

resolution. Based on the location and resolution of the cameras, it was determined that each pixel 

corresponds to 0.79 mm in physical units. Therefore, the optimal speckle size is 2.4 mm – 4.0 

mm. Random speckle patterns with speckles in this size range were generated. Trial outputs were 

created with different speckle densities and sizes. The printed output was photographed by the 

high-speed cameras and input into the VIC-3D software. The speckle pattern with the lowest 

error in the VIC-3D software was chosen for the representative pattern. Figure 3.24 shows the 

speckle pattern that was chosen. This speckle pattern was then developed into a stencil to be used 

in the large missile test. The results of this investigation can be found in Table 3.4, with the 

selected pattern highlighted. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.24:  Selected Speckle Pattern 
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Pixel size range (mm) Number of speckles Speckle Density (%) Error (%) 

1-3 10,000 13.67 5.15 

1-3 20,000 27.2 0.76 

1-3 30,000 40.94 0.63 

2-6 5,000 27.1 0.82 

2-6 10,000 54.34 0.95 

5-10 2,000 36.57 1.08 

5-10 5,000 44.72 3.97 

Table 3.4: Results of Speckle Pattern Investigation 

A field study was performed to examine the validity of VIC-3D. A printout of the speckle 

pattern was attached to cardboard, which was bent. The maximum positive and negative 

deformations were measured using a measuring tape, where positive is toward the camera and 

negative is away from the cameras. Photos were taken of the deformed cardboard with the high-

speed cameras and the DIC measurements were compared to the physical measurements. Figure 

3.25 shows one of the images taken during the test. The results of this calibration can be found in 

Table 3.5. The investigation showed that the results of the VIC-3D measurements were fairly 

accurate compared to the physical measurements.  

 

Figure 3.25: VIC-3D Calibration Test 
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Table 3.5: Results from VIC-3D calibration 

Figure 3.26 shows the required test locations per ICC 500 and the approximate painted 

area. DIC measurements were extracted sixteen points in the top right corner of the impact 

location. The first impact was located at the center of the wall, centered between studs. 

Deformations and accelerations were measured during this test only. If specimens passed the 

initial test, subsequent tests were performed with the top studs exposed to simulate the wall 

specimen in the field. The second impact was located directly on the stud, and the third impact 

was within 3” of the stud. ICC 500 limits the number of impacts to three per wall, and it also 

requires a single wall specimen to pass each of these impacts to declare the wall specimen a 

passing design. 

Image 

number 

Maximum 

positive 

deformation – 

measured 

(mm) 

Maximum 

positive 

deformation 

– VIC-3D 

(mm) 

% 

Error 

Maximum 

negative 

deformation – 

measured 

(mm) 

Maximum 

negative 

deformation – 

VIC-3D (mm) 

% 

Error 

1 25 29.2 14.4 7 8.3 15.7 

2 32 32.8 2.4 13 14.8 12.2 

3 44.5 45 1.11 19 17.5 7.9 
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Figure 3.26: Large Missile Test Impact Locations 

Each specimen was prepared and painted with a speckle pattern using the custom stencil. 

This speckle pattern was used in the DIC analysis. The specimens were first cleaned, and then 

painted with white spray paint. After the white paint had dried, the stencil was adhered with a 

spray-on adhesive and the specimen was painted with black spray paint. The stencil was then 

removed and cleaned. Figure 3.27 shows the speckle pattern painted on the specimen. 

 

Figure 3.27:  Specimen Painted with Speckle Pattern 



37 
 

The missiles used were pressure-treated No. 2 Southern Yellow Pine 2x4’s. A plastic 

sabot was attached to the end of the missiles to give the cannon a larger area to launch the 

missile. Each missile was inspected for defects and warping prior to testing. The missiles were 

weighed within 15 minutes of testing and was found to weigh 15 lb ± 0.25lb including the sabot, 

as specified by ICC 500 and ASTM E1886 ([9], [11]). Because of space constraints, 8-ft missiles 

were used, rather than the ASTM E1886 specified 13.2-ft; however, the missiles were pressure-

treated to give them the same weight, and therefore the same kinetic energy as a longer missile. 

Weight of the missile, length of the missile, velocity of the missile, and all observations of 

damage were recorded for each test. Videos were recorded of the back of the walls during the 

testing. 

After each test, the residual deformation of the wall was measured for wall specimens 

that were not perforated and observations were recorded. Photos were taken of the front and back 

of the walls. The results of the impact tests can be found in Table 3.6.  

The alternative materials (i.e. Kevlar, Line-X) tested in this research were unsuccessful in 

resisting impact from the 15-lb missile travelling at 100 mph. The yield strength was not large 

enough to prevent penetration and the materials were immediately perforated by the missiles. 

Figure 3.28 shows the failure type observed for Groups 2 and 3. 

While both types of steel specimens (2x4 studs and 2x6 studs) were successful in 

resisting impact by a 15-lb missile for the first impact when the studs were restrained, failure 

modes were observed when the studs were exposed. Cracks were observed in the studs after the 

first impact, as shown in Figure 3.30, Figure 3.29, Figure 3.31 and Figure 3.32. Figure 3.33, 

Figure 3.34 and Figure 3.35 show the failure modes observed after the second impact.  
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Group 

No. 

Wall 

Type 

Wall 

Panel 

Impact 

Location 

Missile 

Weight 

(lb) 

Missile 

Velocity 

(mph) 

Residual 

Defor-

mation 

(in) 

Observations Pass

/ 

Fail 

Group  
1 

2x4 
studs 
with 
14- 
gauge 
steel 

 

1 
 

Centered 
between 

studs 

15.0 98.2 1.25 Missile 
penetrated 
wall. Small 
crack 
observed in 
stud 

Pass 

On stud 15.0 99.3 -- Stud broke Fail 

2 Centered 
between 

studs 

15.0 98.9 1.5 Missile 
penetrated 
wall. Small 
crack 
observed in 
stud 

Pass 

3 Centered 
between 

studs 

14.8 101.0 1.325 Missile 
penetrated 
wall, but no 
significant 
damage 
observed. 
Stud slightly 
separated 
from wall.  

Pass 

On stud 14.8 101.0 -- Missile 
rebounded. 
Stud broke 
and 
completely 
separated 
from wall 

Fail 

Group 
2 

2x6 
studs 
with 

Line-X 

1 Centered 
between 

studs 

14.8 100.1 -- Missile 
completely 
perforated 
wall  

Fail 

2 Centered 
between 

studs 

15.0 98.9 -- Missile 
completely 
perforated 
wall  

Fail 

3 Centered 
between 

studs 

15.0 101.0 -- Missile 
completely 
perforated 
wall  

Fail 
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Group 
3 

2x6 
studs 
with 

Kevlar 

1 Centered 
between 

studs 

14.8 100.3 -- Missile 
completely 
perforated 
wall 

Fail 

2 Centered 
between 

studs 

14.8 101.7 -- Missile 
completely 
perforated 
wall 

Fail 

3 Centered 
between 

studs 

14.8 101.0 -- Missile 
completely 
perforated 
wall 

Fail 

Group 
4 

2x6 
studs 
with 
14- 

gauge 
steel 

1 Centered 
between 

studs 

15.0 95.5 .5 Large crack 
observed in 
stud 

Pass 

On stud 15.0 99.6 -- Missile 
rebounded. 
Stud 
dislodged. 

Fail 

2 Centered 
between 

studs 

15.2 101.7 1.25 Missile 
penetrated 
wall, but no 
significant 
damage 
observed  

Pass 

Within 3” 
of stud 

15.2 104.5 -- Missile 
perforated 
steel 
approximately 
2” 

Fail 

3 Centered 
between 

studs 

14.8 98.2 1.625 Small crack 
observed in 
stud 

Pass 

On stud 14.8 99.6 -- Stud broke Fail 

Table 3.6: Results of Missile Impact Test 
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Example of perforation observed in Groups 2 and 3: 

 

Figure 3.28: Missile perforation observed in Group 2 Wall 2 

Examples of small cracks observed in stud after first impact in Groups 1 and 4: 

 

 

 

 

 

 

 

Example of large crack observed in stud after first impact in Group 4: 

 

 

 

 

 

 Figure 3.32: Large crack observed in Group 4 Wall 1 

Figure 3.30: Small crack 

observed in Group 1 Wall 1 
Figure 3.29: Small crack 

observed in Group 1 Wall 2 
Figure 3.31: Small crack 

observed in Group 1 Wall 3 



41 
 

Example of failures observed after second impact in Groups 1 and 4: 

‘ 

 

 

 

 

 

 

 

The only wall types that passed the impact test on the first impact were the walls with 

2x4 studs and 14-gauge steel, and the walls with 2x6 studs and 14-gauge steel (Groups 1 and 4, 

respectively). Because of this, these were the only specimens that useful data could be collected 

with the DIC system.  

The maximum displacement in the z-direction and maximum principal in-plane strain 

captured by the DIC system for each wall can be seen in Table 3.7. The point closest to the 

impact area experienced the maximum displacement. Excluding Wall 1, walls of Group 4 show 

smaller displacement than walls of Group 1. 

Group No. Wall Type 
Max. displacement 

(mm) 
Max. principal strain 

(mm/mm) 

Group 1 
14 gauge steel, 

2x4 studs 

Wall 1 -37.8368 6.15E-03 

Wall 2 -38.5696 7.33E-03 

Wall 3 -32.4367 1.57E-02 

Group 4 
14 gauge steel, 

2x6 studs 

Wall 1 -39.0559 8.71E-03 

Wall 2 -29.1729 8.46E-03 

Wall 3 -29.3858 2.43E-03 

Table 3.7:  DIC Displacement and Principal Strain Measurements 

 

Figure 3.33: Stud dislodged 

for Group 4 Wall 1 
Figure 3.34: Missile penetrated 

for Group 4 Wall 2 
Figure 3.35: Stud broke for 

Group 4 Wall 3 
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CHAPTER 4  

ANALYSIS AND DISCUSSION 

The behavior of the walls is analyzed from the measurements obtained with the DIC 

system. The high-speed camera captures an area near the impact where the lower left corner of 

the measured area corresponds to the upper corner of the missile, as shown in Figure 4.1. The 

surface of the wall corresponds to the global X-Y plane and the positive Z-axis extends from 

front of the wall, as shown in Figure 3.26. Displacement and principal strains are extracted at 

sixteen points from the DIC system and linear interpolation is used to determine the 

displacements and principal strains within the measured area. It is assumed that the wall panel’s 

behavior is symmetrical, so the deformation measured in one quarter of the wall panel can be 

mirrored about the x and y axes to give the full wall panel’s deformation as shown in Figure 4.2. 

The impact area is neglected in the analysis.  

 

Figure 4.1: Measured area using DIC 
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Figure 4.2: Mirroring of data points about X and Y Axes 

Figure 4.3 and Figure 4.4 show the deformed shape of measured areas of Wall 3 for 

Groups 1 and 4, respectively, when the walls reach the maximum principal strain of the 

measured area. Figures showing the behavior of all the wall specimens when experiencing the 

maximum principal strains can be found in APPENDIX B. 

 The maximum principal strain does not always correspond to the time when maximum 

displacement of the measured area is reached, and it does not always occur at the point closest to 

the impact location.  

 

Figure 4.3: Deformed wall region for Wall 3 of Group 1 
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Figure 4.4: Deformed wall region for Wall 3 of Group 4 

           The displacement response in the z-axis resembles that of a damped single degree of 

freedom system subjected to an external force. The Discrete Fourier Transform (DFT) is applied 

to the displacement response to obtain the response of the system, and the damped natural 

frequency of the system subjected to the projectile impact is determined. An exponential 

envelope curve as shown in Equation (4.1) is fitted using the peaks of the displacement response 

to estimate the damping ratio of the walls. The fitted equation depends on the damped circular 

frequency (ω�) of the system, which is related to the damped natural frequency and the damping 

ratio (ξ). Figure 4.5  and Figure 4.6 show the response with the exponential envelope curve and 

the maximum frequency of the closest point captured by the DIC system to the impact area. The 

maximum frequency corresponds to the damped natural frequency (f�) of the system. The same 

analysis is performed for all the sixteen points and the average response of the points of each 

wall is shown in Table 4.1.  

 ��� � !"#$, where + � ,-.�;   .� � .011 , -2 ;  �� � .�2�  (4.1) 
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Figure 4.5: Displacement and frequency analysis for Group 1 walls near impact point 

 

Figure 4.6: Displacement and frequency analysis for Group 4 walls near impact point 

The sixteen points of the same wall have similar displacement response, where the points 

closest to the impact area tend to experience largest displacements. The displacement for the 

closest and furthest measured points is shown in Figure 4.7 and Figure 4.8 for the walls in the 

Groups 1 and 4. The displacement response of the other fourteen intermediate points is bounded 

between the closest and furthest points. The average of the maximum displacement of the sixteen 
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points for each wall specimen is provided in Table 4.1.

 

Figure 4.7:  Displacement of the closest and furthest measured points of the walls of Group 1 

 

Figure 4.8: Displacement of the closest and furthest measured points of the walls of Group 4 
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The average damping ratio of the walls is estimated using the damped natural frequency 

of the system obtained for the frequency domain, and the fitted envelope curves. The estimated 

values are shown in Table 4.1. Walls 1 and 2 of Group 4 have a significantly higher damping 

ratio than the others, indicating that they absorbed the energy of the impact faster than the other 

walls. As for the damped natural frequency, the value observed is consistent around 16.75 Hz for 

all the walls except for Wall 2 of Group 4, whose frequency reaches 20.24 Hz. The natural 

frequency of the walls in Group 1 is lower than for the walls in Group 4, but the natural 

frequency of Wall 3 of the Group 4 is closer to the Group 1 than Group 4. 

It is also noted that the natural frequencies shown in Table 4.1 are much less than the 

values shown in Table 3.3, obtained during the effective mass test. The reason may be that 

during the effective mass test, the accelerometers were attached to the studs, but the impact that 

was measured by the DIC system was centered between studs. The studs are more rigid than the 

plywood and are braced near midspan. It is also possible that the studs behave as a “clamped” 

condition, but the entire wall under the impact may behave more closely to “pinned” condition, 

as the edges are allowed to rotate under a suddenly applied force. The difference in boundary 

conditions may cause the changes in measured natural frequencies. 

Group 
No. 

Wall Type 
Damped 
Natural 

Frequency (Hz) 

Natural 
Frequency 

(Hz) 

Average maximum 
Displacement (mm) 

Average 
damping 

ratio 
(%) 

Group 
1 

14 gauge 
steel, 2x4 

studs 

Wall 1 16.31 16.41 36.55 10.95% 

Wall 2 16.13 16.32 34.00 15.22% 

Wall 3 17.12 17.86 30.09 28.44% 

Group 
4 

14 gauge 
steel, 2x6 

studs 

Wall 1 16.19 21.66 31.94 66.44% 

Wall 2 20.24 21.14 24.44 40.52% 

Wall 3 17.98 18.26 20.50 17.38% 

Table 4.1: Results from the Displacement and Frequency analysis 
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The data collected was mapped to a surface for the full wall panel using linear 

interpolation to validate the data. Since the wall is supported at the top and bottom, the 

displacement at those points is assumed as zero and the displacement is extrapolated for the 

entire wall based on what is recorded in the measured area. 

The displaced volume during the test is also analyzed. Both the area of the entire wall and 

the area of 60 mm x 60 mm starting from the closest point to the impact location are selected for 

the analysis. For the area of the entire wall, a grid array of 201 x 201 nodes is selected, and the 

relative displacement is estimated at each node using linear interpolation. The walls cover a total 

surface of 72 inches x 72 inches (1830 mm x 1830 mm), so each node is assumed to cover an 

area of Δ� ⋅ Δ� � 9.15 mm x 9.15 mm. Under this assumption, the total volume is calculated 

using Equation (4.2). For the 60 mm x 60 mm area, only the nodes of the grid contained in it are 

used for the calculation.  

 5 �  6 6 Δ� ⋅ Δ� ⋅ �7
2�8
798

2�8
�98

  (4.2) 

In Figure 4.9, the volume displaced during the test for the 60 mm x 60 mm area for each wall is 

shown. The maximum displaced volume for the 60 mm x 60 mm area, and the entire wall area of 

groups 1 and 4 are presented in Table 4.2. The displaced volume is normalized by the kinetic 

energy of the projectile to consider the variations in the mass and velocity of the projectiles used. 

The results obtained show that the walls of Group 1 have higher displaced volumes than the 

walls from Group 4 for the displaced volume of the entire wall.  
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Group 
No. 

Wall Type 

Maximum 
displaced 

volume in 60 
mm x 60 mm 

area 

(x10< mm<) 

Normalized 
Maximum 

displaced volume 
in 60 mm x 60 

mm area 

(mm</J) 

Maximum 
displaced 
volume in 
entire wall 

(x10<mm<) 

Normalized 
Maximum 

displaced volume 
in entire wall 

(mm</J) 
Group 

1 

14 gauge 
steel, 2x4 

studs 

Wall 1 129.5 8.96 42,380 2932 

Wall 2 131.1 8.58 41,330 2703 

Wall 3 111.6 7.71 40,160 2776 

Group 
4 

14 gauge 
steel, 2x6 

studs 

Wall 1 131.3 9.60 38,780 2837 

Wall 2 97.7 6.22 30,440 1938 

Wall 3 96.1 6.74 27,530 1931 

Table 4.2: Maximum displaced volume during impact test 

 

Figure 4.9: Displaced volume during test in a 60 mm x 60 mm area 

As expected, higher average maximum displacements are reflected in higher displaced 

volumes. Figure 4.10 shows how the maximum displaced volume increases with the average 

maximum displacement for different walls. For the case shown, the displaced volume of the 

walls in Group 1 are higher than for Group 4. Figure 4.10 shows that the Group 4 walls had 
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smaller average maximum displacement than the walls of Group 1, except for Wall 1 of Group 4. 

Figure 4.11 shows that the measured displacements are consistent with the stiffness 

measurements collected, with the exception of Wall 1 in Group 4.  

 

Figure 4.10: Average maximum displacement vs displaced volume 

 
Figure 4.11: Average maximum displacement vs stiffness 

 Figure 4.12, Figure 4.13, and Figure 4.14 show photographs of the back of the walls 

taken after the impact tests. These photographs indicate that Wall 1 in Group 4 appeared to have 

a more localized impact, whereas Wall 2 and Wall 3 in Group 4 had a more global impact. This 

could explain why the displacements measured and volumes calculated for Wall 1 in Group 4 are 

larger than Walls 2 and 3 in Group 4, as data was extracted in a small area near the impact 

location and extrapolated to determine the full wall displacement and volume.  
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Additionally, a crack was observed in the stud to the left of the impact in the photographs 

of Wall 1 in Group 4 after impact; however, no cracks were noted in Wall 2 in Group 4 and a 

small crack was observed in Wall 3 in Group 4. Figure 4.15 shows the crack in Wall 1 in Group 

4. These uncertainties in the behavior of the wood studs during impact could also contribute to 

the inconsistencies in the measured displacements.  

 

Figure 4.15: Crack observed in stud in Wall 1 - Group 4 

Figure 4.12: Deformation 

of steel after impact for 

Wall 1 – Group 4 

Figure 4.13: Deformation 

of steel after impact for 

Wall 2 – Group 4 

Figure 4.14: Deformation of steel after 

impact for Wall 3 – Group 4 
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There are no conclusive results based on the measurements taken with the DIC system. 

The results shown in Table 4.1 indicate that walls in Group 4 tend to have higher damping ratio; 

however, Wall 3 of this group has a damping ratio closer to the walls of Group 1. As for the 

maximum displacement recorded, the walls of Group 4 have smaller maximum displacement 

compared to those of Group 1, except for Wall 1, which registered the largest displacement of all 

as shown in Table 3.7. Similar behavior is observed for the average maximum displacement of 

the sixteen measured points. Figure 4.10 shows that the average maximum displacement tends to 

be smaller for the walls in group 4 than for the walls in Group 1, except for Wall 1, which has 

similar average to the walls in Group 1. With the exception of Wall 1 in Group 4, the 

displacement is correlated with the stiffness measurements, as shown in Figure 4.11. For the 

most part, Group 4 walls perform better when subjected to an impact test, but more tests are 

needed to support this statement.  
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4  

CONCLUSIONS AND RECOMMENDATIONS 

4.1 Summary and Conclusions 

The behavior of safe room walls impacted by windborne debris consists of local material 

failure and elastic behavior of the overall structure. The behavior was highly dependent on the 

material properties of the impact-resistant material used in the wall. The lightweight materials 

that were tested in this experiment (Kevlar and Line-X) failed to stop the missile impact at the 

thicknesses used in this study. Walls constructed with more layers of Kevlar or a thicker 

application of Line-X may have been successful in resisting debris impact; however, the cost 

would exceed that for the walls constructed with 14-gauge steel, and therefore would be cost-

prohibitive. By ICC 500’s failure criteria, specimens from both Group 1 and Group 4 passed the 

large missile test after the first impact; however, specimens failed on the second impact when the 

stud was impacted. According to ICC 500, specimens must pass all impacts to be a passing 

specimen. In many cases, the studs that broke upon impact had already cracked in the previous 

impact.  

The DIC system produced quantifiable measurements including displacement and 

maximum principal strain. For the passing specimens, the natural frequency and damping ratios 

were calculated by fitting an exponential function to the response. Additionally, the maximum 

displaced volume was calculated for the passing specimens as a measure of deformation 

absorbed by the wall specimens. The Group 4 walls generally showed a lower maximum 
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displacement and maximum displaced volume than the Group 1 walls, which is expected 

based on the stiffness measurements. There was an outlier with Group 4, with Wall 1 showing a 

larger maximum displacement and maximum volume displaced than any of the passing 

specimens. This is likely due to localized material failures that the DIC system is not able to 

capture. DIC could be a promising solution to give researchers a method to collect quantifiable 

measurements during the large missile test. Due to the small number of passing specimens, the 

measurements from the DIC system could not be confirmed with this study.  

4.2 Future Research 

  Future research should focus on building a database of wall specimens tested 

using the procedure developed in this thesis, so that the procedure can be improved upon and the 

results can be confirmed. Some suggestions for other areas of future research include the 

following: 

• Examine other cost-effective, light-weight materials as an alternative to steel for safe 

rooms 

• Use the methodology presented in this thesis in future testing to compare specimens  

• Apply a dynamic model to the large missile test. If a predictive model could be developed 

based on easily measured parameters, the usage of this costly and time-consuming test 

could be reduced, leading to a more efficient design process for residential safe room 

walls.   
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APPENDIX A 

CALIBRATION RESULTS 

1. Load Cell Calibration 

Two calibrations were performed on the Omega S-shaped load cell. The results from the 

calibrations are presented below. The calibration constant was found to be 0.0039 

Volts/lb.  

Test 1   Test 2 

Target Load(lb) Act Load (lb) Voltage(V)   Target Load(lb) Act Load (lb) Voltage(V) 

0 0 1.38   0 0 1.36 

200 196.3 2.15   200 212.3 2.19 

400 412.3 3.00   400 404.4 2.94 

600 584.0 3.67   600 610.6 3.75 

800 785.3 4.45   800 808.6 4.53 

1000 981.0 5.22   1000 999.1 5.28 

1200 1168.5 5.95   1200 1204.2 6.08 

1400 1386.7 6.8   1400 1395.7 6.82 

1200 1204.6 6.12   1200 1206.1 6.09 

1000 1000.6 5.32   1000 1006.3 5.31 

800 807.6 4.56   800 799.4 4.50 

600 600.5 3.75   600 592.2 3.69 

400 387.8 2.91   400 399.7 2.93 

200 181.8 2.10   200 208.5 2.18 

0 5.7 1.40   0 5.8 1.38 

-200 -199.7 0.61   -200 -203.5 0.56 

-400 -411.0 -0.22   -400 -403.3 -0.21 

-600 -608.3 -0.99   -600 -607.9 -1.02 

-400 -396.2 -0.16   -400 -384.7 -0.14 

-200 -208.5 0.56   -200 -200.6 0.57 

0 7.2 1.41   0 1.6 1.36 
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2. Debris Cannon Calibration 

The pneumatic debris cannon was calibrated through a series of test shots using different missile 

weights and different pressures. A calibration curve was constructed from the collected data. It 

was found that a pressure of 33 psf was required to achieve a 100 mph velocity for a 15-lb 

missile.  

 

PSI Weight of Projectile & Plug (lb) Velocity (feet per second) Velocity (MPH) 

38 14.4 160 109 

36 14.6 133 91 

36 14.6 143 97 

36 14.6 143 97 

38 15 154 105 

38 15 154 105 

38 15 154 105 

16 15 50 34 

21 15 82 56 

26 15 103 70 

31 15 121 83 

36 15 143 97 

36 15 133 91 

41 15 160 109 
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31 16.2 125 85 

31 16.2 125 85 

16 16 51 35 

16 16 53 36 

16 16 56 38 

16 16 55 37 

21 16 85 58 

21 16 82 56 

21 16 82 56 

21 16 85 58 

26 16 105 72 

26 16 105 72 

26 16 105 72 

26 16 105 72 

31 16 121 83 

31 16.4 125 85 

38 16.4 154 105 
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APPENDIX B 

EXPERIMENTAL RESULTS 

1. Stiffness Test Results 

Group 1: 14-gauge steel, 2x4 studs 
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Group 2: Kevlar, 2x6 studs 
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Group 3: LINE-X, 2x6 studs 
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Group 4: 14-gauge steel, 2x6 studs 
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2. Effective Mass Test Results 

Group 1: 14-gauge steel, 2x4 studs  
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Group 2: Kevlar, 2x6 studs 

 

 

 

 



67 
 

Group 3: LINE-X, 2x6 studs 
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Group 4: 14-gauge steel, 2x6 studs 
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3. Missile Impact Test Results
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