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1. INTRODUCTION 

Tornadoes and hurricanes are among the most devastating forces of nature. Unfortunately, 

these types of wind storms continue to cause injury and death to people who don’t have 

adequate shelter protection in close proximity or enough time to travel to pubic shelters. On 

average, more than 1275 tornadoes have been reported nationwide each year. The most 

destructive tornadoes are capable of tremendous destruction with winds speed of up to 250 

miles per hour (mph) with damage paths as long as 50 miles and over 1 mile in width (FEMA 

361). The recent tornadoes in Joplin, Missouri and Tuscaloosa, Alabama provide clear evidence 

of the deadly and destructive potential of tornadoes. The events in Moore, Oklahoma and 

Greenburg, Kansas, as well as above events, have raised public conscientious of natural 

disasters and the benefits of accessible shelters to protect human life (FEMA 361). Such 

devastating events continue to happen and our responsibility is to provide shelters and safe 

rooms capable of protecting structures, and more importantly, human lives against the risk of 

such wind events. 

 

Figure 1.1  Single-family home impacted by tornadoes (Picher, Oklahoma- May 10, 2008) 
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Missile impact damage to buildings in hurricanes can lead to a dramatic increase in the net 

pressure acting on the building envelope that can lead to a ruinous structural damage to the 

building. Even small penetrations can create significant damage due to the intrusion of water 

during and immediately after the hurricane event. This report provides Performance validation 

for the design and construction of tornado shelters to meet the level of protection needed to 

provide near absolute protection in tornadic events. 

1.1 Missile Impact Test 

The characteristic of windborne debris generated by tornadoes and massive hurricanes are 

different by those of other windstorm debris. Missiles are hazardous to buildings, as seen in 

Figure 1.2, due to possibility of both damaging the structural elements and perforating into the 

building envelope. Significant researches have been done on penetration and breaching of 

small and high speed projectile, such as bullet, while little testing has been conducted on lower-

speed missiles such as windborne debris impacting structures (FEMA 361). 

 

Figure 1.2  I-beam hurled into a yard by powerful tornado (www.nesec.org) 

In the design of personal or community shelters, wind loads are likely to govern the structural 

design. The design of the building envelope may be governed by missile impact resistance 

criteria to protect occupants within the shelter and prevent internal pressurization of building. 

Typically, structural analysis can be used in the design of the structural system and wall cladding 
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and roof covering to resist the wind loads, but the final selection of the wall and roof systems 

may be based upon validation from standardized missile impact testing. 

Behavior of windborne debris during hurricanes and tornadoes are simulated by missile impact 

testing. Missile impact testing involves impacting the panels with 2x4 lumber missiles weighing 

9-lb or 15-lb at specified speeds and observing the damage. The size, mass, and speed of 

missiles in tornadoes and hurricanes vary widely. The debris impact criteria for hurricane 

shelters based on both the requirements in ASTM E 1886 and TAS 201 uses 9-lb 2x4 (nominal) 

dimensional lumber (Grade #2) missile traveling at the speed of 34 mph at the onset of the 

head-on impact. This impact scenario is used for both the testing of vertical wall panels and 

horizontal roof panels. The debris impact standard for tornado shelters is very similar except 

that the missile weight is increased to 15 pounds and the speed of the missile is increased to 

100 mph for vertical wall panels and to 67 mph for horizontal roof panels. In addition, neither 

perforation of the panel nor spalling of the material from the inside surface can occur. 

1.2 Existing Knowledge 

In the FEMA 320 and 361 documents and in the Florida Building Code (FBC), deem-to-comply 

solutions are provided. Although solid reinforced concrete panels are addressed with respect to 

minimum thickness for debris impact resistance, precast concrete sandwich panels, hollow core 

panels, and double-tee flanges are not specifically addressed. As mentioned above, previous 

debris impact testing of reinforced concrete wall panels focused on solid panels. Impact test 

conducted at Texas Tech University suggested that a 6-inch thick solid reinforced concrete wall 

and 4-inch thick solid reinforced concrete roof passes the tornado shelter debris impact 

standard (FEMA 361). The research objective of this project is to experimentally evaluate the 

debris impact resistance of precast sandwich panels, double-tee flanges, and hollow core slabs. 

2. Methods/Approach 

A major hurdle in design and construction of buildings and, particularly, shelters was 

developing consensus standards that defined the expected level of performance during a high-
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wind event. In 1998, FEMA published “Taking Shelter from the Storm: Building a Safe Room 

Inside Your House” (FEMA 320). This document provided information about design loads and 

debris impact criteria for tornado shelters and also provided several solutions for the design of 

below-grade, on-grade, and in-home shelters for individual families. A subsequent FEMA 

publication entitled, “Design and Construction Guidance for Community Shelters” provided 

design and operational guidelines for large community shelters (FEMA 361). In 1997, ASTM 

published “Standard Test Method for Performance of Exterior Windows, Curtain Walls, Doors, 

and Storm Shutters Impacted by Missile(s) and Exposed to Cyclic Pressure Differentials” as the 

first step to evaluate the ability of the building envelope against debris impact and the 

subsequent cyclic wind pressure loading of the impacted envelope (ASTM E 1886). Later in 

2001, ASTM published “Standard Specification for Performance of Exterior Windows, Curtain 

Walls, Doors, and Impact Protective Systems Impacted by Windborne Debris in Hurricanes” to 

better define the protocol for testing method outlined in ASTM E 1886 (ASTM E 1996). The 

updated versions of both of these two documents are now referenced in the International 

Building Code (IBC). Florida Building Code (FBC) references two very similar standards TAS 201 

(Standard for Impact Missile Testing) and TAS 202 (Standard for Cyclic Pressure Testing). Also, in 

May 2002 the International Code Council (ICC) and the National Storm Shelter Association 

(NSSA) initiated a joint project to write a standard for the design and construction of storm 

shelters in order to provide minimum design and construction requirements for storm shelters 

that provide a safe refuge from wind events. 

2.1 Test Equipment and Procedure 

The missile test criteria for hurricane impact resisting system and for tornado shelters are given 

in Table 2.1. A typical large missile air canon, as shown in Figure 2.1, consists of compressed air 

supply, pressure release mechanism, barrel, pressure gauge, and frame is used to shoot a 2X4 

missile at a specimen in accordance with FEMA 320 and 361 guidelines. All missiles are Grade 

#2 2x4 lumber and are free of any splits, checks, wane or other significant defects and weigh 15 

± 0.25 pounds and have a length of 13.5 feet ± 6 inches in accordance with ICC 500. Note that, 

the weight of permanently attached sabot, which weighs less than half of a pound, is 
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considered in the final missile weight. The missile speed is measured using a radar gun with 

accuracy of around 1 mph to satisfy the speed tolerance of 4 mph above and 0 mph below the 

missile speed criteria in accordance with ICC 500. 

Table 2.1 Missile test criteria for hurricane and tornado impact resisting system 

Shelter Criteria Missile 
Missile Weight 

(lbs) 
Missile Speed 

(mph) 
Type of Panel 

Hurricane 2x4 Grade #2 Lumber 9 34 Roof or Wall 

Tornado 2x4 Grade #2 Lumber 15 67 Roof 

Tornado 2x4 Grade #2 Lumber 15 100 Wall 

 

 

Figure 2.1  Clemson University large missile air cannon  

The failure criteria for missile impact standard in accordance with ICC 500 are as follows:  

1) Any perforation of the interior surface of the tested component of the shelter envelope 
by the design missile shall constitute a failure. 

2) Specimens and load-bearing fasteners, where used, shall not become disengaged or 
dislodged during the test procedures so as to endanger occupants. 

3) Excessive spall shall not be released from the interior surface of any specimen. 

4) Permanent deformation of an interior surface of the test specimen shall not exceed 3 
inches. 
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 2.2 Support Conditions 

Two different support conditions are considered in all testing as described here: A support 

condition is considered near rigid (NR) when panel is simply suspended from crane with four 

corners clamped to the back frame without using any spring as a support condition. A support 

condition is considered semi rigid (SR) when four coil springs are used at corners in order to 

more realistically investigate the performance of the panels under missile impact test as 

illustrated in Figure 2.2.  

 

Figure 2.2  Semi rigid support condition with corner springs 
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By testing smaller panels, the cost of individual test specimens will be minimized and allow for 

more combinations and repeats to be tested. However, one should make sure that 4-foot by 4-

foot small size panel must be a plausible representative of full size panel. Generally, a well-

supported small size panel will generate a large impact force due to its higher out-of-plane 

stiffness and is more susceptible to impact damage since there is less material surrounding the 

impact location. In order to alleviate this excessive impact force and also to create a reasonable 

boundary condition, spring was used as a support condition in the testing of some of the 

panels. By employing spring as a support condition, impact force and consequently impact 

damage of a small size panel reasonably represent the impact damage of a full size panel 

impacted approximately at center. 

Spring-mass analysis of the missile impact test was implemented in order to roughly calculate 

the stiffness of the springs. It turned out that each spring needs to have stiffness of close to 

1200 lb/in, assuming maximum deflection of the whole system is close to one inch. Needless to 

say that, as support stiffness increases (NRS condition), impact force also increases and 

maximum deflection tends to decrease. 

2.3 Test Matrix and Specimen Nomenclature 

The missile impact test illustrates whether or not a particular roof or wall system used as an 

external protection of shelter provides enough resistance against flying debris in wind events. 

Total of 53 specimens, consisting 51 small size panels and 2 long length panels, were tested for 

tornado impact resisting as depicted in Table 2.2. Different variables such as compressive 

strength, thickness, and support condition are considered in all testing in order to investigate 

the effect of each variable during the missile impact test. Additionally, more variables including 

shear connector, core foam insulation, and core foam thickness are accounted to better 

interpret the behavior of precast concrete sandwich panels. For simplicity, each panel is 

abbreviated and symbolized as shown in Table 2.3. For instance, a 3-inch thick solid reinforced 

concrete roof panel with near rigid support condition is shortened in the form of SR3-NRS(b), 

where SR3 stands for 3-inch thick solid roof panel, NRS indicates panel support condition, and 

(b) shows that test is done on the second panel of typically three repeats. Similarly, a precast 
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concrete sandwich panel with outer thickness of two inches, inner thickness of four inches, and 

insulation thickness of three inches is shortened in the form of PCSP 2-3-4, where PCSP stands 

for precast concrete sandwich panel, two denotes outer concrete wythe thickness, three 

denotes foam insulation wythe thickness, and four indicates inner concrete wythe thickness. 

Table 2.2  Specimen parameters 

Type of 
Specimen 

Number of 
Specimens 

Parameters 

Solid 
Concrete 

6 
Thickness (3", 4" or 6"), Reinforcement (WWF or #4 at 12" each way), 

Support Condition (NRS or SRS), Compressive Strength Double-T 
Flange 

9 

Hollow 
Core 

14 
Thickness (8" or 10"), Support Condition (NRS or SRS), 

Specimen Length (4 ft. or 20 ft.) 

PCSP 24 
Wythes Thickness (2" and 3"), Composite Connection (Shear Grid and Truss 
Wire), Type of Insulation (EPS and XPS), Support Condition (NRS and SRS),  

Compressive Strength 

 

Table 2.3  Nomenclature of each panel type 

Panel Type Nomenclature 

Solid Concrete 

4-inch thick solid concrete roof 
SR4-NRS-a  
SR4-SRS-a 

6-inch thick solid concrete wall 
SW6-NRS-a  
SW6-SRS-a 

Flange of 
Double Tee 

3-inch thick flange of double tee 
SR3-NRS-a 
SR3-SRS-a 

Hollow core 

8-inch thick hollow core 
HC8-NRS-a 
HC8-SRS-a 

10-inch thick hollow core 
HC10-NRS-a 
HC10-SRS-a 

PCSP 

8-inch thick sandwich panel PCSP 2-3-3 

9-inch thick sandwich panel PCSP 3-3-3 

8-inch thick sandwich panel with XPS foam PCSP 2-3X-3 

7-inch thick sandwich panel PCSP 2-3-2 
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3. RESULTS AND DISCUSSIONS 

As a starting point, it was decided to verify the impact test conducted at Texas Tech University, 

resulted in 6-inch thick solid reinforced concrete wall panel and 4-inch thick solid reinforced 

roof panel would pass the tornado shelter debris impact standards. Therefore, two sets of tests, 

each consists of three repeats, were conducted to validate the impact test done at TTU and to 

create a benchmark for the current project. Typical cross sections of solid reinforced concrete 

wall panel, sandwich wall panel, and hollow core roof panel are illustrated in Figure 3.1. 

 

Figure 3.1  Solid, hollow, and sandwich precast concrete sections 

3.1 Solid Reinforced Roof Panel 

Missile speed for all three repeats of the solid reinforced roof panel specimens was equal to 67 

mph. Panels were reinforced with #4 rebar spaced at 12” on center in both directions. 

Additionally, the average compressive strength of the panels on the day of testing was equal to 

10,150 psi. The back sides of all solid roof panel specimens had a few hairline cracks after being 

impacted with 15-pound 2x4 missile traveling at 67-mph, while their front sides remained 

undamaged. In conclusion, all three repeats passed the missile impact standard. Crack patterns 

(or lack thereof) on the front and back sides of SR4-NRS(b) are shown in Figures 3.2 and 3.3, 

respectively. 
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Figure 3.2  Front side of SR4-NRS(b) devoid of damage 

 

Figure 3.3  Back side of SR4-NRS(b) with hairline cracks highlighted 
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3.2 Solid Reinforced Wall Panel 

Missile speed for all three repeats of the solid reinforced wall panel specimens was 100-mph. 

Panels were reinforced with #4 rebar spaced at 12” on center in both directions. Moreover, 

average compressive strength of the panels on the day of testing was equal to 8,910 psi. Both 

sides of the solid wall panel specimens remained undamaged after being struck by missiles. In 

conclusion, all three repeats passed the missile impact standard. The lack of cracks on the back 

side of SW6-NRS(a) is shown in Figure 3.3. 

 

Figure 3.3  Back side of SW6-NRS(a) devoid of damage 
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3.3 Roof Double-Tee Flange Panel 

Missile speed for all nine roof double-tee flange panel specimens was equal to 67-mph. Flange 

specimens were reinforced with welded wire fabric (WWF). Set A of these specimens consisted 

of six panels with a compressive strength of nearly 9000 psi.  Set B of these specimens 

consisted of three panels with a reduced compressive strength of nearly 6500 psi. 

Roof Double-Tee Specimen (Set A) - Three specimens of Set A were tested using the near rigid 

support (NRS) condition, while the other three specimens were tested using the springs to 

create a semi-rigid support (SRS) condition. The front and back sides of the SR3-NRS(b) are 

shown in Figures 3.4 and 3.5, respectively. 

 

Figure 3.4  Front side of SR3-NRS(b) devoid of damage 
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Figure 3.5  Crack patterns on the back side of SR3-NRS(b)  

As seen clearly in the figure above after the missile impact test, the back side of 3-inch thick 

double tee flange specimen with near-rigid support condition had many cracks after being hit 

with a 15-lb 2x4 missile, while the front side remained undamaged. In conclusion, all three 

panels passed the missile impact standard. Additionally, the front and back sides of SR3-SRS(a) 

specimen are illustrated in Figures 3.6 and 3.7, respectively. It can be observed that the back 

side face of 3-inch thick double tee flange specimen with semi-rigid support condition has a few 

hairline cracks after being struck by missile. The back side has fewer cracks compared to the 

panel with near rigid support condition. The front side did not have any observed cracks. 

It can be interpreted that springs make the whole system less stiff and thus resulting in a 

smaller impact force and consequently less damage. This observation of support condition 

influence is valid for the case of double-tee flange specimens reinforced with WWF and may 

not necessary be observed in other systems, such as hollow core roof panel or precast concrete 

sandwich wall panel system. In conclusion, all three repeats of SR3-SRS passed the missile 

impact standard. 
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Figure 3.6  Front side of SR3-SRS(a) devoid of damage 

 

Figure 3.7  Crack patterns on the back side of SR3-SRS(a) 
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Roof Double-Tee Specimen (Set B) - Flange specimens were reinforced with welded wire fabric 

(WWF). As mentioned before, Set B specimens had a compressive strength close to 6500 psi 

and springs were used to create a SRS condition in all three repeats. Crack patterns on the back 

side of the SR3-SRS(a) are shown in Figure 3.8. 

 

Figure 3.8  Crack pattern on the back side of SR3-SRS(a) 

It was seen that 3-inch thick double-tee flange specimen had both hairline cracks and 

perforation on the back side after being hit with a 15-lb 2x4 missile. Two out of three panels 

didn’t pass the missile impact standard and punching failure was the main concern on these 

two failed panels. Moreover, compressive strength of Set B was more realistic for typical 

double-tee production. As a result of this limited testing, it is unreasonable to state that a 3-

inch thick flange of a double-tee provides the required missile impact resistance. 
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3.4 Hollow Core Roof Panel 

A hollow core slab, also known as a voided slab or hollow core plank, is a precast slab of pre-

stressed concrete typically used in the construction of floors and roofs in multi-story residential 

buildings. The precast concrete slab has tubular voids extending the full length of the slab with 

prestressed steel tendons running down the length of the slab. This makes the slab much 

lighter than a solid floor slab of equal thickness or strength. 

A total of twelve 4 foot by 4 foot specimens are tested to investigate their performance under 

the missile impact test. All panels were manufactured by Gate Precast Company. Six of these 

specimens were 8 inches in thickness and the other six were 10 inches in thickness. Cross 

sections of 8-inch thick and 10-inch thick slabs are shown in Figures 3.9 and 3.10, respectively. 

 

Figure 3.9  Cross section of 10-inch thick hollow core panel 

 

 

Figure 3.10  Cross section of 8-inch thick hollow core panel 
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Eight-inch Thick Hollow Core Roof Panel - The speed of the 15-lb missile was equal to 67-mph 

for all six hollow core roof panel specimens. Three specimens were tested with near-rigid 

support conditioning, while the three remaining specimens were tested with semi-rigid support 

conditioning. However, no such difference was noticed on the performance of the panels by 

varying the support conditions. The front and back sides of the HC8-NRS(b) are shown in Figure 

3.11 and 3.12, respectively. In general, five out of six panels split after being hit with a 15 

pounds 2x4, therefore splitting of the specimens prevented any type of assessment of impact 

performance. As a result, pass or fail of the small size 8-inch thick hollow core roof panels 

remained contentious and require additional future work. 

 

Figure 3.11 Crack pattern on the front side 
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Figure 3.12 Crack pattern on the back side 

10-inch Thick Hollow Core Roof Panel - The speed of the 15-lb missile was equal to 67-mph for 

all six 10-inch thick hollow core roof panel specimens. Although both support conditions, near-

rigid support and semi-rigid support, were used, no evidence of variation on the performance 

of the panels was noticed. The front and back sides of the HC10-SRS(d) are shown in Figures 

3.13 and 3.14, respectively. In general, four out of six panels split after being hit with a 15-

pound 2x4, therefore splitting of the specimens impeded any type of investigation on the 

performance of the panels under missile impact test. Consequently, Pass or fail of the small size 

10-inch thick hollow core roof panels remained controversial and additional future work needs 

to be done. 
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Figure 3.13  Crack pattern on the front side 

 

Figure 3.14  Crack pattern on the back side 
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Long Length Hollow Core Roof Panel - To better investigate the performance of the hollow core 

roof panel and also to avoid the splitting failure observed in the small size panels, two long 

length hollow core roof panels with an overall length of 20 feet were tested. One panel was 

eight inches in thickness and the other was ten inches in thickness. Same as small size panels, 

speed of 15-lb missile was equal to 67-mph for both roof panels. The longer length panels had a 

cracking moment to prevent splitting that was five times greater than the small panels. For 

each panel, two near mid-span shot and two edge shot, roughly three feet away from the 

support, were implemented. Note that both voids and webs between voids were targeted 

during the missile impact test. The front side of the 20-foot, 8-inch thick panel is shown in 

Figure 3.15. 

 

Figure 3.15  Front side of long length HC8 devoid of damage 

Four missiles, two mid-span shots and two edge shots, impacted the same panel. The impact 

end of each missile was painted prior to launching to more precisely determine the location of 

the impact after propelling the missile. As seen clearly in the picture above after the missile 
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impacts, both the back and front sides of 20-foot long, 8-inch thick hollow core panel remained 

absolutely undamaged.  

Same testing procedure was employed for 20-foot long, 10-inch thick hollow core panel and it 

also survived without any visible damage as shown in Figure 3.16. 

 

Figure 3.16  Front side of long length HC10 devoid of damage 

 

3.5 Precast Concrete Sandwich Panel 

In the FEMA documents and in the FBC, deem-to-comply solutions are provided for solid 

reinforced concrete panels. Although solid reinforced concrete panels are addressed with 

respect to minimum thickness for debris impact resistance, precast concrete insulated panels 

are not considered. Therefore, unless testing is performed on these panels, designers and 

precasters are forced to use the minimum thickness suggested as the minimum thickness of 

one of the wythes in a precast concrete insulated panel without benefit of the second wythe or 
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the influence of the core foam insulation. It would be reasonable to assume that having two 

wythes and a core of insulation would allow both wythes to be less than the minimum width for 

a solid wall panel. 

Previous debris impact testing of reinforced concrete wall panels focused on solid panels. 

Insulated wall panels fabricated by the precast industry have not previously been tested. These 

panels use a layer of insulation sandwiched between two layers of concrete. The exterior 

surface is typically cast against a mold so that decorative detailing can provide for an 

aesthetically appealing exterior concrete surface that can be sandblasted and/or painted. The 

protected insulation improves the R-value of the wall and also tends to reduce acoustical 

transmission of sound through the wall. Impact test conducted at Texas Tech University (TTU) 

verified that a 6-inch thick solid reinforced concrete wall and a 4-inch thick solid reinforced 

concrete roof would pass the tornado shelter debris impact standard. 

The deliverable of this section will be several recommended designs of precast concrete wall 

panels that would pass the debris impact standards. Having multiple configurations will give 

designers flexibility in making a recommendation with respect to the best option as they 

consider other important issues such as aesthetics, cost, panel weight, and structural capacity 

for in-plane and out-of-plane loads. 

The initial parameters that will be considered in this testing are: 

1- Thickness of the individual concrete wythe (could be equal or unequal). 

2- Thickness/type/density of the foam insulation wythe. 

3- Type/location of the shear connectors (shear grid and truss wire). 

Total of 24 panels were tested to investigate their performance under the missile impact test. 

All panel specimens passed the standard regardless of core insulation, shear connector, and 

thickness of individual layers. Each set of testing, consists of three repeats of a 4-foot by 4-foot 

panel. Eight unique configurations were tested and the details of each configuration are 

outlined in Table 3. 
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Table 3.1 Precast concrete sandwich panel specimens 

 

Panel 

Wythe Thicknesses 
(in) 

 
Foam 

Insulation 
Material 

Shear 
Connector 

Compressiv
e Strength 

(psi)  
Precaster 

Front 
side 

Concrete 

Foam 
Insulation 

Back side 
Concrete 

A) PCSP 2-3-3 2 3 3 EPS Shear Grid 8600 Metromont 

B) PCSP 3-3-3 3 3 3 EPS Shear Grid 8600 Metromont 

C) PCSP 2-3-3 2 3 3 EPS Shear Grid 5720 Metromont 

D) PCSP 2-3-3  2 3 3 XPS Shear Grid 5720 Metromont 

E) PCSP 2-3-2 2 3 2 EPS Shear Grid 5720 Metromont 

F) PCSP 2-3-2 2 3 2 EPS 
2 wires 

at12 inch 
from edges 

6650 Tindall 

G) PCSP 2-3-3 2 3 3 EPS 
2 wires 

at12 inch 
from edges 

6630 Tindall 

H) PCSP 2-3-3 2 3 3 EPS 
1 wire at 
Center 

6650 Tindall 



27 
 

PCSP 2-3-3 - Three PCSP 2-3-3 sandwich panels with a total thickness of 8 inches were tested 

under missile impact test. All panels were 4-foot by 4-foot in size and reinforced with welded 

wire fabric (WWF).  The missile speed was equal to 100-mph for all three tested wall panels. 

Spider crack patterns, as shown in Figure 3.17, were seen on the front side of the first panel, 

while about 4 inches of penetration was detected on the front sides of the two remaining 

panels. The back sides of all three specimens remained undamaged after the test. Therefore, all 

panels successfully passed the missile impact standard. The front and back sides of the PCSP 2-

3-3(b) are shown in Figures 3.18 and 3.19, respectively. 

 

Figure 3.17  Spider crack patterns on the front side of the PCSP 2-3-3(a) after second shot 
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Figure 3.18  Front side of the PCSP 2-3-3(b) after the missile impact test 

 

Figure 3.19  Back side of the PCSP 2-3-3(b) after the missile impact test 



29 
 

Note that EPS core insulation was used in all three panels and the average compressive 

strength of panels was close to 8600 psi at the day of testing. Semi-rigid support condition (SRS) 

was employed for specimens (a) and (b) and near-rigid support condition (NRS) was used for 

specimen (c). However, no differences were noticed on the performance of the panels by 

adopting different support conditions. Moreover, a second shot was fired at both specimens (a) 

and (c) to investigate the performance of the panels when being hit by more than one missile. 

Missile speed for the second shots was 110-mph (10% higher than the standard) for both 

panels. Spider crack patterns were seen on the front sides of the both specimens with no visible 

damage on the back sides.  

PCSP 3-3-3 – Three sandwich panels with a total thickness of 9 inches were tested under missile 

impact test. All panels were 4-foot by 4-foot in size and reinforced with welded wire fabric 

(WWF). Missile speed was 100-mph for all three tested wall specimens.  After testing, a few 

hairline cracks were seen on the front sides of the specimens (a) and (b), while about 4.5 inches 

of penetration was detected on the front side of the specimen (c). The back sides of all three 

specimens remained undamaged after being hit by the missile. Thus, all panels passed the 

missile impact standard. The front and back sides of the PCSP 3-3-3(a) are shown in Figures 3.20 

and 3.21, respectively. 

Note that EPS foam insulation was used in all three panels and the average compressive 

strength of panels was close to 8600 psi on the day of testing. Near-rigid support (NRS) 

condition was used for all three specimens. Additionally, a second missile impacted specimens 

(a) and (c) to investigate the performance of the panels when being hit by two missiles. The 

speed of the second missile was 100 mph for specimen (a) and 110 mph (10% higher than the 

standard) for specimen (c). A few hairline cracks were seen on the front side of specimen (a) 

with no visible damage seen on the back side. A similar crack pattern happened on the front 

side of specimen (c). However, the back side experienced some tiny cracks. The front side of the 

PCSP 3-3-3(c) is shown in Figure 3.22. 
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Figure 3.20  Front side of the PCSP 3-3-3(a) after the missile impact test 

 

Figure 3.21  Back side of the PCSP 3-3-3(a) after the missile impact test 
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Figure 3.22  Front side of the PCSP 3-3-3(c) after second missile impact 

The unusual appearance of the hairline cracks on the back side of the PCSP 3-3-3(c) specimen, 

as shown in Figure 3.23, could be attributed to the 10% increase in the speed of the second 

missile launched at the same damaged panel. Regardless, the specimen passed the impact 

standard.  

 

Figure 3.23  Back side of the PCSP 3-3-3(c) after second missile impact 
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PCSP 2-3-3 - As mentioned before, average compressive strength of the panels used for the 

testing of set A was higher than standard levels and measuring close to 9000 psi. Good 

performance of the three panels of set A could be attributed to the high (unrealistic and above 

average) compressive strength of the panels rather than any other criteria, and could not be 

used to draw conclusion on the resistance of the panels. Therefore, three sandwich panels 

similar to set A were requested and tested under missile impact test for the second time. 

Cylinders were busted on a regular basis and the tests were implemented when compressive 

strength of the panels was close to 6000 psi.  Similar to original set A panels, these panels were 

constructed with 3-inch thick insulation core sandwiched between two layers of reinforced 

concrete. All panels had dimension of 4-foot by 4-foot and were reinforced with welded wire 

fabric (WWF).  Missile speed was equal to 100-mph for all three tested wall panels. No visible 

damage was seen on the front side of the first panel, while about 4 inches of penetration was 

detected on the front sides of the two remaining panels. The back sides of all three specimens 

remained undamaged after the test. Therefore, all panels successfully passed the missile impact 

standard. The front and back sides of the PCSP 2-3-3(b) are shown in Figure 3.24 and 3.25, 

respectively. 

 

Figure 3.24  Front side of the PCSP 2-3-3(b)  
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 Figure 3.25  Back side of the PCSP 2-3-3(b)  

Note that EPS core insulation was used in all three panels and the average compressive 

strength of the concrete was close to 5700 psi on the day of testing. Semi-rigid support 

condition (SRS), as seen in above picture, was used for all three panels. Additionally, second 

shot was launched at the first panel (PCSP 2-3-3(a)) to investigate the performance of the panel 

when being hit by two windborne debris missiles. Missile speed was set to 100-mph and right 

edge of the panel was targeted for the second test. Many wide cracks were seen on the front 

side of the panel with spalling of the material from the back side. Note that in full size missile 

impact test, targeted panel is connected to adjacent panels with some connectors on back side. 

Thus, implementing edge shot seems valid and results obtained reasonably show the impact 

resistance of the connections. In comparison, 4-foot by 4-foot panel is simply suspended from 

crane and clamped to back frame without presence of any adjacent panels. One should 

consider that the amount of serious damage to the back side of the 2-3-3(a) panel, as shown in 

Figure 3.26, could be attributed to the presence of different boundary condition compared to 

the full size panel. 
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Figure 3.26  Back side of the PCSP 2-3-3(a) after the second shot 

PCSP 2-3X-3 - Recall that EPS foam insulation was used in three panels of set C (2-3-3). In order 

to investigate the influence of core material and its density on the performance of the precast 

concrete sandwich panels, three more panels were tested using XPS foam type. As you recall 

XPS has greater density than EPS. All other variables such as support condition and thickness 

remained unchanged to better assess the influence of the core insulation. These three panels 

were abbreviated in the form of 2-3X-3 panels in which letter X denotes XPS core insulation. 

Similarly, more cylinders were busted on a regular basis and tests were implemented when 

compressive strength of the panels was close to 6000 psi. In contrast with set C, these panels 

were constructed with 3-inch thick XPS insulation, sandwiched between two layers of 

reinforced concrete. All panels had dimension of 4-foot by 4-foot and were reinforced with 

welded wire fabric (WWF).  Missile speed was equal to 100-mph for all three tested wall panels. 
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Many hairline cracks were seen on the front side of the first panel, while about 4 inches of 

penetration was detected on the front sides of the two remaining panels. Surprisingly, the back 

sides of all three specimens experienced few hairline cracks after being hit by 2x4. Despite of 

these cracks, all panels passed the missile impact standard. The front and back sides of the 

PCSP 2-3X-3(a) are shown in Figures 3.27 and 3.28, respectively. 

 

 

Figure 3.27  Front side of the PCSP 2-3X-3(a)  

It is clear that, as it is seen above, using XPS foam instead of EPS foam resulted in appearance of 

more cracks on both the front and back sides of the panels. One should interpret that 

appearance of these additional cracks could be accredited to the increased stiffness of the 

panels by using XPS foam. 
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Figure 3.28  Back side of the PCSP 2-3X-3 A  

Note that XPS core insulation was used in all three panels and the average compressive 

strength of the panels was close to 5700 psi at the day of testing. Semi-rigid support condition 

(SRS), as seen in above picture, was used for all three panels. Additionally, second shot was 

launched at the third panel (PCSP 2-3X-3(c)) to investigate the performance of the panel when 

being hit by two windborne debris. Missile speed was set to 100-mph and right edge of the 

panel was targeted for the second test. Many wide cracks were seen on the front side of the 

panel with spalling of the material from the back side. Back side of the 2-3X-3 C panel after 

second shot is shown in Figure 3.29. 
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Figure 3.29  Back side of the PCSP 2-3X-3(c)  

PCSP 2-3-2 - Three sandwich panels with total thickness of seven inches were tested under 

missile impact test. These panels were constructed with 3-inch thick insulation cores 

sandwiched between two equal layers of reinforced concrete. All panels had dimension of 4-

foot by 4-foot and were reinforced with welded wire fabric (WWF). Missile speed was equal to 

100-mph for all three tested wall panels.  After testing, about 4 inches of penetration was seen 

on the front sides of all panels. The back sides of all three specimens remained undamaged 

after being hit by 2x4. Thus, all panels passed the missile impact standard. The front side of the 

PCSP 2-3-2(b) is shown in Figure 3.30. 
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Figure 3.30  Front side of the PCSP 2-3-2(b)  

Note that EPS core insulation was used in all three panels and the average compressive 

strength of the panels were close to 6000 psi at the day of testing. Semi-rigid support condition 

(SRS) was used for all three panels. Additionally, second edge shot was launched at the same 

panels of (a) and (b) to investigate the performance of the panels when being hit by two 

windborne debris. Missile speed was set to 100-mph for both panels (a) and (b). Both 

perforation and spalling of the material were detected on the panel (a). However, panel (b) 

reflected different performance by just experiencing some hairline cracks on the front and back 

sides after the second shot. The back side of the panel 2-3-2(a) is shown in Figure 3.31. Note 

that set E (PCSP 2-3-2) contains minimum amount of concrete (4 inches), compared to all other 

combinations. However, Results showed that decreasing the amount of concrete would 

increase the vulnerability of the panels against missile impact test. 
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Figure 3.31  Back side of the PCSP 2-3-2(a) after second missile impact 

PCSP 2-3-2 - In all the panels cast at Metromont Corporation, shear grid was used as a shear 

connector in order to make composite action and transfer shear forces between layers. 

However, a truss wire connector was used in all remaining panels built at Tindall. Recall that 

shear grid was used in three panels of PCSP 2-3-2. In order to investigate the influence of 

different shear connectors on the performance of the precast concrete sandwich panels, three 

more panels were tested with two truss wires located 12 inches from edges. All other variables 

such as support condition, core material, and thickness remained unchanged to better assess 

the influence of the shear connector (shear grid versus truss wire). 

All panels had dimension of 4-foot by 4-foot and were reinforced with welded wire fabric 

(WWF).  Missile speed was equal to 100-mph for all three tested wall panels. A few hairline 
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cracks were seen on the front side of the first panel, while about 4 inches of penetration was 

detected on the front sides of the two remaining panels. Interestingly, the back sides of all 

three specimens remained undamaged after being hit by 2x4. In conclusion, all panels passed 

the missile impact standard. The support condition and the front side of the PCSP 2-3-2(c) are 

shown in Figures 3.32 and 3.33, respectively. 

 

 

Figure 3.32  Support condition of the PCSP 2-3-2(c) 
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Figure 3.33  Front side of the PCSP 2-3-2(c) using truss wire as a shear connector 

Note that EPS core insulation was used in all three panels and the average compressive 

strength of the panels were close to 6500 psi at the day of testing. Semi-rigid support condition 

(SRS) was used for all three panels. Additionally, second center shot was launched at the same 

panel of (a) to investigate the performance of the panel when being hit by two windborne 

debris. Missile speed was set to 110-mph for the panel (a) (10 % more than the standard). 

There was a 5-inch of penetration on the front face of the panel with some hairline cracks on 

the back face. The front side of the panel 2-3-2(a) is shown in Figure 3.34. Note that set F of 

testing also (PCSP 2-3-2) has minimum amount of concrete in its structure (4 inches), compared 

to all other combinations. 
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Figure 3.34  Five-inch penetration after second shot on the 2-3-2(a) panel (set F) 

 

By comparing results obtained from the set E and F of testing, one should conclude that no 

differences were noticed on the performance of the panels by adopting different shear 

connectors. All panels of set E and F passed the missile impact standard with some hairline 

cracks or penetration on the front sides and no visible damage on the back sides. Needless to 

say that 2-3-2 layer combination suitably meets the missile impact test criteria and is the 

thinnest wall that passes the standard. However, more research needs to be done and thicker 

panel may be needed to carry out-of-plane wind load. 

PCSP 2-3-3 - Recall that shear grid was used in three panels of set C (2-3-3). In order to 

investigate the influence of different shear connectors on the performance of the 8-inch thick 

panels, three panels were tested with two truss wires placed 12 inches from edges. All other 
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variables such as support condition, core material, and thickness remained unchanged to better 

assess the influence of the shear connector (shear grid versus truss wire). 

All panels had dimension of 4-foot by 4-foot and were reinforced with welded wire fabric 

(WWF).  Missile speed was equal to 100-mph for all three tested wall panels. There were 3.5, 

4.5, and 4 inches of penetration detected on the front sides of the panels (a), (b), and (c), 

respectively. Interestingly, the back sides of all three specimens remained undamaged after 

being hit by 2x4. In conclusion, all panels passed the missile impact standard. The front side of 

the PCSP 2-3-3(b) is shown in Figure 3.35. 

 

Figure 3.35  Front side of the PCSP 2-3-3(b) using truss wire as a shear connector  
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Note that EPS core insulation was used in all three panels and the average compressive 

strength of the panels were close to 6500 psi at the day of testing. Semi-rigid support condition 

(SRS) was used for all three panels. Additionally, second center shot was launched at the same 

panel of (a) to investigate the performance of the panel when being hit by two windborne 

debris. Missile speed was set to 100-mph for the panel. A few hairline cracks were seen on the 

front face of the panel with no visible damage on the back face. The front side of the panel 2-3-

3(a) is shown in Figure 3.36.  

 

 

Figure 3.36  Front side of the PCSP 2-3-3(a) after second shot 
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PCSP 2-3-3 - In order to see the influence of the location of the shear connector on the 

performance of the 8-inch thick panels, three panels were tested with one truss wire located at 

the center of the panel. All other variables such as support condition, core material, and 

thickness remained unchanged. This was executed to compare the performance of the set G 

(shear connector located at 12 inches away from edges) to the set H (shear connector located 

at midpoint) and better study the influence of shear connectors’ location.  

All panels had dimension of 4-foot by 4-foot and were reinforced with welded wire fabric 

(WWF).  Missile speed was equal to 100-mph for all three tested wall panels. There were 4.5, 4, 

and 3 inches of penetration detected on the front sides of the panels (a), (b), and (c), 

respectively. Interestingly, the back sides of all three specimens remained undamaged after 

being hit by 2x4. In conclusion, all panels passed the missile impact standard. The front side of 

the PCSP 2-3-3 (b) is shown in Figure 3.37. 

 

Figure 3.37  Front side of the PCSP 2-3-3(b) with single truss wire 
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4.  CONCLUSION 

Total of 51 small size panels and 2 large size panels were tested in order to investigate their 

performance under the missile impact test. Total of six panels including three 4-inch thick solid 

concrete roof panels and three 6-inch thick solid concrete wall panels were tested and results 

showed that all six panels passed the missile impact standard. Additionally, total of nine 3-inch 

thick roof double tee specimens were tested under missile impact test. Set A of the double tee 

panels with compressive strength of nearly 9000 psi passed the missile impact standard, while 

major destruction was seen on the front faces of the set B when compressive strength was 

close to everyday average mix design. As a result, no certain statement could be made 

regarding flange specimens when compressive strength was close to 6000 psi and pass or fail of 

the system is still questionable and requires more experimental investigation and testing. 

Moreover, results showed that varying support condition (NRS versus SRS) noticeably affects 

the vulnerability of the panels but not passing/failing of the system. 

 A total of twelve 4-foot by 4-foot hollow core slabs were tested to investigate their 

performance under the missile impact test. Set A consisted of six 8-inch thick hollow core 

panels and set B included six 10-inch thick hollow core panels. In general, nine out of twelve 

panels split after being hit with a 15 pounds 2x4, therefore it was not possible to assess the 

impact damage. Splitting failure was the main concern on those nine failed panels.  Therefore, 

pass or fail of the small size hollow core roof panels remained contentious and require 

additional future work. To better investigate the performance of the hollow core roof panel and 

also to avoid getting splitting failure, two long size hollow core roof panels were tested. Results 

showed that both the back and front sides of 20 feet long 8-inch and 10-inch thick hollow core 

panels remained absolutely undamaged after the test. Moreover, no such difference was 

noticed on the performance of the small size panels by varying the support condition. 

Finally, total of 24 precast concrete sandwich wall panels were tested to investigate their 

performance under the missile impact test. All panel specimens passed the standard regardless 

of core insulation, shear connector, and thickness of individual layers. Note that set E and F 

(PCSP 2-3-2) contain minimum amount of concrete (4 inches), compared to all other 
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combinations. However, Results showed that precast concrete sandwich panel with less 

amount of concrete are more susceptible to any types of damage resulting in more cracks on 

the front and back sides. To sum up, 2-3-2 layer combination suitably meets the missile impact 

test criteria and is the thinnest wall panel that passes the standard. However, more research 

needs to be done and thicker panel may be needed to carry out-of-plane wind load. 

Recommendations for Future Testing: 

• Hollow core roof panel:  

• Determine the required length of panel to avoid splitting upon impact 

• Verify external reinforcement bonded on interior face will prevent 

splitting of short length panels 

• Test joint connection between two panels 

• Flange of double-tee roof panel: 

• Test full size panel with active prestressing strands 

• Impact directly over stem and between stems 

• Test joint connection between two panels 

• Insulated sandwich wall panel: 

• Test full-size panel in field and around perimeter 

• Test joint connection between two panels 

• Test wall-to-foundation and wall-to-roof connections 

• Test other thickness combination such as 2-2-2, 2-4-2, 2-4-3 

• Use of lightweight concrete 

• Do some analytical analysis to predict the behavior of the panel under missile 

impact test (Pass/fail) 
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APPENDIX A 

MISSILE IMAPCT TESTS PERFORMED ON PRECAST CONCRETE SOLID, 
FLANGE OF DOUBLE TEE, AND HOLLOW CORE PANELS 

Table A.1  Performance of wall/roof panel specimens under missile impact test 

Test 
No. 

Wall/Roof 
System 

Panel 
Nomenclature 

Missile Speed 
(mph) 

Damage Description 

1 Roof SR4-NRS(a) 

68 Impact point at the center of the panel. No 
penetration and perforation detected. Missiles 
bounced back after hitting the panel. Hairline 

cracks on the back side. 

68 

98 

2 Roof SR4-NRS(b) 
69 

Impact point at the center of the panel. No 
penetration and perforation detected. Missiles 
bounced back after hitting the panel. Hairline 

cracks on the back side. 
100 

3 Roof SR4-NRS(c) 

68 
Impact point at the center of the panel. No 

penetration and perforation detected. Missiles 
bounced back after hitting the panel. Hairline 

cracks on the back side. 
106 

4 Wall SW6-NRS(a) 
99 

Impact point at the center of the wall. No 
penetration and perforation detected. Missiles 

bounced back after hitting the panel. No 
cracks seen at all. 

110 

5 Wall SW6-NRS(b) 

100 
Impact point at the center of the wall. No 

penetration and perforation detected. Missiles 
bounced back after hitting the panel. No 

cracks seen at all. 
111 

6 Wall SW6-NRS(c) 

100 
Impact point at the center of the wall. No 

penetration and perforation detected. Missiles 
bounced back after hitting the panel. No 

cracks seen at all. 
110 

7 Roof SR3-NRS(a) 69 

Impact point at the center of the panel. No 
penetration and perforation detected. Missile 

bounced back after hitting the panel. Many 
hairline cracks on the back side. 

8 Roof SR3-NRS(b) 67 

Impact point at the center of the panel. No 
penetration and perforation detected. Missile 

bounced back after hitting the panel. Many 
hairline cracks on the back side. 
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Table A.1 (cont.)  Performance of wall/roof panel specimens under missile impact test 

9 Roof SR3-NRS(c) 68 

Impact point at the center of the panel. No 
penetration and perforation detected. Missile 

bounced back after hitting the panel. Many 
hairline cracks on the back side. 

10 Roof SR3-SRS(d) 69 

Impact point at the center of the panel. No 
penetration and perforation detected. Missile 

bounced back after hitting the panel. A few 
hairline cracks on the back side. 

11 Roof SR3-SRS(e) 68 

Impact point at the center of the panel. No 
penetration and perforation detected. Missile 

bounced back after hitting the panel. Many 
hairline cracks on the back side. 

12 Roof SR3-SRS(f) 70 

Impact point at the center of the panel. No 
penetration and perforation detected. Missile 

bounced back after hitting the panel. No 
cracks on the back side. 

13 Roof SR3-SRS(a) 68 

Impact point at the center of the panel. Both 
hairline cracks and perforation were seen on 

the back side. Spalling of the material 
occurred. 

14 Roof SR3-SRS(b) 67 

Impact point at the center of the panel. Both 
hairline cracks and perforation were seen on 

the back side. Spalling of the material 
occurred. 

15 Roof SR3-SRS(c) 70 

Impact point at the center of the panel. No 
penetration and perforation detected. Missile 

bounced back after hitting the panel. Many 
hairline cracks on the back side. 

16 Roof HC8-NRS(a) 

69 

Impact point at the center of the panel. No 
penetration and perforation detected. Missile 

bounced back after hitting the panel. No 
cracks on the back side. 

69 

Impact point at the right edge of the panel. No 
penetration and perforation detected. Missile 
bounced back after hitting the panel. Hairline 

cracks on the back side. 

17 Roof HC8-NRS(b) 68 

Impact point at the center of the panel. No 
penetration and perforation detected. Missile 

bounced back after hitting the panel. Panel 
was split into two pieces. 

18 Roof HC8-NRS(c) 68 

Impact point at the center of the panel. No 
penetration and perforation detected. Missile 

bounced back after hitting the panel. Panel 
was split into two pieces. 
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Table A.1 (cont.)  Performance of wall/roof panel specimens under missile impact test 

19 Roof HC8-SRS(d) 

69 

Impact point at the center of the panel. No 
penetration and perforation detected. Missile 

bounced back after hitting the panel. No 
cracks on the back side. 

67 

Impact point at the right edge of the panel. No 
penetration and perforation detected. Missile 

bounced back after hitting the panel. Large 
wide cracks on the back side. Spalling of the 

material occurred. 

20 Roof HC8-SRS(e) 70 

Impact point at the center of the panel. No 
penetration and perforation detected. Missile 

bounced back after hitting the panel. Panel 
was split into two pieces. 

21 Roof HC8-SRS(f) 68 

Impact point at the center of the panel. No 
penetration and perforation detected. Missile 

bounced back after hitting the panel. Panel 
was split into two pieces. 

22 Roof HC10-NRS(a) 

69 

Impact point at the center of the panel. No 
penetration and perforation detected. Missile 

bounced back after hitting the panel. No 
cracks on the back side. 

70 

Impact point at the center of the panel. No 
penetration and perforation detected. Missile 

bounced back after hitting the panel. Large 
wide cracks on the back side. Spalling of the 

material occurred. 

23 Roof HC10-NRS(b) 

70 

Impact point at the center of the panel. No 
penetration and perforation detected. Missile 

bounced back after hitting the panel. No 
cracks on the back side. 

69 

Impact point at the center of the panel. No 
penetration and perforation detected. Missile 
bounced back after hitting the panel. Hairline 

cracks on the back side. 

24 Roof HC10-NRS(c) 67 

Impact point at the center of the panel. No 
penetration and perforation detected. Missile 

bounced back after hitting the panel. Panel 
was split into two pieces. 
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Table A.1 (cont.)  Performance of wall/roof panel specimens under missile impact test 

25 Roof HC10-SRS(d) 68 

Impact point at the center of the panel. No 
penetration and perforation detected. Missile 

bounced back after hitting the panel. Panel 
was split into two pieces. 

26 Roof HC10-SRS(e) 

69 

Impact point at the center of the panel. No 
penetration and perforation detected. Missile 

bounced back after hitting the panel. No 
cracks on the back side. 

69 

Impact point at the right edge of the panel. No 
penetration and perforation detected. Missile 

bounced back after hitting the panel. No 
cracks on the back side. 

27 Roof HC10-SRS(f) 66 

Impact point at the center of the panel. No 
penetration and perforation detected. Missile 

bounced back after hitting the panel. Panel 
was split into two pieces. 
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APPENDIX B 

MISSILE IMPACT TESTS PERFORMED ON PRECAST CONCRETE 
SANDWICH PANELS 

Table B.1 Performance of the PCSP specimens under missile impact test 

Test 
No. 

Wall/Roof 
System 

Panel 
Nomenclature 

Missile Speed 
(mph) 

Damage Description 

1 Wall 
PCSP 2-3-3(a) 

SRS 

100 

Impact point at the center of the Wall. No 
penetration and perforation detected. Missile 
bounced back after hitting the panel. Spider 

crack pattern on the front side. Back side 
remained undamaged 

112 

Impact point at the center of the Wall. No 
penetration and perforation detected. Missile 
bounced back after hitting the panel. Spider 

crack pattern on the front side. Back side 
remained undamaged 

2 Wall 
PCSP 2-3-3(b) 

SRS 
99 

Impact point at the center of the wall. 4.5 
inches of penetration occurred on the front 

side. Back side remained undamaged 

3 Wall 
PCSP 2-3-3(c) 

NRS 

100 

Impact point at the center of the wall. 4.75 
inches of penetration occurred on the front 
side. Spider crack pattern on the front side. 

Back side remained undamaged 

110 

Impact point at the center of the wall. No 
penetration and perforation detected. Missile 
bounced back after hitting the panel. Spider 

crack pattern on the front side. Back side 
remained undamaged 

4 Wall 
PCSP 3-3-3(a) 

NRS 

101 

Impact point at the center of the wall. No 
penetration and perforation detected. Missile 

bounced back after hitting the panel. A few 
hairline cracks on the front side. Back side 

remained undamaged 

110 

Impact point at the center of the Wall. No 
penetration and perforation detected. Missile 
bounced back after hitting the panel. Spider 
crack patterns on the front face. Back face 

remained undamaged 
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Table B.1 (cont.)  Performance of the PCSP specimens under missile impact test 

5 Wall 
PCSP 3-3-3(b) 

NRS 
100 

Impact point at the center of the wall. No 
penetration and perforation detected. Missile 

bounced back after hitting the panel. A few 
hairline cracks on the front side. Back side 

remained undamaged. 

6 Wall 
PCSP 3-3-3(c) 

NRS 

100 

Impact point at the center of the wall. 4.5 
inches of penetration occurred on the front 
side. A few hairline cracks on the back side. 

 

110 

Impact point at the center of the wall. No 
penetration and perforation detected. Missile 

bounced back after hitting the panel. A few 
hairline cracks both on the front side and the 

back side. 

7 Wall 
PCSP 2-3E-3(a) 

SRS 

99 

Impact point at the center of the wall. No 
penetration and perforation detected. Missile 
bounced back after hitting the panel. No crack 

on the front side and back side. 

100 

Impact point at the right edge of the wall. No 
penetration detected. Many hairline cracks on 
the front side. Spalling of the material from the 

back side. 

8 Wall 
PCSP 2-3E-3(b) 

SRS 
99 

Impact point at the center of the wall. 4.5 
inches of penetration occurred on the front 

side. Back side remained undamaged 
 

9 Wall 
PCSP 2-3E-3(c) 

SRS 
101 

Impact point at the center of the wall. 4 inches 
of penetration occurred on the front side. Back 

side remained undamaged 

10 Wall 
PCSP 2-3X-3(a) 

SRS 
100 

Impact point at the center of the wall. No 
penetration and perforation detected. Missile 

bounced back after hitting the panel. Many 
hairline cracks on the front side. One hairline 

crack on the back side. 

11 Wall 
PCSP 2-3X-3(b) 

SRS 
100 

Impact point at the center of the wall. 4 inches 
of penetration occurred on the front face. One 

hairline crack on the back side. 
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Table B.1 (cont.)  Performance of the PCSP specimens under missile impact test 

12 Wall 
PCSP 2-3X-3(c) 

SRS 

101 

Impact point at the center of the wall. 4 inches 
of penetration occurred on the front side. One 

hairline crack on the back side. 
 

100 

Impact point at the right edge of the Wall. No 
penetration detected. Many hairline cracks on 
the front side. Spalling of the material from the 

back side. 

13 Wall 
PCSP 2-3-2(a) 

SRS 

98 

Impact point at the center of the wall. 4.5 
inches of penetration occurred on the front 

side. One hairline crack on the back side. 
 

100 
Impact point at the right edge of the wall. 

Perforation happened. Spalling of the material 
from the back side. 

14 Wall 
PCSP 2-3-2(b) 

SRS 

100 
Impact point at the center of the wall. 4 inches 
of penetration occurred on the front side. Back 

side remained undamaged 

99 
Impact point at the right edge of the wall. No 

penetration detected. Many hairline cracks on 
the front side and back side. 

15 Wall 
PCSP 2-3-2(c) 

SRS 
99 

Impact point at the center of the wall. 4 inches 
of penetration occurred on the front side. Back 

side remained undamaged 
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Table B.1 (cont.)  Performance of the PCSP specimens under missile impact test 

16 Wall 
PCSP 2-3-2(a) 

SRS  

102 

Impact point at the center of the wall. No 
penetration and perforation detected. A few 

hairline cracks on the front side. Back side 
remained undamaged. Truss wire shear 

connector used. 

110 

Impact point at the center of the wall. 5 inches 
of penetration occurred on the front face. A 

few hairline cracks on the back side. Truss wire 
shear connector used. 

17 Wall 
PCSP 2-3-2(b) 

SRS 
100 

Impact point at the center of the wall. 4 inches 
of penetration occurred on the front side. One 

hairline crack on the back side. Truss wire shear 
connector used. 

 

18 Wall 
PCSP 2-3-2(c) 

SRS 
100 

Impact point at the center of the wall. 4 inches 
of penetration occurred on the front side. Back 

side remained undamaged. Truss wire shear 
connector used. 

19 Wall 
PCSP 2-3-3(a) 

SRS 

101 

Impact point at the center of the wall. 3.5 
inches of penetration occurred on the front 

side. One hairline crack on the back side. Truss 
wire shear connector used. 

 

97 

Impact point at the center of the wall. No 
penetration and perforation detected. A few 

hairline cracks on the front side. Back side 
remained undamaged. Truss wire shear 

connector used. 

20 Wall 
PCSP 2-3-3(b) 

SRS 
100 

Impact point at the center of the wall. 4.5 
inches of penetration occurred on the front 
side. Back side remained undamaged. Truss 

wire shear connector used. 

21 Wall 
PCSP 2-3-3(c) 

SRS 
102 

Impact point at the center of the wall. 4 inches 
of penetration occurred on the front side. Back 

side remained undamaged. Truss wire shear 
connector used. 

22 Wall 
PCSP 2-3-3(a) 

SRS 
101 

Impact point at the center of the wall. 4.5 
inches of penetration occurred on the front 

side. Back side remained undamaged. One truss 
wire shear connector used. 
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Table B.1 (cont.)  Performance of the PCSP specimens under missile impact test 

23 Wall 
PCSP 2-3-3(b) 

SRS 
99 

Impact point at the center of the wall. 4 inches 
of penetration occurred on the front side. Back 

side remained undamaged. One truss wire 
shear connector used. 

24 Wall 
PCSP 2-3-3(c) 

SRS 
102 

Impact point at the center of the wall. 3 inches 
of penetration occurred on the front face. Back 

face remained undamaged. One truss wire 
shear connector used. 
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