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FOREWORD 

Polyvinyl chloride (PVC) pipe is used in constructing the 

experimental facility discussed within this report. Manufacturers 

state that PVC pipe should not be subjected to high ~ pressures. 

Because of this, in the interest of safety, special precautions are 

taken when constructing and operating the facility. The author does 

not recommend nor assume any liability for the use of PVC pipe for 

high pressure gas applications, whether pertaining to this research 

project or others. 
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CHAPTER I 

INTRODUCTION 

Of all naturally occurring atmospheric phenomena, tornadoes are 

the most intense. The destruction caused by tornadoes amounts to 

hundreds of millions of dollars each year, not to mention the 

associated injuries and fatalities (Abbey, 1976). Losses of such 

magnitude have prompted intense research by both scientists and 

engineers. While atmospheric scientists are concerned primarily with 

the abi 1 i ty to correctly forecast the occurrence of tornadoes in a 

given local, engineers are concerned with the effects of tornadoes on 

structures. 

Structural damage is caused by one or a combination of the 

following tornado induced forces (Mehta, 1976): 

(1) aerodynamic effects of wind, 

(2) atmospheric pressure change, and 

(3) windborne debris. 

Considerable progress has been made in understanding the aerodynamic 

effects of wind and atmospheric pressure change. However, only a 

limited amount of research has been conducted on the effects of wind

borne debris -- commonly referred to as tornado-generated missiles. 

Tornado-generated missiles are quite often fatal to persons 

caught in the open during the passage of a tornado (Mi nor et al., 

1977). Additionally, they may perforate the walls or roof and strike 

someone seeking safety on the inside of a building or shelter. 

Missile perforation allows wind to get inside a building and create 

additional internal pressures which can lead to progressive failure 
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of a building. The impact of missiles on a wall or roof panel may 

cause excessive plastic deformation of the member even though the 

missiles do not perforate the building envelope. Such panels must be 

replaced if the building is to be put back in its original undamaged 

condition. 

There has been considerable speculation on the types of missiles 

that could be picked up and transported by tornadoes. Whether a 

particular object is transported by a tornado depends on the 

characteristics of the missile as well as the characteristics of the 

tornado i tse 1 f. Of primary importance regarding the miss i 1 e is its 

size, weight, shape, and degree of attachment (McDonald, 1976; JPL, 

1976). The intensity (wind speed), size, path direction, and 

trans 1 ati ona 1 speed are the important tornado parameters (Fuji ta, 

1976). In genera 1 , the most intense tornadoes tend to pick up the 

largest and heaviest types of missiles. 

The sizes of missiles and debris range from roof gravel and 

twigs to large storage tanks and railroad cars. The limited 

experience with very intense tornadoes leaves much speculation about 

what types of large missiles are likely to be transported. The 

numerous types of lightweight debris transported during tornadoes are 

well documented in tornado damage reports (McDonald, 1976; Shanahan, 

1976; Minor, 1977). 

The missiles generally fall into one of three categories: 

lightweight (roof gravel, twigs, sheet metal), medium-weight (timber 

planks, small plastic and metal pipes), or heavyweight (automobiles, 

large diameter pipes, storage tanks). Examples of various tornado-
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generated missiles are shown in Figure 1. By far the most common 

miss i 1 es found in tornado damage paths are the ones in the medium

wei ght class. The lightweight missiles mostly affect window glass. 

Ironically, the most research on impact effects has been on the 

lightweight and heavyweight missiles. Only a very limited amount of 

research has been conducted on the medium-weight class of missiles. 

Statement of Problem 

There is a significant need for additional research on the 

impact effects of the medium-weight class of missiles which are, by 

far, the most common. These missiles primarily affect residences, 

schools, nursing homes, and light commercial buildings which have not 

been specifically designed to resist missile impact. Since people 

are advised to seek shelter in these buildings, it is important for 

the engineer to know what types of tornado-generated missile impacts 

the walls will resist. Thus, the intent of this project is to 

initiate a comprehensive investigation to evaluate the impact 

resistance of common wall systems to medium-weight tornado-generated 

missiles. 

Research Objectives 

Specific objectives of the research are: 

1. Develop an experimental facility capable of accelerating 

potential tornado-generated missiles such as a 2 in. x 

4 in. timber plank up to velocities of 150 mph, 

2. Conduct impact tests on a series of commonly encountered 

wall configurations and to obtain the velocities of 



4 

(a) Storage Tank 

(b) Timber Plank 

FIGURE 1. VARIOUS TYPES OF TORNADO-GENERATED MISSILES 
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(c) Steel Joist 

(d) Steel Pipe and Wood Fragments 

FIGURE 1. (CONTINUE) 
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(e) Wood Fragments 
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(f) Steel Beam 

FIGURE 1. (CONTINUE) 



(g) Corrugated Sheet Metal (h) Trailer 

FIGURE 1. (CONTINUE) 
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penetration and/or perforation, and 

3. Determine from the preliminary investigation which types of 

walls provide more resistance than others to the impact of 

postulated tornado-generated missiles. 

In developing a test facility for medium-weight missiles, 

safety, accessibility, economical operation, accuracy, and 

flexibility were the primary concerns. First and foremost is safety. 

Operators and observers need to be in a position to carry out their 

assignments without subjecting themselves to the possibility of 

project i 1 es recoi 1 i ng or exp 1 odi ng and the resu 1 ting wood fragments 

striking them. Second, the facility needs to be readily accessible 

yet secluded so as not to disturb persons in adjoining buildings. 

Third, a relative inexpensive operation of the launcher needs to be 

devised to 1 imi t the cost of conducting numerous tests. Fourth, 

documentation of the event (missile speed, impact photographs, etc.) 

needs to be complete and as accurate as possible. The measurement 

of the exit velocity of the missile is very important and proved to 

be the most challenging. Finally, flexibility needs to be considered 

so that modifications, movement, or outright removal of the launcher 

assembly can be done in an efficient manner as possible. 

The ultimate purpose in conducting tests on commonly constructed 

wall configurations is to determine the velocity at which the missile 

passes through part of the barrier thickness (penetration) or the 

velocity at which the missile passes completely through the barrier 

(perforation). Additional considerations include the materials used 

in constructing the walls, the test sample size, support conditions, 
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and the desired point of impact. 

The results obtained from the tests wi 11 permit pre 1 i mi nary 

cone l us ions to be drawn concerning which wa 11 s a re more capable of 

resisting the impact of a timber plank than others. Because wood is 

characterized as a strong yet 1 i ghtwei ght materi a 1 (Dietz et al . , 

1982), it becomes a potentially damaging projectile when exposed to a 

tornado windfield. As shown in Figure 2, it is no surprise that 

investigations following a tornado reveal wood fragments as the most 

often encountered medium-weight missile. A 2 in. x 4 in. wooden 

missile 12 ft long was selected in the belief that it represents an 

average of many different medium-weight wooden missiles. Also, such 

a missile traveling at 100 mph is the criteria used for shelter 

design (Mehta et al., 1975). However, it is not within the scope of 

this project to justify the occurrence of such a medium-weight 

missile type . 

A firsthand view of the response of both the missile and the 

barrier during impact is obtained by utilizing high speed 

photography. In obtaining and analyzing the resu 1 ts, understanding 

of the tornado-generated missile phenomena will be broadened. More 

importantly, such an understanding will foster the overall process of 

designing tornado-resistant structures. 
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FIGURE 2. 
iORNADO-G£N£RAi£D wooo£N MlSSlLES 
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FIGURE 2. (CONTINUED) 
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CHAPTER II 

REVIEW OF PREVIOUS RESEARCH 

Experimental work involving tornado-generated missiles did not 

begin until the mid-1970's. Prior to that period, ballistic missile 

formulae were used to predict the behavior of walls to the impact of 

postulated missiles. However, these formulae proved to be very 

conservative in their estimates of missile penetration. Hence, 

interest in experimental work grew for all classes of 

tornado-generated missiles. Special interest centered upon the 

effects of lightweight missile impact on glass and heavyweight 

missile impacts on concrete and steel wall panels. Limited research 

was also conducted on medium-weight missile impacts on various 

shelter wall design concepts. 

Empirical Relationships 

Before tornado-generated miss i 1 e tests were conducted in the 

mi d-1970 1 s, design of tornado-resistant structures re 1 i ed on 

ballistic missile formula (Lee, 1972). Gwaltney (1968) introduced a 

comprehensive review of such formu 1 as, with the Ba 11 is tic Research 

Laboratory (BRL) and the Modified Petry formula emerging as the two 

most preferred of the group. The relationships were based on rigid 

missiles at velocities considerably higher than those achieved by 

most tornado-generated missiles. Obviously, there is a disadvantage 

in such a basis because a timber plank colliding with a wall behaves 

differently than a rigid missile of equivalent weight colliding with 

the same wall. Also, the use of both the BRL and the Modified Petry 
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formula have been confined to steel or concrete wall barriers when 

the impact effects of tornado-generated missiles were considered. In 

short, the past use of tornado-generated missile impact formulae have 

been limited to steel and concrete barriers subjected to the 

collisions of non-deformable objects. Because the results were 

deemed conservative, they were accepted for design purposes in the 

nuclear power industry (Linderman et al., 1974). However, most 

missiles are deformable, hence ballistic missile formula are not 

applicable. Further, there is no basis for empirical formulae 

regarding timber missiles and their subsequent impact with common 

wall barriers. 

Experimental Activities 

Since the empirical formulae developed were so limited in their 

scope and applicability, it became apparent that an alternate 

approach to the study of tornado-generated missiles was essential. 

The reasons are clear. First, most wall configurations subject to 

tornado-generated missile impact are not composed of steel or 

concrete. Second, field investigations of post-tornado events reveal 

that, though some missiles could be modeled as rigid, the vast 

majority of missiles could not be classified as such. Hence, when 

attempting to formulate an equation predicting how a certain barrier 

wi 11 react to the 1oca1 i zed effect of a given tornado-generated 

missile's impact, the process becomes vague simply because the number 

of barrier configurations (not to mention the varying material 

properties) and the number of possible projectiles are virtually 

endless. Because of the inevitable multiplicities regarding tornado-
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generated missile impact formulae, an alternate approach has ensued 

in recent years which focuses on experimental activities first then 

concentrates on the development of empirical relationships based on 

the test results. By concentrating initially on experimental 

studies, empirical formulae can be developed later with greater 

confidence. 

Beason and Minor (1976) conducted impact tests on glass using 

spherical steel balls to simulate roof gravel. These lightweight 

missile types were used in conjunction with pressure applied to the 

glass surface to simulate wind force effects and small missile 

impact. The window glass used was 3/32 in. annealed sheet glass and 

1/4 in. annealed plate glass. The possible missile velocities ranged 

from 6. 8 to 136 mph. The portion of the faci 1 i ty res pons i b 1 e for 

launching the missiles was designed exclusively for steel balls less 

than 3/4 in. diameter; compressed air was used to accelerate the 

missile. Harris (1978) conducted additional research of a similar 

nature utilizing the same missile launching facility. 

Thompson (1973) initiated preliminary investigation into the 

impact effects of medium-weight missiles on various shelter wall 

designs. The facility was designed for temporary use. A 2 in. x 

4 in. missile 12 in. long was raised to a certain height then dropped 

onto its target. The velocities of these drop tests were limited to 

less than 70 mph. In order to simulate missiles traveling at higher 

velocities, weights were attached to a steel plate with cross

sectional dimensions the same as a 2 in. x 4 in. timber plank. The 

only resemblance between an actual and simulated 2 in. x 4 in. 
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missile was the energy attained before impact; the true material 

response would differ greatly. The test barriers Thompson used were 

plywood, solid-filled doors, medium density overlay, and a 

lightweight concrete-filled wall section. 

Goolsby (1974) produced a report following up on the work 

i ni ti ated by Thompson. Goo 1 sby used the same test procedures and 

faci 1 i ty as Thompson, but expanded on the number and types of wa 11 

configurations. In addition to testing the same wall configurations, 

Goolsby also tested other panels composed of different combinations 

of plywood, expanded metal, 16 gage steel, solid wood doors, concrete 

block beams, and a reinforced brick wall panel 4 in. thick. 

In reviewing the work of Thompson and Goo 1 sby, severa 1 points 

need to be mentioned. First, the test panels selected were limited 

to she 1 ter wa 11 construction concepts. The reason is that both 

researchers were concerned with design of in-residence tornado 

shelters. Thus, exterior walls common to homes and light commercial 

buildings were considered outside the scope of their research. Next, 

the drop-tests did not use a 2 in. x 4 in. timber plank 12 ft long 

traveling at 106 mph, but instead used a 2 in. x 4 in. timber plank 8 

ft long with steel plates attached to the sides to increase the 

weight to 36 pounds. When the modified missile was accelerated to 68 

mph, it imparted the same amount of energy at impact as the 12 ft 

plank traveling at 106 mph. Finally, the facility was temporary and 

was not designed for long-term repeated use because of limitations on 

the missile types and the velocities they could reach. However, the 

approach proved suitable for the purpose of their projects. 
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Impact tests involving medium-weight missiles were also carried 

out by Barber (1973). His tests were conducted at the Civil 

Engineering Research Facility (CERL) of the University of New Mexico 

under contract with Bechtel Power Corporation. The experimental work 

consisted of firing 1 in. diameter steel rods against concrete slab 

targets of various thickness. Impact velocities ranged from 102 to 

220 mph. Two major points were drawn by Barber. First, the 

completed tests yielded conservative results when compared to the 

results obtained from empirical formulae with respect to steel rod 

missile penetration. Second, the feasibility of the experimental 

approach was demonstrated and thus provided rati ona 1 e for further 

impact testing. 

Stephenson (April 1975) was the first to pioneer the full-scale 

testing of medium and heavyweight tornado-generated missiles. 

Stephenson 1 s work centered on the tornado vu 1nerabi1 i ty of nuc 1 ear 

production facilities. Thus, the missiles selected were those speci

fied by the Nuclear Regulatory Commission (NRC) and included a 4 in. 

x 12 in. timber plank 12 ft long, a 3000 lb passenger automobile, and 

a 3 in. diameter steel pipe 10 ft long. The launching facility was 

an outdoor, rocket propelled system capable of accelerating objects 

to velocities in excess of 200 mph. The wall barriers were composed 

of 16 in. thick reinforced concrete. The purpose of Stephenson's 

work was to observe damage to the barrier and to see if a correlation 

existed between the measured results regarding penetration to those 

predicted by the Modified Petry formula introduced earlier. Notably, 

the tests revealed that the timber plank caused no visible damage, 
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eventhough the Modified Petry formula predicted a penetration of 2.70 

inches for a missile velocity of 293.3 mph. 

Additional tests conducted by Stephenson (June 1975) using the 

timber plank and the steel pipe mentioned previously at higher test 

velocities revealed no new results except that the pipe continued to 

undergo excessive deformation while penetration of the concrete 

barrier was insignificantly changed. Testing continued and a final 

report by Stephenson ( 1977) was submitted which expanded on work 

previously conducted by including a 12 in. diameter steel pipe and a 

utility pole to the list of missile types used. A major point to be 

made is that the tests were confined to one specific barrier type and 

a 1 so the miss i 1 es ut i 1 i zed were those specified by the NRC, rather 

than ones that had been observed in storm damage investigations. 

Finally, Vassallo (1975) conducted tests at Calspan Corporation 

under contract to Bechtel Power Corporation which, again, involved 

reinforced concrete barriers. The heavyweight missiles consisted of 

an 8 in. diameter wood utility pole, an 8 in. diameter steel pipe, 

and a solid steel slug. The 9 ft x 9 ft panels were 12, 18, and 

24 in. thick. Impact velocities ranged from 68 to 341 mph. The 

facility was located outdoors and utilized a dual chamber pressure 

gun actuated by burning propellant ignited with an electric squib. 

The purpose of the tests was to obtain data on both the local effects 

and the structural response of the panels due to the different types 

of missiles. One major conclusion drawn from the tests was that 

"l oca 1 damage was the dominant factor in determining the miss i 1 e 

resistance capacity of each panel size." The same facility was used 



20 

by Ting (1975) for conducting tests on various composite and 

non-composite steel panels. The missiles selected were 3, 6, and 

9 in. diameter steel pipe, wood planks, and a utility pole similar 

in nature to those used in previous tests by Stephenson and Vassallo. 

Rotz (1975) used the results of the missile impact tests on 

reinforced concrete panels conducted by Barber and Vassallo to 

develop empirical spall equations and interface forcing functions 

based on the test data, again noting that ballistic missile formula 

were not su i tab 1 e because of the deformation is sue. A summary of 

Rotz's work revealed that the empirical relationships he developed 

were adequate for design purposes. 

Limitations of Past Experiments 

In describing the experimental activities previously conducted, 

several points should be mentioned: 

(1) missile selections, 

(2) barrier types, and 

(3) experimental facilities. 

The selection of tornado-generated missiles ranged from 1 in. 

diameter stee 1 rods to a 3000 1 b passenger automobi 1 e. A 1 though a 

considerable number of tests have been conducted with the heavyweight 

missiles, little or no consideration was given to more corTITlonly 

encountered medium-weight missiles -- specifically timber planks used 

in residential construction. 

Not only were the missile types selected in the tests previously 

discussed limited in scope, but the barrier configurations subjected 

to missile impact tests were primarily of one form -- concrete 
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panels. These concrete panels were selected for initial impact 

testing because of the concern for the structural response of nuclear 

power plant structures subjected to a tornado (USNRC, 1975). In 

addition, most empirical relationships developed were easily 

applicable for comparison to the actual results obtained by experi

menta 1 work when concrete was used as a test pane 1 . However, the 

vast majority of ordinary structures exposed to windblown debris are 

not constructed out of concrete. In fact, most structures are 

erected from materials which provide far less resistance to the 

impact forces induced by the collision of tornado-generated missiles 

with various wall configurations. In addition, it is difficult to 

derive an empirical relationship predicting the outcome of such 

collisions since most wall barrier configurations are non-homogeneous 

cross-sections, but instead are composed of different layers of 

materials each with its own unique properties. 

With exception to the facility utilized by Barber and Thompson, 

all previous assemblies used to launch medium and heavyweight 

missiles involved an outdoor environment in which some form of 

explosive material was used to propel the projectiles along a 

specified track. Recall that Stephenson utilized rocket propellant 

and a wide flange beam 68 ft long for a missile guide, while Vassallo 

employed dual pressurized chambers, propellant grains, and a steel 

launcher barrel capable of loading an 8 in. diameter utility pole. 

The testing faci 1 ity Barber used was composed of a nitrogen gas 

pressurized chamber and a 1-1/4 in. diameter barrel 6 ft long (though 

other barrel sizes could be attached if desired). It would appear 
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that the test f aci 1 it i es devised, though very effective in their 

applied use, were limited in their applicability for one reason or 

another. Maj or concerns a re the expense of conducting a test, the 

time element involved, the restrictions imposed by the environment, 

the safety of the operation, and the flexibility of the apparatus in 

regards to the velocity range and the types of missiles that could be 

fired. All test facilities seemed to cover one end of the missile 

spectrum or the other; one group places emphasis on smaller projec

tiles (1 in. dia. steel rod missiles, 1/2 in. dia. steel balls, etc.) 

while the other group emphasizes larger missiles (utility poles, 

automobiles 4 in. x 12 in. timber planks 12 ft long etc.). However, 

no facility currently exists which is designed specifically for the 

launching of more commonly encountered missiles (2 in. x 4 in. timber 

planks, large hailstones, brick, etc.) at velocities up to 150 mph. 

Hence, there exists a need for such a facility. 

A summary of the major experimental activities is outlined in 

Table 1. It should be pointed out that the only tests involving 

timber planks (i.e., 2 in. x 4 in. members of different lengths) 

colliding with barriers other than concrete panels were conducted by 

Thompson and Goolsby. However, emphasis was placed upon the energy 

imparted at impact by a simulated missile rather than by an actual 

one. No permanent facility was built and the studies dealt strictly 

with in-residence shelter design concepts. 

Rationale for Further 
Experimental Activity 

Because of past limitations placed on the missile types, barrier 



TABLE 1 
SUMMARY OF MAJOR EXPERIMENTAL ACTIVITIES 

Pr inc i pl e Test Mi SS i 1 e Velocity Expe rimental 
Researcher Date Contractor Pane 1 s Types Range Faci l lty 

Thompson August Master's Thesis plywood, doors, 2 x 4 inch 0 - 67 MPll No permanent 
1973 Texas Tech Univ. expanded metal, timbe r (a c tual fa ci li ty ; devised 

l ight -11eight a nd simulated), d temporary 
concrete, medium 0 . 17 to 18 .78 system to perform 
density ov er 1 ay. lb . weight. drop tests. 

Bar be r Octo ber Bechte l Power 3. 6, and 9 in. one inch dia . 102 - 218 MPH Pressuriz ed Nitrogen 
197 3 Corporation reinforced co ncrete stee l rods gas chamber; 6 feet 

slabs, 4 feet square . 3 feet long, long l-l /4 inch d ia. 
2 . 78 to 8.05 stee l barre 1. 
lb. weight, 

Goo Isby July Master's Repor t Same as Thompson, 2 x 4 inch 0 - 65 MPH Same as Th ompson. 
1974 Texas Tech Univ . plus co nc re t e block timber (actual 

beams, rei nforced and s imul ated) , 
masonry wa ll panel, weighing up to 
1-3/4 in. solid wood 40 1 bs. 
doors . 

lleaso n December Master's Thesis l and 6 sq. ft . steel ba 11 s 6 - 137 MPH Air pressurized 
1974 Texas Tech Univ. single strength and weighing 0.61 system ( 3 cu. ft. 

(under direction polished plate window to 5 . 55 gmf each air tank) with 
of The Institute glass, 3/32 and 1/4 ( dia. less than PVC and glass 
fur Disaste r inch thick . 3/4 inch). barrels 3/4 inch 
Research, TT U) 1 n dia. ; Vdcumn 

chambe.- mounting 
frame. 

v.sso 1 lo ,)onudry Hhhtel Power 12, IB, and 24 in. sol Id steel 68 - 341 MPH "High-Low" pressure 
191'> Corporation reinforced slug, steel chambers . prope 11 e nt 

concrete slabs, pipe, wood pole grains, squib 
g feet squa r e. (a 11 B inch igniter, steel 

nomina 1 dia.) barrel used 
132 to 200 lb. {dimen ~ i o ns no t 
weight . given). 

. 
Ting 197~ H. H. Robertson Non-composite I inch dia . steel 77 - 195 MPH Same as Vassallo; 
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configurations, and the capabilities of various experimental 

facilities erected, the need to expand the research on the tornado

generated missile phenomena from an experimental approach is evident. 

More importantly, consideration needs to be given to the type of 

debris most likely to become airborne and cause the most damage once 

it collides with a structure. In addition, careful attention needs 

to be paid in regard to the type of wall configurations most likely 

to be subjected to the impact of a medium-weight tornado-generated 

missile. Lastly, an experimental facility needs to be constructed 

which is capable of accelerating missiles to a prescribed velocity in 

a safe, relatively inexpensive manner. Such a facility also needs to 

be located in an enclosed environment, yet versatile enough to be 

disassembled and moved to another location if necessary. 

With these proposals in mind, the result of this research effort 

was the development of an Air Pressurized Miss i 1 e Launching Sys tern 

(APMLS) capable of firing missiles in a safe, economical, time-saving 

manner yet versatile in applications regarding tornado-generated 

missiles. Furthermore, initial testing was conducted utilizing 2 in. 

x 4 in. timber planks 12 ft long in the belief that, of all the 

poss i b 1 e tornado-generated miss i 1 es, these a re the most common in 

terms of their ability to fly and to inflict damage to property or 

injury to individuals. Finally, the selection of wall barriers were 

confined to those configurations most commonly encountered in 

everyday building construction. 

Granted that most experiments must be limited in scope, it is 

nonetheless important that experimental activity be renewed to 
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address the one aspect of tornado-generated missiles least 

investigated by researchers but most commonly experienced by the 

public -- the collision of 2 in. x 4 in. timber boards with comnon 

residential and light commercial wall configurations. 



CHAPTER III 

EXPERIMENTAL FACILITY 

The Air Pressurized Missile Launching System (APMLS) utilized 

for launching simulated tornado-generated missiles (Fig. 3) can be 

divided into four primary components: 

(1) Missile Launcher 

(2) Control Panel 

(3) Reaction Frame 

(4) Missile Velocity Measurement System 

The initial design of the sys tern was developed by Ors. James R. 

McDonald and Milton L. Smith with modifications occurring as 

construction of the experimenta 1 facility progressed. The f ac i 1 i ty 

is located in the east cell below the structural test deck of the 

Ci vi 1 Engineering Testing Laboratory on the Texas Tech University 

campus. The ce 11 i tse 1 f is approximately 9 ft wide by 60 ft 1 ong 

with a 7 ft ceiling height. The walls are composed of 15 in. 

reinforced concrete while the ceiling is constructed of 24 in. thick 

reinforced concrete with 2 in. diameter s 1 eeves 1 ocated 2 ft on 

center. Plan and elevation views of the facility locating the four 

primary components of the APMLS are shown in Figures 4 and 5, 

respectively. 

Missile Launcher 

Because of the need to be able to launch missiles of various 

mass at repeatable velocities and trajectories, the missile launcher 

is a key component of the experimental facility. The primary 
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(a) Front Perspective 

(b) Back Perspective 

FIGURE 3. AIR PRESSURIZED MISSILE LAUNCHING SYSTEM (APMLS) 
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components of the missile launcher are: 

(1) Air Tank 

(2) Firing Mechanism 

(3) Launcher Barrel 

(4) Launcher Support Frames 

Air Tank 

The air tank (Fig. 6) contains a sufficient volume of a1r at a 

pressure necessary to accelerate the missile to the desired velocity. 

The 60 gallon air tank has a 4 in. diameter manifold that is 

connected to the solid-core ball valve at the end of the barrel. The 

manifold (Fig. 7) is composed of 4 in. diameter Schedule 80 polyvinyl 

chloride (PVC) pipe with flanges attached at both ends to permit easy 

disassembly of the system if necessary. The air tank and manifold 

are rated at 200 psi, but the intake air supply is limited to 100 

psi. Approximately 70 psi is the highest pressure required for 

accelerating a timber missile to 150 mph. 

In pressurizing the air tank (Refer to Chapter V), the pressure 

se 1 ected depends upon the desired miss i 1 e ve 1 oci ty. For such a 

pressure to be known beforehand, a pressure-ve 1 oci ty curve must be 

established for a given missile. The pressure-velocity curve for a 

2 in. x 4 in. wood plank 12 ft long weighing 15.75 pounds is shown in 

Figure 8. Note the correlation between the analytical curve versus 

the experimental (actual) curve. The derivation for the analytical 

curve is given in Appendix A. Interestingly, as the pressure 

increases, the correlation improves. A set of pressure velocity 

curves varying as a function of mass would not necessarily yield the 
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FIGURE 6. AIR TANK 

FIGURE 7. MANIFOLD 
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same correlations (percent difference between theoretical versus 

actual values) at any given pressure. The reason has to do with 

frictional losses in the barrel and shapes of the missiles. 

Firing Mechanism 

The firing mechanism quickly releases air from the air tank into 

the launcher barrel for propulsion of the missile. The firing 

mechanism (Fig. 9) is comprised of a 4 in. diameter Schedule 80 PVC 

ball valve assembly, a ratchet wrench, a 1-1/4 in. diameter dual 

action air cylinder, a 3/8 in. diameter high-pressure air intake 

line, and a pressure relief system composed of a microswitch, 

solonoid, and an air relief line. 

When the air intake line is pressurized via the control panel, 

both the vertical ratchet wrench and the air cylinder act simultan

eously to move the solid core PVC ball located in the valve assembly. 

Once the valve is completely opened, the moment arm attached from the 

air cylinder to the 1 in. diameter steel shaft of the valve assembly 

triggers the microswitch which activates the solonoid, thus 

permitting the compressed air to be released through the air relief 

line. The firing mechanism activates a signal at the control panel 

indicating to the operator that the valve has completely opened. 

Launcher Barrel 

The launcher barrel (Fig. 10) consists of a 20 ft long, 4 in. 

diameter Schedule 40 PVC pipe with a 4 in. threaded male slip 

coupling attached at the breech end. The breech end is then fastened 

to the ball valve assembly and can be easily removed if necessary. 
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FIGURE 9. FIRING MECHANISM 

FIGURE 10. LAUNCHER BARREL 
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This particular barrel was chosen because of its durability and 

smooth interior surface which reduces friction losses between the 

missile and the barrel. Note that, in the event the cross-sectional 

area of the missile does not completely fill the 4 in. diameter void 

of the launcher barrel (it rarely will), then a sabot must be 

fastened to the trailing end of the missile. Various types of sabot 

can be fabricated, depending on the type of missile being used. In 

the case of 2 in. x 4 in. studs, a 4 in. diameter 1/2 in. thick 

plywood plug is used. 

Launcher Support Frame 

The launcher support frame consists of two launcher barrel 

support frames, a recoil frame, and bracing for the manifold 

connecting the air tank to the ball valve of the firing mechanism. 

The launcher barrel support frames (Fig. 11) provide primary support 

along the entire length of the barrel. They are composed of welded 

3 in. square aluminum tubing with 8 and 6 in. diameter dual C-clamps 

mounted on a 1 ocked, rotating frame which provide the means for 

mounting the 1 auncher barre 1 onto the support frames. The firing 

mechanism is a 1 so supported by the 1 auncher barre 1 support frame 

located at the breech end. The recoil frame (Fig. 12) provides a 

backstop between the launcher barrel support frame at the breech end 

of the barrel and the back wall of the chamber. The brace for the 

manifold prevents the weight of the manifold from causing excessive 

moment on the firing mechanism, which impedes jamming of the ball 

valve assembly. 
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(a) Front and Midsection Support 

(b) Breech End Support 

FIGURE 11. LAUNCHER BARREL SUPPORT FRAMES 
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FIGURE 12. RECOIL FRAME AND MANIFOLD BRACE 

·~-:==--· N Jal-....... ---. 

FIGURE 13. CONTROL PANEL 
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Control Panel 

The control panel is located so that the operator can direct all 

activities pertaining to the launching of a missile from a protected 

position while at the same time permitting observation of the 

missile's impact from a relatively safe distance (refer again to 

Figure 4). As shown in Figure 13, the control panel consists of 

high pressure air intake and outlet lines, control valves, pressure 

gauges, power switches, panel lights, and timing equipment. 

The high pressure air lines are composed of 3/8 in. flexible 

hose. The intake line originated from a shop pressure line in the 

Civil Engineering Testing Laboratories. This line maintains a 

constant pressure of 100 psi. The two outlet pressure lines provide 

compressed air to the air tank and the firing mechanism. A gate 

valve provides control for the gradual release of air into the air 

tank. The air released is monitored by two separate pressure gauges 

-- one providing a 0-30 psi range while the other provides a 0-100 

psi range. A brass ball valve acts as the trigger providing 

compressed air to the firing mechanism. 

A power-on switch with an accompanying pane 1 1 i ght provides 

current to the firing mechanism. When the ba 11 va 1 ve assembly is 

fully opened and the microswitch is activated, a panel light signals 

to the operator that the assembly has opened, hence the outlet line 

to the firing mechanism can be closed. A complete outline of the 

operation of the air pressurized missile launcher is covered in a 

subsequent chapter. 

Finally, a pressure relief nozzle and a bleeder line are 
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provided for safety purposes. The bleeder line is controlled by a 

gate valve which permits depressurization of the system without 

having to fire a missile once the system is pressurized. Also, in 

the event the operator is unable to control pressurization of the air 

tank for whatever reasons, a pressure relief nozzle was installed 

which will activate at any pressure exceeding 75 psi. A schematic of 

the control panel is shown in Figure 14. 

Reaction Frame 

The purpose of the reaction frame (Fig. 15) is to provide rigid 

support for the mounting of various barriers subject to the impact 

forces of missiles launched from the APMLS. The frame consists of W8 

x 18 steel beams welded together at selected points. The two upright 

members (one along each wall) are supported vertically by the chamber 

floor, and are braced at the top and bottom by two horizontal 

members. The upper horizontal member is fastened by 2 in. diameter 

threaded rods to the test deck of the Ci vi 1 Engineering Testing 

Laboratory. The lower horizontal member is supported at each end by 

steel beams running the length of the chamber wall to the backwall, 

thus providing a rigid support. An isometric of the reaction frame 

is shown in Figure 16. Cotton bales are placed 5 feet behind the 

reaction frame to absorb energy of the miss i 1 es that perforate the 

barrier. 

The reaction frame is placed in an open area approximately 9 ft 

wide by 7 ft high. Wa 11 barriers subject to testing were usually 

fabricated in 4 ft x 8 ft pane 1 s and were mounted 1 engthwi se by 

fastening the 4 ft ends to the vertical steel members. This was 
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FIGURE 15. REACTION FRAME 
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accomplished by welding a L2x2xl/4 steel angle 4 ft in length to the 

vertical steel members. Bolts were screwed into 1/2 in. nuts welded 

over holes drilled into the angles at 16 in. intervals. A steel 

angle was provided as a seat to prevent further s 1 i ppage of the 

barrier when mounted on the reaction frame. 

The mounting bracket previously described was centered on the 

reaction frame so that the trajectory of missiles emerging from the 

APMLS would coincide with the center of the 4 ft x 8 ft panel. 

Since the panel can be raised 16 inches (as well as being turned over 

on its other side), three impact points are possible. In addition, 

the APMLS can be moved horizontally 24 inches either way. Thus, 

three rows of impact points or a total of nine targets are available 

(Fig. 17). 

Currently, the impact frame is designed for the mounting of 4 ft 

x 8 ft panels approximately 4 to 6 in. thick. However, modifications 

can be made to fasten any desired barrier to the impact frame if the 

need arises (Fig. 18). The only limitations placed on the barrier 

dimensions is the chamber size itself which is confined 

to a 9 ft wide by 7 ft high opening. 

Missile Velocity Measurement System 

Possibly the single most important aspect of the missile 

launching facility is the system for measuring missile velocity. 

Since it is of upmost importance to achieve the capability to 

accurately measure the velocity of large missiles (e.g., a 2 in. x 4 

in. wood member 12 ft long) traveling at speeds in excess of 100 mph, 
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(a) Doors 

(b) Brick and Concrete Block Panels 

FIGURE 18. MODIFIED TEST PANEL MOUNTING FRAMES 
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special attention was given to this feature. In essence, the missile 

speed is obtained by measuring the average velocity of the trailing 

end of the missile. This is accomplished by recording the time it 

takes the rear-end of the missile to pass between two points set a 

fixed distance apart. 

The system employed is an optical system composed of two pairs 

of photocells positioned 12 inches apart as shown in Figure 19. The 

photocells are mounted on an 8 x 13-1/2 in. steel plate 1/16 1n. 

thick which is fastened to a frame set on a single leg and positioned 

directly in front of the launcher barrel (Fig. 20). A guard (Fig. 21) 

is attached to the ceiling by a 2 in. diameter threaded rod directly 

in front of the photocells to provide protection from recoiling 

missiles or debris. The photoce 11 s a re connected to an enc 1 osed 

circuit board (Fig. 22) by approximately 20 feet of shielded cable. 

The circuit board, which is composed primarily of integrated circuits 

and light emitting diodes, acts as an interface between the 

photocells and the timers. The circuit board verifies the presence 

of the 1 i ght source before firing occurs, as we 11 as receiving the 

electric impulses that originate from each photocell once the light 

source reappears after being broken due to the presence of the 

missile passing by. Once this impulse is received, it is processed 

and sent from the enclosed circuit board to the timers shown in 

Figure 23. 

The readings are recorded in milliseconds (1 x 10-
3 seconds). 

Because the photocells are centered one foot apart, the timers 

indicate the velocity in feet per second when the reciprocal of the 
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(a) Perspective 

(b) 2 Pairs of Photocells Positioned 12 in. Apart 

FIGURE 19. PHOTOCELL MOUNTING FRAME 
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FIGURE 22. ENCLOSED CIRCUIT BOARD 

FIGURE 23. TIMERS 
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reading is taken. For example, a reading of 7.43 milliseconds equals 

.00743 seconds, and the reciprocal lS 
-1 134.6 sec . Since the 

distance trave 1 ed was one foot, then the average ve 1 oc i ty is 134. 6 

fps or 91.8 mph. Two separate sets of photocells connected to their 

appropriate timers are provided to permit dual readings to occur. 

Hence, one system provides a verification of the other. An 

oscilloscope connected to the Heath T102A timer provides a graphical 

readout of the missile speed (Fig. 24). 

High speed photography also can be used to determine missile 

speed. Although not as accurate as the photocell system, it 

nonetheless provides a reasonable check on the readings obtained by 

the photocell system. More important, however, is the visual 

analysis provided by the high speed camera system which is discussed 

subsequently. 

In using high speed photography for velocity measurements, two 

fixed reference points of a predetermined distance (e.g., 2 ft apart) 

are placed on the missile to be fired. Next, a fixed reference line 

is placed just in front of the launcher barrel to one side (tests 

previously conducted utilized a 1-7/8 in. diameter pole mounted 

vertically). Finally, a high speed camera is set on the other side 

of the launcher barrel with the fixed reference line in direct 

alignment and in focus with the camera (Fig. 25). 

Once the missile is fired and filmed accordingly, the speed can 

be determined by analyzing the developed film. Knowing from which 

initial film frame the first fixed reference point on the missile 

passed the fixed reference line beyond, and locating the final film 



FIGURE 24. OSCILLOSCOPE 

FIGURE 25. POSITIONING OF HIGH SPEED CAMERA 
FOR MEASURING MISSILE VELOCITY 
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frame from which the second fixed reference point passed the 

reference line as well, the velocity can be estimated since timing 

marks on the developed film transpired during cinematization (a 

feature built into the camera). 

The true benefit of utilizing the high speed camera (Fig. 26) 

comes not from the need for calibration, but the visual impression a 

viewer gains when observing the collision of a missile with a 

barrier. Although it is not necessary to exercise the use of the 

high speed camera for every test conducted, it does provide a 

beneficial option for the investigator if so desired. Figure 4 cited 

earlier locates the position of the camera, and the assembly of the 

equipment is described in an ensuing chapter. 
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FIGURE 26. HIGH SPEED CAMERA 



CHAPTER IV 

DESIGN OF EXPERIMENT 

Thirteen different wall barrier configurations were selected for 

impact testing as summarized in Table 2. These types of walls were 

selected because they represent a majority of the construction 

methods commonly used in building residential and light commercial 

structures. Details of the panel construction are given shortly. 

All attempts were made to construct the test panels as close to 

industry standards as possible (Ramsey et al., 1981). When 

necessary, outside labor was contracted to aid in the process (e.g., 

a mason was hired for brick laying). Materials were purchased from 

local vendors and the panels were built in the Civil Engineering 

Testing Laboratories at Texas Tech University. 

With the exception of the doors, the insulation board/brick 

veneer, and the concrete masonry unit (C.M.U.) wall panels, all test 

specimens were constructed out of 2 in. x 4 in. wood timbers fastened 

together to form a 4 ft x 8 ft panel with interior studs 1 ocated 

16 in. on center (Fig. 27). These particular panels al 1 had a 1/2 

in. thick gypsum wallboard mounted on the backside (interior). Batt 

insulation was placed between the studs, and the various frontside 

(exterior) panels were then fastened in place. The doors were 

purchased unfinished and their dimensions were unaltered. 

The insulation board/brick veneer and the C.M.U. test panels 

were 4 ft x 6 ft in size and built on top of rolling platforms (Fig. 

28) to permit easier movement of these particular walls into the test 

chamber (the weight of these walls ranged from 800 pounds to over 
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TABLE 2 

WALL BARRIERS SELECTED TO 
UNDERGO IMPACT TESTING 

Panel Description* 

Masonite Siding 

Insulation Board/Masonite Siding 

Plywood/Masonite Siding 

Plywood (1/2 in.) 

Plywood (3/4 in.) 

Stucco Wall 

Lapboard Siding 

Insulation Board/Lapboard Siding 

Hollow-Core Door 

Solid-Core Door 

Insulation Board/Brick Veneer 

Hollow Concrete Masonry Block 

Reinforced Concrete Masonry Block 

* Material properties listed in Appendix B. 
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(a) Layout 

(b) Cross-Sectional View 

FIGURE 27 . FABRICATION OF 4 ft x 8 ft TEST PANELS 
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(a) Brick Veneer (800 lb) (b) Reinforced C.M.U. Wall (1700 lb) 

FIGURE 28. ROLLING PLATFORMS FOR MOVEMENT OF HEAVIER TEST PANELS 
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1700 pounds). The reinforced C.M.U. block wall had a single ~ 4 rebar 

placed in the center of each cell and all cells were filled with a 

pea-grave 1 grout mixture. Neither th b · k e r1 c veneer nor the C. M. U. 

block walls had any horizontal joint reinforcement. Metal ties were 

used to fasten the brick veneer to the insulation board wall panel. 

The test panels were mounted onto the reaction frame in a manner 

that best simulated the actual support conditions of the wall barrier 

in real use. In all cases, some form of simple support was provided; 

no mounting schemes were used which imitated fixed support conditions 

(moment resistant). The various methods used in mounting the 

different wall panels are discussed in Chapter III. 

Because most test panels provided several impact points, the 

initial missile impact velocity ranged between 50 to 55 mph and was 

increased (usually in increments of 10 mph) until perforation was 

achieved. The reason 50 mph was selected as a lower limit was 

because the vast majority of tornadoes have windspeeds in excess of 

70 mph (Fujita, 1976), and it is believed that a 2 in. x 4 in. timber 

plank 12 ft long would travel at speeds in excess of 50 mph when 

exposed to such tornadi c winds. In addition, post-tornado fie 1 d 

investigations reveal that if wooden fragments much larger than a 

2 in. x 4 in. board 12 ft long were to become airborne, it is more 

than 1 i ke ly going to be tra ve 1 i ng faster than 50 mph. Further, a 

wall that cannot prevent perforation of such a missile at that low a 

speed is not going to be viewed as a tornado-resistant barrier. 

Admittedly, it was speculated beforehand than many of the barriers 

selected to undergo testing would probably perforate at or below 
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velocities of 50 to 55 mph. 

Because of test panel dimensions, the material properties of the 

exterior surface, or a combination thereof, only a limited number of 

impact points may be available for testing purposes. In fact, 

certain test panels may allow only one shot to be taken at them. For 

instances such as these, if no more than one pane 1 is provided, the 

researcher must select a missile impact velocity as dictated by 

whatever design criteria the test panel is being subjected to, and 

base his conclusions on the ensuing results. For statistical 

reasons, there are obvious limitations to such an approach. 

Because the 4 ft x 8 ft panels provided nine possible impact 

points and were convenient to remount for repeated testing, it was 

decided that determining the velocities of penetration and 

perforation could be achieved with minimal effort. On the other 

hand, the insulation board/brick veneer and the hollow C.M.U. block 

walls were damaged upon impact to the extent that only one shot could 

be taken. Thus, a predetermined velocity of 100-120 mph was selected 

to see if these test panels could resist perforation from 2 in. x 

4 in. missiles 12 ft long traveling at such speeds. This velocity 

range was selected in regard to current tornado shelter design 

criteria (Mehta et a 1., 1975). The doors (because of their 

dimensions) and the reinforced C.M.U. block (because of its extreme 

weight) permitted only two to three shots to be taken at them. 

Hence, a missile was fired at over 100 mph in an attempt to perforate 

the barrier. However, if damage did not occur then one or two more 

shots at a higher velocity than before were allowed. 
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Impact points were usually selected at the center of the test 

panel. All missiles were 2 in. x 4 in. timber 12 ft long and varied 

in weight from 12 to 16 pounds. The impacts occurred perpendicular 

to the plane of the test panel. However, it is important to 

emphasize that during a tornado windborne debris may actually collide 

with a barrier at an oblique angle rather than head-on. In selecting 

a head-on form of impact the conservative approach is taken. Under 

no circumstances was an impact point selected again for testing if 

damage of any form to the wall barrier at that particular point had 

occurred. 

Figures 29 through 41 show cross-sectional views of the thirteen 

different wall barrier test specimens used. A photograph accompanied 

by a detailed section of each test panel is provided. The material 

properties for each of these wall barriers is found in Appendix B. 



(a) Wall Barrier 

112'• GYPSUM WALLBOARD _ ___..._... 

. -~--~- -- -
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7116" MASONITE SIDING 

(Rough Finish) 

2 x 4 STUD FRAME (Insulated) 

(b) Cross-Sectional View 

FIGURE 29. MASONITE SIDING TEST PANEL 
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(a) Wall Barrier 

...., __ 7/18., MASONITE SIDING 

(Rough Finish) 

2 x 4 TUD FRAME (tnaulated) 

(b) Cross-Sectional View 

FIGURE 30. INSULATION BOARD/MASONITE SIDING TEST PANEL 
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(a) Wall Barrier 

.... i--- 1/2,. PLYWOOD SHEATHING 

1 /2" GYPSUM WALLBOARD __ ,....., 
,..,_ 7/18" MASONITE SIDING 

(Rough Finish) 

2 x 4 STUD FRAME (Insulated) 

(b) Cross-Sectional View 

FIGURE 31. PLYWOOD/MASONITE SIDING TEST PANEL 
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(a) Wall Barrier 

1/2" GYPSUM WALLBOARD -- .,........_ 1 /2., PLYWOOD SHEATHING 

2 x 4 STUD FRAME (Insulated) 

(b) Cross-Sectional View 

FIGURE 32. PLYWOOD SIDING (1/2 in.) TEST PANEL 
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(a) Wall Barrier 

1/2" GYPSUM V/ALLBOARD _...,... .....,_ 3/4" PLYWOOD SHEATHING 

2 x 4 STUD FRAME (Insulated) 

(b) Cross-Sectional View 

FIGURE 33. PLYWOOD SIDING (3/4 in.) TEST PANEL 
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(a) Wall Barrier 

,.._ ___ 1/2" PLYWOOD SHEATHING 

1/2 .. GYPSUM WALLBOARD_....,. 
- ' 

3 COURSE STUCCO EXTERIOR 

(Sc r a t c h , Brown , F i n i a h ) 

~-2 x 4 STUD FRAME (Insulated) 

(b) Cross-Sectional View 

FIGURE 34. STUCCO WALL TEST PANEL 
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1 /2,. GYPSUM WALLBOARD _.1or1 
.,___ 31•" LAPBOARD SIDING (Plain) 

2 x 4 STUD FRAME (Insulated) 

(b) Cross-Sectional View 

FIGURE 35. LAPBOARD SIDING TEST PANEL 
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(a) Wall Barrier 

-~--- 1/2" INSULATION BOARD 

1/2 .. GYPSUM WALLBOARD _ __...,.,.. 

...,__ 3/4" LAPBOARD SIDING (Plain) 
mRl---11 

2 x 4 STUD FRAME (Insulated) 

(b) Cross-Sectional View 

FIGURE 36. INSULATION BOARD/LAPBOARD SIDING TEST PANEL 
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(a) Wall Barrier 

1-3/8,. THK. PANEL 
I 

(b) Cross-Sectional View 

FIGURE 37. HOLLOW-CORE DOOR TEST PANEL 
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(a) Wall Barrier 

1-3/4" THK. PANEL 

(b) Cross-Sectional View 

FIGURE 38. SOLID-CORE DOOR TEST PANEL 
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{a) Wall Barrier 

1/2., GYPSUM WALLBOARD -....+-4.,.. 

......__. 2 x 4 STUD FRAME (Insu lated) 

(b) Cross-Sectional View 

FIGURE 39 . INSULATION BOARD/BRICK VENEER TEST PANEL 



MASONRY JOINT 

(a) Wall Barrier 
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(b) Cross-Sectional View 

FIGURE 40. HOLLOW CONCRETE MASONRY BLOCK TEST PANEL 
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(a) Wall Barrier 

PEA-GRAVEL GROUT~ MASONRY JOINT 

(b) Cross-Sectional View 

FIGURE 41. REINFORCED CONCRETE MASONRY BLOCK TEST PANEL 



CHAPTER V 

LABORATORY PROCEDURE 

The steps that are carried out in activating the APMLS for 

conducting tests on a given wall barrier are categorized as follows: 

( 1) Pre launch Preparations 

(2) Activation of System 

(3) Post launch Activities 

Each step is necessary both for completion of a test and in restoring 

the sys tern to its ori gi na 1 state for future use. Each step is 

outlined in Table 3. A more detailed description is given in 

Appendix C. 

Prelaunch Preparations 

One of the thirteen wall barriers listed in Chapter IV is 

se 1 ected and mounted onto the reaction frame. The position of the 

barrier on the reaction frame will depend upon which impact point is 

selected (ref. Chapter III). A missile is selected, weighed, then 

1 oaded into the 1 auncher barre 1 . Pre 1 au nch documentation of the 

barrier and missile is completed at this time. Next, checks are made 

verifying the missile launcher is in operating order (e.g., position 

of firing mechanism, barrel alignment, etc.). If high speed 

photography is desired, then the camera equipment is set up 

accordingly. Finally, the light sources on the timing gate stand are 

turned on and the main chamber is cleared of all observers. 

Activation of System 

Once prelaunch preparations are complete, all operations are 
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TABLE 3 

STEPS FOR ACTIVATING A MISSILE LAUNCH 

Prelaunch Preparations 

1. Mount selected wall barrier onto reaction frame; take 
photographs for documentation (if desired). 

2. Select, weigh, and record dimensions of missile. 

3. Load missile into launcher barrel using the plunger. 

4. Verify that the ball valve of the firing mechanism is 
closed and the switch on top of the ratchet wrench is 1n 
the forward (F) position. 

5. Check to make sure the launcher barrel is aligned with and 
perpendicular to the timing gate guard. 

6. Set up the high speed photographic equipment (optional). 
Turn on and focus high intensity 1 amps if the high speed 
camera is used. 

7. Turn on the light sources on the timing gate stand; check 
the alignment of the photocells (perpendicular to the 
mounting plate and 12 inches apart). 

8. Clear the main chamber and check to make sure all observers 
have located themselves in a safe, observable position. 

1. 

2. 

3. 

4. 

5. 

Activation of System 

Turn on the timing devices. 

Verify that all eight L.E.O.'s on the enclosed circuit 
board are on. 

Press all reset buttons and switches (4) located on the 
timers, oscilloscope, and the enclosed circuit board (the 
upper group of four L.E.D.'s should now be .off). Also, 
make sure the memory button on the oscilloscope is 
depressed. 

Turn on the power switch which activates the firing 
mechanism. 

Close the bleeder valve and pressurize the air tank to the 
desired level. 
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TABLE 3 (CONTINUED) 

Note: At no time should anyone enter the chamber while 
pressurization is underway! 

6. Quic~ly op~n the ball valve trigger; once the missile 
c?llides with the barrier, close the valve immediately. If 
hi ~h speed photo~raphy is used, then turn on the power 
switch to the equipment simultaneously with the trigger. 

7. Reopen the bleeder valve. 

Postlaunch Activities 

1. If high speed photography is used, then the power switch on 
the control panel is to be turned off ilTITlediately. 

2. Re-enter the main chamber and verify that no damage to the 
facility has occurred. 

3. Restore the ball valve on the firing mechanism to the 
closed position by moving the switch on top of the ratchet 
wrench to the reverse (R) position, close the valve, then 
place the switch back to the forward (F) position. 

4. Document the event; make sure readings on the timers are 
recorded. 

5. Remount or remove test panel. 

6. Clean and reload high speed camera (optional). 

7. Unless further testing is desired, clean the main chamber 
of debris, turn off all power-on switches, verify that the 
air intake control valve is closed, and check to make sure 
the bleeder valve is open. 

I 

' • 
4 

. 
' ( 
: . 
; c . ... 
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conducted from the control panel. Power to the timers and the firing 

mechanism is provided first. Next, all reset buttons located on the 

timers, oscilloscope, and the enclosed circuit board are pressed. 

The bleeder valve is closed, the air tank pressurized, then the ball 

valve trigger is quickly opened. Once the missile collides with the 

barrier, the ba 11 va 1 ve trigger is c 1 osed and the b 1 eeder va 1 ve is 

reopened. If high speed photography is used, then power to the camera 

is provided at the same time the ball valve trigger is being opened. 

Postlaunch Activities 

After firing the missile, the timer readings are recorded. If 

the high speed camera is used, then the power switch is turned off 

immediately. The missile launcher is restored to operating order, 

and postlaunch documentation is completed at this time. Next, the 

test panel is remounted or removed. Finally, the high speed camera 

1s cleaned and reloaded (optional). Unlses further tests are 

desired, the main chamber is cleaned, all power-on switches are 

turned off, and a check is made verifying that the air intake control 

valve is closed and the bleeder valve is open. 



CHAPTER VI 

PRESENTATION AND DISCUSSION OF RESULTS 

A total of seventeen impact tests were carried out on the 

thirteen wall barrier configurations described in Chapter rv. The 

test data sheets are found in Appendix D. All tests utilized #2 Fir 

timber missiles 2 in. x 4 in. wide (nominal size) by 12 ft long 

weighing 12 to 16 pounds. Velocities of impact ranged from 52 to 121 

mph. All collisions were head-on. High speed movies were used in 

the majority of the tests conducted, and a 16 mm film presentation 

was produced. It is available from the Institute for Disaster 

Research at Texas Tech University. 

Presentation 

Table 4 provides a summary of the velocities of penetration and 

perforation obtained from the tests. In some cases, a penetration 

velocity is not given. Most perforation velocities are between 52 to 

54 mph for reasons cited earlier in Chapter IV. Photographs detailing 

the damage inflicted by the missile impact upon the front and 

backsides of each test panel are presented in Figures 42 through 54. 

Barrier response, spalling, missile response, facility performance, 

and the outcome of the high speed photography are covered in 

subsequent sections. 

Discussion 

As expected, most of the test panels offered little resistance 

to the impact of the postulated tornado-generated missiles. In fact, 

though a lower limit of 50 mph was selected for the perforation 
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Panel 
Description 

Masonite Siding 

Insulation Board/ 
Masonite Siding 

Plywood (1/2 in.)/ 
Masonite Siding 

Plywood (1/2 in.) 

Plywood (3/4 in.) 

Stucco Wall 

Lapboard Siding 

Insulation Board/ 
Lapboard Siding 

Hollow-Core Door 

Solid Core Door 

Insulation Board/ 
Brick Veneer2 

Hollow Concrete 
Masonry Block2 

TABLE 4 

VELOCITIES OF PENETRATION 
AND PERFORATION 

Penetration 
Velocityl 

1205 

Reinforced Concrete 
Masonry Block4 

121 

1Values in MPH. 

Perforation 
Velocityl 

54 

54 

52 

52 

53 

53 

53 

52 

54 

53 

115 3 
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20nly one test was conducted. 
3 Timers malfunctioned; velocity estimated from initial value of air 
pressure. 

4Two tests conducted; penetrated less than 1/8 in.; missile badly 
splintered at 116 mph. 

5Value approaching the upper limit. 
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(a) Frontside 

(b) Backside 

FIGURE 42. DAMAGE TO MASONITE SIDING PANEL 
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(a) Frontside 

(b) Backside 

FIGURE 43. DAMAGE TO INSULATION BOARD/MASONITE SIDING PANEL 

• 
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(a) Frontside 

{b) Backside 

FIGURE 44. DAMAGE TO PLYWOOD/MASONITE SIDING PANEL 
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(b) Backside 

FIGURE 45. DAMAGE TO PLYWOOD SIDING (1/2 in. ) PAN EL 
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(a) Frontside 

{b) Backside 

FIGURE 46. DAMAGE TO PLYWOOD SIDING (3/4 in.) PANEL 
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FIGURE 47. DAMAGE TO STUCCO WALL PANEL 
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(b) Backside 

FIGURE 48. DAMAGE TO LAPBOARD SIDING PANEL 
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(a) Frontside 

(b) Backside 

FIGURE 49. DAMAGE TO INSULATION BOARD/LAPBOARD SIDI NG PANEL 
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(a) Frontside 

(b) Backside 

FIGURE 50. DAMAGE TO HOLLOW-CORE DOOR 
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(a) Frontside 

(b) Backside 

FIGURE 51. DAMAGE TO SOLID-CORE DOOR 
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(a) Frontside 

(b) Backside 

FIGURE 52. DAMAGE TO INSULATION BOARD/BRICK VENEER PANEL 
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(a) Frontside 

(b) Backside 

FIGURE 53. DAMAGE TO HOLLOW CONCRETE MASONRY BLOCK PANEL 
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FIGURE 54. DAMAGE TO REINFORCED CONCRETE MASONRY BLOCK PANEL 
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velocity, many of the test panels such as the masonite siding and the 

hollow-core door would have had even lower values for the perforation 

velocity. The only difference between the first ten panels listed in 

Tab 1 e 4 concerned the amount of miss i 1 e energy one cou 1 d absorb 

versus another. In other words, the 3/ 4 in. p 1 ywood pane 1 appeared 

to slow the timber missile more than did the insulation board/ 

masonite siding wall panel. 

The hollow concrete masonry block wall was easily perforated 

although the impact velocity was significantly higher (110 - 120 

mph). The missile broke into two major parts and remained embedded 

inside the wall. It is difficult to determine how the cotton bales 

(located 5 ft behind the barrier) might have influenced the final 

position of the missile. Probably more significant in this case was 

the considerable fragmentation of the backface of the test panel -

commonly referred to as spalling. 

The insulation board/brick veneer wall barrier was tested once. 

At a ve 1 oci ty of 120 mph, the brick veneer was crushed into very 

small pieces in a localized area around the impact point. The 

insulation board was perforated but the backside of the test panel 

remained intact. Thus, maximum penetration appeared to have been 

achieved but perforation prevented. 

The reinforced concrete masonry block is virtually invulnerable 

to a 2 in. x 4 in. timber missile 12 ft long traveling at 116 mph. 

No penetration of the barrier occurred, and the missile disintegrated 

on impact. Further tests on this particular panel at higher speeds 

are planned for the future. 



94 

As far as mortar joint fractures are concerned, only the hollow 

concrete masonry block and the insulation board/brick veneer wall 

pane 1 s underwent such fa i 1 ures. The pattern of failures for these 

particular panels is shown in Figure 55. Note the symmetrical 

pattern of cracks in the mortar joint. The reinforced concrete 

masonry test panel did not crack at any of its mortar joints. 

In some tests, spalling was observed. This was especially true 

for the so 1 id-core door and the ho 11 ow concrete masonry b 1 ock wa 11 

(Fig. 56). Fragments ejected from the back face of the test pane 1 s 

and were, in some instances, over a foot long and weighed in excess 

of 6 pounds. However, it was difficult to analyze the spall pattern 

because of the close proximity of the cotton bales to the backside of 

the reaction frame. Almost all test panels had some form of spalling, 

but most fragments were insignificant in size. 

In most cases, the postulated missiles remained intact after 

colliding with the test panels. In the test involving the hollow

filled concrete masonry block wall barrier, the missile splintered 

into two primary parts. Only in the reinforced concrete masonry 

block and the insulation board/brick veneer tests did the missile 

undergo intense fragmentation. In cases when the missile did 

fracture, the damage usually was confined to the front ha 1 f of the 

missile, with the front-end experiencing severe deformation (Fig. 

57). 

The facility itself performed remarkably well; few difficulties 

arose while conducting the laboratory procedure. Items of interest 

were the missiles turning while traveling down the launcher barrel 
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(a) Insulation Board/Brick Veneer (b) Hollow Concrete Masonry Block 

FIGURE 55. MORTAR JOINT CRACKING PATTERNS ~ 
ui 
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(a) Solid-Core Door 

(b) Hollow Concrete Masonry Block 

FIGURE 56. MAJOR FRAGMENTATION OF TEST PANEL BACKSIDES (SPALLING ) 
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(a) Two Major Pieces 

FIGURE 57. MISSILE FRACTURE FOLLOWING IMPACT 
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(b) Several Major Pieces 

(c) Complete Fragmentation 

FIGURE 57. (CONTI NU E) 
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and miscues on the timers. If care is exercised in selecting a 2 in. 

x 4 in. missile that is not warped or twisted and the sabot is 

mounted properly on the end of the missile, then the possibility of 

the missile rotating while traveling down the launcher barrel is 

reduced significantly. In the one instance when the timers 

malfunctioned, it is di ffi cult to determine why. Si nee the 1 ower 

four L.E.D.'s on the enclosed circuit board were on (indicating the 

photoce 11 s had responded to the passing of the missile), the only 

possible explanation would be that the input sensitivity of the 

signal from the enclosed circuit board to the timers was interrupted; 

the reasons for this still remain unclear. 

The high speed photography proved to be a valuable asset during 

the missile tests. The exposures provide the viewer the opportunity 

to see firsthand how the test panel responds to the collision of the 

postulated missile. Furthermore, one can analyze the missile 

response and gain some understanding on the stress wave phenomena 

that arises during impact. Though the high speed camera can be used 

for missile velocity measurements, this particular feature was not 

employed. 



CHAPTER VII 

CONCLUSIONS AND RECOMMENDATIONS 

The principle objectives of this research project were to 

develop an experimental facility capable of launching simulated 

tornado-generated missiles, to conduct tests on a series of colllTlonly 

encountered wall barrier configurations to obtain the velocities of 

penetration and perforation, and to determine from the preliminary 

investigation which barriers provided acceptable resistance to 

tornado-generated missile impact. In view of these objectives, 

conclusions are drawn and recommendations made concerning the missile 

tests and the performance of the experimental facility. 

Conclusions 

Observations from assessments of experimental data and facility 

performance produced the following conclusions: 

1. The masonite siding, insulation board/masonite siding, 

plywood/masonite siding, plywood (1/2 and 3/4 in.}, 

lapboard siding, and the insulation board/lapboard siding 

wall barrier configurations along with the hollow and 

solid-core doors offered very little resistance to the 

impact of 2 in. x 4 in. timber planks 12 ft long. All 

underwent perforation at velocities less than 55 mph. The 

hollow concrete masonry block panel was perforated, but at 

a much higher velocity (115 mph). 

2. The insulation board/brick veneer wall barrier configura-

tion was penetrated at a missile speed of 120 mph, but 
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perforation did not occur. 

The reinforced concrete masonry b 1 ock wa 11 barrier 

configuration was virtually impenetrable at a missile 

velocity of 121 mph. The missile splintered into small 

pieces. 

4. Cracks in the mortar joints occurred on the insulation 

board/brick veneer and the hollow concrete block wall 

barrier configurations; the reinforced concrete block test 

panel did not crack in the mortar joints. 

5. Spalling proved to be significant only in the cases of the 

solid-filled door and the hollow concrete masonry block 

wall barrier configurations. 

6. The 2 in. x 4 in. timber plank 12 ft long selected as the 

postulated tornado-generated missile fragmented only during 

the tests involving wall panels which had either brick or 

concrete masonry block for exterior surfaces; most failures 

resulted in the board splitting into 2 major parts. Only 

in the reinforced concrete masonry block and the insula-

tion board/brick veneer tests did the missile fragment into 

several pieces. 

7. The Air . Pressurized Missile Launching Facility performed 

remarkably well. The missile velocity measurements were 

accurate, maintenance of the facility required minimal 

effort, the experimenta 1 procedure took very 1itt1 e time 

(usually less than an hour), and most importantly the 

operation of the facility proved to be safe for the 
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operator and the observers alike. 

The high speed photography provided valuable exposure of 

the wall barrier response to the impact of the postulated 

tornado-generated missile; the process itself was reliable 

and relatively inexpensive to conduct. 

Recommendations 

This research endeavor was not intended to address a 11 the 

problems associated with medium-weight tornado-generated missile 

impacts on commonly encountered wall barrier configurations. The 

purpose was to conduct experimental studies which dealt with a 

typical missile and its impact effects on wall barrier configurations 

commonly found in residential and light commercial construction. In 

continuing research on this particular aspect of tornado-generated 

missiles, the following recommendations are made: 

1. Conduct further tests on brick veneer and concrete masonry 

block wall barriers since these are very common 1n 

construction and uncertainties still exist concerning 

threshold velocities for penetration and perforation, and 

the effects of spalling. 

2. Expand the scope of the tests to include other wall 

barriers not covered in this series of tests; other common 

wall barrier types are corrugated metal sheets, composite 

and non-composite steel panels, glass, and roof panels. 

3. Experiment with new construction techniques to detennine if 

an economically feasible approach can be found to increase 

the missile impact resistance of common wall barrier 
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configurations that appear to offer very little resistance 

to such impacts. 

4. Attempt to acquire high speed photographic footage of the 

backface of the test panel while the postulated missile is 

colliding with the wall barrier; this would also enhance 

the viewer's understanding of the effects of spalling. 

Finally, it is hoped that the preliminary investigations begun 

here wi 11 be continued so that even more knowledge concerning the 

design of tornado-resistant structures can be obtained in order to 

provide maximum protection for property and people from tornadoes. 
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TABLE A.1 

AIR PRESSURE-VELOCITY DATA 

Pressure Theoretical Measured 
Reading Velocityl Velocity3 Correlation 

(psi) (mph) (m~h) {%) 

5 46.80 

10 66.19 39.75 60.1 

15 81.06 58.09 71. 7 

20 93.60 70.55 75.4 

25 104.65 81.89 78.3 

30 114.63 90.62 79.1 

35 123.82 98.86 79.8 

--------------------------------------------------------------------
40 133.13 108.012 ' 4 81. l 

45 141.21 116.754 82.7 

50 148.84 124.424 83.6 

1Used J.R. McDonald's calculations for missile ve}ocity based on 
previous system's arrangement; v = 20.93 (P.)

1 2 for a missile 
weight of 15.75 lb and P. between 0 and 35 psi, or James R. 
Bailey's calculations fat missile ve}ocity based on current 
systems arrangement; v = 21.05 (P . )1 2 for a missile weight 
of 15.75 lb and P. between 35 and

1
50 psi. 

1 

2 Note that a correction factor of .976 was applied since missile 
weight on this firing was 15.0 lbs. 

3 Readings from air pressurized missile launcher timers. 

4Used only one set of readings. 



CALCULATIONS OF THEORETICAL 
PERFORMANCE 

By Newton's Second Law: 

Assuming constant, rectilinear 
acceleration over the length 
of the barrel: 

Rearranging, noting x
0 

= v
0 

= 0: 

Noting x = "length of barrel , 11 L8: 

Substituting for a: 

By The Ideal Gas Law: 

Assuming: 

Substituting: 

Or: 

Substituting: 

F = ma 

v2 = 2a(x - x ) + v 2 
0 0 

a = y2 

2x 

v2 
a = 

2LB 

p avg (Ag) = ma 

mv 2 

pavg = 
2V 8 

p = P;(VTank) 
f VTank + VBarrel 

p P. = , P;VT 
avg 2+ 2(VT + VB) 

p P. VT 
= _,_(l avg + 

2 VT + VB 

mv 2 = P. (1 + VT ) 1 

2V 8 
-2- VT + VB 
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Or: mv2 = P. 2VT + VB 
VB 1 ( V V ) 

T + B 

Thus: v2 = Pi{VB) 2VT +VB 
m ( VT + VB ) 

Let: 

Therefore: 

Or: 

From calculations previously made: 

For readings made in psi, 

v2 = pi k 
m 

v=W 
k = 3.239 ft3 

144 in. 2 a units conversion is reading of = P. {psf) 
required: Pi in psi x 1 f t 2 

Finally, mass of the missile, 
m - W - w lb. 52 m, can be found by dividing [ 1 - - 32.2 ft J 

its weight with gravity, g: g 
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Hence, making all necessary 
conversions and substitutions: 

v = pi (32.2) (3.239) (144) 
w 

Or: 

Where: 

v = 122.55~ 

P. =initial air pressure (psi) 
1 

W =weight of missile (lbs.) 
v = exit velocity of missile (fps) 

[Note: To convert v{fps) to v(mph), multiply by .6818]. 
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A list of the materials used for constructing the wall barriers 

described 1n Table 2 of Chapter IV are presented below. The 

properties of each material are given based on information provided 

by the vendors and from published sources (Smith, 1973; Dietz, 1982; 

Schneider, 1980). 

Gypsum Wallboard: 

Batt Insulation: 

Insulation Board: 

Masonite Siding: 

Plywood Siding: 

2 in. x 4 in. Timber: 

Lapboard Siding: 

Stucco Wall: 

gypsum, core, heavy craft paper cover, 1/2 
in. thick, 4 ft x 8 ft sheets (strength 
unknown). 

Owens-Corning Fiberglass Insulation, 8 ft 
batts, 16 in. wide, 3-1/2 in. thick, type 
R-15. 

insulation grade, 1/2 in. thick, 4 ft x 8 
ft panels, coated on one side (moisture 
barrier), 17.5 lb/ft 3 density, composed of 
wood, sugar cane, and asbestos fibers 
(strength unknown). 

Templex-Eastex Medium Density Hardboard 
Siding (Manufactured in Diboll, Texas), 7/16 
in. thick, 4 ft x 8 ft sheets, rough 
finish on one side, grooved 8 in. o.c. 
(strength unknown). 

Douglas Fir, AB Grade, 1/2 and 3/4 in. 
thick, 4 ft x 8 ft sheets, 5 and 7 plies 
(strength unknown). 

Douglas Fir, #2 Shop Grad~, 16 ft lengt~s, 
extreme fiber in bend1ng and tension 
parallel to grain = 1200 lb/sq i~. 
(standard), horizontal shear= 95 lb/sq ~n., 
modulus of elasticity = 1,600,000 lb/sq 1n. 
(160 flat head nails were used for 
fasteners) 

1 in. x 8 in. plain pattern, 3/4 in. 
thick, 7 in . exposed width, western cedar, 
modulus of elasticity = 1,120 lb sq in., 
shear parallel to grain= 860 lb/sq 1n., 
modulus of rupture= 7~700 lb sq 1n. 

1/2 in. thick plywood (~escribed earlier) 
2 in. o.c. light gage wire mesh 



3/8 in. Base (scratch) Coatl'2, 1:5 
3/8 in. Second (brown) Coat, 1:3 
1/8 in. Final (finish) Coat, white 
1portland cement: sand (ratios) 
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2 high, early strength cement used (7 day 
curing period) 

Brick Veneer: standard clay brick, 2-1/4 in. x 3-5/8 in. 
x 7-3/4 in., running bond pattern (metal 
straps used to fasten brick to interior 
wall), compressive strength flatwise = 
4700 psi, compressive strength edgewise= 
5430 psi, shear strength = 1850 psi {all 
values represent average physical 
properties; 4 brick test prism yielded a 
compressive strength flatwise of 5280 
psi). 

Concrete Masonry Blocks: 8 in. standard and half blocks, compres
sive strength (individual unit) = 2300 
psi, running bond pattern, 2 block prism 
compressive strength test yielded a value 
of 2010 psi. 

Mortar: S Type, 1/2 part portland cement, 1 part 
masonry cement, 4 parts damp sand, concave 
mortar joints, compressive strength = 1560 
psi (2 prism tests). 

Grout: 1 part portland cement, 3 parts damp sand, 
2 parts course aggregate (size 8 sieve, 
3/8-3/ 4 in. grave 1 ) , #4 reba r (strengths 
unknown) 
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The 1 aboratory procedure outlined in Chapter v 1 i sted three 

major categories of operation: prelaunch preparations, activation of 

system, and postlaunch activities. Each step will now be discussed 

in greater detail. 

Prelaunch Preparations 

First, the wall barrier selected to undergo testing is mounted 

onto the reaction frame (Fig. 59). The position of the barrier on 

the frame depends upon which point of impact has been selected. After 

the barrier with its designated impact point is mounted and 

photographed accordingly, a missile is selected, weighed, and its 

dimensions recorded. The inside diameter of the barrel is 4 in. and 

has a 1 ength of 20 ft (a 11 barriers were impacted with 12 ft 1 ong 

wood p 1 an ks). The miss i 1 e se 1 ected is 1 oaded at the front end by 

utilizing a plunger (Fig. 60). Once the missile is inserted into the 

barrel, a visual check is made verifying the position of the firing 

mechanism and the alignment of the barrel. The bal 1 valve of the 

firing mechanism should be closed as shown earlier in Figure 9, and 

the switch on top of the ratchet wrench should be in the forward (F) 

position. Also, the launcher barrel should be aligned with and 

barrel should be aligned with and perpendicular to the timing gate 

guard as shown in Figure 61. 

Finally, if high speed movies of the event are desired, then the 

camera and its accompanying equipment is set up accordingly. The 

camera is positioned on a tripod (Fig. 62) and rests outside of the 

main chamber (Refer to Figure 4). The 2 ft x 3 ft mirrors mounted on 

portable stands (Fig. 63) are positioned inside the main chamber to 
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(a) 4 ft x 8 ft Panel 

(b) 4 ft x 6 ft Panel 

FIGURE 59. TYPICAL TEST PANEL MOUNTED ON REACTION FRAME 
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FIGURE 60. PLUNGER FOR LOADING MISSILE 
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FIGURE 61. ALIGNMENT OF LAUNCHER BARREL WITH TIMING GATE GUARD 
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FIGURE 62. TRIPOD FOR HIGH SPEED CAMERA 

FIGURE 63. PORTABLE MIRRORS FOR HIGH SPEED PHOTOGRAPHY 
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provide the desired image for the camera (Fig. 64). Loading of the 

film is outlined in the operations manual located in the container 

housing the high speed camera. Note that high intensity 1 amps and 

metal screen guards (Fig. 65) are positioned on each side of the 

chamber to provide the 1 i ghti ng for proper exposure when using the 

Kodak Tri-X Reversal 16 mm film {perforated both edges) for filming 

the event. Also, wall mounted spotlamps provide lighting for the 

rest of the facility. Before activating the system the light sources 

on the timing gate stand are turned on, and a check is made verifying 

the alignment of the photocells, recalling that the cells should be 

perpendicular to the mounting plate and 12 in. apart. A final visual 

check of the chamber is carried out making sure that all observers 

a re outside of the main chamber and have 1 oca ted themse 1 ves in a 

relative safe observable position from the opening into the cell 

(Refer to Figure 4). 

Activation of System 

Once prelaunch preparations are complete, all operations are 

conducted from the contra l pane 1. First, the timing devices are 

turned on by a master switch located behind the timers along the 

chamber wall. Once turned on, all timers should have power to their 

respective displays. A check is made to verify that all light 

emitting diodes (LED) located on the enclosed circuit board are on. 

Next, the reset buttons on the circuit board, the timers, and the 

reset switch on the oscilloscope are pressed. At this point, all 

readings should be zero and the upper group of four LED's should be 

off (refer to Figure 22). Also, the memory button of the oscilloscope 



I 
I 
I 

(a) View From Chamber Opening 

(b) View From Test Panel 

FIGURE 64. POSITIONING OF HIGH SPEED PHOTOGRAPHY EQUIPMENT 
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(a) Front Perspective 

{b) Back Perspective 

FIGURE 65. HIGH INTENSITY LAMPS WITH METAL SCREEN GUARDS 
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is depressed. The power to the firing mechanism is provided at this 

time by turning on the switch located on the control pane 1. Then, 

the bleeder valve is closed. Finally, the air tank is pressurized to 

complete the activation of the APMLS. 

Once the air tank is pressurized to the required value, 

activation of the APMLS is complete and the missile is ready to fire. 

When the gauges display the selected pressure, the ball valve trigger 

is opened quickly and once the missile collides with the barrier the 

valve is closed immediately. A red panel light indicates the 4 in. 

ba 11 valve of the firing mechanism has opened comp 1 ete ly. As a 

precaution, the bleeder valve is reopened to verify that all air has 

escaped the air tank. For safety at no time should anyone enter the 

main chamber housing the launcher while pressurization is underway. 

In the event that high speed movies are used, the power switch 

for the camera located on the control panel below the ball valve 

trigger is turned on simultaneously with the trigger. Before doing 

so, the camera is set, focused, loaded, and then the power switch 

located on the camera turned to the ON position. 

Postlaunch Activities 

After the missile is fired, the timer readings are recorded. If 

high speed photography is used then the power switch on the control 

panel is turned off immediately before handling the high speed camera 

equipment. Next, the operator re-enters the main chamber and returns 

the ball valve of the firing mechanism to the closed position. This 

is accomplished by moving the switch on top of the ratchet wrench to 

the reverse (R) position, then manually restoring the ball valve to 
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its original (closed) position (Refer to Figure 9). After doing so, 

the switch is returned to the forward ( F) pos; t; on. A 1 so, if the 

high intensity lamps are on then they are turned off as well. 

Complete documentation of the event is next. 

When documenting the event, care is exercised in describing and 

measuring any damage inflicted by the missile on the test panel. A 

test data sheet (Fig. 66) provides a concise, timely method of 

documenting the test results. The test panel is usually photographed 

both before and after impact. Probably the single most important 

item recorded is the readings on the timers. Once these values are 

recorded, a conversion table provides the average velocity attained 

by the miss i 1 e based on the readings (read in mi 11 i seconds). An 

average of the two readings is used to determine the velocity of the 

missile. 

Once documentation is completed, the barrier is remounted for 

another test or removed entirely. Also, the film in the high speed 

camera is removed and processed. All debris is disposed of from the 

floor of the chamber. In addition, unless further testing is to be 

conducted, the power switches on the contro 1 pane 1 and the timing 

devices are turned off. Before leaving the facility, a final check 

is made verifying that the air intake control valve is closed and the 

bleeder valve is completely open. 



MISSILE IMPACT DATA SHEET 

Test No. ------ Date Time ------ ____ a.m. / p.m. 

Barrier: 

Size: ------------
Des c rip ti on: ------------

Support Conditions: ------------
Impact Point: 1 2 3 4 5 6 7 8 g 

Comments: 

Missile: 

Material: --------.-------
Size: ------------

Weight: lbs. ---
Comments: 

Launcher: 

Pressure: psi 

Missile Exit Velocity: mph 
High Speed Photography: Yes No 

Comments: 

Im~act Data: 

Penetration: Yes No 

Perforation: Yes No 

Missile Rebound: Yes No 

Photographs: Yes No 

Remarks: 

[descriptions, measurements 
comments, or references ] 

FIGURE 66. TEST DATA SHEET FOR DOCUMENTATION OF EVENT 
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MISSILE IMPACT DATA SHEET 

Test No. 1 Date 5/31/84 Time 2:05 

Barrier: 
Size: 4 1 x 8' 

Description: Sheetrock (1/2") Masonite (1/2") 

(2 x 4 insul. frame) 

Support Conditions: Cont. Simple Supports on both 4 1 ends 

Missile: 

Impact Point: 1 

Comments: 

Material: 

2 3 

#2 Fir 

4 5 6 7 8 

Size: 
ltle i ght: 

2" x 411 x 12'9" 

15.0 lbs. 

Comments: 

Launcher: 

Pressure: 20 psi 
Missile Exit Velocity: __ 7_;_3 __ mph (H: 9.35 CMC: 9.12) 

High Speed Photography: Yes No 

Comments: 

Impact Data: 

Penetration: Yes No 

Perforation: Yes No 

Missile Rebound: Yes No -
Photographs: Yes Mo 35 mm before and after 
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p .m. 

9 

[descriptions , measurements 
comments, or references] 

Remarks: Missile "rebounded"(due to cotton bales beyond) back bet\-1een 

launcher support stands (approx. 20 ft from target). 



Test No. 

Barrier: 

MISSILE IMPACT DATA SHEET 

2 Date 5/31/84 Time 2:55 

Size: 4' x 8' 

Description: Sheetrock (1/2") Masonite (1/2") 

(2" x 4" Insul. frame) 

129 

p .m. 

Support Conditions: Cont. Simple Supports on both 4' sides 

Impact Point: 1 2 3 4 5 6 7 8 9 

Comments: 

Missile: 

Material: #2 Fir 
Size: 211 x 411 x 12'0" 

Weight: 15.0 lbs. 

Comments: 

Launcher: 

Pressure: 13 

Missile Exit Velocity: 52 

High Speed Photography: Yes 
Comments: 

Impact Data: 

Penetration: Yes 

Perforation: Yes 

Missile Rebound: Yes 

Photographs: Yes 

psi 

No 

No 
No 
No 
No 

mph (H: 13.14 CMC: 12.97) 

35 mm before and after 
[descriptions, measurements 

comments, or references] 

Remarks: Missile "rebounded" (due to cotton bales beyond) toward the 

west side of the chamber approx. 6 ft from target). 



130 

ViISSILE IMPACT DATA SHEET 

Test No. 3 Date 6/4/84 Time 2:07 P .m. 

Barrier: 
Size: 4 1 x 8 1 

Description: Gypsum (1/2") Lapboard Siding 

(2 x 4 insul. frame) 
Support Conditions: Cont. Simple Supports on both 4' sides 

Impact Point: 1 2 3 4 5 6 7 8 g 

Comments: 

Missile: 

Material: 

Size: 

Weight: 

Comments: 

Launcher: 

Pressure: 

Missile Exit Velocity: 

High Speed Photography: 
Comments: 

Impact Data: 

Penetration: 

Perforation: 

Missile Rebound: 
Photographs: 

Fir Lumber #2 

211 x 411 x 12'0" 

15.0 lbs. 

18 psi 
67 mph (H: 10.08 CMC: _ __:_;,.. __ ) 

Yes No 

(missile turned while in flight, results 
in misreading on CMC) 

Yes No 

Yes No 

Yes No 

Yes No 35 mm before and after 
[descriptions, measurements 

comments, or references] 

Remarks: Missile "rebounded" (due to cotton ba 1 es beyond) toward the 

west side of the chamber approx. 11 ft from the target. 
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MISSILE IMPACT DATA SHEET 

Test No. 4 

Barrier: 
Size: 

Description: 

Support Conditions: 

Impact Point: 

Comments: 

Missile: 

Material: 

Size: 

Weight: 

Comments: 

Launcher: 

Pressure: 

Missile Exit Velocity: 

High Speed Photography: 
Comments: 

Impact Data: 

Penetration: 

Perforation: 

Missile Rebound: 

Photographs: 

Date 6/5/84 Time 2:10 P .m. 

4' x 8 1 

G~~sum (1/2") Masonite ( 1 /2") 

(2 x 4 insul. frame) 

Cont. Simple Support on both short ends 

1 2 3 4 5 6 7 8 9 

2nd barrier of this type 

#2 Fir Timber 
2" x 4" x 12'0" 

15.0 lbs. 

13 psi 
54 mph (H: 12.60 CMC: ) 

----
Yes No 
Missile turned in flight thus CMC 
reading is wrong. 

Yes 

Yes 

Yes 

Yes 

No 

No 

No 

No 

*previous tests indicated perforati 

is possible @ least for v > 50 mph 

35 mm before and after 

[descriptions, measurements 
comments, or references] 

Remarks: Missile just cleared the lower stud on the ~s impact point , 

but nonetheless perforated and like tests before it "rebounded" back 
approx. 5' due to cotton bales beyond. 
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MISSILE IMPACT DATA SHEET 

Test No. 5 Date 6/12/84 Time 3:30 p. ~. 

Barrier: 
Size: 

Description: 

Support Conditions: 

Impact Point: 

Cofllments: 

Missile: 

Material: 

Size: 

Weight: 

Comments: 

Launcher: 

Pressure: 

Missile Exit Velocity: 

High Speed Photography: 
Comments: 

Impact Data: 

Penetration: 

Perforation: 

Missile Rebound: 

Photographs: 

32 11 x 80" 

Hollow Core Door 

Simply Support on both sides and top 
1 2 3 4 5 6 7 8 9 

Only door fired upon 

#2 Fir 
2 II x 4" x 12' O" 

15.0 lbs. 

13 psi _ __=..;:::----

54 mph (H: 12.70 CMC: 12.~9) 
-~--

Yes No 

Yes No 

Yes No Substantial scabbing (in back ) 

Yes No 

Yes No 35 mm before and after 
[descriptions, measurements 

comments, or references] 

Remarks: Missile turned while in flight. "Rebounded" due to cot~on 

bales and settled approximately 6 ft in front of door. 
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MISSILE IMPACT DATA SHEET 

Test No. 6 Date 6/12/84 Time 4:20 P .m. 

Barrier: 
Size: 

Description: 

Support Conditions: 

Impact Point: 

Comments: 

Missile: 

Material: 

Size: 

Weight: 

Comments: 

Launcher: 

Pressure: 

Missile Exit Velocity: 

High Speed Photography: 
Comments: 

Impact Data: 

Penetration: 

Perforation: 

Missile Rebound: 

Photographs: 

32" x 80" 

Solid Core Door 

Simply Supported on both sides and top 
1 2 3 4 5 6 7 8 9 

Only type of door; final shot 

#2 Fir 

2" x 4" x 12'0" 

15.0 lbs. 

__ 1 __ 3;.....__ p s 1 

-~5.=;_.3 __ mph (H: 12.89 CMC: 12.71) 

Yes No 

Expecting perforation to occur 

Yes No 

Yes No 

Yes No 

Yes No 

"clean hole" (2 x 4 shaped) 

35 mm before and after 
[descriptions, measurements 

comments, or references] 

Remarks: Significant scabbing on backside of door. Core of door 

apparently composed of compressed wood; fragments of which were 
numerous. Missile rested 17' beyond front of door. 
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MISSILE IMPACT DATA SHEET 

Test No. 7 Date 6/15/84 Time 2:40 

Barrier: 
Size: 4' X 8 I 

Description: Gypsum (1/2") Insulation Board (1/2") 

Masonite Siding (7/16") 

Support Conditions: Cont. Simple Support on both 4' ends 

Impact Point: 1 2 3 4 5 6 7 8 9 

Comments: 

Missile: 

Material: 

Size: 

Weight: 

Comments: 

Launcher: 

Pressure: 

Missile Exit Velocity: 

High Speed Photography: 
Comments: 

Impact Data: 

Penetration: 

Perforation: 

Missile Rebound: 

Photographs: 

Final (only) shot 

#2 Fir 
211 x 4" x 12'0" 

15.0 lbs. 
Suspect perforation to occur 

__ l;;.....;3:,____ p s 1 

54 mph (H: 12.78 CMC: 12.54) _ __;,_... __ 
Yes 

Yes 

Yes 

Yes 
Yes 

No 

No 

No 

No 

No 35 mm before and after 
[descriptions, measurements 

comments, or references] 

Remarks: Missile lay to rest 18' from front of target due to rebound 

caused by impact with cotton bales. 



MISSILE IMPACT DATA SHEET 

Test No. 8 Date 6/18/84 Time 2:40 p ----- .m. 

Barrier: 
Size: 4' x 8' Panel 

Description: Gypsum (1/2") Plywood (1/2 11
) 

2 x 4 framing 

Support Conditions: Cont. Simple Support on both 4' sides 

Impact Point: 1 2 3 4 5 6 7 8 9 

Comments: Final test on this particular panel. 

Missile: 

Material: 

Size: 

\~eight: 

Comments: 

Launcher: 

Pressure: 

Missile Exit Velocity: 

High Speed Photography: 
Comments: 

Impact Data: 

Penetration: 

Perforation: 

Missile Rebound: 

Photographs: 

#2 Fir 
-~~~~~~-

2" x 4 11 x 12'0" 

15.0 lbs. 

13 psi ----
52 mph (H: 12.98 CMC: 12.80) ----

Yes No 

Expect perforation 

Yes No 

Yes No 

Yes No -
Yes No 35 mm before and after 

[descriptions, measurements 
comments, or references] 

Remarks: Missile remained embedded barrier (i.e., did not rebound 

back out due to collision with cotton bales. Estimation is that 
missile would not have passed thru completely if bales had not been 
in place. 



MISSILE IMPACT DATA SHEET 

Test No . 9 Date 6/18/84 Time 3:55 p .m. 

Barrier: 
Size: 4 1 x 8 1 Panel 

Description: GYP sum ( 1 I 2 11 
) Pl ywo o d (1 / 2 11 

) Stucco 
(3 layers) 

Support Conditions: Cont. Simple Support on both 4' sides 
Impact Point: 1 2 3 4 5 6 7 B 9 

Comments: 

Missile: 

Material: 

Size: 

Weight: 

Comments: 

Launcher: 

Pressure: 

Missile Exit Velocity: 

High Speed Photography: 
Comments: 

Impact Data: 

Penetration: 

Perforation: 

Missile Rebound: 
Photographs: 

Fina 1 test 

#2 Fir 
211 x 411 x 12'0" 

15.0 lbs. 

Expecting Perforation 

13 psi 
53 mph (H: 12.93 CMC: 12.65) 

-~--

Yes 

Yes 

Yes 

Yes 
Yes 

No 

No 
No 

No 
No 35 mm before and after 

[descriptions, measurements 
comments, or references] 

Remarks: Missile remained embedded within barrier. Estimation is 

that, had cotton bales not been present, the missile still would 
have come to rest within the wall section. 



~ISSILE IMPACT DATA SHEET 

Test No. 10 Date 6/20/84 Time 11:05 -----';.....;....;;...;.___a • fT1 • 

Barrier: 
Size: 4' x 8' 

Description: Gypsum (1/2 11
) Lapboard Siding 

(2" x 411 stud frame) 
Support Conditions: Cont. Simple Support on both 4' ends 

Impact Point: 1 2 3 4 5 6 7 8 g 

Comments: Should be pt. 2 (pt. 8 was hit in test 3) 
but photos were already taken. Final shot . 

Missile: 

Material: #2 Fir 
Size: 2' x 4' x 12 1 011 

~.;;;;__~-'-~~~-

Weight: 

Comments: 

Launcher: 

Pressure: 

Missile Exit Velocity: 

High Speed Photography: 
Comments: 

Impact Data: 

Penetration: 

Perforation: 

t·ii ss i 1 e Rebound: 
Photographs: 

15.0 lbs. 

13 psi 
53 mph (H: 12.90 CMC: 12.68) 

---'---
Yes No 
Expect perforation via results from 
test 3. 

Yes 

Yes 

Yes 

Yes 

No 
No 
No 

No 35 mm before and after 
[descriptions, measurements 

comments, or references] 

Remarks: Missile was caught by the barrier, but it did nit the 

cotton bales and "rebounded" to within 3 feet of the backside of 
the panel. 
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MISSILE H1PACT DATti. SHEET 

Test No . 11 Date 6/20/84 Time 12:05 _ __;;;,_;;;....:.....=...:::___p. m. 

Barrier: 
Size: 4' x 8 1 

Description: G1'.QSUm {1L2"} Pl~wood (1L2") 

Masonite {7Ll6") 

Support Conditions: Cont. SimQle SuQQOrts on both 4' ends 
Impact Point: 1 2 3 4 5 6 7 8 9 

Comments: Final shot 

Missile: 

Material: #2 Fir 
Size: 2" x 411 x 12 IO" 

l;Je i g ht: 15.0 lbs. 

Comments: 

Launcher: 

Pressure: 13 psi 
----=-=~-

5 2 mph ( H: 13. oo cr.:c: 
--=-=--

) Missile Exit Velocity: 

High Speed Photography: Yes No 

Comments: Expecting perforation based on results 
of tests 4 and 7. 

Impact Data: 

Penetration: Yes 

Perforation: Yes 

Missile Rebound: Yes 

Photographs: Yes 

No 
No 

No -
No 35 mm before and after 

[descriptions, measuremen~s 
comments, or references] 

Remarks: Did not obtain reading on CMC timer. Barrier caught missile 
while in the process of "rebounding" back out due to impact with cotton 
bales. Missile turned while in flight and just missed the 2 x ~ stud 
(interior). 
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MISSILE IMPACT DATA SHEET 

Test No. 12 Date 6/20/84 Ti me 2: 35 -~-..:.:.-~--P .m. 

Barrier: 
Size: 4' 8' 

Description: Gy D sum ( 1 I 2 11 
} Pl ywo o d ( 3 J 4 11 

} 

(2 x 4 stud frame} 
Support Conditions: Cont. Simple Support on both 4' ends 

Impact Point: 1 2 3 4 5 6 7 8 9 

Comments: Final shot 

Missile: 

Material: #2 Fir 
~'""-"--....;......;.~---~ 

Size: 2 11 x 4 11 x 12'0" 

Weight: 

Comments: 

Launcher: 

Pressure: 

Missile Exit Velocity: 

High Speed Photography: 
Comments: 

Impact Data: 

Penetration: 

Perforation: 

Missile Rebound: 
Photographs: 

15.0 lbs. 

13 psi ----
53 mph (H: 12.94 CMC: 12.64) ----

Yes No 

Yes No 

Yes No 

Yes No 

Yes No 

Plywood lodged missile, pre
venting recoiling 

35 mm before and after 
[descriptions, measurements 

comments, or references] 

Remarks: Missile collided with cotton bales and remained implanted 

into the barrier; no recoiling due to the bales occurred. Also. 
missile turned while in flight. 
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MISSILE IMPACT DATh S~EET 

Test No. 13 Date 6/20/84 Time 3:55 p.m. -----

Barrier: 
Size: 4' x 8' 

Description: Gypsum (1/2 11
) Insul. board (1/2 11

) 

Lapboard Siding (3/4") 

Support Conditions: Cont. Simple Supports on both 4' ends 
Impact Point: 1 2 3 4 5 6 7 8 9 

Missile: 

Launcher: 

Comments: 

Material: 

Size: 
vJei ght: 

Comments: 

Pressure: 

Missile Exit Velocity: 

High Speed Photography: 
Comments: 

Impact Data: 

Penetration: 

Perforation: 

Missile Rebound: 

Photographs: 

Fina 1 shot 

#2 Fir 

211 x 4 11 x 12'0" 

15.0 lbs. 

13 psi 
52 mph (H: 13.03 CMC: 12.84) ----

Yes No 

Expecting perforation 

Yes No 

Yes No 

Yes No 

Yes No 

Significant damage to lapboard 
siding 

35 mm afterwards 
[descriptions, measurements 

co~ments, or references] 

Remarks: Forgot to take photo's prior to shooting. Missile collided 

with cotton bales and began to rebound out, but panel held missile 
in place. 
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MISSILE IMPACT DATA SHEET 

Test No. 14 Date 7/10/84 Time 3:05 P .m. 

Barrier: 
Size: 

Description: 

Support Conditions: 

Impact Point: 1 

Missile: 

Launcher: 

Comments: 

Material: 

Size: 

t~eight: 

Comments: 

Pressure: 

Missile Exit Velocity: 

High Speed Photography: 

Comments: 

Impact Data: 

Penetration: 

Perforation: 

Missile Rebound: 

Photographs: 

Concrete Masonry Block Wall 

Standard Block; 4' x 6' panel 

Cont. Simple Supports all around 

2 3 4 5 6 7 8 9 

Hollow-filled cells; final shot 

#2 Fir 
211 x 411 x 12'0" 

13.0 lbs. 
Anticipating fracture of outer surface 

37 psi 
mph ( H: 0.00 Ci·IC: 54.02) 

Yes No 

Est. missile velocity -- over 100 mph 

Yes No 

Yes No 

Yes No 

Yes No 

Missile splintered in half; re 

mained embedded in C.M. U. block 

35 mm before and after 
[descriptions, measurements 

comments, or references] 

Remarks: Did not obtain valid readings on t imers; this was the first 

time this had occurred on a final shot. Significant spalling occurred; 
fragments larger than a foot weighing over 6 lbs emerged . 
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MISSILE IMPACT DATA SHEET 

Test No. 15 Date 7/11/84 Time 3:20 p .m. 

Barrier: 
Size: 

Description: 

Support Conditions: 

Missile: 

Launcher: 

Impact Point: 1 
Comments: 

Material: 

Size: 
i~eight: 

Comments: 

Pressure: 

4 1 x 6 1 panel 

Bric k Veneer VJ al l w / i n s u l . board , 

Gypsum (2 x 4 stud frame) 

Cont. Simple Support all around 

2 3 4 5 6 7 8 9 

No joint reinforcement provided. 

#2 Fir 
211 x 411 x 12 IO" 

12.5 lbs. 

37 psi 

Missile Exit Velocity: 120 mph (H : 5.66 CMC : 5.62 ) 
---==-=-=--

High Speed Photography: Yes No 

Impact Data: 

Comments: Will use same pressure as Test #14 to aid 
in obtaining range for velocity of 13.00 
lb missile. 

Penetration: Yes No Brick veneer cl·ushed into 

small Pieces. 

Perforation: Yes No Backside wallboard remained 

jntact. 

Missile Rebound: Yes No Missile fragmented 

h h Yes No P otograp s: 35 mm before and after 
[descriptions, measurements 

comments, or references] 

Remarks: Missile underwent significant splintering. Interior wall 

remained in place; no damage occurred. Times were very good. 



MISSILE IMPACT DATA SHEET 

Test No. 16 Date 7/12/84 Time 3:45 p.m. -----

Barrier: 
Size: 4' x 6' 

Description: Concrete Masonry Block Wall (Solid Filled) 

Support Conditions: Cont. Simple Support all .sides 

Impact Point: 1 2 3 4 5 6 7 8 a _, 

Missile: 

Launcher: 

Comments: 

Material: 

Size: 

\~eight: 

Comments: 

Pressure: 

Missile Exit Velocity: 

High Speed Photography: 
Comments: 

Impact Data: 

Penetration: 

Perforation: 

Missile Rebound: 
Photographs: 

Single #4 rebar placed in each cell; all 
cells (6) filled with grout. 

#2 Fir 
2" x 4" x 12'0" 

15. o 1 bs. 
Expecting missile to disintegrate. 

37 psi 
116 mph (H: 5.89 CMC: 5.87) 

__::...=....=.--

Yes 

Yes 

Yes 
Yes 

Yes 

No 

No 

No 

No 
No 

Missile recoiled in pieces 

35 mm before and after 
[descriptions, measurements 

comments, or references] 

Remarks: Wall remained intact; no stress cracks in block nor joints 

could be found. Missile exploded on impact. 
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IJate 1/l .. 6/04 

Ba .rri e:r :. 

su:.ppo.:rt C.o·nditJon.s: Cont .• Simple s.upp0-rt a11 around 
I.m.pact Point: 1 2 3 4 5 '6 i B 9 

Launcher: 

·Comment.$: 14 .reba.r ; t1 eatb eel 1 

·ftlatecri a1 : #2 ;Fir 
~~~-----

Size: 2• x 4" x 12'-0• 

Weight: 12 ...• 25 . .... lb.s. 

Comments: Missi.1 e is war.Ped; prob.a.bl y wcill tu.rn 
wh; 1 e ii n fl i· ght • 

Press·ure: 36 psi:1 

Missile E({it '\f:elo.city: ............... 1 ...... 21 ___ . __ mph (H: S.e>S CfY\.C: 5 •. 6'1 } 

Hi gh Sp ee'd Photo g ra,phy: 'le·s 
ie.omme.nts: 

Pe·netrati·on: 

Perforation~ 

Miss i 1 e. 'Rebound: 

Photo,graphs: 

Yes 
~ 

Ye.s 

Yes 
Yes 

No 

:No 

N0 

No 
'~-; 

( desc.ri pt i on s , me.a su rements 
camme1n.ts, or re.ferenc:e.s] 

Remarks: S'hot ta·~en for vicieota'e :Purpose$; w1al, was •~··i:t on.ce before 

(dlJ'rin.g test 116). 
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