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I. INTRODUCTION 

In a research project conducted at Texas Tech University it 

was determined that window glass breakage during windstorms is 

not totally due to uniform wind pressure. It was concluded that a 

~ignificant percentage of the window glass breakage incidents 

during windstorms are caused by the impact of small windborne 

missiles such as roof gravel. Roof gravel has both the potential 

and the availability to be the principal missile involved in 
* 

window glass breakage during windstorms. (l) 

Present window glass design procedures consider only a 

static, uniform pressure representative of a particular maximum 

design windspeed. (2- 4> As evidenced by the Texas Tech research 

project, the impact of windborne roof gravel can possibly present 

a more critical design loading than uniform pressure alone. 

Before a new design procedure can be developed and adopted, 

it is necessary to identify the various parameters that effect 

window glass breakage and determine their interactions. Very 

little evidence of research relating to the behavior of window 

glass under the conditions of uniform pressure and impact can be 

found in the literature. The purpose of the research reported 

herein is to define the breakage characteristics of window glass 

when exposed to simulated windstorm conditions. A research plan 

* References are listed on page 79. 
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was developed and implemented to detennine the breakage character

istics (minimum breakage velocity of the representative missile) 

of two types of window glass and to identify the relative signif

icance of parameters such as surface area of the pane, uniform 

pressure, and mass of the missile. Factorial experiments were 

used to determine the relative significance of the first and 

second order interactions of the independent control variables. 

The research into glass breakage characteristics initiated 

in this project forms a first step in obtaining the information 

necessary for the development of new design criteria for glass. 

Additional research will be required to define the entire spectrum 

of glass products available on the market today. 

In Chapter II the research problem is specifically identified 

and defined. Exper imental Analysis Plans are developed in Chapter 

III whereby appropriate statistical analyses are performed upon 

the laboratory data in order to determine the effects of the 

independent variables upon the breakage characteristics of the 

glass tested. The laboratory test facilities are described in 

Chapter IV and the test procedures are contained in Chapt er V. 

Results of the statistical analyses of the laboratory data are 

presented in Chapter VI. Recommendations and conclusions, along 

with suggestions for future research make up the f t nal chapter. 
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II. THE RESEARCH PROBLEM 

A. Statement of Problem 

Research has shown that the physical properties of window 

glass are affected by the random distribution of flaws on and 

within the window glass. Any attempt to detennine the properties 

of window glass has meaning only in a statistical sense. Further

more, the rate of loading as well as the duration of the loading, 

has a considerable effect on the strength of window glass. (S-B) 

The strength related properties are also a function of the size, 

type, and thickness of the window glass. (g) As a result of the 

inherent variability of the strength related properties of window 

glass with respect to so many different variables, it is difficult 

to provide a credible theoretical model which can be used to 

accurately predict the breakage characteristics of window glass. 

Therefore, if any valid information concerning the breakage 

characteristics of window glass is to be developed, such informa-

tion must be obtained empirically for each particular size and 

type of window glass. 

Two different factorial experiments were devised for the 

purpose of determining window glass breakage characteristics. 

These factorial analyses were performed using standard analysis 

of variance techniques. The independent control variables in the 

factorial experiments were: the type and thickness of glass, 

the surface area of the glass, the mass of the missile, and the 

presence or absence of uniform pressure. 
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Although the type and thickness of glass would normally be 

treated as two independent variables, it was necessary to combine 

them into a single factor in this research, because different 

thicknesses of glass were not readily available in the two types 

of glass tested. Each of the independent control variables were 

varied at two levels. The analyses determined the relative signif

icance of the control variables and their interactions. 

After the analysis of variance was made on the test data, 

a linear factor analysis was performed on each data set represent

ing the two types (and thicknesses) of window glass. The factor 

analysis relates the control variables to the mean minimum break-

age velocity. The relationships presented represent the test 

data and should not be extrapolated to other types of glass. 

The primary objectives of this research were to determine 

which variables should be considered as design parameters for the 

two specific types (and thicknesses) of window glass tested, and 

to develop test procedures which can be used to determine 

similar information for other types of window glass. 

B. Previous Research 

Experimentally oriented research has been conducted to ade

quately define the response of window glass subjected to uniform 

pressure since this is presently the primary design criteria. 

A research project conducted in 1962 determined that the window 

glass design procedures employed at that time were somewhat 

conservative with respect to a uniform pressure loading. (lO) 
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Research has been conducted to determine the response of 

window glass subjected to missile impact alone. However, this 

research made no attempt to correlate the test missiles with any 

object such as roof gravel which might conceivably be encountered 

during service conditions of the building. (ll) With the exception 

of Minor's work little research has been conducted which considered 

the effects of both uniform pressure and missile impacts. Minor 

showed that windborne missiles may play a significant role in the 

breakage of window glass during windstorms. It was further deter-

mined that roof gravel, which is commonly used for the covering 

of most flat roofed urban structures, is responsible for much 

of the missile damage to the window glass. (l) 

C. Research Plan 

A research plan was developed whereby specific breakage 

characteristics of two types and sizes of window glass could be 

determined. Randomized factorial designs were implemented to 

determine general trends in the principal variables that affect 

window glass breakage in windstorms. The research plan involved 

four basic steps: 

(1) the design of experimental plans for determining window 

glass breakage characteristics with a minimum amount 

of laboratory effort, 

(2) the design and development of a laboratory facility 

for the performance of window glass breakage tests, 

(3) the conduct of glass breakage tests, and 
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(4) the statistical analyses of the data obtained from the 

laboratory tests. 

Two different types of window glass were tested: 3/32 in. 

single strength glass and 1/4 in. polished plate glass. The 3/32 

in. single strength glass represents a minimum thickness of annealed 

glass and is commonly used in residential structures. The 1/4 in. 

polished plate glass is a practical maximum thickness of annealed 

glass and is commonly used in commercial structures. 

Glass breakage data for the 3/32 in. single strength glass 

was obtained from tests performed by Minor. The glass breakage 

data for the 1/4 in. polished plate glass was obtained as a part 

of this research project. The analyses, which employ both sets 

of data, go beyond the assessments made by Minor. Hence, the data 

reduction and analyses presented in this report are unique. 

D. Recent Evidence of Problem 

Since the completion of Minor's work there have been two 

additional examples of window glass damage during windstonns 

which illustrate the urgent need for a reevaluation of present 

window glass design procedures and the need for the type of re-

search reported i n th i s th es i s . The Kentucky Fair and Exposition 

Center suffered extensive window glass damage from a tornado that 

struck Louisville, Kentucky on April 3, 1974. The other example 

was the Sears Tower located in Chicago, Illinois. During the 

spring of 1974 a windstorm caused extensive window glass damage 

to the world's tallest building. Accounts of these incidents are 
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presented in the paragraphs which follow. 

1. Damage to the Kentucky Fair and Exposition Center 

The tornado which struck Louisville, Kentucky on April 3, 

1974 passed directly over the Kentucky Fair and Exposition Center, 

which is located on the southwest side of Louisville. Figure 1 

shows a plan view of the Exposition Center and indicates the 

direction the tornado traveled. Immediately preceding the Exposition 

Center {with respect to the tornado path) there are approximately 

two blocks of open area with no major source of potential windborne 

missiles. 

There was little windstorm damage done to the west wing of 

the Exposition Center. The center section of the building received 

significant damage to its roof. Directly in front of the center 

section, an automobile was overturned (Ref. Fig. 1) indicating . 
windspeeds in excess of 150 mph(l 2,l 3), yet, virtually no window 

glass was broken in either the left wing or the center section of 

the Exposition Center, as evidenced by Figure 2. However, 

approximately 80 percent of the window glass in the windward wall 

of the east wing of the Exposition Center was broken (Ref. Fig. 3). 

At least 85 percent of the broken window glass could be attrib

uted to the impact of small windborne missiles (Ref. Fig. 4). 

The missiles were mainly roof gravel, small pieces of light weight 

concrete, and other small pieces of debris that came from the roof 

of the center section of the Exposition Center. The remaining 

15 percent of the broken windows were damaged to such an extent 
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FIGURE 2. UNBROKEN WINDOWS OF CENTER SECTION OF 
KENTUCKY FAIR AND EXPOSITION CENTER 

FIGURE 3. BROKEN WINDOWS OF RIGHT SECTION OF 
KENTUCKY FAIR AND EXPOSITION CENTER 
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FIGURE 4. TYPICAL BROKEN WINDOW GLASS IN RIGHT SECTION 
OF KENTUCKY FAIR AND EXPOSITION CENTER 
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that the exact cause of failure could not be determined. 

2. Damage to the Sears Tower 

During the spring of 1974, the Sears Tower suffered extensive 

window glass damage from a windstorm in which the peak windspeeds 

were recorded as 60 mph. It was reported by the Engineering News 

Record that according to Sears, Roebuck, and Company, the window 

glass breakage was due to both, "high winds and flying debris". (l 4) 
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Ill. DESIGN OF FACTORIAL EXPERIMENTS 

A. Discussion of Factorial Experiments 

Two factorial experiments were designed to determine the 

breakage characteristics of window glass as a function of the 

following window glass parameters: 

(1) the type and thickness of the window glass, 

(2) the area of the window glass, 

(3) the size of the missile, and 

(4) the unifonn pressure. 

Experiment I was designed to determine statistically the 

breakage characteristics of specific window glass types and 

thicknesses (3/32 in. single strength glass or 1/4 in. polished 

plate glass) as a function of the surface area, the size of the 

missile, and the presence or absence of uniform pressure. The 

information determined from Experiment I will be useful in the 

development of missile impact design parameters. 

Experiment II was designed to determine general trends in 

window glass breakage characteristics with respect to all types 

of window glass tested--both 3/32 in. single strength glass and 

1/4 in. polished plate glass. Although Experiment II yields 

interesting and useful results based on the types of window glass 

tested in this research project, the information will be more 

meaningful in the future when the data can be expanded to incl ude 

a number of other types of window glass. 
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The basic difference between Experiments I and II is in the 

statistical treatment of the data. In Experiment I specific 

analyses for each type of window glass were performed, whereas, 

in Experiment II the analyses were made using the collective data 

from all types of glass tested. 

The sample size (n) required to give a valid statistical 

data base for each type of glass was determined assuming a normal 

distribution of the minimum breakage veloctiy. Table I gives 

the required sample size, n, in terms of an estimated standard 

deviation, an acceptable error, and specified confidence levels. 

Standard statistical methods for estimating the sample size were 

used to develop Table I. The equation used to determine the re-

quired sample size, n, is: 

( 1 ) 

where cr is the assumed standard deviation, e is the acceptable 

error, and za/2 is the factor associated with the confidence 

level a (for a normal distribution). (lS) 

B. Design of Experiment I 

Experiment I was designed to extract a maximum amount of 

information concerning the breakage characteristics of window 

glass from a minimum number of test specimens. 

The independent control variables in Experiment I were: 

the surface area, the missile size, and the presence or absence 

13 
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8 
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5 

5 

5 

TABLE I. SELECTION OF SAMPLE SIZE (n) 
REQUIRED FOR GLASS TESTS 

Sample Size (n) 

Error{2} 95% Confidence 90% Confidence 
(fps) 

2 
3 

4 

2 

3 

4 

(1) assumed standard deviation 

62 

28 
16 

25 
11 

6 

44 
20( 3) 

11 

17 

8 

5 

(2) maximum error in estimating mean minimum breakage velocity 
(3) a 15 ·specimen sample will give 90% confidence that the error 

14 

in estimating the mean minimum breakage velocity will not exceed 
3 fps for an assumed standard deviation of 8 fps 



of uniform pressure. The dependent variable measured was the min

imum velocity of a particular size of missile required to break 

the window glass specimen. Each of the control variables were 

varied at two levels. 

This type of experimental design is tenned a completely 

randomized factorial design. (lG) There are no restrictions on 

randomization within Experiment I, i.e. the order in which the 

experimental data was taken had no effect on the results of the 

experiment. In this factorial experiment all levels of a given 

parameter are combined with all levels of every other parameter 

in the experiment. Thus two glass areas are combined with two 

uniform pressures, and two missile sizes to give a 23 factorial 

experiment which requires 8 different experimental conditions. (lG) 

The mathematical model used for this factorial design is: 

E (2) 

where Y is any data point and µ is the mean of the data. A is the 

glass surface area factor, Mis the missile size factor, P is the 

pressure factor, and E is the random error. Table II shows the 

basic experimental schedule for Experiment I. 

The analysis of variance for Experiment I was performed 

with ANOVAR, a statistical analysis computer program, available 

in the computer library at the Texas Tech University Computer 

Center. (ll) This type of analysis determines the level of 
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TABLE II. DATA SCHEDULE FOR EXPERIMENT I 
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Pressure 
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n 

no 

n 

Glass Area 
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0.61 

Pressure 
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6 

Missile Size 
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no 

n 



significance of the three control variables. The level of signif

icance for a particular factor is defined as the probability 

that the factor will be determined not to have an effect on the 

variability of the test data when in fact it does effect the 

variation of the data. (lS) 

In a factorial experiment, a change in one parameter may 

produce a change in the dependent variable at one level of another 

factor which is different fran that at other levels of the same 

factor. For example pressure may not have the same effect on the 

breakage characteristics for one size of window glass as it does 

for another size. This phenomenon is termed a second order 

interaction. (lG) It can be detected through the analysis of vari-

ance technique. Furthermore there exist the possibility of factor 

in t eractions which include all of the possible combinations of 

factors. Such interactions involving more than two of the factors 

are termed higher order interactions. Their significance can 

also be determined through analysis of variance. The higher 

order interactions are sometimes difficult to interpret, but it 

is necessary to identify them in order to perform the analysis 

of variance as defined in Experiment I. 

After completing the analysis of variance, a linear factor 

analysis was performed on the experimental data to determine a 

simple equation relating the mean minimum breakage velocity to the 

three control variables. 
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C. Design of Experiment II 

Experiment II was designed to yield information concerning 

window glass breakage in general. Four independent control variables 
' 

were considered in Experiment II: glass type and thickness, 

glass surface area, missile size, and the uniform pressure condi

tion. Each of these control variables was taken at two levels. 

It was assumed that there were no restrictions on randomization. 

Thus this was a 24 completely randomized factorial design. The 

data analysis schedule for Experiment II is given in Table III. 

An analysis of variance technique similar to that used in 

Experiment I was used in Experiment II. The analysis of variance 

performed for Experiment II determined the level of significance 

of the four control variables as well as the level of significance 

of the several second order interactions. 

From a preliminary analysis of the data it was determined 

that the higher order interactions of the control variables were 

not significant. Therefore, these interactions were combined with 

the error term in order to increase its sensitivity. The mathemat-

ical model used for Experiment II was: 

+ + E (3) 

where Y is any data point and µ represents the mean of the data. 

G is the glass type and thickness factor, A is the glass surface 

area factor, M is the missile size factor, P is the pressure 
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TABLE III- DATA SCHEDULE FOR EXPERIMENT II 

Window Glass Type and Thickness 

3/32 in. single strength glass 1/4 • polished plate glass 1 n. 

Glass Area Glass Area 
(sq ft) (sq ft) 

1 6 1 6 

Missile Size Missile Size Missile Size Missile Size 
(gm) (gm) (gm) (gm) 

o. 61 5.55 0.61 5.55 0. 61 5.55 0. 61 5.55 

Pressure Pressure Pressure Pressure Pressure Pressure Pressure Pressure 

.leS no yes no yes no yes no yes no yes no yes no yes no 
n ( 1) n n n n n n n n n n n n n n n 

(1) sample size 



factor, and E is the random error. 

If additional data is taken at some time in the future 

the new data can be easily incorporated into Experiment II yielding 

a 2 x 2 x 2 x N factorial experiment where N is the total number 

of different types of window glass. 
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IV. EXPERIMENTAL FACILITY 

A. Concept 

An experimental facility was designed and developed to 

simulate and monitor the following effects of windstorms on window 

glass: a uniform wind pressure and the impact of windborne 

missiles. The facility developed has three basic components: 

(i) a vacuum chamber to which a typical window glass 

installation can be mounted, (When the air is evacuated 

from inside the chamber a unifonn pressure is induced 

on the window glass.), 

(2) a device to propel missiles representative of small 

windborne debris with predictable velocity and 

trajectory, and 

(3) a device to measure the speed of the missile without 

significantly altering its speed or trajectory. 

The development of this facility is described in detail in this 

section. 

B. Components 

1. Vacuum Chamber 

The first component is a vacuum chamber to which a typical 

window glass specimen can be mounted. When the vacuum chamber is 

evacuated, the glass specimen is subjected to a uniform pressure. 

The chamber was designed to test typical sizes of glass, which 
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were determined from fiel d studies by Minor. (l) The design require

ments for the vacuum chamber were: 

(1) the vacuum chamber should be able to withstand unifonn 

inward acting pressures up to 200 psf, 

(2) the vacuum chamber should be sufficiently airtight such 

that the pressures up to 200 psf can be quickly developed 

and maintained with the exsisting "shop" vacuum system 

in the Texas Tech University Civil Engineering Research 

Laboratories, 

(3) the vacuum chamber should be able to accomodate window 

glass sizes of 1 sq ft, 6 sq ft, and 25 sq ft as 

determined by Minor(l), and 

(4) the vacuum chamber should provide a typical window glass 

installation system for each glass size. 

The chamber was constructed of 1/4 in. thick plate steel. 

It has dimensions of 6 ft x 6 ft x 1 ft, as shown in Figure 5. 

The vacuum chamber has a 5 ft x 5 ft opening on the front side to 

accomodate the 25 sq ft window glass. This 5 ft x 5 ft opening is 

faced on the inside by l 1/2 in. x 1 1/2 in. x 1/8 in. angle 

stiffeners in order to control the deflections of the window glass 

supports. 

In order to test the 6 sq ft glass a special plate was 

constructed of 1/4 in. thick plate steel to fit over the 5 f t x 

5 ft opening. This plate has a 6 sq ft square opening and is 

bolted to the 5 ft x 5 ft opening on t he vacu um chamber wi th 

22 
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3/8 in. diameter bolts spaced 5 in. on center. A 6 sq ft window 

glass can be mounted on this plate (Ref. Fig. 6). The 6 sq ft 

opening in this plate is faced on the inside by 1 1/2 in. x 1 1/2 

in. x 1/8 in. angle stiffeners to control the deflections of the 

window glass supports. 

The 6 sq ft opening in turn is fitted with a 1/4 in. thick 

steel plate with a 1 sq ft square opening such that a 1 sq ft 

glass can be mounted. The 1 sq ft opening is faced on the 

inside with 1 1/2 in. x 1 1/2 in. x 1/8 in. angle stiffeners to 

control the deflections of the window glass supports. The 1 sq ft 

test plate is attached to the 6 sq ft plate by the use of 3/8 in. 

diameter bolts spaced 5 in. on center around the perimeter of the 

plate as shown in Figure 7. 

The connections between the two plates and between the larger 

plate and the vacuum chamber is made air tight by a specially 

fabricated 1/2 in. x 3 in. neoprene gasket. Miscellaneous leaks 

around the gasket are sealed with a silicone base sealant. 

An aluminum window framing system similar to those used in 

commercial buildings was selected from the Kawneer Narrow Line 

Framing Systems. (l 8) This window framing system uses a dry neoprene 

gasket for sealing. The framing system is bolted to the openings 

on the vacuum chamber with 6 1/2 in. long 1/4 in. diameter bolts. 

The joint between the aluminum window frame and the vacuum chamber 

is then sealed with the silicone sealant. 

Uniform pressure is developed by evacuating air from the 

24 



25 

1i 11

0bl 
II 

/7 16 of holes e 5 • QC. 

' ' ' • • • • • • • • • • • • • 
~ • Y:" ~II Viii • 
I() ~ 2 x I 2 x a '(. stiffeners 

I • continuous around opening • -
0 - ,.- 0- -0-0 -,. -:;i • 
• I io I 

~10 I • 
• Io iof • 

I() • '· I 
I I I 01 • 

-C\I 

• Io of • 
• I 

°' 
Io I • 

./ 

0 0 

d~6:. 0 • bo~t ~: ••• ~ s" <>c. 

• 
: 

C\I • • 
~ 
I() 

I • • -
0 0 0 0 • 0 0 • • I> • • 0 

,. -sY2" 21 -5" 1' - sY2" 
-

5
1

-4
11 

-

FIGURE 6. SCHEMATIC OF 6 SQ FT TEST PLATE 

/7 ~ II 0 b 16 olt h oles <? 5
11 

o.c. 
-, -. 

~C\I 
0 • • • • 0 0 

:s...: 
0 • 0 

- 01 0 0 

-0 
0 0 

I I I I -- • ~--~ 
0 

I/ II 1'/ II I/ II .J I 12 x "2 x :19 ~ stiffeners 
continuous around opening 

~N • 0 
:s...: 
0 - 0 0 • 0 Cl 0 0 . 

10Y2" ,. - o" 10Y2
11 

2' -9" 

FIGURE 7. SCHEMATIC OF 1 SQ FT TEST PLATE 



vacuum chamber. The pressure is measured to the nearest 0.05 

in. by the use of a mercury filled manometer. The evacuation of 

air is controlled by a valve in line with the vacuum supply. A 

schematic of the vacuum chamber system is shown in Figure 8 and a 

photograph of the chamber is presented in Figure 9. 

2. Missile Launcher 

In order to impact missiles representative of roof gravel 

into the window glass, it was necessary to develop a missile 

launcher capable of propelling several sizes of missiles with 

repeatable velocities and trajectories. The missile launcher is 

capable of propelling missiles with a range of velocities from 

10 fps to 200 fps. 

The minimum amount of energy required to propel a missile 

with a maximum velocity is given by the Kinetic Energy equation: 

K.E. = 1/2 m v2, (4) 

where m is the mass of the missile and V is the velocity of the 

missile. 

It was determined by Minor that missiles weighing 5.55 gms 

and 0.61 gms represent the probable maximum weight roof gravel 

and the mean weight roof gravel respectively. (l) Equation 4 was 

used to determine that the minimum energies required to propel 

the 5.55 gm missile and the 0.61 gm missile with a velocity of 200 

fps were 7.60 ft-lb and 0.84 ft-lb respectively. Small steel balls 

(representative by weight) were used to simulate these two roof 
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gravel sizes. 

The missile launcher is made up of five basic components 

(Ref. Fig. 10): 

(1) an expulsion tube (barrel), 

(2) an electric solenoid air valve, 

(3) an accumulator tank, 

(4) a compressed air source, and 

(5) a portable mounting for the expulsion tube. 

The expulsion tube is interchangeable in order to accomodate 

missiles of different diameters. The interchangeable tubes have 

inner diameters that are only slightly larger than the outside 

diameter of the missiles. A missile of a specific size is inserted 

into the appropriate expulsion tube and is propelled out of the 

tube by a dynamic burst of air delivered from the accumulator tank, 

and released by the electric solenoid air valve. A portable 

mounting system for the expulsion tube allows one to aim the mis

sile so that the missile impinges upon the window glass surface 

at the desired angle of attack. 

Glass tubes were chosen for the expulsion tubes because 

they are readily available in a wide range of sizes, and they 

have an extremely smooth inner surface which offers a minimum of 

resistance to the passage of the missiles. An expulsion tube 

length of 22 in. proved to be satisfactory. 

The electric solenoid valve delivers a dynamic burst of air 

to the expulsion tube which forces the missile out of the tube. 
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The solenoid valve operates on 110 volts standard A.C. current and 

is activated by a switch on the control console (Ref. Sect. IV-0). 

An accumulator tank with a volume of 3 cu ft is placed in 

line with the air source immediately preceding the solenoid valve. 

It provides a sufficient volume of compressed air so that the 

pressure behind the dynamic air blast released by the electric 

sloenoid valve remains essentially constant throughout the expulsion 

of the missile. This is a necessary component of the missile 

launcher. Without the accumulator extremely high air pressures 

would be required to propel the missiles at a velocity of 200 fps. 

An air compressor tank is used to develop the air pressure 

required to operate the missile 1auncher. An air pressure less 

than 10 psi is sufficient to propel representative missiles to 

velocities needed to fracture the glass. 

Appropriate valves are provided in the system to allow the 

operator to control the required air pressure. The pressure is 

monitored to the nearest 0.05 in. by a mercury manometer. The 

missile launcher is shown in Figure 11. 

3. Missile Timing System 

The design criteria for the timing system were: 

(1) the velocities must be determined to the nearest 0.1 fps, 

(2) the trajectory and the velocity of the missile being 

timed must not be appreciably altered by the system, and 

(3) the operation of the timing system must be simple 

enough that the time required to operate the system 
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will be kept to a minimum. 

The missile timing system uses an Oehler Research Model lOA 

chronograph with certain modifications. The system measures the 

time required for a missile to pass through a given interval to the 

nearest 1/400,000 of a second. (l 9) By knowing the length of the 

interval and the time required to traverse the interval the velocity 

of the missile can be determined. 

The chronograph was originally designed to measure rifle 

bullet velocities in the range of 500 to 10,000 fps in an interval 

of 5 to 10 ft. (l 9) Two electrically conductive membranes are 

placed in the timing gates at the extreme points of the interval. 

The bullet is fired through the membranes and destroys the 

electrical conductivity of the membranes. When the electrical 

conductivity of the membranes is destroyed the chronograph receives 

appropriate signals which start and stop the counting circuit with-

in the chronograph. 

Since the velocity range considered was between 10 and 

200 fps, the length of the timing interval was shortened to a 

length between 3 and 6 in. Because the electrically conductive 

membranes offered excessive resistance to the passage of the mis

siles used in this research, a different type of electrically 

conductive membrane had to be developed for this application. 

The electrically conductive membranes were made of 

aluminum foil and were cut to the shapes shown in Figure 12. The 

aluminum foil membranes worked quite well, but were difficul t 
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to use . This type of membrane was used in the first series of 

tests on the 3/32 in. single strength glass. 

The accuracy of this timing system was checked by timing 

missiles which were accelerated under the force of gravity. It 

was found trat the timing system was sufficiently accurate for the 

purposes of this research project. The timing system is presented 

schematically in Figure 13. 

C. Improvements on the Missile Timing System 

The missile timing system as described above was used in 

the first series of tests on the single strength glass. Because 

the use of the foil membranes was extremely time consuming, an 

alternate velocity sensing device was ·researched and developed. 

In order to integrate the new missile sensing device into 

the existing timing system it was necessary to develop a sensing 

system that would give the same type of signal to the chronograph 

as the rupture of an electrically conductive membrane. Specifi

cally, a device was required which is electrically conductive 

until the passing of a missile breaks the circuit and it becomes 

nonconductive. The device developed for the purpose is called 

the 11 string gate". 

The string gate consists of a plexiglass base which can .be 

mounted on a 1/2 in. diameter conduit as shown in Figure 14. 

Nylon monofilament cord is strung on the plexiglass base as shown 

in Figure 14. The cord is spaced at intervals equal to 1/2 the 

diameter of the missile. Each nylon cord of the string gate is 
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threaded through an electrically conductive cylindrical bead 

whose outer diameter is slightly larger than the spacing of the 

strings (Ref. Fig. 14). In the normal position a current can be 

conducted through the beads. When a missile passes through the 

target area of the string gate at least two of the cords are sepa

rated a distance equal to the diameter of the missile and hence 

the electrical contact of the beads is momentarily broken. 

After the missile is past the string gate the beads return 

to the normal position and electrical contact is restored. Since 

the string gate does not directly give the necessary signal, an 

electrical circuit was developed which is activated by the response 

of the string gate and in turn provides the necessary signal to 

the chronograph. The principal components of this electrical 

circuit are two 12 volt D.C. two pole relays. A schematic of the 

circuit for one string gate is shown in Figure 15. In the normal 

position the relay switches are from C to E and F to H. In this 

position both the chronograph and the string gate circuits are open. 

When the reset switch is operated the relay coil is energized forc

ing the relay switches from C to D and F to G. This completes 

both the chronograph and the string gate circuits and they remain 

completed after the reset switch is opened. This corresponds to 

the electrically conductive membrane being in place. When the 

missile momentarily interrupt s the current flow in the string gate 

circuit the relay coil is denergized and the relay switches return 

to the normal position C to D and F to H. This opens both the 
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string gate and the chronograph circuits corresponding to a ruptured 

membrane~ Once the chronograph reading is recorded, the circuit 

is readied for the next operation by operating the reset switch. 

There is a possible point for error introduction in this 

system if the operation time of the two relays are not equal, 

however it was determined experimentally that there were no 

significant differences in the action times of the two relays. 

However, the order of action of the two relays was interchanged 

after each glass was tested so that any error introduction would 

be eliminated by an averaging process. 

The validity of the string gate system was determined by 

measuring the velocity of a missile propelled by the force of 

gravity through a known distance. The string gate system was 

further tested and canpared with the original timing system. 

Both systems gave essentially the same mean velocities for a given 

missile (Ref. Appendix B). Figure 16 presents a photograph of 

the string gate used for the 0.61 gm missile. 

D. Efficiency Development 

After the development of three components of the experimental 

facility: the missile launcher, the timing system, and the vacuum 

chamber, it was necessary to develop a system to efficiently 

integrate the operation of the three separate components. A control 

console was developed as shown schematically in Figure 17 with 

control and monitoring systems such that the entire test can be 

controlled from this panel. 
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Switch A controls the firing of the missile launcher and is 

located on the lower left side of the control console. This switch 

controls 110 volt A.C. current which is required to activate the 

electric solenoid air valve and operates independently from the 

rest of the electrical circuits. The master switch B is located 

in the middle left hand side of the panel and controls the input 

of 12 volt D.C. current which is necessary in the operation of 

the string gate circuits. 

When the master switch is initially engaged the red indicating 

lights will glow indicating that all parts of the string gate 

system are functioning properly. The reset switches C and D are 

then operated to force the timing system into the ready position. 

At the same time the green indicating lights will glow indicating 

that the string gate system is ready. Then the chronograph is 

activated. Switches E and F serve to alternate the order in which 

the two electric relays of the string gate circuits are triggered. 

Valve l controls the vacuum system which is used to evacuate 

the air from within the vacuum chamber, while valves 2 and 3 are 

used to control the compressed air inflow and outflow in the mis

sile launching system. The two mercury manometers which are used 

to monitor the pressure of the vacuum chamber and the missile 

launching system are mounted at eye level on tha wall immediately 

to the left of the control console. 

Figure 18 presents a photograph of the control console and 

Figure 19 presents a photograph of the manometers. 
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V. LABORATORY PROCEDURE 

In order to perform the experimental analyses discussed in 

Section Ill, it was necessary to develop a simple laboratory 

procedure to be used in the conduct of the window glass tests. 

The laboratory procedure developed is outlined below: 

(1) the window glass was prepared for testing, 

(2) the window glass was installed on the vacuum chamber, 

(3) the uniform pressure was adjusted as appropriate for the 

particular test, 

(4) the window glass specimen was impacted with a missile 

with a velocity something less than that required to 

fail the glass, 

(5) the window glass specimen was then repeatedly impacted 

by the missile with increasing velocities until the 

specimen was fractured and the velocity of the fracture 

causing missile was recorded as the minimum breakage 

velocity, and 

(6) a photograph was taken of each fractured window glass 

specimen that remained sufficiently intact so that the 

fracture pattern could be observed. 

The window glass tests were conducted at room temperature and 

changes in humidity and barometric pressure were ignored. The 

humidity does have a slight effect on the breakage characteristics 

of window glass( 20), but the consideration of such factors is 
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beyond the scope of this research. 

The window glass specimens were delivered cut to size by a 

local glass distributor as if the specimens were to be installed 

in a window. A masking tape pattern was applied to the exterior 

surface of the specimens so that the fracture pattern could be 

held intact for examination and photographing. A window glass 

failure is generally initiated by the presence of tensile stress 

within the glass. The exterior surface of the glass experiences 

a compressive stress during the application of a uniform inward 

acting pressure. Since the tape offers little resistance to a 

compressive stress, it was assumed that the tape did not signif-

icantly alter the breakage characteristics of the glass. 

Each specimen was installed in the aluminum window frame 

with the appropriate neoprene gaskets. This type of glazing pro-

cedure was not sufficient to maintain an air tight seal around the 

perimeter of the window glass specimen when exposed to pressure 

differentials in excess of 25 psf. Therefore, it was necessary to 

modify the installation procedure so that an air tight seal could 

be obtained. This was accomplished by placing a two inch wide 

masking tape band around the perimeter of the specimen and filling 

around the corners of the window glass with a non-hardening putty. 

According to Haward it is unlikely that_ the support conditions 

would play a major part in the breakage characteristics of the 

window glass since the breaks originate from the center of the 

window glass. (ll) Therefore, it was assumed that this slight 

I 
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modification in the glazing procedure did not measurably alter the 

breakage characteristics of the window glass when exposed to 

small missile impact. 

An initial test was performed on each type and thickness of 

window glass in order to determine general trends with respect 

to its breakage characteristics. On the basis of this initial 

test an initial velocity for a particular specimen was chosen 

as outlined in step four above. The initial velocity was chosen 

so that it was slightly less than the breakage velocity for a 

particular window glass specimen. The glass should not fail 

prior to the second impact. 

The glass was repeatedly impacted until fracture occurred. 

The glass was considered to be fractured when a crack passed 

completely through the entire thickness of the glass. 

One might question the validity of the repeated impact 

procedure. Is the window glass strength significantly altered 

by cumulative damage due to the repeated impact procedure? The 

alternative to this procedure would have been to change the window 

glass after each impact, a process which would have been extremely 

exp~nsive as well as time consuming. However, this alternative 

would only pose further questions. It is conceivable that due to 

the inherent variability of the strength of window glass the data 

might have been biased since a certain number of test specimens 
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would not have been tested to failure. It is the opinion of the 

author after witnessing several hundred window glass tests that there 



is little error introduced into the data by performing the multiple 

impact procedure as described above. 
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VI. EXPERIMENTAL RESULTS 

A. Observations of Window Glass Tests 

Experiment I was performed using two types and thicknesses 

of glass: 3/32 in. single strength glass and 1/4 in. polished 

plate glass. These two types of window glass represent the extreme 

thicknesses of most commonly used window glass, and they were 

chosen to define limits of the breakage strength of commonly used 

window glass. 

Window glass exhibits known fracture patterns when exposed 

to missile impacts. The fracture patterns have previously been 

classified as a function of missile velocity. (ll) However, it 

was observed in this research that the fracture pattern is affected 

by the variation of the several independent variables as well as 

the velocity of the missile. It is proposed to classify the three 

basic fracture patterns in general terms: radial cracks, circular 

cracks, local (cone) fractures or some combination of any or 

all of these without any reference to velocity. 

The radial crack originates at the point of impact and extends 

to the perimeter of the glass specimen (Ref. Fig. 20). The circular 

cracks are centered around the point of impact (Ref. Fig. 21). 

The local fracture is characterized by a cone shaped failure at 

the point of impact (Ref. Fig. 22). 

The initial fracture pattern appeared to be the same both 

with or without the uniform pressure. However, every specimen 
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FIGURE 20. EXAMPLE OF RADIAL CRACKS 

FIGURE 21. EXAMPLE OF CIRCULAR CRACK 
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FIGURE 22. EXAMPLE OF LOCAL FRACTURE 



subjected to uniform pressure suffered a catastrophic failure. 

The failure was initiated by the impact of a missile representative 

of windborne roof gravel traveling at velocities which were less 

than 70 fps. Minor has shown that roof gravel can be injected 

into the wind and propelled at velocities in excess of 70 fps. (l) 

B. Results of Experiment I 

1. Results for 3/32 Inch Single Strength Glass 

Experiment I was performed using 3/32 in. single strength 

glass. The experimental plan called for window glass specimens 

of 6 sq ft and 1 sq ft. They were impacted with the 5.55 gm and 

0.61 gm missiles both with and without a uniform pressure. A sample 

size of 20 specimens was selected allowing a maximum error of+ 3 

fps of the mean minimum breakage velocity with a confidence level 

of 90 percent. The sample size was chosen assuming a standard 

deviation of the minimum breakage velocity of 8 fps as suggested 

from a preliminary test conducted to determine an approximate 

standard deviation. 

Table IV shows the mean minimum breakage velocities required 

to fail the 3/32 in. single strength glass as determined from the 8 

different combinations of the independent variables considered. 

Table IV also shows the standard deviations for each sample of 

20 specimens, the coefficient of variance for each sample, and the 

calculated statistical confidence in each sample. The test data 

are tabulated in the Appendix A. 

Table V shows the analysis of variance (ANOVA) table concerning 
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Series 

1 

2 
3 
4 

5 
6 
7 
8 

TABLE IV. RESULTS OF EIGHT TEST COMBINATIONS PERFORMED 
ON 3/32 INCH SINGLE STRENGTH GLASS 

Statistical Characteristics of Sam~ 

Window Glass Missile Uniform -(3) x 5(4) c (5) Confidence( 6) 
Size Size Pressure 

(sq ft) {gm) { f~s} 
1 ( 1 ) 5.55 NO 44.9 
1 5.55 YES 40.5 
1 0.61 NO 63.6 
1 0.61 YES 60.5 
5(2) 5.55 NO 44. l 
6 5.55 YES 48.8 
6 0.61 NO 62.3 
6 0. 61 YES 62.8 

(1) 12 x 12 x 3/32 in. single strength window glass 
(2) 29.5 x 29.5 x 3/32 in. single strength window glass 
(3) mean minimum breakage velocity 
(4) standard deviation 
(5) coefficient of variation 

v 

{fps} (~ercent} 

7.9 17.5 
9. l 22.5 

12.9 20.3 
13.9 23.0 
9.3 21 . l 
9.6 19.7 

18.5 29.7 
15.2 24.3 

(6) confidence that sample mean represents population mean within an error of 10 percent 

(per~gn_tJ 

99.5 
97.8 
99.6 

97.4 
97.4 
98.8 
93.3 

96.3 

01 
~ 



TABLE V. ANOVA FOR 3/32 INCH SINGLE 
STRENGTH GLASS--EXPERIMENT I 

Source df< 4> ss(S) 

Area, A(l) 1 78.8 

Missile, M{ 2) 1 12872.0 

Pressure, p{3) 1 1. 2 

Ax M l 30.7 

Ax P 1 467.5 

M x P l 90.7 

Ax M x P 1 103.9 

Error 152 24188. 7 

Totals 1.59 37833.5 

(1') window glass area factor 

(2) missile size factor 

(3) uniform pressure factor 

(4) degree of freedon 

(5) sum of squares 

(6) mean squares 

MS(G) 

78.8 

12872.0 

1. 2 

30.7 

467.5 

90.7 

103.9 

159. 1 

(7) standard test for homogeneity of variances 

55 

F statistic(?) 

. 50 

80.89 

.01 

. 19 

2.94 

. 57 

.65 



the data collected for the 3/32 in. single strength glass for 

Experiment I. The mean squares of each of the three independent 

variables as well as the mean squares of each of the higher order 

interactions were tested against the error term in order to determine 

their level of significance. It was found that the missile size 

was significant at the 95 percent level. The presence or absence 

of a uniformly applied pressure had almost no effect upon the mean 

minimum breakage velocity and although the area of the window glass 

caused some random variability in the data its effect is not 

significant at the 95 percent level. 

The grand mean for the data taken for the 3/32 in. single 

strength glass was calculated to be 53.4 fps (36.4 mph). The 

maximum mean minimum breakage velocity for the 3/32 in. single 

strength glass was 63.6 fps (43.4 mph) which was recorded for the 

case of the 0.61 gm missile impacted on the 1 sq ft window glass 

with no uniform pressure. The smallest mean minimum breakage 

velocity recorded in the testing of the 3/32 in. glass was 41.6 fps 

(28.4 mph). 

Table IV shows that a great deal of variability in the 
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data exists with coefficients of variation as high as 29.7 percent. 

These results are not surprising because glass by nature has random 

properties. Different types of fracture patterns sometimes occur 

under similar circumstances and this contributes to large coefficients 

of variation. 

All three of the fracture patterns discussed earlier in this 
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section were observed in the tests on 3/32 in. single strength glass. 

This particular type of window glass responded to the impact of 

the missiles with the radial cracks and circular cracks or some 

combination of both. The localized failure occurred only in the 

case of the 6 sq ft window glass impacted with the 0.61 gm missile. 

An equation describing the 3/32 in. single strength glass 

data was developed in the form: 

Vmm = (K1 + K2 + K3 + 1.0) X (Grand Mean) (5) 

where Vmmis the mean minimum breakage velocity for the particular 

window glass situation. The terms K1, K2, K3 are constants which 

represent the effects associated with glass area, missile size, 

and uniform pressure respectively. The values of the constants 

are given in Table VI. Table VII shows a comparison of the actual 

test and the calculated data. This equation represents the exper

imental data. It incorporates the effects of the different inde

pendent variables on the mean minimum breakage velocity. In the 

worst case the equation introduces an error of 10 percent. 

Figures 23, 24, and 25 graphically represent the data for 

the 3/32 in. single strength glass. The data points are connected 

by straight lines, which are not intended to show the variations 

between the data, but represent general trends in the behavior 

of the glass. These figures show that in general as the window 

glass area increases from l sq ft to 6 sq ft the mean minimum break

age velocity increases, but as the missile size increases from 
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TABLE VI. VALUES OF CONSTANTS FOR LINEAR FACTOR ANALYSIS~-
3/32 INCH SINGLE STRENGTH GLASS 

K (1) 
1 

K (2) 
2 

K (3) 
3 

Area 
(sq ft) 

1 6 

-0.01 +0.01 

Missile Size 
(gm) 

0. 61 5.55 

+0.17 -0. 17 

Uniform 
Pressure 

YES NO 

0.0 0.0 

(1) constant representing effect of window glass area 
(2) constant representing effect of missile size 
(3) constant representing effect of uniform pressure 



Series 

l 
2 
3 
4 
5 
6 
7 

8 

TABLE VII. COMPARISON OF ACTUAL DATA TO RESULTS OF FACTOR 
ANALYSIS--3/32 INCH SINGLE STRENGTH GLASS 

Window Glass Missile (3) Uniform xActual Size Size Pressure 
{sg ft) {gm) {f~s} 

1 ( 1 ) 5.55 NO 44.9 
l 5.55 YES 41. 6 
l 0.61 NO 63.6 
l 0. 61 YES 60.5 
6(2) 5.55 NO 42.2 
6 5.55 YES 48.9 
6 0. 61 NO 62.3 
6 0.61 YES 62.8 

(1) 12 x 12 x 3/32 in. single strength glass 
(2) 29.5 x 29.5 x 3/32 in. single strength window glass 
(3) mean minimum breakage velocity as determined from test data 
(4) mean minimum breakage velocity as determined from equation 

(S) error in xCalculated 

-
xCalculated 

(f2s} 

43.8 
43.8 
61.9 
61.9 
44. 9 
44.9 
63.0 
63.0 

(4) Error(S) 

(~ercentl 

2.4 
5.3 
2.7 
2.3 
6.4 
8.2 
1 • 1 
.3 

l 
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0.61 gm to 5.55 gm the mean minimum breakage velocity decreases. 

The mean minimum breakage velocity increases slightly as the pressure 

increases. 

2. Results for 1/4 Inch Polished Plate Glass 

Experiment I included the testing of 1/4 in. polished plate 

glass. Glass specimens of 6 sq ft and 1 sq ft were impacted with 

5.55 g~ and 0.61 gm missiles both with and without a uniform pres

sure. A sample size of 20 specimens was selected on the basis of 

the previous tests conducted on 3/32 in. single strength glass; 

however, after the four test combinations were performed using the 

1 sq ft glass it was found that standard deviations of 5 fps were 

not uncommon with the polished plate glass. After due consideration 

of the amount of effort involved in testing each specimen, as well 

as the expense of the 1/4 in. polished plate glass the decision 

was made to use a smaller sample size with the 6 sq ft specimens. 

A standard deviation of 5 fps was assumed and a new sample size 

of 10 specimens was selected for these tests. This sample size 

was determined through methods described in Section 111-B and 

allows for an error of+ 3 fps with a confidence level of 90 percent. 

Table VIII shows the mean minimum breakage velocities required 

to fail the 1/4 in. polished plate glass. Eight different combi

nations of the independent variables were considered. The table 

also shows relevant statistical data concerning the 1/4 in. glass. 

The test data are given in Appendix A. 

Table IX is the ANOVA table for the analysis of variance 
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Series 

1 

2 

3 

4 

5 

6 

7 
8 

TABLE VIII~ RESULTS OF EIGHT TEST COMBINATIONS PERFORMED 
ON 1/4 INCH POLISHED PLATE GLASS 

Statistical Characteristics of Sample 

Window Glass Missile Uni form -(3) x 
Size Size Pressure 

(sg ft} (gm} (fps} 
1 ( 1 ) 5.55 NO 34.7 
1 5.55 YES 33.6 

1 0.61 NO 56.2 
1 0.61 YES 57.4 
6(2) 5.55 NO 40.2 
6 5.55 YES 43.7 
6 0.61 NO 56.7 
6 0.61 YES 69.4 

(1) 12 x 12 x 1/4 in. polished plate window glass 
(2) 29.5 x 29.5 x 1/4 in. polished plate window glass 
(3) mean minimum breakage velocity 
(4) standard deviation 
(5) coefficient of variation 

s(4) c (5) 
v 

Confidence(G) 

(fps} {percent) {percent) 

5.5 15.85 99.5 

2.6 7.74 99.9 

5.5 9.79 99.9 
5.7 9.93 99.9 

3.4 8.46 99.9 
3.9 8.92 99.9 
7.6 13.40 98. 1 

6.8 9.80 99.9 

(6) confidence that sample mean represents population mean within an error of 10 percent 
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TABLE IX. ANOVA FOR 1/4 INCH POLISHED PLATE GLASS--
EXPERIMENT I 

Source df(4) ss< 5> 

Area, A(l) 1 1332.0 

Missile, M{2) l 14723. 1 

Pressure, p(3) 1 218.7 

Ax M 1 17.3 

A x P 1 435.8 

M x P 1 152. 3 

Ax M x P 1 79.8 

Error 112 3078. g· 

Tota ls 119 20037.9 

(1) window glass area factor 

(2) missile size factor 

(3) uniform pressure factor 

(4) degree of freedom 

(5) sum of squares 

(6) mean squares 

MS(6) 

1332.0 

14723.l 

218.7 

17.3 

435.8 

152. 3 

79.8 

27.5 

(7) standard test for homogeneity of variances 

F statistic(J) 

48.45 

535.57 

7. 96 

.63 

15. 85 

5.54 

2.90 

11 



performed on the 1/4 in. glass data. The mean squares of the 

factors and higher order interactions were tested against the error 

tenn in order to determine their level of significance. The analysis 

of the data determined that all of the factors and higher order 

interactions considered were significant with 95 percent confidence 

with the exception of area-missile, and area-missile-pressure 

interactions. However, as in the case of the 3/32 in. glass the 

missile factor was by far the most significant factor involved 

in the window glass breakage. 

The grand mean for the 1/4 in. polished plate glass was 

49.0 fps (33.4 mph). The maximum mean minimum breakage velocity 

was 69.4 fps (47.3 mph) in the case of the 6 sq ft glass area 

impacted with the 0.61 gm missile under a pressurized condition. 

The smallest mean minimum breakage velocity was 33.6 fps (22.9 mph). 

It is significant to note that the grand mean of the 1/4 in. glass 

is smaller than the grand mean of the 3/32 in. glass, although 

the range of the mean for the 1/4 in. data is larger. 

Figures 26, 27, and 28 give a graphical representation of 

the data for 1/4 in. glass and as in the case of the 3/32 in. 

glass the straight lines connecting the data points are not intended 

to represent any glass situations other than those tested. As 

the window glass area increases from 1 sq ft to 6 sq ft the mean 

minimum breakage velocity increases, and as the missile size 

increases from 0.61 gm to 5.55 gm the mean minimum breakage velocity 

decreases sharply. The presence of a uniformly applied inward 
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FIGURE 27. MEAN MINIMUM BREAKAGE VELOCITY VS. MISSILE WEIGHT--
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FIGURE 28. MEAN MINIMUM BREAKAGE VELOCITY VS. UNIFORM 
PRESSURE--1/4 INCH POLISHED PLATE GLASS 



acting pressure causes an increase in the mean minimum breakage 

velocity. This effect was also observed in the 3/32 in. glass, 

but to a lesser extent. 

The only fracture pattern observed in the tests on 1/4 in. 

glass was the localized fracture. The localized failure consistently 

occurred with all areas and missile sizes tested. Because of the 

uniformity in the fracture patterns, the l/4 in. glass had lower 

standard deviations than the 3/32 in. glass. 

An equation describing the 1/4 in. polished plate glass 

data was developed in the form: 

Vmm = (K1 + K2 + K3 + l.O)(Grand Mean) (6) 

where Vnun is the mean minimum breakage velocity for a particular 

window glass situation and K1, K2, K3 are constants representing 

the effects of the three control variables: window glass area, 

missile size, and pressure condition respectively. The values 

of these constants are given in Table X and the correlation of 

the data with the equation is shown in Table XI. Equation 6 repre

sents the experimental data with a maximum error of 10 percent. 

C. Results of Experiment II 

Experiment II was performed once on the data for both the 1/4 

ln. polished plate glass and the 3/32 in. single strength glass. 

This experimental analysis determined certain general window glass 

trends with respect to the two types of window glass. The grand 

mean for all data was 51.0 fps (34.8 mph). 

70 



71 

TABLE X. VALUES OF CONSTANTS FOR LINEAR FACTOR ANALYSIS--
1/4 INCH POLISHED PLATE GLASS 

K (1) 
1 

K (2) 
2 

K (3) 
3 

1 

-0.07 

0.61 

+0.22 

YES 

-0.04 

Area 
(sq ft) 

Missile Size 
(gm) 

Uniform 
Pressure 

6 

+0.07 

5.55 

-0.22 

NO 

+0.04 

(1) constant representing effect of window glass area 
(2) constant representing effect of missile size 
(3) constant representing effect of uniform pressure 



Series 

1 
2 
3 

4 
5 
6 
7 
8 

TABLE XI. COMPARISON OF ACTUAL DATA TO RESULTS OF FACTOR 
ANALYSIS--1/4 INCH POLISHED PLATE GLASS 

Window Glass Missile Uniform xActual( 3) 
Size Size Pressure 
(~q ft) (gm) (fps) 

1 ( l ) 5.55 NO 34.7 
1 5.55 YES 33.6 
1 0. 61 NO 56.2 
1 0. 61 YES 57. 4 
6(2) 5.55 NO 40. 2 
6 5.55 YES 43.7 
6 o. 61 NO 56.7 

6 0.61 YES 69.4 

(1) 12 x 12 x 1/4 in. polished plate window glass 
(2) 29.5 x 29.5 x 1/4 in. polished plate window glass 
(3) mean minimum breakage velocity as determined from test data 
(4) mean minimum breakage velocity as determined from equation 

(5) error in xCalculated 

-
xCalculated 

(fps) 

32.8 

36.8 
54.4 
58.3 
39.7 
43.6 
61. 3 
65.2 

( 4) Error(S) 

( p_erc:~nt) 

5.5 

9.5 
3.2 
1. 6 
1. 2 
.2 

8. 1 
6. 1 

......, 
N 



The results of the analysis of variance are given in Table XII. 

The factors which significantly affected the dependent variable 

(at 95 percent confidence level) were the type and thickness 

of window glass, the missile size, the window glass area, and the 

window glass area-uniform pressure interaction. Note that the 

uniform pressure did not affect the breakage characteristics of 

the two types of window glass when considered jointly. The effect 

of the missile size far outweighs the effects of the other control 

variables as evidenced by an F value of 264.28. 
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TABLE XII. ANOVA FOR EXPERIMENT II 

Source df(S) ss(G) 

Glass, G(l) 1 2097.8 
Area, A( 2) 1 1381.9 
Missile, M( 3) 1 27290.6 
Pressure, p(4) 1 110.5 

G x A 1 28.9 

G x M 1 304. 5 

G x P 1 109.4 

A x M 1 94.7 

A x P 1 772.2 

M x P 1 .8 

Error 269 27777.8 

Totals 279 59969. 1 

{1) window glass type and thickness 
(2) window glass area factor 
{3) missile size factor 
{4) unifonn pressure factor 

(5) degree of freedom 
(6) sum of squares 
{7) mean squares 

MS(l) 

2097.8 
1381.9 

27290.6 
110. 5 
28.9 

304.5 
109.4 
94.7 

772.2 
.8 

103. 3 

74 

F statistic(8) 

20.31 
13.38 

264.28 
1.07 

. 28 
2.95 
1.06 

.92 
7.48 

.01 

(8) a standard statistical test to detennine similarity 



VI. GENERAL OBSERVATIONS AND RECOMMENDATIONS 
FOR FUTURE RESEARCH 

A. General Observations 

This research project was conducted to determine specific 

information concerning window glass breakage characteristics of 

two types of glass commonly used in construction. The two types 

of windqw glass tested were chosen to represent a practical max

imum and practical minimum thickness of annealed window glass. 

The information obtained represents limits on the mean minimum 

breakage velocity of common window glass. 

are: 

The two most important conclusions drawn from this research 

(1) the 1/4 in. polished plate glass is not any less 

susceptible to missile impact than 3/32 in. single 

strength glass, and 

(2) of the independent variables considered the missile 

size had the most significant effect on glass breakage 

characteristics. 

Although 1/4 in. polished plate glass is considerably stronger 

than the 3/32 in. single strength glass under a unifonn pressure 

loading, it is not more resistant to missile impact. This obser

vation is the most significant conclusion from the research. The 

1/4 in. polished plate glass was fractured at missile velocities 

as low as 30 fps (20.5 mph). In every instance where a uniform 

pressure was present a catastrophic failure resulted. 
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As a result of these research findings, it is suggested that 

care be exercised in the use of 1/4 in. polished plate glass and 

3/32 in. single strength glass in buildings located in areas with 

readily available sources of windborne missiles. At this time 

there has not been enough data accumulated to make quantitative 

statements regarding relative risks. If a building does contain 

highly expensive items, the use of storm shutters or screens would 

be advisable to assure a high margin of safety for the building's 

contents. Perhaps with proper planning in new construction, pro

visions can be made to put the expensive contents in interior sec

tions of the building. 

There were four independent control variables considered 

in this research: the type and thickness of glass, the area of 

the glass, the size of the missile, and the uniform pressure con

dition. For the two types of glass tested, it was determined that 

the missile size had the most significant effect on the variation 

of the breakage strength of the window glass. The glass area 

and the glass type and thickness were significant, but to a smaller 

degree. The uniform pressure condition did not affect the variation 

of the glass breakage strength. 

B. Recommendations for Future Research 
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This research project initiated a long term effort to determine 

the breakage characteristics of window glass necessary to develop 

a new window glass design procedure. However, the information 

is not complete enough at this time to develop the new window 



glass design procedure even for the two types and thicknesses of 

glass considered. 

It was shown by Minor(l) that roof gravel is possibly the 

principal missile involved in window glass breakage during wind

stonns, but certainly it is not the only missile involved. In 

order to develop the new design procedures it will be necessary 

to consider a full range of possible windborne missiles, including 

disintegrated roofing material, pieces of broken glass, etc. 

Likewise the other independent variables considered in this 

research: glass area, missile size, and uniform pressure were 

not tested at enough different levels. 

The new window glass design procedure will possible consist 

of four basic steps: 

(1) detennination of maximum design missile weight, 

(2) detennination of maximum design windspeed, 

(3) determination of the maximum velocity the design 

missile can achieve if it is injected into the design 

windspeed, and 

(4) from the window glass breakage characteristics determine 

the type and thickness of window glass necessary to 

withstand the impact of the design missile and the 

unifonn wind pressure. 

At this point the main obstacle in the development of this 

procedure is the lack of window glass breakage data. Once the 

data is collected an extensive regression analysis needs to be 

77 



conducted to determine an empirical relation describing the breakage 

characteristics of window glass to be used in step (4) above to 

make the appropriate selection of glass type and thickness. 
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APPENDIX A 

TEST DATA 

Tables A.I, A.II, A.III, and A.IV contain test data for the 

16 different experimental conditions for both the 3/32 in. single 

strength glass and the 1/4 in. polished plate glass as described 

in Section VI. Data are recorded in terms of the minimum missile 

velocity required to fracture the window glass specimen as discussed 

in Section V. Not recorded in the tables presented are data from 

tests where there were equipment malfunctions or other questionable 

occurrances. The original data is recorded in research files 

within the Department of Civil Engineering, Texas Tech University. 

Also recorded in the research files are photographs of each window 

glass tested with the exception of the catastrophic window glass 

failures. 
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TABLE A. I TEST DATA: 12 x 12 x 3/32 IN. SPECIMENS-

Test Series 1 Test Series 2 Test Series 3 Test Series 4 
(No, 5. 55, 1 ) ( l) (Yes, 5.55, 1) (No, 0. 61 , 1) (Yes, 0. 61 , 1} 

45.8(2) 38.0 52.1 73.1 

54.6 42.4 55.4 56.4 

42.8 44.6 62.7 59.5 
43. 5 . 41.9 44.4 58.3 

51. 5 41.4 70.9 59.8 

43.9 36.5 81.7 40. l 

49.0 60.8 58.9 57.9 

47.7 57.2 48.0 58.9 

50.1 48.7 44.8 70.2 

57.4 31.7 86.4 38.6 

50.8 27.9 73.8 42.2 

50.9 58.5 80.3 46.3 

32.6 36.9 55.7 80.3 

40.4 30.0 64.0 69.0 

27.8 36. l 68.6 89.6 

38.6 41. 2 66.9 78.5 

46.6 47.4 59.0 64.1 

52.4 43.8 56.1 65.4 

32.5 32.1 56.7 56.9 

39.1 33.9 85.8 44.3 

{l) presence or absence of pressure, missile weight in gms, 

glass area in sq ft, respectively 
(2) data tabulated is the minimum impact velocity required 

to fracture glass (fps) 
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TABLE A.II TEST DATA: 29.5 x 29.5 x 3/32 IN. SPECIMENS 

Test Series 5 Test Series 6 Test Series 7 Test Series 8 
(No, 5. 55, 6) ( l ) (Yes, 5.55, 6) (No, 0. 61, 6) (Yes, 0.61, 

42.s< 2> 48.4 56.9 108.7 

31.1 45.7 44.3 58.0 

57.7 48.9 68.6 31.7 

31. 6. 51.3 68.2 55.0 

29.7 40.4 39.5 59. 1 

52.6 33.9 46.0 69.3 

37.7 43.6 64. 9 67.9 

31.6 38.9 54.3 80. 1 

35.0 48.4 68.0 56.7 

43.8 35.2 72.3 59. 2 

30.7 43.0 50.2 62.9 

51. 6 43.6 57.8 52.7 

57.9 51. 1 125.5 77.5 

41.1 55. 1 73.0 56.4 

35.5 74. 1 46.6 59. 1 

42.7 47.7 66.7 52.7 

40.4 50.0 63.3 73.9 

48.0 67.2 42.2 68. l 

58.0 59. 2 74.2 57. 1 

43.8 52.4 64. 1 50.0 

(1) presence or absence of pressure, missile weight in gms, 

glass area in sq ft, respectively 
(2) data tabulated is the minimum impact velocity required 

to fracture glass (fps) 

6} 



84 

TABLE A.III TEST DATA: 12 x 12 x 1/4 IN. SPECIMENS 

Test Series 1 Test Series 2 Test Series 3 Test Series 4 
(No, 5. 55, 1 } ( l} (Yes, 5.55, 1) {No,0.61, 1 } {Yes, 0.61, 1} 

32.6(2) 37.2 55.l 55.0 

32.6 36.4 48.5 59.9 

35.5 33.2 66.2 56.4 

40.9 . 37.3 60.0 49. 5 

29.2 28.8 64.4 70.4 

32.5 35.6 56.8 55.1 

27.1 35.5 55.4 57.9 

24.4 35.7 49.1 56.6 

36.8 32.1 60.8 58.2 

38.5 34.4 60.5 51 .o 
40.0 35.7 62.8 59.6 

35.9 33.6 52.4 70.3 

25.3 34.8 51. 5 58.4 

44.4 29.9 61 .8 53.l 

38.8 33.2 49. l 63.7 

36.7 29.5 55.2 56.4 

41. 6 34.8 46.9 55.8 

37.4 32.0 56.2 53.5 

31. 4 30.0 56.5 57.1 

31.4 31 .4 55.6 49.0 

(1) presence or absence of pressure, missile weight in gms, 

glass area in sq ft, respectively 
(2) data tabulated is the minimum impact velocity required 

to fracture glass (fps) 
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TABLE A.IV TEST DATA: 29.5 x 29.5 x 1/4 IN. SPECIMENS 

Test Series 5 Test Series 6 Test Series 7 Test Series 8 
(No, 5. 55, 6) { l ) {Yes! 5.55! 6) { No , 0 . 61 , 6} (Yes, 0.61, 6} 

40.a< 2> 47.2 63.6 64. 1 

38.0 39.0 62.9 60.3 

42.6 47.7 57.9 69.9 

36.2 37.8 47.1 77.7 

47.2 41.7 70.5 67.2 

43.3 42.6 47.8 73.9 

40.4 45.6 49.0 62.7 

37.4 44.1 58. 1 63.7 

39.0 41.9 53. 1 79.7 

37.2 49.8 57.3 74.6 

(1) presence or absence of pressure, missile weight in gms, 

glass area in sq ft, respectively 
(2) data tabulated is the minimum impact velocity required 

to fracture glass (fps) 



APPENDIX B 

TIMING SYSTEM CALIBRATION DATA 

The following data was collected in order to determine the 

validity of the timing system described in Section IV. Table B. l 

contains data recorded by allowing a missile to accelerate due 

to gravity for a distance of 38.7 ft. Table B.1 contains test 

data for both the foil membrane and string gate systems. 

The mean velocity for the foil membrane was 40.2 fps 

and the mean velocity for the string gate was 41.3 fps. The 

calculated theoretical velocity for a missile accelerating under 

the force of gravity, not including drag forces, was 42.7 fps. 

The test mean are smaller than the theoretical velocity. This 

is due in part to the drag experienced by the missile. Allowing 

for the drag forces, the timing system develops an error of 5 per

cent or less. 
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TABLE B.I CALIBRATION DATA FOR TIMING SYSTEM 

Velocity Determined(l) 
by 

Foil Membrane 
(fps) 

35.9 
39.5 

44.7 
33.0 

47.2 
38.2 

43.7 
41. 0 

38.9 

39.7 

Velocity Detennined(l) 
by 

String Gate 
(fps) 

38.7 
40.7 
42.7 
33.8 
40.5 

42.4 
47.7 
43.7 
37.8 
45.1 

(1) missile dropped from height of 38.7 ft 
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