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ABSTRACT 

A failure prediction model for heat treated window glass has been 

advanced. The failure prediction model for heat treated window glass is an 

extension of the failure prediction methodology developed for annealed 

window glass. The failure prediction model for heat treated window glass 

relates the probability of window glass failure to the characteristics of the 

surface flaws on the glass and the magnitude of the induced residual 

compressive surface stress in the glass. The characteristics of the surface flaws 

can only be estimated from the results of carefixlly controlled window glass 

failure tests. 

Four samples of heat treated monolithic window glass are tested to 

failure under uniform lateral loading which increases linearly with time from 

the inception of loading to failure. Surface strength parameters are estimated 

for three samples of new heat treated window glass using the failure prediction 

model in conjunction with their 60-second equivalent failure strength data and 

the residual compressive surface stress in the glass. The magnitudes of the 

residual compressive surface stresses in the new heat treated window glass 

samples are estimated using stress measuring devices. The surface strength 

parameters and the magnitude of the induced residual compressive surface 

stress for a sample of weathered heat strengthened window glass are estimated 

using a statistical procedure in conjunction with the failure prediction model. 

Type factors for heat treated window glass are determined using the 

failure strength data from the heat treated window glass samples and failure 

strength data reported for aimealed window glass samples having the same 
Vll l 
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nominal dimensions and thickness designations. The type factors for the fully 

tempered window glass samples are lower than those specified in model 

building codes. Type factors for the heat strengthened window glass samples 

are higher than those specified in model building codes. 

The estimated surface strength parameters and selected values of 

residual compressive surface stress are used in the failure prediction model to 

develop curves relating the cumulative probability of window glass failure to 

60-second equivalent failure loads. The strength characterizations developed 

are compared to strength characterizations for annealed window glass and to 

strength characterizations for heat strengthened and fully tempered window 

glass developed using ASTM surface strength parameters for annealed window 

glass in conjunction with specific values of residual compressive surface stress. 

The results indicate that using the ASTM surface strength parameters for 

annealed window glass to characterize the failure strength of heat treated 

window glass leads to unsatisfactory results. 

Using the surface strength parameters and the residual compressive 

surface stress estimated for two samples of new frilly tempered window glass, 

it is shown that the failure strength of one of the samples of fully tempered 

window glass can not be predicted using the surface strength parameters 

estimated for the other sample of fully tempered window glass. The results 

indicate that the surface strength parameters estimated for heat treated window 

glass are not independent of window glass geometry and surface area. 
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CHAPTER I 

INTRODUCTION 

The Research Problem 

The need exists within the window glass design community for a failure 

prediction methodology for heat strengthened (HS) and fully tempered (FT) 

monolithic window glass. The failure prediction methodology should account 

for all factors known to affect the strength of window glass and it should 

account for the degree of heat treatment in HS and FT window glass. The 

failure prediction methodology should be based upon a probabilistic approach 

to window glass failure and not upon a deterministic approach. The failure 

prediction model should adequately characterize the failure strength of HS and 

FT window glass. 

A very limited experimental data base exists and little theoretical work 

has been conducted concerning the failure strength of HS and FT window 

glass. The limited amount of available failure strength data raises questions 

concerning the existing design methodologies for heat treated window glass. 

The methodology most often used to design HS and FT window glass employs 

type factors. A type factor relates the design strength of HS or FT window 

glass to the design strength of annealed (AN) monolithic window glass having 

the same nominal dimensions. The design strength of a HS or FT monolithic 

window glass lite is determined by multiplying the design strength of an 

equivalent sized AN monolithic window glass lite, selected from a thickness 

selection chart, by a tabulated type factor for either HS or FT monolithic 

window glass. Design standards and model building codes tabulate type 

factors to accompany their AN monolithic window glass thickness selection 
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charts to facilitate HS and FT window glass design. Although type factors are 

currently used for the design of HS and FT window glass, no experimental data 

base exists to support a consensus set of type factors or even a type factor 

approach to the design of HS and FT window glass. Different building codes 

tabulate different type factors for HS and FT window glass. This indicates the 

poor understanding of HS and FT window glass strength. 

Beason and Morgan (1984) advanced a failure prediction methodology 

for AN window glass that has found widespread acceptance in the window 

glass design community. Their failure prediction methodology relates the 

probability of window glass failure to two surface strength parameters which 

characterize the strength of AN window glass. In the research presented 

herein, a failure prediction model for heat treated window glass is advanced 

that extends the Beason and Morgan (1984) failure prediction methodology for 

AN window glass to include HS and FT window glass. The failure prediction 

model for heat treated window glass relates the probability of window glass 

failure to two surface strength parameters and the magnitude of the induced 

residual compressive surface stress (RCSS) in heat treated window glass. This 

failure prediction model characterizes failure strengths of HS and FT window 

glass. 

Research Objectives 

The general objective of this research is to characterize the failure 

strength of new and weathered HS and FT monolithic window glass samples 

using a failure prediction model advanced for HS and FT window glass. The 

general research objective is accomplished by (1) formulating a failure 

prediction model for HS and FT window glass, (2) formulating and calibrating 



a methodology for estimating the magnitudes of the surtace strength 

parameters, m and k, and the residual surface compressive stress in HS and FT 

monolithic window glass, and (3) developing strength characterizations for 

samples of new and weathered HS and FT monolithic window glass. 

The specific objectives of this research are as follows: 

1. Measure the magnitudes of the RCSS in new HS and FT monolithic 

window glass lites using stress measuring devices. 

2. Estimate the magnitudes of the surface strength parameters, m and k, 

for samples of new HS and FT monolithic window glass. 

3. Estimate the magnitude of the RCSS and the surface strength 

parameters, m and k, for a sample of weathered HS monolithic 

window glass. 

4. Compare failure strength data for the HS and FT window glass 

samples with failure strength data for AN window glass samples. 

5. Compare strength characterizations for the new HS and FT window 

glass samples with strength characterizations for new AN window 

glass samples. 

6. Compare strength characterizations for the HS and FT window glass 

samples with corresponding characterizations developed using 

surface strength parameters estimated from AN window glass 

samples in conjunction with specific value of RCSS. 

7. Determine if the surface strength parameters used to characterize the 

strength of heat treated window glass are independent of window 

glass geometry and surface area. 



Dissertation Outline 

Chapter II presents a review of window glass strength research. The 

chapter specifically addresses the factors which affect glass strength, types of 

monolithic window glass, failure prediction methodologies and design 

recommendations for AN monolithic window glass, design recommendations 

for heat treated monolithic window glass, and research concerning heat treated 

window glass strength. 

Chapter III presents the failure prediction model for heat treated window 

glass. The chapter addresses the failure prediction methodology for AN 

window glass developed by Beason and Morgan (1984) and its extension to 

heat treated window glass. The methodology used to estimate surface strength 

parameters for heat treated window glass is also presented. 

Chapter IV presents the experimental test program. The chapter 

specifically describes the heat treated window glass samples tested to failure in 

this research, the window glass test facility, and the window glass test 

procedure. 

Chapter V presents the experimental data analysis. The chapter includes 

the heat treated window glass test data, the analysis associated with these data, 

the strength characterizations developed, and the comparisons of strength 

characterizations. 

Chapter VI presents conclusions and a discussion based on the results of 

this research. Recommendations for fiiture research are included. 



CH.\PTER II 

THE STRENGTH OF WINDOW GLASS 

Introduction 

Window glass designers specify glazing systems for buildings based 

upon window glass strength. Designers of window glass systems often have a 

difficult time understanding window glass strength because of its highly 

variable nature. The strength of window glass is controlled by minute cracks 

and scratches, termed "flaws," which exist on the surfaces of the glass. The 

strength of window glass is also influenced by many factors that affect the 

characteristics of these flaws. This chapter begins by presenting a review of 

window glass failure theory based upon those factors which tend to influence 

window glass strength. 

Recommendations provided by window glass manufacturers and model 

building codes often guide window glass designers when they design window 

glass to resist specified wind loads. Several types of design recommendations 

are available to the designer. Each is based upon a different failure criterion. 

This chapter continues with a presentation of failure prediction methodologies 

for window glass strength and with the design recommendations developed 

from these failure prediction methodologies. 

Window glass designers often specify HS or FT window glass instead of 

AN window glass to resist high wind loads because of its higher strength. 

Glass designers currently rely primarily on type factors provided by model 

building codes and design recommendations to assess design strengths for HS 

and FT window glass. This chapter concludes by presenting design 
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recommendations for HS and FT window glass and by presenting reseaich 

conducted conceming the strength of HS and FT window glass. 

Glass Failure Theory 

The increasing use of window glass as a stmctural component 

emphasizes the importance of understanding its strength and its failure 

properties. Glass is a brittle material that fractures abmptly when subjected to 

tensile stress of sufficiently high magnitude. A. A. Griffith (1920) advanced 

one of the first and most credible theories conceming the failure strength of 

brittle materials. Griffith theorized the failure strength of a brittle material 

under the action of load-induced tensile stresses is controlled by minute surface 

scratches. Griffith developed his theory experimentally by considering a flat 

homogeneous isotropic plate of uniform thickness. He made a single crack in 

the plate, passing through its thickness. The plate was then subjected to tensile 

stress such that the crack was orientated perpendicular to the direction of the 

maximum principal tensile stress. Griffith demonstrated his theory 

experimentally by testing to failure glass rods and glass bulbs with small 

scratches induced on their surfaces. Griffith concluded that the low breaking 

strength of glass was attributed to the interaction of load-induced tensile 

stresses with minute cracks and scratches, termed flaws, on the surface of the 

glass. 

E. B. Shand expanded on the work advanced by Griffith to produce a 

fracture theory more applicable to glass. Through a series of papers, Shand 

(1954a, 1954b, 1959, 1961a, 1961b, 1965, 1969) described the relationship 

between the size of artificially induced flaws and the extent to which these 
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flaws reduced window glass strength. Shand induced flaws into the surface of 

new glass using a cleavage tool. The depth of an artificially induced flaw was 

small in comparison to the thickness of the glass. Artificially induced flaws 

were intended to represent as closely as possible the sizes of flaws occurring 

naturally on the surface of ordinary glass. The artificially induced flaws serve 

as initiation points for fracture of the glass. Figure 2.1 illustrates an idealized 

cross section of a scored flaw on the surface of glass. Shand (1965) developed 

the following relationship between the maximum local tensile stress at the tip 

of a flaw and the geometry of the flaw: 

a^^aMhlrf' (2.1) 

where a^ denotes the maximum nominal local tensile stress at the tip of the 

flaw, (j^ denotes the maximum principal stress to which the flaw is subjected, k 

denotes a flaw geometry factor, h denotes the depth of the flaw, and r denotes 

the effective radius of the flaw tip. 

Shand (1965) reported that the nominal tensile stress in a glass specimen 

at the time of failure can range from as low as 1,000 psi to more than 300,000 

psi. This large range in nominal tensile failure stress was attributed to factors 

which influence the strength of glass. These factors include the applied load-

time history of the glass, the environmental exposure of the glass, and the 

stress concentration effects caused by the surface flaw geometry. Shand 

further concluded that the reduction in glass strength attributed to stress 

concentration effects of the flaw geometry as represented in Equation 2.1 are 

considerably greater than the effects of the other factors combined. 
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Figure 2.1: Cross Section of Idealized Flaw 

Researchers recognize that surface flaws occur naturally in glass during 

the manufacturing process (Beason and Morgan, 1984; Norville and Minor, 

1985). Researchers also recognize that additional flaws can occur on the 

surface of glass during handling and installation (Bishop, 1952). Flaws 

concentrate tensile stresses in their immediate neighborhoods to high local 

levels. The ability of a flaw to concentrate tensile stresses depends on its 

geometry (Mould and Southv^dck, 1959; Shand, 1961a, 1965; Brown; 1974) 

and its orientation with respect to the principal stresses (Seely and Smith, 1952; 

Beason and Morgan, 1984). Glass failure will occur when a flaw concentrates 

the local tensile stresses above some critical value. The flaw at which glass 

fracture initiates is termed the "critical flaw." 

Griffith (1920) and Shand (1965) considered only the case where the 

orientation of the surface flaw is perpendicular to the direction of the maximum 
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principal tensile stress. It has been shown by other researchers (Seely and 

Smith, 1952) that the orientation of the surface flaw with respect to the 

direction of the maximum principal tensile stress is an important factor 

affecting the flaw's ability to initiate glass failure. The geometry and the 

orientation of a flaw on the surface of window glass is considered to be random 

in nature and the location of the critical flaw rarely coincides with the location 

of the maximum principal tensile stresses in the window glass (Bishop and 

Mowery, 1952; Beason and Morgan, 1984). 

Factors Which Influence the Strength of Glass 

Glass is a brittle material. Its strength is significantly influenced by 

both exposure to the environment and exposure to a prolonged duration of 

loading. Many researchers have studied the effects of environmental exposure 

and load duration on the strength of glass (Black, 1935; Bishop and Mowery, 

1952; Mould and Southwick, 1959; Schoening, 1960; Shand, 1965; Charles, 

1958b; Weiderhom, 1967; Brown, 1974; Beason, 1980). When surface flaws 

on glass under the action of load induced tensile stresses are exposed to air and 

moisture in the form of water vapor, chemical corrosion of the flaw occurs. 

Chemical corrosion of a flaw changes its geometry. Flaw corrosion results in a 

significant variation in glass strength (Charles, 1958b; Weiderhom, 1967; 

Brown, 1974). Referring to the idealized surface flaw condition illustrated in 

Figure 2.1, if the surface flaw is exposed to tensile stress in the presence of air 

and moisture, the prediction is that the radius, r, of the flaw tip will decrease 

and the depth, h, of the flaw will increase. This condition is illustrated in 

Figure 2.2. The change in flaw geometry results in an increase in the flaws 
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Figure 2.2: Corrosion of Idealized Flaw 

ability to concentrate tensile stresses to high local values (Baker and Preston, 

1946). Prolonged flaw corrosion reduces glass failure strength. The longer the 

stress duration, the lower the stress required to cause failure of the glass. This 

condition is known as static fatigue. 

In a series of papers, R. J. Charles (1958a, 1958b, 1958c) presented a 

theory for flaw corrosion that considers the rate of flaw corrosion as a function 

of applied tensile stress and absolute temperature. Charles developed his 

theory by examining the effects of flaw corrosion on glass rods subjected to 

tensile stresses in the presence of moisture in the form of water vapor. Charles 

theorized that the rate of flaw depth corrosion, V ,̂ can be expressed as: 



y\ X or exp 
RT 

(2.2) 

where a denotes the tensile stress to which the flaw is exposed, A denotes a 

constant determined experimentally by Charles to be 18.8 Kcal/Mole. R 

denotes the universal gas constant (1.986 Cal/Mole-^K), T denotes the absolute 

temperature given in ^K, and n denotes the static fatigue constant. 

If the surface flaw is subjected to a constant tensile stress until glass 

fracture occurs under the assumption that the flaw depth required to initiate 

glass failure is independent of the level of the tensile stress, then Equation (2.2) 

can be expressed as: 

K = (7 exp 
RT f (2.3) 

where K denotes a constant and t^ denotes the time to failure. 

In a more recent study, W. G. Brown (1972, 1974) conducted an 

extensive investigation of the effects of load duration and environmental 

factors on the failure strength of glass. Brown examined the works conducted 

by Charles (1958a, 1958b, 1958c), Weiderhom (1967), and other researchers 

and concluded that a better formulation for the flaw corrosion rate could be 

obtained. By considering the effects of load duration, temperature, and relative 

humidity. Brown (1974) developed an expression for the cumulative damage 

an applied load causes to a glass flaw. This relationship is expressed as: 



K=['' RH 
Jo 

a(0 
exp RT 

ill 
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(2.4) 

where /W denotes the relative humidity, o(t) denotes the stress at a critical 

flaw as a function of time, and y^ denotes an activation energy constant which 

has a value of 25.0 Kcal/Mole. The remaining terms are as previously defmed. 

For constant relative humidity and temperature, Beason (1980) 

suggested Brown's (1974) expression representing the cumulative damage to a 

glass flaw can be simplified to the following expression: 

K^=['[a(t)]dt (2.5) 

where K^ denotes the resistance to failure of a surface flaw exposed to water 

vapor and tensile stress. Glass failure occurs when the value of Kj- reaches a 

critical value which depends on the characteristics of the flaw and the state of 

stress at the flaw (Beason and Morgan, 1984). Equation (2.5) can be used to 

determine the magnitude of a constant equivalent tensile stress required to fail 

a flaw in time duration, /j, that has the same effect on the flaw as a time-

dependent tensile stress, o(t). This relationship is expressed as: 

l'a(trdt 
(2.6) 



where a, denotes the constant equivalent tensile stress of time duration /,. 

The reference time duration, ,̂, used for the design of window glass m the 

United States is 60 seconds (PPG. 1979; NBS, 1984; ASTM, 1989a; Beason 

and Norville, 1989). 

The static fatigue constant, n, in Equation (2.6) is a non-dimensional 

measiu-e of the rate of crack growth in glass as a result of load-induced tensile 

stresses. Window glass subjected to long-term environmental exposure (i.e., in-

service window glass) fails at significantly lower strengths than does new 

window glass (Beason, 1980; Abiassi, 1981; Beason and Morgan, 1984; 

Norville and Minor, 1985). The term weathering describes the strength 

reduction of window glass caused by environmental exposure. Many 

researchers have attempted to determine the value of the static fatigue constant 

for new and weathered window glass as a function of either loading rate or 

stressing rate (Charles, 1958b; Dalgliesh, 1980; Abiassi, 1981; Kanabolo and 

Norville, 1985; Pal, 1986; McFarquhar, 1989). Experiments indicate the value 

of the static fatigue constant ranges from 11 to 26. A value of 16 for the static 

fatigue constant is currently used in the United States to characterize the 

strength of in-service AN window glass (Beason, 1980; Beason and Morgan, 

1984). The static fatigue constant is a material property of the glass. There is 

no material difference between AN window glass and HS and FT window 

glass. Therefore a value of 16 for the static fatigue constant was used in this 

research for HS and FT window glass. However, McLellan and Shand (1984) 

indicate that not only is FT glass stronger initially than AN glass, but the 

decrease in breaking stress of FT glass with load duration is less than for AN 

glass. Figure 2.3 illustrates the decrease in breaking stress of AN and FT glass 
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Figure 2.3: Comparison of Breaking Stress of Annealed and Fully Tempered 
Window Glass as a Function of Stress Duration 

as a function of stress duration. This implies that the value of the static fatigue 

constant used to model the strength of AN window glass may not be 

appropriate for heat treated window glass. 

Types of Monolithic Window Glass 

Annealed window glass is the most commonly used form of glass in 

architectural applications. Annealed window glass is manufactured using the 

float process. In the float process, molten glass is poured onto a float bath of 

molten tin in the form of a continuous flat ribbon. On the bed of molten tin, 

the glass cools slowly under carefiilly controlled conditions. Once the glass 

has cooled to a sufficientiy low temperature, the ribbon of glass is transported 

on rollers from the bed of molten tin into a continuous annealing lehr, where it 

is reheated to a temperature near its softening point. As the glass moves 
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through the annealing lehr, the temperature is decreased to room temperature 

under carefrilly controlled conditions. The slow cooling process reduces 

residual stresses that develop due to non-uniform cooling on the molten tin. 

The absence of RCSS results in AN window glass exhibiting relatively low 

strengths for resisting wind loads. 

Annealed window glass manufactured by the float process is superior 

optically and economically to window glass manufactured by either the 

polished plate or the sheet process, both older forms of window glass. 

Annealed window glass produced using the float process exhibits higher 

strengths in resisting wind loads than window glass manufactured using either 

the polished plate or the sheet glass process. When AN window glass breaks, 

it fractures into large dangerous shards that are often very sharp. These shards 

can cause injury to persons in proximity to a fracturing lite. 

Fully tempered window glass is produced by reheating AN window 

glass to a temperature near its softening point. Immediately following the 

reheating process, the window glass is cooled rapidly under carefiilly 

controlled conditions by quenching the window glass with chilled air. As a 

result of the quenching process, the surface of the glass cools and contracts 

while the interior of the glass remains warm. When the interior cools and 

contracts, the surfaces are rigid and compress as a result of the contraction of 

the interior (McLellan and Shand, 1984). This results in the surface of the 

glass being subjected to compressive stresses and the interior of the glass being 

subjected to tensile stresses. Figure 2.4 illustrates the stress distribution in FT 

window glass. Fully tempered window glass must have a minimum RCSS of 

10,000 psi and a minimum edge compressive stress of 9,700 psi (ASTM, 
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Figure 2.4: Stress Distribution in Fully Tempered Glass 

1988). Tensile stresses developed in the interior of the glass have magnitudes 

that are considerably lower than the RCSS. Window glass fails in tension; 

therefore, the RCSS in the glass must be overcome before tensile stresses are 

developed. As a result, the failure strengths of FT window glass lites are 

significantly higher than AN window glass lites having the same geometry. As 

a result of the residual stress distribution, when FT window glass fractures, it 

breaks, or dices, into many small, relatively harmless shards. The glass shards 

usually do not remain in the window frame. Because of its desirable dicing 

characteristics when fracturing, FT window glass is classified as a safety 

glazing material (ANSI, 1984; ASTM, 1988). 

Heat strengthened window glass is also produced by heating AN 

window glass to a temperature near its softening point. However, the cooling 

process differs from that used for FT window glass. The heated AN window 
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glass is quenched but more gradually. The quenching process results m lower 

RCSS being developed. Heat strengthened window glass must have a 

minimum RCSS of 3,500 psi and a maximum RCSS of 10,000 psi (ASTM. 

1988). The minimum required edge compression is 5,500 psi (ASTM, 1988). 

Heat strengthened window glass exhibits higher strengths for resisting wind 

loads than does AN window glass. When HS window glass fractures, the sizes 

of the resulting shards depend on the degree of heat treatment. As the surface 

compression approaches 10,000 psi, HS window glass fractures in a manner 

similarly to FT window glass. As the surface compression approaches 3,500 

psi, HS window glass fractures similarly to AN window glass, producing large, 

sharp, shards. For this reason, HS monolithic window glass is not classified as 

a safety glazing material. 

Window glass is typically selected to resist wind loads. If the wind 

loads are high, HS window glass may be selected instead of AN window glass. 

Since HS window glass can resist higher loads than AN window glass having 

the same nominal dimensions, a thinner HS window glass lite can be specified 

to resist the same loading thus reducing the gravity load on the structure. Fully 

tempered window glass can also be used to resist high wind loads. However, 

because of its desirable fracture characteristics, FT window glass is more often 

specified for safety reasons when fracture from human impact may occur. 

Failure Prediction Methodologies for AN Window Glass 

Three major failure prediction methodologies exist to characterize the 

strength of AN window glass under uniform loads. The fu-st methodology is 

purely empirical. New AN window glass lites were tested to failure under 
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uniform pressure conditions. From these tests, linear relationships were 

developed between uniform lateral pressure, glass surface area, and glass 

thickness. The second methodology is more theoretical in nature. Non-linear 

stress analysis techniques coupled with the results from the destructive testing 

of new AN window glass lites are used to produce window glass design 

reconmiendations. The third failure prediction methodology is called the 

theory of fracture. This methodology combines non-linear stress analysis 

techniques with results from the destructive testing of new and weathered AN 

window glass lites. A brief overview of each failure prediction methodology is 

presented below. 

Empirical Methodology 

Experiments formed the earliest methodologies for characterizing the 

strength of window glass lites. Failure strength data obtained from the 

destructive testing of new AN window glass lites were used to develop 

empirical relationships between uniform lateral pressure, glass lite area, and 

glass lite thickness. Orr (1957) conducted one of the first tests of window glass 

reported in the open literature. He tested 20 new AN window glass lites to 

failure. He subjected the window glass lites to a uniform lateral load that was 

increased incrementally, producing a lateral center deflection of the glass lite 

that would increase 0.1 in. to 0.2 in. per load increment. Following each load 

increment, the load was held constant to facilitate the recording of pertinent 

data. Analysis of the failure data led Orr to develop the following empirical 

relationship between the failure load and the glass lite thickness: 
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P = 7600(/ + / ' ) (2.7) 

where P denotes the total lateral load in pounds acting on the glass Ute at 

failure, and t denotes the nominal glass lite thickness in inches. 

Normally, the lateral load acting on the surface of the glass lite is 

reported as a load per unit area of glass lite surface. Therefore, by dividing 

both sides of Equation (2.7) by the total area of the glass, an expression 

relating pressure and glass lite thickness can be written as: 

p = {7600(/ + / ' ) }l A (2.8) 

where p denotes the total lateral pressure in pounds per square foot (psf) acting 

on the glass lite at failure, andy4 denotes the area of the glass lite in square feet. 

Hershey and Higgins (1973) conducted similar experiments for Libbey-

Owens-Ford. They tested 2,030 new AN window glass lites to failure under 

uniform lateral pressure. The applied lateral pressure was increased 

incrementally to produce a 0.1 in. increase in deflection after the application of 

each load increment. The lateral pressure was then held constant to facilitate 

the recording of pertinent data. Hershey and Higgins developed the following 

empirical relationship between failure pressure and glass lite thickness: 

/7 = (25,946/^-')/^ (2.9) 
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where p denotes the total lateral pressure in psf acting on the glass lite at 

failure, t denotes the nominal thickness of the glass lite in inches, and A 

denotes the area of the glass lite in square feet. 

Maximum Stress Methodologies 

The maximum stress methodology combines theoretical stress analysis 

techniques with experimental glass failure data to predict the failure strength of 

window glass lites. This methodology was used by researchers at PPG 

Industries, Inc. (PPG) and at the Jet Propulsion laboratory to model the strength 

of AN window glass lites. Researchers at PPG reported on the use of the 

maximum stress methodology to predict the failure strength of window glass 

lites. Tsai and Stewart (1976) used a non-linear finite element stress analysis 

technique to predict the maximum principal tensile stresses in window glass 

lites having varying aspect ratios. Krall et al. (1981) conducted destructive 

tests on a number of new AN window glass lites. Krall et al. (1981) 

determined the mean 60-second failure stress of the new AN window glass lites 

to be 9,000 psi. PPG Industries, Inc. adopted a limiting stress value of 6,000 

psi for the 60-second failure stress to account for glass strength degradation 

resulting from in-service exposure, handling, and installation. 

A second maximum stress methodology was developed by Moore 

(1978) for the Jet Propulsion Laboratory (JPL). The JPL methodology 

combines a theoretical stress analysis technique, a Weibull statistical theory for 

brittle materials, and an experimental window glass failure data base to model 

the failure strengths of glass solar collector panels. The theoretical analysis 

was developed using a non-linear finite element stress analysis program called 



ARGUS. The stress analysis program was used to determine the maximum 

positive principal stress in rectangular window glass lites subjected to uniform 

loads. Moore selected the work of Bowles and Sugarman (1962) as his 

experimental data base. He selected these tests because the uniform loading 

for each specimen was increased uniformly until failure occurred. Under these 

conditions, a load-time history could be developed to determine the nominal 

tensile failure stress at the fracture origin of the window glass. The tests were 

also selected because a sufficient number of window glass lites were tested to 

permit a statistical analysis. Moore used a Weibull distribution to develop a 

relationship between the failure stresses of the experimental window glass data 

and the probability of window glass failure. 

Theory of Fracture Methodology 

The most recent failure prediction methodology advanced for AN 

window glass combines the theory of glass fracture with experimental window 

glass failure strength data. Beason (1980) developed a failure prediction model 

for window glass that combines a statistical theory for brittle materials 

advanced by Weibull (1939), a non-linear finite difference stress analysis 

technique advanced by Wang and Vallabhan (1981), and the destructive testing 

of both new and weathered AN window glass lites. The theory of fracture 

failure prediction model accounts for all factors which are known to affect the 

strength of window glass including, but not limited to: stress magnitude, state 

of stress, stress duration, glass geometry, and glass surface condition. Beason 

used a two-parameter Weibull distribution model to determine the cumulative 

probability of window glass failure as a fimction of 60-second equivalent 
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failure loads. The two parameters in the model reflect the surface conditions of 

the window glass and are beUeved to be independent of load duration, glass 

area, and glass geometry. Their values can only be obtained from the 

destructive testing of new and weathered AN window glass lites. A more 

thorough discussion of the theory of fracture will be presented in Chapter III. 

Design Recommendations for AN Monolithic 
Window Glass 

The most common procedure used to design AN window glass is to 

select a minimum required thickness of AN monolithic window glass from a 

thickness selection chart to resist a specified uniform wind loading. Major 

glass manufacturers such as PPG and Libbey-Owens-Ford (LOF) supply 

thickness selection charts to aid in window glass design. The LOF and the 

original PPG thickness selection charts are based on the empirical 

methodology. The more recent PPG thickness selection charts are based on the 

maximum stress methodology. Recently, a task group within ASTM (1989a) 

advanced a new window glass thickness selection procedure. The theory of 

fracture methodology forms the basis for this new window glass design 

recommendation. A summary of window glass design recommendations 

follows. 

Empirical Design Recommendation 

Both LOF and PPG developed glass thickness selection procedures 

based upon empirical failure prediction methodologies. The work of Orr (1957) 

formed the basis for the PPG empirical design recommendation. The work of 

Hershey and Higgins (1973) formed the basis for the LOF empirical design 
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recommendation. Both empirical design recommendations used the empirical 

failure prediction methodologies coupled with elementary statistical theory and 

engineering judgment. The empirical design recommendation assumes that the 

60-second equivalent failure loads are normally distributed with a coefficient 

of variation of 22 percent and a probability of failure of 8 lites per 1,000 at the 

first occurrence of the 60-second design load. Figure 2.5 presents an empirical 

glass thickness selection chart for AN window glass supported continuously 

along four sides. The chart relates the minimum required thickness of window 

glass to the design pressure and the glass lite area. Window glass aspect ratio 

is not considered in this design methodology. One window glass thickness 

selection chart suffices for all window glass thicknesses. Separate window 

glass thickness selection charts are required for different support conditions. 

Maximum Stress Design Recommendation 

Through 1978, PPG published empirical window glass thickness 

selection charts similar to the one shown in Figure 2.5. In 1979, PPG 

presented a new window glass design recommendation reflecting considerable 

technical changes. The new window glass design recommendation of PPG, 

which utilizes the maximum stress approach, combines a non-linear finite 

element stress analysis technique (Tsai and Stewart, 1976) with experimental 

window glass failure data (Krall et al., 1981), a strength reduction factor to 

accoimt for weathering due to in-service conditions, elementary statistical 

theory, and engineering judgment. The new design recommendations reflect a 

probability of failure of 8 lites per 1,000 at the first occurrence of the design 

load and assume that the 60-second equivalent failure stresses are normally 
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distributed. A mean failure stress of 6,000 psi with a coefficient of variation of 

22 percent was chosen to represent the strength of in-service window glass. 

Figure 2.6 illustrates a PPG window glass thickness selection chart for nominal 

1/4 in. thick AN monolithic window glass with continuous support along four 

sides. The window glass thickness selection chart relates the maximum area of 

window glass to the aspect ratio of the window glass and the design load. A 

separate design chart is required for each window glass lite thickness. 

Reed and Simiu (1983) noted many inconsistencies in the PPG design 

charts. They recommended the development of an improved window glass 

design methodology. 

ASTM Design Recommendation 

A new window glass design recommendation has been advanced by a 

task group within ASTM (1989a). This design recommendation was developed 

using the failure prediction model advanced by Beason (1980) based upon the 

theory of fi-acture. A risk fimction relates the probability of window glass 

failure to the 60-second equivalent design loads by considering load-induced 

tensile stresses, window glass lite geometry, and surface flaws on the window 

glass. The risk fimction is used in the Weibull equation for probability of 

failure to generate data to produce AN monolithic window glass thickness 

selection charts. The thickness selection charts reflect a nominal probability of 

8 lites per 1,000 failing at the first occurrence of the 60-second equivalent 

design load. Figure 2.7 illustrates an ASTM glass thickness selection chart for 

nominal 1/4 in. thick AN window glass supported continuously along four 

sides. The horizontal and vertical axes of the chart represent the long and 
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short dimensions of the window glass, respectively. The diagonal lines 

represent constant aspect ratio, and the contour lines represent the 60-second 

equivalent design strength of the glass. As with the PPG glass design 

recommendation, a separate thickness selection chart is required for each 

window glass thickness. 

Design Recommendations for HS and FT 
Monolithic Window Glass 

The most commonly used methodology to design HS and FT window 

glass employs type factors. A type factor is the ratio of the design strength of a 

particular window glass type or construction to the design strength of AN 

monolithic window glass having the same nominal dimensions and thickness 

designation. The magnitude of the type factor used to relate the design strength 

of HS and FT window glass to the design strength of AN window glass varies 

depending upon the theoretical approach used to determine the type factor. 

The magnitude of the RCSS normally induced in HS window glass is 

approximately 5,000 psi and the magnitude of the RCSS normally induced in 

FT window glass is approximately 17,000 psi. Since window glass typically 

fails in tension, the RCSS induced in the wmdow glass must be overcome 

before tensile stresses can develop. If the nominal failure stress in AN window 

glass is taken as 6,000 psi, the nominal failure stress in HS and FT window 

glass would then be 11,000 psi and 23,000 psi, respectively. Therefore, in 

terms of failure stress, the design strength of HS and FT window glass would 

be 1.83 and 3.83 times, respectively, the design strength of AN window glass. 

The relationship between tiie design strength of AN window glass and 

the design strength of heat treated window glass changes when glass strength is 
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expressed in terms of failure load. Window glass behaves in a non-lmear 

manner when subjected to uniform loading. As a result, the relation between 

the applied load and the stress in the window glass is non-linear. This relation 

can vary with window glass aspect ratio since the distribution of the stress in 

the window glass differs with window glass shape. 

If the relationship between the design strengths of AN window glass and 

HS and FT window glass is expressed in terms of low probabilities of failure, 

the strength of the heat treated window glass relative to AN window glass 

increases significantly. At an 8 in 1000 probability of failure for each window 

glass type, the failure strength of HS and FT window glass can theoretically 

exceed 3.0 and 7.0 times, respectively, the failure strength of AN window 

glass. These strengths may vary depending upon the aspect ratio of the glass 

and the magnitude of the induced RCSS. 

Type factors are used in model building codes (BOCA, 1990; ICBO, 

1991; SBCCI, 1991), in design standards (ASTM, 1989a; CGSB, 1987), and in 

manufacturers' literature (LOF, 1980). The type factors currently used in 

model building codes to design HS monolithic window glass in vertical glazing 

range from 2.0 (ICBO, 1991) to 3.2 (BOCA, 1990; SBCCI, 1991). The type 

factors currently used in model building codes to design FT monolithic window 

glass in vertical glazing range from 4.0 (ICBO, 1991) to 7.6 (BOCA, 1990; 

SBCCI, 1991). The broad range of values for type factors indicates a poor 

understanding of heat treated window glass strength. 
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Research Conceming Heat Treated Window Glass 

While a moderately large data base exists conceming the strength of AN 

window glass, a paucity of published research exists conceming HS and FT 

window glass. The research conducted on heat treated window glass listed 

below was for new window glass only. Until the present research program, no 

failure strength data had been published conceming weathered heat treated 

window glass. 

Minor and Reznik (1990) conducted failure tests at different 

temperatures on HS and FT laminated glass units at the Glass Research and 

Testing Laboratory (GRTL) facihties at Texas Tech University (TTU). 

Laminated glass units consist of two or more lites of monolithic window glass 

(referred to as plies) bonded together with plastic interlayers. They were 

interested in comparing the failure strengths of new heat treated laminated 

glass units tested at room temperature to the failure strengths of new AN 

laminated glass units and new AN monolithic glass lites having the same 

nominal dimensions. They determined the mean failure loads of the HS and 

FT laminated glass samples to be three times and five times, respectively, the 

failure loads of the AN laminated and AN monolithic glass samples having the 

same nominal dimensions. Minor and Reznik recorded the RCSS for both 

samples of heat treated window glass using a Gaertner Differential Stress 

Refractometer. Since the Differential Stress Refractometer can only accurately 

measure the RCSS for FT window glass. Minor and Reziuk used the instrument 

on the HS window glass only to establish that the RCSS of the specimens was 

less than 10,000 psi. 



The failure strength of a new FT monolithic window glass sample was 

reported by Norville et al. (1991). Twenty-six specimens were tested to failure 

at GRTL facilities at TTU. Pertinent data such as failure load, maximum 

deflection, location of fracture origin, and RCSS measurements were recorded 

for each specimen. The failure pressures and the fracture origins were used to 

determine surface strength parameters for the sample. Norville et al. (1991) 

used the surface strength parameters and the RCSS estimated for the sample to 

develop a strength theory based on a modified version of the failure prediction 

methodology advanced by Beason and Morgan (1984). 

Norville et al. (1993) reported the failure strengths of four samples of 

new heat treated window glass. They conducted strength tests on two samples 

of new HS window glass, one laminated and one monolithic, and two samples 

of new FT window glass, one laminated and one monolithic. The objective of 

the research was to determine type factors for the heat treated window glass 

and to compare them to the type factors that are currently used to design heat 

treated window glass. Pertinent data such as failure loads, maximum 

deflections, fracture origins, and RCSS measurements were recorded for all 

specimens. They used a Gaertner Differential Stress Refractometer to measure 

the RCSS for the FT window glass specimens and a Grazing Angle Surface 

Polarimeter, designed specifically for measuring RCSS values less than 10,000 

psi, to measure accurately the RCSS for the HS window glass specimens. They 

determined type factors for the heat treated window glass using failure strength 

data reported by Kanabolo and Norville (1985) for AN monolithic window 

glass having the same nominal dimensions. Norville et al. (1993) reported that 

the type factors currently used to represent the strength of heat treated window 
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glass do not adequately reflect the strength of the heat treated window glass 

samples tested. 

Recently, a new design recommendation was proposed for FT 

monolithic window glass. This new design recommendation employs the 

surface strength parameters used in ASTM E1300 (ASTM, 1989a) for the 

design of AN monolithic window glass, in conjunction with a minimum value 

of RCSS, to characterize the design strength of FT monolithic window glass. 

This new design recommendation assumes that surface strength parameters for 

FT window glass are similar to surface strength parameters estimated for AN 

window glass if the two types of window glass have similar surface conditions. 

This new design recommendation was based solely on theory. No attempt was 

made to use surface strength parameters estimated from FT monolithic window 

glass failure strength data to validate this proposed design recommendation. 

Research Plan 

The objectives of this research will be accomplished in the following 

manner: 

1. Obtain two samples of new FT monolithic window glass and one 

sample of new HS monolithic window glass; 

2. Obtain one sample of weathered HS monohthic window glass; 

3. Load each of the specimens in each sample to failure under uniform 

loading in the laboratory. Measure and record the center deflection 

and the load-time history of each specimen from the inception of 

loading to the time of window glass fracture; 



4. Determine the surface strength characteristics for the three samples 

of new heat treated window glass, 

a. Direct results: mean, coefficient of variation, RCSS, 

b. Indirect results: surface strength parameters m and k: 

5. Determine the surface strength characteristics for the weathered HS 

window glass sample, 

a. Direct results: mean and coefficient of variation, 

b. Indirect results: surface strength parameters m, k, and RCSS; 

6. Compare failure strength data for the heat treated window glass 

samples with existing failure strength data for AN window glass; 

7. Compare strength characterizations for the heat treated window glass 

samples with strength characterizations for AN window glass; 

8. Compare strength characterizations for the heat treated window glass 

samples with strength characterizations for heat treated window 

glass developed using surface strength parameters estimated from 

AN window glass samples in conjunction with specific values of 

RCSS; and 

9. Determine if the surface strength parameters for heat treated window 

glass are independent of window glass area, window glass geometry, 

and the duration of applied loading by using the surface strength 

parameters estimated for one sample of FT window glass to predict 

the mean failure strength of another FT window glass sample having 

a different geometry. 



CHAPTER III 

FAILURE PREDICTION FOR HEAT 

TREATED WINDOW GLASS 

Introduction 

The failure prediction model for heat treated window glass is an 

extension of the failure prediction methodology for window glass developed by 

Beason and Morgan (1984). This new failure prediction model relates the 

probability of failure for heat treated window glass to the characteristics of the 

window glass surface flaws and to the magnitude of the RCSS in the heat 

treated window glass. The failure prediction model for heat treated window 

glass utilizes a three-parameter Weibull distribution to determine the 

probability of window glass failure. Using the three parameters of the Weibull 

distribution, one can model the RCSS and the characteristics of the surface 

flaws in heat treated window glass. Two of the three Weibull parameters 

cannot be determined directly. They can only be estimated through data 

collected from the destmctive testing of heat treated window glass. Once 

estimated, the failure prediction model can characterize the strength of heat 

treated window glass. 

Failure Prediction Methodology for Window Glass 

The failure prediction methodology for window glass advanced by 

Beason and Morgan (1984) has found widespread acceptance in the window 

glass design community. This failure prediction methodology accounts for all 

factors known to affect the strength of window glass. These factors include 

stress, stress orientation, stress duration, glass surface area, and glass geometry. 

34 



The failure prediction methodology advanced by Beason and \Iorgan (1984) 

combines a statistical theory for brittle materials advanced by Weibull (1939) 

with work conducted on the variation of glass strength with load duration by 

Charles (1958a, 1958b, 1958c), and by Brown (1974). 

Weibull (1939) suggested that the cumulative probability of failure for 

a brittle material such as window glass could be expressed as: 

P^=\-exp{-B) (3.1) 

where B denotes a function associated with the risk of failure. 

Beason and Morgan (1984) formulated the risk function for AN window 

glass by using a two-parameter Weibull distribution. The risk function relates 

the probability of window glass failure to load induced tensile stresses, glass 

siuface area, glass geometry, and surface flaws on the glass. Beason (1980) 

modified the risk function to account for the variation of window glass strength 

with load duration. Since window glass strength depends on the distribution 

and the severity of surface flaws on the window glass, the probability of 

window glass failure should increase with increasing surface area of the 

window glass exposed to tensile stresses. The probability of window glass 

failure should also increase if the magnitudes of the tensile stresses in the 

window glass increase. The risk function takes these conditions into account. 

If a condition exists where the window glass is uniformly stressed in biaxial 

tension with equal principal stresses, the risk of window glass failure is 

independent of flaw orientation and the risk function presented in Equation 

(3.1) is expressed as: 
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where m and k denote surface strength parameters, A^ denotes the surface 

area of the window glass exposed to the uniform biaxial tensile stress, and 

m̂ax denotes the magnitude of the maximum equivalent principal tensile stress. 

The maximum equivalent principal tensile stress (MEPT) is defined as: 

a. 
i 
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(t)dt 

60 
(3.3) 

where <T^^ (0 denotes the maximum principal tensile stress as a function of 

time, tj- denotes the time to failure, and n denotes the static fatigue constant. 

If the window glass is uniformly stressed in such a manner that the 

maximum and minimum equivalent principal stresses are not equal, then the 

risk of window glass failure depends also upon the orientation of the flaw. 

Weibull (1939) suggested that the risk function expressed in Equation (3.2) be 

modified with a biaxial stress correction factor to account for unequal principal 

stresses. The modified risk function becomes: 

B = kicB^J-A^ (3.4) 



where c denotes the biaxial stress correction factor and all other terms have 

been defmed previously. The magnitude of the biaxial stress correction factor 

is expressed as: 

-r(cos-6> + 7^sin'̂ )'"6/(9 (3.5) 

where 0 denotes a variable of integration and N denotes the ratio of the 

minimum to the maximum equivalent principal stress. The upper limit of 

integration a equals TT/I if both principal stresses are tensile. If the 

minimum principal stress is compressive, the upper limit of integration a is 

expressed as: 

a = tan ' 
cr 

max 

<^mm 

(3.6) 

For AN window glass, N varies from 1 to -1. Values of the biaxial stress 

correction factor, c, can be determined only by numerical integration. Values 

of c for AN window glass are shown in Table 3.1. 

A rectangular window glass lite subjected to uniform lateral wind 

pressure has principal stresses that vary with magnitude and with relationship 

to each other at different points across the surface of the window glass. Since 

the conditions of the principal stresses will differ, the values of the biaxial 

stress correction factor and the magnitudes of the MEPT stresses will vary with 
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Table 3.1 

Biaxial Stress Correction Factor, c for Annealed Window Glass 

Ratio of 

Minimum to 

Maximum 

Equivalent 

Principal 

Stress, N 

1.00 

0.80 

0.60 

0.40 

0.20 

0.00 

-0.20 

-0.40 

-0.60 

-0.80 

-1.00 

Values of Biaxial Stress 

Correction Factor, c for 

Different Values of the Surface Flaw 

Parameter, m 

m = 4 

1.00 

0.91 

0.84 

0.78 

0.75 

0.72 

0.71 

0.69 

0.68 

0.67 

0.66 

m = 5 

1.00 

0.91 

0.85 

0.80 

0.78 

0.76 

0.74 

0.73 

0.72 

0.71 

0.70 

m = 6 

1.00 

0.91 

0.86 

0.82 

0.80 

0.78 

0.77 

0.76 

0.75 

0.74 

0.73 

m = 7 

1.00 

0.92 

0.86 

0.83 

0.81 

0.80 

0.79 

0.78 

0.77 

0.77 

0.76 

m = 8 

1.00 

0.92 

0.87 

0.85 

0.83 

0.82 

0.81 

0.80 

0.79 

0.79 

0.78 
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location on the surface of the window glass. Therefore, the risk function shown 

in Equation (3.4) can now be expressed as: 

a b 

B = k\j[cix,y)^^^{x,y)rdxdy (3.7) 
0 0 

where c(x, y) denotes the biaxial stress correction factor as a function of the 

location on the window glass surface, o^^{x,y) denotes the magnitude of the 

MEPT stress as a function of location on the window glass surface, a and b 

denote the rectangular dimensions of the window glass, and m and k denote 

surface strength parameters. 

The surface strength parameters, m and k, must be estimated before the 

risk function shown in Equation (3.7) can be evaluated. Specification of the 

surface strength parameters permits the cumulative probabiUty of failure of AN 

window glass to be determined using Equation (3.1). 

Failure Prediction Model for Heat Treated Window Glass 

The failure prediction methodology advanced by Beason and Morgan 

(1984) is based on a two-parameter Weibull (1939) distribution model. The 

Weibull distribution model relates the probability of window glass failure to 

two surface strength parameters, m and k. The two-parameter Weibull 

distribution model satisfactorily characterizes the strength of AN window glass 

because the RCSS in AN window glass is very near zero. The two-parameter 

Weibull distribution model is not adequate to characterize the strength of heat 

treated window glass. Heat treated window glass differs from AN window 
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glass in that RCSS is induced in the window glass through the heat treatment 

process. Therefore, the induced RCSS must be considered in the formulation 

of a failure prediction model for heat treated window glass. The risk function 

presented by Beason and Morgan (1984) in Equation (3.7) can be used to 

characterize the strength of heat treated window glass with modification. The 

state of the RCSS in heat treated window glass is considered to be uniform 

biaxial as shown in Figure 3.1. Crack growth cannot occur at flaws on the 

surface of the heat treated window glass until the combination of load induced 

tensile stresses and RCSS results in a net principal tensile stress. A three-

parameter Weibull distribution model is formulated by algebraically combining 

the load induced tensile stresses and the RCSS. The risk function shown in 

Equation (3.7) can be expressed as: 

a h 

B = kj\[c(x,y)a^^(x,y) - a^dxdy (3.8) 
0 0 

where a^ denotes the magnitude of the RCSS and all other terms are as 

previously defmed. The modified risk function relates the probability of 

window glass failure to two surface strength parameters, m and k, and the 

magnitude of the RCSS in the surface of tiie window glass, a^. The two 

surface strength parameters, m and k, and the RCSS, a , , must be estimated in 

order to evaluate the risk function shown in Equation (3.8). Evaluation of the 

risk fimction permits the determination of the cumulative probability of failure 

for a sample of heat treated window glass. 
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Figure 3.1: Uniform Biaxial State of Compressive Stress 

The Weibull biaxial stress correction factor presented previously is a 

function of the ratio of the two principal stresses at a point and the surface 

strength parameter m. When RCSS is induced in the window glass, this ratio 

must be modified to account for the RCSS. Therefore, the upper limit of 

integration, a, defmed in Equation (3.6) can now be expressed as: 

a = tan a -a 
max r 
mm I" 

(3.9) 

where a^ denotes the magnitude of the RCSS and all other terms are 

previously defined. As shown in Table 3.1, the ratio of minimum to maximum 

equivalent principal stresses, N, ranges from 1 to -1 for AN window glass. For 

heat treated window glass, it is possible for this ratio to be much less than 

minus one. 
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Surface Strength Parameters 

The surface strength parameters, m and k, are reported by Beason (1980) 

to be independent of the window glass surface area, the window glass 

geometry, and the duration of applied loading. These two surface strength 

parameters are also thought to be a measure of the severity and the distribution 

of surface flaws on window glass lites. Determining values of m and k for 

unbroken window glass is not possible. Values of m and k can only be 

estimated as the statistical parameters of a three parameter Weibull distribution 

which characterize the strength of a heat treated window glass sample 

consisting of a large number of window glass specimens tested to failure under 

uniform lateral loading. The third parameter of the Weibull distribution, a^, 

represents the RCSS in the heat treated window glass. The magnitude of the 

RCSS at the surface of heat treated window glass can be estimated using a 

stress measuring device. A specific value of RCSS must be selected before the 

surface strength parameters, m and k, can be estimated. 

The methodology used to estimate the surface strength parameters, m 

and k, for a sample of heat treated monolithic window glass closely follows the 

methodology presented by Beason and Morgan (1984) for AN monolithic 

window glass. An overview of the methodology is presented below. 

The first step in estimating the surface strength parameters, m and k, for 

a sample of heat treated window glass consists of estimating the magnitudes of 

the RCSS in each specimen using a stress measuring device. A more thorough 

explanation of this procedure will follow in Chapter IV. The second step is to 

test each window glass specimen to failure under uniform lateral loading. The 

window glass sample should consist of at least twenty window glass specimens 
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in order to produce adequate statistical resuhs. The procedure used to test the 

window glass specimens will follow in Chapter IV. 

The third step is to transform the measured failure loads into 60-second 

equivalent failure loads. This step is accomplished using a finite difference 

stress analysis technique, the load-time history developed for each tested 

window glass specimen, and the location of the fracture origin for each tested 

window glass specimen. Equation (3.3) is used to determine the 60-second 

equivalent failure stresses, a, at the fracture origin of each window glass 

specimen. From the 60-second equivalent failure stresses, the 60-second 

equivalent failure loads, q, are determmed. A thorough explanation of this 

procedure will follow in Chapter V. 

The 60-second equivalent failure load is the equivalent constant load 

that will initiate fracture of the window glass in 60 seconds. Since the 60-

second equivalent failure stress is a function of the 60-second equivalent 

failure load, the risk function for the failure prediction model for heat treated 

window glass presented in Equation (3.9) is now expressed as: 

a b 

B = k\\[c{x,y)a^^{q,x,y)-cTSdxdy (3.10) 
0 0 

where a ^{q,x,y) denotes the magnitude of the 60-second MEPT stress as a 

function of the 60-second equivalent uniform lateral load and the location on 

the window glass. All other terms are as previously defmed. 
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The risk fimction shown in Equation (3.10) can be non-dimensionalized 

in the following manner. The magnitude of the 60-second equivalent failure 

load, q , can be non-dimensionalized by the following expression: 

i^% (3.0 

where q denotes the magnitude of the non-dimensionalized 60-second 

equivalent uniform lateral failure pressure, A denotes the area of the window 

glass, E denotes the modulus of elasticity of window glass, and h denotes the 

thickness of the window glass. 

In a similar manner, the non-dimensionaUzed 60-second equivalent 

stress is expressed as: 

~.~ (j{q,x,y)A 
(^{q.x.y) = — -—^— (3.12) 

Eh 

where a(q,x,y) is a fimction of the non-dimensionalized 60-second uniform 

lateral load and the location on the window glass lite. The non-

dimensionalized magnitude of the RCSS is expressed as: 

&,=^. (3.13) 
'Eh' ^ 
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Combing Equations (3.11), (3.12), and (3.13) with the nsk function 

shown in Equation (3.10) results in the following expression for the risk 

function: 
a b 

B = k(Ay-(Eh'r\\[c(x,y)B^^{?i,x,y)-oSdxdy. (3.14) 
0 0 

A simpler form of the risk function presented above can be written as: 

B = KRii,mA,^r) (3.15) 
a 

where /^(^,w,^,6-J denotes the non-dimensionalized risk factor. The risk 

factor is a non-linear function of the non-dimensionalized 60-second equivalent 

failure load, the surface strength parameter m, the aspect ratio of the window 

glass, b/a, and the non-dimensionalized RCSS. The aspect ratio of the window 

glass is defined as the ratio of the long dimension of the window glass to the 

short dimension of the window glass. The non-dimensionalized risk factor 

represents the double integral of the risk function shovm in Equation (3.14). 

The term, K, in Equation (3.15) is a function of the surface strength 

parameters, m and k, and the geometry of the window glass. The term, K, is 

constant for a specific size of window glass and for a specific set of surface 

strength parameters. 

The risk function presented in Equation (3.15) is substituted into the 

general equation for the probability of failure, shown in Equation (3.1), to 
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arrive at the following expression for the cumulative probability of failure of 

heat treated window glass in terms of the non-dimensionalized risk factor: 

P̂  =l-exp[-A7?(?,m,-,arJ]. (3.16) 
a 

For a specific size of heat treated window glass, if the magnitude of the 

surface strength parameter m is held constant, the expression for the cumulative 

probability of failure for heat treated window glass shown in Equation (3.16) is 

an exponential probability distribution fimction. The exponential probability 

distribution function is expressed as: 

Pf =\-Qxp(-j3X) (3.17) 

where /3 denotes the distribution parameter and X denotes the random 

variable. The magnitude of the distribution parameter, /?, is estimated with the 

following expression: 

fi=j (3.18) 

where X denotes the mean value of the random variable, X. The exponential 

probability distribution function has the unique property that its mean and its 

standard deviation are equal. This means that the coefficient of variation of the 

exponential probability distribution function is one. This property of the 
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exponential probability distribution function is utilized in determining the best 

estimate for the surface strength parameter, m. 

In order to estimate the best surface strength parameter m for a specific 

heat treated window glass sample, the following procedure is used. First, 

determine a set of non-dimensionalized risk factors corresponding to each non-

dimensionalized 60-second equivalent failure load, f, and a specific value of 

RCSS, (7^, for a wide range of values of m. Second, calculate the mean, the 

standard deviation, and the coefficient of variation for each set of non-

dimensionalized risk factors. The value of the surface strength parameter, m, 

that most closely represents the heat treated window glass sample is the value 

of m associated with the set of non-dimensionalized risk factors whose 

coefficient of variation is closest to one. 

An iterative procedure may be necessary to make the best estimate for m 

since its value is not required to be an integer. Once the surface strength 

parameter m is estimated. Equation (3.18) is used to determine the 

corresponding best estimate for the surface strength parameter, k: 

m-' (3.19) 

{Eh')"R(m,t-,i'r) a 

where R(m,^,^,or^) denotes the mean value of the set of non-

dimensionalized risk factors for the best estimate for the surface strength 

parameter, m. 
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The estimates of the surface strength parameters, m and k, are 

incorporated into the failure prediction model, along with a specific value for 

the RCSS, to develop a cumulative probability of failure curve. The cumulative 

probability of failure curve is the strength characterization for that sample of 

heat treated window glass. 



CHAPTER IV 

EXPERIMENTAL TEST PROGRAM 

Approach 

The function relating the probability of window glass failure to 60-

second equivalent failure loads characterizes the strength of a heat treated 

window glass sample. In order to develop a strength characterization for a heat 

treated window glass sample, estimates of the magnitude of the RCSS, a^, and 

the magnitudes of the surface strength parameters, m and k, for the heat treated 

window glass sample must be made. The magnitude of the RCSS is measured 

using a stress measuring device on unbroken heat treated window glass. 

Failure strength data obtained from the controlled destmctive testing of heat 

treated window glass lites are required to estimate the surface strength 

parameters, m and k. 

The controlled destmctive testing of four samples of heat treated 

window glass supplied the failure strength data reported for this research. This 

chapter describes the four heat treated monolithic window glass samples, the 

procedure used to measure the RCSS for each specimen of new heat treated 

window glass, and the experimental set-up and procedures followed to test 

each heat treated window glass specimen to failure. 

Window Glass Samples 

Three of the four window glass samples used to conduct this research 

consisted of new HS and FT monolithic window glass lites. The fourth 

window glass sample consisted of weathered HS monolithic window glass 

lites. The weathered HS monolithic window glass sample constitutes the only 

49 
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published information available to date conceming weathered heat treated 

window glass. Presented below is a description of each heat treated window 

glass sample. 

New Monsanto HS and FT Window Glass Samples 

Monsanto Company commissioned the GRTL at TTU to perform 

strength tests on new heat treated window glass samples. Norville et al. (1993) 

reported on the failure strengths of four samples of new heat treated window 

glass. Two of the four samples were HS window glass; one sample consisted 

of monolithic window glass lites and the other sample consisted of laminated 

window glass units. The remaining two samples were FT window glass. One 

sample consisted of monolithic window glass lites while the other sample 

consisted of laminated window glass units. Each of the four window glass 

samples had nominal dimensions of 38 x 76 x 1/4 in. The researchers recorded 

pertinent data such as the load-time history, the fracture origin, the thickness of 

the glass, the maximum center deflection, and the failure load for each window 

glass lite. The researchers also measured and recorded the magnitude of the 

RCSS for each monolithic window glass lite. The researchers did not estimate 

the values of the surface strength parameters, m and k, for either monolithic 

window glass sample. This research uses the two monolithic window glass 

samples, each consisting of twenty window glass lites. The HS monolithic 

window glass sample is denoted as HSMON and the FT monolithic window 

glass sample is denoted as FTMON. 
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New COE FT Window Glass Sample 

The United States Army Corps of Engineers (COE) commissioned the 

GRTL at TTU to perform a strength test on a sample of new FT monolithic 

window glass lites. Norville et al. (1991) reported on the failure strengths of 

26 new FT window glass lites. The nominal dimensions of the window glass 

lites were 66 x 66 x 1/4 in. Researchers recorded pertinent data such as the 

load-time history, the fracture origin, the thickness of the glass, the maximum 

center deflection, and the failure load for each window glass lite. They also 

measured, using a stress measuring device, the magnitude of the RCSS for each 

window glass lite. In addition, researchers estimated values of the surface 

strength parameters, m and k, for this window glass sample. The FT 

monolithic window glass sample is denoted as FTCOE. 

Weathered HS Window Glass Sample 

The Glass Research and Testing Laboratory at TTU acquired a sample 

of 51 weathered HS monolithic window glass lites. The nominal dimensions of 

the window glass lites are 46 x 84.5 x 1/4 in. The weathered window glass 

lites originated from a Salvation Army Building that was undergoing 

renovation in the Chicago area. When acquired by GRTL personnel during the 

summer of 1990, the weathered window glass lites had been in-service for 

approximately 20 years. The window glass specimens acquired were used as 

spandrel glass. Spandrel glass is non-vision glass located between the floors of 

buildings to create a uniform glass facade on a building. Spandrel glass is 

usually located very close to the building's beams, columns, or walls. As a 

result, the temperature in the space behind the glass can become very high. In 
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addition, a ceramic frit is often applied to the interior surface of the glass. The 

ceramic frit further enhances the potential for temperature gain in the glass. To 

increase the resistance of the glass to thermally induced fracture, spandrel glass 

is commonly fabricated using HS or FT glass. 

The local constmction crew renovating the Salvation Army Building 

removed the weathered HS monolithic window glass lites. Glass Research and 

Testing Laboratory personnel traveled to Chicago, Illinois, to acquire the glass. 

The weathered window glass lites were carefully crated. A tmck driven by 

GRTL personnel transported the weathered window glass to Lubbock, Texas. 

Care was taken during the crating and the transportation of the window glass 

lites to ensure that the surface condition of the window glass remained 

unchanged. This window glass sample is denoted as WHSMON. 

Window Glass Test Facility 

This study tested to failure heat treated window glass lites under 

uniform lateral loading at the GRTL window glass test facility located in the 

stmctural laboratory of the Civil Engineering department on the campus of 

TTU. The wmdow glass test facility used to conduct the uniform load tests 

consists of three primary components: a vacuum test chamber, a vacuum 

loading system, and a data acquisition system. Figure 4.1 presents a schematic 

of tiie window glass test facility. 

The vacuum test chamber is designed to hold tiie window glass 

specimen in place during a uniform load test. The vacuum test chamber 

corresponds to test frames described in ASTM E997-84 (ASTM, 1989b) and 

ASTM E998-84 (ASTM, 1989c). The vacuum test chamber consists of eight-
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inch steel channels welded together at their ends to form a rectangle. This 

rectangle is welded to a X-inch tiiick steel deck which forms the back of the 

test chamber. Figure 4.2 illustrates the vacuum test chamber. An installed 

window glass specimen forms the closure of tiie chamber. In order to maintain 

an air tight seal during testing and to provide perimeter support for the window 

glass specimen, the top leg of each of the steel channels has a X-inch wide, X-

inch deep, groove machined into it. Quarter-inch square neoprene gaskets were 

placed into each of the grooves. The neoprene gaskets provide the airtight seal 

during testing of the window glass, while permitting in-plane slippage of the 

glass. The neoprene gasket is idealized as a simple support for the glass. The 

neoprene gaskets are continuous around the perimeter of the test chamber. 

Neoprene gaskets are also continuous around aluminum outside glazing stops 

designed to hold the window glass against the vacuum test chamber. A detail 

of the bite used for the vacuum test chamber is shown in Figure 4.3. The 

vacuum test chamber is mounted to a steel deck that can be rotated from a 

horizontal position to a vertical position. The steel deck is rotated to a vertical 

position when the window glass specimen is placed into the vacuum test 

chamber and is rotated to a horizontal position when the window glass 

specimen is removed from the vacuum test chamber. For safety reasons, the 

weathered window glass specimens are placed into the test chamber while the 

test chamber is secured in a horizontal position. The steel deck is secured in a 

vertical position for testing the window glass. Three holes are machined into 

the rear of the vacuum test chamber. Two large holes are used to evacuate air 

from tiie chamber. These holes contain couples enabling the connection or 
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disconnection of the vacuum hoses from the chamber. The third hole allows 

connection of a pressure transducer. 

The vacuum loading system consists of two components: (1) tiie vacuum 

source and (2) the vacuum control panel. The vacuum source consists of 

several large steel vacuum tanks connected to a vacuum pump system. Control 

valves are connected to the vacuum tanks and to the vacuum pump system 

enabling the vacuum source to evacuate air from the test chamber. Two 20 ft 

long, 2-inch diameter hoses connect the vacuum system to the rear of the test 

chamber. The vacuum control panel, as its name impUes, is used to control the 

rate of evacuation of the air from the test chamber. The vacuum control panel 

contains mercury and water manometers and dial gages. The manometers 

monitor the vacuum in the test chamber and dial gages monitor the amount of 

vacuum available in the system. 

The third primary component of the window glass test facility consists 

of the data acquisition system. The data acquisition system monitors the 

loading rate and collects pressure and deflection readings during a test. The 

data acquisition system consists of a pressure transducer to measure the 

vacuum pressure in the test chamber, a deflection transducer to measure center 

deflection of the window glass, and a computer system to collect and store data 

from the transducers. 

The pressure transducer measures the vacuum pressure in the test 

chamber during the window glass tests. The pressure transducer used in this 

research, manufactured by Micro Switch (Model No. 140PC), has a differential 

pressure range of ±5 psi. To minimize the possibility of damage during 

testing, the pressure transducer is mounted to a small wooden block. An eight-
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inch long, X-inch diameter, plastic hose connects the pressure transducer to 

the rear of the vacuum test chamber. The pressure transducer is calibrated 

using the mercury manometer on the vacuum control panel prior to 

commencing glass testing. The scale factor and offset constant for the pressure 

transducer are input into the data acquisition system. To assure an initial zero 

pressure reading, the offset voltage is checked prior to each test. 

The center deflection of each heat treated monolithic window glass 

specimen tested is measured using a linear variable displacement transducer 

(LVDT). This study used a model 246 transducer, manufactured by Trans-Tek 

Inc., for the window glass tests This particular model is capable of measuring 

deflections of up to three inches in magnitude. The LVDT has a small rod that 

slides within a cylindrical shaft. As the rod moves, the LVDT transmits 

voltage signals to the computer system. These voltage signals are converted 

into measurable deflection readings. During a window glass test, the LVDT is 

mounted to an aluminum bar that spans across the front of the vacuum test 

chamber. The aluminum bar is mounted to clamps that are attached at mid 

height to the vacuum test chamber. This arrangement permits the LVDT to 

record the maximum deflection of the window glass. The channels of the 

vacuum test chamber are sufficiently rigid to permit accurate deflection 

readings with the LVDT. The tip of the small rod is taped to the compression 

surface of the window glass using masking tape prior to each window glass 

test. Before beginning the testing program, the LVDT is calibrated to 

determine the offset constant and tiie scale factor. These two values are input 

into the data acquisition system. The offset constant is measured and set in the 
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computer system to assure a zero deflection reading prior to each window glass 

test. 

The pressure transducer and the LVDT send voltage output signals to 

the computer system during a window glass test. Both transducers send analog 

output signals. However, the computer system requires a digital signal to 

record tiie incoming information. An analog-to-digital (A/D) converter 

translates the analog output signals from the transducers into digital output 

signals. A Metrabyte Dash-16 A/D board is used to convert tiie output signals. 

The output lines for both the LVDT and the pressure transducer are connected 

to the Dash-16 A/D board. The output signals are digitized by tiie Dash-16 

A/D board and sent to the computer as digital signals. 

/ ^ IBM compatible computer system collects the data from tiie 

transducers. The computer system uses a 286 micro-processor with a separate 

math co-processor installed. The Dash-16 /VD board is connected to an 

expansion slot inside the computer. Labtech Notebook, version 5.0, software 

controls the data acquisition during the course of each test. Labtech Notebook 

software is manufactured by Laboratory Technologies Corporation. Channels 

to monitor the LVDT, the pressure transducer, and the time duration of the 

loading are developed in Labtech Notebook. The intemal clock on the 

computer is used to provide the time information. A load versus time graph is 

displayed on the computer screen during each test. Two lines are displayed on 

the screen. The first is a constant load line, produced by Labtech Notebook, 

representing the pre-set loading rate. The second line represents the actual 

vacuum pressure measured in the vacuum test chamber. The second line is 

produced as the test operator manually varies the vacuimi in the test chamber. 
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The test operator follows the load line produced by Labtech Notebook by 

controlling the vacuum rate using a loading lever on tiie vacuum control panel. 

Once the window glass test is completed, the test operator transfers the 

data files created by Labtech Notebook into a spreadsheet program. The 

spreadsheet program prints and generates plots of the resulting data. Load 

versus time and deflection versus time plots are typically generated usmg the 

resulting test data. 

Window Glass Test Procedure 

The vacuum test chamber is constmcted so that minimal reconfiguring is 

required for each window glass specimen tested. As each window glass 

specimen is handled, care is taken to ensure that the surfaces of the window 

glass are touched as little as possible. Three procedures are performed prior to 

testing a heat treated window glass specimen. First, the window glass 

specimen is inspected for any noticeable damage. Any noticeable damage is 

recorded in a logbook. Second, the thickness of the window glass specimen is 

measured and recorded. The thickness is measured using a micrometer. Six 

thickness measurements are made on each specimen. At least one 

measurement is made along each edge of the long dimension of the glass and 

along each edge of the short dimension of the glass. The mean actual thickness 

of the specimen is the average of the six readings. The third procedure is to 

measure the magnitude of the RCSS in the surface of the window glass 

specimen. This is accompUshed using stress measuring devices (SMD). 

Although all surfaces of heat treated window glass contain RCSS, the RCSS 

can only be measured on the tin side. Therefore, the tin side of the window 
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glass specimen must be determined. The two surfaces of the window glass 

specimen are referred to as the "tin" side and the "air" side. The surface of the 

glass resting against the bed of molten tin during the manufacturing process is 

referred to as the "tin" side of tiie glass. The other surface of the glass is 

referred to as the "air" side. A black light is used to identify the tin side of the 

glass. 

The tin side of each WHSMON window glass specimen acquired in 

Chicago was coated with a ceramic fiit. As a result, the magnitude of the 

RCSS in the window glass could not be measured using a SMD. 

Two instruments are available to measure the induced RCSS in heat 

treated window glass. The first instmment is called a Grazing Angle Surface 

Polarimeter (GASP). The GASP is used to measure tiie RCSS in HS window 

glass. The GASP uses polarized light to measure the induced RCSS in the 

glass. The second instrument is called a Differential Stress Refractometer 

(DSR). The DSR uses refracted light to measure the RCSS in FT window 

glass. The RCSS in the window glass is measured by placing the SMD directly 

on the tin side of the glass specimen while the specimen is resting in a 

horizontal position. Measurements of the RCSS are made at three locations on 

the surface of the specimen. The measurements are made at (I) the center of 

the specimen, (2) along the short dimension of the specimen, one inch in from 

the edge, and (3) along the long dimension of the specimen, one inch in from 

the edge. Two measurements, one perpendicular to the other, are made at each 

location. One measurement is made parallel to an edge, the other made 

perpendicular to an edge. Each measurement is recorded in a logbook. The 



magnitudes of the RCSS measured for the new heat treated window glass 

specimens are presented in Appendix A. 

The strength of window glass is a function of the window glass surface 

condition. The surface condition of tiie window glass can be affected by the 

manufacturing process, by handling of the glass, and by the degree of 

environmental exposure. Research has shown that the tin side of new window 

glass is the weaker side of the glass (Jonnson, 1977). M\ three samples of new 

heat treated monolithic window glass were tested to failure with the tin side of 

the window glass in tension. 

For the WHSMON window glass sample, the anticipation was that the 

surface condition of the glass exposed to the environment was different from 

the surface condition of the glass exposed to the building's stmcture. For this 

reason, the WHSMON window glass sample was tested to failure in two 

groups. One group was tested to failure with the non-frit coated surface in 

tension. This surface of the window glass was exposed to the environment. 

This test group is referred to as WHSMON-FIC. The second group was tested 

to failure with the fiit coated surface in tension. This surface of the window 

glass was facing the building's stmcture. This test group is referred to 

WHSMON-FIT. 

The heat treated window glass specimens are lifted either by hand using 

suction cups or by a suction rack suspended from an overhead crane. The new 

heat treated window glass specimens are placed into the vacuum test chamber 

while the test chamber is secured in a vertical position. For safety reasons, the 

weathered HS window glass specimens are placed into the vacuum test 

chamber while the test chamber is secured in a horizontal position. Clear 
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packing tape is applied to the surface of the specimens. The packing tape is 

used to preserve the fracture origin following fracture of the window glass and 

to permit inspection of the window glass without removing it from the test 

chamber. Aluminum outer glazing stops are set in place and secured following 

the application of the clear packing tape. The vacuum hoses and the pressure 

transducer are connected to the rear of the test chamber. An aluminum bar is 

mounted horizontally across the front of the test chamber at the midpoint. The 

LVDT is slid through a hole in the aluminum bar until the small rod gently 

bears against the surface of the window glass. The LVDT is then secured to 

the aluminum bar. Masking tape is used to secure the small rod to the surface 

of the window glass. 

A hand held voltmeter is used to read the output voltage from the 

pressure and deflection transducers before the test begins. These voltages, 

which represent the offset constants discussed previously, are input into 

Labtech Notebook. The data acquisition system is readied and the load versus 

time graph is displayed on the computer screen. The vacuum in the test 

chamber is uniformly increased at the vacuum control panel and the load line is 

displayed on the computer screen. The data acquisition system records 

information at one-half second intervals during loading. The vacuum in the 

test chamber is uniformly increased until the window glass specimen fails. 

Table 4.1 shows the nominal glass dimensions, the sample size, and the 

loading rate for each heat treated window glass sample. The loading rate for 

the new HS window glass sample is two times the loading rate used for an 

identical geometry new AN window glass sample reported in Kanabolo and 

Norville (1985). The loading rate for the weathered HS window glass sample 
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Table 4.1 

Loading Rate and Sample Size for 
Heat Treated Monolithic Window Glass Samples 

Test 

Series 

HSMON ̂  

FTMON' 

FTCOE^ 

WHSMON-FIT^ 

WHSMON-FIC' 

Nominal Dimensions 

(in.) 

38 X 76 X 1/4 

38 X 76 X 1/4 

66 X 66 X 1/4 

46 X 84.5 X 1/4 

46 X 84.5 X 1/4 

Number of 

Specimens 

20 

20 

26 

25 

26 

Load Rate 

(psi/min) 

2.40 

4.80 

2.80 

1.40 

1.40 

" HSMON denotes new HS monolitiiic from Norville et al. (1993). 

* FTMON denotes new FT monolithic from Norville et al. (1993). 

" FTCOE denotes new FT Corps of Engineers from Norville et al. 
(1991). 

^ WHSMON-FIT denotes weathered HS monolitiiic glass witii the fiit 
side in tension during testing. 

' WHSMON-FIC denotes weathered HS monolithic glass with tiie fiit 
side in compression during testing. 
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is two times the loading rate used for a similar geometry new AN window glass 

sample reported in Kanabolo and Norville (1985). The loading rates for tiie FT 

monolithic window glass samples are four times tiie loading rates used for 

identical geometry new AN monolithic window glass samples tested and 

reported in Kanabolo and Norville (1985). 

Following failure of each window glass specimen, the data file created 

by Labtech Notebook is transferred to a spreadsheet program. Using the 

spreadsheet program, the time of failure, the failure load, and the maximum 

deflection are recorded in a logbook. The data file is saved on the hard drive 

and on a floppy diskette for later use. The location of the fracture origin is 

measured and recorded in a logbook. The coordinates of the fracture origin 

location are measured from the lower left hand comer of the window glass 

specimen with the x-axis extending horizontally to the right and the y-axis 

extending vertically upward. The test chamber is rotated horizontally, secured, 

and the window glass specimen is removed and discarded. Following each 

window glass test, the test chamber is cleaned thoroughly to remove small 

glass shards. 



CHAPTER V 

EXPERIMENTAL DATA ANALYSIS 

Introduction 

Failure load statistics for the heat treated window glass samples are 

reported as direct statistics and indirect statistics. The direct statistics are taken 

from the load-time histories of the window glass specimens. The indirect 

statistics include the transformation of the raw failure loads to 60-second 

equivalent failure loads. The methodology used to perform this transformation 

is presented in this chapter. 

The 60-second equivalent failure loads are used in conjunction with 

specific values of RCSS to estimate the surface strength parameters for the new 

heat treated monolithic window glass samples. A statistical procedure 

presented in this chapter is used in conjunction with 60-second equivalent 

failure loads to estimate the surface strength parameters and the magnitude of 

tiie RCSS for the WHSMON window glass sample. 

Cumulative probability of failure curves are developed for each sample 

of heat treated window glass using their 60-second equivalent failure loads, 

their estimated surface strength parameters, and their specific values of RCSS, 

in the failure prediction model formulated for heat treated window glass. A 

Kolmogorov-Smimov non-parametric goodness-of-fit test is performed to 

ascertain if the Weibull distribution is adequate in fitting the observed 60-

second equivalent failure loads. 

Failure strength data and strength characterizations for the heat treated 

monolithic window glass samples are compared to failure strengtii data and 

strength characterizations for AN window glass. Strength characterizations for 

66 
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heat treated window glass developed using surface strength parameters 

estimated for new and weathered AN window glass samples in conjunction 

with specific values of RCSS are compared to strength characterizations for the 

heat treated window glass samples. 

To demonstrate whether or not the surface strength parameters for heat 

treated window glass are independent of window glass geometry, surface area, 

and duration of applied loading, the failure strength of one sample of new FT 

window glass is predicted using the surface strength parameters estimated from 

failure strength data generated from another sample of new FT window glass 

having the same nominal thickness but different aspect ratio and surface area. 

Failure Load Statistics 

The data collected for each window glass specimen includes the load-

time history, the nominal glass thickness, the maximum center deflection, and 

the coordinates of the fracture origin. 

The failure load, the maximum center deflection, the mean thickness of 

the glass, and the coordinates of the fracture origin are reported in Appendix B 

for each specimen of the four heat treated monolithic window glass samples. 

The direct and indirect failure load statistics are determined using the 

information reported in Appendix B. 

Direct Failure Load Statistics 

The direct failure load statistics consist of the mean, the standard 

deviation, and the coefficient of variation for the raw test data collected from 

each of the heat treated window glass samples. The direct failure load statistics 

are reported in Appendix B and are summarized in Table 5.1. 
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Table 5.1 

Direct Failure Load Statistics 

Window 

Glass 

Sample 

HSMON" 

FTMON' 

FTCOE' 

WHSMON-FIT ̂  

WHSMON-FIC' 

Number 

of 

Specimens 

20 

20 

26 

26 

25 

Mean 

Thickness 

(in.) 

0.223 

0.222 

0.223 

0.233 

0.230 

Mean 

Failure 

Load (psi) 

3.03 

3.42 

2.21 

1.15 

1.12 

Standard 

Deviation 

(psi) 

0.251 

0.325 

0.212 

0.227 

0.319 

Coefficient 

of 

Variation 

8.27% 

9.50% 

9.58% 

24.1% 

28.5% 

" HSMON denotes new HS monolitiiic from Norville et al. (1993). 

* FTMON denotes new FT monolithic from Norville et al. (1993). 

"" FTCOE denotes new FT Corps of Engineers from Norville et al. 
(1991). 

'^ WHSMON-FIT denotes weatiiered HS monolitiiic glass with tiie frit 
side in tension during testing. 

' WHSMON-FIC denotes weathered HS monolithic glass with the frit 
side in compression during testing. 
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Indirect Failure Load Statistics 

The indirect failure load statistics consist of the mean, the standard 

deviation, and the coefficient of variation for the 60-second equivalent failure 

loads for each the heat treated window glass samples. Before these statistics 

can be determined, the direct failure loads are transformed into 60-second 

equivalent failure loads. The metiiodology used to transform tiie direct failure 

loads into 60-second equivalent failure loads is illustrated in Figure 5.1. 

Specimen number 15 from the WHSMON-FIT sample is used as an example. 

Figure 5.1(a) illustrates the load-time history from the inception of loading 

through window glass fracture. As indicated in the figure, failure occurs at 46 

seconds and at a load of 1.05 psi. Using the load-time history, the location of 

the fracture origin, and a non-linear stress analysis technique developed by 

Wang and Vallabhan (1981), the variation of stress with time at the fracture 

origin is determined as shown in Figure 5.1(b). As indicated in the figure, a 

maximum principal tensile stress of 9070 psi occurs at window glass failure. 

In order to transform the direct failure stress into a 60-second equivalent 

failure stress, the MEPT stress is evaluated using Equation (3.3). The 

expression for the MEPT is repeated here for convenience: 

max 

A 
!<»(<¥' 

60 
(3.3) 
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A value of 16 is used for the static fatigue constant, n. This is the same 

value that is used to characterize the strengtii of AN window glass. Altiiough 

McLellan and Shand (1984) state that the value for the static fatigue constant 

used to characterize the strength of AN window glass may not be appropriate 

for heat treated window glass, insufficient research in this area exists to 

warrant the selection of a different value. 

A reference time duration of 60 seconds represents the standard time 

duration used for the design of window glass in the United States (PPG, 1979; 

NBS, 1984; ASTM, 1989a). The transformed 60-second equivalent failure 

stress is the constant stress that will cause failure of the window glass in 60 

seconds. Using the stress-time history shown in Figure 5.1(b) and Equation 

(3.3), the magnitude of the 60-second equivalent failure stress at the fracture 

origin is calculated as 7560 psi. Figure 5.1(c) represents the stress-load history 

at the fracture origin of the window glass specimen. This curve is determined 

using the information contained in Figures 5.1(a) and 5.1(b). Using the 60-

second equivalent failure stress determined from Equation (3.3) and the stress-

load history shown in Figure 5.1(c), the 60-second equivalent failure load is 

shown to be 0.892 psi. 

Evaluation of the integral shown in Equation (3.3) requires the location 

of the fracture origin on the window glass specimen, the load-time history for 

the window glass specimen, and the use of a stress analysis program to 

determine the magnitude of stress at the fracture origin as a fimction of applied 

load on the window glass. The most efficient method to evaluate the integral 

in Equation (3.3) is to use a tabular procedure. Table 5.2 illustrates the 

procedure used to determine the 60-second equivalent failure load for specimen 

number 15 from sample group WHSMON-FIT. 
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Table 5.2 

Transformation of Failure Load to an Equivalent 60-second Failure Load 
for Specimen Number 15 from WHSMON-FIT 

Time 

(sec) 

0 
5 
10 
15 
20 
25 
30 
35 
40 
46 

At 

(sec) 

-

5 
5 
5 
5 
5 
5 
5 
5 
6 

Load 

(psi) 

0 
.097 
.220 
.368 
.456 
.574 
.676 
.808 
.925 
1.05 

Stress at 
Fracture 
Origin 
aXpsi) 

0 
1086 
2313 
3619 
4366 
5334 
6163 
7198 
8108 
9071 

(o-,„ -(J,) 

-

1086 
1227 
1306 
747 
968 
829 
1035 
910 
963 

^r 
-

4.07E+51 
1.55E+57 
3.13E+60 
7.61E+61 
2.29E+63 
2.67E+64 
3.74E+65 
2.83E+66 
1.91E+67 

P 17 

^^ 17(\cr,) 

-

2.20E+47 
7.44E+52 
1.41E+56 
5.75E+57 
1.35E+59 
1.73E+60 
1.97E+61 
1.59E+62 
9.92E+62 

A/(a,) 

-

l.lOE+48 
3.72E+53 
7.05E+56 
2.87E+58 
6.73E+59 
8.66E+60 
9.87E+61 
7.93E+62 
5.95E+63 

46 

From Equation (2.5), K^ = Jo-(0'V/ = J^ M{a^) = 6.85x10 +63 

From Equation (3.3), a^^ = 

46 
-> V 

ja(ty'dt 

60 

a 6 

6.85x10 

60 

+63 a 6 
= 7560 psi. 

Using a fmite difference stress analysis program (Wang and Vallabhan, 1981), 
the 60-second equivalent failure load associated with the 60-second equivalent 
failure stress is 0.892 psi. 
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Sixty-second equivalent failure loads are determined for the HSMON 

and the FTMON window glass samples and for the WHSMON-FIT and 

WHSMON-FIC window glass sample groups. The 60-second equivalent 

failure loads for the FTCOE window glass sample are reported by Norville et 

al. (1991). Sixty-second equivalent failure load data for all heat treated 

window glass samples are reported in Appendix C. The mean, the standard 

deviation, and the coefficient of variation of the 60-second equivalent failure 

loads for each sample of heat treated window glass are reported in Appendix C 

and are summarized in Table 5.3. 

Glass Strength Characterizations for New HS 
and FT Window Glass 

Estimation of Surface Strength Parameters 

Surface strength parameters, m and k, are estimated for the HSMON and 

the FTMON window glass samples. Corresponding parameters for the FTCOE 

window glass sample are estimated and reported m Norville et al. (1991). The 

failure prediction model formulated for heat treated window glass is used to 

estimate the surface strength parameters. The expression for the risk function 

from the failure prediction model for heat treated window glass is shown in 

Equation (3.8). In order to utilize Equation (3.8), a value for the RCSS, o-,, 

must be selected. 

The magnitude of the RCSS is measured and recorded for each new heat 

treated window glass specimen using either a DSR or a GASP. These values 

are reported in Appendix A. An inspection of the values indicates that for the 

HSMON window glass sample, the lowest measured value of RCSS is 7,850 

psi and tiie highest measured value for tiie RCSS is 10,862 psi. Since HS 
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Table 5.3 

Indirect Failure Load Statistics 

Window 

Glass 

Sample 

HSMON" 

FTMON' 

FTCOE' 

WHSMON-FIT ̂  

WHSMON-FIC' 

Number 

of 

Specimens 

18 

18 

26 

26 

25 

Mean 

Thickness 

0.223 

0.222 

0.223 

0.233 

0.230 

Mean 

Failure 

Load (psi) 

2.52 

2.71 

1.73 

0.935 

0.907 

Standard 

Deviation 

(psi) 

0.241 

0.306 

0.230 

0.236 

0.281 

Coefficient 

of 

Variation 

9.56% 

11.3% 

13.3% 

25.2% 

31.0% 

' HSMON denotes HS monolithic from Norville et al. (1993). 

* FTMON denotes FT monolithic from Norville et al. (1993). 

' FTCOE denotes FT Corps of Engineers from Norville et al. (1991). 

^ WHSMON-FIT denotes weatiiered HS monolithic glass with the firit 
side in tension during testing. 

' WHSMON-FIC denotes weathered HS monolithic glass with tiie fiit 
side in compression during testing. 
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window glass is required to have an induced RCSS value between 3,500 psi 

and 10,000 psi (ASTM, 1988), a value of 3,500 psi would be a very 

conservative estimate for the window glass sample. However, a value of 7,850 

psi is chosen because it was the lowest recorded measurement of RCSS for the 

window glass sample. 

For the FTMON window glass sample, inspection of the reported values 

of RCSS in Appendix A indicates tiiat two of the window glass specimens have 

measured values of RCSS less than 10,000 psi, with the lowest value of RCSS 

being 9,653 psi. The remaining window glass specimens have measured RCSS 

values in excess of 10,000 psi, with the highest value of RCSS being 11,585 

psi. Since FT window glass must have a minimum induced RCSS value of 

10,000 psi (ASTM, 1988), the minimum required value is selected to 

conservatively represent the magnitude of the RCSS in the FT window glass 

sample. 

The same procedure is used to determine an appropriate value of RCSS 

to use for the FTCOE window glass sample. Inspection of the values reported 

in Appendix A indicates that the lowest measurement for the RCSS is 9786 psi 

and the highest measurement for the RCSS is 14,446 psi. The minimum 

required value of 10,000 psi is selected to represent this window glass sample. 

The methodology used to estimate the surface strength parameters, m 

and k, for each new heat treated window glass sample is presented in Chapter 

III. For each new window glass sample, a set of non-dimensionalized risk 

factors is calculated corresponding to each non-dimensionalized 60-second 

equivalent failure load and the selected value of RCSS for a wide range of 

values of m. The coefficient of variation is calculated for each set of non-

dimensionalized risk factors. The procedure begins by choosing integer values 
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of m. If the calculated coefficients of variation indicate that a non-integer 

value of m would yield more accurate results, a non-integer value of m is 

determined. Once the best estimate for the value of m is made, the surface 

strengtii parameter, k, is estimated using Equation (3.20). Appendix D contains 

calculations to determine tiie best estimates for the surface strength parameters 

for the HSMON and the FTMON window glass samples. Table 5.4 shows the 

best estimates for the surface strength parameters, m and k, for the three 

samples of new heat treated monolithic window glass. The magnitude of 

RCSS, a^, used to estimate the surface strength parameters is also shown. 

Table 5.4 

Surface Strength Parameters for New Heated Monolithic Window Glass 

Glass Sample 

HSMON" 
FTMON' 
FTCOE' 

m 
10.7 
8.2 
3.0 

k 

2.54x10" '̂ 
3.43x10'' 
3.19x10"'̂  

^r 

7,850 psi 
10,000 psi 
10,000 psi 

" HSMON denotes HS monolitiuc from Norville et al (1993). 

* FTMON denotes FT monolitiuc from Norville et al. (1993). 

' FTCOE denotes FT Corps of Engineers from Norville et al. (1991). 

Cumulative Probability of Failure 

For each sample of new heat treated window glass, the estimated values 

of the surface strength parameters, m and k, and tiie specific value of RCSS 

selected to represent the sample are used with the failure prediction model 

formulated for heat treated window glass to construct curves showing the 
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cumulative probability of failure versus 60-second equivalent failure load, i.e., 

strengtii characterizations. Figure 5.2 shows strength characterizations for the 

HSMON and the FTMON window glass samples. The strength 

characterization for the HSMON window glass sample lies slightly to the left 

of that for the FTMON sample. This occurs because the magnitude of the 

RCSS used in the failure prediction model for the HSMON window glass 

sample is less than the magnitude used for the FTMON sample. The 

magnitudes of the RCSS measured for the HSMON sample are higher than tiie 

average values for HS window glass. For this reason, the two strength 

characterizations are very close together. The slope of the strength 

characterization for the HSMON sample is greater than the slope for the 

FTMON sample. This indicates that the variation in failure strength of the 

HSMON sample is less than the variation of the FTMON sample. The 

coefficients of variation shown in Table 5.3 support this result. 

Figure 5.3 shows the strength characterization for the FTCOE window 

glass sample. This strength characterization was originally reported in Norville 

etal. (1991). 

Kolmogorov-Smimov Goodness-of-Fit Tests 

A Kolmogorov-Smimov (K-S) non-parametric goodness-of-fit test 

(Miller and Freund, 1985) is conducted to ascertain if the Weibull strength 

characterizations adequately fit the observed 60-second equivalent failure loads 

for the three samples of new heat treated window glass. The K-S test checks 

the differences between the theoretical Weibull distributions and the 

experimentally determined cumulative distributions. The K-S test is used 

instead of the Chi-Squared test for goodness-of-fit because the K-S test is 
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considered more efficient for small sample sizes. The K-S test is based on the 

maximum absolute difference, denoted as D, between tiie values of the 

theoretical Weibull distribution and the values of the expenmentally 

determined cumulative distribution. A critical value of D is obtained from 

tabulated values and compared to the absolute differences between tiie 

experimental and the theoretical cumulative distributions. If these differences 

are larger than expected for a specified level of significance, the tiieoretical 

distribution is determined to not model adequately the experimental 

distribution. 

The null hypothesis for the test is that the Weibull strength 

characterization adequately fits the 60-second equivalent failure loads. The 

altemative hypothesis is that the Weibull strength characterization does not 

adequately fit the 60-second equivalent failure loads. The K-S tests for the 

HSMON and the FTMON samples are reported in Appendix E. The K-S test 

for the FTCOE sample is reported in Norville et al. (1991). The results of this 

test are also reported in Appendix E. At a significance level of a = 0.05, the 

null hypothesis could not be rejected for all three samples of new heat treated 

monolithic window glass. Therefore one can conclude that the Weibull 

strength characterizations adequately characterize the 60-second equivalent 

failure loads. 

Comparisons of Sample Strength with Strength 
Characterizations for AN Monolithic 
Window Glass 

The strength characterizations constmcted for the new heat treated 

window glass samples can be plotted with strength characterizations 

constmcted for AN window glass. The strength characterizations for AN 



window glass are developed using surface strength parameters from two 

different sources: parameters selected by a task group witiiin ASTM for 

weathered and new AN window glass, and parameters estimated from samples 

of new AN window glass. 

The surface strength parameters used in ASTM E1300 (1989a) for tiie 

design of AN monolithic window glass were selected by ASTM Task Group 

E06-51.13. The task group examined a wide range of surface strength 

parameters estimated from experimental failure strength data obtained from the 

destmctive testing of a large number of new and weathered window glass 

samples. Almost all of the weathered window glass samples tested were 

approximately 20 years old. Although no two sets of surface strength 

parameters were identical, all of the weathered window glass samples had 

strength characterizations grouped fairly closely together and all of the new 

window glass samples had strength characterizations grouped fairly closely 

together. However, the strength characterizations for the new window glass 

samples were approximately 40 percent higher than the strength 

characterizations for the weathered window glass samples. This difference 

reflects the lower failure strengths of weathered window glass. 

The task group selected m = l and A: = 1.365x10"̂ ^ as representative 

surface strength parameters for weathered AN window glass. While these 

values do not reflect the strength of any particular sample of weathered AN 

window glass, they are considered to be reasonably consistent with 

experimental failure strength data obtained for AN window glass that has 

undergone several years of in-service exposure. Strength characterizations 

constmcted using surface strength parameters from ASTM E1300 are referred 

to as ASTM-WTHRD. 



The task group selected m = 7 and ^ = 792x10'' as representative 

surface strength parameters for new AN window glass. These values do not 

reflect the strengtii of any particular sample of new AN window glass. They 

do, however, represent a general characterization based on experimental failure 

strength data. Strength characterizations constmcted using surface strength 

parameters for new AN window glass are referred to as ASTM-NEW. 

Surface strength parameters estimated for two samples of new AN 

window glass reported in Kanabolo and Norville (1985) are used to develop 

strength characterizations. Test Series W consists of new AN monolithic 

window glass having nominal dimensions of 38 x 76 x 1/4 in. The surface 

strength parameters estimated for this sample are /w = 7.12 and k = 8.718x10 ' ' . 

Test Series V consists of new AN monolithic window glass having nominal 

dimensions of 66 x 66 x 1/4 in.. The surface strength parameters estimated for 

this sample are /w = 9 and k = 1.73x10". These two samples of new AN 

window glass are used in this research because they have the same nominal 

dimensions and thickness as the HSMON, FTMON, and FTCOE samples. 

Figure 5.4 presents strength characterizations for window glass having 

nominal dimensions of 38 x 76 x 1/4 in. The graph contains five curves. Two 

of the strength characterizations represent the HSMON and the FTMON 

samples. The other strength characterizations represent the ASTM-WTHRD 

glass, tiie ASTM-NEW glass, and the Test Series W glass. The strengtii 

characterizations for the HSMON and FTMON samples lie significantly to the 

right of those for AN window glass. This indicates that the failure strengths of 

the HSMON and FTMON samples are significantly higher tiian tiie failure 

strengths of tiie AN glass. At an 8 in 1000 probability of failure, tiie failure 

strengtii for tiie HSMON and FTMON samples are 1.77 psi and 1.82 psi. 
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respectively. For Test Series W, the failure strength of the sample is 0.32 psi 

at an 8 in 1000 probability of failure. This comparison results in a type factor 

of 5.53 for the HSMON sample and a type factor of 5.69 for tiie FTMON 

sample at an 8 in 1000 probability of failure. The graph also shows that the 

strengtii characterization for ASTM-WTHRD window glass lies to the left of 

the strengtii characterizations for Test Series W and ASTM-NEW window 

glass. This result is expected since the strength characterization developed 

using the surface strengtii parameters from ASTM El300 reflect weatiiered 

window glass. The graph also shows that the strength characterization for the 

Test Series W sample lies to tiie right of the strength characterization for 

ASTM-NEW window glass. This resuh indicates that tiie ASTM-NEW surface 

strength parameters adequately characterize the strength of new AN monolithic 

window glass. 

Figure 5.5 presents strength characterizations for window glass having 

nominal dimensions of 66 x 66 x 1/4 in. The graph contains four curves. They 

represent the strength characterizations of the FTCOE sample, the ASTM-

NEW window glass, the ASTM-WTHRD window glass, and the Test Series V 

sample. The strength characterization for the FTCOE sample lies significantly 

to the right of the strength characterizations for AN window glass. As 

expected, the failure strength of the FTCOE sample is significantly higher than 

the failure strengths of the AN window glass. At an 8 in 1000 probability of 

fatiure, the failure strength for the FTCOE sample is 1.17 psi and for the Test 

Series V window glass, the failure strength is 0.32 psi. This comparison results 

in a type factor of 3.66 for the FTCOE window glass at an 8 in 1000 

probability of failure. The graph also shows that the strength characterization 

for ASTM-WTHRD window glass ties to the left of those for the Test Series V 
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sample and the ASTM-WTHRD window glass. This resuh is expected since 

the strength characterization developed using surface strength parameters from 

ASTM E1300 reflect weathered window glass. The graph also shows that the 

strength characterization for tiie Test Series V sample lies to tiie right of the 

strength characterization for ASTM-NEW window glass. This result indicates 

that the ASTM-NEW surface strength parameters adequately characterize the 

strength of new AN window glass. 

Comparisons of Sample Strength with Strength 
Characterizations for Heat Treated 
Monolithic Window Glass 

The strength characterizations constmcted for the new heat treated 

window glass samples are plotted with strength characterizations constmcted 

for heat treated window glass using surface strength parameters for AN 

window glass in conjunction with specific values of RCSS. Surface strength 

parameters estimated from Test Series V and W from Kanabolo and Norville 

(1985) are used as well as the surface strength parameters from ASTM to 

develop the strength characterizations. Three values of RCSS are selected. A 

RCSS value of 10,000 psi is selected to represent FT window glass because it 

represents the minimum allowable value (ASTM, 1988) and because it is used 

to develop the strength characterizations for the FTMON and FTCOE samples. 

A RCSS value of 7,850 psi is selected to represent HS window glass because it 

is the value used to develop the strength characterization for the HSMON 

sample. Using the surface strength parameters for AN window glass, tiie 

selected values of RCSS, and the failure prediction model formulated for heat 

treated window glass, strength characterizations are constmcted to represent 

HS and FT window glass. 
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Figure 5.6 presents strength characterizations for HS window glass 

having nominal dimensions of 38 x 76 x 1/4 in. The first two represent tiie 

HSMON sample and HS window glass developed using Test Series W surface 

strength parameters. The third and fourth strength characterizations represent 

HS window glass developed using ASTM surface strength parameters for new 

and weathered glass. The graph shows that the strength characterization for the 

HSMON sample lies significantly to the right of all the other strength 

characterizations. This indicates tiiat tiie failure strength of tiie HSMON 

sample is significantly higher than the failure strengths represented by strength 

characterizations for HS window glass developed using AN window glass 

surface strength parameters. At an 8 in 1000 probability of failure, the failure 

strength for the HSMON sample is 1.77 psi. The failure strength at an 8 in 

1000 probability of failure for the strength characterization developed using 

Test Series W surface strength parameters is 1.08 psi. This represents a 64 

percent greater failure strength for the HSMON window glass. 

Figure 5.7 presents strength characterizations for FT window glass 

having nominal dimensions of 38 x 76 x 1/4 in. The first two represent the 

FTMON sample and FT window glass developed using Test Series W surface 

strength parameters. The third and fourth strength characterizations represent 

FT window glass developed using ASTM surface strength parameters for new 

and weathered glass. The graph shows that the strength characterization for the 

FTMON sample lies considerably to the right of all tiie other strength 

characterizations. This indicates that the failure strength of the FTMON 

sample is significantly higher than the failure strengths for FT window glass 

developed using AN window glass surface strength parameters. At an 8 in 

1000 probability of failure, tiie failure strengtii for tiie FTMON sample is 1.82 
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psi. The failure strength at this probability of failure for the strength 

characterization developed using Test Series W surface strength parameters is 

1.34 psi. This represents a 36 percent greater failure strength for the FTMON 

window glass. 

Figure 5.8 presents strength characterizations for FT window glass 

having nominal dimensions of 66 x 66 x 1/4 in. The first two represent the 

FTCOE sample and FT window glass developed using Test Series V surface 

strength parameters. The third and fourth strength characterizations represent 

FT window glass developed using ASTM surface strength parameters for new 

and weathered glass. The strength characterization for the FTCOE sample lies 

to the left of all the other strength characterizations. This indicates that the 

failure strength of the FTCOE sample is less than those for FT window glass 

developed using AN window glass surface strength parameters. At an 8 in 

1000 probability of failure, the failure strength for the FTCOE sample is 1.17 

psi. The failure strength at this probability of failure for the strength 

characterization developed using Test Series V surface strength parameters is 

1.48 psi. This represents a 27 percent lower failure strength for the FTCOE 

window glass. 

Glass Strength Characterizations for the 
WHSMON Window Glass Sample 

Methodology 

In order to develop a strength characterization for the WHSMON 

sample, two surface strength parameters, m and k, must first be estimated. The 

two surface strength parameters can only be estimated if the magnitude of the 

RCSS in the glass can be measured. The magnitude of the RCSS in HS 
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window glass can be measured using a SMD on the tin side of the glass. The 

WHSMON sample acquired by GRTL contained an opaque ceramic frit 

coating on the tin side of the window glass. Since it was not possible to 

measure the magnitude of tiie RCSS in tiiis sample using a SMD, an altemative 

approach was developed. An iterative procedure is presented to estimate the 

magnitude of the RCSS in the WHSMON window glass and to subsequently 

estimate the two surface strength parameters, m and k. 

In Chapter III, a procedure was presented for estimating the surface 

strength parameters, m and k, for heat treated window glass. Their estimates 

were used to constmct strength characterizations. The strength 

characterizations developed for heat treated window glass are presented in the 

form of cumulative distribution functions. Since the cumulative distribution 

function represents a continuous random variable, the mean of the cumulative 

distribution fimction is determined using the following expression: 

M = T,xf(x) (5.1) 
allx 

where x denotes the random variable representing a 60-second equivalent 

failure load and /(x) denotes the probability of occurrence for that 60-second 

equivalent failure load. The standard deviation of the cumulative distribution 

function is detennined using the following expression: 

a= \^(x-fiff{x) (5.2) 
\allx 

file:///allx


9.1 

where // denotes the mean 60-second equivalent failure load for the 

cumulative distribution fimction and all other terms have been previously 

defmed. 

If the strength characterization developed for a heat treated window 

glass sample closely represents the experimentally determined 60-second 

equivalent failure loads for that sample, then the mean, the standard deviation, 

and the coefficient of variation for the cumulative distribution function should 

closely match the mean, the standard deviation, and the coefficient of variation 

of the experimentally determined 60-second equivalent failure loads. 

This relationship is demonstrated using the three samples of new heat 

treated window glass used for this research. For each heat treated window 

glass sample, a strength characterization was developed using the estimated 

surface strength parameters, m and k, and the selected value of RCSS. The 

mean, the standard deviation, and the coefficient of variation are computed for 

each of the three strength characterizations. These statistics are compared to 

the mean, the standard deviation, and the coefficient of variation of the 

experimentally determined 60-second equivalent failure loads. The sample 

statistics are shown in Table 5.5. For each sample of new heat treated window 

glass, the statistics compare very well. Using a t test, the differences between 

the means are not statistically significant at the 0.05 significance level. 

Further, no statistically significant differences in the variances (standard 

deviations squared) are detected using an F test at the 0.05 level of 

significance. The statistical tests are presented in Appendix F. Based upon the 

statistical tests, the three parameters used to develop strength characterizations 

for each new heat treated window glass sample reasonably characterize the 

failure strength of the heat treated window glass. 
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Table 5.5 

Comparisons of Statistics Between Strength Characterizations 
and Experimental 60-second Equivalent Failure Loads for New 

Heat Treated Window Glass Samples 

Window 

Glass 

Sample 

HSMON 

FTMON 

FTCOE 

Strength Characterization 

Mean 

(psi) 

2.56 

2.76 

1.73 

Standard 

Deviation 

(psi) 

0.250 

0.324 

0.246 

Coefficient 

of 

Variation 

9.78% 

11.7% 

14.1% 

60-Second Equiv. Failure Loads 

Mean 

(psi) 

2.52 

2.71 

1.73 

Standard 

Deviation 

(psi) 

0.241 

0.306 

0.230 

Coefficient 

of 

Variation 

9.56% 

11.3% 

13.3% 

The procedure presented above is used to estimate the magnitude of the 

RCSS and the surface strength parameters, m and k, for the WHSMON sample. 

Using an iterative procedure, the three parameters that most closely 

characterize the failure strength of the WHSMON window glass are those 

parameters whose strength characterization yields a mean, a standard deviation, 

and a coefficient of variation closest to similar statistics for the experimentally 

determined 60-second equivalent failure loads for tiie WHSMON sample. 

The 60-second equivalent failure loads for the WHSMON sample are 

reported as sample groups WHSMON-FIT and WHSMON-FIC in Appendix C. 

For tiie procedure presented here, the two sample groups are combined. The 

mean, the standard deviation, and tiie coefficient of variation of the 60-second 

equivalent failure loads for tiie WHSMON sample are 0.921 psi, 0.257 psi, and 

27.9 percent, respectively. Using the procedure presented above, the strength 

characterization that most closely represents tiie WHSMON sample is the one 



95 

characterization that most closely represents the WHSMON sample is the one 

whose mean, standard deviation, and coefficient of variation are closest to 

0.921 psi, 0.257 psi, and 27.9 percent, respectively. 

Estimation of Surface Strength Parameters 

In order to determine the two surface strength parameters, m and k, and 

the magnitude of the RCSS that best represent the WHSMON sample, a trial 

and error procedure is performed. The procedure begins by selecting three 

initial values of RCSS: 3,500 psi, 6,500 psi, and 8,000 psi. The fu-st value is 

selected because it represents the minimum required value of RCSS for HS 

window glass (ASTM, 1988). The second value is selected because it is close 

to the mean value of RCSS expected to be found in HS window glass. The 

third value is selected because the fracture patterns observed for the 

WHSMON specimens indicated that the induced RCSS were less than 10.000 

psi, the maximum allowable value for HS window glass. 

Utilizing the failure prediction model formulated for heat treated 

window glass and the 60-second equivalent failure loads for the WHSMON 

sample, surface strength parameters, m and k, are estimated for each of the 

selected values of RCSS. The methodology outlined in Chapter III is used to 

estimate the two surface strength parameters. Appendix G contains the 

calculations used to determine the best estimates for the surface strength 

parameters for each value of RCSS used. The results are shown in Table 5.6. 

Using the failure prediction model formulated for heat treated window 

glass and the 60-second equivalent failure loads, a strength characterization is 

developed for each set of estimated surface strength parameters and the 

selected value of RCSS. Figure 5.9 shows the strength characterizations 
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Table 5.6 

Surface Strength Parameters for the WHSMON 
Window Glass Sample for Three Values of RCSS 

Selected RCSS (psi) 

3,500 

6,500 

8,000 

m 

3.80 

2.56 

2.01 

k 

635x10"" 

7.34x10 ' ' 

1.15x10"'° 

developed for the WHSMON sample. For comparison, the three strength 

characterizations are plotted on the same graph. The graph indicates 

differences in the fatiure strengths of the WHSMON sample at low 

probabilities of failure. For the strength characterization developed using a 

RCSS value of 3,500 psi, the 60-second equivalent failure load at an 8 in 1000 

probability of failure is 0.325 psi. For the strength characterizations developed 

using RCSS values of 6,500 psi and 8,000 psi, tiie 60-second equivalent failure 

loads at an 8 in 1000 probabtiity of failure are 0.422 psi and 0.505 psi, 

respectively. Table 5.7 shows the mean, the standard deviation, and the 

coefficient of variation for each strength characterization developed. The 

statistics shown indicate that as the magnitude of the RCSS increases, the 

coefficient of variation of the strength characterizations decreases (i.e., the 

strength characterizations become more vertical). This is shown in the strength 

characterizations plotted in Figure 5.9. 

The means, the standard deviations, and the coefficients of variation 

shown in Table 5.7 are compared to the mean, the standard deviation, and the 

coeflficient of variation for tiie experimentally determined 60-second equivalent 
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Table 5.7 

Statistics for Strength Characterizations Developed 
for the WHSMON Window Glass Sample 

Magnitude of 

RCSS 

(psi) 

3,500 psi 

6,500 psi 

8,000 psi 

Mean Failure 

Pressure 

(psi) 

0.942 

0.953 

0.974 

Standard 

Deviation 

(psi) 

0.273 

0.254 

0.239 

Coefficient 

of 

Variation 

29.0% 

26.6% 

24.5% 

•;x 

failure load data of the WHSMON sample. Recall that the mean, the standard 

deviation and the coefficient of variation for the WHSMON sample are 0.921 

psi, 0.257 psi, and 27.9 percent, respectively. The comparison indicates that 

the magrutude of the RCSS in tiie WHSMON sample ties between 3,500 psi 

and 6,500 psi. 

The iterative procedure is continued until the best estimate for the 

magnitude of tiie RCSS is determined. An RCSS value of 5,500 psi yielded tiie 

best estimate. Appendix E contains the calculations to determine the best 

estimate for the surface strength parameters, m and k, for a RCSS value of 

5,500 psi. Table 5.8 shows a comparison between tiie mean, the standard 

deviation, and tiie coefficient of variation for tiie strengtii characterization 

developed using the surface strength parameters, m and k, estimated witii a 

RCSS value of 5,500 psi to tiie statistics for tiie experimentally determined 60-

second equivalent failure loads for tiie WHSMON sample. Using a t test, the 

difference in tiie means is not statistically significant at tiie 0.05 significance 
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Table 5.8 

Comparison of Failure Load Statistics Using a Strengtii Characterization 
Developed for WHSMON Window Glass with an RCSS of 5,500 psi and the 

Experimental 60-second Equivalent Failure Load Data 

Method of Determining 
Failure Statistics 

Mean 

(psi) 

Standard 
Deviation 

(psi) 

Coefficient 
of 

Variation 
Strength Characterization 0.949 0.267 27.6 

Failure Strength Data 0.921 0.257 27.9 

level. Further, no statistically significant difference in the variances is detected 

using the F test at the 0.05 significance level. The statistical tests are presented 

in Appendix F. Based on the statistical tests, the strength characterization 

developed from surface strength parameters using an RCSS value of 5,500 psi 

reasonably characterizes the strength of tiie WHSMON sample. The best 

estimates for the surface strength parameters, m and k, and for the magnitude of 

tiie RCSS of the WHSMON sample are m = 2.97, A: = 1.63x10'', and 

a^ = 5,500 psi. 

The best estimates of tiie surface strengtii parameters and the RCSS are 

used in tiie failure prediction model to develop tiie Weibull strengtii 

characterization shown in Figure 5.10 for the WHSMON sample. A K-S test is 

conducted to ascertain if tiie Weibull strengtii characterization adequately fits 

the experimentally determined 60-second equivalent failure loads for the 

WHSMON sample. The null hypotiiesis for tiie test is tiiat tiie Weibull 

strength characterization adequately fits tiie experimentally determined 60-

second equivalent failure loads. The altemate hypotiiesis is tiiat tiie Weibull 

strength characterization does not adequately fit tiie experimentally determined 
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60-second equivalent failure loads. At a significance level oi a = 0.05. the 

null hypothesis could not be rejected for the WHSMON sample. Therefore, 

one can conclude that the Weibull strengtii characterization adequately fits the 

experimentally determined 60-second equivalent failure loads. The results of 

the K-S test are reported in Appendix H. 

Comparisons of Sample Strength witii Strength 
Characterizations for AN Monolithic 
Window Glass 

The strength characterization constmcted for the WHSMON sample is 

plotted with strength characterizations constmcted for AN window glass. The 

strength characterization for weathered AN window glass developed using 

surface strength parameters from ASTM E06-51.13 are referred to as ASTM-

WTHRD. Surface strength parameters estimated from failure strength data for 

samples of weathered AN window glass are used to constmct the remaining 

strength distributions. The weathered AN window glass samples are described 

below. 

Surface strength parameters estimated for a sample of weathered AN 

window glass reported in Norville and Minor (1985) are used to constmct 

strength characterizations. Test Series OKC-1 consists of weathered AN 

window glass lites removed from insulating glass units. The nominal 

dimensions of these window glass specimens are 19.75 x 68 x 1/4 m. The 

insulating glass uiuts were obtained from tiie Oklahoma Mortgage Tower in 

Oklahoma City. The researchers tested tiiese window glass specimens to 

fatiure with tiie glass surface tiiat was exposed to tiie outside of the building in 

tension. The surface strengtii parameters estimated for tius sample are w = 4 3 

and A: = 3.90x10". 
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Surface strength parameters estimated for a sample of weathered AN 

window glass reported in Sligar (1989) are also used to constmct strength 

characterizations. Test Series LCKC8 consists of weathered AN window glass 

lites obtained from a facility at Lackland Air Force Base in San Antonio. The 

nominal dimensions of these window glass specimens are 25.75 x 58.75 x 1/4 

in. The surface strengtii parameters estimated for this sample are /w = 6 44 and 

^ = 2.70x10''. 

Surface strength parameters estimated for a sample of weathered AN 

window glass reported by Beason (1980) are also used to developed strength 

characterizations. The nominal dimensions of these window glass specimens 

are 28.5 x 28.5 x 1/4 in. Test Series GPL-SQ consists of weatiiered AN 

window glass lites obtained from the Great Plains Life Building in Lubbock, 

Texas during its renovation. The surface strength parameters estimated for this 

sample are w = 6 and k = 4.97x10"'̂ . 

These weathered AN window glass samples are chosen for several 

reasons. First, each of the window glass samples has different aspect ratios. 

Second, the samples have the same nominal thickness as the WHSMON 

sample. Third, the samples were obtained from buildings located in different 

geographical regions. Fourth, each of the window glass samples were 

subjected to environmental exposure for a number of years. Test Series 

LCKC8 and GPL-SQ were in-service for approximately 20 years. Test Series 

OKC-1 was in-service for approximately 8 years. Finally, each of tiie window 

glass samples are reported in the open literature. 

Figure 5.11 shows strength characterizations for window glass having 

nominal dimensions of 46 x 84.5 x 1/4 in. They represent tiie WHSMON 

sample and window glass having surface strengtii parameters from ASTM-
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WTHRD, from sample Test Series OKC-1, from sample Test Senes LCKC8, 

and from sample GPL-SQ. The strengtii charactenzation for tiie WHSMON 

sample lies to the right of those for AN window glass. This mdicates tiiat the 

failure strengtii of tiie WHSMON sample is higher tiian tiie failure strengths of 

tiie AN window glass. At an 8 in 1000 probability of failure, tiie failure 

strength for tiie WHSMON sample is 0.386 psi. The failure strengtiis for tiie 

Test Series GPL-SQ, OKC-1, and LCKC8 samples at an 8 in 1000 probability 

of failure are 0.115 psi, and 0.135 psi, 0.158 psi, respectively. These 

comparisons resuh in type factors ranging from 2.44 to 3.35 for tiie WHSMON 

sample. 

The slope of the strength characterization for the WHSMON sample is 

greater than the slopes for all of the AN window glass strength 

characterizations. This indicates that the variation in failure strength of the 

WHSMON sample is greater than the variations in failure strength of the AN 

window glass. The coefficient of variation for the WHSMON sample is 

reported in Table 5.8 as 27.9 percent. This value is much greater than the 

expected coefficient of variation for HS window glass, which is approximately 

15 percent (Monsanto, 1988). 

Comparisons of Sample Strength with Strength 
Characterizations for HS Monolithic 
Window Glass 

Figure 5.12 presents strength characterizations for HS window glass 

having nominal dimensions of 46 x 84.5 x 1/4 in. The first four represent the 

WHSMON sample and HS window glass developed using Test Series LCKC8, 

Test Series OKC-1, and Test Series GPL-SQ surface strengtii parameters. The 

fifth strength characterization represents HS window glass developed using 
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ASTM-WTHRD surface strength parameters. The graph shows tiiat the 

strengtii characterizations developed for weathered HS window glass using 

weathered AN window glass surface strengtii parameters lie partially to the 

right of tiie strengtii characterization for tiie WHSMON sample. The graph 

also shows that at low probabilities of failure, the failure strengtii of the 

WHSMON sample is less tiian tiie failure strengtiis for weathered HS window 

glass developed using weathered AN window glass surface strength 

parameters. At an 8 in 1000 probability of failure, tiie failure strength for the 

WHSMON sample is 0.386 psi. For the other strength characterizations, the 

fatiure strength at this probability of failure are 0.530 psi, 0.570 psi, and 0.620 

psi, for Test Series GPL-SQ, OKC-1, and LCKC8, respectively. 

Type Factors for Heat Treated Window Glass 

Type factors for the heat treated window glass samples were determined 

using the raw mean failure loads and the failure loads at the 8 in 1,000 

probability of failure level. The type factors detennined using the mean failure 

loads of the new heat treated window glass samples are shown in Table 5.9. 

The type factor determined for the HSMON sample is greater than 2.0, the type 

factor used in model building codes. The type factors determined for both the 

FTMON and FTCOE samples are less than 4.0, the type factor used in model 

building codes. 

The type factors determined using the failure loads associated with an 8 

in 1,000 probability of failure level are shown in Table 5.10. The type factor 

determined for tiie HSMON sample is significantly greater tiian 3.2, tiie type 

factor used in model building codes. This most likely occurs because of the 

high RCSS induced in tiie HSMON sample. The type factor determined for the 
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Table 5.9 

Type Factors for New Heat Treated Monolithic Window 
Glass Samples using the Mean Failure Load from the Raw Data 

Window Glass Sample 

HSMON 

FTMON 

FTCOE 

Type Factor 

3.12" 

3.53" 

3.30' 

''T5^e factor determined using Test Series W from Kanabolo and 
Norville (1985). 

'' Type factor determined usiag Test Series V from Kanabolo and 
Norville (1985). 

Table 5.10 

Type Factors for Heat Treated Monolithic Window Glass 
Samples using Failure Loads at an 8 in 1000 Probability of Failure 

Window Glass Sample 

HSMON 

FTMON 

FTCOE 

WHSMON 

Type Factor 

5.53" 

5.69" 

3.66' 

3.35' 

"Type factor determined using Test Series W from Kanabolo and 
Norville (1985). 

* Type factor determined using Test Series V from Kanabolo and 
Norville (1985). 

'^Type factor determined using Test Series GPL-SQ from Beason 
(1980). 



WHSMON sample is also greater than 3.2. The type factors determined for 

both tiie FTMON and the FTCOE samples are significantly less than 7.6, tiie 

type factor used in model building codes. In addition, the type factor 

determined for the FTMON sample is significantly greater than tiie type factor 

determined for the FTCOE sample. This indicates that the geometry of the 

window glass has an affect on the magnitude of the type factor. 

Independence of Surface Strength Parameters 

In the failure prediction methodology formulated for AN window glass, 

the surface strength parameters, m and k, are thought to be independent of tiie 

window glass surface area, the geometry, and the duration of applied loading. 

Beason (1980) demonstrated that the surface strength parameters for AN 

window glass are independent of these variables by using two samples of 

weathered AN monolithic window glass having similar surface conditions but 

different aspect ratios and surface areas. One sample of window glass was 

rectangular and the other sample was square. A transformed strength 

characterization for the square window glass sample was calculated using 

surface strength parameters estimated for the rectangular window glass sample. 

In a similar manner, a transformed strength characterization for the rectangular 

window glass sample was calculated using surface strength parameters 

estimated for the square window glass sample. The means and the standard 

deviations of the transformed strength characterizations were shown not to be 

statistically different from the means and the standard deviations of the tme 

strength characterizations. 

In order to determine if surface strength parameters estimated for heat 

treated window glass are independent of window glass surface area, geometry. 



™ , \:\' 

.ix: T 'iiUfiiTi 

109 

and duration of applied loading, the strength characterizations for two samples 

of heat treated window glass are compared. Surface strength parameters, m 

and k, reported previously, were estimated independently for the FTMON and 

the FTCOE samples. The FTMON sample has rectangular dimensions and the 

FTCOE sample has square dimensions. The samples have the same nominal 

thickness but different surface areas. A RCSS value of 10,000 psi was used to 

estimate the surface strength parameters for both samples of FT glass. A 

transformed strength characterization for the square window glass sample is 

constmcted using the surface strength parameters estimated for the rectangular 

window glass sample. In a similar manner, a transformed strength 

characterization for the rectangular window glass sample is constmcted using 

surface strength parameters estimated for the square window glass sample. 

The strength distributions are plotted so that comparisons can be made. 

Figure 5.13 shows strength characterizations for new FT window glass 

having nominal dimensions of 38 x 76 x 1/4 in. The first strength 

characterization represents the FTMON sample. The second curve represents a 

transformed strength characterization for FT window glass developed using the 

FTCOE surface strength parameters The mean and the standard deviation of 

the transformed strength characterization are 1.33 psi and 0.273 psi, 

respectively. The mean and the standard deviation for the FTMON window 

glass sample are shown in Table 5.3. The error in estimating the mean failure 

load for the FTMON window glass sample using the surface strength 

parameters estimated for the FTCOE window glass sample is 51 percent. 

Using a t test, the difference between the tme and the transformed means is 

statistically significant at the 0.05 significance level. The statistical test is 

presented in Appendix F. 

y^ 
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Figure 5.13: Strength Characterizations for New 38 x 76 x 1/4 inch FT 
Monolithic Window Glass 
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Figure 5.14 shows strength characterizations for new FT window glass 

having nominal dimensions of 66 x 66 x 1/4 in. The fu-st strength 

characterization represents the FTCOE sample. The second curve represents a 

transformed strengtii characterization for FT window glass developed using the 

FTMON surface strength parameters. The mean and the standard deviation of 

the transformed strength characterization are 2.42 psi and 0.215 psi, 

respectively. The mean and standard deviation for the FTCOE sample are 

shown in Table 5.3. The error in estimating the mean failure load for the 

FTCOE sample using the surface strength parameters estimated for the 

FTMON window glass sample is 40 percent. Using a t test, the difference 

between the tme and the transformed means is statistically significant at the 

0.05 significance level. The statistical test is presented in Appendix F. 

Based upon the evidence shovm in Figures 5.13 and 5.14 and the results 

of the statistical tests, one concludes that the failure strength of the square FT 

monolithic window glass sample cannot be predicted using the surface strength 

parameters estimated for the rectangular FT window glass sample and vice 

versa. The results give a strong indication that, for heat treated window glass, 

the surface strength parameters, m and k, are not independent of window glass 

geometry, surface area, and applied loading. 
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CHAPTER VI 

CONCLUSIONS 

Summarv of Accomplishments 

A failure prediction model formulated for heat treated window glass has 

been presented in this research. The failure prediction model relates the 

probability of failure for laterally loaded rectangular heat treated window glass 

lites to the characteristics of the window glass surface flaws and to the 

magnitude of the RCSS in the glass. The failure prediction model presented is 

an extension of the failure prediction methodology developed for AN window 

glass. 

Specimens from three samples of new heat treated monolithic window 

glass and one sample of weathered HS monolithic window glass were tested to 

failure under uniform loading which increased linearly with time from the 

inception of loading to the time of failure. Prior to testing, the magnitude of 

the induced RCSS was measured for each of the new heat treated window glass 

specimens using either a GASP or a DSR. The surface strength parameters for 

the new heat treated window glass samples were estimated using the window 

glass failure strength data with specific values of RCSS in the failure prediction 

model. Their values are shown in Table 6.1. 

A statistical procedure developed in this research has been used in 

conjunction with 60-second equivalent fatiure loads to estimate the surface 

strength parameters and the magnitude of the RCSS for a sample of weathered 

HS window glass. Their values are shown in Table 6.1. The validity of the 

statistical procedure has been demonstrated by applying the procedure to new 

113 



Table 6.1 

Surface Strength Parameters and RCSS for Heat 
Treated Monolithic Window Glass 

114 

Glass Sample 
HSMON 
FTMON 
FTCOE 

WHSMON 

m 
10.7 
8.20 
3.00 
2.97 

k 

2.54x10"'' 
3.43x10"'' 
3.19x10"" 
1.63x10'" 

^r 

7,850 psi 
10,000 psi 
10,000 psi 
5,500 psi 

heat treated window glass samples whose surface strength parameters and 

values of RCSS were estimated previously. 

Failure strength statistics for the heat treated window glass samples 

were compared to failure strength statistics for AN window glass samples. 

Type factors for the heat treated window glass samples were determined and 

compared to type factors used in model building codes to design heat treated 

window glass. Strength characterizations were constmcted for the heat treated 

window glass samples using the failure prediction model in conjunction with 

their estimated surface strength parameters, their selected values of RCSS, and 

their 60-second equivalent failure loads. A K-S goodness-of-fit test was 

utilized to ascertain if the Weibull strength characterizations adequately fit the 

experimentally determined 60-second equivalent failure loads. Strength 

characterizations constmcted for the heat treated window glass samples were 

compared to strength characterizations developed for AN window glass 

samples and to strength characterizations developed for heat treated window 

glass using AN window glass surface strengtii parameters. 
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Using the surface strength parameters and the RCSS estimated for two 

samples of new FT window glass, it was shown that the failure strength of one 

sample could not be predicted using the surface strength parameters estimated 

for the otiier sample and vice versa. This result indicates that the surface 

strength parameters for heat treated window glass are not independent of 

window glass geometry and surface area. 

Conclusions 

This research effort has led to the following conclusions: 

1. Using the raw mean failure strengths, the type factors for the 

FTMON and FTCOE samples are 3.53 and 3.30, respectively. 

These values are less than 4.0, the type factor used in a model 

building code (ICBO, 1991). 

2. At the 8 in 1000 probability of failure level, the type factors for the 

FTMON and FTCOE samples are 5.69 and 3.66, respectively. 

These values are significantly lower than 7.6, the type factor used 

in model building codes (BOCA, 1990; SBCCI, 1991). 

3. Using the raw mean failure strength, the type factor for the 

HSMON sample is 3.12. This value is greater than 2.0, the type 

factor used in a model building code (ICBO, 1991). 

4. At the 8 in 1000 probability of failure level, the type factors for the 

HSMON and WHSMON samples are 5.53 and 3.35, respectively. 

These values are greater than 3.2, the type factor used in model 

building codes (BOCA, 1990; SBCCI, 1991). 
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5. The mean value of the RCSS measured in the HSMON window 

glass sample is 9,900 psi. This value far exceeds 6,500 psi, the 

typical value of RCSS induced in HS window glass. 

6. The type factors for the FTMON and tiie FTCOE samples are 

significantly different at the 8 in 1,000 probability of failure level. 

The surface condition of both samples are similar and the 

magnitude of the RCSS used to estimate the surface strength 

parameters for both samples is the same. Since their dimensions 

and surface areas are different, it is concluded that the magnitudes 

of the type factors for heat treated window glass are influenced by 

the window glass surface area and the window glass geometry. 

7. The coefficient of variation for the WHSMON window glass 

sample is 27.9 percent. This value far exceeds the expected 

coefficient of variation for HS window glass, which is 

approximately 15 percent. 

8. Surface strength parameters from ASTM E06-51.13 for new and 

weathered AN window glass used in conjunction with selected 

values of RCSS do not adequately characterize the failure strength 

of HS and FT window glass. 

9. Surface strength parameters estimated from samples of new and 

weathered AN window glass used in conjunction with specific 

values of RCSS do not adequately characterize the failure strength 

of HS and FT window glass 

10. The magnitudes of tiie surface strength parameters, m and k, 

estimated for heat treated window glass are influenced by the 

- X 
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magnitude of the RCSS induced in the glass. This was shown 

while determining tiie best estimate for tiie surface strength 

parameters and RCSS for the WHSMON sample. Appendix G 

shows the different surface strength parameters estimated for three 

different values of RCSS. 

11. The magnitudes of the surface strength parameters, m and k, 

estimated for heat treated window glass are not independent of the 

window glass aspect ratio, the surface area, an the duration of 

applied loading. 

Discussion 

Type Factors for Heat Treated Window Glass 

The type factors determined for the FTMON and FTCOE samples are 

lower than the type factors used in current design practice. This indicates that 

the type factors used in current design practice for FT window glass are too 

high. The type factors determined for the FTCOE sample are lower than the 

type factors detennined for the FTMON sample. Since the magnitude of the 

RCSS induced in both FT window glass samples are similar and since the 

magnitude of the RCSS selected to develop strength characterizations for the 

FT window glass samples were the same, the difference in type factors 

indicates that the window glass surface area and the window glass geometry 

influence the magnitude of the type factor. 

The type factors detennined for the HSMON and WHSMON samples 

are greater than the type factors used in current design practice. This indicates 

that the type factors used in current design practice for HS window glass are 

~x 
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too high. The mean value of tiie RCSS induced in tiie HSMON sample is 

9,900 psi. This magnitude of RCSS is significantly greater tiian 6,500 psi, tiie 

magnitude of RCSS normally induced in HS window glass. This may account 

for the reason that tiie raw mean failure strengtii and tiie failure strength at tiie 

8 in 1000 probability of fatiure level for tiie HSMON sample are significantly 

greater than the raw mean failure strength and the failure strength at the 8 in 

1000 probabtiity of failure level for AN window glass. If the magrutude of the 

induced RCSS were more representative of HS window glass, then tiie failure 

strength of the HSMON sample would be lower and, consequently, the 

magnitudes of the type factors would be lower. 

Strength Characterizations for Heat Treated 
Window Glass 

Strength characterizations constmcted for the new HSMON and 

FTMON samples show that the two curves plot fairly close together. This 

occurs because the magnitudes of the RCSS estimated in the HSMON sample 

are higher than the average values of RCSS expected to be found in HS glass. 

The strength characterizations also show that the variation in failure strength 

for the HSMON sample is less than the variation in failure strength of the 

FTMON sample. 

The slope of the strength characterization developed for the WHSMON 

sample is less than the slopes of the strength characterizations developed for 

weathered AN window glass. This indicates that the coefficient of variation of 

the WHSMON sample is greater than the coefficients of variation for the 

weathered AN window glass samples. The coefficient of variation for the 

^ 
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WHSMON sample is 27.9 percent which is sigmficantly greater than 15 

percent, the expected coefficient of variation for HS window glass. 

Strength characterizations constmcted for HS and FT window glass 

using AN window glass surface strengtii parameters in conjunction with 

specific values of RCSS were compared to strength characterizations for heat 

treated window glass samples. For two of the tiiree heat treated window glass 

samples used in this study, their failure strengths were lower than the failure 

strengths represented by tiie strength characterizations for heat treated window 

glass developed using AN window glass surface strength parameters. This 

indicates that failure strength of heat treated window glass caimot be 

characterized using AN window glass surface strength parameters. 

Independence of Surface Strength Parameters 

The surface strength parameters, m and k, are thought to be independent 

of window glass area, geometry, and duration of applied loading. The strength 

characterizations shown in Figures 5.13 and 5.14 indicate that surface strength 

parameters estimated for one sample of new FT monolithic window glass could 

not be used to predict the failure strength of another sample of new FT 

monolithic window glass having a different aspect ratio and different glass 

surface area. The magnitudes of the RCSS used to estimate the surface 

strength parameters for both samples of FT monolithic window glass are the 

same. The results raise doubts about the independence of the surface strength 

parameters estimated for heat treated window glass. 

The surface strength parameters, m and k, are believed to be a measure 

of the distribution and severity of flaws on the surface of window glass. The 
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distribution and severity of flaws on the surface of window glass that has 

undergone several years of in-service exposure will differ from tiiat of new 

window glass. Therefore, the magnitude of the surface strengtii parameters 

should be similar for window glass tiiat has similar surface conditions and tiiey 

should differ between new and weathered window glass. 

Estimates have been made on the surface strength parameters for several 

samples of new and weathered AN window glass (Beason, 1980; Kanabolo and 

Norville, 1985; Norvitie and Minor, 1985; Sligar, 1989). A distinct difference 

exists in the magnitudes of the surface strength parameters for new and 

weathered AN window glass. In general, the magnitudes of the surface 

strength parameters, m, estimated for weathered AN window glass are lower 

than those estimated for new AN window glass and the magnitudes of the 

surface strength parameters, k, estimated for new AN window glass, are lower 

than those estimated for weathered AN window glass. 

The HSMON, FTMON, and FTCOE samples are all new window glass 

with, presumably, similar surface conditions. All three samples have the same 

nominal thickness. The HSMON and FTMON samples were produced by the 

same manufacturer and were shipped to GRTL at the same time. If the surface 

strength parameters are a fimction of the surface condition of the glass, then it 

would be reasonable to assume that the magnitudes of the surface strength 

parameters for each sample would be similar. However, the magnitudes of the 

surface strength parameters are significantiy different. Since the FTMON and 

the HSMON window glass samples had the same nominal dimensions, the 

difference in surface strength parameters may be attributed to the different 

magnitudes of RCSS used to estimate the surface strength parameters. Had the 
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induced RCSS in tiie HSMON window glass sample been closer to tiie values 

typically found in HS window glass, tiie magnitudes of tiie surface strength 

parameters might have been significantly different. The surface strength 

parameters for tiie FTMON and tiie FTCOE samples are estimated using the 

same value of RCSS. Therefore, the significant difference in surface strength 

parameters between the two window glass samples must be attributed to either 

the aspect ratio of the glass or the surface area of the glass. 

The WHSMON window glass sample has surface strength parameters 

very similar in magnitude to those estimated for tiie FTCOE sample; however, 

the coefficient of variation for the WHSMON sample is twice as large as the 

coefficient of variation for tiie FTCOE sample. The primary difference 

between tiie two samples of window glass are the surface condition of the 

glass, the aspect ratio of the glass, and the magnitude of the induced RCSS. 

Therefore, it appears that the aspect ratio of the window glass and the 

magnitude of the induced RCSS may affect the magnitude of the surface 

strength parameters. 

Direction of Future Research 

The research presented herein is only a small segment of a much larger 

research program that should be conducted on the failure strength of heat 

treated window glass. The ultimate goal of a future research program in this 

area would be the development of design recommendations for heat treated 

window glass. In order to accomplish this goal, the following research work 

should be conducted: 
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1. Develop a comprehensive data base conceming failure strength of 

heat treated window glass. The data base should consist of 

samples of new and weathered HS and FT window glass. 

2. Conelate the relationship between tiie magnitude of the RCSS 

induced in heat treated window glass, the failure load, and the 

fracture properties of the glass. 

3. Conelate the relationship between the magnitude of the RCSS 

induced in heat treated window glass and the estimated values of 

the surface strength parameters, m and k. 

4. Evaluate the effects of window glass age and weathering on the 

magnitude of the induced RCSS values. Determine if stress 

relaxation occurs. 

5. Determine if the static fatigue constant used for AN window glass 

is appropriate for use with heat treated window glass. 
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Table A. 1 

Residual Stress Measurements (RCSS) for New Heat Strengthened 
Monolitiuc Window Glass. Nominal Dimensons 38 x 76 x 1/4 in. 

Specimen 
Number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

RCSS at 
Comer (psi) 

8685 
8525 
8370 
8070 
9364 
9732 

10970 
9923 
10533 
10533 
10533 
10748 
9545 
9732 

10970 
10748 
10533 
10533 

10120 
9732 

9923 
10120 

10748 
10970 

10970 
10323 

10970 
10323. 

RCSS Estimate 
along Edge (psi) 

6995 
6754 
7247 
7925 
9015 
9364 
10533 
10533 
9364 
9015 
10120 
10120 
10748 
10533 
9364 
9015 
9732 
9364 

10533 
9732 
10120 
9732 
10120 
10532 

9545 
8848 

10970 
9364 

RCSS Estimate 
at Center (psi) 

8070 
8070 

8070 
8370 
8370 
9015 
10120 
10533 
10120 
9923 
9732 
9732 
10533 
10323 

9923 
10120 
9732 
9545 
9732 
10120 
10120 
10120 

10532 
10532 
9731 
10120 

9364 
10120 
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Table A. 1 Continued 

Specimen 
Number 

15 

16 

17 

18 

19 

20 

RCSS at 
Comer (psi) 

9732 
10120 

10970 
10120 

10533 
10533 
10970 
10748 
10970 
10748 

10970 
10533 

RCSS Estimate 
along Edge (psi) 

10533 
10748 

10120 
9732 

9732 
10120 
10533 
10748 
10970 
11200 
9364 
9015 

RCSS Estimate 
at Center (psi) 

9732 
9732 

10323 
10120 
9364 
10323 
10323 
10323 
10748 
10533 

9732 
9732 

Mean RCSS - 9909 psi 
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Table A.2 

Residual Stress Measurements (RCSS) for New Fully Tempered 
Monolitiiic Window Glass. Nominal Dimensons 38 x 76 x 1/4 in. 

Specimen 
Number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

RCSS at 
Comer (psi) 

11050 
11184 

10718 
10252 
11650 
11650 
10718 
11184 

10252 
10718 
12116 
11184 

11650 
12116 
9320 
10252 
9786 
11650 

9320 
11650 

9320 
11650 

9320 
11650 

10718 
11650 

11650 
11650 

RCSS Estimate 
along Edge (psi) 

11184 
11650 
11650 
11650 
11184 
11184 
12116 
11650 
10718 
10718 
9786 
10718 
10252 
10718 

9320 
9786 
9320 
10252 

10718 
9786 

11650 
9320 

9320 
9320 

11184 
9320 

11650 
11650 

RCSS Estimate 
at Center (psi) 

9786 
11184 

11184 
11650 
11184 
11650 
12116 
12116 

9786 
11184 
11184 
11650 
9320 
12116 
8388 
10252 
9320 
10252 

10718 
10252 
10718 
11650 
8388 
10718 

9320 
8854 

11650 
11184 
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Table A.2 Continued 

Specimen 
Number 

15 

16 

17 

18 

19 

20 

RCSS at 
Comer (psi) 

10252 
11650 

11650 
11650 
10252 
11650 

11184 
11650 
10252 
11184 

11650 
10718 

RCSS Estimate 
along Edge (psi) 

9320 
9786 

11184 
11650 
11184 
11184 
11650 
10718 
11184 
10252 
11184 
11184 

RCSS Estimate 
at Center (psi) 

10252 
9786 

11184 
12116 
11650 
11184 
11650 
11650 
10718 
10252 

11650 
11184 

Mean RCSS = 10,900 psi 
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Table A. 3 

Residual Stress Measurements (RCSS) for New Fully Tempered 
Monolitiiic Window Glass. Nominal Dimensons 66 x 66 x 1/4 in. 

Specimen 
Number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

RCSS at 
Comer (psi) 

13514 
13980 
12116 
11650 

12116 
14446 
11650 
12582 
13048 
11650 

13048 
12116 

13514 
12582 
13048 
13980 

12116 
13048 

12116 
12582 
11650 
12116 

13048 
12582 

12116 
11650 

12116 
12582 

RCSS Estimate 
along Edge (psi) 

13048 
12582 

12116 
10252 
11650 
11650 
12116 
11184 
12116 
11184 

12116 
12582 
11184 
12116 
13514 
13048 

11650 
11184 
11650 
12116 
14446 
11650 

11184 
11650 

11184 
11184 

12116 
11184 

RCSS Estimate 
at Center (psi) 

13048 
12582 
13048 
13048 
12116 
12582 
11184 
13514 
12116 
11184 
10718 
11650 

9786 
12116 
13048 
12116 

11650 
12116 
10718 
12116 
12582 
12116 

12582 
12116 

13048 
11650 

12116 
11650 
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Table A. 3 Continued 
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Specimen 
Number 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

RCSS at 
Comer (psi) 

11184 
11184 

12116 
10718 
11650 
11650 

11184 
13514 
12116 
11184 
11650 
11184 

12116 
12116 
12116 
12116 
12116 
12116 

12116 
12582 
12116 
12116 

11184 
11650 

RCSS Estimate 
along Edge (psi) 

12116 
11650 

12116 
10252 
11184 
12582 

12116 
11184 
12582 
11650 

11184 
12116 

11184 
12116 
12116 
11650 

12116 
11650 

11184 
12582 
11650 
11184 

10718 
11184 

RCSS Estimate 
at Center (psi) 

12116 
11650 

12582 
11184 
11650 
11184 

12116 
13048 
11184 
11184 
12116 
11184 

11650 
11184 
12582 
11650 
12582 
11650 

13584 
12582 
11650 
11184 

11650 
11184 

Mean RCSS - 12,006 psi 
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Table B.l 
Direct Test Resuks for Heat Strengthened 

Monolithic Window Glass. Nominal Dimensions 38 x 76 x 1/4 in. 

Specimen 
Number 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

Failure 
Load 
(psi) 
2.55 
2.55 
2.77 
3.31 
3.25 
3.03 
3.14 
2.98 
3.11 
2.86 
3.25 
2.85 
2.58 
3.13 
3.13 
3.49 
3.06 
3.31 
2.87 
3.30 

Maximum 
Deflection 

(in.) 

1.52 
1.63 

-

1.63 
1.72 

-

1.71 
1.75 
1.66 
1.76 
1.56 

-

1.67 
1.71 
1.87 
1.70 
1.57 
1.66 
1.74 

Glass 
Thickness 

(in.) 
0.221 
0.221 
0.222 
0.222 
0.225 
0.220 
0.220 
0.223 
0.223 
0.222 
0.223 
0.224 
0.223 
0.223 
0.224 
0.223 
0.222 
0.223 
0.223 
0.223 

Fracture Origin 
X 

Coordinate 
(in.) 
1.25 
36.5 
2.00 

-

35.0 
30.3 

-

5.63 
32.5 
32.5 
3.25 
33.0 
38.0 
1.75 
1.35 
34.5 
35.0 
32.7 
36.8 
36.8 

Y 
Coordinate 

(in.) 
75.0 
1.25 
74.0 

-

74.0 
72.0 

-

72.5 
3.50 
68.0 
73.5 
70.0 
74.0 
0.00 
75.4 
1.50 
74.5 
7.00 
1.50 
2.00 

Mean fatiure load =3.03 psi 
Standard deviation = 0.251 psi 
Coefficient of variation = 8.27% 

Mean glass thickness = 0.223 in. 
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Table B.2 
Direct Test Results for Fully Tempered 

Monolithic Window Glass. Nominal Dimensions 38 x76 x 1/4 in. 

Specimen 
Number 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

Failure 
Load 
(psi) 
3.20 
2.93 
3.70 
3.20 
3.36 
3.54 
3.45 
3.38 
3.82 
3.36 
3.32 
2.80 
4.01 
3.77 
3.35 
3.37 
2.93 
3.93 
3.66 
3.28 

Maximum 
Deflection 

(in.) 
1.81 
1.70 
1.95 
1.76 
1.84 
1.86 
1.86 
1.76 
1.93 
1.87 
1.84 
1.68 
2.01 
1.95 
1.82 
1.83 
1.72 
2.01 
1.90 
1.76 

Glass 
Thickness 

(in.) 
0.221 
0.227 
0.226 
0.223 
0.221 
0.222 
0.222 
0.223 
0.220 
0.221 
0.221 
0.221 
0.220 
0.223 
0.222 
0.221 
0.224 
0.221 
0.221 
0.223 

Fracture Origin 
X 

Coordinate 
(in.) 
31.0 
36.0 
0.25 
3.25 
2.50 
5.25 
2.00 
6.00 
35.0 
2.00 
2.50 
38.0 
0.50 
6.50 

-

-

0.25 
31.0 
35.0 
7.00 

Y 
Coordinate 

(in.) 
8.50 
2.00 
74.0 
74.8 
75.5 
5.75 
76.0 
68.0 
75.5 
4.00 
1.50 
2.00 
74.5 
6.25 

-

-

1.00 
69.8 
74.5 
7.00 

Mean failure load = 3.42 psi 
Standard deviation = 0.325 psi 
Coefficient of variation = 9.50% 

Mean glass thickness = 0.222 in. 
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Table B.3 
Direct Test Resuhs for Fully Tempered 

Monolithic Window Glass. Nominal Dimensions 66 x 66 x 1/4 in. 

Specimen 
Number 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 

X/fpan failure 

Failure 
Load 
(psi) 
2.31 
2.07 
2.52 
2.28 
2.18 
2.14 
2.16 
2.26 
2.41 
2.55 
2.60 
2.21 
1.85 
2.39 
2.33 
2.43 
2.18 
2.17 
2.15 
1.97 
1.80 
1.83 
2.02 
2.09 
2.36 
2.20 

load= 2.21 

Maximum 
Deflection 

(in.) 
1.94 
2.00 
2.16 
2.06 
1.46 
1.93 
1.97 
1.98 
2.10 
2.24 
2.01 
1.83 
1.64 
1.88 
1.83 
1.88 
1.53 
1.75 
1.78 
1.70 
1.61 
1.73 
1.74 
1.87 
1.86 
1.83 

Dsi 

Glass 
Thickness 

(in.) 
0.225 
0.218 
0.223 
0.216 
0.215 
0.224 
0.223 
0.223 
0.223 
0.224 
0.225 
0.223 
0.224 
0.224 
0.223 
0.224 
0.222 
0.222 
0.222 
0.224 
0.223 
0.224 
0.224 
0.223 
0.224 
0.224 

Mean glass 

Fracture Origin 
X 

Coordinate 
(in.) 
63.5 
2.50 
3.50 
6.00 
6.50 
5.00 
4.50 
62.5 
59.0 
1.00 
4.00 
6.00 
65.4 
5.00 
61.0 
57.2 
58.5 
6.00 
64.0 
3.00 
3.00 
5.25 
8.00 
64.0 
3.50 
60.0 

thickness = 0 

Y 
Coordinate 

(in.) 
2.00 
2.50 
3.00 
6.00 
6.50 
5.25 
6.00 
6.10 
14.0 
1.00 
63.0 
60.0 
64.0 
5.00 
59.0 
58.5 
58.2 
58.5 
0.25 
64.1 
63.5 
61.2 
61.5 
3.50 
63.5 
56.5 

223 in. 
Standard deviation = 0.212 psi 
Coefficient of variation = 9.58 % 



Table B.4 
Direct Test Results for Weatiiered Heat Strengtiiened 

Monolitiiic Window Glass. Nominal Dimensions 46 x 84.5 x 1/4 in. 
Frit Surface of Glass is in Tension. 
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Specimen 
Number 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 

Failure 
Load 
(psi) 
0.889 
0.794 
1.19 
1.34 
1.24 

0.962 
0.853 
0.932 
I.IO 
1.12 

0.853 
1.20 
1.09 

0.604 
1.05 
1.27 

0.996 
1.30 

0.971 
1.39 
1.60 
1.88 
1.26 
1.53 
1.38 
1.06 

Maximum 
Deflection 

(in.) 
1.30 
1.31 
1.34 
1.45 
1.36 
1.23 
1.15 
1.40 
1.30 
1.47 
1.30 
1.34 
1.31 

0.928 
1.26 
1.21 
1.15 
1.34 
1.13 
1.53 
1.48 
1.78 
1.45 
1.45 
1.48 
1.41 

Glass 
Thickness 

(in.) 
0.234 
0.233 
0.239 
0.230 
0.234 
0.233 
0.233 
0.233 
0.233 
0.235 
0.231 
0.231 
0.233 
0.235 
0.236 
0.235 
0.231 
0.231 
0.231 
0.231 
0.231 
0.230 
0.231 
0.232 
0.231 
0.231 

Fracture Origin 
X 

Coordinate 
(in.) 
3.00 
42.5 
2.75 
3.00 
3.50 
42.5 
43.0 
3.00 
44.3 
44.3 
3.50 
35.5 
3.75 
3.00 
3.00 
44.6 
42.0 
44.5 
0.250 
3.25 
45.0 
3.13 
3.50 
0.50 
3.00 
3.25 

Y 
Coordinate 

(in.) 
0.50 
0.50 
0.50 
84.0 
84.0 
0.50 
0.50 
84.0 
0.38 
0.38 
83.4 
73.5 
84.0 
82.0 
84.0 
84.0 
84.0 
0.50 
0.38 
84.0 
84.0 
0.38 
83.5 
3.25 
84.0 
80.0 

Mean fatiure load = 1.15 psi Coefficient of variation = 24.1% 
Standard deviation = 0.277 psi Mean glass thickness = 0.233 in. 



Table B.5 
Direct Test Results for Weatiiered Heat Strengtiiened 

Monolithic Window Glass. Nomuial Dimensions 46 x 84.5 x 1/4 in. 
Frit Surface of Glass is in Compression. 

143 

Specimen 
Number 

I 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 

Failure 
Load 
(psi) 
1.00 

0.771 
1.58 
1.05 
1.09 
1.20 

0.992 
1.52 

0.642 
1.11 

0.566 
1.19 
1.22 

0.993 
1.26 
1.10 

0.574 
0.753 
1.37 
1.15 
1.16 
1.81 

0.949 
1.54 
1.21 

Maximum 
Deflection 

(in.) 
0.992 
1.13 
1.59 
1.14 
1.25 
1.42 
1.12 
1.50 

0.902 
1.30 

0.990 
1.38 
1.43 
1.32 
1.39 
1.28 

0.840 
1.21 
1.46 
1.38 
1.37 
1.68 
1.25 
1.46 
1.35 

Glass 
Thickness 

(in.) 
0.234 
0.232 
0.233 
0.232 
0.234 
0.230 
0.229 
0.233 
0.235 
0.234 
0.214 
0.213 
0.231 
0.232 
0.231 
0.231 
0.231 
0.231 
0.232 
0.231 
0.232 
0.231 
0.231 
0.231 
0.231 

Fracture Origin 
X 

Coordinate 
(in.) 
2.38 
0.25 
45.5 
2.63 
2.00 
1.13 
25.1 
3.00 
3.00 
3.50 
2.13 
3.38 
45.3 
44.3 
46.5 
0.50 
4.50 
3.25 
43.1 
43.0 
45.0 
1.50 
45.0 
45.5 
45.0 

Y 
Coordinate 

(in.) 
84.0 
84.0 
0.50 
82.0 
2.13 
1.00 
21.3 
84.3 
84.0 
4.25 
83.3 
84.0 
0.25 
0.75 
0.50 
4.75 
84.0 
84.0 
0.50 
0.75 
84.0 
84.0 
82.5 
0.50 
0.50 

Mean failure load = 1.11 psi 
Standard deviation = 0.310 psi 

Coefficient 
Mean glass 

of variation = 
thickness = 0. 

27.9% 
230 in. 
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T a b l e d 
Sixty Second Equivalent Failure Data for Heat Strengthened 

Monolithic Window Glass. Nonunal Dimensions 38 x 76 x 1/4 in. 
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Specimen 
Number 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 

60-Second 
Equivalent Failure 

Stress (ksi) 
14.6 
14.9 
13.4 
17.0 
14.9 
13.6 
14.2 
15.6 
17.3 
15.3 
15.3 
18.3 
18.0 
17.9 
16.1 
17.7 
16.2 
18.0 

60-Second 
Equivalent Failure 

Load (psi) 
2.09 
2.13 
2.29 
2.79 
2.56 
2.50 
2.62 
2.39 
2.79 
2.49 
2.19 
2.64 
2.62 
2.93 
2.57 
2.75 
2.38 
2.69 

Mean sixty-second equivalent failure load = 2.52 psi 
Standard deviation = 0.241 psi 
Coefficient of variation = 9.56% 



Table C.2 
Sixty-Second Equivalent Failure Data for Fully Tempered 

Monolithic Window Glass. Nominal Dimensions 38 x 76 x 1/4 m. 
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Specimen 
Number 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 

60-Second 
Equivalent Failure 

Stress (ksi) 
16.0 
15.3 
20.1 
15.8 
17.4 
18.2 
19.3 
18.3 
20.3 
15.2 
16.9 
15.7 
21.0 
19.4 
15.0 
18.2 
16.9 
14.8 

60-Second 
Equivalent Failure 

Load (psi) 
2.54 
2.30 
3.02 
2.54 
2.68 
2.85 
2.78 
2.88 
3.23 
2.66 
2.70 
2.21 
3.00 
3.06 
2.17 
3.01 
2.71 
2.39 

Mean sixty-second equivalent failure load = 2.71 psi 
Standard deviation = 0.306 psi 
Coefficient of variation = 11.3% 
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Table C.3 

Sixty-Second Equivalent Failure Data for Fully Tempered 
Monolithic Window Glass. Nominal Dimensions 66 x 66 x 1/4 in. 

Specimen 
Number 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 

60-Second 
Equivalent Failure 

Stress (ksi) 
16.9 
17.4 
21.3 
19.0 
16.1 
17.2 
17.5 
18.2 
13.7 
21.0 
21.3 
17.7 
14.9 
19.0 
17.7 
16.2 
15.9 
16.8 
16.7 
15.2 
14.2 
14.8 
14.8 
16.6 
18.5 
15.7 

60-Second 
Equivalent Failure 

Load (psi) 
1.73 
1.70 
2.10 
1.33 
1.63 
1.70 
1.72 
1.82 
1.38 
2.09 
2.14 
1.67 
1.48 
1.94 
1.67 
1.94 
1.68 
1.72 
1.70 
1.54 
1.45 
1.43 
1.60 
1.66 
2.15 
1.71 

Mean sixty-second equivalent failure load 
Standard deviation = 0.230 psi 
Coefficent of variation = 13.3% 

1.73 psi 
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Table C.4 
Sixty-Second Equivalent Failure Data for Weathered Heat Strengtiiened 

Monolithic Window Glass. Nominal Dimensions 46 x 84.5 x 1/4 in. 
Frit Surface of Glass is in Tension. 

Specimen 
Number 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 

60-Second 
Equivalent Failure 

Stress (ksi) 
6.32 
5.77 
8.43 
9.75 
8.32 
7.02 
6.29 
7.43 
8.47 
8.46 
6.42 
7.84 
7.84 
4.46 
7.56 
9.34 
7.47 
9.89 
7.28 
lO.O 
12.2 
13.1 
8.89 
10.9 
9.87 
7.37 

60-Second 
Equivalent Failure 

Load (psi) 
0.686 
0.614 
0.988 
1.09 

0.975 
0.768 
0.677 
0.820 
0.916 
0.930 
0.684 
0.927 
0.871 
0.463 
0.892 
1.04 

0.813 
1.07 

0.793 
1.14 
1.34 
1.56 
1.02 
1.25 
1.12 

0.875 

Mean sixty-second equivalent failure load = 0.935 psi 
Standard Deviation = 0.236 psi 
Coefficient of variation = 25.2% 



p̂  

149 

Table C.5 
Sixty-Second Equivalent Failure Data for Weatiiered Heat Strengthened 

Monolithic Window Glass. Nominal Dimensions 46 x 84.5 x 1/4 in. 
Frit Surface of Glass is in Compression. 

Specimen 
Number 

I 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 

60-Second 
Equivalent Failure 

Stress (ksi) 
7.60 
5.63 
11.4 
7.52 
8.07 
9.99 
4.59 
10.6 
4.87 
7.42 
4.64 
9.72 
7.55 
7.60 
9.06 
7.39 
4.06 
5.60 
9.70 
8.35 
8.67 
14.0 
7.23 
12.3 
8.90 

60-Second 
Equivalent Failure 

Load (psi) 
0.821 
0.596 
1.33 

0.846 
0.874 
1.08 

0.776 
1.23 

0.513 
0.900 
0.398 
0.960 
0.987 
0.809 
1.01 

0.900 
0.442 
0.584 
1.10 

0.921 
0.933 
1.56 

0.755 
1.35 

0.990 

Mean sixty-second equivalent failure load = 0.907 psi 
Standard deviation = 0.281 psi 
Coefficent of variation = 31.0.% 
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Table D. 1 

Estunation of Surface Strength Parameters for New Heat Strengthened 
Monolitiiic Window Glass witii an RCSS Value of 7,850 psi. Nominal Glass 

Dimensions 38 x 76 x 1/4 in. 

E{R) 

ar{R) 

Coefficient of 
Variation 

Statistics for Sets of Nondimensionalized Risk Factors, R 
m = 10.9 
2.52E+18 

2.58E+18 

1.014 

m= 10.8 
1.67E+18 

1.68E+18 

1.005 

m= 10.7 
l.lOE+18 

1.09E+18 

0.996 

m= 10.6 
7.20E+17 

7.11E+17 

0.988 

Select 10.7 as the best estimate for surface strength parameter, m, since the 
coefficient of variation for the set of nondimensional risk factors is closest to 
one. 

The best estimate for the surface strength parameter k is as foUows: 

k = 
[(38)(76)]'^ 

[(10.4x10^')(0.2227)'[''(1.10xl0"'') 
= 2.54x10 -46 
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Table D.2 

Estimation of Surface Strength Parameters for New Full Tempered 
Monolithic Window Glass with an RCSS Value of 10,000 psi. Nominal Glass 

Dimensions 38 x 76 x 1/4 in. 

EiR) 

a{R) 

Coefficient of 
Variation 

Statistics for Sets of Nondimensionalized Risk Factors, R 
m = 8.1 

2.39E+13 

2.37E+13 

0.989 

m = 8.2 
3.64E+13 

3.64E+13 

1.000 

m = 8.3 
5.53E+13 

5.60E+13 

1.013 

m = 8.4 
8.41E+13 

8.62E+13 

1.030 

Select 8.2 as the best estimate for surface strength parameter, m, since the 
coefficient of variation for the set of nondimensional risk factors is closest to 

one. 

The best estimate for the surface strength parameter k is as follows: 

k = 
[(38)(76)]'̂  

[(10.4x10"')(0.222)']''(3.64xl0"'') 
= 3.43x10 -36 
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Table E. I 
Kohnogorov-Smimov Goodness-of-Fit Test for New Heat Strengthened 

Monolithic Wuidow Glass. Nominal Dimensions 38 x 76 x 14 in. 

Rank 
Order 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 

60-sec Failure 
Load 
(psi) 
2.09 
2.13 
2.19 
2.29 
2.38 
2.39 
2.41 
2.50 
2.56 
2.57 
2.62 
2.62 
2.64 
2.69 
2.75 
2.79 
2.79 
2.93 

Cumulative 
Probability of 

Failure 
0.059 
0.073 
0.106 
0.175 
0.265 
0.270 
0.316 
0.432 
0.522 
0.526 
0.617 
0.619 
0.684 
0.737 
0.841 
0.855 
0.874 
0.981 

Experimental 
Probability 
Distribution 

0.056 
0.111 
0.167 
0.222 
0.278 
0.333 
0.389 
0.444 
0.500 
0.556 
0.611 
0.667 
0.722 
0.778 
0.833 
0.889 
0.944 
1.000 

Difference 
Between 

Column 3 and 
Column 4 

0.003 
0.038 
0.061 
0.047 
0.013 
0.063 
0.073 
0.012 
0.022 
0.030 
0.006 
0.048 
0.038 
0.041 
0.008 
0.034 
0.070 
0.019 
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Table E. 1 (Continued) 

Kolmogorov-Smimov Goodness-of-Fit Test for New Heat Strengtiiened 
Monolithic Wuidow Glass. Nominal Dimensions 38 x 76 x 1/4 in. 

A summary of the Kolmogorov-Smimove test: 

Values in Column 3 are the Cumulative Probability of Failure calculated usmg 
the failure prediction model formulated for heat treated window glass. 

Values in Column 4 are tiie Experimental Probabtiity Distribution obtained by 
dividing the rank order by 18, the total number of specimens. 

The null hypotheses is tiiat the Cumulative Probabilities of Failure in Column 3 
adequately characterize the experimental distribution in Column 4. 

The altemative hypothesis is that the Cumulative Probabilities of Failure in 
Column 3 do not adequately characterize the experimental distribution in 
Column 4. 

The Critical value of the Kolmogorv-Smimov Test is D=0.24 at a significance 
level of a =0.05. 

The maximum difference reported in Column 5 is 0.073. 

Accept the null hypothesis because the maximum difference is less than D. 

Based on the evidence, the Cumulative Probabilities of Failure adequately 
characterize the strength of the new heat strengthened monolithic window glass 
sample. 

f'-lWl 

• ^ 
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Table E.2 
Kolmogorov-Smimov Goodness-of-Fit Test for New Full Tempered 
Monolithic Window Glass. Nominal Dimensions 38 x 76 x 1/4 in. 

Rank 
Order 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 

60-sec Failure 
Load 
(psi) 
2.17 
2.21 
2.30 
2.39 
2.53 
2.54 
2.66 
2.68 
2.70 
2.71 
2.78 
2.85 
2.88 
3.00 
3.01 
3.02 
3.06 
3.23 

Cumulative 
Probability of 

Failure 
0.060 
0.076 
0.116 
0.162 
0.276 
0.283 
0.412 
0.432 
0.459 
0.470 
0.586 
0.642 
0.686 
0.816 
0.824 
0.844 
0.874 
0.981 

Experimental 
Probability 
Distribution 

0.056 
0.111 
0.167 
0.222 
0.278 
0.333 
0.389 
0.444 
0.500 
0.556 
0.611 
0.667 
0.722 
0.778 
0.833 
0.889 
0.944 
1.000 

Difference 
Between 

Column 3 and 
Column 4 

0.004 
0.035 
0.051 
0.060 
0.002 
0.050 
0.023 
0.012 
0.041 
0.086 
0.025 
0.025 
0.036 
0.038 
0.009 
0.045 
0.070 
0.019 

%^E*!s«Bea 
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Table E.2 (Continued) 

Kolmogorov-Smimov Goodness-of-Fit Test for New Full Tempered 
Monolithic Window Glass. Nominal Dimensions 38 x 76 x 1/4 in. 

A summary of the Kolmogorov-Smimove test: 

Values in Column 3 are the Cumulative Probability of Failure calculated using 
the failure prediction model formulated for heat treated window glass. 

Values in Column 4 are tiie Experimental Probability Distribution obtained by 
dividing the rank order by 18, the total number of specimens. 

The null hypotheses is that the Cumulative Probabilities of Failure ui Column 3 
adequately characterize the experimental distribution in Column 4. 

The altemative hypothesis is tiiat the Cumulative Probabilities of Failure in 
Column 3 do not adequately characterize the experimental distribution in 
Column 4. 

The Critical value of the Kolmogorv-Smimov Test is D=0.24 at a significance 
level of a =0.05. 

The maximum difference reported in Column 5 is 0.086. 

Accept the null hypothesis because the maximum difference is less than D. 

Based on the evidence, the Cumulative Probabilities of Failure adequately 
characterize the strength of the new fiilly tempered monolithic window glass 
sample. 

^ 
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Table E.3 

Kohnogorov-Smimov Goodness-of-Fit Test for New Full Tempered 
Monolithic Window Glass. Nominal Dimensions 66 x 66 x 14 in. 

Rank 
Order 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
14 
14 
14 
15 
17 
17 
18 
19 
20 
22 
22 
23 
24 
25 
26 

60-sec Failure 
Load 
(psi) 
1.33 
1.38 
1.43 
1.45 
1.48 
1.54 
1.60 
1.63 
1.66 
1.67 
1.68 
1.70 
1.70 
1.70 
1.71 
1.72 
1.72 
1.73 
1.82 
1.88 
1.94 
1.94 
2.09 
2.10 
2.14 
2.15 

Cumulative 
Probability of 

Failure 
0.06 
0.09 
0.13 
0.15 
0.18 
0.26 
0.33 
0.38 
0.42 
0.44 
0.45 
0.48 
0.48 
0.48 
0.50 
0.51 
0.51 
0.53 
0.66 
0.75 
0.81 
0.81 
0.93 
0.94 
0.95 
0.96 

Experimental 
Probability 
Distribution 

0.04 
0.08 
0.12 
0.15 
0.19 
0.23 
0.27 
0.31 
0.35 
0.38 
0.42 
0.54 
0.54 
0.54 
0.58 
0.65 
0.65 
0.69 
0.73 
0.77 
0.85 
0.85 
0.88 
0.92 
0.96 
1.00 

Difference 
Between 

Column 3 and 
Column 4 

0.02 
0.01 
0.02 
0.00 
0.01 
0.03 
0.06 
0.07 
0.08 
0.05 
0.03 
0.05 
0.05 
0.05 
0.08 
0.14 
0.14 
0.16 
0.07 
0.02 
0.03 
0.03 
0.05 
0.02 
0.01 
0.04 



^ " ^ s ^ ^ 

159 

Table E.3 (Continued) 
Kolmogorov-Smimov Goodness-of-Fit Test for New Full Tempered 
Monolithic Window Glass. Nominal Dimensions 66 x 66 x 1/4 in. 

A summary of the Kolmogorov-Smimove test: 

Values in Column 3 are the Cimiulative Probability of Failure calculated using 
the failure prediction model formulated for heat treated window glass. 

Values in Column 4 are the Experimental Probability Distribution obtained by 
dividing the rank order by 26, the total number of specimens. 

The null hypotheses is that the Cumulative Probabilities of Failure in Column 3 
adequately characterize the experimental distribution in Column 4. 

The altemative hypothesis is that the Cumulative Probabtiities of Failure in 
Column 3 do not adequately characterize the experimental distribution in 
Column 4. 

The Critical value of the Kohnogorv-Smimov Test is D=0.24 at a significance 
level of a =0.05. 

The maximum difference reported in Column 5 is 0.16. 

Accept the nuU hypothesis because the maximum difference is less than D. 

Based on the evidence, the Cumulative Probabilities of Failure adequately 
characterize the strength of the new fiilly tempered monolithic window glass 
sample. 
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This appendix contains statistical calculations which support 

conclusions presented in Chapter V. For each sample of heat treated window 

glass, hypothesis tests are conducted to determine if any statistical differences 

exist between the mean and variance of the experimentally determined 60-

second equivalent failure loads and the mean and variance of the strength 

characterizations developed. Statistical tests are conducted in the following 

areas: 

1. For tiie HSMON, FTMON, and FTCOE window glass samples, 

determine if any statistical differences exist between the mean and 

variance of the experimentally determined 60-second equivalent 

failure loads and the mean and variance of the strength 

characterizations developed. Both sets of statistics are shown in 

Table 5.5 of Chapter V. 

2. For the WHSMON window glass sample, determine if any 

statistical differences exist between the mean and variance of the 

experimentally determined 60-second equivalent failure loads and 

the mean and variance of the strength characterizations developed. 

Both sets of statistics are shown in Table 5.9 in Chapter V. 

3. Determine if any statistical differences exist between the mean and 

variance of the experimentally determined 60-second equivalent 

failure loads for a sample of FT window glass and the mean and 

variance of a transformed strength characterization developed 

using the surface strength parameters estimated for another sample 

of FT window glass. 

fr^^tst 
" ^ 
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An F test is used to compare the variances and a t test is used to compare the 

means. 

Before a comparison of the means can be conducted, it is first necessary 

to determine if tiie variance of tiie experimentally determined 60-second 

equivalent failure loads and the variance of the strengtii characterization are 

equal or unequal. The F test is used to make tiiis determination. For tiie F test, 

it is assumed that the difference between the variance of the experimental 60-

second equivalent failure loads and tiie variance of tiie strength characterization 

is not significant. The probability of the differences of the variances being as 

large as observed is calculated. If tius probabtiity is small, it is concluded tiiat 

the variances are sigmficantly different. The F statistic is evaluated using the 

following expression: 

1" = % (F.l) 

where S^ is the largest variance and '̂2̂  is the smallest variance. Values of the 

F statistic associated with different levels of significance are available as a 

fimction of the number of degrees of freedom associated with the 

experimentally determined 60-second equivalent failure loads (n-l) and the 

number of degrees of freedom associated with the strength characterization 

A t test is used to compare the mean of the experimentally determined 

60-second equivalent failure loads and the mean of the strength 

characterization. If the results of the F test indicate that there are no significant 
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differences in the variances of the experimentally determined 60-second 

equivalent failure loads and tiie strength characterization, then one can assume 

that they are equal and a procedure that pools tiie variances is used. If sf and 

s; are tiie variances of tiie experimentally determined 60-second equivalent 

failure loads and the strength characterization, of sample sizes A?, and n., 

respectively, tiien the pooled variance, denoted by s' is expressed as: 

p '^ (F.2) 

The t-statistic employing a pooled variance is expressed as: 

^_ix,-x,)-(fi,-^,) 

V^J(%.+x) 

where x, denotes the mean of the strength characterization, x. denotes the 

mean of the experimentally determined 60-second equivalent failure loads, and 

(//, - ju-^) denotes the hypothetical difference between the population means. It 

is assumed that no statistical difference exists between the mean of the 

experimentally determined 60-second equivalent failure loads and the mean of 

the strength characterization (i.e., ju^-ju^^O). The probability of the 

difference between the mean of the experimentally determined 60-second 

equivalent failure loads and the mean of the strength characterization being as 

large as observed is calculated. If this probabiUty is small, then it is concluded 

that the means are significantly different. Values of the t-statistic are available 
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as a fimction of the number of degrees of freedom associated with the t-

statistic. Since the sample sizes for the strength characterizations are ^ , the 

number of degrees of freedom associated with the t-statistic is oo. 

Statistical Calculations 

1. Determine if statistical differences exist between the experimentally 

determined 60-second equivalent failure loads and the strength 

characterizations developed for the HSMON, FTMON, and FTCOE 

window glass samples. The failure load statistics are shown in Table 5.5 

of Chapter V. 

Failure Load Statistics for HSMON Sample 

60-Second Equivalent Loads Strength Characterization 

ŵ  = 20 «2 ̂  °° 

5,= 0.250 psi 5,= 0.241 psi 

x̂  = 2.56 psi X2 = 2.52 psi 

F Test on Variances 

• The two altematives are: 

H^-.a, - 0 - 2 

H^.cT, >o-2 

• The level of significance is a = 0.05. 

• The decision mle is: 

If F* <Fo05(19,x), conclude H^ 

If F*>Fo05(19, x), conclude //,. 

•v 



r 
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• Calculations: 

(0.241)-

f; ,05(l9,x) = 1.57 

• Conclusions 

Since F*= 1.08 < F = 1.57, conclude H,. 

At the 0.05 level of significance, no statistical difference exists between 

the variances of the experimentaUy determined 60-second equivalent 

failure loads and the strength characterization for the HSMON sample. 

/ test on means 

• The two altematives are: 

• The level of significance is a = 0.05. 

• The decision mle is: 

If /* < /oo5(^)' conclude H^ 

If /*>/oo5('^)' conclude //,. 

• Calculations: 

r (2-36-2.52)-0_,, , , 

V(0.241)'(Ko) 

^oo5(^) = 1645 
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• Conclusions: 

Since ?*= 0.74 < t = 1.645, conclude H^. 

At the 0.05 level of significance, no statistical difference exists between 

the means of the experimentally determined 60-second equivalent 

failure loads and the strength characterization for the HSMON sample. 

« 2 " 

•^2 = 

X2 = 

= 00 

•- 0.324 

= 2.76 

psi 

psi 

Failure Load Statistics for FTMON Sample 

60-second Equivalent Loads Strength Characterization 

«,= 20 

5,= 0.306 psi 

x^= 2.71 psi 

F Test on Variances 

• The two altematives are: 

H^.a, =0-2 

H^.a, >o-2 

• The level of significance is « = 0.05. 

• The decision mle is: 

If F* <Foo5(19,x), conclude H, 

If F*>Foo5(19,x), conclude //,. 
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• Calculations: 

^,. (0.324)-
f =- V=112 

(0.306)' 

Foo5(19,x) = 1.57 

• Conclusions: 

Since F*= 1.12<F= 1.57, conclude H,. 

At the 0.05 level of significance, no statistical difference exists between 

the variances of the experimentally determined 60-second equivalent 

failure loads and the strength characterization for the FTMON sample. 

t test on means 

• The two altematives are: 

/ / , : / / , - / / 2 > 0 

• The level of significance is a = 0.05. 

• The decision mle is: 

If t* < /oo5(°̂ )' conclude H^ 

If /* >^oo5('̂ )' conclude H^. 

• Calculations: 

(2.76-2.71)-0 
/ = 

V(0.324)^(Ko) 
= 0.690 

^oo5(̂ ) = 1-645 
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• Conclusions 

Since /*= 0.690 < t = 1.645, conclude H^. 

At the 0.05 level of significance, no statistical difference exists between 

the means of the experimentally determined 60-second equivalent 

failure loads and the strength characterization for the FTMON sample. 

Fatiure Load Statistics for FTCOE Sample 

60-second Equivalent Loads Strength Characterization 

«j= 26 

5,= 0.230 psi 

x^= 1.73 psi 

« 2 = 

•̂ 2 = 

X2 = 

• 0 0 

0.246 

-- 1.73 

ipsi 

psi 

F Test on Variances 

• The two altematives are: 

H^.cj, =0-2 

• The level of significance is a- 0.05. 

• The decision mle is: 

If F* <Fo 05(25,x), conclude H, 

If F*>Fo 05(25,x), conclude //,. 
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• Calculations: 

(0.230)' 

F,o5(^,25) = 1.71 

• Conclusions: 

Since F*= 1.14<F= 1.71, conclude H^. 

At the 0.05 level of significance, no statistical difference exists between 

the variances of the experimentally determined 60-second equivalent 

failure loads and the strength characterization for the FTCOE sample. 

/ test on means 

• The two altematives are: 

fio 1^1-/^2 = 0 

^.:-"i-)"2>0 

• The level of significance is « = 0.05. 

• The decision mle is: 

If /* < ̂ oo5('̂ )' conclude H^ 

If t* > tQQ^i^), conclude H^. 

• Calculations: 

(1.73-1.73)-0 
/ = 

V(0.230)'(^) 

ôo5(«̂ ) = 1645 

= 0.0 
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• Conclusions: 

Since /*= 0.0 < t = 1.645, conclude H^. 

At the 0.05 level of significance, no statistical difference exists between 

the means of the experimentally determined 60-second equivalent 

failure loads and the strength characterization for the FTCOE sample. 

2. Determine if any statistical differences exist between the experimentally 

determined 60-second equivalent failure loads and the strength 

characterization for the WHSMON window glass sample. The failure load 

statistics are shown in Table 5.9 in Chapter V. 

Failure Load Statistics for WHSMON Sample 

60-Second Equivalent Loads Strengtii Characterizations 

A7,= 5 1 « 2 " ^ 

5,= 0.257 psi 52= 0.262 psi 

x, = 0.921 psi X2 = 0.949 psi 

F Test on Variances 

• The two altematives are: 

H^.cF, =a^ 

The level of significance is a = 0.05. 



ri 
• The decision mle is: 

If F*<F,,5(x,50), conclude H, 

If F* >Foo5(x,50), conclude H^. 

• Calculations: 

^ • = ( ^ ^ = ,.04 
(0.257)^ 

F,o5(x,50) = 1.59 

• Conclusions: 

Since F*= 1.04 < F = 1.59, conclude H^. 

At the 0.05 level of significance, no statistical difference exists between 

the variances of the experimentally determined 60-second equivalent 

failure loads and the strength characterization for the WHSMON 

sample. 

t test on means 

• The two altematives are: 

H^.fi,-^2 =0 

^ a - y " i - > " 2 > 0 

• The level of significance is a = 0.05. 

• The decision mle is: 

If t* </oo5(x), conclude H^ 

If /* >^oo5(^)' conclude H^^. 
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• Calculations: 

* (0.949-0.921)-0 
t = , ^ =0.163 

V(0.262)'(Xi) 

/oo5(«>) = 1-645 
• Conclusions: 

Since /*= 0.763 < t = 1.645, conclude H,. 

At the 0.05 level of significance, no statistical difference exists between 

the means of the experimentally determined 60-second equivalent failure 

loads and the strength characterization for tiie WHSMON sample. 

3. Determine if any statistical differences exist between the experimentally 

determined 60-second equivalent failure loads for a sample of FT window 

glass and the transformed strength characterization developed using the 

surface strength parameters from another sample of FT window glass. 

3 a. Comparison between statistics for experimentally determined 60-second 

equivalent failure loads for FTCOE window glass sample and transformed 

strength characterization for 66 x 66 x 1/4 in FT glass using surface 

strength parameters from FTMON. 

60-Second Equivalent Loads Transformed Strength 
Characterization 

«! = 2 6 A22 = 00 

5, = 0.230 psi 5. = 0.215 psi 

X, = 1.73 psi x, = 2.42 psi 
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F Test on Variances 

• The two altematives are: 

/ /oiO", = 0 - 2 

//,:cr, >o-2 

• The level of significance is a = 0.05. 

• The decision mle is: 

If F*<Foo5(25,x), conclude H, 

If F*>Fo 05(25,x), conclude H^. 

• Calculations: 

r = (^=u4 
(0.215)' 

Foo5(25,x) = 1.52 

• Conclusions: 

Since F*= 1.14 < F = 1.52, conclude H,. 

At the 0.05 level of significance, no statistical difference exists between 

the variance of the experimentally determined 60-second equivalent 

failure loads for the FTCOE sample and the variance of the transformed 

strength characterization. 

/ test on means 

• The two altematives are: 

• The level of significance is or = 0 05. 
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• The decision mle is: 

If /* </oo5(^), conclude H^ 

If /* >/oo5(^), conclude H^. 

• Calculations: 

^ . J2 .42-1 .73) -0^^^^ 

V(0.215)̂ (y26) 

/oo5(^) = 1645 

• Conclusions: 

Since r*= 16.4 > t = 1.645, conclude H^. 

At the 0.05 level of significance, a statistical difference exists between 

the mean of the experimentally determined 60-second equivalent failure 

loads for the FTCOE sample and the mean of the transformed strength 

characterization. 

3b. Comparison between statistics for experimentally determined 60-second 

equivalent failure loads for the FTMON window glass sample and 

transformed strength characterization for 38 x 76 x 1/4 in. FT glass using 

surface strength parameters from FTCOE. 

60-Second Equivalent Loads Transformed Strength 
Characterization 

«j = 20 //. = 00 

5, = 0.306 psi 5. = 0.273 psi 

x, = 2.71 psi X2~l-^^psi 
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F Test on Variances 

• The two altematives are: 

//,:o-, >o-, 

• The level of significance is « = 0.05. 

• The decision mle is: 

If F*<Foo5(19,x), conclude H^ 

If F*>Fo05(19,x), conclude H^, 

• Calculations: 

(0.273)' 

^005(19,00) = 1.57 

• Conclusions: 

Since F*= 1.26 < F = 1.57, conclude H^. 

At the 0.05 level of significance, no statistical difference exists between 

the variance of the experimentally determined 60-second equivalent 

failure loads for the FTMON sample and the variance of the 

transformed strength characterization. 

t test on means 

• The two altematives are: 

^ o : y " i - i " 2 = 0 

• The level of significance is a = 0.05. 

mm Wj^Oiiiy'iWttW?'^ " ^ 
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The decision mle is: 

If /* < ôo5(̂ X conclude H^ 

If /* >/oo5(x), conclude H^. 

Calculations: 

^.^(2.71-1.33)-0^^^^ 

V(0.273)'()<o) 

/o 05(^)^1645 

Conclusions: 

Since /*= 22.6 > t = 1.645, conclude H^. 

At the 0.05 level of significance, a statistical difference exists 

between the mean of the experimentally determined 60-second 

equivalent failure loads for the FTMON sample and the mean of the 

transformed strength characterization. 
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Table G. 1 

Estimation of Surface Strengtii Parameters for Weatiiered Heat Strengthened 
Monolitiiic Window Glass Using an RCSS Value of 3,500 psi. Nominal Glass 

Dimensions 46 x 84.5 x 1/4 in. 

EiR) 

aiR) 

Coefficient of 
Variation 

Statistics for Sets of Nondimensionalized Risk Factors, R 
m = 3.8 
254,605 

256,512 

1.007 

m = 3.7 
177,779 

173,857 

0.978 

m = 3.6 
124,259 

117,874 

0.949 

m = 3.5 
86,944 

79,983 

0.920 

Select 3.8 as the best estimate for surface strength parameter m since the 
coefficient of variation for the set of nondimensional risk factors is closest to 

one. 

The best estimate for the surface strength parameter k is as fotiows: 

k = 
[(46)(84.5)]^" 

[(10.4x10"' )(0.232)' ] ' ' (254,605) 
= 6.35x10 -18 
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Table G.2 

Estimation of Surface Strength Parameters for Weatiiered Heat Strengtiiened 
Monolithic Window Glass Using an RCSS Value of 6,500 psi. Nominal Glass 

Dimensions 46 x 84.5 x 1/4 in. 

E{R) 

a{R) 

Coefficient of 
Variation 

Statistics for Sets of Nondimensionalized Risk Factors, R 
m = 2.6 

1189 

1206 

1.015 

m = 2.5 
863 

844 

0.978 

m = 2.4 
627 

590 

0.942 

m = 2.56 
1045 

1045 

1.000 

Select 2.56 as the best estimate for surface strength parameter m since the 
coefficient of variation for the set of nondimensional risk factors is closest to 

one. 

The best estimate for the surface strength parameter k is as follows: 

[(46)(84.5)] 
1.56 

[(10.4x10"')(0.232)']'''(1045) 
= 7.33x10 -13 
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Table G.3 

Estimation of Surface Strength Parameters for Weathered Heat Strengthened 
Monolithic Window Glass Using an RCSS Value of 8,000 psi. Nomuial Glass 

Dimensions 46 x 84.5 x 1/4 in. 

E{R) 

a(R) 

Coefficient of 
Variation 

Statistics for Sets of Nondimensionalized Risk Factors, R 
m = 2.0 

99.8 

99.2 

0.993 

m= 1.9 
74.4 

70.8 

0.952 

m= 1.8 
41.6 

36.2 

0.870 

m = 2.01 
102.8 

102.6 

0.998 

Select 2.01 as the best estimate for surface strength parameter m since the 
coefficient of variation for the set of nondimensional risk factors is closest to 
one. 

The best estimate for the surface strength parameter k is as follows: 

k = 
[(46)(84.5)]'"^ 

[(10.4x10"')(0.232)']'°'(102.8) 
= 1.15x10 -10 
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Table G.4 

Estimation of Surface Strength Parameters for Weathered Heat Strengthened 
Monolithic Window Glass Using an RCSS Value of 5,500 psi. Nominal Glass 

Dimensions 46 x 84.5 x 1/4 in. 

E(R) 

a{R) 

Coefficient of 
Variation 

Statistics for Sets of Nondimensionalized Risk Factors, R 
m = 3.1 

9519 

9937 

1.04 

m = 3.0 
6798 

6863 

l.Ol 

m = 2.9 
4862 

4743 

0.976 

m = 2.97 
6146 

6141 

0.999 

Select 2.97 as the best estimate for surface strength parameter m since the 
coefficient of variation for the set of nondimensional risk factors is closest to 

one. 

The best estimate for the surface strength parameter k is as follows: 

k = 
[(46)(84.5)] 

1.97 

[(10.4x10"')(0.232)']'"(6146) 
= 1.63x10 -14 



APPENDIX H 

KOLMOGOROV-SMIRNOV GOODNESS-OF-FIT TEST 

FOR WHSMON WINDOW GLASS WITH 

AN RCSS VALUE OF 5,500 PSI 

182 



18^> 

Table H. I 
Kolmogorov-Smimov Goodness-of-Fit Test for WHSMON Window Glass 

with an RCSS Value of 5,500 psi. Nominal Glass Dimensions are 
46 X 84.5 X 1/4 in. 

Rank 
Order 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
25 
25 
26 

60-sec Failure 
Load 
(psi) 

0.398 
0.442 
0.463 
0.513 
0.584 
0.596 
0.614 
0.677 
0.684 
0.686 
0.755 
0.766 
0.768 
0.793 
0.809 
0.813 
0.820 
0.821 
0.846 
0.871 
0.824 
0.875 
0.892 
0.900 
0.900 
0.916 

Cumulative 
Probability of 

Failure 
0.010 
0.019 
0.028 
0.048 
0.091 
0.106 
0.121 
0.180 
0.191 
0.205 
0.277 
0.295 
0.311 
0.336 
0.354 
0.382 
0.385 
0.388 
0.413 
0.448 
0.467 
0.471 
0.485 
0.503 
0.503 
0.519 

Experimental 
Probability 
Distribution 

0.020 
0.039 
0.059 
0.078 
0.098 
0.118 
0.137 
0.157 
0.176 
0.196 
0.216 
0.235 
0.255 
0.275 
0.294 
0.314 
0.333 
0.353 
0.373 
0.392 
0.412 
0.431 
0.451 
0.490 
0.490 
0.510 

Difference 
Between 

Column 3 and 
Column 4 

0.010 
0.020 
0.031 
0.030 
0.007 
0.012 
0.016 
0.023 
0.015 
0.009 
0.061 
0.060 
0.056 
0.061 
0.060 
0.068 
0.052 
0.035 
0.040 
0.056 
0.055 
0.040 
0.034 
0.013 
0.013 
0.009 

,o"~-~'^nffW«iMi>k\ 



Table H. 1 (Continued) 
Kolmogorov-Smimov Goodness-of-Fit Test for WHSMON Window Glass 

with an RCSS Value of 5,500 psi. Nominal Glass Dimensions are 
46 X 84.5 X 1/4 in. 
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Rank 
Order 

27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
51 
51 

60-sec Failure 
Load 
(psi) 

0.921 
0.927 
0.930 
0.933 
0.960 
0.975 
0.987. 
0.988 
0.990 
1.010 
1.020 
1.040 
1.070 
1.080 
1.090 
1.100 
1.120 
1.140 
1.230 
1.250 
1.330 
1.340 
1.350 
1.560 
1.560 

Cumulative 
Probability of 

Failure 
0.532 
0.537 
0.541 
0.548 
0.578 
0.600 
0.616 
0.631 
0.640 
0.654 
0.674 
0.695 
0.732 
0.740 
0.758 
0.771 
0.785 
0.806 
0.879 
0.887 
0.933 
0.936 
0.943 
0.990 

Experimental 
Probability 
Distribution 

0.529 
0.549 
0.569 
0.588 
0.608 
0.627 
0.647 
0.667 
0.686 
0.706 
0.725 
0.745 
0.765 
0.784 
0.804 
0.824 
0.843 
0.863 
0.882 
0.902 
0.922 
0.941 
0.961 
1.000 

0.990 1.000 

Difference 
Between 

Column 3 and 
Column 4 

0.003 
0.012 
0.028 
0.040 
0.030 
0.027 
0.031 
0.036 
0.046 
0.052 
0.051 
0.050 
0.033 
0.044 
0.046 
0.053 
0.058 
0.057 
0.003 
0.015 
0.011 
0.005 
0.018 
0.010 
O.OIO 
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Table H. 1 (Continued) 
Kolmogorov-Smimov Goodness-of-Fit Test for WHSMON Window Glass 

with an RCSS Value of 5,500 psi. Nominal Glass Dimensions are 
46 X 84.5 X 1/4 in. 

A summary of the Kolmogorov-Smimove test: 

Values in Column 3 are the Cumulative Probability of Failure calculated using 
the failure prediction model formulated for heat treated window glass. 

Values in Column 4 are the Experimental Probability Distribution obtained by 
dividing the rank order by 51, the total number of specimens. 

The null hypotheses is that the Cumulative Probabilities of Failure in Column 3 
adequately characterize the experimental distribution in Column 4. 

The altemative hypothesis is that the Cumulative Probabilities of Failure in 
Column 3 do not adequately characterize the experimental distribution in 
Column 4. 

The Critical value of the Kohnogorv-Smimov Test is D=0.24 at a significance 
level of a =0.05. 

The maximum difference reported in Column 5 is 0.068. 

Accept the nuU hypothesis because the maximum difference is less than D. 

Based on the evidence, the Cumulative Probabtiities of Failure adequately 
characterize the strength of the weathered heat strengthened monolithic 
window glass sample. 




