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ABSTRACT 

The strength of LG varies with temperature, nominal thickness, load duration, and 

the shear transfer capability of the interlayer. Most of the published research regarding 

LG gives insight about the behavior of LG specimens bonded together with PVB 

interlayer. The objective of the research presented herein is to gain insight into the 

behavior of LG bonded together with the new HG/MD interlayer. The research consisted 

of measuring the mean failure pressure and deflection at failure of 19 specimens and of 

obtaining the shear modulus of a specimen with the use of a finite element model. 

The use of HG/MD interlayer resulted in increased LG strength compared to LG 

bonded together with PVB interlayers. The HG/MD sample had a mean failure pressure 

of 12.6 KPa (1.76 psi). The HG/MD sample had a higher bending stiffness compared to 

the PVB sample that King and Norville (1997) tested. Finally, non-destructive tests 

demonstrated that the HG/MD interlayer has a modulus of rigidity 2.5 times that of PVB 

at about 34°C (93°F). The higher shear transfer capability of HG/MD resulted in the high 

mean failure pressure obtained in the research reported hereiit 
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CHAPTER I 

INTRODUCTION 

Laminated glass (LG) is a safety glazing material that consists of two or more 

glass plies bonded together with elastomeric interlayers, which are usually made of 

poh-vinyl butyral (PVB). This research involves a different interiayer composition. 

Laminated glass behavior depends on several factors such as temperature, 

geometry, thickness, loading conditions, and the interlayer ability to transfer shear. 

Experimental data show that at room temperature LG bonded together with PVB behaves 

in a way similar to monolithic glass with the same geometry and the same loading 

conditions. The objective of this research consists of evaluating the behavior of LG 

bonded together with a new interlayer, with an internal company identification of 

HG/MD. 

Researchers found that LG bonded together with HG/MD interiayer has a 

significantly larger load resistance than similar PVB samples. The deflection data 

demonstrated that the HG/MD sample has a higher bending stiffness, and researchers 

found that the shear modulus of the HG/MD interlayer is 2.5 times larger than the shear 

modulus of a similar PVB interlayer. 

Outline of Thesis 

Chapter II discusses previous research concerning LG behavior. Chapter III 

describes the research plan, equipment, specimens and test procedure. Chapter IV 

describes the results and the analysis of results in comparison with previous tests 



performed on comparable monolithic and LG samples. Chapter V presents conclusions 

firom this research. 



CHAPTER II 

BACKGROUND INFORMATION 

Laminated glass consists of two or more glass plies bonded together by an 

elastomeric interiayer material. The most common interiayer material is PVB. Because 

of its inherent safety features, LG usage has increased dramatically in the recent past and 

continues to increase. It is the most inexpensive and safest glazing material to use during 

extreme loading conditions, such as blast or windborae debris and other impact. Because 

of its inherent safety features, manufacturers have used LG to fabricate automobile and 

other vehicle windshields for decades. 

Upon fiacture, glass shards adhere to the elastomeric interlayer, thus reducing, if 

not completely eliminating, the probabiUty of lacerations occurring to persons in 

proximity. This particular aspect of post breakage behavior in LG earns it a designation 

as a safety glazing material by building codes (SBCCI, 1997). 

Laminated glass strength to resist imiform loading has been a controversial issue 

within the architectunJ window glass design community. The controversy arises fi-om 

several factors. First, original calculations of LG strength discounted the ability of PVB 

interlayer to transfer shear stresses between the glass plies. Second, the ability of PVB to 

transfer shear stresses varies with temperature. Third, no reliable analysis technique 

existed to analyze LG to determine stresses and deflections under uniform loading. 

Hence, all LG strength data came only from experimental procedures without an 

acceptable imderlying theory. Finally, economic considerations influenced persons 

responsible for writing design recommendations when using LG in buildings. 



Window Glass Types and Constructions 

Window glass manufecturers produce monolithic annealed (AN) window glass, 

the base window glass construction. Monolithic window glass comes in three types: AN, 

heat strengthened (HS), and fiilly tempered (FT). Major US glass manufacttirers 

specifically produce AN monolithic window glass using the float process. In the float 

process, manufacturers melt raw materials in a large oven to produce molten glass. From 

the oven the molten glass pours over a wen- onto a bed of molten tin, hardening into a 

glass ribbon. After it comes off the molten tin bed, the glass ribbon goes through the 

annealing process. In the annealing process, the glass ribbon runs through an annealing 

lehr, reheating to a temperature near the glass softening point. The end of the aimealing 

process occurs as the glass ribbon cools in a carefviUy controlled manner to eliminate 

undesirable residual stresses. 

Through a heat treatment process involving heating the glass to a temperature 

near its softening point and quenching it, glass tempjerers produce HS and FT window 

glass, the other two window glass types. Heat strengthened window glass has residual 

compressive surface stresses ranging fiom 24.1 MPa (3500 psi) and 51.7 MPa (7500 psi). 

Fully tempered window glass has residual compressive surface stresses grater than 68.9 

MPa (10,000 psi) (ASTM a, 2000; ICBO, 1997; SBCCI, 1997; BOCA, 1993). The 

residual compressive stnface stresses make HS and FT window glass stronger than AN 

window glass. 

Three window glass constructions exist: monolithic window glass, LG, and 

insulating glass fIG). The author described monolithic window glass and LG above. The 



research described herem deals with LG fabricated with HG/MD interiayer. 

IG consists of two glass lites sealed to a spacer enclosing a sealed air space. As 

its name implies, IG provides both thermal and acoustical msulation. The glass lites in an 

IG unit may consist of monoUthic window glass or laminated window glass fabricated 

with plies of any glass type, i.e., AN, HS, or FT. 

Research Concerning Window Glass and Laminated Glass 

The Glass Research and Testing Laboratory (GRTL) at Texas Tech University, 

Lubbock, Texas, has conducted glass research for many years. Previous research 

includes the behavior of monolithic glass lites, layered glass, LG, and IG. 

Beason (1980) developed an analytical method to predict probability of failure for 

AN window glass lites subjected to uniform lateral loads. The failure prediction model 

accounts for all factors known to affect window glass strength: load duration, relative 

humidity, temperature, glass lite geometry, surface condition, state of stress, and stress 

dtiration. In developing the failure prediction methodology, Beason (1980) described 

highly variable AN window glass strength using surface flaw parameters (m and k). 

These parameters are actually nothing more than Weibull (1939) parameters typically 

used in describing the strength variation of brittle materials. In estimating the surface 

flaw parameters for a particular window glass sample, Beason (1980) converted the 

actual load-induced stresses occiirring in a window glass lite to equivalent stresses having 

60-second duration. Beason's (1980) failure prediction model provided a useful means to 

describe AN window glass strength in a statistical manner. 



Abiassi (1981) investigated the strength of AN weathered window glass samples. 

Window glass strength decreases over time with exposure to the environment under in-

ser\ice conditions. This strength decrease is known as weathering. Abiassi tested three 

weathered window glass samples that had undergone actual in-service conditions ranging 

fix)m 15 to 25 years. He used the failure prediction methodology (Beason, 1980) to 

describe the window glass sample strengths, to quantify their degrees of strength 

degradation, and to facilitate strength comparisons. 

Linden, Minor, Behr, and Vallabhan (1983) examined the effects of long term 

loads on LG behavior at temperatures ranging from 22*'C to 77°C (72°F to 170°F), the 

effect of plate geometry and interlayer thickness on laterally loaded LG units, and failure 

pressures of LG units compared with the failure pressures of monolithic glass plates. 

Non-destructive, long duration (1 hour) tests showed that as temperature increases 

principal stresses increase in a non-linear manner. The percentage of stress increase was 

larger between 22°C and 49°C (72°F and 120**F) than between 49°C and 77°C (120°F and 

I70**F). Stresses at the center of the LG samples were lower than at the comer, and 

deflections increased with increasing temperatures. They also noted that at room 

temperature and below the LG interlajer transfers shear between the glass plies but the 

interlayer's shear transfer ability decreased at higher temperatures. Linden et al. (1983) 

also tested specimens with interlayer thickness of 0.762 mm and 1.52 mm (0.03 in. and 

0.06 in.). Comparison of experimental and theoretical results correlated for center and 

comer principal stress behavior. However, the theoretical model showed slightly higher 

deflections than the experimentally obtained deflections. As interlayer thickness 



mcreases, LG stiffness decreases. Linden et al. (1983) tested 1524 x 2438 mm (60 x 96 

m.) LG samples at room temperature (RT) and found that the failure pressures of those 

samples were higher than the failure pressures of monolithic plates of similar geometry, 

and same thickness and testing conditions. Mean failure pressures of LG samples tested 

at 77*C (170°F) decreased by 40 percent in relation to the samples tested at RT. The 

percent reduction of strength for LG as temperature increased from RT to ITC (170°F) 

was less than the stress increase calculated for monolithic and layered glass samples of 

the same thickness. 

Norville and Minor (1984) evaluated glass strength using ring-on-ring tests to 

insure linear behavior. Ring-on-ring tests consist of a large circular ring used to support a 

square glass specimen, and a smaller circular ring used for loading the specimen, which is 

placed concentric with the larger ring. The configuration of the rings produces a imiform 

biaxial tensile stress on the glass surface inside the smaller ring, which increases imtil 

producing failure. Linear behavior depends on the ring sizes and glass plate geometry. 

Norville and Minor (1984) used ring on ring tests to evaluate surface strength parameters 

used in the failure prediction model (Beason, 1980). Researchers describe strength of 

window glass in terms of a probability distribution since the nimiber of flaws, their 

orientation, and geometry carmot be known precisely, and the ability of a flaw to 

concentrate tensile stresses is a function of those parameters. Data from ring-on-ring 

tests would indicate lower failure pressures than data from full-scale tests. They are 

however more economical than fiill-scale tests and one may consider them an alternative. 



Norville and Minor (1985) investigated the strength of weathered window glass; 

weathering causes environmental exposure and strength reduction. Window glass 

strength varies with manufacturing methods, glass plate geometry, environmental 

conditions, load duration, state of stress, surface condition and glass age. Flaws occur at 

random locations and at random orientations on window glass surfaces. Manufacturing, 

handling, installation and exposiire to the environment introduces flaws. Flaws 

concentrate tensile stresses in their neighborhoods to high local values. Norville and 

Minor (1985) found that the protected surfaces taken fiom IG units were stronger than the 

weathered exposed surfaces and they approached the strength of new glass. They 

concluded that weathering produces significant degradation of window glass strength. 

Kanabolo and Norville (1985) investigated the strength of new window glass 

samples using surface characteristics. Direct comparison of three samples with the same 

geometry, loaded at different rates, showed that the failure loads depend highly on the 

loading rate. Kanabolo and Norville (1985) estimated values of the surface strength 

parameters (m and k), using the failure prediction methodology (Beason. 1980). They 

transformed raw test data into 60-second failure loads, then estimated values for m and k, 

and constructed a theoretical probability density function for the 60-second equivalent 

failure loads. Then they revised m and k values until obtaining the best match possible 

between the experimental and theoretical values. The 1219 x 1524 x 5.56 mm (48 x 60 x 

0.219 in.) presented a trend of decreasing failure load with increasing plate area. 

Kanabolo and Norville (1985) validated the value of the static fatigue constant of 16 after 

perfonning statistical checks. 



Nagalla, Vallabhan, Minor, and Norville (1985) investigated the stresses 

developed in layered glass units and monolithic glass plates under lateral pressures. 

Their objectives included finding strength factors of layered glass units relative to 

monolithic glass lites under several loadings and comparing the layered glass strength 

with existing monolithic glass lite design charts. The tests performed showed that the 

maximum principal tensile stress in monolithic glass lites as well as in monolithic glass 

units occurs at the center of the glass Ute and migrates toward the comers of the glass hte 

as pressure increases. Also, monoUthic glass lites and layered glass units with equal least 

dimension to thickness ratio had the same strength factors imder the same uniformly 

distributed load. All square layered glass units had a strength factor less than 1.0. As the 

non-dimensional load increased, the strength factor increased, until reaching a maximum 

value. The analyses performed lead to the conclusion that layered glass units do not 

always develop principal tensile stresses larger than those found in monolithic glass 

plates having the same geometry and thickness, under the same lateral pressure. Nagalla 

et al. (1985) also arrived at the conclusion that the strength factor of 0.6 given in various 

building codes at the time (BOCA, 1984) for LG units may be inappropriate. They 

showed that for certain combinations of pressure and geometry strength factors could 

exceed 1.0. 

Reznik and Minor (1986) investigated the strengths of LG samples. They tested 

LG samples under different physical and enviroimiental conditions and compared those 

strengths with the strengths of comparably sized monolithic glass plates. The objectives 

of their research were to determine the failure strengths of heat-treated LG imits, impact 



damaged LG units, and LG units with larger thicknesses than the monolithic glass plates 

tested by Kanabolo and Norville (1985). They also tested LG samples at elevated 

temperatures ranging from 49**C to 77*̂ 0 (120"F to 170°F) and compared the results with 

LG samples at RT. Reznik and Minor (1986) obtained the failure strengths of heat-

treated LG samples, and conducted tests to failure of samples with various geometries, 

identical to those samples tested by Kanabolo and Norville (1985). Reznik and Minor 

(1986) observed that LG units exhibit about the same mean strength as monoUthic glass 

Utes having the same nominal thickness and rectangular dimension at room temperature. 

They also observed that LG having twice the nominal thickness of monolithic glass 

exceeded the pressure of the monolithic glass by about 180 percent, and also exceeded 

the pressure of LG units with one half the thickness by about 170 percent. High 

temperatures miide LG act more like layered glass than monolithic glass. The failure 

pressures of LG decreased with a temperature increase. At 77*'C (170°F), the mean 

failure pressure of the LG samples tested was about 26 percent lower than comparable 

monoUthic plates and 25 percent lower than the mean failure pressure of LG samples 

tested at room temperature. The tests performed on impact-damaged samples showed 

that the mean failure pressure for LG with damaged plies placed in tension decreased by 

about 40 percent. On the other hand when they placed the impact-damaged plies in 

compression the LG had about the same strength as imdamaged samples tested at room 

temperature. 

Behr, Minor, and NorviUe (1993) reviewed previous experimental data and 

described the behavior of LG. Their data showed that LG behaves similarly to 
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monolithic glass at and below RT, under short-duration loading. LG behaves 

significantly different fix)m monolithic glass at temperatures of about 49°C (120°F) and 

above. Under long-term loadings LG behaves similarly to monolithic glass at 

temperauires of 0°C (32*1̂ ) or lower. 

King and Norville (1997) investigated the effect of interiayer thickness on LG 

strength. They tested LG samples with a 2.29 mm (0.09 in.) interiayer and compared 

their ^ u r e pressures with the failure pressures of monoUthic glass samples having the 

same geometry and with LG samples witii a 0.76 mm (0.03 in.) mteriayer. They 

compared their results with those reported by Kanabolo and NorviUe (1985), Linden et al. 

(1984), and Reznik and Minor (1986). The test results showed that the increasing 

interlayer thickness in LG leads to an increase in mean failure strengths. Increased 

interlayer thickness also reduces center deflection. 

Haar (1998) investigated the effects of interlayer fomiulation on the strength of 

LG. The investigation included the testing of samples to determine the strength effect of 

the new IHG formulation of PVB produced by Solutia on LG strength. Haar (1998) also 

investigated the effect of thicker PVB interlayers and the behavior of LG compared to the 

behavior of moiK>lithic glass plates. Haar tested window glass samples having 

geometries similar to those in previous research, i.e., that of Kanabolo and Norville 

(1985), Linden et al. (1984), Reznik and Minor (1986), and NorvUle et al. (1998). In 

addition, Haar (1998) tested a sample having a new geometry different from that of 

previously tested monolithic glass samples. Haar (1998) measured failure pressures and 

center deflections. He compared his data with previous research results. The LG 

11 



specimens with the IIIG interiayer perfonned as well as the specimens with the SH 

(standard formulation) PVB interiayer at room temperature. Although Haar (1998) 

observed an increase in failure pressure on the IIIG interiayer samples, he was not able to 

determine if such increase occurred because of the new interiayer or because of the 

thicker glass plies used in those specimens. LG specimens with a thicker PVB interiayer 

displayed increased strengths. Haar's (1998) conclusions agree with the previous 

research mentioned above. 

NorviUe, King, and Swofford (1998) presented a theoretical model that explains 

the behavior of LG and accoimts for factors such as temperature, interlayer thickness, and 

interlayer composition. The model presents LG section moduli as a fiinction of the 

interlayer shear transfer capabiUty. The model indicates that the interlayer of LG 

increases its section modulus over that of monoUthic glass, which reduces the flexural 

stresses in the outer glass fibers and explains the higher strength of LG in comparison 

with monoUthic glass having the same geometry and nominal thickness. The model 

predicts deflections that match the deflections of tests performed in the past. It shows 

that at high temperatures of about 49°C (120*1̂ ) LG strengths exceed the strength of 

layered glass. The model also indicates that at load durations of less than 60 seconds 

lower stresses will occw in LG Utes. These findings agree with previous experimental 

data. 

Mackay and NorviUe (2001) performed strain measurements for laterally loaded 

LG. They tested LG samples under uniform loads, and temperatures varying from room 

temperature to 70°C (158°F). and then measured stimn and center deflections at the glass 
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fill! and half design load. Mackay and Norville (2001) observed that, in general, the 

tensile stresses in the LG samples increased as the temperature increased for a given 

magnitude of lateral load. They concluded that the shear transfer capability of PVB 

interiayer decreases as the temperature increases. This observation is consistent with 

Linden et al. (1983) and Norville et al. (1998). The deflections in LG and monolithic 

glass specimens both remained constant or increased sUghtiy with increased 

temperatures. However, LG deflections were more susceptible to temperature changes 

than monoUthic glass specimens. High aspect ratios and low flexibility were factors that 

made LG behave differently fix)m monolithic glass specimens. 

Extensive research concerning glass strength has taken place at Texas Tech 

University. First, Beason (1980) formulated an analytical method to predict failure 

probability. Abiassi (1981) demonstrated that weathered window glass is significantiy 

weaker than new window glass, agreeing with Minor and Norville (1985), and Kanabolo 

and NorviUe (1985). Research concerning LG includes the work of Linden et al. (1983); 

NagaUa et al. (1985), Behr et al. (1993), King and Norville (1997), Haar (1998), and 

Mackay and Norville (2001). The most important observations from the LG research are: 

(1) Under short-term loadings at RT, LG strength is comparable to monoUthic plates of 

similar geometry; (2) at higher LG nominal thicknesses higher failure strengths are 

observed; (3) at high temperatures LG strength decreases; and (4) a thicker interlayer 

increases the mean failure presstire of LG and decreases the center deflections, which 

become smaller than the deflections of monolithic plates of similar geometiy. 

13 



The research presented in Chapter II and the main conclusions discussed above 

wiU be explored further in the next chapters. Chapter III discusses the research plan and 

procedures followed in this research. 

14 



CHAPTER III 

RESEARCH PLAN AND PROCEDURES 

Research Objectives 

Despite the extensive data showing that monolithic glass and LG may perform 

similarly, most building codes still assign LG a much weaker design strength than 

monoUthic glass. The previous research presented in Chapter II shows that LG strength 

increases wfith increasing interlayer stif&iess and thickness. The author conducted tests 

on LG fabricated with a new HG/MD interlayer. The author will compare results 

obtained herein to the experimentally determined behavior of LG with PVB interlayer 

and the behavior of monolithic glass of similar geometry reported in earlier research. 

The research reported herein has three specific objectives: (1) to determine the HG/MD 

effect on LG strength, (2) to estimate the HG/MD shear transfer capabiUty, and (3) to 

compare the behavior of LG with HG/MD interlayer to the behavior of monolithic glass. 

To achieve these objectives, GRTL staff first tested twenty LG specimens with 

the new HG/MD interlayer formulation to failure. The staff recorded loading rates, 

failure pressures, deflections, and fi^cture origins. Next, the GRTL staff heated two more 

LG samples and tested them non-destructively. The staff recorded the strains and 

deflections, and estimated a shear modulus for the samples. The staff compared the 

failure pressures, deflections, and shear transfer capability of the new samples to those 

recorded in earlier comparable tests. The staff estimated the shear modulus of the 

samples tested non-destructively by an iterative process in which the staff changed the 

shear modulus value until obtaining a deflection versus pressure curve that closely fit the 

15 



experimentally obtained deflection versus pressure curve at a known temperature range. 

The shear transfer capabilit>' increases as the shear modulus increases. 

Research Plan 

The GRTL staff followed these steps to achieve the objectives listed above: 

1. Obtain twenty specimens of LG with HG/MD interlayer formulation with 

dimensions of 965 mm x 1,930 mm (38 in. x 76 in.), made of two nominal 2.7 

mm (lami) plates bonded together with a 2.77 mm (0.109 in.) interlayer. 

2. Test the twenty samples to failure, under a linearly increasing load; record 

pressures and deflections at corresponding times. FinaUy, identify and record 

the fracture origin of each specimen. 

3. Obtain two new specimens of the same LG described in step 1. 

4. Mount two 45° strain gage rosettes on each specimen and place it on the 

frame. Then attach the heating chamber to the test deck and connect the 

heater box to the chamber. Next, perform non-destructive tests, which consist 

of loading of each sample to 3 different pressures: one-third, two thirds, and 

finaUy the full design pressure. Perform the non-destructive tests at 

temperatures ranging from 20*'C to 40''C (68**F to 104°F). Record pressures, 

deflections and strains at each load and desired temperature. 

5. Compare data obtained with previous comparable experiments performed on 

LG and monolithic glass plates. 

16 



Research Equipment 

GRTL staff used a testing facility that consists of a test deck, a test chamber, a 

vacuum accumulation system, a heating system, and a data collection system. 

Test Deck 

.\ structural steel test deck supports the test chamber. It consists of 127 mm (5-

in.) deep W-sections, and sheet metal skin that covers those sections. The test deck can 

rotate around hinge supports fiom a horizontal to a vertical position. 

Test Chamber 

The test chamber provides support for the glass specimens, which in turn provides 

an airtight closure for the chamber. Figure 3.1 shows the test chamber bolted onto the 

test deck. The test chamber consists of four 200 mm (8-in.) steel channels welded to a 12 

mm ('/2 in.) plate. The plate has four openings: two 38 mm (I '/i in.) diameter openings 

that connect the vacuum hoses, one opening 12 mm (1/2 in.) in diameter that connects to 

the plastic mbing, and a 76 mm (3 in.) diameter opening that connects to the heating 

system. Figure 3.2 shows the openings on the back of the chamber, through the back of 

the test deck. 

The vacuum hoses allow the evacuation of air firom the test chamber, thus creating 

a pressure differential across the glass specimen. This pressure differential provides the 

loading on the specimen. 

The plastic tubing connects the pressure transducer and the manometer to the test 

chamber. These two devices facilitate the reading of pressure differential acting on the 

specimen during testing. 

17 



1 î ju.'-!: 3.1 - Test Chamber with Specimen Mounted 



Figure 3.2 - Test Chamber Openings 



The 76 mm (3 in.) diameter opening that connects to the heating system allows 

the heating of the glass specimen prior to testing. A heat diffuser mounted over the 

opening allows the circulation of air and prevents the hot air from reaching the test 

specimen directiy on a particular area. 

An additional opening is located in one of the stincUiral steel channels forming 

the test chamber. This opening connects to a bleeder valve that facilitates control of the 

pressure appUed to each specimen. 

Liner and outer glazing stops hold the specimen on the chamber. Figure 3.3 

shows the glazing stops. Bolts with 10 mm (3/8 iiL) diameter connect the two glazing 

stops together and are screwed into the charmels. The inner glazing stops consist of the 

upper side of the 200 mm (8-in.) steel channels. A 6 mm ('/«in.) neoprene gasket milled 

into the inner glazing stops supports the specimen. The outer glazing stops consist of 6 x 

76 mm (1/4x3 in.) aluminum bars that keep the inner glazing stops in contact with the 

glass specimen. A neoprene gasket, milled into the outer glazing, remains in contact with 

the glass. This support configuration allows some slipping of the specimen parallel to the 

undeflected plane and rotation of the specimen. It prevents the translation in the plane 

perpendicular to the undeflected plane. This configuration simulates an ideal window 

frame. 

Vacuum Accumulation System 

The vacuum accumulation system consists of a vacuum pump, two vacuum 

accumulators, a loading control system, hoses and tubing. The pump is a Lifeline 

Medical Systems Pump model No LTV-3S-L120 that connects to the vacuum 
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accumulators. The two vacuum accumulators connect to the test chamber and to the 

loading control system. The loading confrol system consists of three valves that allow for 

low, intermediate, and highflow of air evacuating the chamber. Figure 3.4 shows the 

loading control system used. The evacuation of air causes a pressure differential that 

forms a uniform load across the specimen. Reinforced rubber hoses connect the test 

chamber to the vacuum accumulation system, while copper tubing and steel pipes 

connect the vacuum accumulators to the loading control system and to the pump. 

Heating System 

The heating system consists of a heating chamber, space heaters, heated blowers, 

and ductwork. Figure 4 shows the heating chamber mounted over the test chamber. The 

heating chamber consists of a 2500 x 1900 x 360 mm (99 x 76 x 14 in.) deep insulated 

box that moimts over the test chamber. Inside the chamber ductwork distributes the 

heated air over the specimen. At the lower end of the chamber a 76 mm (3-in.) diameter 

duct spUts into two 76 mm (3-in.) ducts that surround the inside of the chamber and join 

again at the top end of the chamber. The ducts have slits to distribute the heated air 

evenly inside the chamber. 

An Edemco Heated Blower, Model 7001, preheats air and then blows it inside an 

800 X 660 x 610 mm (31-1/2 x 26 x 24 in.) metal box containing four space heaters that 

warm the air even further. Figure 3.5 shows the heated blower attached to the metal box. 

The preheated air enters the metal box through an inlet duct and the hot air exits the box 

to enter the beating chamber through an outlet duct. 
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The heating system described above allowed GRTL staff to heat the glass specimens to 

40*'C (104**F). GRTL staff took readings using a Dwyer MIR 1 UifraRed Thermometer 

and to insure its proper reading placed masking tape over the glass surfaces where the 

readings were taken. GRTL staff loaded tiie glass specunens at several temperatiires 

ranging torn 40*'C to 20°C (104**F to 68*^). 

Data CoUection Svstem 

The data coUection system consists of a PC computer, an analog to digital (A/D) 

converter, a power supply, a differential pressure transducer, and a linear variable 

displacement transducer (LVDT). Figure 6 shows the LVDT Transducer. 

A Hewlett Packard 6234A dual output power source provided the excitation 

voltage for the pressure transducer and LVDT. A Dell 286 DX-25 MHz central 

processing unit equipped with the data acquisition program LABTECH NOTEBOOK 

recorded the central deflection and pressure during each test. The PC computer received 

digital values firom the A/D converter at a rate of 2 samples per second, which received 

analog signals fiom the Micro-Switch pressure transducer. LABTECH NOTEBOOK 

produced graphs with pressure and deflection data versus time during each test. It also 

allowed the control of the loading rates. The LABTECH NOTEBOOK software required 

the input of a scale factor in order to output reliable pressure data. The scale factor is 

defined as the pressure divided by the voltage, minus the offset constant. The offset 

constant is the voltage that the transducer records when no pressure is applied. 

The Micro Switch 141PC05G differential pressure transducer measured the 

pressure inside the test chamber during each test. GRTL staff calibrated its readings by 
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comparing the readings obtained with a manometer also connected to the test 

chamber. 

A Trans TEK LVDT, model 0246-0000 1-91, measured the central deflection of 

each specimen. The LVDT was also calibrated prior to each test. A square, aluminum 

bar bolted to the test chamber supported the LVDT. The LVDT movable rod taped to the 

center of the glass followed the inward deflection of the specimen. 

Test Procedure 

GRTL staff carefiilly followed the two main procedures described below. The 

first procedure describes the destructive tests performed to obtain failure strength data 

and the second procedure describes the non-destructive tests performed to obtain shear 

transfer data. 

First, GRTL staff removed the specimen fiom the crate. The staff measured and 

recorded the thickness of the glass specimen at different locations and obtained an 

average thickness. They also checked the specimen for any damage. The staff mounted 

the specimen on the test frame, with the tin side facing the inside of the chamber so that 

the weaker side of the specimen was in tension. They centered the glass, and then 

instaUed the outside glazing stops, insuring the rotation and in-plane translation of the 

edge conditions. 

Next, the staff moimted the LVDT support arm to the test fi-ame. After the 

researchers calibrated the displacement readings, they positioned the LVDT at the center 

of the specimen and taped its movable rod to the glass. Then the researchers connected 
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the pressure transducer and the mercury manometer to the test chamber. They then 

calibrated the pressure readings. 

After the researchers checked the connections of the vacuum accumulators to the 

back of the test chamber and other connections, the test began. They loaded the 

specimen and adjusted the pressure with the high-pressure valve so that it would match a 

computer generated pressure Une increasing at the test loading rate. After fracture of the 

specimen, the researchers checked the pressure reading fix)m the manometer and recorded 

the pressure and deflection data over time as LABTECH NOTEBOOK presented it. 

Next, they identified the fracture origin of the specimen. They removed it from the frame 

to facUitate the measuring of the fracture origin, using a Cartesian coordinate, with its 

origin at the lower left comer of the test chamber. FinaUy, the GRTL staff disposed of 

the specimen and repeated the process for the next specimen. 

The procedure foUowed for the non-destmctive test began with the removal of a 

LG specimen firom the delivery crate and the placement of the specimen over a large 

glass-cutting table. The researchers cleaned the specimen and marked the strain rosette 

locations. They moimted the rosettes over the specimen at two different locations: one 

near the center and another near the top right comer. After aUowing the strain rosette 

adhesive to dry, the staff connected the gages to the Vishay Strain Indicator, model P-

3500, and to the Vishay Switch and Balance Unit, model SV-10. The staff then checked 

the strain rosettes. After checking that the rosettes functioned correctiy, the staff 

mounted the specimen so that the strain rosettes measured the strains in the tension side 

of the glass. The researchers generated three pressure lines to follow during testing: one 
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at the specimen's design load, another at the specimen's two-third design load, and 

another at the specimen's one-third design load. 

Next, the GRTL staff mounted the heating chamber over the test chamber 

containing the glass specimen. They connected the metal heating box to the chamber, 

and the heated blower to the box to start the heating process. Two small holes with 

sUding covers, one located near the center and another near the top of the heating 

chamber, allowed the staff to measure temperature. The hot an blown on the glass 

surfece allowed the glass to reach a temperature of 40°C (104°F)- At this temperatiire the 

staff removed the heaters and the test began. The researchers loaded the specimen using 

the intermediate valve to one-third the design load, and took six strain readings. A small 

hole on the heat chamber located at the center of the glass specimen allowed the manual 

measurement of the center deflections. The researchers then loaded the specimen to the 

two-thirds design load and recorded the strain and deflection data. Finally they loaded 

the specimen to the design load and recorded the strain and deflection data. They 

repeated this procedure at different temperatures, imtil the glass reached 20*'C (68°F). 

Once the staff completed the test, they removed the specimen from the test chamber. 

GRTL staff used the strain and deflection data obtained fiom this non-destructive 

test to calculate the shear modulus of the specimen's interlayer. 

In summary, the GRTL staff performed destructive and non-destructive tests. The 

destructive tests consisted in mounting the specimen into the test chamber; loading it 

until failure; recording pressures, deflections and fracture origin, and finally removing the 

specimen from the chamber and disposing of it. The non-destructive test consisted in 
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fiirst mounting two strain rosettes on the specimen; mounting the specimen into the test 

chamber; heatmg the specimen; collecting strain and deflection data at the one-third 

design load, two-thirds the design load, and at the design load; and finally removing the 

specimen firom the test chamber. The author will discuss the results obtained from these 

tests in Chapter FV. 
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CHAPTER IV 

TEST RESULTS 

Introduction 

This chapter discusses the results obtained from the tests described in Chapter III. 

The discussion of results below contains two sections. The first section discusses the 

results obtained for the destructive tests and the second part discusses the results obtained 

for the non-destructive tests. The destructive test discussion includes mean faUure 

pressure results, deflection at failure, and fracture origins. The non-destructive test 

discussion includes the determination of the modulus of rigidity and the strain data. 

Destructive Tests 

Mean Failure Pressures 

One of the objectives of this research is to determine the effect of the HG/MD 

interiayer on laminated glass strength. Following the procedure for destructive testing 

described in Chapter m, the researcher obtained a mean failiu ê pressure of 12.6 KPa 

(1.76 psi) for 19 specimens tested. The specimens had rectangular dimensions of 965 

mm x 1930 mm (38 in. x 76 in.) and were made of two aimealed glass Utes of 2.7 mm 

(lami) nominal thickness bonded together with 2.77 mm (0.109 in.) thick HG/MD 

interlayer. The results from nineteen tests are shown since one of the specimens cracked 

prior to testing. Table 4.1 shows the failure pressure for each specimen, the location of 

the tension fracture origin, and the maximum deflection measured. The researchers 

measured the fracture origin locations by forming a Cartesian plane with the origin at the 
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lower left comer of the glass, as an observer would see it when mounted on the frame. 

The nominal dimensions for the glass constructions are shown on Table 4.2. 

The mean failure pressure for this sample is considerably higher than the mean 

failure pressure reported for previous tests performed on different glass types with similar 

geometries. Table 4.2 summarizes and compares the data obtained m this test with 

previous tests. Kanabolo and Norville (1985) tested three samples of monolithic glass 

with a nominal thickness of 6.0 mm (1/4 in.) and with rectangular dimensions of 965 mm 

x 1930 mm (38 in x 76 in). Kanabolo and Norville tested the three samples at three 

different loading rates: 4.83 KPa/min (0.7 psi/min), 5.17 KPa/min (0.75 psi/min), and 

8.27 KPa'min (1.2 psi/min). The mean fracture strengths they obtained for those samples 

are 3.01 KPa (0.44 psi), 4.82 KPa (0.69 psi), and 6.62 KPa (0.96 psi), respectively. Their 

results show that glass strength is highly dependent on the loaduig rate. For comparison 

purposes. Table 42 presents the sample loaded at 8.27 KPa/min (1.2 psi/min). 

Although the Kanabolo and Norville (1985) sample and the HG/MD sample were 

loaded at the same rate, the samples failed at different failure pressures. The mean failure 

pressure for the sample tested herein is nearly double (90 percent larger) than the 

monoUthic sample failure pressure fiom Kanabolo and NorviUe (1985). Several factors 

may contribute to this difference: (1) The thickness difference, (2) the interlayer 

thickness difference, and (3) the interlayer stifi&iess difference. The research reported by 

Reznik and Minor (1990); Behr, Minor, and NorviUe (1993); and Norville et al (1998) 

showed that glass with a larger nominal thickness displays a higher failure pressure. 
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Table 4.1. Failure Pressures and Fracture Origins 

Test 
Number 

1 

• ) 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

Xb, 

c. 
'Types 

Time 
(sec.) 

104.5 

63.5 

56.5 

63.5 

82.0 

101.5 

80.5 

87.0 

75.5 

88.0 

90.5 

82.0 

66.0 

104.5 

115.0 

101.5 

108.0 

92.0 

99.0 

of breaks: 

Failure 
Pressure 

(psi) 
[Kpa] 
2.06 

[142] 
1.24 

[8-551 
1.10 

[7.58] 
124 

[8.55] 
1.64 

[11.3] 
2.05 

[14.1] 
1.60 

[11.0] 
1.73 

[11.9] 
1.49 

[10.3] 
1.78 

[12.3] 
1.86 

[12.8] 
1.61 

[11.1] 
1.30 

[8.96] 
2.05 

[14.1] 
2.41 

[16.6] 
1.99 

[13.7] 
2.30 

[15.9] 
1.85 

[12.8] 
2.03 

[14.0] 
1.76 
12.6 
21% 

C-
E-
M 

Maximum 
Deflection 

(in.) 
[mm] 
1.47 

[37.3] 
0.91 

[232] 
1.35 

[34.2] 
1.28 

[32.5] 
1.32 

[33.5] 
1.47 

[37.4] 
1.13 

[28.6] 
1.37 

[34.7] 
1.19 

[30.3] 
129 

[32.7] 
1.41 

[28.1] 
128 

[32.5] 
1.14 

[28.8] 
1.49 

[37.8] 
1.62 

[41.2] 
1.39 

[35.4] 
1.51 

[38.4] 
1.47 

[37.4] 
1.49 

[37.9] 
1.35 
33.7 
13% 

Fracture Origin 
X 

(in.) 
[nun] 
37-1/2 

952 
1 

25 
38 
965 

1 
25.4 
37 

940 
36-1/4 

921 
38 

965 
1 

25.4 
37-1-"2 

952 
37 

940 
1/2 
13 

10-1/2 
267 

23-3/4 
603 
1-3/8 
35 
1 

25 
36-5/8 

930 
38 
965 
38 
965 

35-1/2 
902 

comer break 
edge break 

-cemer break 

Y 
(in.) 
mm] Type' 

0 
0 
1/2 
13 
1 

25 
1/4 
6 
74 

1880 
73-1/4 
1861 
2-7/8 

73 
0 
0 

2-3/8 
60 
75 

1905 
0 
0 

32-1/2 
826 

14-3/8 
365 

76-1/2 
1943 

76-1/2 
1943 
1-3/4 
44 

75-3/4 
1924 

1/4 
6 

3-7/8 
98 

c 

c 

c 

c 
c 
T? 

E 

E 

C 

M 

C 

C 

M 

M 

C 

C 

C 

C 

c \mf 

M 
IVl 
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Table 4.2 Observations 

Rectangular 
Dimensions 

(in.) 
Glass Type [mm] 

Nominal Glass 
Thickness 

(in.) 
[mm] 

Actual 
Glass 

Thickness 

Mean Failure Coeficient 
Pressure 

(psi) 
[KPa] (Cy) (%) 

of Variation 

Mono^ 
38x76 

[965 X 1930] 
74 AN 

[6.0] AN 
0.221 
JL611 

LG^ 38x76 1/8x0.03x1/8 0.214 
[965 X 1930] [30 x 0.76 x 3.0] [5.43] 

LG^ 38x76 1/8x0.09x1/8 0.249 
[965 X 1930] [3.0 x 2.29 x 3.0] [6.32] 

0.96 
[6.62] 
0.93 

1.33 
[9.17] 

18 

16 

14 

LG^ 
38x76 

[965 X 1930] 
'Kanabolo & Norville (1985) 
^Reznik & Minor (1986) 
^King& Norville (1997) 
"HG/MD 

lami X 0.11 X lami 0.309 
[2.7 X 2.77 X 2.7] [7.85] 

1.76 
[12.6] 

21 

Nor\ille et al. (1998) also showed that although thicker interlayers transfer shear 

less effectively than thin interlayers, the interlayer in LG usually provides an increased 

effective section modulus over monoUthic glass having the same nominal thickness. The 

higher section modulus reduces the flexural stresses and increases the fracture strengths. 

The total thickness including the interlayer of the HG/MD specimens was about 40 

percent larger than the total thickness of the Kanabolo and Norville (1985) specimens. 

The larger total thickness contributed to the strength difference between the two samples. 

The HG/MD interlayer capabUity of transferring shear may be another factor causing the 

large strength observed in this sample. 

Reznik and Minor (1986) tested laminated glass constructed from two nominal 

3.0 mm (1/8 in.) plies bonded together with a 0.76 mm (0.03 in.) thick PVB interlayer. 

Their sample had the same rectangular dimensions as the Kanabolo and Norville (1985) 
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sample. The failure pressures obtained for these two samples are essentially the same (3 

percent different), which shows that LG may have the same strength as monolithic glass 

with similar geometry. The nominal glass ply thickness of the Reznik and Minor (1986) 

sample is the same as the nominal ply thickness in the King and Norville (1997) sample, 

and the nominal interlayer thickness of the King and Norville (1997) sample is three 

times that of the Reznik and Minor (1986) sample. The King and Norville sample had a 

mean feilure pressure 43 percent larger than the failure pressure of die Reznik and Minor 

(1986) sample. Both interlayers were made of PVB. The interlayer thickness difference 

is the main cause of the different mean failure pressures. 

The Reznik and Minor (1986) sample had a total thickness about 44 percent 

smaUer than the HG/MD sample. The mean faUure pressure obtained for the sample 

reported herein is considerably higher than that obtained by Reznik and Minor (1986); 

the mean failure pressure of the HG/MD sample is almost twice as large (96 percent 

larger) than the mean failure pressure from Reznik and Minor (1986). Since the HG/MD 

interlayer thickness is over three times larger than the PVB interlayer (264 percent 

larger), it is accountable for some of the observed difference in pressure. The interlayer 

stifhsess must also be a factor since the interiayer materials used were not the same and 

the pressure difference observed is weU above 43 percent. 

The King and NorviUe (1997) sample had a ply thickness comparable to that used 

in this research, although sUghtiy larger (by 11 percent), and a PVB interlayer of similar 

thickness as the HG/MD interlayer used in tiiis research. However, the actual interlayer 

thickness of the King and Norville (1997) sample was about 22 percent smaller than the 
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HG/MD interiayer. The mean failure pressure of King and Norville (1997) sample is well 

below 12.6 KPa (1.76 psi). The HG/MD sample has a failure pressure 37 percent larger 

than the King and Norville (1997) sample failure pressure. Altiiough the interiayer 

thickness difference may be accountable for the pressure difference, the interlayer 

stif&iess should be a factor considered due to the interlayer material difference. The 

thickness difference is probably not large enough to fully account for the mean failure 

pressure difference observed. 

Table 4.2 shows several samples compared to the sample tested m this research. 

The HG/MD sample exhibits a larger mean failure pressure than all other samples shown. 

Factors such as ply thickness, interlayer thickness, and mteriayer stiffiiess contribute to 

the pressure difference. Data concerning the shear transfer cf̂ jability of the HG/MD 

interlayer will be discussed in the non-destructive test section. 

The researcher performed statistical tests and showed graphically that the HG/MD 

sample exhibits a larger failure pressure than the samples shown in Table 4.2. The 

HG/MD sample had a higher coefficient of variation and t-tests proved that the mean 

failure pressure of the HG/MD sample is larger than the other comparable monolithic and 

LG samples. The results for the t-tests are shown in Appendix A. Figures 4.1 and 4.2 

show relative frequency and cumulative frequency histograms for the samples shown in 

Table 4.2, respectively. 

Deflections 

The center deflection of a specimen as a function of lateral load provides a 

measure of the specimen's bending stif&iess. Table 4.3 shows the mean center deflection 
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at fracture recorded for all specimens during the destructive tests. Figure 4.3 shows a 

mean deflection versus lateral load plot for the HG/MD sample and the King and Norville 

(1997) PVB sample. 

The researcher calculated a mean center maximum deflection of 1.35 in. (34 mm.) 

for the 19 samples, which is higher than the mean failure deflection of about 1.15 in. (29 

mm) that NorviUe and King (1997) obtained for the LG shown in Table 4.2. However, 

Figure 4.3 showfs that at any given value of pressure, the deflection of the King and 

Norville sample is lai^er than the deflection of the HG/MD sample. The lower 

deflections obtained for the HG/MD interlayer sample indicate that this sample displays a 

higher bending stif&iess. 
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•HGMD 

•Norville and 
King 

0. : U.4 u ^ 0.8 1 1. ; 1.4 i.b 

Uniform Lateral Load (psi) 

Figure 4 3 Measured Mean Center Deflections versus Lateral Load 

Fracture Origins 

The fracture origins ma\ occur at comers, in the center, or near a glass edge. By 

definition from Reznik and Minor (1986) comer breaks ha\e fracture origins within two 

inches of any comer; edge breaks have origins more than two inches from the comer but 

within two inches of a glass edge; any other breaks are center breaks. Table 4.1 shows that 

most fractures originated at the comers. This sample had 13 comer breaks, 2 edge breaks, 

and 4 center breaks. 
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Non-Destructive Tests 

The researcher recorded strains and deflections at 0.517 KPa (0.075 psi), 1.03 KPa 

(0.150 psi), and 1.55 KPa (0.225 psi) for the heated specimens at varying temperattires. 

GRTL staff member Dr. Mostafa El-Shami used the deflection data at temperature of 34°C 

(931^) to produce the pressure versus deflection curve shovm in Figure 4.4. Using finite 

element analv-sis Dr. El-Shami obtained a curve that closely fit the experimental curve 

through an iterative process in wdiich the value of the modulus of rigidity is changed. The 

value of the modulus of rigidity for the HG/MD interlayer that best resembled the 

experimental curve by a quantitative best fit was 1724 KPa (250 psi). This value is 2.5 times 

that of PVB at the 30°C to 35°C (86°F to 95°F) temperaUire range that Mackay and Norville 

(2(X)1) obtained. The theoretical curve obtained has a 1 percent error, which indicates an 

exceUent fit between the curves. The modulus of rigidity is a measure of the shear transfer 

capaikniity. Therefore, the HG/MD interlayer can transfer more shear than can the PVB 

interlayer. The high pressure breaks obtained m this research are a durect result of the high 

shear transfer capability of HG/MD. 

Although the researcher intended to use the strain measurements in the calculation of 

the shear modulus, they were only recorded and are reported in Appendix B. The strain data 

obtained was insuflBcient to accurately estimate the shear modulus. There was only one set of 

data and there was no repeatability since the specimens broke. 
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Figure 4.4 Pressure versus Displacement at 30°C-35''C 

The destructive test results obtained in this research consist of failure pressure results, 

deflection results, and fracture origin results. The HG MI) interlayer sample reported herein 

displayed a larger mean failure strength than comparable monolithic and laminated glass 

samples fabricated with PVB that earlier researchers tested. TTie deflection at any value of 

load for specimens tested in this research was less than the deflection of the King and 

Nop. ille (1997) sample. Finally, most fractures originated near the comers of the specimens 

tested. 

Non-destructive test results demonstrated that HGMD interlayer is about 2.5 times 

stiffer than PVB interlayer at about 34°C (93'^ ) Therefore, the stif&iess of the HG/MD 

interlayer is accountable for the high strength of this sample. Strain data were merely 

recorded. 
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CHAPTER V 

CONCLUSIONS 

The objective of this research project consisted of evaluating the behavior of LG 

comprised of two annealed glass pUes bonded together by the new HG/MD mteriayer 

formulation. The factors used m the evaluation were mean failure pressure and average 

center deflection at failure. These factors provided mformation pertinent to the estimation of 

the modulus of rigidity for the HG/MD interlayer. The researchers accomplished the 

objective through carefully monitored destmctive and non-destructive tests. 

Destructive tests mdicated that the specimens tested had a significantiy higher 

strength than comparable monolithic and LG samples fabricated with PVB interlayers, 

having the same rectangular dimensions and similar total thickness. The HG/MD sample had 

an average frdlure pressure 37 percent larger than the King and Norville (1997) PVB sample. 

The total thickness of the HG/MD sample was about 24 percent larger than the King and 

Norville (1997) sample thickness. 

The HG/MD sample had an average failure pressure 96 percent larger than the Reznik 

and Minor (1986) PVB sample. Its total thickness was about 44 percent larger than the 

Reznik and Minor (1986) sample. The Reznik and Minor (1986) sample had the same ply 

thickness as the King and NorviUe (1997) sample, with an interlayer tiiree times smaller tiian 

the King and NorviUe interlayer. The Reznik and Minor (1986) sample had an average 

feilure pressure about 43 percent smaUer than the King and Norville (1997) average failure 

pressure. The above data indicates that the HG/MD interlayer stifi&iess is in part accountable 

for the high strength observed on the HG/MD sample, as well as die larger thickness of die 

sample. 
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The total thickness of the HG/MD sample was about 40 percent larger tiian the 

Kanabolo and Norville (1985) monolitiiic sample. The average failure pressure of die 

HG/MD sample was about 90 percent larger than the Kanabolo and Norville (1985) sample. 

This demonstrates that LG may have die same strengtii or larger sti-engtii tiian monolitiiic 

glass, depending on the interiayer characteristics. 

The average center deflection at failure for the specimens destructively tested was 

less than die average deflection at failure of die King and NorviUe (1997) sample. Therefore, 

the HG/MD sample tested herein has a higher bending stiffiiess tiian the King and Norville 

(1997) sample. 

Non-destructive tests indicated that the HG/MD interlayer has a modulus of rigidity 

of 1724 KPa (250 psi), which is 2.5 times that obtained for die PVB interlayer sample 

Mackay and NorvUle (2001) tested. 

The data concerning this research shows that laminated glass loaded at linearly 

increasing, short-duration loads until failure at RT may have higher strength than monolithic 

glass under the same conditions. The use of HG/MD interlayer residted in increased LG 

strength compared to LG with PVB interlayers. The HG/MD sample has a higher bending 

stif&iess compared to the PVB sample that King and Nor\'ille (1997) tested. Finally, non

destructive tests demonstrated that the HG/MD mteriayer is capable of transferring more 

shear than does PVB. 

Continuing research should examine die effect of LG fabricated with HG/MD 

interlayer subject to impact and blast loading. As manufacturers develop new compositions 

and new interlayer materials, a test regimen such as this must be conducted. Data from this 

and similar test programs for other interlayer materials facilitate formulation of design 
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metiiodologies for LG. These methodologies differ from tiiat of ti-aditional LG fabricated 

wdth PVB interlayer. 
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Figure A 1. Test 1 fa) Deflection versus Pressure and (b) Pressure versus Time 
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Figure AA. Test 4 (a) Deflection versus Pressure and (b) Pressure versus Time 
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Figure A.5. Test 5 (a) Deflection versus Pressure and (b) Pressure versus Time 
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Figure A.6. Test 6 (a) Deflection versus Pressure and (b) Pressure versus Time 
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Figure A.7. Test 7 (a) Deflection versus Pressure and (b) Pressure versus Time 

56 



1.6 

0.5 1 

Pressure (psi) 

1.5 

(a) 

(0 
Q. 

3 

09 

20 40 60 

Time (sec.) 

100 

(b) 

Figure A.8. Test 8 (a) Deflection versus Pressure and (b) Pressure versus Time 
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Figure A.9. Test 9 (a) Deflection versus Pressure and (b) Pressure versus Time 
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Figure A. 10. Test 10 (a) Deflection versus Pressure and (b) Pressure versus Time 
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Figure A.l 1. Test 11 (a) Deflection versus Pressure and (b) Pressure versus Time 
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Figure .A.12. Test 12 (a) Deflection versus Pressure and (b) Pressure versus Time 
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Figure A 13. Test 13 (a) Deflection versus Pressure and fb) Pressure versus Time 
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Figure A. 15. Test 15 (a) Deflection versus Pressure and (b) Pressure versus Time 
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Figure A. 16. Test 16 (a) Denection versus Pressure and (b) Pressure versus Time 
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Figure A. 17. Test 17 (a) Deflection versus Pressure and (h) Pressure versus Time 
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Figure A 18. Test 18 (a) Deflection versus Pressure and (b) Pressure versus Time 
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Figure A.19. Test 19 (a) Deflection versus Pressure and (h) Pressure versus Time 
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T- Tests 

Comparing with Kanabolo and Norville (1985): 

Null hypothesis; M „ G ^ = ^ ^ ^ 

Alternative Hypothesis = M ^ ^ ^ > ^ ^ 

level of significance a := 0.005 

criterion: r^ect the null hypothesis if t>2.878. where 2.878 is the value of to oo5 for 19-1 =18 
degrees of freedom. 

j i : = 

Xbar 

S:= 

n := 

t - — 
I .— 

6.62 KPa 

:= 12.6 KPa 

0.4 

19 

'^bar-^^ 

S 

7̂  
t = 65.166 t>tjjj 

Reject Null hypothesis . 

Comparing with Reznik and Minor (1986): 

Null hypothesre: MHG/MO = MR«nik 

Alternative Hypothesis = MHQ^D > MR^J^ 

level of significance a := 0.005 

criterion reject the null hypothesis if t>2.878, where 2.878 is the value of tg QOS for 19-1 =18 
degrees of freedom. 

ji:= 6.41 KPa 

X^^:= 12.6 KPa 

S := 0.4 

n:= 19 

t := t = 67.454 I > t, 
S 

Reject Null hypothesis. 

a 

69 



Comparing with King and Norville (1997): 

Null hypothesis: MHGA«D=MKing 

Alternative Hypothesis = H^,G^D > m^^ 

level of significance a := 0.005 

criterion: reject the null hypothesis if t>2.878. where 2.878 is the value of to.oos for 19-1 =18 
degrees of freedom. 

H:=9.17 KPa 

Xt^:= 12.6 KPa 

S := 0.4 

n:= 19 

Xbar-^^ 

S 

NTH 

Reject Null hypothesis. 

t = 37.378 t > tjj 
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APPENDDC B 

NON-DESTRUCTIVE TEST DATA 
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Table B. 1 Strains and Deflections at 34°C 

Load 

Strain at Comer 
Rosette 

Strain at Center 
Rosette 

Deflection 

(psi) 
KPa 

1 
2 
3 
1 
2 
3 

(in.) 

mm 

0.076 
524 
51 
-94 
26 
101 
121 
188 
0.34 

8.64 

0.149 
1027 
95 

-141 
74 
168 
190 
246 
0.57 

14.5 

0.226 
1558 
175 
-138 
140 
225 
246 
293 
0.69 

17.5 

Table B.2 Strains and Deflections at 30°C 

Load 

Strain at Comer 
Rosette 

Strain at Center 
Rosette 

Deflection 

(psi) 
KPa 

1 
2 
3 
1 
2 
3 

(in) 

mm 

0.08 
581 
45 
-98 
21 
93 
125 
178 

0.289 

7,34 

0.17 
1138 
95 

-142 
63 
160 
196 
248 

0607 

154 

0.23 
1613 
182 
-140 
124 
220 
250 
292 

0.806 

20.5 

Table B.3 Strains and Deflections at 25°C 

Load 

Strain at Comer 
Rosette 

Strain at Center 
Rosette 

(psi) 
KPa 

1 
2 
3 
1 
2 
3 

0.08 
552 
49 
-99 
33 
97 
125 
175 

0.16 
1103 
95 

-132 
68 
169 
208 
158 

0.222 
1531 
190 
-130 
138 
225 
254 
300 

Deflection 
(in) 028 0.62 0.79 

mm 7.06 15.8 20.0 

72 



Table B.4 Strains and Deflections at 20°C (Trial 1) 

Load 

Strain at Comer 
Rosette 

Strain at Center 
Rosette 

Deflection 

(psi) 
KPa 

1 
2 
3 
1 
2 
3 

(in.) 

mm 

0.08 
579 
42 
-88 
23 
84 
125 
177 
0.37 

9.27 

0.15 
1055 
102 
-137 
68 
165 
196 
245 
0.64 

16.2 

0.24 
1669 
177 
-135 
129 
220 
250 
294 
0.89 

22.5 

Table B.5 Strains and Deflections at 20°C (Trial 2) 

Load 

Strain at Comer 
Rosette 

Strain at Center 
Rosette 

(psi) 
KPa 

1 
2 
3 
1 
2 
3 

008 
552 
44 
-90 
21 
95 
120 
161 

016 
1082 
88 

-129 
65 
166 
190 
242 

0.23 
1558 
173 
-131 
130 
219 
240 
284 

Deflection 
(in) 0.28 0.56 0.79 
mm 6.99 14 1 20.0 
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