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INTRODUCTION

Post-consumer recycled glass collections have grown fagter than the infrastructure that existsto
useit. Therefore, the development of aternative uses for post-consumer recycled glassis
critica to the economic viability of an increesing number of recycling programs. This project
tested glass and inorganic binder paver tiles made from mixed-color recycled glass for strength

and absorption in order to assessthetiles fitness for use.

Thisreport:
gives some background information on previous research done on recycled glasstiles,
describes methods used in the production of the recycled glasstilestested in this studly;
describes the tests performed on the tiles,
givesthe results of the tests, and

discusses implications of the study for potentia production.
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1.0 GLASSCHARACTERISTICS

11 GLASS

Thetensle strength of glassrods or fibers drawn in a vacuum may be as high as 6200M Pa
(900,000ps), and plate glasses may have strengths as high as 173MPa (25,000ps). The
tensle strength of ordinary sodalime glassis usualy about 70MPa (10,000ps). However, sand
blasted glass, in which many flaws have been created, has a strength of only 14MPa (2000ps).
These data demondirate that highly polished and flawless glass has much higher tengle strength
than glass with surface flaws. Fracture mechanics has demondrated that surface flaws
concentrate stress, causing failures at lower tension than would be expected with flavless
surfaces. This phenomenon is mentioned because the samples tested during this project have
body composition very close to solid glass. It will be demongtrated that the tensile strength of
these materids gpproach that of solid glass which has been sandblasted.

The modulus of dadticity of the glassisin the vicinity of 65,500MPa (10,000ks), which is
approximately one-third that of steel and three times that of normal strength portland cement
concrete. (Cordon, 1979 and Felbeck and Atkins, 1984).

1.1.1 Previouswork with Recycled Glass

Previous work with recycled glass has involved the development of processes for manufacturing
paving or mosaic tiles from sintered recycled glass. Brown and MacKenzie (1982) used
powdered glass and up to 10% clay binder to form a composite material. Clay binder was
necessary to give a“green” srength for trandfer to the kiln before fina firing. It was found that
green strength was affected by the amount of clay binder, particle Size, pressing pressure and
amount of water. Fired strength was shown to be consderably greater than that of commercid
clay based tiles. Higher stiffness and strength were obtained with smaller particles, less water
and binder, and greater pressing pressure. Pressing pressure ranged from 10M Pa (1500ps) to
40MPa (5800ps). Binder content ranged from 4% to 20%. Kiln heating rates of between
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100° C/hr and 350° C/hr (180°-630° F/hr) gave essentidly the same properties, while lower
rates resulted in lower strength and gtiffness. Sow cooling was important. The strength and
dtiffness of the samples was greatest when the peak kiln temperature was between 920° C and
950° C (1688° F -1742° F). The maximum modulus of rupture was found to be gpproximately
4.8x10°%kg/n? (47.1M Pa; 6800ps).

The making of mosaic glass from ground waste glassis described by Liu, Li, and Zhang (1991).
They used saverd types of chemical binder to produce mosaic glass of the required texture.
The glass was formed into samples and sintered by firing a 640° C - 800° C (1,184° F -
1,472° F) for 30 minutes before dow cooling. Thetilesfired at temperatures of 720°C (1,328°
F) had bending strengths which were 1.90-3.22 times stronger than those fired at 640° C
(1,184° F), and that strength tended to increase with firing temperature. The maximum bending
strength obtained was 10.56kg/cn? (1.04MPa or 150psi). Specimens fired at 640° C (1,184°
F) had water absorption of up to 5.25%, while those fired at temperatures at least 720° C
(1,328° F) had no appreciable absorption.

In contrast with both of the projects above, this project tested tiles made without pressing.
Rather, vibratory compaction was used to obtain adequate density before firing.
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20 SAMPLE TILE PRODUCTION

Much of the work was accomplished by using a standard mix to make a standard test tile with
approximate fired dimensons of 14" x 4" x 1". The approximate fired weight was 1850g.

2.1 STANDARD MIX INGREDIENTS
211 Glass

The glass component was a combination of coarse and fine particle gradations. In this report,
the terms coarse and fine designate particle Sze with reference to a USH#200 Seve. Fine
particles pass through a USH#200 sieve, whereas coarse particles are retained on thisSeve. For
the standard mix, only one range of coarse glass particle szeswas used. These particles passed
through a US#6 sieve and were retained on aUS#16 Seve. The notation “A x B” isused to
mean particles passing a USHA seve and retained on aUSHB seve. The coarse component is
therefore described as 6x16. The fines are described as "collector dust,” which are awaste
resulting from the manufacture of plate or “flat” glass.  The coarse component was green,

while the fines from the plate glasswere clear. All of the glass was of the soda-lime variety.

2.1.2 Binder

Thetilesincluded asmadl amount of inorganic binder. The amount added was 2.7% by weight
of the glass component. The glass component in the standard mix was 1800 grams. Inorganic
Binder #1 (IB1) was 2% by weight of glass, or 729, and the inorganic binder #2 (IB2) was
0.7%, or 13g.

The binder gave the specimens enough green strength after drying to dlow handling after being
removed from the mold. This enabled the mold to be removed before the kiln firing. Therefore,
the mold can be made from any materid that can withstand a 200° F drying chamber.
Additionally, the refractory nature of the inorganic binder helped the materia to maintain its
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shape during the firing process. Although the glass component gave the materid its fired
grength, the binder a0 effects the sintering process. Therefore, the fired strength was
influenced by the amount and type of binder. Specificaly, the binder can inhibit the sintering
process. A baanceis required between the amount of binder needed for workability (for green
drength and to maintain specimen shape during firing) and the amount that will severdly diminish
the fired strength.

213 Water

To achieve the desired consstency of the mixture, a quantity of water was added. The quantity
of water added in the standard mix procedure was 250 grams; this equaled 13.9% by weight of

the glass.

214 Salt

The addition of asmal amount of asdt helped to reduce the tendency of the water to “pool” on
the surface of the materia in themold. The sdlt acted as a“deflocculant,” which inhibited the
clumping of the smdler particles, kept them in suspension, and enabled the water to be held
within the materid asit was leveled in the mold. The result was a better mixture between coarse

and fine particles, which increased the particle packing efficiency.

2.2 STANDARD MIXING PROCESS

The production process was designed to be as uncomplicated and reproducible as possible.
Much of the process involved readily available and non-specidized tools and equipment.

More closdly packed particles reduce shrinkage and produce a stronger fired product. Thus, it
was dedirable to find the combination of coarse and fine particles that would yied the densest
packing of the two gradations. The 3to 1 ratio of coarse to fine particles was arrived a in the

following manner. Maintaining atota mass of 400 g, various combinations of coarse and fine
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(e.g. 350 coarse, 50 fine; 325 coarse, 75 fine) particles were mixed and placed in along
graduated tube with an interna diameter of 1 inch (25.4 mm). The tube itself was then raised
and tapped down 200 times from a height of 2 inches onto a piece of foam-backed carpet. The
combination of coarse and fine glass that tapped down the most was found to be the 300g
coarse and 100g. Respectively, the particle packing efficiency was then estimated usng a
specific gravity for glass of 2.5. Knowing the volume occupied by the mixture (from the
graduated tube) and the mass (fixed at 400g), a bulk density, r nuk, of the mixture was
calculated and compared to the dengity of solid glass, r gass. The particle packing efficiency,

defined as 1 puilr giass, fOr this combination of fines and coarse gradations was 60%.

Initidly, the two gradations of glass particles, coarse and fine, were measured in a3 to 1 ratio;
1350 g of coarse and 450 g fine glass. The powdered binder consisted of 2% by weight or
72g of inorganic binder #1 and 0.7% by weight or 13g of inorganic binder #2.

The three dry ingredients were mixed in arock tumbler. The water to be added, 13.9 % by
weight or 250 g, was then measured. One-quarter teaspoon of a salt was mixed into the water
using a sandard kitchen blender. The water/sdt mixture was then added to the dry ingredients
in abowl and mixed by hand.

After dl of the ingredients had been mixed, they were placed in amold on ashaker teble. The
mold was lightly lubricated with vegetable shortening to ease “demolding.” The table was then
activated and the materid settled in the mold. The top surface of the specimen was smoothed
using acommon paint scraper. Brown et a (1982) showed that increasing the pressing
pressure on the materia from 10MPa (1.450ps) to 40 MPa (5800psi) produced a 14%
increase in fired strength. However, the process under consideration required only vibratory

compaction under gravity.

2.3 STANDARD FIRING
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The mold and materia were placed in the kiln and dried at 150° F (66° C) for ten hours. The
lid of the kiln was |eft open during drying. After drying, the specimen had enough strength,
referred to as* green strength”, to be handled. After the specimen was removed from the mold,
it was returned to the kiln. Firing the tilesinvolved heating them to a peak temperature of 1600°
F (871° C), halding for one hour, and cooling. Figure 1 shows the temperature history. The
temperature within the kiln was controlled by using an

dectronic controller.

120
100 T
80 T
<
-% 60 Iy
o —®— Andela
X
° 40T —=—16-
20 T
0
10 1 0.1 0.01

Grain Size (mm)

Figure 2. Typical Grain Size Distribution

The firing temperature was chosen to cause the glass particles to fuse by heating and bonding
without melting. The god was to achieve afired body that would not abosorb water and have
high strength, a process cdled sintering. The sintering temperature is several hundred degrees
less than the temperature required to fully melt the glass but some softening does occur, as
described by Shackelford (1992) below:

“The materidl...is formed by the densfication of apowder. The bonding of powder particles

occurs by solid-gtate diffusion. In the course of this dengfication stage, the pores between
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adjacent particles seadily shrink. Thisoveral processis known as sntering. The mechanism of
shrinkage is the diffuson of atoms away from the grain boundary (between adjacent particles) to
the pore. In effect, the poreis“filled in” by diffusng materid.” (Shackelford, p.298).

The kiln used to fire our test samples was oval shaped (plan view) and 27 inches deep. Up to
sx shelves could be stacked verticaly, and each shelf contained a number of specimens.

24 MIXVARIATIONS

For afull description of the production parameters for al the test specimens, see Appendix A,
Table 1. Note that the parameters which differ from the standard mix are shown in bold face.
The last column of the table indicates the variable that was being examined for each batch.

24.1 Variation of the Glass Component

As glass was the largest component of the tiles, much of the experimentation involved variation

in the color of glass, the coarseffine ratio and the size-gradation of the coarse particles.

The glass color for the coarse component of each batch is given in the third column of Table 1.
The colors used for the coarse component included green, clear, amber and mixed. Mixed
color glassin this caseisreferred to as“ Anddd’ glass. The number of different gradetionsis
given in the fourth column. The fines were generdly dear glass, dthough amber fineswere
substituted for some batches.

Some important batch differences:

In the production of Batches 3 and 20, mixed color Andela glass with a gradation of “#8
minus’ (al of the particles passed a USH8 seve) was used as the coarse component. The
hole sze of the USH#8 seve was 2.36 mm. A typicd grain size digtribution for Anddlaglass
isshown in Figure 2.6.
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Batch 20 aso included a coarser component; this one designated as 3/8 x 1/8 (particles had
agrain sze of between 3/8 in and 1/8in).

Batches 4 and 23 used a higher percentage of fines.
Batches 6, 18, 23 and 25 used clear glassinstead of green for the coarse particles.

The*pure glass’ specimens (Batches 8, 10, 17 nd 27) were made with green glass of
gradation “16minus’ (al particles passed a US#16 sieve). A typicd grain Sze digtribution
for the glass component of the "pure glass' specimensis shown in Figure 2.
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Commercial

Batch Number and Glass Color

Fig. 12. Average %Absorption for Test Batches

2.4.2 Variation of the Binder Component

Cdcium duminate cement (“fondu”) was used as the binder in Batches 5, 7, 24 and 28.

The amount of added fondu ranged from 6.3% for Batch 28 to 10% for Batch 24.
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The binder type and the percent by weight (of the glass component) for each batch can be
found in columns 5 and 6 of Table 1.

In addition, specimens were made that contained no binder (Batches 8, 10, 17 and 27).
These batches are referred to as “pure glass’ specimens and were fired inamold. This
required amold that was resistant to kiln temperatures.

24.3 Variation of the Water Component

Generaly, the amount of water added equaled 250g.

However, 260g was used in Batch 4 to obtain the required consstency in the mixture with
the finer glass. Because of the greater surface arearto-volumerratio of the finer particlesin

Batch 4, it was not surprising that more water was needed to achieve the same consistency.

No water was added to the pure glass specimens.

For the samples which used fondu as the binder, differing amounts of water were added.

Batches 5, 7 and 24 used 300 g and Batch 28 contained specimens with 250 g, 275 g and
300 g of added water.

Table 1, column 7 shows the quantity of water used for each batch.

24.4 Variationsin Firing Process

While 1600°F (871° C) was the standard maximum kiln temperature, specimens in Batches
9 and 10, Batches 2 and 8, Batches 18 and 19, and Batches 25-27, were fired at maximum
kiln temperatures of 1400°F (760° C), 1500°F (816° C), 1650°F (899° C) and 1700°F
(927° C), respectively. When the maximum kiln temperature was atered, the rate of
temperature change was a o adjusted so that the duration of the peak temperature phase

remained constant at one hour.
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The maximum kiln temperature used for agiven batch isfound in column 8 of Table 1,
Appendix A.

Two different kilns were used to fire the tiles. A common, oval-shaped pottery kiln was
used for the mgority of thetiles, but a standard rectangular “flat” kiln was used for Baiches
29-34.

Thetype of kiln usad in the production of a given batch is shown in column 9 of Table 1,
Appendix A.

245 Other Variations

Severd batches included certain additives.

A metal oxide stain was used as a coloring agent to make Batch 33. The amount added
was only 0.25% by weight of the glass component.

In addition to the fondu binder, inorganic Binder #3 (1B3) was added to Batch 28.

3.0 TESTING AND TEST METHODS

3.1 COMPRESSION TESTING

Thereis no standard or code which describes compression testing of glass paving tiles.
However, ASTM C67 (1992) “ Standard Test Methods of Sampling and Testing Brick and
Structurd Clay Tile” provides amethod which is gpplicable to glass.
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The test procedure involves capping the specimen (at least 5 inches (127 mm) in diameter) with
ether gypsum or sulfur-filler. Thetileisthen placed flat on the test machine, centered below the
gpherica head mounted block. Compressve force is applied at auniform rate in order to move
from one-half the peak load to the pesak load in one to two minutes.

Other test procedures are given for masonry unitsin ASTM C140, “ Standard Methods of
Sampling and Testing Concrete Masonry Units’. A sample aspect ratio (height-to-width ratio)
of two is ecified.

The minimum required compressive strength of a paving brick subjected to light traffic isgivenin
ASTM C902 (1982) “ Standard Specification for Pedestrian and Light Traffic Paving Brick." It
is8000ps for an average of five bricks, or 7000ps for an individud brick that will be subject to
the mogt severe environment --- where the brick may be frozen while wet. Average strengths

of 3000ps and individua strengths of 2500ps are acceptable in less severe environments.

The paving tiles described in this report were rdatively flat, therefore it was difficult to obtain the
aspect ratio of 2:1 required by ASTM C140. Therefore, ASTM C67 was more appropriate

for testing, however, it was not considered to be fully appropriate for the following reasons:

the code is materia specific (written for brick and clay but not for glass);

it specifies capping using various methods for brick and clay. These methods are not
necessarily gppropriate for glasstiles;, and

there is no reference to the required aspect ratio of the specimens. Different aspect ratios
would be expected to produce different strengths. For example, confining effects at the
center of atdl thin specimen, due to the end plates restraint, will be less than that on a short
squat specimen. The shorter specimen would therefore be expected to be stronger.

3.1.1 Procedures

© CWC 1999 12



The compression tests were accomplished by using a Baldwin, 300 kip (1335kN) capacity
testing machine. The compression testing was performed on disks approximately one inch thick
(25.4mm) and having a diameter of about 3.7 inches (94mm). The diameter was measured
from each face of the disk using a cdliper gauge with areadability of +/- 0.01 in (0.25mm). The
areausad in caculating the stress was found by averaging the diameter measured on each load
bearing face of the specimen according to ASTM C67, 6.4.1.

The upper bearing block of the machine was larger than the specimen itsdlf. If the opposite
were true (the upper block smaller than the specimen) it is expected that during the loading,
some confining pressure would be exerted by the surrounding materia on the materia being
directly loaded. Thiswould tend to increase the maximum load able to be sustained by the

specimen.

In generd, the specimens that were tested had some unevenness on the load-bearing faces. The
face that was cast face-up was particularly rough. Several methods were attempted to avoid
gtress concentrations and early failure due to the uneven surface of the compression specimens.
The first method involved using a neoprene pad on the roughest surface and nothing on the other
face. Thistechnique was discarded because of concern that the neoprene layer, which tended
to “bulge-up” around the sides of the specimen, could exert some confining pressure and thus
postpone the failure of the specimen. Not enough tests were performed using the pad to assess
the vaidity of this concern.

In order that the load bearing faces are even and pardld, the ASTM standard described
techniques for “capping” the specimens. Without any sort of capping scheme, it was expected
that the applied load could be unevenly distributed and concentrated on the higher points of the
gpecimen. Therefore, the portion of the total cross-sectiond area that was being directly loaded
would fail first. Thus, the maximum load and average compressive stress, caculated asthe
maximum load over the total area, would be less than if the entire specimen were bearing the
load evenly.
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Strengths obtained showed that there was little difference in compressive behavior between
specimens that had been capped and those which had not. Therefore, in order to facilitate
testing, no cap was used. By not capping the specimens, the maximum load capacity should be
underpredicted.

32 FLEXURE TESTING

Using athird-point loading on a beam, which has a depth equd to one-third of the span, isa
method of flexurd testing and is described in ASTM C78 (1984), “Flexurd Strength of
Concrete.” In thistype of loading, the specimen is supported at the ends and two equa loads
are gpplied, such that the specimen is sectioned into thirds. This produces a constant bending
moment over the middle third of the span. “Third-point” loading is depicted in Figure 3.

A flexure test for athinner specimen, such as the ones used in this study, is described in
"Sampling and Tegting Brick and Structura Clay Tile" (ASTM C67). However, this sandard
prescribes a centerpoint loading. Here, oneload is gpplied at the center of the span.

There is no specification for the minimum modulus of rupture required for paving tiles.

3.2.1 Procedures

The flexurd (bending) tests were carried out using a Baldwin, 60 kip capacity testing machine.
Figure 4 shows the testing gpparatus. The method used in this study did not rigoroudly conform
to either ASTM procedure because the “third point” method of loading was used and thetiles
were much shalower than ASTM C78 concrete beams. The recycled glass specimens tested in
this report have a depth of approximately 1/12 the span. However, thereis no theoretical
difference in the way that flexurd tenson stress, given by the Modulus of Rupture, was
caculated for a“shallow” beam, as compared to a“deegp” beam. The depth of aparticular
specimen used should not matter, asit is accounted for in the Modulus of Rupture formula. The
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modulus of rupture may be computed in the following ways based on the standard beam dagtic

formulae.
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Figure3. Third Point Loading Method for Flexural Testing of Samples

A) Actual Configuration
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C) Bending Moment Diagram
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For the third-point loading scheme:

PL where P = maximum load (Ib)
Modulusof Rupturee R = L = gpanlength (in)
bd? b = specimen width (in)

For the center point loading scheme:
where d = specimen depth (in)

3Pa P = maximum load (Ib)
Modulus of Rupture: R= b = specimenwidth (in)
bd? d = specimen depth (in)
a = average distancefrom
fallure plane to end
support (in)

The specimens usad in this test were rdlaively flat, rectangular tiles. The length was
gpproximately 14.25 inches (362mm) and the clear span was 12 inches (305mm). The width
was gpproximately 4 inches (102mm) and depth was approximately oneinch (2.54 cm). They
were tested using a third-point loading technique, which was designed to create an equa
maximum bending moment over the entire middle third of the span. Thus, failure was expected
to occur in this portion of the specimen. If it occurstoo far outside of the middle span, the test
result is probably affected by a wesknessin the region of lower moment. Failures within 5% of
the total gpan length outside the middle third are permitted by the ASTM. For the 12 inch
(305mm) span used, this equals dmost 5/8 in (15.9mm). All specimens tested falled in the
region of maximum moment.

The following isthe test procedure used. The specimen isfirgt labeled and marked (using a
ruler) a 4 inch (102mm) centers to show divison into thirds. Next, the specimen is postioned
on the support bars, such that the end marks lie over the stedl bars, with the inch or so
protrusion extending past the contact point of the bars. These supportsform a12 inch
(305mm) span. The upper bearing plate has sphericdly seated bars 4 inches (102mm) gpart. It
is postioned over the two center marks and the entire setup is centered under the testing
machine head. Theload is applied at the prescribed rate of less than
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Figure 4 -- Specimen Under Load

a) Testing Machine
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b) Specimen Under L oad
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2000 Ib/min (8918 N/min), according to ASTM C 67, until failure occurs. The maximum
load registered by the testing machine is recorded.

After failure, the measurements of the width and depth of the specimen cross-section are made
a the two ends and dong the edge of failure. The width measurement is made at mid-height of
the cross sections and the height is taken aong the centerline of the specimen. In the case
where there are two failure planes, oneis arbitrarily chosen a which to measure. From these
vaues, an average width and height are calculated. These average values are used to calculate

the modulus of rupture.

The specimens used had adight taper of approximately 5° around the edges of the upper
surface, sometimes more noticeable dong one edge of the specimen than the other. This taper
was ignored in the measurement of the dimensons. Thus, the caculated vaue of the Modulus

of Rupture was dightly consarvative.

Because of the taper, the contact area of the gpecimen with the upper bars may have been less
than it would have been if the upper surface was perfectly flat. This resulted in the goplied load
not being as evenly digtributed and thus higher stress concentrationsin certain regions of the
specimen during loading. This effect was consdered smal and was ignored.

Another aspect of the test method was the weight of the upper bearing plate, which was
positioned over the specimen and transferred the load from the testing machine. The weight of
the entire apparatus (one plate, two bars and two balls) equaled 30.2 Ib (134.7 N). For a
specimen to be able to bear a substantialy grester |oad, such as a deeper beam, the effect of
this weight on the modulus of rupture caculation would be negligible. However, for the shalow
gpecimens used, this amounted to about 4% of the maximum load registered by the machine.
The weight of the gpparatus was consdered in the calculaion of the Modulus of Rupture of the

specimens.
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Furthermore, the weight of the specimen itself (about 4 pounds) creates a distributed load over
the length of the specimen and contributes to the theoretica maximum bending moment. This
weight isignored in the caculation. Including it would add approximately 10pg, or 0.4% of the
pesk strength, to the modulus of rupture values. Ignoring it, as we have chosen to do, makes

the obtained result more conservative.

3.3 ABSORPTION TESTING

Absorption testing was carried out instead of specific freeze thaw testing according to ASTM
C67, section 7.3.2.1.

According to ASTM C67, the pieces werefirst dried in an oven at a temperature of about
230°F (110°C) for a 24 hour period. They were alowed to cool to room temperature and
weighed. Thisweight was recorded as the dry weight W(d) . Next, they wereimmersed in a
tank of water at approximately room temperature and left to soak for a 24 hour period. They
were removed from the water and blotted dry to remove surface water until they were no longer
“shiny,” and weighed again to get the saturated weight, W(s). The weight of water absorbed
divided by the dry weight equas the percent absorption:

%absorption = W(s) - W(d) whee  W(s) = saturated weight
W(d) = dry weight

W(d)

For thistest, pieces of tilesthat had previoudy been broken in the flexure tests were used. This
isin accordance with ASTM C 67: “The specimens for the absorption test shall consst of ... tile

or ... representative pieces from each of these...”

However, the ASTM standard made no specific mention of what size pieces were to be used.

As specimens of a congtant thickness get smaller, the specific surface (the ratio of surface area-
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to-volume) getslarger. Theoreticdly, this could influence the amount of absorption, as grester
specific surfaces have greater portions of the materid directly exposed to the immersion bath.

In order to facilitate teting, there was some experimentation with modifying the ASTM C67
procedure. It was found that generdly, the weight “asis’ (prior to any oven drying), was
amog exactly the same as the weight after oven drying. Thus, someinitid tests were carried
out using no drying phase at al. However, because of concerns with potentia questions about
the testing methods used and to assure vdidity of the results, it was resolved to drictly adhere to
the prescribed guiddines,

The absorption limit for paving brick in the most severe environment is 8%, according to ASTM
C902 (1992).

40 SAMPLE STRENGTH AND ABSORPTION PROPERTIES

Testing was performed on avariety of specimens to investigate the relationship between
performance and production parameters. A summary of the results of al the specimens tested
isgiven in Appendix B, Table 2 and referenced by batch number.

41 EFFECT OF POSITION INKILN

An early concern in the project was that the kiln temperature might vary throughout the depth of
the kiln, causing the fired properties of thetiles to be affected by their postion. Thiswas
investigated in the “ stacking tet” (Batches 11-16). In thistest, specimens prepared with the
same specifications were fired in akiln having verticdly stacked shelves. There were six sheves
gacked in the kiln, each with three specimens. After the testing of al the fired specimens was
complete, an average strength was caculated for each shelf. No relationship was discovered
between the position in the kiln and the fired strength. Average strength versuskiln
position is shown for Baiches 11-16 in Figure 5.
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Fig. 11. Average Flexural Strength for Test Batches

Similar results were found for specimensin Batch 20. These specimens were fired in akiln with
three verticdly stacked shelves, each shdf having three specimens. An average strength was
caculated for each shelf. Again, no dependency on kiln position was discovered, as shown in
Figure 6.

4.2 EFFECT OF KILN FIRING TEMPERATURE
The maximum kiln firing temperature ranged from 1400°F (760°C) to 1700°F (927°C). The

maximum temperature used to fire each batch can be found in Appendix A, Table 1, column 8.

For the standard mix specimens, Batches 1, 2, 9, 11-16, 19 and 26, and the pure glass
specimens, Batches 8, 10, 17 and 27, the fired strength initialy increased as the maximum kiln
temperature increased, as shown in Figure 7. However, the strength for both pesked at
1600°F (871°C ) and then started to decline as maximum kiln temperature continued to
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Fig. 6. Stacking Test (Batch 20)

increase. In Figure 7 the standard mix results at 1600° F are based on the average results of
Batches 1 and 11-16.

For the standard mix, the absorption properties a so exhibited temperature dependency.
Initidly, the absorption decreasad as the maximum temperature increased. This was followed
by adight increase in absorption as the temperature continued to increase past 1650° F (899°
C), asshown in Figure 8.

It appearsthat at a critical temperature, in therange of 1600° F-1650° F (871° C-
899° C), optimal particle sintering occursfor the sandard mix and pure glass
specimens. Thisgivesthe fired materia greater dengty (fewer voids), which improvesthe
strength and decreases the amount of absorption. This behavior was aso observed by Brown
et a. (1982). The specimensfired at 1500°F (760°C) tended to shatter into severad piecesin
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the flexure test, whereas, the 1600°F (871°C) specimens exhibited a“ cleaner” falure with a
unique falure plane and little debris.

The physica appearance of the pure glass specimens changed with temperature. Batch 17,

fired a 1600°F (871°C), actudly looked less glassy (more matte) than Batch 10, which was
fired a 1400°F (760°C). Thisis possibly due to devitrification occurring at
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the higher temperature. The largeincrease in fired strength between the 1500°F (816°C) and
1600°F (871°C) pure glass Specimens indicates that a critical sntering temperature exigsin this

range.

The absorption of the pure glass specimens (Batch 17) fired at 1400°F (760°C) was less than
for the 1600°F (871°C) batch (Batch 10). This behavior was opposite to trends seen in the
gtandard mix, showing higher aosorption at lower firing temperatures. This can be attributed to
the fact that the absorption in either caseislessthan 0.1 %, and within this very smal range, the
data may not be entirely reliable. It was found during the testing that the absorption of the pure
glass specimens could be reduced to dmost zero through extra surface drying.

The strength of the clear glass, Baiches 6, 18 and 25, tended to increase with firing temperature

asshownin Fgure7.

43 EFFECT OF KILN TYPE

The mgority of the specimens tested were fired in the aforementioned “ova” kiln. Another
type of kiln, a“flat” kiln, was dso used in making some of thetiles. In order to determine the
influence of kiln type on fired behavior, samples made with the sandard mix were fired & the
usua temperature in the flat kiln (Batch 32). The performance of these specimens were found
to be 1.4% less than that of the Standard-mix specimensfired in the ova kiln, as shown in
Appendix B, Table 2. Asthis difference was smdl, it seems reasonable to discount any effects
the flat kiln may have had on the fired properties.

44 EFFECT OF PARTICLE SIZE GRADATION

A comparison was made between specimens prepared using glass with only coarse particles
and those which had both coarse and fine particles. Batch 5 was made with 1300 g of coarse
glass. Batch 7 was made with 1150 g of coarse glass and 150 g of fine glass. The totd mass

© CWC 1999 27



was the same for both. The specimens in Batch 7 were made with two particle Size gradations;
these were expected to have higher packing and fewer voids.

Strength was 21% greater and the absorption was 47% less for the batch that used a mix of
two different particle Szes (Batch 7), rather than asingle gradation (Batch 5). Theseresults are
shownin Figures9 and 10. A mixture of both coar se and fine particlesresulted in a

denser and stronger fired specimen.

For the two Andda batches, strengths from Batch 20 with 2 gradations, were less than those
from Batch 3 with 3 gradations. However, this may have resulted from an unfavorable mixing
ratio of the gradations involved -- an insufficient number of medium-szed particles may have
lessened the surface contact and sintering with the largest particles. Visualy, the specimensin
Batch 20 were “blobby” and did not appear to have packed and bonded well.
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45 EFFECT OF GLASSCOLOR

Thereaults for the different glass colors are shown in Figure 7. At 1600°F (871°C), specimens
made using green glass for the coarse particles were 53% stronger than those using clear glass.
The maximum strength for clear glass occurred at a kiln temperature of equa or greater than
1700°F (927°C), while that for green glass occurred at atemperature of 1600°F (871°C).
Clear glass contains less coloring agents than green or amber glass. Coloring agents or
additives tend to decrease the softening temperature of the glass. Therefore, at low kiln
temperatures, less sintering of the clear glass takes place so it is weaker than colored glass.
Because of kiln limitation, no testing was performed on clear glass specimensfired at
temperatures higher than 1700°F, so it was not possible to state whether or not the strength
versus temperature curve for clear glass would pesk a some critica temperature. The strongest

Anddatiles, Batch 3, were 6% stronger than the average for the standard mix batches.
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46 OTHERTYPESOFTILE

An assessment was made of the properties of some commercialy available brick and tile.

Batch 21, made of clay, and Batch 22, made of concrete, were subjected to flexura and
absorption testing. The dimengons of these samples were smaller than could be accommodated
by the third-point test method, so they were tested under centerpoint loading. The modulus of
rupture was about one-haf that of the standard mix. The absorption of the commercid tileswas
between 4% and 6%, which was worse than the 0.25% for the standard mix.

4.7 EFFECT OF COLORING AGENT

An eventua production god isto produce recycled glasstilesin avariety of colors. In order to
test the effect of a coloring agent on performance, Batch 33 was prepared using the standard
mix with asmal amount (5g, which is 0.28% of the glassweight) of metd oxide gain. It was
found that this reduced the fired strength of the tilesto 19% below that of the tandard mix. The
absorption did not change sgnificantly

48 EFECT OF WATER CONTENT

There was variaion of the water content within Batch 28. There were three specimens made
with 250g of water, one specimen with 275g and one with 300g. The results did not reved a
performance trend. The 2759 specimen was weaker than both the 250g specimens and the

300g specimen (see results for Batch 28, Appendix A, Table 1). Additionaly, the numbers of
samples were too amd| to draw any daigtica conclusons, more investigation is needed in this

area.

49 GREEN STRENGTH

The modulus of rupture of the pre-fired green materia was not able to be computed accurately,
as the tiles broke under the weight of the loading apparatus. This caused a modulus of rupture
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of gpproximately 100ps. However, the green strength was sufficient for production in al cases,
as the green specimens could be removed from the mold and handled without breaking.

410 COMPRESSIVE STRENGTHS

Average compressive strengths obtained for samples with afiring temperature of 1600°F
(871°C) wereinthe 24.5 to 27 ks (169 to 186 MPa) range. Thisis much higher than typica
drengths of concrete cylinders, with a height-to-diameter ratio of 2:1, which range from 3ks to
8ks (20.7MPato 55.2MPa). It isaso higher than the 8ks (55.2MPa) required for tiles by
ASTM C 902. Test samples used in this sudy were “flat” -- they had a height to diameter ratio
of about 0.25. Specimens with lower height-to-diameter ratios generdly have higher strength
than those with greater height-to-diameter ratios, as aresult of end confinement. This may be
one reason for the high strengths. However, ASTM C 902 does not specify required height-to-
diameter ratios for the tests. As obtained strengths clearly surpassed 8000ps (55.2MPa), the
glasstiles satisfy this code requirement. Compressive strength of Batch 9, fired at 1400°F
(760°C) was about haf that of the specimensfired a 1600°F (871°C).

411 FLEXURAL VS.COMPRESSVE TESTING

Although a compression test is specified in the minimum standard requirements for pavers and
minimum compressive strength cited, it seems that compressive strength may not be as vauable
a performance parameter as flexurd strength. Thisis acknowledged by ASTM: “It isthe
consensus...that compressive strength does not truly express a significant property of a paving
unit. Rather, aflexurd property...will be more meaningful.“ (ASTM C 936). ASTM further
dtates that a specification value for atensle strength test has not yet been determined.

The vdidity of compression testing for the flatish tilesis cdled into question as the specimens

“failure’ was not registered by the testing machine until well after serious cracking and crushing

of the specimen occurred.
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Falureis mog likely to occur if apaver isinsufficiently supported. The loading cregtes a
Stuation much like the one emulated by the flexure test. Failure would be expected to occur in
flexure before compression failure occurred. For this reason, more tenson tests than

compression tests were carried out.

While agtandard for the performance of aflexura strength test for brick and structura clay tile
doesexig in ASTM C 67, no mention is made of a minimum required flexurd strength. ASTM
C 902 dates only that “Minimum modulus of rupture values should be considered by the

purchaser for uses of brick where support or loading may be severe.”

412 FLEXURAL STRENGTH-COMPRESSIVE STRENGTH RELATIONSHIP

An often-used rule of thumb is that the modulus of rupture of concrete is gpproximately 10% of
the compressive strength (Derucher, p.107). For the glasstiles tested, the ratio of the tensle
grength to the compressive strength was also approximately 1:10. The results of dl the flexure
tests are summarized in Figure 11. The strengths of the commercid tiles, Batches 21 and 22,
and dso Batch 9, which was made by firing a 1400°F (760°C), were about one-half that of
the other batches. Batches 17 and 27, made from pure glass with no binder, were sgnificantly

stronger than the others.

Mogt tiles had modulii of rupture ranging from 1500ps to 3000ps. Thereis no minimum value
of modulus of rupture given in the sandards. However, if the relationship between compressve
strength and modulus of rupture of 10:1 is used, then a modulus of rupture of 800ps (5.5MPa)
would relate to a compressive strength of 8000ps (55.2MPa). All of the samples tested have
modulii of rupture greater than 800ps (5.5MPa), so they should be satisfactory for use as

paving tiles.
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413 EFFECT OF ADDITION OF INORGANIC BINDER #3

Batches 24 and 28 show the effect of the addition of inorganic binder #3 (IB3). Batch 28,
which contained 100 g of inorganic binder #3 (5.6% of glass weight) had an absorption of
3.9%, while Batch 24, which contained no inorganic binder #3, had an absorption of 3.0%.
The strength was not diminished; in fact, it was dightly higher (4.2%) for the batch containing

inorganic binder #3.

414 EFFECT OF MIX AND AMOUNT OF BINDER MATERIAL

In the standard mix, the binder was 2% inorganic binder #1 and 0.7% inorganic binder #2. A
comparison of the results of Batch 29, where the binder isinorganic binder #1 only, with those
from Batch 30 containing inorganic binders #1 and #2, show that this smal amount of inorganic
binder #2 isimportant. Batch 29 made with 2% inorganic binder #1 as binder had lower
strength than Batch 30 specimens, which used 2% inorganic binder #1 and 0.7% inorganic
binder #2.

Increasing the amount of binder had very noticegble effects. Batch 31 was made with the
standard mix, except that the amount of binder was raised to 3.7% (3% inorganic binder #1 and
0.7% inorganic binder #2), ingtead of the usud 2.7%. The strength of this batch was 26% less
than the average for al the standard-mix specimens. Increasing the binder leve to 4.7%
resulted in an even larger reduction in strength of 32%, relative to the standard-mix average.

The strength of the strongest fondu tiles, Batch 7, was 81% of the standard mix average.
The specimens made with no binder had the highest fired strength and lowest absorption of al

of thetilestested. Figure 13 shows how strength varied with percentage binder for the standard

mix specimens.
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415 ABSORPTION

The results from the absorption tests show that the material made from recycled glass had low
absorption. Figure 12 summarizes the absorption test results. The vaues obtained were all
quite low, generdly less than 1% (or approaching zero absorption). These were well below the
most severe allowable vaues of 8% for brick givenin ASTM  C902, “ Standard Specification
for Pedestrian and Light Traffic Paving Brick.” High absorption was obtained from the
commercia bricks (Batches 21 and 22), as well as by those tiles made with the fondu binder
(Batches 5, 7, 24 and 28). The addition of inorganic binder #3 increased the absorption of the
tiles, as shown by comparing Batches 24 and 28. 1t would be expected that tiles with high
absorption would be the most susceptible to freeze-thaw damage.

The absorption test requires immersion over a 24 hour period. When carried out over a
prolonged duration, the measured percentage of absorption did not show amarked increase.

Figure 14 shows these results.

416 STATISTICAL VARIATION OF STRENGTH AND ABSORPTION

The standard deviations of the strengths were generdly low, as given in Appendix B, Table 2.
For example, for the Batch 1 flexura tests, the standard deviation was 155ps (1.07MPa),
which was 6% of the average strength of 2573ps (17.7MPa). For other batches, the standard
deviation was generaly less than 10% of the average value. This scatter was low consdering
that recycdled glassis abrittle materid in which fracture may beinitiated by any small
imperfection. The scatter for aosorption was generdly significantly greater. For example, the
standard deviation was 20% of the average vaue for Batch 1. It isthought that scatter was high
because the absorptions were low and were difficult to measure accurately, as explained

previoudy.
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50 IMPLICATIONSOFTILE
PERFORMANCE FOR APPLICATION

The previous chapter has shown that the strength and absorption properties of well made
recycled glasstilesis as good as, and often much better than, ASTM requirements for smilar
types of materid. The sgnificance of the difference in strength between concrete and glasstiles
is described below.

In the testing which was undertaken, the modulus of rupture of the glass tiles was often more
than two timesthat of the commercid clay and brick tiles. Whilethereislikdly to be awide
variation in srength of commercid clay and brick tiles made by different manufacturers and
different methods, it is assumed in this discusson that the ratio of modulus of rupture of glass
tilesto that of concretetilesis about two.

It was shown in Section 3 that the modulus of rupture of a materid is related to the thickness of
the tile squared. Therefore, the required thickness of glasstilesis 1/C2 (or 0.71) times that of
concrete tiles, in order for them to carry the sameload. For example, if it were desired to
produce a glass tile with a bending resistance equivadent to that of aoneinch (25.4mm) thick
concrete tile, then a0.71in (18mm) thick glass paving tile would be required. Also, a concrete
tile having the same bending resistance as a one inch (25.4mm) thick glasstile would have to be
1.41in (35.9mm) thick.

6.0 CONCLUSIONS

A number of recycled glass paving tile test samples were manufactured using low technology
procedures. Proportions of raw material and production process parameters were dtered. The
performance of the tiles was assessed in terms of their flexurd strength, compressive strength

and absorption capacity. It was found that:
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Compressive strength: Average compressive strengths ranged from 14 - 27 ks (96MPa -
186Mpa). Thisis much grester than the most severe ASTM requirement of 8ks (55MPa).
Generally the specimens were not capped.

Flexurevs. Compression: Modulus of rupture rather than compressive strength was shown

to be a better parameter to estimate tile performance.

Flexural Strength: Hexurd tests gave modulii of rupture ranging from 1156ps (7.97MPa) to
4483ps (30.9MPa). Average modulus of rupture was 6% to 11% of the compressive strength.
The required compressive strength of 8,000ps (ASTM C 902) conservatively relaesto a
modulus of rupture of 800ps. All tiles tested were therefore satisfactory.

Effect of Binder on Strength: Strengths of samplesincreased with lower amounts of binder.
Addition of small amounts of inorganic binder #3 increased the absorption, but had little effect
on the drength. Tiles made with fondu binder were weaker than those made with the standard
miX.

Effect of Particle Gradation on Strength: Strength generdly increased with awider
difference between the particle gradations.

Effect of Glass Color on Strength: Clear glass had a higher sintering temperature than green
or amber glass. This caused the strength of clear glass to be lower than colored glass at kiln
temperatures less than about 1675 °F (913 °C), and greater at higher temperatures. Green and
amber glass behaved smilarly, however only one batch of amber tiles was tested.

Effect of Kiln Temperature on Strength: Strengths of “standard samples’ made with green

glass increased with increasing kiln temperature up to atemperature of 1600 °F (871 °C);
thereafter, strength declined.
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Effect of Kiln Type and Position: Behavior of the tileswas not affected by the postion of the
tilesin the kiln, or the type of kiln used.

Behavior of Commercial Brick and Concrete Tiles. Average modulus of rupture of the
commercia brick and concrete tiles tested were 1356ps (9.35MPa) and 1053ps (7.26MPa),
repectively. Thisis sgnificantly less than the modulus of rupture of the standard glasstile of
2677ps (18.46MPa).

Design of Glass Tiles: Asrecycled glasstiles have a greater modulus of rupture than

concrete tiles, the same bending resistance may be obtained with a thinner tile.

Absorption: Absorption of water in glass tiles was generdly less than 1%. Clay and concrete

tiles showed an absorption of 4-5%, and tiles made with a fondu (cacum duminate cement) as
binder had absorptions from 1- 4%. The lowest absorptions occurred in tilesfired at 1650 °F (
899°C). Lower absorptions were obtained from mixes made from awider range of particle

gradation than those with a narrow range of gradation.
Overall Performance: The recycled glasstiles showed very good strength and absorption

properties without being overly sengitive to any of the mix or production parameters. Itis

believed that thereisalot of promise for the further production and use of theseftiles.
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APPENDIX A: TABLE1 GLASSTILE BATCH CHARACTERISTICS

Batch No. Glass No._ Binder % Binder Water 1|'\Aer?1Xp Kiln Parameters
Specimens Calor Gradations Type (9) P Type Investigated
1 10 green 2 IB#1, #2 2.7 250 1600 ova standard mix
2 5 green 2 IB#1, #2 2.7 250 1500 ova sandard @1500
3 4 mixed 2 IB#1, #2 2.7 250 1600 ova anddaglass
4 4 green 2 IB#1, #2 27 260 1600 ova finer glass
5 2 green 1 fondu 6.7 300 1600 ova fondu as binder
6 4 dear 2 IB#1, #2 2.7 250 1600 ovd ckear glass
7 2 gren 2 fondu 6.7 300 1600 ovd fondu w/2 gradat.
8 2 green 1 none 0 0 1500 ovd Pure glass @1500
9 4 gren 2 IB#1, #2 2.7 250 1400 ovd Sandard @ 1400
10 3 green 1 none 0 0 1400 ova pure glass @ 1400
11 3 green 2 IB#1, #2 2.7 250 1600 ova temp. strat.
12 3 green 2 IB#1, #2 27 250 1600 ova temp. strat.
13 3 grean 2 IB#1, #2 2.7 250 1600 ovd temp. strat.
14 3 green 2 IB#1, #2 2.7 250 1600 ova temp. strat.
15 3 gremn 2 IB#1, #2 2.7 250 1600 ova temp. strat
16 3 gremn 2 IB#1, #2 2.7 250 1600 ova temp. strat.
17 3 green 1 none 0 0 1600 ova pure glass @1600
18 4 dear 2 IB#1, #2 2.7 250 1650 ova dear glass @1650
19 4 green 2 IB#1, #2 2.7 250 1650 ova sandard @ 1650
! coarsgbinder;
20 9 mixed 3 IB#1, #2 213747 250 1600 ovd temp strat: anckla
21 4 Commerdd Clay commerc. drength
2 4 Commercid Concrete commerc. strength
23 3 dear 2 1B#L, #2 47 00 | 1600 | ov More fines
more binder
24 3 gren 2 fondu 10 300 1600 ovd
25 3 dexr 2 IB#1, #2 2.7 250 1700 ovd dear glass @1700
26 3 green 2 IB#1, #2 2.7 250 1700 ova sandard @ 1700
27 3 green 1 none 0 0 1600 ova pureglass @ 1700
250,275,3 fondu w/IB#3; vary
28 5 gren 3 fondu 6.3 00 1600 ovd Ho0
29 9 amber 2 IB#1 2 250 1600 fla w/o |B#2
30 4 amber 2 IB#1, #2 2.7 250 1600 fla amber glass
31 3 gremn 2 IB#1, #2 37 250 1600 fla more binder
32 4 gremn 2 IB#1, #2 2.7 250 1600 fla flat kiln
33 4 gren 2 IB#1, #2 2.7 250 1600 flat coloring agent
A 4 gren 2 IB#1, #2 4.7 250 1600 flat 4.7% binder




APPENDIXB: TABLE2 SUMMARY RESULTS OF ALL SAMPLES

Batch Code R'\Sg?lzjrlgs(posfi) Comz)krsessmn Absorption Characteristics Tel\rquoX°F
1 7-01-96.1 2573 24.5 0.25 standard 1600
2 7-07-96.1 1510 NA 0.29 1500°F 1500
3 7-05-96.2 2834 25.3 0.41 Andela 1/8 1600
4 7-07-96.2 3105 NA 0.16 bend fines 1600
5 7-02-96.2 1784 NA 2.49 fondu binder,1 gradation 1600
6 7-02-96.1 1749 27.0 0.22 clear glass 1600
7 7-02-96.3 2166 NA 1.31 fondu binder,2 gradations 1600
8 7-07-96.3 2879 NA 0.10 fused glass 1500°F 1500
9 7-10-96.1 1156 14.0 0.57 1400° F 1400
10 7-10-96.2 2139 NA 0.07 pure glass @1400°F 1400
11 7-15-96.1 2740 NA 0.21 stacking test 1600
12 7-15-96.2 2689 NA 0.48 stacking test 1600
13 7-15-96.3 2952 NA 0.40 stacking test 1600
14 7-15-96.4 2648 NA 0.24 stacking test 1600
15 7-15-96.5 2720 NA 0.28 stacking test 1600
16 7-15-96.6 2656 NA 0.27 stacking test 1600
17 7-15-96.7 4483 NA 0.09 pure glass @ 1600°F 1600
18 7-23-96.1 2334 NA 0.29 clear at 1650°F 1650
19 7-23-96.1 2490 NA 0.17 green at 1650°F 1650
20 | 7-28-96.1-9 1790 NA 0.24 coarse glass - vary binder 1600
21 7-28-96.10 1356 NA 5.67 commercial (clay) N/A
22 7-28-96.11 1053 NA 4.23 commercial (concrete) N/A
23 7-30-96.1 2837 NA 0.18 finer glass/more binder 1600
24 7-30-96.2 2021 NA 3.04 fondu 1600
25 8-01-96.1 2658 NA 0.26 clear 1700°F 1700
26 8-01-96.2 2482 NA 0.21 green 1700°F 1700
27 8-01-96.3 3999 NA 0.10 fused 1700°F 1700
28 | 8-04-96.1-3 2105 NA 3.92 fondu/clay, varying w.c. 1600
29 -12-96.2-4% 2097 NA 0.19 2% - 4%binder/flat kiln 1600
30 8-18-96.1 2523 NA 0.21 amber glass/flat kiln 1600
31 8-27-96.1 1973 NA 0.24 3.7% binder 1600
32 9-1-96.1 2640 NA 0.25 flat kiln 1600
33 8-27-96.2 2086 NA 0.23 metal oxide coloring agent 1600
34 8-27-96.3 1824 NA 0.37 4.7% binder 1600
Total Flexure tests: 134
Total Compression tests: 20
Total Absorption tests: 133













