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ABSTRACT

A pipe specimen was manufactured from a new composite material utilizing
postconsumer polyethylene terephthalate (PET) and coal combustion byproducts. The
primary objectives of this research were to determine engineering properties and durability of
the composite material, and then manufacture a pipe specimen. Engineering properties
determined include compressive and splitting tensile strengths, elastic modulus, and ultimate
three-edge bearing strength. Tests were conducted to determine the influence of filler type,
PET to filler ratio, fiber content, form of PET, and maximum filler particle size. Water

absorption and sulfuric acid durability tests were also conducted.

Results indicate engineering properties of the composite material engineering
properties were greatly affected by the processing technique. The compressive and tensile
strengths were slightly greater than ordinary Portland cement concrete, while the elastic
modulus was 7 to 10 times lower. Increasing the filler content increased compressive and
splitting tensile strengths. Results also showed that fiberglass fibers increased strength and
resist the propagation of shrinkage cracks. Twenty-three of the 26 pipe specimens exhibited
greater ultimate 3-edge bearing strengths than are required by ASTM for the 200 and 250

mm diameter vitrified extra strength clay pipes and all classes of nonreinforced concrete
pipes.
Further research should focus on developing better processing techniques to produce

composite specimens. Further investigation should also be conducted on the influence that

filler chemistry has on the durability of the composite material.
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1 INTRODUCTION
The purpose of this investigation is to research and develop engineering parameters
values for a new pipe product made from composite material consisting of coal combustion
byproducts and polyethylene terephthalate (PET) beverage bottles. Use of this material is
advantageous because of the environmental benefits from using waste products. The
objectives and scope for this investigation along with background information for this

research will be discussed in this chapter.

1.1 Research Program

1.1.1 Objectives

The objectives of this research are:

1) To determine engineering properties of the composite material;

2) To determine the influence of maximum particle size on the composite
properties;

3) To determine the influence of different filler materials on the composite
properties;

4) To determine the influence of PET to filler ratio on the composite properties;

5) To determine the influence of fiberglass fibers on the composite properties;

6) To determine the influence of different forms of PET on the composite
properties;

7) To evaluate the durability of composite materials; and

8) To manufacture a composite pipe specimen and compare engineering properties

with other conventional pipes.
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1.1.2 Scope

The scope of this research is:

1) Manufacture several composite cylinder specimens by varying the type of filler,
PET to filler ratio, fiberglass fiber content, form of PET, and maximum particle
size;

2) Test composite cylinder specimens in axial compression and split cylinder
tension;

3) Manufacture disc specimens from composite cylinder specimens for durability
testing;

4) Test the water absorption and sulfuric acid resistance of the disc specimens;

5) Manufacture composite pipe specimens with the same wide range of composite
mixtures used to produce the cylinder specimens;

6) Test pipe specimens for ultimate three-edge bearing strength; and

1.2 Background
The objectives of this research program stem from a previous feasibility studies
conducted by White [1, 2]. This work showed that ASTM Class C and Class F fly ash could
be combined with postconsumer polyethylene terephthalate (PET) to produce a value-added
composite material. The primary focus of the research was concerned with the physio-

mechanical properties and microstructure features of the composite material.
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The major conclusions of this feasibility research are:

e Fly ash filler increases crystallinity in the PET;

e Compressive strength increased with added fly ash content;

e Compressive strength is 3 to 4 times that of ordinary Portland cement concrete;

e Tensile strengths for the composite varied from 3 to 7 MPa for fly ash contents

ranging from O to 70 percent with optimum strength at 50 percent;
e Elastic modulus values are 10 times less than ordinary Portland cement concrete;
e Density ranged from 1.28 to 2.03 g/cm’ for fly ash contents of 0 to 70 percent;
e Water absorption values varied from 0 to 0.9%; and

e Future research will focus on real world applications for the composite such as

manufacturing a pipe specimen.

ol LEL ZHI—*I
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2 LITERATURE REVIEW
The purpose of this literature review is to review important subjects related to the
composite material. Subjects in order of presentation include: municipal solid waste;
plastics; coal combustion byproducts; fiberglass fibers; polymer concrete; fly ash and RPET

composites; and pipes.

2.1 Municipal Solid Waste

Managing the generation and disposal of municipal solid waste (MSW) is a problem
that society has been facing for many years. The latest annual report by the Environmental
Protection Agency (EPA) reported that approximately 209 million metric tons of MSW was
generated in the United States in 1999 [3]. This problem will become more evident as
population increases and landfill space becomes more scarce. In the eleven-year period from
1988 to 1999, the number of landfills decreased from 7,924 to 2,216, while the average
landfill size increased [3]. Society is turning to different means to reduce the amount of
MSW disposed in landfills. EPA suggests the following components to reduce MSW, listed
in order of preference: (1) source reduction; (2) recycling; and (3) combustion. Out of
approximately 209 million metric tons of MSW generated in 1999, 28 percent was recovered,
15 percent was combusted, and 57 percent was disposed of in landfills [3]. The total amount
of plastic waste generated in 1999 was 22.2 million metric tons, of which only 1.3 million

metric tons was recovered [3].
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2.2 Plastics
There are two generic types of plastics: thermoplastics and thermosets. They differ
by the physical changes that occur when they are subjected to heating and cooling. The most
common generic type is thermoplastics, which is defined as materials that (1) become soft or
“plastic” when heated, (2) are molded or shaped with pressure when in the plastic state, and
(3) solidify when cooled to retain the mold or shape [4]. This process is reversible and can
be repeated since no chemical change occurs. However, repeated heating will eventually

cause decomposition of the polymer [4].

The second generic type is thermosets, which is defined as materials that can be
softened, molded, and then hardened or “set” when heated once [4]. When reheated,
thermosets decompose because they are infusible solids [4]. Unlike thermoplastics, when
thermosets harden, an irreversible chemical reaction occurs which is known as cross-linking

[4, 51.

Although different types of plastic materials look very similar to each other, they
have significantly different properties. In order to help separate the plastics by type, several
identification systems have been created [4]. One of these systems is called the Society for
the Plastics Industry Voluntary Plastic Container Coding System. Its resin identification

includes seven different classifications and codes, which are presented in Table 2.1.

22.1 PET
Polyethylene terephthalic (PET) thermoplastic is given the resin code #1. PET is a
popular polymer used to package food and non-food products since it is inexpensive,

lightweight, shatter resistant, and recyclable. Plastic beverage bottles are constructed from
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PET. PET is produced from a solution of terephthalic acid or dimethyl terephthalate and

ethylene glycol [4]. This solution is heated, typically with an antimony catalyst [4], and then

water or methanol is removed. Figure 2.1 shows the equation for the reaction of terephthalic

acid and ethylene glycol.

Table 2.1 SPI. Voluntary Plastic Container Coding System [6]

Resin
Full Name Typical Consumer Products Code
PET Polyethylene Bottles: soft drink, honey, liquor, dish detergent, antacid, cold
Terephthalate medicine, some oven-safe food trays, and peanut butter jars. é:)
PETE
HDPE Natural High  Jugs: milk, cider, distilled water and spring water bottles, juice (not @)
Density Polyethylene clear), rubbing alcohol, and large vinegar. Grocery bags.
(without color) HOPE
HDPE Natural High  Bottles: laundry and dish detergent, fabric softener, saline solution,
Density Colored bleach, motor oil and antifreeze. &
Polyethylene HOPE
PVC Polyvinyl Bottles: imported mineral water, salad dressing, salad and vegetable
Chloride oil, floor polish, mouthwash, liquor, some translucent pharmaceutical &
bottles, bottle liners and cap coating, blister pack "bubble" for
batteries, tile and drainage pipes. v
LDPE Low Density Usually appears in flexible film bags for dry cleaning, bread, produce,
Polyethylene trash, etc.; also some rigid items such as food storage containers and Q’
flexible lids, coating, and recycling bins. twl)
LDPE
PP Polypropylene Battery cases, medical containers; oil additive containers, some dairy
tubs; cereal box liners; bottle caps; rope and strapping; combs; snack
wraps; bags; some yogurt cups and lids for containers (those that do &
not crack easily when bent). s
PS & HIPS Some yogurt cups and tubs, cookie and muffin trays, clear carry-out
Polystyrene & High containers, vitamin bottles, most fast food cutlery, waste baskets, and
Impact PS audio cassette tapes.

Other Various Items

Plastics other than the six most common or made of multiple layered
resins, blends, or different parts (i.e., water cooler bottles,
microwavable serving ware, most spack bags, and squeezable bottles
for condiments, etc.)

P

&
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where n = 100-20).
Figure 2.1 Reaction of terephthalic acid and ethylene glycol to form PET [4]

PET has been used as a material to make soft drink bottles since 1977 [4]. Recycling
PET began shortly after its introduction due to state laws requiring deposits on beverage
containers [4]. Now PET bottles are collected by local curbside recycling programs across
the nation. According to the National Association for Plastic Container Recovery
(NAPCOR) the total number of pounds of PET bottles and jars available for recycling in the
U.S. for the year of 2000 was 3.445 billion [7]. NAPCOR also estimated that the total
amount of PET bottles that were recycled and sold in the U.S. was 769 million pounds in
2000 [7]. This produces a gross recycling rate of 22.3% for PET bottles. Recycled
polyethylene terephthalate (RPET) is currently being used as material to make fiber for
polyester carpet; fabric for clothes, shoes, luggage, and upholstery; fiberfill for sleeping bags
and winter coats; industrial strapping, sheet and film; automotive parts, such as bumpers,

grilles, and door panels; and new PET containers [7].

PET exists in an amorphous or crystalline state [4, 8]. The normal state of PET is the
crystalline state [4]. In this state, the molecules are highly organized and form crystallites
[4]. Oriented, crystalline state, PET exhibits better mechanical, barrier, and chemical
resistant properties than the unoriented, amorphous state [8]. PET has a melt temperature of
260 °C and a transition temperature of 73 °C [4]. Rapid cooling of melted PET resin from its

melt temperature to its transition temperature will produce a polymer in the amorphous state,
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while slow cooling will produce a polymer in the crystalline state. PET bottles are produced

by blow-molding process, which requires rather pure and slow crystallized PET material [9].

During the reprocessing of PET, contaminants that can catalyze the hydrolysis of PET
(Figure 2.1 in the reverse direction) need to be removed. Hydrolysis catalysts are acids or
bases, which promote hydrolysis at an elevated temperature but below 205 °C [4]. Once
hydrolysis occurs, the reaction is autocatalytic. Degradation of the polymer chain leads to
the formation of low molecular weight polymers with carboxylic acid end groups. These

acids further catalyze hydrolysis [4].

2.2.2 PET recycling process

The reclaiming process for plastic beverage bottles differs between different recycling
facilities. The first process in a typical flotation or hydrocyclone process of reclaiming PET
is to sort the plastic by type and color. Next, the sorted PET bottles are sent to a shredder
and/or a granulator which reduces the material (PET, HDPE, and aluminum) to 3.2 t0 9.5
mm flakes [4]. During the size reduction of the PET, most of the labels are freed from the
plastic and removed by air classification. The most expensive part of PET bottles recycling
process is the removal of aluminum and paper impurities, and green and brown colors [10].
The flakes are then introduced into an agitated washing tank along with a hot non-foaming
detergent solution. The number of wash cycles, detergent recipes, temperature, and the
solids concentration in the slurry vary between different recycling facilities. After the wash
bath, the flakes are rinsed with water to remove residual wash solution, label, and other

materials.
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Clean material flakes are then introduced into a flotation tank or a hydrocyclone
where the heavy material (PET and aluminum) are separated from the thter material
(HDPE). Heavy material is rinsed and sent to be dried first in a spin dryer and then through
hot-air dryers. The last process in the reclaiming of PET is to separate the PET from the
aluminum with the aid of an electrostatic separator. The final product is a high purity PET

flake.

2.2.2.1 PVC contamination

With the many different custom bottles, polyvinyl chloride (PCV) bottles can be
mistaken for PET bottles in the separation process when reclaiming [4, 11]. PVC material
severely contaminates PET stock. One improperly sorted PVC bottle can ruin a container
with 800 pounds (3.5 kN) of PET flake [11]. This is due to the fact that PVC degrades at a
lower temperature than the PET melting point [11]. This degradation forms an acid that
breaks down the physical and chemical structure of PET [11]. Another problem with PVC
contamination is that as little as 1 parts per million (ppm) of PVC in PET can discolor PET
[4].

2.3 Coal Combustion Byproducts

The burning of coal to generate electricity produces a variety of inorganic byproducts,
including fly ash and bottom ash. In 2000, the American Coal Ash Association [12]
estimated 57.1 million metric tons of fly ash and 15.3 million metric tons of bottom ash were
produced. Out of this production of byproducts only 31.9% of fly ash and 29.2% of bottom

ash was recycled [12]. The majority of the byproducts end up in sluice ponds or landfills.
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All these fly ashes have pozzolanic properties. ASTM defines pezzolans as: a
siliceous or siliceous and aluminous material which in itself possesses little or no
cementitious value but will, in finely divided form and in the presence of moisture,
chemically reacts with calcium hydroxide at ordinary temperatures to form compounds
possessing cementitious properties [14]. Fly ash with high calcium content has self-
cementation characteristics and is being used in soil stabilization. Fly ash is also used as
filler in PVC pipes, polymer concrete, and polymer mortar, as well as in plastic parts used in
automobiles. Figure 2.3 shows the leading applications for fly ash and Figure 2.4 shows the
leading applications for bottom ash. Bottom ash is also used in Portland cement concrete and

geotechnical applications but not to the extent of fly ash.

12%
Structural
14%
Other
16%

Figure 2.3 Leading Fly Ash Uses [15]
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Figure 2.4 Leading bottom ash uses [15]

2.4 Fiberglass Fibers
Fiberglass fibers are added to composites and plastics to improve the engineering
properties. Fibers increase tensile and flexural strengths, flexural modulus (stiffness),
strength to weight ratio, impact strength (toughness), and temperature range [16]. They also
improve creep resistance when loaded and reduce the thermal coefficient of expansion and
contraction [16]. The extent to which fiberglass fibers affect composite properties depends
on the type of fiber (cross-section and length), fiber content, orientation and interactions at

the fiber matrix interface [17].

2.5 Polymer Concrete
Polymers have been used to increase the performance of ordinary Portland cement
concrete since the 1920s [18]. Concrete-polymer composites are made by replacing part or
all of the cement in conventional concrete or mortar with polymers. Concrete-polymer

composites are classified into three processing technologies. The first process is polymer-
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modified mortar and concrete. These composites are made by partially replacing and
strengthening the cement hydrated binder with polymers. The second process is polymer-
impregnated mortar and concrete. These composites are made by forcing polymers into the
void spaces of conventional concrete before the composites cure. The third process is
polymer mortar (PM) and polymer concrete (PC). Polymer concrete produced with no coarse
aggregates is referred to as polymer mortar. In this process the polymer replaces all of the
cement in the conventional concrete. The focal point of this literature review will be the

third process, PM and PC.

Polymer concrete and polymer mortar are composite materials that are being used in
place of Portland cement concrete (PCC). Advantages of PC are that the properties of
strength, adhesion, water tightness, chemical resistance, freeze-thaw durability, and abrasion
resistance are generally improved to a great extent due to the polymer binder [18].
Disadvantages of PC are its, poor resistance to heat and fire and the fact that its mechanical
properties are largely dependent on temperature [18]. Materials used to make PC are similar
to the materials used to make Portland cement concrete. The only difference is the binding
agent. Portland cement concrete uses Portland cement as the binding agent whereas PC uses
polymers to bind the filler materials together. Fillers, which take up the majority of the

volume in the composite, are inorganic materials such as coarse aggregates, sand, and fly ash.

2.5.1 Filler materials
Filler materials perform several functions in PC, such as reducing the cost by
providing bulk and improving its dimensional stability by reducing shrinkage and thermal

expansion [19, 20]. Coarse aggregates (4.75 mm or greater) such as river gravels and
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crushed limestone, and fine materials (less than 4.75 mm) such as sands and fly ashes are
filler materials used in PC. Filler materials, to a certain extent, prohibit micro-cracks that
develop in the composite material. Fly ash is a waste byproduct that is produced from
burning coal in power plants. Fly ash improves the workability of fresh composite material
due to the spherical shape of the particles [19, 20]. The addition of fly ash gives the mix a

better gradation which improves the mechanical properties of the composite.

The mechanical properties of PC can be altered by changing the filler material. Filler
materials are selected based upon their strength, soundness, gradation, particle shape,
absorption characteristics, and their moisture content. The amount of absorption of the
binder has to be kept to a minimum to reduce the cost of the polymer material. Filler
materials need low moisture content of less than 0.5% due to the fact that moisture reduces
the bonding between the polymer and the aggregates [18]. Size and gradation of the filler are
selected depending on the thickness of cover, the type of application, and the type of polymer

binder.

Polymer concrete is similar to PCC in that it has significantly low tensile strength
compared to its compressive strength [18]. To increase its mechanical properties,
reinforcements are typically added. Conventional PCC reinforcements such as mild steel
bars, pre-stressed bars, and fiber-reinforced plastic rods are used to reinforce structural
members (beams, columns, and roads) [18]. Steel fibers or glass fibers are also used to

reinforce the PM and PC [18].
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2.5.2 Polymer binders
Polymer binders that are commercially available are thermosetting resins, tar-
modified resins, resin-modified asphalts, and vinyl monomers. Figure 2.5 shows the

classification of polymer binders.

Shrinkage-
Ouathophululate- Type

__ Unsamuraed {W Nomshrinkage-
Polyester (UP) Isopthalase-Type Type

— Epoxy (EP)
— w ~———— Furan (Purfural-Acetonc, eic.)
I~ Vinyl Ester (VE)

Binder | Polyurethane (PUR)
Tar-Epoxy

Tar-Urethane

= Tar-Modified Resin {

Figure 2.5 Classification of polymer binders [18]

Some thermoplastics are used as binding materials, but usually thermosets are used.
Thermosetting polymers are preferred since they do not commonly show a glass transition
point and therefore retain their mechanical properties up to the thermal decomposition
temperature [18]. Temperature range of PC based thermoplastics can be increased by the
addition of cross-linking monomers or co-monomers that have higher glass transition points.
Resins that are typically used to make PC are polyester, poly (methyl methacrylate), epoxy,

and furan polymer [18].

The amount of polymer used should be kept at a minimum to reduce the cost and to

reduce the temperature influence on the mechanical properties. The amount of resin used
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ranges between 5 percent to greater than 30 percent depending on the particle size of the
filler [18]. The resin in PC ranges from 5 to 15 percent, whereas PM might require more
than 30 percent. Polymer mortar has more resin material due to the greater surface area of

finer materials.

2.5.3 Polymer concrete processing

The process technology for making PC is similar to that for making conventional
PCC. The batching, mixing, and placing techniques are the same for both, but the curing
methods are different. Properties of conventional PCC are very sensitive to the curing
conditions. Moisture and temperature have to be controlled in order for PCC to cure
properly. Polymer concretes are dry-cured at ambient temperatures or may be cured by
heating. Curing times for PC last from a span of a few minutes to several hours depending
on the temperature and the catalyst system. Curing times for PCC range from between a few
days to weeks depending on curing conditions and mixture. PC achieves more than 80% of
its final strength in one day whereas normal PCC only achieves 20% of its final strength in

one day [21].

Two processing technologies used to make PC and PM are cast-in-place and precast
application systems. The term cast-in-place refers to the manufacturing of the composite
material on site. The term precast refers to manufacturing products at a manufacturing plant.
For precast applications the mix is poured into the mold and then vibrated to reduce air voids.
A variety of processing techniques can be used to procure precast application systems. Some

of them include casting, centrifugal molding, compression molding, and extrusion molding.
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Generally, cast-in-place applications use PM as the material, and precast application systems

use PC, since precast is applied to produce large structural members [18].

Polymer concrete is made by mixing a liquid resin, which is the binding agent, with
filler materials. Polymeric binders cannot set or harden by themselves; therefore, proper
initiators, promoters, or hardeners are added to the mixture. Initiators, promoters (catalysts)
or hardeners (cross-linking agents) are selected depending on the working life needed for the
fresh mixture. Dried filler material is mixed together prior to the addition of the polymer to
produce the desired gradation. Polymer binder is mixed with the initiator, promoter, or
hardener at the specified amounts for one to three minutes and then added to the filler
mixture. Filler-polymer mixture is mixed for three to five minutes. The mixture is then

removed from the mixer, formed into the desired shape, and left to cure.

2.5.4 Properties and applications

When compared to PCC, PC has faster curing time, higher strengths, better chemical
resistance, lower permeability, better freeze-thaw durability and better abrasion resistance
[18, 10]. Since the PC cures quickly, it can easily be used in pavements and bridges,
minimizing the time that the street or bridge has to be closed. PC has greater strength
properties than PCC [10, 18]; therefore, it can be placed in a thinner layer while still
providing adequate support. Desirable thicknesses of PM overlays are 0.5 to 1 cm, whereas
PC thicknesses are generally about 5 to 10 cm [18]. A 0.5 cm coat of PM offers the same
strength as a 25 to 50 cm layer of PCC [10, 19]. This also helps in reducing the dead load on
structure. Overlaying PCC with PM will protect the PCC because PM acts as a barrier by

providing low water and chloride permeabilities, thus providing adequate resistance against
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freeze-thaw attack [10]. This will also help protect PCC steel reinforcements from corrosion

[10]. PM overlays bond more effectively to PCC than PCC bonds to itself [10].

There are both organic and inorganic components in PC. The organic components are
the polymer binders, while the inorganic components consist of stone, sand, and cement. It is
well known that organic products have a much lower tolerance to heat than inorganic
products; thus, PC cannot be excessively exposed to elevated temperatures. Temperature can
have a drastic effect on the properties of the PC. As the temperature increases, the strength of
the polymeric binder decreases, and thus the properties deteriorate. Figures 2.6 and 2.7 show

the effect that temperature has on the strength and modulus of polymer concrete.

Strength (MPa)
[,
o

40
20
0 % Y
-10 25 60
Temperature (°C)

]EE Compressive strength (average of 3 cylinders) B Flexural strength (average of 3 beamm

Figure 2.6 Change in strength with temperature [22]
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Figure 2.7 Change in modulus with temperature [22]

There are several different polymers used as binders in polymer concrete. Four of the

most common binders are polyester, polymethyl methacrylate, epoxy, and furan polymer.

Engineering properties for these four common polymers that are used to manufacture PC can

be seen in Table 2.3. A summary of the characteristics and applications of these binders can

be seen in Table 2.4.

Table 2.3 Comparison of properties of concretes made with varying binders [23]

Modulus Thermal
Water Tensile Flexural of Coefficient
Density Sorption Compressive Strength Strength Elasticity Poisson  of Expansion

Type of binder (kg/dm’) (%) Strength (MPa) (MPa) (MPa) (GPa) Ratio (10°°C™)
Poly(methyl
methacrylate) 2.0-24 0.05-0.6 70-210 9-11 30-35 3540 0.22-0.33 10-19
Polyester 2.0-24 0.30-1.0 50-150 8-25 1545 2040 0.16-0.30 10-30
Epoxy 2.0-2.4 0.02-1.0 50-150 8-25 15-50 2040 0.30 10-35
Furan polymer 1.6-1.7 0.2 48-64 7-8 38°61°
Concrete” 1.9-2.5 5-8 13-35 1.5-3.5 2-8 20-30 0.15-0.20 10-12

a Carbon and silica filled mortars, respectively

b Portland cement concrete
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Table 2.4 Summary of characteristics and applications of polymer concrete [23]

Type of

Binder Used in

PC General Characteristics Typical Applications

Poly(methyl Low tendency to absorb water, thus high ~ Used in the manufacture of stair unit,

methacrylate)  freeze-thaw resistance; low rate of fagade plates, sanitary products for
shrinkage during and after setting; very curbstones
good chemical resistance and outdoor
durability.

Polyester Relatively strong, good adhesion to other  Because of lower cost, widely used in
materials, good chemical and freeze-thaw  panels for public and commercial
resistance, but have high-setting and post-  buildings, floor tiles, pipes, stairs, various
setting shrinkage. precast and cast-in applications in

construction works

Epoxy Strong adhesion to most building Epoxy polymer products are relatively
materials; low shrinkage; superior costly; they are mainly used in special
chemical resistance; good creep and applications, including use in mortar for
fatigue resistance; low water sorption industrial flooring, skid-resistant overlays

in highways, epoxy plaster for exterior
walls and resurfacing of deteriorated
structures

Furan-based Composite materials with high resistance ~ Furan polymer mortars and grouts are

polymer to chemicals (most acidic or basic used for brick (e.g. carbon brick, red

aqueous media), strong resistance to polar
organic liquids such as ketones, aromatic
hydrocarbons, and chlorinated

shale brick) floors and linings that are
resistant to chemicals elevated
temperatures and shocks

2.6 Composite Material from Fly Ash and Recycled Plastics

This section will discuss two applications where composite materials are produced

from fly ash and recycled plastics. The first application is masonry blocks out of aggregates

made from recycled plastics and fly ash. The second application is using recycled PET to

produce a polyester resin for PC made with fly ash.

2.6.1 Masonry blocks

Kashi, Swan, and Malloy (2000) researched the use of postconsumer plastic along

with fly ash as filler material to produce a synthetic lightweight aggregate (SLA) [6]. This

SLA-was thenused.to.produce.concrete masonry block. A mixture of different postconsumer
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thermoplastics was used as the binding material. The plastic material that was used in the
study was SPI #3-7. SPI #3-7 are plastics that are deemed unacceptable for recycling
because of contamination [6]. Table 2.5 shows concentrations of different plastics used in
this study. The plastic mixture consisted of clean, recycled materials, along with some virgin

materials.

Table 2.5 Composition of non-recycled mixed plastic [6]

Concentration
by Weight

Material (%)
PET (recycled bottle grade) #2 30
HDPE (recycled blow molding grade) #2 30
HDPE (injection molding grade) #2 5

LDPE (extrusion grade) #4 10
PP (injection molding grade) #5 10
PS (injection molding grade) #6 5

HIPS (injection molding grade) #6 10

The SLA consisted of 80% fly ash and 20% plastic material by weight. The masonry
cylinders (102 mm diameter and 204 mm long) made from SLA was compared to masonry
cylinders made from sand. The compressive strength of the cylinder made from the sand
was 10.2 MPa and for the SLA unit was 5.5 MPa. The density of the sand unit was 1938
kg/m® and the SLA was 1110 kg/m’. It was concluded that the SLA unit satisfied the
requirements for nonloadbearing masonry and its density was well below the requirement for

the lightweight masonry.

2.6.2 Recycled PET and fly ash in PC

Polymer concrete is not widely used due to the high cost of the composite material,
which is typically 10 to 20 times more expensive than PCC [18]. The higher cost is due to
the resin material. PET can be chemically modified to produce unsaturated polyester resins.

[19, 20, 21, 22]. Using PET recovered from beverage bottles can lower the cost of the resin
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[19, 20, 21, 22]. Another advantage of recycling PET to make unsaturated polyester resin, as
compared to using 100% virgin materials, is that it takes about 50 % shorter processing time

to produce a polyester resin with a certain molecular weight and acid number [19].

2.7 Pipes
Pipes are designed according to the material that they are constructed from; the
material that the pipe is constructed from is extremely important in determining which
applications they can be used. For a pipe to perform its intended function it must have
enough strength and/or stiffness, and durability. Strength is the ability to resist stress;
stiffness is the ability to resist deflection; and durability is the pipe’s ability to withstand

environmental effects with time [24].

Pipes are usually classified as either flexible or rigid, depending on how they perform
after they have been installed. Whether the pipe is flexible or rigid is usually determined by
whether it can deflect more than 2% without structural damage. If it can deflect more than
2%, it is a flexible pipe [24]. If it cannot, it is a rigid pipe. Some common flexible pipes are
manufactured from polyvinyl chloride, polyethylene, steel, and aluminum. Two examples of

rigid pipe materials are concrete and clay.

Flexible and rigid pipes distribute the load that is applied to them in different ways.
As the load presses down on a flexible pipe it deflects against the backfill. The load is then
transferred to and carried by the backfill [25]. Rigid pipes transfer the load through the

pipe’s wall into the bedding material [25].
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Thermoplastics are compounds made from resins (polymers) and additives.

Additives are added to thermoplastics to enhance specific characteristics of the plastic. Some

of the common additives that are added to plastic pipe materials are antioxidants, colorants,

coupling agents, fibrous reinforcements, fillers and extenders, heat stabilizers, preservatives,

and ultraviolet stabilizers [26]. Table 2.6 gives a listing of additives, their purpose, and

benefits. Thermoplastics, such as polyvinyl chloride (PVC), chlorinated polyvinyl chloride

(CPVC), polyethylene (PE), acrylonitrile-butadiene-styrene (ABS), and polypropylene (PP),

are the primary plastics used to manufacture plastic pipes [26].

Table 2.6 Common additives in plastic piping material [26]

Additives Purpose Benefit

Antioxidants Inhibit or retard reactions caused  Extends the temperature range and
by oxygen or peroxides service life

Colorants Pigments and dyes used to give Provides any desired color
color to plastic material

Coupling agents Improves the bonding Improves the mechanical and
characteristics of plastic electrical properties of the plastic
materials material

Fibrous reinforcements Improves the properties of the Fibers improve the strength to weight
resin ratio

Fillers and extenders Improves the physical and Plastic material can be more
electrical properties of resin economically produced without a
Also reduces the cost of higher loss of quality
priced resins

Heat stabilizers Helps prevent the degradation of ~ Helps plastic material to be stable
plastic materials from heat and and retain their physical properties in
light excessive heat

Preservatives Helps prevent degradation of Helps prevent fungi and bacteria
polymers by microorganisms attack on plastic material

Makes the plastic material better
suited for underground use

Ultraviolet stabilizers Helps retard the degradation Allows plastic material to be used

from sunlight outdoors without any significant

changes of the physical properties
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Since the properties of thermoplastics vary significantly, different thermoplastics are

used for different applications. Table 2.7 is a listing of the properties, temperature limit,

joining methods, and applications of these common plastic pipe materials. Thermoplastic’s

low cost, ease of fabrication, and long life makes it popular piping material. These materials

are used mainly in low pressure and low temperature applications due to thermoplastic’s

relatively low stiffness, low strength, and its sensitivity to temperature.

Table 2.7 Common thermoplastic properties and applications [26]

Temperature

Material  Properties Joining methods  Application

PVC Outstand resistance to most Cementing Drain, waste, and vent
corrosive fluids Threading Sewage
Offers more strength and Heat fusion Potable water Well
rigidity than most other casings Chemical pro
thermoplastic pipe processing

CPVC Has the same properties as Same as PVC Used mainly in high-
PVC, but can be used at temperature applications
higher temperatures

PE Offers a relatively low Heat fusion Potable water Irrigation
mechanical strength but Insert fitting and sprinkler
has good chemical Corrosive chemical
resistance and is flexible at transport
low temperatures Gas distribution

Electrical conduit

AMS This pipe is rigid and has Cementing Drain, waste, and vent
high-impact resistance Threading Potable water
down to -4 °C Mechanical seal Sewer

devices Treatment plants

PP Good high-temperature Heat fusion Chemical waste Natural
properties and outstanding Threading gas
chemical resistance Oil field

2.7.2 Vitrified clay pipes

Vitrified clay pipes are very resistant to corrosion and abrasion but have low strength,

are brittle, and are subject to impact damage [24]. They receive their name from the

manufacturing process. As the pipe travels through the kiln, it reaches temperatures

approaching 1100 °C where clay fuses into a hard, chemically stable compound [24]. This

www.manaraa.Cor



25

hardening process is known as vitrification. Pipe sizes range from 75 mm to 1065 mm [27].
Vitrified clay pipes must meet the three-edge bearing minimum strength criteria stated in
ASTM C 700 Standard Specification for Vitrified Clay Pipe, Extra Strength, Standard
Strength, and Perforated [27]. These pipes are classified as “extra” strength or “standard”
strength. Three-edge bearing tests for “extra” strength pipes vary with diameter and range
from 29.2 to 102.2 kN/linear m. Table 2.8 shows the inside diameter 205 mm and 255 mm

size, standard and extra strength, and minimum three-edge bearing strengths for vitrified clay
pipes.

Table 2.8 Minimum three-edge bearing strengths for vitrified clay pipe [27]

Three-Edge Bearing Minimum Strength

(kN/linear m)
Inside Diameter
(mm) Standard Strength Extra Strength
205 20.4 32.1
255 23.4 35

2.7.3 Concrete pipes

Pipes manufactured with concrete are classified as either nonreinforced or reinforced.
It is recommend that nonreinforced concrete pipes are used for installations where height of
cover over the pipe is not excessive, severe live loads are not anticipated, and structural
failure will not endanger life or property [28]. Nonreinforced is normally available in 100 to
900 mm diameters [29]. Applications were they are used are storm drains, sewers, industrial
wastes, culverts, irrigation distribution systems, and groundwater recharge systems. The
nonpressure nonreinforced concrete pipes are described in ASTM C 14M Standard
Specification for Concrete Sewer, Storm Drain, and Culvert Pipe [29]. ASTM C 14M

separates nonreinforced concrete pipes into 3 classes: Class 1, Class 2, and Class 3. These
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three classes differ by requirements for minimum wall thickness and minimum three-edge
bearing strengths. Minimum wall thicknesses and minimum three-edge bearing strengths for

200 mm and 250 mm internal designated diameters for the three classes are shown in Table

2.9.

Table 2.9 Nonreinforced concrete pipe requirements [29]

Class 1 Class 2 Class 3
Three-Edge Three-Edge Three-Edge
Internal ~ Minimum Bearing Minimum Bearing Minimum Bearing
Designated Thickness Minimum Thickness Minimum Thickness Minimum
Diameter of Wall Strength of Wall Strength of Wall Strength
(mm) (mm) (kN/linear m) (mm) (kN/linear m) (mm) (kN/linear m)

200 19 22.0 22 29.0 29 35.0
250 22 23.5 25 29.0 32 35.0

Reinforced concrete pipes utilize the high compressive strength of concrete and the
high tensile strength of steel. It is recommends that reinforced concrete pipes are used when
the required size is larger than available in nonreinforced pipe, moderate or severe cover
and/or live load conditions exist, structural failure might endanger life or property, internal
hydrostatic pressure are expected up to 448 kPa, or when trenchless installation is desirable
[28]. Reinforced concrete pipes retain their shape and do not collapse even though ultimate
failure occurred [28]. Inside diameters for reinforced concrete pipes range from 300 to
3600mm [30]. Reinforced concrete pipes are used in the same applications nonreinforced

concrete pipes.

The nonpressure reinforced concrete pipes are described in ASTM C 76M Standard
Specification for Reinforced Concrete Culvert, Storm Drain, and Sewer Pipe [30]. ASTM C
76M separates reinforced concrete pipes into 5 classes, Class I, Class II, Class III, Class IV,

and Class V, according to dead load (D-load) to produce a continuous crack 0.3 mm for a
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length of 305 mm or the D-load to produce the ultimate load. Requirements are also given
for wall thickness, concrete compressive strength, and reinforcements. D-load is the three-
edge bearing load expressed in Newtons per linear meter per millimeter of inside diameter.
The required strengths are calculated by multiplying the D-load in Table 2.10 by the internal
diameter in millimeters. The required strengths are shown in Table 2.11 for a reinforced
concrete pipe with a inside diameter of 300 mm. ASTM does not have standard specification

for reinforced concrete pipe with smaller inside diameters.

Table 2.10 D-load requirements [30]
Class| Classll Classlill ClassIV ClassV

D-load to produce a 40 50 65 100 140
0.3 mm crack
D-load to produce 60 75 100 150 175

the ultimate load

Table 2.11 Reinforce concrete pipe design strength requirements [30]
Class 1 ClassI. ClassIII ClassIV  Class V

Minimum 3-edge bearing strength to . 15 195 30 0
produce a 0.3 mm crack (kN/linear m) ’
Minimum 3-edge bearing strength to . 22.5 30 45 525

produce ultimate load (kN/linear m)
--- smallest internal diameter is 1500 mm

2.7.3.1 Sulfuric acid attack

An increasingly prevalent problem is the biogenic corrosion of concrete, specifically
with regards to concrete sewer pipes. In the United States there are over 1.28 million km of
concrete sewer conduits that are subjected to sulfide-related corrosion [31]. This is a result of
the activities of sulfate-reducing and sulfide-oxidizing bacteria. The sanitary sewage by itself
is not highly corrosive, but as anaerobic bacteria decomposes sewage, it produces hydrogen
sulfide gas (H,S). As the sewage travels through the sewers turbulence from force mains,

drop:manholesysteepgrade.changes and pumping stations allow the hydrogen sulfide gas to
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release into the pipe’s atmosphere. An aerobic bacterium, Thiobacillus, grows on the
concrete surfaces above the wastewater and converts the sulfide gas into sulfuric acid
(H2SO4). This sulfuric acid corrodes the concrete, resulting in structural damage to the pipe.
A cross-section sketch of a concrete pipe under sulfide-related corrosion is shown in Figure
2.8. Concrete pipes manufactured with cements that are high in tricalcium aluminate, C3A,
content are susceptible to deterioration when exposed to sulfate soils or sulfate waters [32].
The sulfate resistance of concrete with high CsA contents is improved by the use of

pozzolans as admixtures [32].

Sulfide-oxidizing Biofilm
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Hydrogen Sulfide
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Sulfate-recucing Biofilm

Figure 2.8 Concrete corrosion of the inner surface of the sewage conduit due to the
activities of sulfur oxidizing bacteria [31]
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3 EXPERIMENTAL PROCEDURE
This chapter discusses the materials that the composite is composed of, the
manufacturing processes, and testing procedures. The first section will discuss the plastic
material, filler material, and fiberglass fibers used to create the composite material. Next the
manufacturing process and testing procedures of the cylinder specimens will be discussed.
The third section will discuss the manufacturing and testing procedures for the pipe

specimens. The final section in this chapter will discuss durability test that conducted.

3.1 Materials
3.1.1 Plastic material
There are three forms of PET investigated in this study: processed; clean; and dirty.
The difference is due to the level at which the PET was processed. PET recycled in a plastic
recycling facility is referred to as “processed”. “Clean” PET was shredded from collected
bottles using a conventional wood chipper and had most of the labels and caps removed.
“Dirty” PET was also shredded with a wood chipper, but contained labels and caps. Figure

3.1 shows pictures of the different forms of PET used in this study.

The PET labeled “dirty” and “clean” in Figure 3.1 was collected through the Iowa
State University recycling program and consisted of clear and colored beverage bottles and
food containers. Bottles and containers were stored outside in cardboard boxes where it was

exposed to the weather for a period of about 24 months.
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After shredding, the “clean” PET was washed in a water bath and then left out to air-
dry. The water bath did not fully remove all of the labels and HDPE cap materials.
Therefore these materials had to be removed by hand. There was no attempt made to remove
the adhesive material on the “clean” PET. The “dirty” PET contained the labels, HDPE cap
materials, adhesives, and other impurities, such as leaves and soil, when placed into the

electric melting pot.

“Processed” PET in Figure 3.1 was recycled and donated by Lavergne, Inc. This
material was label free and consisted of clear pop bottles. Sizes of flakes varied between 3 to
20 mm in length. A particle size distribution of the “processed”, “clean”, and “dirty” PET

can be seen in Figure 3.4. “Processed” PET had a moisture content of 0.6%.
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Figure 3.4 Particle distribution curves for the three forms of PET

3.1.2 Filler material

Three types of filler materials were tested for this study: coal combustion byproducts,

hydratedidimepandsSiouxyquartziter There were four fly ashes tested: Prairie Creek fly ash,
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Ames fly ash, Iowa State University (ISU) circulating fluidized bed (CFB) fly ash, and ISU
stoker fly ash. There were two bottom ashes tested: ISU CFB bottom ash and ISU stoker
bottom ash. Another coal combustion byproduct was University of Northern Iowa (UNI)
fluidized combustion residue. Two filler materials were not byproducts of coal combustion.
They were hydrated lime and Sioux quartzite. This range of materials was selected to show
the influence that different types of fillers have on the engineering properties of the

composite material.

Materials Analysis and Research Laboratory (MARL) located at Iowa State
University performed x-ray fluorescence (XRF) and x-ray diffraction (XRD) analysis on all
filler materials. Analytical chemical composition results from XRF tests can be seen in
Table 3.1. Specific gravity of the filler materials is shown in Table 3.2. Particle size
distribution curves for the filler materials are shown in Figures A.1 through A.3 of Appendix

A. X-ray diffractograms are shown in Figures A.5 through A.12 of Appendix A.

P. C. fly ash was supplied by the Prairie Creek Power Plant. Prairie Creek uses coal
from Powder River Basin in Wyoming and pulverized boilers. All particles passed the #20
mesh sieve (0.85 mm) and 93% passed the #200 mesh sieve (0.075mm). This fly ash was the

only one that classified as an ASTM class C fly ash.

The Ames fly ash was supplied by Ames Municipal Electric Systems. Ames receives
its supply of coal from the Powder River Basin in Wyoming. The Ames power plant mixes
its coal with about ten percent by weight of municipal solid waste. They use pulverized coal
fired boilers to burn the fixture of coal and municipal solid waste. All particles passed the

#20 mesh sieve and 95% passed the #200 mesh sieve. This material cannot be classified as
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ASTM class C fly ash since municipal solid waste is burned with the coal. Minerals

identified in the ash are quartz, anhydrite, brownmillerite, lime, periclase, and tricalcium

aluminate.

ISU circulating fluidized bed (CFB) ashes and ISU stoker ashes were both supplied
by Iowa State University Power Plant. The ISU power plant uses a mixture of coal from
Ilinois and Kentucky. The same mixture of coal is burned in their two types of boilers. The
ashes receive their names from the boilers in which they are produced, circulating fluidized
bed and stoker boilers, respectively. Stoker fly ash had the highest loss on ignition (42.4%)
due to the combustion of coal. All CFB {ly ash particles passed the #60 mesh sieve (0.25
mm) and 89% passed the #200 mesh sieve. CFB bottom ash passed the #4 mesh sieve (4.75
mm) and only 1% passed the #200. Stoker bottom ash was first crushed to reduce sizes of
particles. Stoker bottom ash had all particles pass the #10 mesh sieve and 28% passed the
#200. Minerals identified in the ISU CFB fly ash are quartz, anhydrite, lime, hematite, and
illite. Quartz, anhydrite, lime, hematite, calcite, and portlandite are the minerals identified in
the ISU CFB bottom ash. Minerals identified in the ISU stoker fly ash are quartz, mullite,
hematite, and albite. Quartz, mullite, Magnetite, and hematite are the minerals identified in

the ISU stoker bottom ash.

UNI fluidized bed ash was supplied by University of Northern Iowa's Power Plant.
The UNI power plant uses a mixture of coal from Kentucky and West Virginia. They use a
pyropower boiler to burn the coal. All particles passed the #10 mesh sieve (2 mm) and 64%
passed the #200. Minerals identified in the UNI bed ash are lime, anhydrite, quartz, and

hematite.
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Hydrated lime was supplied by the Cedar Rapid Municipal Water Plant. Hydrated
lime is pure calcium carbonate, which is a byproduct of water treatment facilities. Lime was

sieved through the #10. The only mineral identified in the lime was calcite.

Sioux quartzite is the fine material that is produced from rock quarrying. Sioux
quartzite will be referred to as Sump. All the particles passed the #100 mesh sieve (0.15
mm) and 74% passed the #200. Minerals identified in the Sump were quartz, kaolinite, and

Talc-2M. The Sump was not analyzed by XRF.

Table 3.1 Chemical analyses of the filler materials by XRF

ISU ISU ISU ISU

CFB CFB Stoker  Stoker

Fly Bottom Fly Bottom  Ames PCFly UNI

Ash Ash Ash Ash Fly Ash Ash FB LIME

Constituent (%) (%) (%) (%) (%) (%) (%) (%)
Silicon Dioxide (SiO-) 27.80 7.50 25.80 50.70 35.20 37.02 1491 0.25
Aluminum Oxide (AL O3) 12.70 3.00 1220  23.90 16.70 19.96 8.21 0.12
Ferric Oxide (Fe;03) 9.00 1.48 10.70 8.60 6.40 5.86 4.06 0.30

Sum 49.50 11.98 48.70 83.20 58.30 62.85 27.18 0.67
Sulfur Trioxide (SO3) 12.50 30.70 0.51 0.44 2.94 2.00 29.23 0.07
Calcium Oxide (Ca0) 24.30 52.60 1.30 3.01 26.80 2287 3797 54.78
Magnesium Oxide (MgO) 0.58 0.33 0.65 0.91 5.72 428 0.64 1.27
Phosphorous Pentoxide (P,Os) 0.30 0.07 1.14 0.14 2.28 1.65 039 -
Potassium Oxide (K;0) 1.36 0.29 264 2.53 0.38 0.53 069 -
Sodium Oxide (Na;0) 0.12 0.06 0.50 0.29 1.20 1.38 0.07 -
Titanium Oxide (TiO) 0.63 0.19 0.86 1.24 1.61 1.56 0.47 emenn
Strontium Oxide (SrO) 0.04 0.03 0.04 0.05 0.33 0.40 0.04 0.07
Barium Oxide (BaO) 0.02 0.00 0.01 0.01 0.78 0.78 emeen meee
MnosOs e smmeen emenee 0.02  seeem e e e
MnO, e e semees meemee e B 0.15
V0 e B mememm mmmeen e  — 0.23 —
LOI (Loss On Ignition) 10.40 3.60 42.40 7.99 0.30 1.80  ------ cmeee
Moisture + LOI e mmeees meeees s eeeeee 29 43
Total 99.75 99.85 98.75 99.81 100.64 100.10 99.81 100.01
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Table 3.2 Specific gravity of filler materials

Specitic
Filler Material Grnvity
ISU stoker bottom ash 2.42
ISU stoker fly ash 2.43
ISU CFB bottom ash 3.04
ISU CFB fly ash 3.06
Ames fly ash 2.96
P.C.fly ash 2.68
UNI fluidized bed ash 2.79
Lime 2.62
Sump 2.66

3.1.3 Fiberglass fibers

Fiberglass fibers were added to the composite material to improve its engineering
properties. The fibers were donated by Vetrotex America. Two different lengths of
fiberglass fibers, both with a width of 2 mm, were tested: 13 mm and 6 mm. They were both
chopped strand 919-4 CT fiberglass fibers. Product numbers for the two fibers are
CA4J919053 and CA4J919022 for the 13 mm and 6 mm fibers, respectively. They were a

white-yellowish color. A picture of the two fiberglass fibers is shown in Figure 3.5.

Figure 3.5 6 muu anu 15 mim 1oergiass npers
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3.2 Cylinder Specimen Process

3.2.1 Manufacturing process

Cylinder specimens of diverse materials were made in order to gain a better
understanding of the variables being studied. The variables included the effects that different
filler material, percentage of PET to filler material, form of PET, percentage of fiberglass
fibers, length of the fiberglass fibers, and particle size had on the compressive and splitting
tensile strengths of the composites. Cylinder specimens had a diameter of 50.8 mm and
length of 101.6 mm. A total of 51 batches were made, two batches for each design mix.
Two cylinder specimens from every composite design mix were tested in compression and

splitting tension.

The viscosity of the composites did not allow for the cylinders to be poured
separately. Therefore, four cylinder specimens were made from the same batch at the same
time. Cylinder specimens were made by pouring the liquid composite material into a heated
outer cylinder mold. Four conduit cylinders were inserted into the liquid composite.
Pressing the conduit cylinders into the composite caused the composite to fill the insides of

the conduits.

Outer mold was constructed from a 152 mm diameter and 152 mm long snap lock
pipe used in air ventilation systems. Snap lock pipe was used because the joint on the side of
the cylinder made it possible for the mold to open so that the cooled composite material
could be removed. The joint was then closed and the cylinder was reused. Inner molds were
constructed by cutting 50.8 mm diameter conduit pipes into 152 mm sections. These lengths

allowed for the tops and the bottoms of the composite cylinders to be cut off in order to
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smooth and level the surfaces. Eighteen of these inner molds were used to make the

composite cylinders. Each batch consisted of one snap-lock pipe and four conduit pipes.

The first step in making the cylinder specimens was to weigh the desired amount of
filler, PET, and fiberglass. Second step in the process was to turn on the electric melting pot
to a setting of 5.5 which produced a temperature of 270 ‘C. Next, the PET material was
introduced to the electric melting pot and then oven dried filler material was placed on top of
it. The cover was placed back onto the electric melting pot to prevent heat from escaping and
left alone to melt the PET. Next, one outer cylinder mold and four inner cylinder molds were
placed into the oven and the oven was turned on. Two hours was sufficient time for the
molds to heat to 270 "C. A metal rod with a 12.7 mm diameter was used to stir the
specimens. Stirring frequency increased as more material melted. Once all of the plastic was
melted and the composite was uniform, the fiberglass was stirred into the mixture until it

reached uniform consistency.

Outer mold cylinder and the inner mold cylinders were taken out of the oven and set
on a metal table. The metal table formed the bottom of the mold. The four inner molds were
then spayed with silicon so the cylinders could be removed from the mold easier. After the
lid was taken off, the electric melting pot was tipped on its side. Two large spoons were used
to move the melted composite material into the outer mold cylinder. The melted composite
material filled the outer cylinder mold to a level about 25 mm from the top. Four inner
molds were then placed on top of the melted composite material and then pressed into the

material. The melted composite material was not allowed to flow over the top edges of the
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3.2.2 Compressive testing process

ASTM C 39/C 39M-99 Standard Test Method for Compressive Strength of
Cylindrical Concrete Specimens [33] was used as a guide to test the compressive strength for
the composite cylinder specimens. A Soiltest machine was used to produce the compressive
force. The smallest division on the testing machine was 0.2 kN. Loading rate was calculated
by measuring the elapsed time for increment 2 kN. The load of 2 kN was then divided by the
cross-sectional area to determine the compressive strength. Compressive strength was then

divided by the elapsed time in seconds to determine the loading rate.

Test specimens were constructed from different composite design mixes. Two
cylinder specimens from every composite design mix were tested in compression. Test
specimens had a diameter of 50.8 mm and a length of 101.6 mm. Load rate was continuous
and without shock and within the range of 0.15 to .35 MPa/s. The diameter of the cylinder
specimens was determined by averaging two diameters in the middle of the specimen at right
angles from each other. Lengths of the cylinder specimens were determined by averaging

two lengths.

Cylinder specimens were positioned by centering them vertically on one of their ends
in the middle of the bearing block. The ram was then lowered so that it came into contact
with the top end of the cylinder specimen. The testing machine was then set to controlled
test, which started the loading. Loading continued until the load indicator decreased
significantly. This decrease indicated that the cylinder specimen failed. The maximum load

was then recorded to the nearest (.2 kN division. The testing machine was then unloaded
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Bearing strips were constructed from 6.4 mm thick oak plywood. Widths of the
plywood bearing strips were 25 mm and the lengths were 114.3 mm. Supplementary bearing
bar was constructed from a 12.7 mm thick aluminum bar. Aluminum bar had a width of 38
mm and the length of the bar was 114.3 mm. Test specimens were constructed from different
composite design mixes and had diameters of 50.8 mm and lengths of 101.6 mm. One

hundred fifty-two millimeter diameter steel spacer blocks were used as the lower bearing

platform.

Loading rate was constant and within the range of 689 to 1380 kPa/min. A centerline
was drawn on one end of the cylinder specimens. The testing machine was positioned in
front of a wall so that lining the cylinder specimens from the backside was impossible due to
the lack of space behind the testing machine. The centerline was determined by sweeping a
ruler back and forth to determine the maximum diameter. This diameter was then chosen as
the centerline and marked using a straight edge and a pencil. Diameter of the cylinder
specimens was determined by averaging three diameters along the centerline. Three
diameter measurements were taken, 25 mm from each end and one in the middle of the
cylinder specimens. Lengths of the cylinder specimens were determined by averaging two

lengths.

Cylinder specimens were positioned by centering one plywood strip on the lower
bearing platform lengthwise and placing the cylinder specimen lengthwise so that the
centerline was vertically over the center of the width of the plywood strip. Then the top
plywood strip was placed over the cylinder specimen lengthwise and centered over the

centerline. The upper bearing bar was then centered over the top plywood strip. The ram
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was lowered so that it came in contacted with the upper bearing bar. The cylinder specimen,

plywood strips, and upper bearing bar were then aligned and centered.

The testing machine was then set to controlled test, which started the loading.
Loading continued until the load indicator decreased significantly. This decrease indicated
that the cylinder specimen failed. Maximum load was then recorded to the nearest 0.2 kN
division. The testing machine was unloaded and the sample removed. Plywood strips were
then disposed. This process continued until all of the cylinder specimens were tested. Figure -

3.8 shows the splitting tensile strength setup and a specimen that failed.

Smallest division on the testing machine was 0.2 kN. Loading rate was calculated by
measuring the elapsed time for an increment of 2 kN. The load of 2 kN was substituted for
the load in Equation 3.1 to determine the splitting tensile strength. Splitting tensile strength
was then divided by the elapsed time in minutes to determine the loading rate. Splitting

tensile strength was determined using Equation 3.1.

T - Equation 3.1
z1d
Where:

T = splitting tensile strength, (kPa)

P = maximum applied load indicated by the testing machine, (kN)
1 =length, (m)

d = diameter, (m)
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easily from the mold. The mold was also placed into the oven at (270 "C) as shown in Figure
3.9. The outer cylinder mold was fastened with two bolts to the bottom plate prior to placing
it into the oven. Dimensional diagrams of the mold and the piston are shown in Figures C.27

through C.29 in Appendix C.

The second part of the process involved creating the composite mixture. PET was
weighed to the desired amount then placed into the electric melting pot. The electric melting
pot (Figure 3.10) was turned on and set to a temperature of approximately 270 "C. Not all of
the PET would fit into the electric melting pot for most of the mixes, so PET was added

occasionally as it melted. The melted PET was mixed by hand using a metal rod.

Figure 3.9 Preheating molds in oven
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amount of fiberglass was added to the mixture. One handful of fibers was added and then
stirred until the mixture had a uniform consistency before adding more fibers as shown in
Figure 3.12. The addition of fibers increased viscosity and also added more air voids to the

composite material.

The third part of the process was the production of the pipe specimen. While the
composite was cooking, the piston was attached to the hydraulic ram and centered using a
pocket level. Once the composite was ready, the inner collapsible cylinder mold was taken
out of the oven and placed onto the piston. Placing the inner cylinder mold onto the piston
was a two-person process. One person held the inner cylinder mold onto the piston while the
other person tightened the hose clamp. The slit of the inner cylinder mold was placed at the

back of the piston. The inner cylinder mold was fastened to the piston using a hose clamp.

Figure 3.12 Meitea composite material with tiberglass

After the inner cylinder mold and the piston were ready, the outer cylinder mold was
removed from the oven. Moving the outer cylinder mold was a two-person task due to the
weight of the mold. The outer cylinder mold was placed onto three spacer blocks on a

moveable cart. Spacer blocks provided access to the bottom of the mold base plate thus
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After the piston was centered, the piston was lowered into the composite material. As
the piston came into contact with the composite material, the piston pressed the composite
between the inner and outer cylinder molds. The pipe thickness was then equal to the
distance between the molds, approximately 38 mm. Once the piston came in contact with the
base plate, the hose clamp was loosened to detach the inner cylinder mold from the piston.
The piston was withdrawn and removed from the hydraulic ram, leaving the inner cylinder

mold in place.

The fourth and final part of the process was the cooling of the composite material.
The mold was then placed on spacer blocks that were on the floor. The inner cylinder mold
diameter was reduced by tightening the hose clamp periodically. This was done to reduce the
pressure from cooling, resulting from thermal dynamic shrinkage of the composite material.
The pipe was allowed to cool at room temperature for 30 minutes. After the two bolts were
removed from the mold, the mold was set on its side and the base plate was removed using a
sledgehammer. Outer cylinder mold with the pipe and the inner cylinder mold still attached
were setup vertically on the floor. The outer cylinder mold was then lifted straight up and
removed. The inner cylinder mold was removed by decreasing the diameter of the inner
cylinder mold with the hose clamp and lifting up the inner cylinder mold. Often the inner
cylinder mold would get stuck about half way, therefore, another hose clamp was placed
towards the middle of the inner cylinder mold to reduce the diameter at the bottom of the
cylinder. The inner cylinder mold was then lifted up and removed from the pipe. The pipe

was then allowed to cool on the concrete floor at room temperature.
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of 36 mm, and a length of 330 mm. Inside corners were rounded to a radius of 13 mm. The
lower wooden bearing strips were fastened to a rigid wooden base with ElImer’s wood glue.
Lower wooden bearing strips were spaced apart the minimum distance of 25.4 mm. The
rigid wooden base was constructed from oak. The rigid wooden base was 171 mm wide, 61
mm high, and 330 mm long. The upper wooden bearing strip was glued to a steel I-beam
with liquid nail calk. The steel I-beam had a width of 50.8 mm, a height of 77 mm, and a
length of 33C ——— A dimensional diagram of the upper and lower bearing strips is shown in

Figure C.30 of Appendix C.

Vertical displacement during loading was determined using a direct current
displacement transducer (DCDT). A special carriage device from wood was machined to
hold the DCDT to enable measurements of vertical displacement. The wooden base was
rounded on the bottom to fit the inner radius of the pipe specimens. A threaded steel rod was
screwed into the top of the wooden base to hold the DCDT. The DCDT was secured to the
threaded steel rod using two zip ties. The top of the DCDT rested in a small hole in the
upper wooden base. The top of the upper base was also rounded to fit the inner diameter of

the pipe specimens. A picture of this device can be seen in Figure 3.15.

The rigid wooden base was centered under the loading ram. A pipe specimen was
then placed on its side on the lower wooden bearing strips so that it was centered
longitudinally and rested firmly. Next the upper bearing device was placed on top of the pipe
specimen with the wooden strip touching the pipe specimen. The ram was lowered so that it
touched the steel I-beam. The lower bearing, upper bearing, and pipe were then centered.

The DCDT was then placed into the center of the pipe specimen and centered.
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3.4 Durability tests
Two durability tests were conducted to determine if the composite design mixes could
withstand field conditions to which sewer pipes are subjected. The two durability tests
conducted were water absorption and acid resistance. Specimens for the water absorption

and acid resistance tests were made by cutting discs off of the cylinder specimens.

3.4.1 Water absorption procedure

Water absorption tests were conducted to indicate the amount of water the various
design mixes absorbed. ASTM standard testing procedure D 570-98 Standard Test Method
for Water Absorption of Plastics [36] was used as a guide to test the water absorption of the
composite specimens. The discs were cut off of the cylinders using a power miter saw with a
masonry blade. Discs were cut to a thickness of 6 mm instead of 3.175 mm as the ASTM
test specifies; the power saw that was used caused the pieces of suggested size to break near

the bottom edge. The discs had a diameter of 50.8 mm and a thickness of 6.35 mm.

Ore disc for each design mix was tested for water absorption. Discs were placed in
the same container of tap watef. The disc’s weight, thickness, and two diameters at a right
angle from each other were measured prior to submerging them into the water. Discs were
placed into the water so a section of one part of the circumference touched the side of the
container and another section of the same edge touched the bottom of the water container.
The specimen discs were then left alone for a period of one week at room temperature. After
one week, discs were removed from the water one at a time. Surfaces of the specimen discs
were then dried with a cotton cloth rag. Their weights were recorded and then the discs were

immediately placed back into the water container. The scale used to weigh the discs
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measured to the nearest hundredth of a gram. The water absorption test was conducted after

one week and every two weeks thereafter for a period of seven weeks.

3.4.2 Acid resistance procedure

Sulfuric acid, produced by Thiobacillus bacteria, is responsible for destroying
Portland cement concrete sewer pipes. For this reason, it was used to determine the acid
resistance of the composite material. The composite design mixes were tested with a 10% by
volume sulfuric acid and water solution. ASTM standard testing procedure D 543-95
Standard Practices for Evaluating the Resistance of Plastics to Chemical Reagents [37] was
used as a guide for this procedure. Specimens were cut from the cylinders in 6 mm
thicknesses using a power miter saw with a masonry blade. One disc for each design mix
was tested. Discs' weights, thicknesses at the center, and two diameters at right angles to
each other were measured prior to introducing them into the acid. Dimensions were

measured to at least 0.025 mm and the weights were measured to the nearest 0.01 grams.

Sulfuric acid was placed into Mason canning jars and the discs were then submerged
into the acid. Each disc was placed in a separate jar. After placing the discs into jars, the lids
were screwed on and the jars were left alone at room temperature for a period of one week.
After one week, the lids of the jars were removed and specimens were taken out of the jar
using tongs. Specimens were rinsed under running tap water to remove the sulfuric acid.
Then, the surfaces of the specimen were wiped dry using a cotton cloth rag. The weight,
thickness, and diameters of the specimen were then recorded. The specimen was placed back
into the jar and the lid screwed down. Observations were recorded on the appearance of the

specimen. These procedures were followed again at two week intervals for a period of seven

weeks.
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4 RESULTS
This chapter provides and discusses results for the tests conducted on cylinder
specimens, pipe specimens, and disc specimens. Results for cylinder compression and
splitting tensile tests along with statistical analysis of the results will be discussed first,
followed by ultimate 3-edge bearing results for the pipe specimens, and then the results from
the durability tests. The final section will discuss viscosity observations for the melted

composite material.

4.1 Cylinder Specimens

Results for the cylinder specimens tested in compressive and splitting tensile had a
wide range of variation between and within same design mix batches. This variation is
believed to be a result of the manufacturing process, which affects the fiber orientation,
uniformity, and air void development in the composite material. Compressive and splitting
tensile average strengths are shown in Figures 4.1 through 4.14. Most figures show least
squares linear regression line along with the equation and R%. The 95% confidence interval is
also plotted for reference. A listing of cylinder specimen design mixes is provided in Table

B.1 of Appendix B.

4.1.1 Statistical analysis of results

A statistical analysis was performed on the strength data for the cylinder specimens
that were tested in compression and splitting tension in order to establish factors to most
greatly affect engineering properties. Variables that were tested include: type of filler; filler
to PET ratio; form of PET; percentage of fiberglass; length of fiberglass; and maximum

particle size. There are 24 combinations, or treatments, which are a set of variables that are
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being studied. The treatments are given the same name as their design mix number. Table

B.4 in Appendix B shows the different treatments that were analyzed.

An analysis of variance (ANOVA) tests were performed first, and if significance was
found, a least significant difference (LSD) test was performed. ANOVA tests tell whether or
not there is a significant difference between treatments to offset the variance within a
treatment. LSD is basically a t-test that compares the average compression and splitting
tensile strengths for each treatment. It indicated if there is a significant difference between a
pair of treatments. Significance was set at a 5% significance level. This significance level
implies that there is a 5% chance/probability that the average differences are significant,
when in fact they are not. The mean difference and significance for the variables that were
tested can be seen in Tables B.4 through B.11 of Appendix B. If the significance is greater

than 5% (0.05) then it is marked as “not significant”.

4.1.2 Compressive strength

Compressive strength results for the cylinder specimens are shown in Figures 4.1
through 4.7. The average compressive strengths for 96 specimens is 38.8 MPa, which is
slightly greater than the ordinary PCC strength of 15 to 35 MPa. Although design mix
variables were held constant, variability still existed within the manufacturing process, fiber
orientation, material uniformity, and cooking time. Density of the composite ranged from
1.21 to 1.81 kg/dm’ with an average of 1.63 kg/dm’, which is lower than ordinary PPC
densities of 1.9 to 2.5 kg/dm’. Cylinder specimens’ dimensions, mass, load, compressive

strengths, and densities are shown in Table C.2 of Appendix C.
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Table 4.1 shows the elastic modulus for several design mixes. Values for elastic

modulus varied from 920 MPa to 5700 MPa. The average elastic modulus was 3300 MPa

(24 specimens), which is 7 to 10 times lower than ordinary Portland cement concrete. Stress

vs. strain plots for the “A” specimens are shown in Figures B.1 through B.24 of Appendix B.

Table 4.1 Cylinder design mixes with average elastic modulus values

Length Largest Average
PET to of Particle Elastic
Filler Fiber fibers Size Modulus
Specimens Filler Ratio Form of PET (%) (mm) (mm) (MPa)
1-A and 2-A P.C. fly ash 50/50  Processed 3 13 3247
3-A and 4-A UNI FB 50/50  Processed 3 13 2 4108
5-Aand 6-A Ames 50/50  Processed 0 3196
7-A and 8-A Ames 50/50  Processed 3 13 3394
9-A and 10-A Ames 45/55  Processed 3 13 3286
11-A and 12-A Ames 40/60  Processed 3 13 4043
13-A and 14-A Ames 35/65  Processed 3 13 5656
15-A and 16-A Ames 50/50  Processed 1 13 3216
17-A and 18-A Ames 50/50  Processed 2 13 4250
19-A and 20-A Ames 50/50  Processed 4 13 4605
21-A and 22-A ISU CEFB fly ash 50/50  Processed 3 13 5070
23-A and 24-A ISU stoker bottom ash 50/50  Processed 3 13 2 4102
25-A and 26-A Ames 50/50  Processed 3 2968
27-A and 28-A Ames 50/50  Processed 4 2337
29-A and 30-A Ames 50/50  Processed 5 2730
31-A and 32-A Ames 50/50  Processed 6 3504
33-A and 34-A Ames 50/50  Dirty 3 13 1956
35-A and 36-A Ames 100/0  Clean 3 13 4129
37-A and 38-A Plastic 50/50  Processed 3 13 1612
39-A and 40-A Lime 50/50  Processed 3 13 2 1264
41-A and 42-A ISU CFB bottom ash 50/50  Processed 3 13 4.750 1790
43-A and 44-A ISU CFB bottom ash 50/50  Processed 3 13 0425 1334
45-A and 46-A ISU CFB bottom ash 50/50  Processed 3 13 0.150 2556
47-A and 48-A Sump 50/50 Processed 3 13 0.150 4364

Figures 4.1 and 4.2 compare the different filler materials and indicate that most fillers

add strength to the composite material. Filler material was varied while keeping all other

design mix variables constant. ISU stoker bottom ash and pure plastic had similar strengths,

whereas lime was half as strong. There is more variation in strength between fillers for the

eylinder,specimensthan-for.the.pipe specimens. UNI fluidized ash and ISU CFB fly ash are

www.manaraa.cCol



58

the strongest filler materials with average compressive strengths of 112 MPa and 116 MPa,

respectively. Table 4.2 shows significant statistical difference between the compressive

strengths of filler materials.

Table 4.2 Statistical significance between compressive strengths for different fillers

Compressive Compressive
Strength Strength
Treatments (MPa) Treatments (MPa)
P.C. fly ash - UNIFB Y Ames fly ash - Lime Y
P.C. fly ash - Ames fly ash N Ames fly ash - ISU CFB bottom ash N
P.C. fly ash - ISU CFB fly ash Y Ames fly ash - Sump Y
P.C. fly ash - ISU stoker bottom ash N ISU CFB fly ash - IUS stoker bottom ash Y
P.C. fly ash - No filler N ISU CFB fly ash - Plastic Y
P.C. fly ash - Lime Y ISU CFB fly ash - Lime Y
P.C. fly ash - CFB bottom ash N ISU CFB fly ash - ISU CFB bottom ash Y
P.C. fly ash - Sump Y ISU CFB fly ash - Sump N
UNI FB - Ames fly ash Y ISU stoker bottom ash - Plastic Y
UNIFB - ISUCEFB fly ash N ISU stoker bottom ash - Lime Y
UNI FB - ISU stoker bottom ash N ISU stoker bottom ash - ISU CFB bottom ash Y
UNIFB - No filler Y ISU stoker bottom ash - Sump N
UNIFB - Lime Y Plastic - Lime N
UNI FB - ISU CFB bottom ash Y Plastic - ISU CFB bottom ash N
UNI FB - Sump N Plastic - Sump Y
Ames fly ash - ISU CFB fly ash Y Lime - ISU CFB bottom ash Y
Ames fly ash - ISU stoker bottom ash N Lime - Sump Y
Ames fly ash - Plastic N ISU CEB bottom ash - Sump Y

Y - significant difference

N - no significant difference
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Figure 4.1 Cylinder specimens’ compressive strength vs. filler material plot for

different filler materials with, 13 mm long fiberglass fibers, 3% fiberglass by
weight with 50/50 PET to filler ratio by weight

140
120
100
80
60
40
20
0

Compressive Strength (MPa)

Figure 4.2 Cylinder specimens’ compressive strength vs. filler material plot for

T

el

&
A

ISU CFB ISU CFB
fly ash bottom ash

Ames
fly ash

Filler Material

P.C.

fly ash

UNI

Mix 21
Mix 1
Mix 42
Mix 4

XO0Dee

DX N

Mix 41
Mix 3
Mix 8
Averages

1 oop»

Mix 7

Mix 22

Mix 2

95% Conf. Int.

different filler materials with, 13 mm long fiberglass fibers, 3% fiberglass by
weight with 50/50 PET to filler ratio by weight

www.manaraa.cCol



60

An analysis of PET to filler ratio was conducted utilizing Ames fly ash, keeping all
other design mix variables constant. Results are presented in Figure 4.3 and indicate that
increasing the PET to filler ratio increases the compressive strength. Optimum PET to filler
ratio for the Ames fly ash was 35/65, which was the highest filler ratio attempted. There is a
significant statistical difference between all PET to filler ratios except for 45/55-40/60,

50/50-40/60, 50/50-45/55, and 100/0-50/50.
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Figure 4.3 Cylinder specimens’ compressive strength vs. PET to filler ratio for Ames
fly ash, 13 mm long fiberglass fibers, 3% fiberglass by weight with different
PET to filler ratio by weight
Tests were conducted to determine whether the 6 mm long fiberglass content would
affect the compressive strength of the composite. These tests were conducted using Ames fly

ash as the filler material. Fiber contents tested were 0, 3, 4, 5, and 6% by weight, keeping all

other,design.mix,vasriables,constant. Figure 4.4 indicates no significant difference for fiber
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contents from 3 to 6%. It also indicates the addition of fibers lowers the variability in the

compressive strength. Six millimeter fibers produced a lower viscosity than the 13 mm

fibers; therefore, 5 and 6% fiber content were manufactured. It was determined from a

statistical analysis that there is not a significant difference between 6 mm long fiber contents

and compressive strengths.
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Figure 4.4 Cylinder specimens’ compressive strength vs. percentage of 6 mm fiberglass
fibers, Ames fly ash, variable fiberglass by weight with 50/50 PET to filler

ratio by weight

An analysis of 13 mm long fiberglass content was conducted utilizing Ames fly ash

as the filler material. Percentage of fibers varied from 0 to 4% by weight, keeping all other

design mix variables constant. Figure 4.5 indicates a slight increase in the compressive
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strength for fiber contents from 0 to 4%. There is a wider range in variation compared to the
6 mm long fibers in Figure 4.4. Statistical significant difference between fiber contents was

determined from a statistical analysis for 0%-2%, 0%-4%, 3%-2%, 3%-4%, and 1%-4%.
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Figure 4.5 Cylinder specimens’ compressive strength vs. percentage of 13 mm
fiberglass fibers, Ames fly ash, variable fiberglass by weight with 50/50 PET
to filler ratio by weight

Tests were conducted to determine whether the form of PET would affect the
compressive strength of the composite. Figure 4.6 shows compressive strengths for the three
forms of PET utilizing Ames fly ash, and keeping all other design mix variables constant.

This figure indicates “clean” PET is stronger than the other two. This figure also shows

impurities in the “dirty” PET affect the compressive strength. The statistical analysis

determined there is a significant difference between compressive strengths for “processed”-

“clean” and “dirty”’- “clean” forms of PET.
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Figure 4.6 Cylinder specimens’ compressive strength vs. form of PET for Ames fly ash,
13 mm long fiberglass fibers, 3% fiberglass by weight with 50/50 PET to
filler ratio by weight

An analysis of the effect of maximum particle size was conducted utilizing ISU CFB
bottom ash, keeping all other design mix variables constant. Figure 4.7 indicates particle size
has a slight effect on the compressive strength. The three particle size limits were 4.75 mm,
0.425 mm, and 0.150 mm. Average values indicate compressive strengths increase as
particle sizes decrease. It was determined from a statistical analysis that there is not a

significant difference between maximum particle size and compressive strengths.
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Figure 4.7 Cylinder specimens’ compressive strength vs. maximum particle size plot
for ISU CFB bottom ash, 13 mm long fiberglass fibers, 3% fiberglass by
weight with 50/50 PET to filler ratio by weight

4.1.3 Splitting tensile strength

Splitting tensile strength results for cylinder specimens are shown in Figures 4.8
through 4.14. The average splitting tensile strengths for 96 specimens is 4.31 MPa, which is
greater than the ordinary PCC strength of 1.5 to 3.5 MPa. Although design mix variables
were held constant, variability still existed within the manufacturing process, fiber
orientation, material uniformity, and cooking time. A listing of cylinder specimen design

mixes can be seen in Table B.1 of Appendix B. Cylinder specimens’ dimensions, tensile

load, and splitting tensile strengths data are shown in Table B.3 of Appendix B.

Figures 4.8 and 4.9 compare the different filler materials and indicate most fillers add

strengthitorthe'composite'materialy The filler material varied while keeping all other design
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mix variables constant. Ames fly ash, P. C. fly ash, lime, and pure plastic all had similar

splitting tensile strengths. ISU CFB fly ash and bottom ash had the highest average splitting

tensile strengths, 8.6 MPa and 7.95 MPa, respectively. Table 4.3 shows significant statistical

difference between the splitting tensile strengths of filler materials.

Table 4.3 Statistical significance between compressive strengths for different fillers

Splitting Splitting

Tensile Tensile

Strength Strength
Treatments (MPa) Treatments (MPa)
P.C. fly ash - UNIFB Y Ames fly ash — Lime N
P.C. fly ash - Ames fly ash N Ames fly ash - ISU CFB bottom ash Y
P.C. fly ash - ISU CFB fly ash Y Ames fly ash — Sump Y
P.C. fly ash - ISU stoker bottom ash Y ISU CFB fly ash - IUS stoker bottom ash Y
P.C. fly ash - No filler N ISU CFB fly ash — Plastic Y
P.C. fly ash - Lime N ISU CFB fly ash — Lime Y
P.C. fly ash - CFB bottom ash Y ISU CFB fly ash - ISU CFB bottom ash N
P.C. fly ash - Sump Y ISU CFB fly ash — Sump N
UNI FB - Ames fly ash Y ISU stoker bottom ash - Plastic N
UNI FB -ISU CFB fly ash Y ISU stoker bottom ash - Lime Y
UNI FB - ISU stoker bottom ash N ISU stoker bottom ash — ISU CFB bottom ash Y
UNI FB - No filler Y ISU stoker bottom ash - Sump Y
UNIFB - Lime Y Plastic — Lime N
UNI FB - ISU CFB bottom ash Y Plastic - ISU CFB bottom ash Y
UNIFB - Sump N Plastic ~ Sump Y
Ames fly ash - ISU CFB fly ash Y Lime - ISU CFB bottom ash Y
Ames fly ash - ISU stoker bottom ash N Lime — Sump Y
Ames fly ash - Plastic N ISU CFB bottom ash — Sump N

Y - significant difference
N - no significant difference
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Figure 4.8 Cylinder specimens’ splitting tensile strength vs. filler material plot for
different filler materials with, 13 mm long fiberglass fibers, 3% fiberglass by
weight with 50/50 PET to filler ratio by weight
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Figure 4.9 Cylinder specimens’ splitting tensile strength vs. filler material plot for
different filler materials with, 13 mm long fiberglass fibers, 3% fiberglass by
weight with 50/50 PET to filler ratio by weight
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An analysis of PET to filler ratio was conducted for the splitting tensile strength
utilizing Ames fly ash, keeping all other design mix variables constant. Results are presented
in Figure 4.10 and indicate increasing the PET to filler ratio increases the splitting tensile
strength. Optimum PET to filler ratio for the Ames fly ash was 35/65, which was the highest
filler ratio attempted. It was determined from a statistical analysis that there is a difference

between the 35/65 PET to filler ratio and the other ratios. The other ratios did not show a

significant difference.
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Figure 4.10 Cylinder specimens’ splitting tensile strength vs. PET to filler ratio for
Ames fly ash, 13 mm long fiberglass fibers, 3% fiberglass by weight with
different PET to filler ratio by weight

An analysis of 6 mm long fiberglass content for the splitting tensile strength was

conducted utilizing Ames fly ash as the filler material. Fiber contents tested were 0, 3, 4, 5,

and:6%rby:weightykeepingrallother design mix variables constant. Figure 4.11 indicates an
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increase in the splitting tensile strength for fiber contents from O to 6%. The statistical

analysis determined that there is a significant difference between the 0% and 6% fiber

contents. This was the only significant statistical difference between 6 mm long fiberglass

contents and splitting tensile strengths.
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X Mix 31 © Mix 50 O Mix 26 A Mix 28

O Mix 30 X Mix 32 = Average = 95% Conf. Int.

Figure 4.11 Cylinder specimens’ splitting tensile strength vs. percentage of 6 mm
fiberglass fibers, Ames fly ash, variable fiberglass by weight with 50/50
PET to filler ratio by weight

An analysis of 13 mm long fiberglass content for the splitting tensile strength was

conducted utilizing Ames fly ash as the filler material. Percentage of fibers varied from 0 to

4% by weight, keeping all other design mix variables constant. Figure 4.12 indicates an

increase in the splitting tensile strength for fiber contents from 0 to 4%. It was determined

from a statistical analysis that there is not a significant difference between 13 mm long fiber

contents and splitting tensile strengths.
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Figure 4.12 Cylinder specimens’ splitting tensile strength vs. percentage of 13 mm
fiberglass fibers, Ames fly ash, variable fiberglass by weight with 50/50
PET to filler ratio by weight

Tests were conducted to determine whether the form of PET would affect the splitting
tensile strength of the composite. Figure 4.13 shows splitting tensile strengths for the three
forms of PET utilizing Ames fly ash and keeping all other design mix variables constant.
This figure indicates “clean” PET is stronger than the other two. Splitting tensile strengths
for the “dirty” PET are larger than “processed” values. This figure shows impurities in the
“dirty” PET did not affect the splitting tensile strength as they did for the compressive
strength. It was determined from a statistical analysis that there is not a significant difference

between the form of PET and splitting tensile strengths.
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Figure 4.13 Cylinder specimens’ splitting tensile strength vs. form of PET for Ames fly
ash, 13 mm long fiberglass fibers, 3% fiberglass by weight with 50/50 PET
to filler ratio by weight

An analysis of the effect of maximum particle size was conducted utilizing ISU CFB
bottom ash, keeping all other design mix variables constant. Figure 4.14 indicates particle
size has a slight effect on the splitting tensile strength. The three particle size limits were

4.75 mm, 0.425 mm, and 0.150 mm. Average values indicate splitting tensile strength

decreases as particle sizes decrease. It was determined from a statistical analysis that there

is not a significant difference between particle sizes and splitting tensile strengths.

Specimens without fibers develop cracks during the cooling process and would break
as they were removed from their molds as shown in Figure 4.15. This specimen shows air
voids of different size occurring throughout the sample, typical for all of the composite

specimens:lt:alsosshowsithesaceumulation of air voids towards the top of the cylinder.
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Figure 4.16 shows two cylinder specimens with the same design mix (UNI fluidized
bed ash, 50/50 PET to filler ratio, 13 mm long fibers, and 3% fiber content). The specimen
on the left had less than half the splitting tensile strength as the one on the right. The
specimen on the right with the greater strength also had the greatest amount of fibers

exposed. It is believed the variation in fiber orientation caused this strength difference.

Figure 4.16 Cyunnaer specimens maae Irom UIN1 ¥'B with 3% 11berglass by weight
tested in splitting tension

4.2 Pipe Specimens

42.1 Ultimate 3-edge bearing strength

Ultimate 3-edge bearing strength results of the 26 pipe specimens are shown in
Figures 4.17 through 4.26. Although design mix variables were held constant, variability
within the manufacturing process, such as wall thickness, fiber orientation, cooking time, and
material uniformity, still existed. A list of pipe specimen design mixes can be seen in Table
C.1 of Appendix C. Pipe specimens’ heights; top, bottom, and average thicknesses; and
average area is shown in Table C.2 of Appendix C. Graphs showing the crushing strengths

vs. stains for the pipe specimens are shown in Figures C.1 through C.26 of Appendix C.
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Pipe specimens with a 230 mm inside diameter and a 38 mm wall thickness were
produced from composite materials. Loads to produce ultimate D-loads, ranged from 21.65
to 94.65 N/m/mm. Average ultimate D-load for the 26 pipe specimens was 53.18 N/m/mm.
Although no ASTM ultimate D-load specification exists for pipes with a 230 mm inside
diameters, there are requirements for diameters ranging from 200 to 250 mm. Twenty-three
of the 26 pipe specimens exhibited greater ultimate D-load strengths than are required by
ASTM for the 200 and 250 mm diameter vitrified extra strength clay pipes and all classes of

nonreinforced concrete pipes.

Figures 4.17 and 4.18 compare different filler materials and indicate fillers add
strength to the RPET. Type of filler material used also affected the ultimate 3-edge bearing
strength. All pipe specimens for these two figures had a PET to filler ratio of 50/50, 3%

fiberglass content by weight, and fibers with a length of 13 mm.
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Plastic bottom ash
Filler Material

Figure 4.17 Pipe specimens ultimate 3-edge bearing strength vs. filler material for:
different filler materials, 13 mm long fiberglass fiber, and 3% fiberglass by
weight with 50/50 PET ratio by weight
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Figure 4.18 Pipe specimens ultimate 3-edge bearing strength vs. filler material for
different filler materials, 13 mm long fiberglass fiber, and 3% fiberglass by
weight with 50/50 PET ratio by weight

An analysis of PET to filler ratio was conducted utilizing UNI fluidized bed ash,
keeping all other design mix variables constant. Results are presented in Figure 4.19, and
indicate increasing PET to filler ratio increases the ultimate 3-edge bearing strength.
Optimum PET to filler ratio for UNI fluidized bed ash was 40/60. A higher PET to filler
ratio at 33/67 resulted in a lower ultimate 3-edge bearing strength. Even higher filler

contents were attempted, but the PET was not able to completely coat the filler material.
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Figure 4.19 Pipe specimens ultimate 3-edge bearing strength vs. PET to filler ratio for
UNI fluidized bed ash, 13 mm long fiberglass fiber, 3% fiberglass by weight
with changing PET to filler ratio by weight

An analysis of the influence of fiberglass content was conducted utilizing lime as
filler material. Percentage of fibers varied from 3 to 4% by weight (plastic and filler),
keeping all other design mix variables constant. Figure 4.21 indicates the optimum fiberglass
content is 3.5%. However, variation in wall thickness due to manufacturing is believed to
have contributed to changes in the ultimate 3-edge bearing strengths. Wall thickness varied
for both specimens with 4% fiber content. Figure 4.20 shows the variation in wall thickness
for one of the pipes with 4% fiber content. Strengths for the two specimens with 4% fiber
were 50.5 and 55.1 kN/m. The manufacturing process limits the maximum fiberglass content
to 4% for the 13 mm fibers. Fiberglass content greater than 4% could not be produced due to

high viscosity and inability to homogenize the mixture. In the future, alternative

manufacturing:methods could beideveloped to overcome this problem.
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strengths for the three forms of PET (“processed”; “clean”; and “dirty”) utilizing Ames fly
ash and keeping all other design mix variables constant. All three specimens had very
similar wall thicknesses. Results indicate that all forms of PET are similar in ultimate 3-edge
bearing strength, with “dirty” being the strongest. The impurities in the “dirty” PET,
therefore, do not adversely affect the strength of the composite. If this is true, then impurities

would not need to be removed from beverage bottles, which would lower PET processing

Cost.

100

80

53.99

60

51.42 50.23

Ultimate 3-Edge Bearing Strength .
(kN/m)

Processed Clean Dirty
Type of PET

Figure 4.22 Pipe specimens ultimate 3-edge bearing strength vs. form of PET for Ames
fly ash, 13 mm long fiberglass fiber, and 3% fiberglass by weight with
50/50 PET to filler ratio by weight
An analysis of the maximum particle size was conducted utilizing ISU CFB bottom
ash, keeping all other design mix variables constant. Figure 4.24 indicates that particle size

affects the ultimate 3-edge bearing strength. The four particle size limits were 4.75 mm, 2

min,,0.425 mm.and.0.150.mm. Prior to testing, the wall thicknesses for both the 4.75 and 2
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mm specimens expanded slightly at the ends. This is believed to be a result of water
absorption from humidity in the air. Ash material from the 2 mm specimen was dusting prior
to being tested as shown in Figure 23. The ultimate 3-edge bearing strength for this
specimen is nearly half as much as the other specimens. It is believed PET did not uniformly

coat all particles in the 2 mm specimen.

@) (D)
Figure 4.23 (a) Ends of pipes expanding due to the moisture in the air, (b) dusting

To verify the recyclability of this composite, two pipes were made from end pieces
that were cut from pipe specimens. The end pieces were crushed to the size of particles as
shown in Figure 4.25. The crushed recycled composite consisted of several different design
mixes. This material (composite and fibers) was then manufactured into a pipe specimen.
An additional 3% fibers were added to one recycled pipe. As indicated in Figure 4.26, the
addition of fibers weakens the ultimate 3-edge bearing strength. It is believed fibers in the
specimen with additional fibers were not evenly coated with the composite material due to

manufacturing processes.
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Figure 4.26 Pipe specimens ultimate 3-edge bearing strength vs. recycled material, 13
mm long fiberglass fiber, 3% to 6% fiberglass by weight with recycled
composite material

4.2.2 Microstructural observations

A scanning electron microscope (SEM) was used to give an indication of the
interaction between the PET binder and filler and the fiberglass fibers. Sump with a 50/50
PET to filler ratio and 3% fiberglass content by weight was the composite design mixture
scanned. Figure 4.27 is images from the SEM at different magnifications. The fiberglass
fibers shown in Figure 4.27 are different than the fibers used during this study. The fibers
shown have lengths of 12 mm and widths of 0.75 mm. Figure 4.27 (a) is an image showing
good bonding between the composite and fiberglass fibers magnified 600 times and (b) is the
same image magnified 3,500 times. 4.27 (¢) and (d) shows the fibers failed by shearing,

which would also indicate good bonding between the fiber and the composite.
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Figure 4.27 Bonding between the fiberglass fibers and the composite, (a) depicts good
bonding magnified 600 times, (b) depicts good bonding magnified 3,500
times, (c) sheared fiberglass magnified 800 times, (d) sheared fiberglass
magnified 1,000 times

The failure planes for the pipe specimens are shown in Figure 4.28. It is believed
pipe specimens failed because the fiberglass pulled out of the composite material along the

failure planes. These fibers were not evenly coated with composite material. Figure 4.29 (a)

and (b) shows the failure plane of a pipe specimen. It is believed that the uncoated fibers did

not contribute sufficient strength to the composite material, possibly creating points of

weakness. Cracks could propagate along the composite and fiber interface. The thin fibers

in Figure 4.29 (b) were evenly coated producing good bonding between the fiber and the
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absorbed more water than the pure plastic. All specimens with sulfur trioxide contents

higher than 12% had high water absorption. Specimens with ISU CFB bottom ash, which

has a sulfur trioxide content of 30.7%, exhibited water absorption of approximately 12%.

The Sump material absorbed the least water. Figure 4.31 shows the Sump (47) and one of

the ISU CFB bottom ash specimens (46). Water absorption weekly data results are shown in

Table D.1 of Appendix D.

Table 4.4 Water absorption results

PET to Length of Largest Water
Filler Form of Fibers Fibers particle Absorbed A
Specimen _ Filler Type Ratio PET (mm) (%) size (%) (%)
1 P. C. fly ash 50/50 Processed 13 3 --- 4.62 0.17
4 UNI FB 50/50 Processed 13 3 2 8.58 4.13
8 Ames 50/50 Processed 13 3 - 4.48 0.03
10 Ames 45/55 Processed 13 3 --- 4.04 -0.42
11 Ames 40/60 Processed 13 3 - 3.99 -0.46
13 Ames 35/65 Processed 13 3 - 5.76 1.30
16 Ames 50/50 Processed 13 1 - 3.79 -0.66
17 Ames 50/50 Processed 13 2 - 4.40 -0.05
19 Ames 50/50 Processed 13 3 --- 5.05 0.60
22 ISU CFB fly ash 50/50 Processed 13 3 - 10.65 6.20
ISU stoker bottom

24 ash 50/50 Processed 13 3 2 5.26 0.81
26 Ames 50/50 Processed 6 3 - 3.74 -0.71
28 Ames 50/50 Processed 6 4 -—- 3.56 -0.89
29 Ames 50/50 Processed 6 5 -—- 3.90 -0.55
31 Ames 50/50 Processed 6 6 -- 4.09 -0.36
33 Ames 50/50 Dirty 13 3 - 4.68 0.22
36 Ames 50/50 Clean 13 3 - 4.07 -0.38
38 Plastic 100/0 Processed 13 3 - 4.45 0.00
39 Lime 50/50 Processed 13 3 2 7.17 2.72
42 ISU CFB bottom ash 50/50 Processed 13 3 4.750 11.76 7.31
44 ISU CFB bottom ash 50/50 Processed 13 3 0.425 12.19 7.73
46 ISU CFB bottom ash 50/50 Processed 13 3 0.150 12.36 791
47 Sump 50/50 Processed 13 3 0.150 1.80 -2.66

A - percent of absorbed water above (+) or below (-) plastic specimen
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4.4 Viscosity Observation

It was visually observed that the viscosity of the mixture changed as a function of the
filler material, filler to PET ratio, percentage of fiberglass, length of fiberglass, form of PET,
and cooking time. Viscosity is an important parameter in determining possible means of
manufacturing a composite material and can also be used as a quality control program. The
viscosity was greater for bottom ash fillers than for fly ash fillers. Further, increasing the
filler to PET ratio increased the viscosity of the mixture. As the fiberglass percentage
increased, the viscosity also increased. The 6 mm length fiberglass mixtures had a lower
viscosity than the 13 mm fiberglass mixtures. The PET that was recycled by hand seemed to
have a lower viscosity than the “processed” PET. The “clean” recycled PET had a lower
viscosity than the “dirty” PET with impurities. As the cooking time increased, the viscosity
also increased. Cooking time for the pipe mixtures ranges from 4:00 to 8:30 hours depending

on design mixture.
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5 CONCLUSIONS
Composite material was produced utilizing waste from PET beverage bottles, coal

combustion, and other byproducts. The major conclusions of this research are as followed:

e Results indicate engineering properties of the composite material are greatly

affected by the processing technique;
e Average elastic modulus is 7 to 10 times lower than ordinary PCC;
e Average compressive strength is slightly greater than ordinary PCC;
e Average tensile strength is greater than ordinary PCC;
e The average density of the composite is 50% less than ordinary PPC;

o Increasing the filler content will increase compressive and splitting tensile

strengths;
o Fiberglass fibers increase strength and resist the propagation of shrinkage cracks;
e Maximum particle size has a slight influence on engineering properties;

e Acid tests indicated that only the Sump filler can withstand the 10% sulfuric acid

solution;

e Fillers with high levels of sulfur trioxide experience increased water absorption,

resulting in a volume increase; and

e Twenty-three of the 26 pipe specimens exhibited greater ultimate 3-edge bearing

strengths than are required by ASTM for the 200 and 250 mm diameter vitrified

extra strength clay pipes and all classes of nonreinforced concrete pipes.
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6 RECOMMENDATIONS
Further research should focus on developing better processing techniques to
produce composite specimens. One possible processing technique that should be

explored is using an extruder with a circular die to produce cylinder specimens.

Vital to the manufacturing process, is the melt flow index, which should be tested

in concert with develop in new manufacture technologies.

Thermal gravimetric analysis should be conducted to determine the minimum and

maximum temperatures for processing.

The effect of a wide range of reinforcement fibers with different aspect ratios
should be investigated. In order to better understand the bonding between the
composite material and fiber reinforcements, more SEM tests should be

conducted.

Further investigation should be conducted on the influence of filler chemistry on
durability. Other durability tests that should be conducted include: ultraviolet;

abrasion; and freeze-thaw.

The leachate characteristics should be investigated to determine if heavy metals,

such as barium, are precipitating out of the composite material.

Future research should also focus on other possible applications for this

composite material.
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Figure A.1 Fly ash particle distribution curves
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Figure A.2 Bottom ash particle and UNI fluidized bed ash distribution curves
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Figure A.3 Non-coal combustion byproducts particle distribution curves
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Figure A.4 Particle distribution curves for the three forms of PET
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Figure A.5 X-ray diffractogram and mineral identification for Ames fly ash
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Figure A.6 X-ray diffractogram and mineral identification for UNI fluidized bed ash
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Figure A.7 X-ray diffractogram and mineral identification for ISU CFB bottom ash
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Figure A.8 X-ray diffractogram and mineral identification for ISU CFB fly ash

www.manaraa.Cor



intensity(CPS)

IMEADUE! 3.0 15U SIURMI LIARKTL @18 4L | [P 1Ad s

95

750

§

250

0,

N

|
“’°Wwwwiuﬂmj

j

46-1045> Quartz, syn - SI02 |

[ r—

18-0776> Malite, $yn - A6SI2013

e | il

19-0620> Migneli(o, 8y - Fox2F a2+ 304

l | . i |

33-0804> Hematite, syn - F2202

‘l | | I O

10 20

50 60 S

0
2-Theta(®)

Figure A.9 X-ray diffractogram and mineral identification for stoker bottom ash
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Table B.1 Cylinder specimen design mixes

Percent Length of Largest Cooking
Cylinder Plasticto  Fiberglass  Fiberglass Particle Size Time
Number Filler PET Filler Ratio (%) (mm) (mm) (hours)

1 P.C. Processed 50/50 3 13 4.50
2 P.C. Processed 50/50 3 13 4.25
3 UNI Fluidized Bed Ash  Processed 50/50 3 13 2

4 UNI Fluidized Bed Ash  Processed 50/50 3 13 2

5 Ames Processed 50/50 0 2.25
6 Ames Processed 50/50 0 2.50
7 Ames Processed 50/50 3 13 3.25
8 Ames Processed 50/50 3 13 3.50
9 Ames Processed 45/55 3 13 2.50
10  Ames Processed 45/55 3 13 2.25
11  Ames Processed 40/60 3 13 2.50
12 Ames Processed 40/60 3 13 3.75
13 Ames Processed 35/65 3 13 2.00
14  Ames Processed 35/65 3 13 2.25
15  Ames Processed 50/50 1 13 2.50
16  Ames Processed 50/50 1 13 2.25
17  Ames Processed 50750 2 13 2.50
18  Ames Processed 50/50 2 13 2.75
19  Ames Processed 50/50 4 13
20  Ames Processed 50/50 4 13 2.75
21 ISU CFB Fly Ash Processed 50/50 3 13 3.25
22 ISUCFB Hy Ash Processed 50/50 3 13 3.25
23 ISU Stoker Bottom Ash  Processed 50/50 3 13 2 2.75
24  ISU Stoker Bottom Ash  Processed 50/50 3 13 2 3.75
25 Ames Processed 50/50 3 6 3.50
26  Ames Processed 50/50 3 6 3.25
27  Ames Processed 50/50 4 6 3.00
28  Ames Processed 50/50 4 6 2.75
29  Ames Processed 50/50 5 6 2.25
30 Ames Processed 50/50 5 6 275
31 Ames Processed 50/50 6 6 3.25
32 Ames Processed 50/50 6 6 3.50
33 Ames Dirty 50/50 3 13
34  Ames Dirty 50/50 3 13 2.75
35  Ames Clean 50/50 3 13 275
36 Ames Clean 50/50 3 13 3.50
37  Plastic Processed 50/50 3 13 4.00
38  Plastic Processed 50/50 3 13 4.50
39  Lime Processed 50/50 3 13 2 3.00
40  Lime Processed 50/50 3 13 2 3.50
41  ISUCFB Bottom Ash Processed 50/50 3 13 2 3.00
42  ISUCFB Bottom Ash Processed 50/50 3 13 2 2.00
43  ISUCFB Bottom Ash Processed 50/50 3 13 0.425 3.00
44 ISU CFB Bottom Ash Processed 50/50 3 13 0425 2.75
45  ISUCFB Bottom Ash Processed 50/50 3 13 0.150 2.50
46  ISUCFB Bottom Ash Processed 50/50 3 13 0.150 2.25
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Percent Length of Largest Cooking
Cylinder Plasticto  Fiberglass  Fiberglass Particle Size  Time
Number Filler PET Filler Ratio (%) (mm) (mm) (hours)
47  Sump Processed 50/50 3 13 0.150 2.75
48  Sump Processed 50/50 3 13 0.150
50  Ames Processed 50/50 0 3.00
51 Ames Processed 50/50 0 3.25
Table B.2 Cylinder compressive strength data
Average Compressive
Height Diameter 1  Diameter2 Diameter Mass  Load Strength Density
Sample _(mm) (mm) (mm) (mm) @ &N)  MPa) _ (kg/dm’)
1-A 101.85 51.69 51.21 5145 332.14 80.6 38.8 1.57
1-B 101.63 51.64 51.36 51.50 333.71 54.0 25.9 1.58
2-A 102.21 51.49 51.38 51.44 336.21 58.8 28.3 1.58
2-B 102.46 51.08 51.56 51.32 339.99  69.2 335 1.60
Average 65.6 31.6 1.58
3-A 102.49 51.13 51.26 51.19 34379 1230 59.8 1.63
3-B 101.42 51.21 51.31 51.26 338.03 958 46.4 1.62
4-A 101.57 51.16 51.21 51.18 34546 103.0 50.1 1.65
4-B 101.65 51.51 51.44 5147 340.75 1252 60.2 "1.61
Average 111.8 54.1 1.63
7-A 100.69 51.18 51.36 51.27 34249  50.8 24.6 1.65
7-B 102.13 51.31 50.90 51.10 347.08  96.6 47.1 1.66
8-A 102.49 50.80 51.08 50.94 347.7 71.2 34.9 1.66
8-B 102.62 51.18 51.00 51.09 34472  68.8 33.6 1.64
Average 71.8 35.0 1.65
9-A 102.57 51.18 5141 51.30 360.03 57.8 28.0 1.70
9-B 102.97 51.38 51.18 51.28 35646  82.8 40.1 1.68
10-A 102.64 51.18 51.28 51.23 35764  98.0 47.5 1.69
10-B 103.00 51.10 51.36 51.23 360.8 112.0 54.3 1.70
Average 87.7 425 1.69
11-A 102.26 51.41 51.51 51.46 368.3 1064 51.2 1.73
11-B 102.21 51.46 51.33 51.40 373.9 87.8 423 1.76
12-A 102.62 51.05 51.10 51.08 372.87 926 45.2 1.77
12-B 102.34 51.05 51.05 51.05 372.35 84.8 41.4 1.78
Average 929 45.0 1.76
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Table B.2 (continued)
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Average Compressive
Height Diameter 1 Diameter 2  Diameter Load Strength Density
Sample (mm) (mm) (mm) (mm) Mass (g) (kN) (MPa) (kg/dm3)
13-A 102.57 51.36 51.31 51.33 390.38 153.4 74.1 1.84
13-B 102.44 51.31 51.18 51.24 384.81 1144 55.5 1.82
14-A 102.03 51.03 51.64 51.33 387.01 144.6 69.9 1.83
14-B 102.16 51.31 51.64 51.47 390.08 129.2 62.1 1.83
Average 1354 65.4 1.83
15-A 102.54 51.56 50.34 50.95 346.6 81.0 39.7 1.66
15-B 102.82 51.49 50.17 50.83 348.58 84.0 414 1.67
16-A 100.79 50.90 51.03 50.97 338.53 76.0 37.3 1.65
16-B 102.08 50.60 51.05 50.83 346.15 68.0 335 1.67
Average 77.3 38.0 1.66
17-A 102.39 50.93 51.05 50.99 345.47 128.2 62.8 1.65
17-B 102.51 51.31 50.72 51.02 348.67 73.4 35.9 1.66
18-A 102.24 51.26 50.85 51.05 351.97 128.8 62.9 1.68
18-B 101.83 50.90 50.88 50.89 345.95 79.0 38.8 1.67
Average  102.3 50.1 1.67
19-A 102.46 51.05 51.03 51.04 348.21 135.6 66.3 1.66
19-B 102.69 51.28 50.93 51.10 349.38 88.2 43.0 1.66
20-A 102.62 51.00 51.10 51.05 348.21 146.8 71.7 1.66
20-B 102.62 51.56 51.16 51.36 347.44 82.8 40.0 1.63
Average 1134 552 1.65
21-A 102.72 51.05 51.56 51.31 347.13 124.6 60.3 1.63
21-B 102.46 51.23 51.21 51.22 345.66 105.0 51.0 1.64
22-A 102.24 51.31 46.25 48.78 331.18 126.4 67.6 1.73
22-B 102.01 51.28 51.44 51.36 338.95 110.0 531 1.60
Average  116.5 58.0 1.65
23-A 102.51 51.41 50.75 51.08 329.84 95.6 46.7 1.57
23-B 102.59 51.31 51.00 51.16 327.15 99.8 48.6 1.55
24-A 102.46 51.13 51.36 51.24 335.25 77.4 37.5 1.59
24-B 103.25 51.05 51.44 51.24 336.22 73.4 35.6 1.58
Average 86.6 42.1 1.57
25-A 102.49 50.55 51.31 50.93 350.04 73.4 36.0 1.68
25-B 102.49 51.10 50.62 50.86 349.39 83.4 41.0 1.68
26-A 102.67 50.75 50.72 50.74 347.04 81.6 40.4 1.67
26-B 103.43 50.77 51.16 50.97 35142 71.2 349 1.67
Average 77.4 38.1 1.67
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Table B.2 (continued)
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- Average Compressive
Height Diameter 1 Diameter 2  Diameter  Mass Load Stength Density
Sample _(mm) (mm) (cm) (tnm) 9 @GN MPa)  (kg/dm’)
27-A 103.43 50.47 51.36 50.91 351.06 76.8 37.7 1.67
27-B 103.20 50.83 50.80 50.81 350.33 59.6 29.4 1.67
28-A 102.57 51.61 50.50 51.05 346.4 58.8 28.7 1.65
28-B 103.33 50.75 51.05 50.90 347.88 822 404 1.65
Average  69.3 34.1 1.66
29-A 102.36 51.51 50.98 51.24 351.53 63.2 30.6 1.67
29-B 102.92 51.36 50.93 51.14 350.67 792 38.6 1.66
30-A 102.34 50.72 5141 51.07 346.17 934 45.6 1.65
30-B 102.57 51.74 50.80 51.27 346.95 76.0 36.8 1.64
Average  78.0 37.9 1.65
31-A 102.74 51.31 50.90 51.10 351.07 71.8 35.0 1.67
31-B 102.74 51.16 51.03 51.09 352.02 66.8 32.6 1.67
32-A 102.77 51.18 51.05 51.12 348.34 76.6 37.3 1.65
32-B 102.29 51.08 51.08 51.08 343.8 75.6 36.9 1.64
Average  72.7 35.5 1.66
33-A 103.02 51.31 50.70 51.00 3479 45.6 223 1.65
33-B 103.30 51.36 50.80 51.08 344.2 92.8 45.3 1.63
34-A 102.67 51.18 51.36 51.27 344.45 34.2 16.6 1.63
34-B 102.06 51.10 51.26 51.18 345.92 36.4 17.7 1.65
Average  52.3 25.5 1.64
35-A 103.20 51.10 50.93 51.02 352.57 95.2 46.6 1.67
35-B 103.76 51.05 51.03 51.04 354.01 62.2 30.4 1.67
36-A 102.62 50.57 51.05 50.81 33646  128.8 63.5 1.62
36-B 102.44 50.80 51.18 50.99 34249 1146 56.1 1.64
Average 100.2 49.2 1.65
37-A 102.51 50.22 50.93 50.57 249.45 542 27.0 1.21
37-B 102.59 50.09 50.60 50.34 246.71 326 16.4 121
38-A 102.34 51.05 50.19 50.62 248.54 452 22.5 1.21
38-B 102.54 50.50 50.85 50.67 250.45 524 26.0 1.21
Average  46.2 23.0 1.21
39-A 103.20 51.77 51.92 51.84 302.76 312 14.8 1.39
39-B 103.48 51.69 51.99 51.84 277.26 19.0 9.0 1.27
40-A 102.62 51.87 51.84 51.85 285.69 17.4 8.2 1.32
40-B 102.69 51.82 51.99 51.90 293.34 30.6 14.5 1.35
Average  24.5 11.6 1.33

Wwww.manaraa.cor



Table B.2 (continued)
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Average Compressive
Height Diameter 1 Diameter2 Diameter  Mass Load Strength Density
Sample  (mm) (mm) (mm) (mm) €3 &N) (MPa) (kg/dm”)
41-A 102.62 52.04 51.49 51.77 347.44 61.2 29.1 1.61
41-B 103.12 51.92 51.49 51.70 351.31 40.0 19.1 1.62
42-A 102.79 51.69 51.44 51.56 345.98 49.0 235 1.61
42-B 102.87 51.94 51.44 51.69 340.02 45.8 21.8 1.58
Average 49.0 234 1.60
43-A 104.34 51.56 51.56 51.56 354.1 554 26.5 1.63
43-B 103.58 51.36 51.31 51.33 354.16 73.8 35.7 1.65
44-A 102.57 51.28 51.46 51.37 346.63 414 20.0 1.63
44-B 103.17 51.23 51.36 51.30 349.91 494 23.9 1.64
Average 55.0 26.5 1.64
45-A 102.97 51.26 51.31 51.28 351.1 108.0 52.3 1.65
45-B 103.33 51.56 51.08 51.32 351.11 80.0 38.7 1.64
46-A 103.07 51.82 51.33 51.57 355.28 38.2 18.3 1.65
46-B 103.38 5144 51.26 51.35 359.4 28.2 13.6 1.68
Average 63.7 30.7 1.66
47-A 102.67 51.31 51.23 51.27 345.91 120.6 58.4 1.63
47-B 101.83 51.26 5141 51.33 339.98 70.0 33.8 1.61
48-A 102.54 51.33 51.21 51.27 349.06 90.2 43.7 1.65
48-B 102.16 51.23 5121 51.22 345.84 129.0 62.6 1.64
Average 102.5 49.6 1.63
51-A 101.65 51.13 50.42 50.77 349.49 19.2 9.5 1.70
51-B 101.68 49.66 51.94 50.80 349.28 394 194 1.69
5-A 102.24 51.71 50.52 51.12 339.8 90.0 43.9 1.62
6-A 101.80 51.77 50.17 50.97 336.49 82.8 40.6 1.62
Average 57.9 28.3 1.66
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Figure B.1 Stress vs. strain plot for P.C. fly ash, 13 mm long fiberglass fibers, 3%

fiberglass by weight with 50/50 PET to filler ratio by weight
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Figure B.2 Stress vs. strain plot for UNI fluidized bed ash, 13 mm long fiberglass fibers,
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3% fiberglass by weight with 50/50 PET to filler ratio by weight, largest
particle size 2 mm
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Figure B.3 Stress vs. strain plot for Ames fly ash, 13 mm long fiberglass fibers, no

Stress (MPa)

fiberglass, with 50/50 PET to filler ratio by weight
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Figure B.4 Stress vs. strain plot for Ames fly ash, 13 mm long fiberglass fibers, 3%

fiberglass by weight with 50/50 PET to filler ratio by weight
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Figure B.5 Stress vs. strain plot for Ames fly ash, 13 mm long fiberglass fibers, 3%
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Figure B.6 Stress vs. strain plot for Ames fly ash, 13 mm long fiberglass fibers, 3%

fiberglass by weight with 40/60 PET to filler ratio by weight
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Figure B.7 Stress vs. strain plot for Ames fly ash, 13 mm long fiberglass fibers, 3%
fiberglass by weight with 35/65 PET to filler ratio by weight
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Figure B.8 Stress vs. strain plot for Ames fly ash, 13 mm long fiberglass fibers, 1%
fiberglass by weight with 50/50 PET to filler ratio by weight
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Figure B.9 Stress vs. strain plot for Ames fly ash, 13 mm long fiberglass fibers, 2%

Stress (MPa)

fiberglass by weight with 50/50 PET to filler ratio by weight
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Figure B.10 Stress vs. strain plot for Ames fly ash, 13 mm long fiberglass fibers, 4%

fiberglass by weight with 50/50 PET to filler ratio by weight
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Figure B.11 Stress vs. strain plot for ISU CFB fly ash, 13 mm long fiberglass fibers, 3%

Stress (MPa)

fiberglass by weight with 50/50 PET to filler ratio by weight
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Figure B.12 Stress vs. strain plot for ISU Stoker bottom ash, crushed, 13 mm long
fiberglass fibers, 3% fiberglass by weight with 50/50 PET to filler ratio by

weight, maximum particle size 2 mm
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Figure B.13 Stress vs. strain plot for Ames fly ash, 6 mm long fiberglass fibers, 3%
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Figure B.14 Stress vs. Strain plot for Ames fly ash, 6 mm long fiberglass fibers, 4%

fiberglass by weight with 50/50 PET to filler ratio by weight
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Figure B.15 Stress vs. strain plot for Ames fly ash, 6 mm long fiberglass fibers, 5%

Stress (MPa)

fiberglass by weight with 50/50 PET to filler ratio by weight
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Figure B.16 Stress vs. strain plot for Ames fly ash, 6 mm long fiberglass fibers, 6%

fiberglass by weight with 50/50 PET to filler ratio by weight
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Figure B.17 Stress vs. strain plot for Ames fly ash, 13 mm long fiberglass fibers, 3%
fiberglass by weight with 50/50 PET to filler ratio by weight, “dirty” PET

80

(o
S

Stress (MPa)
SN
[e=]

_

y=4737.4x - 16.83
R?=0.9955 ~a

Yy =3521.5% - 6.9419

R? = 0.9968
20
O 1] 1 T 1
0.000 0.004 0.008 0.012 0.016
Strain (mm/mm)

| & Specimen 35-A M Specimen 36-A |

0.020

Figure B.18 Stress vs. strain plot for Ames fly ash, 13 mm long fiberglass fibers, 3%
fiberglass by weight with 50/50 PET to filler ratio by weight, ‘“clean” PET
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Figure B.19 Stress vs. strain plot for PET plastic, 13 mm long fiberglass fibers, 3%
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Figure B.20 Stress vs. strain plot for lime, 13 mm long fiberglass fibers, 3% fiberglass

by weight with 50/50 PET to filler ratio by weight, largest particle size 2
mm
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Figure B.21 Stress vs. strain plot for ISU CFB bottom ash, 13 mm long fiberglass
fibers, 3% fiberglass by weight with 50/50 PET to filler ratio by weight,

Stress (MPa)
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Figure B.22 Stress vs. strain plot for ISU CFB bottom ash, 13 mm long fiberglass
fibers, 3% fiberglass by weight with 50/50 PET to filler ratio by weight,

maximum particle size 0.425 mm
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Figure B.23 Stress vs. strain plot for ISU CFB bottom ash, 13 mm long fiberglass
fibers, 3% fiberglass by weight with 50/50 PET to filler ratio by weight,
maximum particle size 0.150 mm
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Figure B.24 Stress vs. strain plot for sump, 13 mm long fiberglass fibers, 3% fiberglass
by weight with 50/50 PET to filler ratio by weight, maximum particle size
0.150 mm '
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Table B.3 Cylinder splitting tensile strength data

Average Average Load Splitting
Diameter  Diameter  Diameter  Diameter  Length  Length Length Tension  Tension
Sample 1 (mm) 2 (mm) 3 (mm) (mm) 1(mm) 2 (mm) (mm) &N) (MPa)
1-C 51.31 51.28 51.49 51.36 102.46 102.34 102.40 18.2 2.20
1-D 51.36 51.33 51.31 51.33 101.98 101.88 101.93 16.2 1.97
2-C 51.33 51.51 5149 51.44 102.16 102.41 102.29 15.6 1.89
2-D 50.90 51.21 51.36 51.16 102.87 102.34 102.60 17.8 2.16
Average: 17.0 2.06
3-C 51.44 51.18 51.31 51.31 102.97 102.34 102.65 61.6 745
3-D 51.26 51.26 51.31 51.27 101.32 101.85 101.59 58.8 7.19
4-C 51.10 51.61 52.07 51.60 102.74 101.98 102.36 26.6 3.21
4-D 51.23 51.21 51.31 51.25 101.52 101.78 101.65 334 4.08
Average: 45.1 548
7-C 50.93 50.80 51.03 50.92 103.00 102.54 102.77 354 4.31
7-D 50.98 51.08 51.13 51.06 102.87 102.62 102.74 222 2.69
8-C 50.67 50.70 50.88 50.75 102.24 102.51 102.37 174 2.13
8-D 50.80 50.75 50.93 50.83 103.51 102.87 103.19 17.8 2.16
Average: 232 2.82
9-C 51.69 51.77 51.51 51.66 102.54 102.59 102.57 40.8 4.90
9-D 51.31 51.54 51.61 51.49 102.51 102.34 102.43 23.8 2.87
10-C 51.36 51.00 51.18 51.18 103.00 102.36 102.68 39.8 4.82
10-D 51.23 51.28 51.49 51.33 102.87 103.51 103.19 284 341
Average: 332 4.00
11-C 51.31 51.31 51.46 51.36 101.85 102.24 102.04 444 5.39
11-D 51.26 51.31 51.38 51.32 103.00 102.49 102.74 352 4.25
12-C 5141 51.05 51.05 51.17 102.46 102.26 102.36 204 2.48
12-D 51.64 51.41 51.21 51.42 102.54 102.59 102.57 434 5.24
Average: 35.9 4.34
13-C 51.36 51.38 51.44 51.39 101.68 101.85 101.77 64.4 7.84
13-D 5144 5146 51.51 51.47 102.36 102.62 102.49 61.0 7.36
14-C 51.56 51.61 51.44 51.54 103.12 102.67 102.90 434 521
14-D 51.31 51.56 51.51 51.46 10241 102.16 102.29 57.0 6.89
Average: 56.5 6.83
15-C 51.00 51.05 51.13 51.06 103.12 102.79 102.96 282 341
15-D 51.05 50.93 50.90 50.96 103.20 102.62 102.91 19.2 2.33
16-C 50.80 51.28 50.83 50.97 101.60 101.80 101.70 14.6 1.79
16-D 50.80 50.75 50.70 50.75 101.32 101.32 101.32 13.0 1.61
Average: 18.8 2.29
17-C 50.80 51.03 51.28 51.04 102.46 10241 102.44 27.6 3.36
17-D 51.05 51.05 51.03 51.05 102.26 102.54 102.40 23.2 2.83
18-C 51.23 51.05 51.16 51.15 102.31 101.88 102.10 29.8 3.63
18-D 50.93 51.00 51.08 51.00 102.54 102.67 102.60 17.0 2.07
Average: 244 2.97
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Average Average Load Splitting
Diameter  Diameter Diameter Diameter Length Length Length Tension  Tension
Sample 1 (mm) 2 (mm) 3 (mm) (mm) 1(mm) 2 (mm) (mm) &N) MPa)
19-C 51.28 51.31 51.05 51.21 102.79 102.34 102.57 262 3.18
19-D 51.05 51.08 50.88 51.00 102.74 102.97 102.86 254 3.08
20-C 51.21 51.05 50.90 51.05 102.49 102.51 102.50 254 3.09
20-D 51.36 51.18 51.03 51.19 102.87 102.82 102.84 252 3.05
Average: 25.6 3.10
21-C 51.05 51.21 51.56 51.27 102.39 102.74 102.57 76.6 9.27
21-D 51.21 51.13 51.31 51.21 102.34 102.97 102.65 79.6 9.64
22-C 50.93 51.13 51.08 51.05 102.39 102.87 102.63 91.0 11.06
22-D 51.23 51.26 5126 51.25 102.11 102.49 102.30 36.4 442
Average: 70.9 8.60
23-C 51.31 51.18 51.36 51.28 102.97 102.36 102.67 284 343
23-D 51.36 51.18 51.31 51.28 102.92 103.25 103.09 35.6 429
24-C 51.31 51.56 51.26 51.38 102.82 102.46 102.64 40.0 4.83
24-D 5146 51.31 51.51 5143 102.77 103.28 103.02 28.6 3.44
Average: 33.2 4.00
25-C 51.46 51.56 51.18 5140 102.62 102.64 102.63 38.0 4.59
25-D 51.21 51.31 51.05 51.19 102.16 102.67 10241 10.6 1.29
26-C 51.16 51.59 51.28 51.34 102.46 103.00 102.73 17.8 2.15
26-D 51.18 51.36 51.23 51.26 102.64 102.72 102.68 404 4.89
Average: 26.7 3.23
27-C 51.44 51.18 51.21 51.27 103.48 102.87 103.17 23.0 2.77
27-D 50.98 50.95 50.80 50.91 102.41 102.95 102.68 134 1.63
28-C 50.67 50.93 51.10 50.90 103.00 102.84 102.92 19.2 2.33
28-D 5095 51.00 50.85 50.94 103.12 103.38 103.25 28.0 3.39
Average: 20.9 253
29-C 51.51 51.18 5130 51.33 102.36 102.11 102.24 26.2 240
29-D 51.56 51.21 51.46 51.41 102.84 102.49 102.67 25.6 3.09
30-C 51.26 51.23 51.31 51.27 103.25 102.74 103.00 234 2.82
30-D 51.49 51.05 51.18 51.24 101.75 102.11 101.93 34.2 4.17
Average: 274 3.12
31-C 51.10 51.21 51.18 51.16 102.74 102.57 102.65 28.6 347
31-D 51.31 51.16 5144 51.30 103.28 102.72 103.00 26.0 3.13
32-C 51.08 50.80 51.00 50.96 102.95 103.02 102.98 394 4.78
32-D 50.85 50.80 51.18 50.94 103.12 103.76 103.44 37.6 4.54
Average: 329 3.98
33-C 51.10 51.13 51.08 51.10 103.07 103.48 103.28 42.0 5.07
33-D 51.00 51.10 51.10 51.07 102.72 102.87 102.79 24.0 291
34-C 51.51 51.08 51.21 51.27 102.31 102.18 102.25 21.0 2355
34-D 51.38 51.16 51.36 51.30 102.01 102.26 102.13 29.8 3.62
Average: 292 3.54

www.manaraa.cor



Table B.3 (continued)

117

Average Average Load Splitting
Diameter Diameter Diameter Diameter  Length Length Length Tension  Tension
Sample 1 (mm) 2 (mm) 3 (mm) (mm) 1(mm) 2 (mm) (mm) &N) MPa)
35-C 51.31 51.18 51.05 51.18 102.79 102.69 102.74 35.8 4.33
35-D 50.98 50.85 51.18 51.00 103.00 102.84 102.92 36.0 4.37
36-C 51.31 51.16 51.05 51.17 102.77 102.29 102.53 45.0 5.46
36-D 51.23 51.08 51.10 51.14 101.88 101.75 101.82 32.0 391
Average: 37.2 4.52
37-C 50.67 50.44 50.62 50.58 102.44 102.84 102.64 19.8 243
37-D 50.67 50.57 50.62 50.62 102.21 102.69 10245 18.2 223
38-C 50.70 50.29 50.37 5045 102.87 102.62 102.74 274 3.37
38-D 50.55 50.37 50.37 50.43 101.98 101.85 101.92 26.2 3.25
Average: 229 2.82
39-C 51.92 51.94 52.12 51.99 102.82 103.38 103.10 15.6 1.85
39-D 52.20 51.87 51.89 51.99 102.87 102.82 102.84 212 252
40-C 51.71 51.79 51.84 51.78 102.62 103.38 103.00 204 2.44
40-D 51.79 51.87 51.77 51.81 102.16 102.49 102.32 9.8 1.18
Average: 16.8 2.00
41-C 51.51 5144 51.82 51.59 102.24 102.59 102.41 822 9.90
41-D 51.82 51.49 51.71 51.67 10244 102.49 102.46 614 7.38
42-C 54.13 51.56 51.74 52.48 103.56 103.35 103.45 47.0 5.51
42-D 5347 51.31 51.31 52.03 102.92 103.23 103.07 75.2 8.93
Average: 66.5 7.93
43-C 51.74 51.31 51.49 51.51 103.86 103.30 103.58 49.0 5.85
43-D 51.56 51.31 51.31 51.39 102.54 102.79 102.67 82.8 9.99
44-C 51.18 51.03 5141 51.21 102.51 102.82 102.67 69.0 8.36
44-D 53.95 51.18 51.71 52.28 103.35 103.28 103.31 64.4 7.59
Average: 66.3 7.95
45-C 52.71 51.71 51.74 52.05 103.30 103.28 103.29 79.6 943
45-D 51.69 51.51 51.66 51.62 102.74 102.69 102.72 71.8 8.62
46-C 52.76 51.56 51.56 51.96 103.58 103.38 103.48 25.0 2.96
46-D 51.51 51.56 52.32 51.80 103.05 102.67 102.86 454 542
Average: 55.5 6.61
47-C 51.05 50.88 51.23 51.05 101.90 102.31 102.11 65.8 8.04
47-D 51.56 51.31 51.69 51.52 102.62 102.03 102.32 53.6 6.47
48-C 51.56 5149 51.51 51.52 101.75 101.85 101.80 44.2 5.36
48-D 51.61 51.64 51.74 51.66 102.03 101.78 101.90 67.0 8.10
Average: 577 6.99
50-A 51.64 52.15 51.51 51.77 103.00 102.24 102.62 13.0 1.56
50-B 51.05 50.95 51.10 51.04 101.73 102.11 101.92 222 2.72
50-C 50.34 49.91 50.75 50.33 102.06 102.44 102.25 6.6 0.82
5-B 51.18 51.28 51.21 51.22 101.88 102.13 102.01 16.6 2.02
Average: 13.9 1.78
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Table B.4 Treatments for the statistical analysis

Largest
PET to Length Percentage  particle
Filler = Form of of Fibers of Fibers size

Treatment Filler Form Ratio PET (mm) (%) (mm)
1 P.C. fly ash 50/50  Processed 13 3 -
3 UNI FB 50/50  Processed 13 3 2
5 Ames 50/50  Processed 13 0 -
7 Ames 50/50  Processed 13 3 -
9 Ames 45/55  Processed 13 3 -
11 Ames 40/60  Processed 13 3 -
13 Ames 35/65  Processed 13 3 ---
15 Ames 50/50  Processed 13 1 -
17 Ames 50/50  Processed 13 2 -
19 Ames 50/50  Processed 13 4 -
21 ISU CFB fly ash 50/50  Processed 13 3 ---
23 ISU stoker bottom ash 50/50  Processed 13 3 2
25 Ames 50/50  Processed 6 3 ---
27 Ames 50/50  Processed 6 4 -
29 Ames 50/50  Processed 6 5 -
31 Ames 50/50  Processed 6 6 -
33 Ames 50/50  Dirty 13 3 -—-
35 Ames 50/50  Clean 13 3 ---
37 Plastic 100/0  Processed 13 3 -
39 Lime 50/50  Processed 13 3 2

41 ISU CFB bottom ash 50/50  Processed 13 3 4,750

43 ISU CFB bottom ash 50/50  Processed 13 3 0.425

45 ISU CFB bottom ash 50/50  Processed 13 3 0.150

47 Sump 50/50  Processed 13 3 0.150
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Table B.5 Statistics results for filler material

Compressive Strength (MPa)

Splitting Tensile Strength (MPa)

Treament Mean Difference  Significance Mean Difference  Significance
P.C. fly ash - UNI FB -22.500 0.002 -3.428 0.001
P.C. fly ash - Ames fly ash Not significant Not significant

P.C. fly ash - ISU CFB fly ash -26.375 0.000 -6.543 0.000
P.C. fly ash - ISU stoker bottom ash Not significant -1.943 0.049
P.C. fly ash - No filler Not significant Not significant

P.C. fly ash - Lime 20.000 0.005 Not significant

P.C. fly ash - CFB bottom ash Not significant -5.875 0.000
P.C. fly ash - Sump -18.000 0.012 -4.938 0.000
UNI FB - Ames fly ash 19.075 0.008 2.660 0.008
UNI FB - ISU CFB fly ash Not significant -3.115 0.002
UNI FB - ISU stoker bottom ash Not significant Not significant

UNI FB - No filler 31.150 0.000 2.663 0.008
UNI FB - Lime 42.500 0.000 3.485 0.001
UNI FB - ISU CFB bottom ash 30.750 0.000 -2.448 0.014
UNI FB - Sump Not significant Not significant

Ames fly ash - ISU CFB fly ash -22.950 0.001 -5.775 0.000
Ames fly ash - ISU stoker bottom ash Not significant Not significant

Ames fly ash - Plastic Not significant Not significant

Ames fly ash - Lime 23.425 0.001 Not significant

Ames fly ash - ISU CFB bottom ash Not significant -5.108 0.000
Ames fly ash - Sump -14.575 0.039 -4.170 0.000
ISU CFB fly ash - IUS stoker bottom

ash 15.900 0.025 4.600 0.000
ISU CFB fly ash - Plastic 35.025 0.000 5.778 0.000
ISU CFB fly ash - Lime 46.375 0.000 6.600 0.000
ISU CFB fly ash - ISU CFB bottom

ash 34.625 0.000 Not significant

ISU CFB fly ash - Sump Not significant Not significant

ISU stoker bottom ash - Plastic 19.125 0.007 Not significant

ISU stoker bottom ash - Lime 30475 0.000 2.000 0.043
ISU stoker bottom ash - ISU CFB

bottom ash 18.725 0.009 -3.933 0.000
ISU stoker bottom ash - Sump Not significant -2.995 0.003
Plastic - Lime Not significant Not significant

Plastic - ISU CFB bottom ash Not significant -5.110 0.000
Plastic - Sump -26.650 0.000 4.173 0.000
Lime - ISU CFB bottom ash -11.750 0.095 -5.933 0.000
Lime - Sump -38.000 0.000 4.995 0.000
ISU CFB bottom ash - Sump -26.250 0.000 Not significant
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Table B.6 Statistics results for PET to filler ratio

Compressive Strength (MPa)

Splitting Tensile Strength (MPa)
Mean Difference  Significance

Treatment Mean Difference  Significance
100/0 - 50/50 Not significant Not significant
100/0 - 45/55 -19.500 0.006 Not significant
100/0 - 40/60 -22.050 0.002 Not significant
100/0 - 35/65 -42.425 0.000 -4.005 0.000
50/50 - 45/55 Not significant Not significant
50/50 - 40/60 Not significant Not significant
50/50 - 35/65 -30.350 0.000 -4.003 0.000
45/55 - 40/60 Not significant Not significant
45/55 - 35/65 -22.925 0.002 -2.825 0.005
40/60 - 35/65 -20.375 0.004 -2.485 0.012

Table B.7 Statistics results for form of PET

Compressive Strength (MPa)

Splitting Tensile Strength (MPa)
Mean Difference  Significance

Treatment Mean Difference  Significance

Processed - Dirty Not significant Not significant
Processed - Clean -14.100 0.046 Not significant
Dirty - Clean -23.675 0.001 Not significant

Table B.8 Statistics results for length of fiberglass fibers

Treatment

Compressive Strength (MPa)
Mean Difference  Significance

Splitting Tensile Strength (MPa)
Mean Difference  Significance

13 mm - 6 mm

Not significant

Not significant

Table B.9 Statistics results for percentage of 6 mm fiberglass fibers

Compressive Strength (MPa)

Splitting Tensile Strength (MPa)

Treament Mean Difference  Significance  Mean Difference  Significance
0% - 3% Not significant Not significant

0% - 4% Not significant Not significant

0% - 5% Not significant Not significant

0% - 6% Not significant -2.200 0.026
3% - 4% Not significant Not significant

3% - 5% Not significant Not significant

3% - 6% Not significant Not significant

4% - 5% Not significant Not significant

4% - 6% Not significant Not significant

5% - 6% Not significant Not significant
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Table B.10 Statistics results for percentage of 13 mm fiberglass fibers

Compressive Strength (MPa) Splitting Tensile Strength (MPa)
Mean Difference Significance = Mean Difference  Significance

Percentage of long fibers

0% - 3% Not significant Not significant
0% - 1% Not significant Not significant
0% - 2% -21.750 0.000 Not significant
0% - 4% -26.900 0.000 Not significant
3% - 1% Not significant Not significant
3% - 2% -15.050 0.034 Not significant
3% - 4% -20.200 0.005 Not significant
1% - 2% - Not significant Not significant
1% - 4% -17.275 0.015 Not significant
2% - 4% Not significant Not significant

Table B.11 Statistics results for largest particle size

Treatment Compressive Strength (MPa) Splitting Tensile Strength (MPa)

(mm) Mean Difference  Significance Mean Difference  Significance
2.000 - 0.425 Not significant Not significant
2.000 - 0.150 Not significant Not significant
0.425 - 0.150 Not significant Not significant
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APPENDIX C: PIPE SPECIMEN DATA



Table C.1 Pipe specimen design mixes

123

Ultimate
Maximum 3-Edge
RPET Percentof  Particle  Cooking Bearing
toFiller = Form of  Fiberglass Size Time Strength
Pipe  Filler Ratio RPET (%) (mm) (hours)  (kN/m)
1 Pipe was not tested because of manufacturing problems
2 Pipe was not tested because of manufacturing problems
3 P.C.FlyAsh 50/50 Processed 3 - --- 66.86
4 P.C.Fly Ash 50/50 Processed 3 --- 6.25 44.73
5 P.C.Fly Ash 50/50  Processed 3 --- 5.50 52.75
6  UNI Fluidized Bed Ash 50/50  Processed 3 --- 5.75 56.17
7  UNI Fluidized Bed Ash 50/50  Processed 3 2 7.25 54.91
8  UNI Fluidized Bed Ash 50/50  Processed 3 2 4.75 68.30
9 Lime 50/50  Processed 3 2 4.00 42.86
10 Pipe was not tested because of manufacturing problems
11 Lime 50/50 Processed 35 2 425 67.24
12 Lime 50/50  Processed 4 2 5.00 50.45
13 Ames Fly Ash 50/50 Dirty 3 - 5.75 53.99
14  Ames Fly Ash 50/50  Processed 3 - 5.50 5142
15  Ames Fly Ash 50/50 Clean 3 --- 5.75 50.23
16  Slump 50/50  Processed 3 0.150 4.00 41.25
17 ISUCFB Fly Ash 50/50 Processed 3 -—- 5.50 51.27
18 Lime 50/50  Processed 4 2 5.00 55.13
19  UNI Fluidized Bed Ash 40/60 Processed 3 2 4.00 94.65
20  UNI Fluidized Bed Ash 33/67 Processed 3 2 6.50 77.77
21 ISUCFB Bottom Ash 50/50 Processed 3 2 4.75 27.82
22 ISU CFB Bottom Ash 50/50  Processed 3 4.750 5.00 76.84
23 ISU CFB Bottom Ash 50/50  Processed 3 0.425 6.00 50.81
24 ISU CFB Bottom Ash 50/50  Processed 3 0.150 5.00 49.74
25 ISU CFB Stoker Fly Ash 50/50  Processed 3 - 8.50 25.12
26  Scrap Material 3% fiberglass added to the mixture 5.50 72.74
27  Scrap Material No extra fiberglass was added to the mixture 5.25 38.43
28  ISU Stoker Bottom Ash 50/50 Processed 3 2 6.00 39.46
30  Processed RPET 100/0 Processed 3 -—- 8.25 21.65
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Table C.2 Pipe specimen dimensions

Smallest Smallest Largest
Top Largest Top  Bottom Bottom Average
Thickness Thickness Thickness Thickness Thickness  Average

Pipe  Height(m)  (mm) (mm) (mm) (mm) (mm)  Area (m%)

1 Pipe was not measured due to manufacturing problems

2 Pipe was not measured due to manufacturing problems

3 0.2572 37.21 40.03 46.00 46.00 37.71 0.0324
4 0.2572 29.46 43.94 49.40 49.40 37.50 0.0322
5 0.2540 27.89 44.81 44.96 44.96 37.00 0.0319
6 0.2635 35.18 42.55 45.72 45.72 38.86 0.0332
7 0.2604 34.98 44.58 39.32 39.32 38.54 0.0330
8 0.2604 31.62 4272 42.82 42.82 37.15 0.0320
9 0.2540 30.33 39.37 4191 41.91 35.90 0.0310
10 Pipe was not measured due to manufacturing problems

11 0.2572 30.61 38.33 39.50 39.50 35.68 0.0309
12 0.2540 21.79 38.48 41.40 41.40 34.00 0.0296
13 0.2540 33.78 37.72 40.34 40.34 36.79 0.0317
14 0.2572 28.98 38.23 40.74 40.74 35.38 0.0307
15 0.2572 31.67 36.83 41.02 41.02 35.79 0.0310
16 0.2572 32.89 38.05 40.28 40.28 35.95 0.0311
17 0.2540 31.85 37.90 40.01 40.01 36.87 0.0318
18 0.2572 28.60 44.65 47.02 47.02 36.83 0.0317
19 0.2572 32.87 41.25 45.67 45.67 38.30 0.0328
20 0.2572 37.72 41.96 4224 4224 39.42 0.0337
21 0.2667 38.46 49.05 4321 4321 42.88 0.0361
22 0.2604 31.62 41.17 46.48 46.48 39.08 0.0334
23 0.2604 34.44 39.14 39.32 39.32 36.94 0.0318
24 0.2572 36.88 40.03 43.18 43.18 39.25 0.0335
25 0.2159 33.32 37.69 39.60 39.60 35.88 0.0310
26 0.2572 27.05 38.63 44.45 44.45 35.71 0.0309
27 02572 35.00 38.76 39.01 39.01 36.69 0.0316
28 0.2572 32.74 37.13 40.77 40.77 36.55 0.0315
29 0.2572 33.55 36.20 38.53 38.53 35.78 0.0310
30 0.2540 32.94 38.74 43.92 43.92 36.36 0.0314
31 0.2572 33.71 37.13 41.76 41.76 36.33 0.0314
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Figure C.1 Pipe specimen # 3, crushing strength vs. strain for P. C. fly ash, 3%
fiberglass by weight with 50/50 PET to filler ratio by weight, (load, unload,
load to failure)
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Figure C.2 Pipe specimen # 4, crushing strength vs. strain for P. C. fly ash, 3%
' fiberglass by weight with 50/50 PET to filler ratio by weight, (load to 75%
ultimate strength, unload, load to failure)
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Figure C.3 Pipe specimen # 5, crushing strength vs. strain for P. C. fly ash, and 3%

fiberglass by weight with 50/50 PET to filler ratio by weight
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Figure C.4 Pipe specimen # 6, crushing strength vs. strain for UNI fluidized bed ash,
and 3% fiberglass by weight with 50/50 PET to filler ratio by weight
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Figure C.5 Pipe specimen # 7, crushing strength vs. strain for UNI fluidized bed ash,
3% fiberglass by weight with 50/50 PET to filler ratio by weight, largest
size particles 2 mm, (load, unload, load to failure)
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Figure C.6 Pipe specimen # 8, crushing strength vs. strain for UNI fluidized bed ash,
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Figure C.7 Pipe specimen # 9, crushing strength vs. strain for lime, and 3% fiberglass
by weight with 50/50 PET to filler ratio by weight, largest size particles 2
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Figure C.8 Pipe specimen # 11, crushing strength vs. strain for lime, and 3.5%
fiberglass by weight with 50/50 PET to filler ratio by weight, largest size
particles 2 mm, (loading, unloading, and loading to failure)
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Figure C.9 Pipe specimen # 12, crushing strength vs. strain for lime, and 4% fiberglass
by weight with 50/50 PET to filler ratio by weight, largest size particles 2
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Figure C.10 Pipe specimen # 13, crushing strength vs. strain for Ames fly ash, 3%
fiberglass by weight with 50/50 PET to filler ratio by weight, “dirty” PET
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Figure C.11 Pipe specimen # 14, crushing strength vs. strain for Ames fly ash, 3%

fiberglass by weight with 50/50 PET to filler ratio by weight, “processed”
PET
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Figure C.12 Pipe specimen # 15, crushing strength vs. strain for Ames fly ash, 3%
fiberglass by weight with 50/50 PET to filler ratio by weight, “clean” PET
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Figure C.13 Pipe specimen # 16, crushing strength vs. strain for sump, and 3%

Crushing Strength (kN/m)

fiberglass by weight with 50/50 PET to filler ratio by weight, largest
particle size 0.150 mm
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Figure C.14 Pipe specimen # 17, crushing strength vs. strain for ISU CFB fly ash, and

3% fiberglass by weight with 50/50 PET to filler ratio by weight
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Figure C.15 Pipe specimen # 18, crushing strength vs. strain for lime, 4% fiberglass by
weight with 50/50 PET to filler ratio by weight, largest particle size 2 mm,
(load to 75% of ultimate strength, unload, load to failure)
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Figure C.16 Pipe specimen # 19, crushing strength vs. strain for UNI fluidized bed ash,
and 3% fiberglass by weight with 40/60 PET to filler ratio by weight,
largest particle size 2 mm
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Figure C.17 Pipe specimen # 20, crushing strength vs. strain for UNI fluidized bed ash,
and 3% fiberglass by weight with 33/67 PET to filler ratio by weight,
largest particle size 2 mm
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Pipe specimen # 21, crushing strength vs. strain for ISU CFB bottom ash,

and 3% fiberglass by weight with 50/50 PET to filler ratio by weight,
largest particle size 2 mm
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Figure C.19 Pipe specimen # 22, crushing strength vs. strain for ISU CFB bottom ash,
and 3% fiberglass by weight with 50/50 PET to filler ratio by weight,

[ (¥8) S W [o)
(=) (=) o o (=]

Crushing Strength (kN/m)

—
]

0

largest particle size 4.75 mm

/

/

/

0.000

T 1 T

-0.005 -0.010 -0.015
Strain (AD/Dout)

T

-0.020

-0.025

-0.030

Figure C.20 Pipe specimen # 23, crushing strength vs. strain for ISU CFB bottom ash,
and 3% fiberglass by weight with 50/50 PET to filler ratio by weight,

largest particle size 0.425 mm
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Figure C.21 Pipe specimen # 24, crushing strength vs. strain for ISU CFB bottom ash,
and 3% fiberglass by weight with 50/50 PET to filler ratio by weight,
largest particle size 0.150 mm
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Figure C.22 Pipe specimen # 25, crushing strength vs. strain for ISU stoker fly ash, 3%
fiberglass by weight with 50/50 PET to filler ratio by weight, (load, unload,
load to failure)
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Figure C.23 Pipe specimen # 26 crushing strength vs. strain for crushed material,
additional 3% fiberglass added by weight with 50/50 PET to filler ratio by
weight
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Figure C.24 Pipe specimen # 27 crushing strength vs. strain for crushed material, no

additional fiberglass added with 50/50 PET to filler ratio by weight (load,
unload, load to failure)
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Figure C.25 Pipe specimen # 28 crushing strength vs. strain for ISU stoker bottom ash,
crushed, 3% fiberglass by weight with 50/50 PET to filler ratio by weight,

largest particle size 2 mm, (load, unload, load to failure)
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Figure C.26 Pipe specimen # 30 crushing strength vs. strain for “processed PET, 3%

fiberglass by weight with 100/0 PET to filler ratio by weight
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APPENDIX D: DURABILITY DATA



Table D.1 Water Absorption data
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Week 1 Week 3 Week 5 Week 7 Water
Mass Thickness Adsorption Absorption Absorption Absorption Absorbed
Sample  (g) (mm) (€] 2) ) ® (%)
1 24.22 7.366 0.64 0.77 0.96 1.12 4.62
4 27.62 8.458 1.47 2.16 240 2.37 8.58
8 25.87 7.747 0.62 0.80 1.01 1.16 448
10 24.77 6.985 0.48 0.74 0.94 1.00 4.04
11 23.53 6.401 0.50 0.75 0.89 0.94 3.99
13 24.32 6.452 0.60 0.98 1.29 1.40 5.76
16 27.16 8.103 0.26 0.46 0.77 1.03 3.79
17 24.54 7.087 0.58 0.82 1.01 1.08 4.40
19 20.18 6.248 0.67 0.78 0.99 1.02 5.05
22 23.56 7.188 1.58 2.44 247 2.51 10.65
24 22.82 7.137 0.66 0.81 1.11 1.20 5.26
26 29.40 8.306 0.61 0.89 1.05 1.10 3.74
28 23.87 7.239 0.57 0.73 0.80 0.85 3.56
29 24.61 7.137 0.67 0.82 091 0.96 3.90
31 24.69 7.036 0.68 0.83 0.99 1.01 4.09
33 25.87 7.442 0.86 1.03 1.14 1.21 4.68
36 23.82 6.706 0.58 0.79 0.93 0.97 4.07
38 12.35 5.131 0.22 0.25 0.44 0.55 4.45
39 17.57 6.071 0.96 0.97 1.17 1.26 7.17
42 2227 6.807 2.62 2.16 2.57 227 11.76
44 26.67 8.026 3.25 2.82 3.07 2.66 12.19
46 25.64 7.417 2.95 2.84 3.17 295 12.36
47 26.17 7.442 0.13 0.28 0.38 0.47 1.80
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Table D.2 Specimen dimensions prior to acid tests

Weight Thickness Diameter Diameter

Sample (9) (mm) 1 (mm) 2 (mm)
1 27.99 8.179 51.435 51.054
4 22.37 6.756 48.438 51.765
5 25.14 7.671 51.181 51.054
8 26.45 7.823 51.384 51.257
10 23.54 6.985 50.851 50.876
11 27.19 7.315 51.257 51.130
13 28.25 7.391 51.587 51.359
16 22.23 6.502 51.765 51.816
17 23.38 6.528 51.029 51.130
19 27.81 8.103 51.105 51.054
22 23.36 6.934 52.146 51.511
24 24.61 7.671 51.562 52.070
26 26.38 7.518 51.308 51.308
28 28.91 8.001 51.740 51.308
29 22.57 6.477 51.359 51.283
31 25.42 7.036 51.689 51.435
33 23.38 6.858 51.283 51.359
36 24.85 6.934 51.689 51.587
38 16.77 6.782 51.435 51.384
39 22.95 7.391 51.714 51.714
42 22.31 6.401 53.213 53.162
44 19.98 5.182 54.204 53.873
46 20.33 6.350 53.721 54.102
47 28.30 8.433 51.359 51.359
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Table D.3 Acid test results for week 1
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Weight Thickness Diameter Diameter
Sample (@) (mm) 1 (mm) 2 (mm) Comments
1 28.44 8.230 51.765 51.740
4 22.68 6.680 49.022 52.349  Side Chipped
5 25.14 7.366 51.460 51.232  colorfading
8 26.68 7.874 51.511 51.079  color fading
10 24.48 7.620 52.070 51.740 color fading
11 27.83 7.798 51.689 51.613 color fading
13 29.20 8.001 51.892 52.019  color fading
16 22.55 6.350 52.019 52.019  color fading
17 23.48 6.756 51.257 52.019  color fading
19 28.16 8.077 51.867 51.257  color fading
22 24.41 6.909 52.451 51.943
24 24.89 7.518 51.689 52.248
26 26.89 7.417 51.943 51.613 Dropped and it broke
28 29.24 8.001 52.070 51.689  color fading
29 23.17 6.375 51.791 51.943 color fading
31 25.82 7.391 52.019 51.638  color fading
33 23.86 7.010 51.765 51.892  color fading
36 25.09 6.985 52.146 51.943  color fading
38 16.90 6.731 51.740 51.638
39 24.48 7.315 52.273 52.553  Growth
42 Specimens degraded to powdery substance
44 Specimens degraded to powdery substance
46 Specimens degraded to powdery substance
47 28.48 8.255 51.562 51.689
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Table D.4 Acid test results for week 3

Weight Thickness Diameter Diameter

Sample (9) (mm) 1 (mm) 2 (mm) Comments
1 26.31 8.661 43.967 52.527  Falling apart
4 Fell apart cannot measure pieces

5 25.29 7.468 51.587 51.511

8 27.63 8.331 52.730 52.578

10 Fell apart cannot measure pieces

11 30.21 8.255 54.026 53.619  Falling apart
13 31.63 8.230 53.670 53.797  Side fell off

16 23.22 6.655 52.553 52.781

17 24.00 6.782 51.562 51.841

19 29.43 8.382 52.781 52.273

22 20.00 8.001 53.594 42.570  broken 1/2 left
24 25.13 7.620 51.943 52.502

26 Specimen was destroyed during the first week of testing

28 30.42 8.179 52.959 52.451

29 24.89 7.087 54.483 53.645 flakey, falling apart
31 26.90 7.137 53.010 52.959

33 17.90 7.468 Falling apart
36 25.67 7.493 52.451 52.299

38 16.91 6.706 51.664 51.562

39 24.13 8.077 51.156 53.899  pieces missing
42 Specimen was destroyed during the first week of testing

44 Specimen was destroyed during the first week of testing

46 Specimen was destroyed during the first week of testing

47 28.50 8.230 51.587 51.816  looks best

www.manaraa.con



147

Table D.5 Acid test results for week 5

Sample

Weight Thickness Diameter Diameter
@ (mm) 1(mm) 2(mm) Comments

1
4
5
8

10

11

13

16

17
19

22

24

26

28

29

31

33

36

38

39

42

44

46

47

Fell apart cannot measure pieces
Specimen was destroyed during the third week of testing

25.53 7.417 51.816 51.460 sides starting to crack
Fell apart cannot measure pieces
Specimen was destroyed during the third week of testing

Fell apart cannot measure pieces

Fell apart cannot measure pieces

24.09 7.772 53.416 54.737  Starting to crack
24.65 5.994 52.172 52.629 sides starting to crack
Fell apart cannot measure pieces

Fell apart cannot measure pieces

25.23 7.620 51.943 52.832  looks good
Specimen was destroyed during the first week of testing

Fell apart cannot measure pieces

Fell apart cannot measure pieces

Fell apart cannot measure pieces

Fell apart cannot measure pieces

26.55 7.087 52.781 52.781  edge coming apart
16.99 6.909 51.943 51.816

Fell apart cannot measure pieces

Specimen was destroyed during the first week of testing
Specimen was destroyed during the first week of testing
Specimen was destroyed during the first week of testing

28.52 8.433 51.613 51.816  Looks the best
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Table D.6 Acid test results for week 7

Sample

Weight Thickness Diameter Diameter

2 (mm) 1 (mm) 2 (mm) Comments

1
4
5
8
10
11
13
16

17
19
2
24
26
28
29
31
33
36
38
39
42
44
46
47

Specimen was destroyed during the fifth week of testing
Specimen was destroyed during the third week of testing

25.87 7.696 52.121 51.689 sides starting to crack

Specimen was destroyed during the fifth week of testing
Specimen was destroyed during the third week of testing
Specimen was destroyed during the fifth week of testing
Specimen was destroyed during the fifth week of testing
Specimen was destroyed during the fifth week of testing

pieces fell off while

23.42 7.290 52.934 53.492 drying
Specimen was destroyed during the fifth week of testing
Specimen was destroyed during the fifth week of testing

25.45 7.696 52.019 52.959  slight crack
Specimen was destroyed during the first week of testing
Specimen was destroyed during the fifth week of testing
Specimen was destroyed during the fifth week of testing
Specimen was destroyed during the fifth week of testing
Specimen was destroyed during the fifth week of testing

27.00 7.366 53.543 54.229  starting to crack

16.97 6.833 51.791 51.867
Specimen was destroyed during the fifth week of testing
Specimen was destroyed during the first week of testing
Specimen was destroyed during the first week of testing
Specimen was destroyed during the first week of testing

28.53 8.255 51.511 51.714  Looks the best
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