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1.0 INTRODUCTION

The purpose of the Glass Feedstock Evaluation project is to provide the necessary information on cullet
properties and processing so that engineers can specify the use of cullet as a construction aggregate with confidence
and recycled glass aggregate suppliers can invest in market development with minimal risk. The study defines the
suitability of cullet as a construction aggregate in terms of its engineering performance, environmental impact, cost
comparability to natural aggregates, and safety in handling.

The Glass Feedstock Evaluation project is divided into a series of five tasks. The results of each task are
published in a separate report. This report is the Task 5 Report, Evaluation of Cullet as a Construction Aggregate.
It contains a synopsis of the results of the environmental, equipment, and engineering evaluations, tasks 2, 3, and
4, respectively. Detailed test data may be found in these earlier reports. The Task 1 report outlines the testing
program followed in the later tasks.

The Task 5 report, in addition to summarizing the Glass Feedstock Evaluation results, presents a model that
can be used to assess the economic potential of cullet for local aggregate markets. The report concludes with model
specifications and recommendations for using glass in specific applications.

2.0 STUDY APPROACH

Good technical information is crucial to speeding the development of new markets. Without such information,
engineers are reluctant to specify recycled materials, because they have the ultimate responsibility for final product
performance. Making reliable technical information on glass material properties available to engineers enhances
the competitiveness of glass as a feedstock.

Also critical to establishing a market is information on production options, that is, how to cost-effectively make
the product while meeting the needs of the product user. Finally, before marketing a project, verification that the
product is safe to handle and will not negatively affect the environment, is required.

The purpose of the Glass Feedstock Evaluation project was to fill these information needs relative to using glass
as a construction aggregate. The study addresses the sum of technical information needed to open this market.
Reviewers from around the country lent their expertise to ensure that the study was of the highest quality. The
study was conducted by the Seattle office of Dames & Moore Inc., a world-wide environmental and engineering
consulting firm.

2.1 TECHNICAL APPROACH

Glass is collected and prepared for market around the country in different ways. If used as an aggregate, cullet
will also have to meet relevant state and local specifications. The Glass Feedstock Evaluation was designed to
simplify the large number of variables represented by these two market conditions. The data then collected could
be used as a good predictor of performance for a variety of aggregate applications. However, the information
contained in this study cannot be used to say that all glass sources are suitable for all aggregate applications. The
suitability of a particular glass source for use as aggregate must be reviewed for the particular application proposed.
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The applications of interest in this study were all unbound aggregate applications. The first task in the study
was to identify and review the properties relevant to these applications and the standard test methods used to obtain
values for these properties. It was beyond the scope of the study to look at glass as an aggregate in composites such
as glassphalt and glasscrete.

Glass sampling sources were selected from around the country to represent the spectrum of glass collection and
sorting systems. These included drop boxes, deposit, curbside commingled collection, blue bag programs, and
others. The purpose of this sample selection was to define the range of debris levels that might be typically
expected. Once categorized for debris level, high and low sources were selected for further environmental and
engineering performance testing.

In addition to debris level, the study investigated two other key independent variables to determine their effect
on engineering performance. These were: cullet content in the aggregate mix (15%, 50%, and 100% by weight)
and cullet gradation (1/4 inch minus and 3/4 inch minus). Techniques are available to control both these variables:
aggregate mixing equipment for cullet content and glass crushers for cullet gradation.

Where possible, American Society for Testing and Materials (ASTM) standards for testing were chosen because
of the familiarity of engineers around the country with these standards. Most engineers are able to relate the results
from ASTM methods to local specifications.

Specifications that determine the classification of the aggregate product, e.g. gradation or durability measures,
such as L.. A. Abrasion results, vary a great deal depending on local aggregate sources, engineering design, and other
local factors. As part of the study the aggregate specifications from the six co-sponsoring states were analyzed to
determine the envelope of specifications of interest,

Finally, a statistical analysis was conducted on key environmental and engineering data obtained in the study
to ensure that any variability in results were within the expected range at a high confidence level.

3.0 DEBRIS LEVEL TESTING

The purpose of performing the physical debris testing was to visually classify each feedstock source to identify
the type and percentage of debris present. Feedstock sources were evaluated using a visual classification method
(American Geological Institute). This visual classification is a standard field method used by geologists to estimate
the percentage composition of constituents in soil and rock. Two additional methods were employed to
quantitatively assess the debris by weight and by volume to evaluate the accuracy of the visual classification method.

Samples were collected from a total of 29 sources located throughout the country. Each source was classified
according to the collection/sorting system from which it originated and to its color. When possible, the
collection/sorting schemes were represented by two or more sources. There were [4 green, four amber, five flint,
and six mixed color sources.

By visual classification methods, the debris levels found in the cullet sources ranged from a low of 1% to a high
of 50%. Visual classification produces a greater quantitative variation between high and low debris levels than do
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volume and weight testing methods, because of the platey nature of the debris. However, visual classification
results did correlate with the results from the weight and volume based methods. Visual classification was selected
as a method that could be easily employed in the field.

Samples containing debris levels or 10% or greater in either of the two size classifications (1/4 inch minus or
3/4 inch minus) were defined as high debris level; from 3% to 7% as medium debris level; and less than 3% as
low debris level. There were eight high level sources, nine medium level sources, and six low level sources (23
out of 29 sources were classified). Two high debris samples each containing 15% debris according to the visual
classification had 2.9% and 6.5% debris content by weight, and 7.7% and 7.2% debris content by volume. In
general, cullet debris consisted of paper, foil, and plastic labels; plastic and metal caps; cork; paper bags; wood
debris; food residue, and grass. The most common types of debris observed in the sources were labels (paper and
plastic) and bottle caps (metal and plastic).

4.0 ENVIRONMENTAL SUITABILITY TESTING

The goal of the environmental testing program was to evaluate the environmental suitability of glass cullet for
use as a construction aggregate.

4.1 TESTS PERFORMED

The environmental testing program included three components: organic and inorganic chemical characterization
of feedstocks and an assessment of the potential for bacterial growth; an assessment of contaminant leachability over
time; an assessment of the incidence of lead and leachable lead contamination in different feedstocks.

The total lead tests were performed on samples received from all of the sources and a subset of the samples
were analyzed for leachable lead. Chemical and contaminant leaching over time were conducted on three
representative "high debris level” and "low debris level” samples. The chemical characterization tests assessed pH,
priority péllutant total metals, semi-volatile organics, and total organic carbon. Contaminant leaching over time was
assessed by performing a sequential batch extraction using an aqueous solution followed by the analysis of pH,
biological oxygen demand, chemical oxygen demand, total organic carbon, and total metals.

4.2 RESULTS AND CONCLUSIONS

No appreciable environmental impact could be detected. Out of 29 different cullet source analyzed, all sources
but one exhibited total and leachable lead concentrations within acceptable regulatory limits. The anomalous source,
a green cullet sample obtained from a furnace-ready beneficiated sorting process, contained elevated concentrations
of total lead as compared to the other cullet samples and contained leachable lead concentrations above the federal
regulatory limit (5.0 mg/l). The lead concentrations found in this sample appear to be attributable to packing
materials such as lead foil wrappers. It is unclear whether the high lead incidence found in this source represents
an anomaly, however it should be noted that because this source was a beneficiated source, it would not be
considered for aggregate applications.
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Limited organic compounds were found in "high" and "low" debris cullet samples and included components
of plastics, low concentrations of food residues, and organics that occur naturally in the environment. One source
“did contain elevated levels of polycyclic aromatic hydrocarbons (PAHs). During the test on this sample, an oily
sheen was noted on the surface of the effluent. It was later found that the blue bag collection scheme from which
this sample was derived receives plastic engine oil bottles from consumers. It is felt that the high PAHs indicated
in the test results are linked with the presence of oil from such bottles.

The evaluation of the contaminant leaching over time indicated that little or no potential exists for supporting
bacterial growth and that metal concentrations do not appear to pose a risk to the environment.

5.0 SAFETY ANALYSIS

Air samples for silica tests were taken during the engineering test program of the cullet to assess potential
airborne risks from crystalline silica, which is a known carcinogen. Test results on these samples indicated
crystalline silica concentrations less than one percent, which is not considered hazardous by federal regulations.
Therefore, cullet appears to have none of the health risks which are associated with silica sand.

Cullet is an abrasive material. Laboratory personnel experienced some skin irritation where very fine cullet
fragments abraded the skin at shirt cuffs or collars. This irritation was prevented through the use of protective
clothing which minimized bodily contact with cullet. Safety clothing normally used when working with natural
aggregate should be worn when working with cullet.

6.0 EQUIPMENT EVALUATION

The crushing equipment chosen to produce cullet directly affects capital costs, operational costs, maintenance
costs, production capacity, and cullet quality. This section provides an overview of factors important for appropriate
equipment selection.

6.1 TESTS PERFORMED

Factors which affect purchasing decisions include, but are not limited to, capital costs, operational and
maintenance costs, crushing mechanism type, crushing capacity, cullet quality, noise level, dust level, equipment
size, and portability.

The evaluation program was divided into two phases. The first phase involved a survey of manufacturers in
order to obtain product information. From these responses, a group was selected to conduct the second phase of
the evaluation. The second phase involved monitoring actual performance tests of six brands of crushing equipment.
The tests were conducted at different locations across the country. Data were taken regarding power requirements,
noise levels, dust levels, and cullet quality. In addition, owners and operators were interviewed regarding ease of
operation, maintenance problems, and overall satisfaction.
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6.2 RESULTS AND CONCLUSIONS

There are crushing systems currently available which appear well suited for construction quality cullet
production. The following recommendations are provided to help assist organizations make a purchase decision.

¢ Training and Maintenance: The equipment should be relatively easy to operate and maintain. Training to
operate and maintain the equipment should be provided by the manufacturer. Replacement parts and technical
assistance should be readily available. The equipment should be protected under a strong warranty to cover
unforeseen breakdowns during the first year or so of operation. The equipment should be safe to operate.
Guards should be provided to protect workers from flying glass, rotating shafts, belts, pulleys, and other
moving parts.

*  Product Quality: Because cullet gradation and debris level are important factors with regard to engineering
performance, the crushing system should have a screening system to control particle size and debris level. This
system may be a vibrating screen, a rotating trommel, or an angled screen. Although not all of the
manufacturers offer screens or trommels as an option, many of them have the ability to fabricate such a device,

¢ Adjustable Crushing Mechanism: The ability to adjust the gradation of the cullet is a desirable option. By
controlling gradation, a cullet supplier might target the glass product to specific applications. Also, without
adjustability there may be too much oversized material. Although the oversize material can be collected on a
screen and recirculated through the crusher, this is an inefficient way to produce cullet. Thus, it is preferable
that the crusher produces cullet close to the size desired.

Crusher adjustability can take several forms. There may be an external adjustment which changes clearances
through which cullet must pass. The crushing mechanism speed may be varied with adjustable belts and pulleys
or gears and chains. Also, different mechanism configurations may be installed which yield different cullet
gradations.

* Wearing Surfaces: Cullet is a very abrasive material. 1t is therefore desirable that all wearing surfaces,
particularly those of the crushing mechanism, be constructed of abrasion-resistant materials. Alternatively,
wearing surfaces should be designed such that they may easily be replaced or resurfaced by depositional
welding. Additionally, food residue and label glue render cullet sticky. As a result, cullet tends to adhere to
conveyors and drive belts. This will abrade the belts and can clog the drive mechanism. Designs that prevent
cullet from sticking to belts or continuously remove the cullet will result in lower maintenance costs.

* Auxiliary Equipment: Auxiliary equipment may be desired to further automate or expedite production of cullet.
Hoppers should be wider and have move volume than the largest loader bucket to be used to feed it.
Otherwise, bottles will overflow the hopper and drop to the floor. Inlet conveyors should be large enough to
transport bottles from the inlet hopper location to the elevation of the crusher. The feed rate of the inlet
conveyor should not exceed the capacity of either the crusher or the outlet conveyor (if any). Trommels or
vibrating screens should be appropriately designed to work in conjunction with the other components of the
system. The use of auxiliary equipment also affects the overall dimensions of the glass crushing system. It
is important to consider height, length, and width restrictions before purchasing the equipment. Equipment
should easily pass through existing doorways, and under any overhead wires or structures.
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¢ System Portability: System portability may be important for agencies which desire to crush in more than one
location or in situations where equipment will be shared among agencies. Such systems should be easily loaded
or even mounted onto a truck or trailer. Another option is to purchase modular systems designed for quick
assembly at a site. Systems which are not designed to be portable may be fairly tall structures. These should
be well-anchored in seismically-active areas to reduce the risk of overturning during an earthquake.

*  Power requirements for the crushing system should be assessed. Some systems have multiple electric motors,
each requiring a separate circuit and on/off switch. All switches should be large and easy to throw in case of
an emergency. At very remote installations, or with portable systems, a generator may be desired to make the
system more self-contained.

7.0 ENGINEERING SUITABILITY TESTING

The goal of the engineering test program was to see if cullet and cullet-aggregate mixes performed as well as
typical natural aggregates in an engineering sense.

7.1 TESTS PERFORMED

A broad array of engineering tests were conducted on cullet and cullet-aggregate mixtures. Tests were
conducted to determine specific gravity, relative density, gradation, workability, durability, compaction,
permeability, thermal conductivity, and shear strength. The independent variables included cullet size (3/4 inch
minus and 1/4 inch minus), cullet content (0%, 15%, 50%, and 100%), and debris level (refatively high and low
debris levels).

7.2 RESULTS

The test results indicate that cullet and cullet-aggregate mixtures compare very well with natural aggregates in
the areas tested. The significant findings are discussed below,

® Specific Gravity And Relative Density: Specific gravity, a measure of a material’s density, is a widely used
parameter in establishing the density-volume relationship of a soil mass. It is used to determine the amount
of voids in aggregate. Relative density is a measure of a soil’s mass deasity relative to its possible range of
density. For cohesionless, granular materials such as cullet, the possible range of density is determined by the
maximum density and minimum density index tests.

The cullet samples have a lower specific gravity than natural aggregate, about 2.5 compared to 2.65 to 2.68
for natural aggregates. The lower specific gravity resulted in lower maximum and minimum index densities.
The density difference between a 15% and 100% cullet sample can be as high as 30%. The presence of debris
in the cullet reduced the specific gravity.

* Gradation: One of the important classifications of aggregates is based on size. The gradation of a material can

affect its engineering performance in many ways. For example, well-graded materials can generally be
compacted to a denser state, thus will have a higher strength but lower permeability than poorly-graded
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materials. A well-graded material has a good representation of particle size over a wide range. A poorly-
graded material has an excess or deficiency of certain grain sizes, or has mostly the same particle size.

Many applications such as roadway and engineering fill use gradation as the primary or sole criteria for
acceptance. Specifications dictate the distribution of particle sizes for a particular application. For example,
the specified gradation for a road aggregate varies according to the purpose for which it is to be used (subbase,
base, etc.). A total of 55 gradation analyses were conducted to record gradation before and after the cullet was
subjected to various loading conditions.

Significant gradation change occurred only when 100% cullet samples were subjected to heavy impact
compaction. All other test conditions produce little or no gradation change. These results imply the feasibility
of using all three compaction methods (see "Compactability") for the field control of fill materials comprised
of cullet. In addition, since these compaction methods mimic the compaction effort of the field equipment, the
minimal gradation change would also imply minimal difference in the engineering properties of the laboratory
compacted samples and those of the insitu fill material. This would tend to validate engineering designs which
are based on properties derived from laboratory testing. The hydrostatic compression and triaxial shear loading
produced little gradation change, implying minimal breakage of the cullet under normal working loads.

® Particle Shape: Aggregate workability - the ease with which an aggregate is handled and compacted - is
significantly affected by the angularity and shape of the particles. Angularity is a qualitative assessment of the
sharpness of edges and corners of a particle. Shape is a quantitative assessment of the flatness and elongation
of a particle.

All cullet particles tested were angular. About 20% to 30% of the 3/4 inch minus cullet but only 1% of the
1/4 inch minus cullet had a flat or platy shape. However, both sizes of cullet had a low percentage of flat and
elongated particles. These shapes indicate that the 3/4 inch minus cullet has a potential to cut, puncture, or
wedge into the moving parts of the normal construction equipment. On the other hand, similar problems are
not likely for the 1/4 inch minus cullet. The low percentage of the flat and elongated particles means a low
percentage of needle-sharp particles, implying a low potential of puncturing problems.

¢ Durability: The qualities of a material known as hardness and toughness have historically been regarded as
essential to good aggregate for roadways. The properties of hardness and toughness are closely related.
Hardness is made up, in part, by abrasion resistance and toughness is generally understood to mean the ability
of a material to resist fracture under impact. Crushing and grinding of cullet are expected to occur during
mixing, transportation, placement, and compaction. To evaluate the durability of cullet and cullet-aggregate
mixtures, Los Angeles (L.A.) abrasion tests were conducted. In an L.A. abrasion test, the sample is rolled
in a drum and the resultant particle breakdown is measured against an empirical standard.

Cullet is not as mechanically sound as crushed rock. The L.A. Abrasion loss for the 1/4 inch minus cullet is
about 30%, and that for the 3/4 inch minus cullet is about 42%. Although these losses are at least two times
greater than that of the crushed rock, they are relatively close to the normal limiting values for roadway
aggregate. It is believed that aggregate mixed with 50% cullet, even with a cullet size of 3/4 inch minus, will
meet the abrasion limit for roadway aggregate.
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e Compactability: The compaction characteristics of engineering fill include the relationship between dry density
and moisture content, the effect of compaction method on this relationship, the potential for gradation change
during the compaction process, and the sensitivity of the material to weather conditions (moisture change).
Since almost all engineering fills require compaction during placement, the characteristics are relevant to almost
all potential cullet applications. By testing materials of different constituents with different compaction methods,
the compaction characteristics of cullet and cullet mixtures can be evaluated, Tests were conducted to simulate
the effects of light impact compaction (standard Proctor test), heavy impact compaction (modified Proctor test),
and vibratory compaction (WSDOT 606 test).

The compacted density of the test samples was affected largely by cullet content, and to a lesser degree by
cullet size and debris level. The compacted density increased with decreasing cullet content. The maximum
dry density values obtained from the impact (modified Proctor) and vibratory (WSDOT 606) compaction tests
are about equivalent. Other than for the 100%, 3/4 inch minus cullet, all three compaction methods produced
little or no gradation change. The similarity in density values implies the feasibility of using any of the three
compaction methods for field control of compacted fills which contain cullet. The only exception to this is
100% cullet fills, in which case either the standard Proctor or WSDOT 606 methods should be used to assess
the maximum dry density for the material. In general, the compaction curves of the cullet samples are
relatively flat meaning that the compacted density is relatively insensitive to moisture content. This means that
the material can be placed and compacted during wet weather, keeping construction downtime to a minimum.

®  Feasibility of Nuclear Gage Density Test: Compaction quality control of construction aggregates is usually
achieved through control of the in-situ density. Nuclear density gages are commonly used to measure in-situ
density. The laboratory test results are inconclusive regarding the feusibility of using nuclear density gage for
the field control of the cullet or cullet-added fill materials. We believe that further study should be conducted
and this study should include testing of field test strips.

¢  Permeability: The permeability or hydraulic conductivity of a fill material plays a decisive role in drainage
applications. The rate of fluid flowing through a soil mass relates directly to its permeability. All of the cullet
samples tested exhibited medium to high permeability. These permeabilities correspond to those of a medium
sand and gravel which are commonly used as filter materials.

*  Thermal Conductivity: Thermal conductivity represents the ability of the material to conduct or resist heat
flow. This property can be important for applications such as bedding and backfill for electrical conduits which
are sources of electrical heat. The thermal conductivities of the cullet samples are slightly lower than that of
natural aggregate, that is, cullet conducts heat more slowly. The small difference indicates the feasibility of
using cullet materials for utility trench backfill.

e Shear Strength: For certain applications, aggregate is the primary load-carrying medium. The shear strength
of an engineering material is an important property for design of earth structures such as embankments,
roadway base courses, and engineering fill under foundations. Therefore, it is extremely important to consider
the factors which influence the load supporting capacity of an aggregate. mass. These factors are grouped under
the term "interparticle friction," since this is the primary mechanism by which the load is transferred within
a compacted soil mass.
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