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1. Introduction

Purpose of the Tool Kit

Since the publication of the Clean Washington Center’s (CWC) Glass
Feedstock Evauation Project in 1993, engineers and construction
contractors have implemented a number of projects, in Washington
State and esawhere, using glass as an aggregate feedstock. Also
during the last four years, a number of additiona studies have been
conducted to examine the use of glass as a condruction aggregate.

Despite these important developments, acceptance has been dow for
the use of glass as an aggregate by construction professonas

This Glass Construction Aggregate Tool Kit has been developed
for project owners, desgners, contractors, materia suppliers, and
gpecifying and permitting agencies.  Its purpose is to increase the
quality and focus of information available on the use of glass as a
congruction aggregate in order to increase the confidence with which
glass may be used as a replacement for minerd aggregates, and in
other specidity gpplications. This Toolkit updates and consolidates
technical engineering information on recycled glass aggregates based
on previous research and in-situ materid performance. The Toolkit
adso couples the technicd information with examples of successful
uses of glassin specific congruction applications.

Previous Investigations Evaluated

This publication is the product of the efforts of many organizations and
individuals. The mgority of this toolkit represents a consolidation of
the Clean Washington Center’'s Glass Feedstock Evaluation
Project, Volumes 1-5, prepared by Dames & Moore, Inc. in 1993

Information and test results from the following publications has been
incorporated into the consolidated Glass Feedstock Evauation:

1. Horida Depatment of Transportation,  Developing
Soecifications for Waste Glass and Waste-to-Energy Bottom
Ash as Highway Fill Materials, Volume 2 of 2 (Waste Glass).
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Prepared by the Horida Ingtitutue of Technology, Melbourne,
Florida, 1995.

3. Clean Washington Center, Best Practices in Glass Recycling.
Prepared in cooperation with Soil and Environmenta Engineers,
Inc. and Re-Sourcing Associates, Inc., Sedttle, Washington,
1996.

4. Browning-Ferris Indudtries of Ohio, Laboratory Testing Results,
Glass and Rubber Samples, Lorain County Landfill. Prepared
by Woodward-Clyde Consultants, Oberlin Ohio, 1993.

5. Browning-Ferris Industries of Ohio, Pulverized Glass Test Pad,
Lorain County Sanitary Landfill, Project No. 93-1359.
Prepared by Paul C. Rizzo and Associates, Inc, Oberlin, Ohio,
1994.

6. Henry, Karen and Morin, Susan Hunnewell, U.S. Army Cold
Regions Research Enginesring Laboratory, The Frost
Susceptibility of Crushed Glass Used as a Construction
Aggregate. Draft Report, Febraury, 1997.

7. Clean Washington Center, Crushed Glass as a Filter Medium
for the Onsite Treatment of Wastewater. Prepared by Stuth
and Company, Maple Vdley, WA., 1977.

Information in the Toolkit

The Glass Congruction Aggregate Toolkit provides the information to
successfully use recyded glass in vadue-added construction
gpplications, organized as follows:

> Technical Information - Sections 2,3, and 4. This Toolkit
incorporates information from a number of ground-bresking
testing and research reports on the use of glass. Sections 2, 3,
and 4 are focused on those issues that have proven to be the most
citicd of those affecting the use of glass in condruction
applications.  geotechnical and engineering properties, physicd,
chemical, and environmental properties; and equipment guiddines.
Each section contains redistic recommendations for congtruction
aggregate users, suppliers, and designers based on experiences
and lessons learned.
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Throughout these sections, the toolkit refers to samples of glass
cullet that were used to test materid properties, enginesring
characterigtics, and environmental impacts during the CWC and
FDOT dudies. The chart below describes the sample names and
sample configurations for the mgjor studies referenced.

Samples Referenced in the Toolkit’
. ______________________________________|
Cullet Sample Debris Cullet Cullet Collection and Sorting Source
Number Levels' Contents Gradations
(%)
CWC Glass Feedstock Study
CA-14 High 15, 50, 100 4" minus Blue Bags - Commingled
Yaminus Bottles/Cans/Paper
CA-15 High 15, 50, 100 4" minus Curbside - Commingled Only -
Yaminus Non-color sorted
AZ-01 High 15, 50, 100 Y4 minus Dropbox/Barrels - Unattended
Yaminus
OR-05 High 15, 50, 100 Y4 minus Curbside - Commingled Glass
Yaminus Only - Color Sorted at Curb
WM-10 High 15, 50, 100 Y4’ minus Curbside - Commingled With
Faminus Other Containers - Negative Sort
CA-13 High 15, 50, 100 Y4 minus Redemption
aminus
OR-01 High 15, 50, 100 Y4 minus Dropbox/Barrels - Unattended
Yaminus
WM-14 High 15, 50, 100 Y4 minus Blue Bags - Commingled
Yaminus Bottles/Cans/Paper
WM-11 Medium 15, 50, 100 4" minus Curbside - Commingled With
Yaminus Other Containers - Mixed Fraction
BFI-06 Medium 15, 50, 100 4" minus Curbside - Commingled Glass
Yaminus Only - Facility Sorted - Positive
Sort

! High Debris Levels = 5%-15%
Medium Debris Levels = 1% - 5%
Low Debris Levels = <1%

a 1998 cwcC
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Samples Referenced in the Toolkit’
. _________________________________________|
Cullet Sample Debris Cullet Cullet Collection and Sorting Source
Number Levels' Contents Gradations
(%)
CA-09 Medium 15, 50, 100 Y4 minus Curbside - Commingled With
Yaminus Other Containers - Positive Sort
BFI-07 Medium 15, 50, 100 Y4 minus Curbside - Commingled Glass
Yaminus Only - Facility Sorted - Negative
Sort
OR-12A Medium 15, 50, 100 4" minus Deposit Collection
Yaminus
AZ-02 Medium 15, 50, 100 4" minus Dropbox/Barrels - Attended
Yaminus
AZ-06 Medium 15, 50, 100 Y4 minus Curbside - Commingled Glass
Yaminus Only - Positive Sort
OR-12 Medium 15, 50, 100 Y4 minus Deposit Collection
Yaminus
WM-09 Medium 15, 50, 100 Y4’ minus Curbside - Commingled With
Faminus Other Containers - Positive Sort
MN-08 Low 15, 50, 100 Y4 minus Curbside - Commingled Glass
aminus Only - Mixed Cullet Fraction
WA-11 Low 15, 50, 100 Y4 minus Curbside - Commingled With
Yaminus other Containers - Mixed Fraction
WA-10 Low 15, 50, 100 Y4 minus Curbside - Commingled With
Yaminus Other Containers - Negative Sort
MN-04 Low 15, 50, 100 4" minus Curbside - source Separated by
Yaminus Consumer
WA-09 Low 15, 50, 100 4" minus Curbside - Commingled With
Yaminus Other Containers - Positive Sort
WA-15 Low 15, 50, 100 Y4 minus Furnace Ready Cullet -
Yaminus Beneficiated
Florida Department of Transportation Study
WPBMRF Medium 100 ASTM D 448 West Palm Beach Material
#8, #9, #10 Recycling Facility
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Samples Referenced in the Toolkit’

Cullet Sample Debris Cullet Cullet Collection and Sorting Source
Number Levels' Contents Gradations
(%)
BSMG Medium 100 ASTM D 448 Southeast Recycling Corporation
#8, #9, #10 (Brevard Shredded Mixed Glass)

> Model specifications for specific aggregate applications -
Section 5. The authors evauated guiddines and specifications
developed in severd studies, and have modified them based on a
comparison to the specifications used in the case history and in-
stu peformance. Section 5 presents modd specifications for
severd end-use gpplications.

> Lessons Learned from previous uses of glass in
construction applications - Section 6. This Toolkit has the
benefit of learning from years of in-field use of glass Section 6
presents case higtories of five projects in Washington, and four
projects in other sates. Information for these case histories was
collected by interviewing project owners, designers, contractors,
materid suppliers, specifying and permitting agencies, or a
combination of dl. Washington State projects were vidted in
person, and photographs are included in the Appendix.

The reaulting case history portfolio of successful uses of glassin
congruction gpplications includes project
descriptions/characteristics and valuable in-fied lessons learned.
Materid specifications and congruction information have been
detailed as part of each case history, when avalable. Cost
informetion has been captured to the extent that the
documentation maintains the proprietary aspects of the project.
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2. Geotechnical and Engineering
Properties

This section of the Toolkit presents materia properties of glass cullet
and the engineering characterigtics of cullet aggregate. Table 1 ligts
potential gpplications for cullet dong with the leve of importance
(H=High, L=Low) materid properties and engineering characteristics
have on the performance of cullet in these gpplications.

Table 1
Construction Application and Property Matrix
|
Material Properties Engineering Characteristics
Applications Specific Gradation| Workabilit | Durability | Compactio | Permeabilit Shear
Gravity y n y Strength

General Backfill

Non-Loaded H H H L L L L
Conditions

Fluctuating Loads H H H H H L H
Heavy, Stationary H H H L H L H
Loads

Roadways

Base, Subbase H H H H H H H
Embankments H H H L H L H
Utilities

Pipe Trench H L H L H L L
Bedding/Backfill

Conduit Bedding H L H L H L L

& Backfill

Fiber Optic Cable H L H L H L L
Bedding & Backfill
Drainage

Foundation H H H L H H L
Drainage

Drainage Blanket H H H L H H L
French Drains H H H L H H L
Septic Fields H H H L H H L
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Table 1

Construction Application and Property Matrix

Material Properties Engineering Characteristics
Applications Specific Gradation| Workabilit | Durability | Compactio | Permeabilit Shear
Gravity y n y Strength
Leachate H H H L H H L
Treatment
Miscellaneous
Landfill Cover H L L H L L
Underground Tank H L L H L L
Fill

L. Material Properties

Specific Gravity

Specific gravity, a measure of a materid's dengty, is a widdy used
parameter in establishing the dendty-volume rdaionship of a soil
mass. Typica vaues of specific gravity for naturd aggregate are 2.65
to 2.68 (Bowles, 1988), and typica vaues for commercia glass are
249 to 251 (BCIT, 1991; HWA, 1992). Since dengity relates
directly to engineering properties such as compaction and shear
srength, specific gravity is an important basdline property.

The CWC's Glass Feedstock Evaluation conducted fourteen specific
gravity tests on on samples comprised of two cullet sources, three

Advantage

The specific gravity of
glass cullet test
results show that at
the same weight, 10%
to 15% more volume of
glass aggregates can
be shipped compared

cullet contents (100%, 50%, and 15%), and two cullet sizes (1/4 inch
minus and 3/4 inch minus). Crushed rock was the naturd aggregate
used in dl of the mixed samples. Two repetitive tests were conducted
for datigicd andyss  Additionaly, specific gravity tests were
conducted on the two types of natural aggregate (gravelly sand and
crushed rock) with no added cullet.

The Glass Feedstock Evauation test results indicate that the specific
gravities of the coarse cullet range from 1.96 to 2.41 and the specific

with natural gravity of the fine cullet range from 2.49 to 252. The differencein
aggregates, resulting these ranges is believed due to the difference in the test procedure
in lower  shipping used for the coarse and fine cullet and the difference in the debris
Lo levels of these cullet samples. These vaues agree with vaues
obtained in the testing performed in the Florida Department of
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Trangportation (FDOT) Study. The 3/4 inch minus CA-14 cullet
tested by the CWC had a debris content of about 5% by visua
classfication, while the 1/4 inch minus CA-14 cullet had a debris
content of 2%-3%, both by visud classficaion. Both the 3/4 inch
minus and 1/4 inch minus gradations of the WA-09 cullet had about
1% debris, by visud classfication. The lowest specific gravity of 1.96
measured for the one sample of 3/4 inch minus cullet reflects the
higher debris leve of the sample, while the specific gravity of the other
sample of 3/4 inch minus cullet was 2.41.

The specific gravities of the 1/4 inch minus cullet are cdose to the
typica value of glass. This closeness confirms the fact that both 1/4
inch minus cullet samples had a low debris level. On the other hand,
the specific gravity of the WA-09 cullet was dightly higher than the
CA-14 cullet. This difference may be the result of dight differencein
debrislevd of these two cullet samples.

The specific gravities of the crushed rock and gravelly sand ranged
from 2.60 to 2.83. These values are typical of natural aggregate and
were higher than those of the cullet. The specific gravities of the
mixed samples were found in between those of the 100% cullet and
100% naturd aggregate.

The difference in the specific gravities of the cullet and naturd
aggregate and the difference in the specific gravities of the CA-14 and
WA-Q9 cullet samples are believed to affect the relative dengty and
the unit weight of the compacted samples. These effects are
presented in the sections that follow.

Relative Density  Rdative dengty is a measure of a soil masss dengty reative to its
possible range of dengity. For cohesonless, granular materid such as
cullet, the possble range of dengty is determined by the maximum
dengty and minimum dengity index tests. The standard methods for
determining these vadues are ASTM D 4253 (maximum dendty) and
D 4254 (minimum dendty). The maximum and minimum index
density results can be used to correlate with dendty determinations
from compaction tests such as the Proctor and WSDOT 606. The
relative densty procedure used in the CWC's Glass Feedstock
Evauaion was a vibratory procedure that did not create much
crushing of the cullet particles. This produced different results than
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the Proctor compaction tests, which produced substantia crushing of
the cullet particles.

The CWC's Glass Feedstock Evauation conducted fourteen
maximum and fourteen minimum index dendty tests using the ASTM
D 4253 and ASTM D 4254 test procedures, respectively. The tests
were conducted on samples comprised of two cullet sources (WA-09
and CA-14), three cullet contents (100%, 50%, and 15%), and two
cullet gradations (1/4 inch minus and 3/4 inch minus). The gravelly
sand was the naturd aggregate used in dl of the mixed samples.

Additiondly, two repetitive tests were conducted for datistica
andyss.

Table 2
Relative Density Test Results
Cullet Type of Natural Cullet Cullet
Sample Aggregate Content (%) Gradation
Number®
Maximum index Density Maximum Index
Density (pcf)
CA-14 100 Y4 minus 98.4
CA-14 100 Yaminus 90.9
WA-09 100 Y4 minus 106.6
WA-09 100 Yaminus 109.3
CA-14 gravelly sand 50 Y4 minus 122.6
CA-14 gravelly sand 50 ¥aminus 130.0
WA-09 gravelly sand 50 Y4 minus 126.7
WA-09* gravelly sand 50 Y4 minus 126.7
WA-09° gravelly sand 50 Y4 minus 128.8
CA-14 gravelly sand 15 Y4 minus 137.9
CA-14 gravelly sand 15 ¥aminus 137.0
WA-09 gravelly sand 15 %4 minus 135.9
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Table 2
Relative Density Test Results
. ____________________________________________________|
Cullet Type of Natural Cullet Cullet
Sample Aggregate Content (%) Gradation
Number®
WA-09 gravelly sand 15 Yaminus 140.3
Minimum Index Density Minimum Index
Density (pcf)
CA-14 100 %4 minus 81.2
CA-14 100 Yaminus 76.8
WA-09 100 Y4 minus 86.3
WA-09 100 Yaminus 89.5
CA-14 gravelly sand 50 Y4 minus 102.3
CA-14 gravelly sand 50 ¥aminus 105.9
WA-09 gravelly sand 50 %4 minus 102.7
WA-09* gravelly sand 50 Y4 minus 102.5
WA-09* gravelly sand 50 Y4 minus 104.2
WA-09 gravelly sand 50 Yaminus 104.4
CA-14 gravelly sand 15 Y4 minus 116.6
CA-14 gravelly sand 15 Yaminus 115.8
WA-09 gravelly sand 15 Y4 minus 114.2
WA-09 gravelly sand 15 aminus 116.5

NOTE: 1. Alltests performed using the ASTM D 4254 test procedure.
2. CA-14is the high debris level sample. WA-09 is the low debris level sample.
3. Repetitive test for statistical analysis.

The data indicates that the maximum index dengty of the test samples
was affected largely by the cullet content, and to a lesser degree by
the cullet Sze and debris level. The trend of increasing dengty with
decreasing cullet content is dso true for the minimum index dengty.

When a maximum dendgty test was conducted usng Proctor
compaction energy in accordance with ASTM D 698-83 for the
FDOT Study, glass particles spilled from the mold as the compaction
hammer contacted the waste glass surface. It was assumed that this
phenomenon could be attributed to the low surface tension and
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rigidity of the glass particles. The study thus concluded that the
conventiona Proctor moisture-dengty relaionship did not exi<.

Maximum dengties obtained usng the Modified Marshdl-Proctor
method during the FDOT Study produced results close to those of
the CWC's Glass Feedstock Evauation The grain size digtribution of
the glass determined from a sample after compaction indicated no
change in gran gze didribution and therefore no sgnificant
degradation of the particles. The Modified Marshdl-Proctor method
for compaction was found to be satisfactory to determine the
maximum dengties of glass aggregate.

Durability

The durability of a materid has historicaly been regarded as essentia
to good aggregate for roadways. Durability relies on hardness,
toughness, and abrasion resistance. The properties of hardness and
toughness are closdly related. Hardness is made up, in part, by
abrasion resistance and toughness is generally understood to mean the
power possessed by amateria to resist fracture under impact.

Crushing and grinding of cullet are expected to occur during mixing,
trangportation, placement and compaction. To evauate the durability
of cullet and cullet-aggregate mixtures, the CWC's Glass Feedstock
Evauation conducted Los Angees (L.A.) abrasion tests using
standard method ASTM C 131. At present, most highway agencies
specify a limit on abrason resstance of aggregate based on the Los
Angeles test. The test results, dong with those of the Seve andyss
provide vauable ingght into the suitability of the materia for roadway
base course and fill under fluctuating loads.

The firg sample was comprised of 100% WA-09 cullet with a
graddion of 1/4 inch minus. A second sample conssted of 100%
WA-09 cullet with a gradation of 3/4 inch minus. A third sample
consisted of 100% CA-14 cullet having a gradation of 1/4 inch minus.
The fourth sample was 100% crushed rock. The test results are
presented in Table 3, below.

Cullet

Sample
Number?®

Table 3
L. A. Abrasion Test Results®

Type of Cullet Cullet Percent Loss
Natural Content (%) Gradation
Aggregate

a 1998 cwcC
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Table 3
L. A. Abrasion Test Results™
. ______________________________________

Cullet Type of Cullet Cullet Percent Loss
Sample Natural Content (%) Gradation
Number® Aggregate

WA-09 - 100 %2 minus 29.9

WA-09 - 100 Yaminus 41.7

CA-14 - 100 %4 minus 30.9

crushed rock 0 - 13.6

Notes: 1. All tests performed using the ASTM C 131 test procedure.
2. CA-14 is the high debris level sample. WA-09 is the low debris level sample.

No tests were conducted for mixed cullet-aggregate samples.
However, it is reasonable to assume that the percent loss of mixed
samples would lie somewhere between the percent loss of the two
components. The percent loss of the 100% cullet samples represents
the worse condition if the materids are used as a congruction
aggregate. The CWC test reaults indicate that cullet was not as
sound, mechanicaly, as crushed rock. The percent loss of the 1/4
inch minus cullet was about 30%, and that of the 3/4 inch minus cullet
was about 42%. These losses were at least two times greater than
that of the crushed rock.

Of course, natura aggregate durability is dependent on the
characterigtics of the local supply. For example, a study conducted
by the U.S. Army’s Cold Regions Research Engineering Laboratory
in New Hampshire conducted L.A. Abrasion tests on 30% by weight
glass- 70% aggregate and 100% aggregate. Test resultsindicated that
the percent wear of 100% aggregate samples ranged from 33% to
52.3%, while the cullet-aggregate mix ranged from 25.3% to 31.2%.
The firgt of the two aggregates used in the New Hampshire test was
classfied as a wdl-graded sand with grave, and the second as a
poorly graded sand with gravel.

As mentioned above, the percent losses of the 100% cullet results in
the CWC study represent a worse case scenario. The test vaues for
100% cullet samples in that study were reatively close to the norma
limiting vaues for roadway aggregate. For instance, the Washington
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State Department of Trangportation (WSDOT) specifies that the not-
to-exceed value for a crushed surface course is 35% and the vaue for
balast is 40%. From the CWC test results shown in Table 3, the
100% Yainch minus cullet will meet this requirement. Based on the
results of 100% 34nch minus cullet, it is projected that 50% 34nch
minus cullet will aso meet this requirement.

The CWC study aso shows that the debris level gppears to have an
effect on the percent loss. This can be seen from the dightly higher
loss of the CA-14, 1/4 inch minus cullet than the WA-09, 1/4 inch
minus cullet. The difference was smdl since the dfference in the
debrisleve of these two materids was smal.

Soundness The soundness of aggregates, or their resstance to the forces of
wesathering, is another important consderation in the sdection of a
materia for roadway congruction. The primary exposure is freezing
and thawing. Mogt aggregate specifications from northern dates
include a provison for soundness. The most common soundness
requirement for aggregates is based on exposure to sodium or
magnesium sulfate solution (ASTM C 88). Container glassisinert to
exposure to these solutions.  As such, the CWC's Glass Feedstock
Evauation found that soundness is a property which can not be
measured for cullet. It is more appropriate to use the L.A. abrasion
test to determine the degradation properties of cullet .

2. Engineering Characteristics

In the CWC Glass Feedstock Evauation Engineering Performance
Teding Program, samples were tested by investigating three
independent variables. These included cullet content in the aggregate
mix (15, 50, or 100% by weight), aggregate mix gradation (1/4"
minus or 3/4" minus), and reldive debris levd (high or low). The
lower bound of cullet content (15% by weight) was sdected to
correspond to the maximum use content for cullet specified in the
Washington and Cdifornia  depatments of  trangportation
specifications prior to the CWC study. The mix gradations of 1/4"
minus and 3/4" minus were intended to cover the mgority of
applications for cullet aggregates. By varying the reative debris
levels, it was possible to investigate the sengitivity of the chemica and
engineering properties to this parameter.
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Compaction The compaction characterigics of engineering fill include the
relationship of the densty and moisture content, the effect of
compaction method on this reaionship, the potentid of gradation
change during the compaction process, and the sengtivity of the
materia to weather (moisture change) conditions. Since dmost al
engineering  fill requires compaction during placement, the
characterigtics are rdlevant to dmogt al potentia cullet applications.
By testing materids of different congtituents with different compaction
methods, the compaction characterigtics of cullet and cullet mixtures
can be evaluated. Compaction test results and curves can be used to
develop a data base for correlation with other materids. The results
of the compaction densties can adso be compared with the densities
from the reldive dendty tests. Through a common parameter - dry
dengty - other engineering properties such as shear strength, can be
corrdlated, and the sengtivity of these properties to the materid
congtituents and compaction methods can be studied. The CWC
Glass Feedstock Evduation study used three compaction test
methods:

> ASTM D 698, the standard Proctor test.

> ASTM D 1557, the modified Proctor test.

> Washington Department of Transportation (WSDOT) test
method 606.

Proctor tedts are widdy used for fied control of fill materids.
Typicaly, engineers will specify the materials be compacted to a state
such that the fiddd dendty exceeds a specific percentage of the
maximum dengty obtained from the Proctor teds. Since the
engineering properties of the fill materids are reated to their density,
controlling this parameter in the fidd ensures the engineering
performance (strength for instance) of the materias.

ASTM D 698 results represent the effects of light compaction
equipment. It uses impact compaction, and the input energy
produced in the laboratory is comparable to light field compaction
equipment. The test results are typicaly used for the field control of
unloaded or lightly loaded fill. ASTM D 1557 results represent heavy
impact compaction conditions. Test input energy is comparable to
heavy compaction equipment. The test results are used for the field
control of heavily loaded conditions. WSDOT test method 606 is
used for the fied control of base course materid for roadway
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Advantage

The small gradation
change seen during

the hydrostatic
compression and
triaxial shear tests
implies minimal

breakage of the cullet
under normal working
loads. In other words,
the cullet particles, like
the  crushed rock
particles, have
adequate strength to
behave like an elastic
body which deforms
under hydrostatic
loads, and displaces or
rotates near shear
planes.

Standard Proctor:

congruction. The test uses vibratory compaction and its effort and
mechanism are comparable to vibratory compaction equipment.

In the Proctor test, a sample is compacted in a mold by a sted
hammer, weighing 5.5 and 10 pounds for the standard and modified
tests, respectively. Field compaction equipment, on the other hand,
does not use impact compection. Generdly, the difference in
compaction modes between laboratory and fidd is not criticd if the
materids are granular, naturd materids. However, when a materid
consgts of fragile or angular particles, the difference in compaction
may be significant.

A previous study found that the standard Proctor test crested minor
crushing of the cullet particles (Metro Testing Laboratory, 1991).
The degree of crushing is expected to increase with increasing cullet
content and particle Sze. The degree of change in gradation was
investigated by conducting a Sieve andyds after each compaction test.
The gradation change created by each compaction method was then
determined.

Compaction quadlity control of congruction aggregates is usudly
achieved through control of the in-gtu density. Nuclear dendity gages
are commonly used to measure in-Stu dengty. The standard test
methods aree ASTM D 2922 for density, and ASTM D 3017 for
moisture content. See Part 3 - “Feld Tedting” - of this Section for a
discusson of compaction quality control usng nuclear dendity gages.

The CWC's Glass Feedstock Evauation compaction tests were
conducted on samples consisting of two sources (WA-09 and CA-
14), three cullet contents (100%, 50%, and 15%), and two cullet
g9zes (/4 inch minus and 3/4 inch minus). For each method,
repetitive tests were conducted for dtatistical andyss. Also, tests on
100% natura aggregate were conducted for comparison.

A tota of 15 Standard Proctor tests were conducted usng the
ASTM D 698 test procedure. The test results are summarized in
Table 3. Plate 29 (following page) shows the relationships between
the moisture contents and the dry densities of the compacted samples.
Pate 29 contains the results of samples with the same cullet debris
level and size but different mix percentages. For ease of comparison,
the result for the non-cullet sample is dso plotted. Two repstitive
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tests were conducted for datistical andyss. These results are not
plotted, but are included in Table 4 below.

Table 4
Standard Proctor Compaction Test Results™
Cullet Type of Natural Cullet Cullet Maximum Dry Optimum
Sample Aggregate Content (%) Gradation Density (pcf) Moisture
Number* Content (%)

CA-14 100 ¥4 minus 104.4 4.7
CA-14 100 Yaminus 99.3 5.5
WA-09 100 Y4 minus 104.9 5.0
WA-09 100 ¥aminus 107.5 5.3
CA-14 gravelly sand 50 ¥4 minus 119.5 6.5
CA-14 gravelly sand 50 Yaminus 124.6 6.0
WA-09 gravelly sand 50 Y4 minus 121.4 6.0
WA-09* gravelly sand 50 Y4 minus 121.0 6.6
WA-09* gravelly sand 50 ¥4 minus 121.8 5.3
WA-09 gravelly sand 50 Yaminus 126.7 5.7
CA-14 gravelly sand 15 Y4 minus 126.5 6.5
CA-14 gravelly sand 15 Yaminus 130.5 5.7
WA-09 gravelly sand 15 ¥4 minus 127.0 8.6
WA-09 gravelly sand 15 Yaminus 130.5 6.0

- gravelly sand 0 - 132.5 8.8

Notes: 1. Alltests performed using the ASTM D 698 test procedure.
2. CA-14 s the high debris level sample. WA-09 is the low debris level sample.
3. Repetitive test for statistical analysis.

Plate 29 and the data summarized in Table 5 indicate that the
compacted densty of the test samples was affected largely by the
cullet content, and to a lesser degree by cullet Sze and debris leve.
These effects are summarized below:

1. Thedendty increases with decreasing cullet content.
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2. The optimum moisture content increased dightly with decreasing
cullet content.

3. In generd, dl the moisture-densty curves are relatively flat. The
only exception to this was the sample comprised of 100% WA-
09, 3/4 inch minus cullet.

COMPACTION TEST
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FEMARKE: Sample composed of cullel {CA-14, 14 inch minus) and gravelly sand.
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maximum dry dendties and their corresponding moisture

contents.Plate 34 contains the results of samples composed of the
same cullet debris level and sze but different mix percentages. For
ease of comparison, the result of the crushed rock sampleisaso
plotted. Two repetitive tests were conducted for statistical analyss.
These results are not plotted but are summarized in Table 5.

Table 5
Modified Proctor Compaction Test Results™
Sample Natural Content (%) Gradation Density (pcf) Moisture
Number® Aggregate Content (%)
CA-14 100 ¥4 minus 111.0 5.6
CA-14 100 Yaminus 111.4 7.5
WA-09 100 Y4 minus 113.0 5.2
WA-09 100 Yaminus 117.8 6.0
CA-14 crushed rock 50 ¥4 minus 126.0 9.2
CA-14 crushed rock 50 Yaminus 125.3 6.2
CA-14* crushed rock 50 Yaminus 127.3 6.7
CA-14° crushed rock 50 Yaminus 126.6 6.5
WA-09 crushed rock 50 ¥4 minus 130.0 6.5
WA-09 crushed rock 50 Yaminus 134.5 7.0
CA-14 crushed rock 15 Y4 minus 138.5 5.5
CA-14 crushed rock 15 Yaminus 138.6 6.0
WA-09 crushed rock 15 ¥4 minus 138.5 6.7
WA-09 crushed rock 15 Yaminus 140.0 6.0
- crushed rock 0 - 142.5 7.3
only
- gravelly sand 0 - 133.9 9.0
Notes: 1. Alltests performed using the ASTM D 1557 test procedure.
2. CA-14is the high debris level sample. WA-09 is the low debris level sample.
3. Repetitive test for statistical analysis.
The test results shown in the plate and table indicate Smilar trends and
effects as those observed from the Standard Proctor tests. The
compacted dengity of the test samples was affected largely by the
cullet content, and to a lesser degree by the cullet Sze and debris
level. These effects are described below.
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WSDOT 606:

1. Thedensty increased with decreasing cullet content.
2. All the moigture-dengity curves were rddively flat.

3. The dengties of the low debris WA-09 samples were dightly
higher than those of the high debris CA-14 samples.

4. The sample of 100% CA- 14, 3/4 inch minus cullet had the lowest
dendty. All other samples with 3/4 inch minus cullet had a higher
densty then the samples with 1/4 inch minus cullet. This
difference is more obvious for the WA-09 cullet samples than the
CA-14 cullet samples.

A totd of 15 compaction tests were conducted using the WSDOT
606 test procedure. The test procedure involves compacting the
coase fraction (retained on No. 4 seve) and the fine fraction
(passing No. 4 seve) of the sample separately usng a vibratory
compactor. The dry density and specific gravity of the two fractions
of the samples are used to generate a curve of maximum dengty
versus percent passing the U.S. No. 4 seve. The resulting plot was
different than that obtained from the Proctor compaction tests, which
relates dry density to moisture content. The curve generated from the
WSDOT 606 test method accounts for fluctuations in gradetion so
that the maximum dry dendity can be obtained eesily in the fidld. The
curve excludes the effect of moisture on the maximum dry dengty.
This excluson, however, tends to have a minima effect on the
maximum dendty since the compaction characteridics of these
materias are relatively insengtive to the moisture content.

The maximum density curves are generated using a computer program
developed by WSDOT. The maximum dry density and weighed free
moisture content of each test sample are summarized in Table 6. The
weighed free moisture content was obtained by combining the free
moisture contents of the two compacted (coarse and fine) samples
using their corresponding proportions.

Table 6
WSDOT 606 Compaction Test Results’.

Cullet Type of Cullet Cullet Maximum Dry Optimum
Sample Natural Content (%) Gradation Density (pcf) Moisture
Number® Aggregate Content (%)
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Table 6
WSDOT 606 Compaction Test Results™.

Cullet Type of Cullet Cullet Maximum Dry Optimum
Sample Natural Content (%) Gradation Density (pcf) Moisture
Number* Aggregate Content (%)

CA-14 100 ¥4 minus 103.5> 6.8>

CA-14 100 ¥aminus 123.2 4.1

WA-09 100 Y4 minus 106.3* 6.4>

WA-09 100 Yaminus 124.0 5.7

CA-14 crushed rock 50 Y4 minus 134.2 6.3

CA-14 crushed rock 50 Yaminus 130.3 4.6

WA-09 crushed rock 50 Y4 minus 134.6 6.3
WA-09* crushed rock 50 ¥4 minus 133.9 5.4
WA-09* crushed rock 50 ¥4 minus 134.9 6.3

WA-09 crushed rock 50 Yaminus 133.7 5.4

CA-14 crushed rock 15 ¥4 minus 137.9 5.5

CA-14 crushed rock 15 Yaminus 137.9 6.0

WA-09 crushed rock 15 Y4 minus 139.9 5.1

WA-09 crushed rock 15 Yaminus 139.2 4.8

- crushed rock 0 - 143.2 4.6
Notes: All tests performed using the WSDOT 606 test procedure.

1
2. CA-14isthe high debris level sample. WA-09 is the low debris level sample.
3. Repetitive test for statistical analysis.
4. See text for details.

5. Test conducted on No.4 minus material only.

Table 6 indicates that the factors affecting the densty of the
compacted samples were smilar to those identified from the Proctor
tests, that is, the compacted density of the test samples was affected
largdly by the cullet content, and to a lesser degree by the cullet sze
and debrislevel. These effects are described below.

1. The density increased with decreasing cullet content.

2. In gened, the dengties of the low debris samples were higher
than those of the high debris samples.
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COMPACTION TEST
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Compaction Test
Results Summary:

Advantage

Insensitivity to
moisture content also
indicates that glass
aggregates can be
placed in the field over
a wider range of
moisture conditions
than natural
aggregates.

The above compaction test results reved severd important facts
regarding the compactability and workability of the cullet samples.
These facts are described below.

1. In gened, the Proctor compaction curves of the cullet samples
are rdativey flat, which indicates that the compacted dengty was
not sendtive to moisture content.  This insengtivity to moisture
content adso indicates that glass aggregates can be placed in the
field during inclement weather. Thus, condruction downtime
during such periods can be reduced to a minimum.

2. The maximum dengty vaues obtained from the Modified Proctor
and WSDOT 606 compaction tests are about equivaent. The
former method uses an impact type of compaction wheress the
latter uses a vibratory type.  Both methods smulae the
compaction efforts of heavy compaction field equipment.

Gradation

One of the important classfications of aggregetes is based on size.
The gradation of a maerid can affect its engineering performance in
many ways. For example, well-graded materids can generdly be
compacted to a denser date, thus will have a higher srength but
lower permesbility than poorly-graded materials?

Many applications such as roadway and engineering fill use gradation
as the primary or sole criteria for acceptance. Specifications dictate
the digtribution 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,
eic.). Gradation will be one of the mgor factors in determining the
suitability of cullet for use as a congruction materid.

Aggregate gradetion is obtained by Seve andyss. The ted is
conducted by shaking the aggregate through a stack of Standard U.S.
deves with specified openings. The gradation is established by
measuring the portion of materid retained on each Seve.

The CWC Glass Feedstock Evaluation conducted a total of 55 seve
anadyses using the modified ASTM D 422 test procedure. The test

A well-graded material has a good representation of particle sizes over a wide range. A poorly-graded
one has an excess or deficiency of certain grain sizes, or has mostly the same particle size.
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procedure did not include washing the samples on a #200 screen
prior to sSeving. The wash step was excluded to more closely mimic
actua screening operations, and to avoid remova of possible resdue
from the cullet surface. The CWC Glass Feedstock Evauation seve
anayses are broken down asfollows:

> Three tests were conducted on gravelly sand naturd aggregate.
Due to the large quantity (gpproximatdy 2,000 pounds) of the
material used in the test program, the three tests were conducted
on different batches in order to evauate the consstency of the
gradation between different batches.

> Three tests were conducted on crushed rock natural aggregate.
Asfor the gravely sand, the tests were conducted to evauate the
gradation consistency between batches.

> Two tests were performed to evauate the effect of washing the
cullet sample on the resulting gradation. One test was performed
on a sample that was washed on a#200 seve as Secified in the
standard test procedure, the other was performed on a non
washed sample.

> Sixteen tests were conducted on samples before and after
compaction usng the Standard Proctor compaction method
(ASTM D 698). The tests were conducted to evauate the
gradation change due to the compaction procedure. Cullet in the
test samples varied from 15% to 100% in content, and from 1/4
inch minus to 3/4 inch minus in gradetion. The test results are
presented in Plate 4 and 7.

> Sixteen tests were conducted on samples before and after
compaction using the Modified Proctor method (ASTM D 1557).
The tests were conducted to evauate the gradation change due to
the compaction procedure. Cullet in the test samples varied from
15% to 100% in content, and from 1/4 inch minus to 3/4 inch
minus in gradation. The test results are presented in Plate 15.
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> Eight tests were conducted on samples before and after

compaction using the WSDOT 606 method. The tests were
conducted to evauate the gradation change due to the
compaction procedure. Cullet gradation was held a 3/4 inch
minus, while the cullet content was varied from 50% to 100%.
Both crushed rock and gravelly sand naturd aggregates were
used.

A totd of gx tests were conducted on three samples before and
after they were subjected to the combined process of hydrostatic
compression and triaxid shearing. The test samples consisted of
50% cullet with a 3/4 inch minus cullet Sze.

One test was conducted in the early part of the gradation test
program to check the possibility of using only one quarter of the
compaction sample for the post-compaction gradetion test. This
result indicated a subgtantid difference in gradation change than
the test conducted on a whole compaction sample (see Plate 15).
The comparison indicated the need to conduct the Seve andyses
on a whole compaction sample. As a result, dmost al of the
gradation tests performed before and after the compaction tests
were conducted on the whole compaction sample. The exception
to this were the tests conducted on the Standard Proctor test
samples having 15% and 50% cullet contents and 1/4 inch minus
and 3/4 inch minus Szes. In these cases, only one quarter of the
compaction samples was used for the post-compaction Seve
andyss The smdl change in gradaion seems to confirm the
adequacy of gradation test on one quarter of the sample.

The significance of the gradation test resultsis discussed below.

1. The naturd aggregates used in the test program had good

repeatability in gradetion.

. Not washing the sample induced very minima change in

gradation.

. The Standard Proctor compaction method (ASTM D 698)

represents the effects of light field compaction equipment. The
gradation test results (Plate 4) indicates that this compaction
method produces essentialy no gradation changes for al samples
tested.

a 1998 cwcC

Page 27



4. The Modified Proctor compaction method (ASTM D 1557)
represents the effects of heavy impact fild compaction
equipment. The test results indicate obvious gradation change for
the mgority of the samples. The degree of change depends
mostly on the Sze of the cullet. The cullet content of the mixed
sample and the cullet debris level dso affected the change, but to
alesser degree.

The dze effect can be seen by looking at plate 15. The data
indicates that dight changes occurred to the 1/4 inch minus cullet
sample whereas obvious change occurred to the 3/4 inch minus
cullet sample. In other words, most of the changes occurred in
the coarse and medium szes. The fines content increased dightly
but the maximum fines content were generdly less than five
percent. Pate 15 also indicates that the degree of gradation
change decreased with decreasing cullet content.

Plate 15 also suggests that the degrees of gradation change were
higher for the CA-14 cullet (high debris content sample) than the
WA-09 cullet (low debris content sample).

5. The WSDOT 606 compaction method represents the effects of
vibratory field compaction equipment. The gradation test results
indicate that this compaction method produced essentidly no
gradation changes in the samples, including the sample comprised
of 100%, 3/4 inch minus cullet.

6. The gradation test results aso indicate that the processes of
hydrostatic compression and triaxial shearing produced essentialy
no gradation changes for samples comprised of 50% 3/4 inch
minus culle.

The above gradation test results indicate that sgnificant gradation
change occurs only when 100% cullet samples were subjected to
heavy impact compaction. All the other test conditions produced little
or no gradation change. These results imply the feagibility of usng al
three compaction methods for the field control of fill materids
comprised of cullet. Since these compaction methods mimic the
compactive efort of field equipment, minima gradation change would
dso imply minima difference in the engineering properties of the
laboratory-compacted samples as compared with those of the field-
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Advantage

The fines in glass
aggregate  do  not
clump and retain water
like the fines in natural
aggregates; therefore,
glass aggregate is less
likely to “wick” and
retain water, a cause
of frost susceptibility.

compected cullet. This result would substantiate engineering designs
that use the properties derived from laboratory samples.

The only exception to the above generd statement is for the condition
of 100% cullet subject to heavy impact compaction. However, this
type of compaction would normdly be used for fill materids that
would be subjected to dynamic or heavy daionary loads. These
loading conditions would preclude the use of 100% cullet.

Also, the most common criteria for establishing the frost susceptibility
of soils is based on paticle sze. The U.S. Army Cold Regions
Research Engineering Laboratory Study conducted tests of the frost
susceptibility of crushed glass used as a condruction aggregate. Thelr
research yielded frost susceptibility classfications of crushed, recycled
glass for purposes of usng it as a backfill or in unbound aggregate
layersin geotechnica Structures.

The frost susceptibility for 100% glass cullet specimens and 30% by
weight glass cullet-aggregate specimens was determined usng ASTM
D 5918. Results of the New Hampshire study indicate the the cullet
had negligible to very low frost susceptibility, and did not increase the
frost susceptibility of the aggregate. Based on a comparison of grain
Sze digtributions of the cullet and aggregate with the work of others,
including the CWC Glass Feedstock Evauation, it was concluded
that the material tested represented typical cullet for which the
engineering properties described in this toolkit have been determined.
The following chart shows that adding 30% by weight recycled glass
containing less than 1% particles finer than 0.075 mm to ether of two
local gravelslowered the heave rate of the gravel mixture,
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Heave Rate (mm/day)

PSG PSG-glass Glass CG-glass CG

PSG=Perry Stream Gravel (Pittsburg, NH)
CG = Concord Gravel (Concord, NH)

Permeability The permeshility or hydraulic conductivity of a fill materid plays a
decisve role in drainage applications.  The rate of fluid flowing
through a soil mass reaes directly to its permesbility. In
hydrogeologic studies of natural and processed materids, permesbility
is usudly the mogt important property. In engineering practice, the
permesbility of a fill materid often plays a decisve role in materid
sdection, paticularly for applications related to drainage.  For
granular fill materid, high permestiility is usudly more beneficid than
low. The exception to that may be for leachate trestment where a
gpecific range of permegbility may be required.

The permeahility of a granular materia depends on its gradation and
dendty. Generdly, awdl-graded materid isless permegble dueto its
lower void rétio. It is beieved that permesahility is dso a function of
surface texture, which affects drag or friction between the fluid and
particle surface. As a result, a mix of aggregate and "smooth" cullet
may have a higher permesbiility than that of "rough” naturd sand and
grave.

There are two typica laboratory tests available for the determination
of permeghility - congtant head and faling head tests. The former is
used principaly for coarse-grained soils (clean sands and gravels)
with permesbilities greater than 1 x 10* centimeters per second
(cm/s), and the latter is used primarily for fine-grained soils (st and
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cday) with permesbilities less than 1 x 10* centimeters per second
(cm/s).

A tota of 28 congtant head permeshility tests were conducted during
the CWC Glass Feedstock Evaluation. The tests were conducted on
samples comprised of two cullet sources (WA-09 and CA-14), three
cullet contents (100%, 50% and 15%), two cullet szes (1/4 minus
and 3/4 inch minus), and two rdative compaction levels (90% and
95% of the ASTM D 698 maximum dengity). Two of the tests were
conducted on gravelly sand compacted to relative compaction levels
of 90% and 95%. Additionaly, two repetitive tests were conducted
for gatidticd andyss.

Twenty-four of the tests were conducted usng a congtant head
permeameter test apparatus in accordance with the ASTM D 2434
test procedure. However, four test samples (100%, 3/4 inch minus,
WA-09 and CA-14 cullet samples, compacted to 90% and 95%
relative compaction) were found to have a permesbility that was
greater than the maximum value that the gpparatus could measure. As
a result, the four tests were conducted with the samples placed and
compacted in a PVC pipe measuring 4 inches in diameter and 34
inchesin length. A wire mesh was attached to the bottom of the pipe
to retain the sample and to ensure a free draining condition. A burette
was mounted at the side of the pipe to control the head of water.

Tedt results indicate that the permegbilities of
the cullet samples increased with incressing
cullet content, cullet Sze, and debris level but

Table 7
Soil Permeability Classifications
|

Degree of Range of Permeability decreased  with increasing degree  of
Permeability k, (cm/sec) compaction. This trend is consstent with the
High greater than 10 permesbilities of the 100% gravely s_and
Medium 10" 10 10° compacted to the 90% ahd 95% compaction

S - levels. For engineering purposes, the

Low 1070 10 permesbility of soils or aggregates can be
Very Low 10° to 107 categorized into the five groups depicted in
"Impermeable" less than 107 Table 7, a left. (Terzarghi and Peck, 1967).

Test results are
sh
ownin Table 8, below.
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Table 8
Constant Head Permeability Test Results®.
. ______________________________|
Cullet Type of Cullet Cullet Approximate Dry Permeabilit
Sample Natural Content | Gradation Relative Density y (10
2. .

Number Aggregate ) Compaction (pch) cm/sec)
CA-14 100 Y4 minus 90% of ASTM D 698 94.9 6.0
CA-14* 100 aminus 90% of ASTM D 698 89.6 26.0
WA-09 100 Y4 minus 90% of ASTM D 698 93.6 6.4
WA-09* 100 Yaminus 90% of ASTM D 698 95.9 18.0
CA-14 gravelly sand 50 %4 minus 90% of ASTM D 698 108.1 4.4
CA-14 gravelly sand 50 ¥aminus 90% of ASTM D 698 113.2 4.8
WA-09 gravelly sand 50 Y4 minus 90% of ASTM D 698 110.1 5.2
WA-09* gravelly sand 50 Y4 minus 90% of ASTM D 698 110.0 5.5
WA-09* gravelly sand 50 Y4 minus 90% of ASTM D 698 110.3 5.0
WA-09 gravelly sand 50 Yaminus 90% of ASTM D 698 114.4 5.6
CA-14 gravelly sand 15 Y4 minus 90% of ASTM D 698 115.4 2.6
CA-14 gravelly sand 15 Jaminus 90% of ASTM D 698 118.9 3.1
WA-09 gravelly sand 15 Y4 minus 90% of ASTM D 698 114.0 2.6
WA-09 gravelly sand 15 ¥aminus 90% of ASTM D 698 117.3 4.3

- gravelly sand 0 - 90% of ASTM D 698 120.7 2.4
CA-14 100 ¥4 minus 95% of ASTM D 698 98.6 4.4
CA-14* 100 Yaminus 95% of ASTM D 698 93.2 23.0
WA-09 100 Y4 minus 95% of ASTM D 698 99.7 4.8
WA-09* 100 Jaminus 95% of ASTM D 698 102.9 6.5
CA-14 gravelly sand 50 Y4 minus 95% of ASTM D 698 113.8 4.1
CA-14 gravelly sand 50 ¥aminus 95% of ASTM D 698 119.1 4.5
WA-09 gravelly sand 50 %4 minus 95% of ASTM D 698 115.8 3.5
WA-09 gravelly sand 50 Yaminus 95% of ASTM D 698 120.6 4.1
CA-14 gravelly sand 15 Y4 minus 95% of ASTM D 698 119.7 1.4
CA-14 gravelly sand 15 ¥ minus 95% of ASTM D 698 124.2 2.5
WA-09 gravelly sand 15 Y4 minus 95% of ASTM D 698 121.2 2.2
WA-09 gravelly sand 15 Jaminus 95% of ASTM D 698 124.5 3.4

- gravelly sand 0 - 95% of ASTM D 698 126.7 1.4
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Notes: 1. Alltests performed using the ASTM D 2434 test procedure, unless noted otherwise.
2. CA-14is the high debris level sample, and WA-09 is the low debris level sample.

3. Repetitive test for statistical analysis.
4

Modified test procedure. See report text for details.

Based on this classfication, the cullet samples

Table 9 . . o
Range of Permeabilities for Waste Glass tested exhibited meo!'“m pgrmeabﬂﬂy, exCept
Meeting ASTM D 448 #8, #9, #10 and for three of the 3/4-inch minus cullet samples,
WPBMRF Gradations which exhibited high permesbility. These
- samples were 100% CA-14 and WA-09
ASTM D 448 Gradations Permeability cullets Compa;tm to 90% of thair maximum
Range (cm/sec) .
dry densty, and 100% CA-14 -cullet
#8 Lower Limit 5-7 compacted to 95% of its maximum dry
#8 Average 6-8 dengty.

7 Upper Limt i The FDOT study evaluated the relationship
#9 Lower Limit 48 between permesbility and density. The range
#9 Average 4-10 of permegbilities for waste glass meeting
#9 Upper Limit 1-3 ASTM gradations #8, #9, and #10
410 Lower Limit 072 classfication at upper, average and lower limit
10 Average 0.003.0.01 of gradations, and West Pdm Beach Materid
J i Recydling Fadility (WPBMRF) wadte glass

#10 Upper Limit 0.003-0.02 aeligedin Table9

WPBMRF 0.35

The variation of permesbility for ASTM #8,
#9, #10, and WPBMRF gradations with
respect to dengity was studied (Syed, 1993). The FDOT study found that an inverse relationship
does exist between density and permesbility. The relationship between permeability and density
showed less than one order of magnitude (crmv/sec) difference between the permesbiilities at the
minimum and maximum dengty. FHne-grained soils inherently have much larger variations

(Holtz and Kovacs, 1981).

Related Research:  Beginning in 1994, the CWC sponsored atwo-year study of the use
if glass in septic treatment sand filters. Before darting that study,
relative infiltration tests were performed on C-33 concrete sand,

AR which is the sandard material specified for sand filters in Washington
The permeability State. The results were compared with recycled container glass
characteristics of glass processed by the same sand processor and meeting C-33 gradation
aggregate make it an Specifications

excellent medium for
drainage applications.
Retaining wall backfill,
drainage blankets, and Page 33
leachate collection are
examples of




The reaults of those tests indicated that the sand had a rative
infiltration rate of 95 seconds per inch, while the glass infiltration rate
was 9 seconds per inch — ninetimesthe infiltration speed. Thelarge
difference in infiltration rates was attributed to two things. First, some
of the fines in sand tend to be clay-like materids which contribute to
dogging, while dl of the fines in glass, especidly 8 mesh and smdler,
tend to be more cubica and less rounded than sand. This may mean
that the glass does not pack as densdy as sand. This characterigtic of
glass compared with sand has been seen in other infiltration studies®

Shear Strength

Advantage

Adding finer cullet to
coarser natural
aggregates may
improve the strength
characteristics of the

natural aggregate
alone by increasing the
“particle packing.”

Concrete aggregate
processors use this

characteristic to
develop stronger
recycled concrete/

recycled glass blends.

For certain gpplications, aggregate is the primary load carrying
medium. The shear strength of an engineering materid is an important
property for desgn of earthen dructures such as embankments,
roadway base courses, and engineering fill. Thereforeit is extremey
important to consider the factors which influence the load supporting
capacity of an aggregate mass. These factors are grouped under the
term "interparticle friction,” dnce this is the primary mechanism by
which the load is carried by a compacted aggregate mass. A number
of factors contribute to interparticle friction, namedy, 1) particle
surface texture, 2) paticle shape, 3) void ratio (degree of
compaction), 4) particle size, and 5) particle gradation.

Of these factors, it is believed that the most important single factor
contributing to interparticle friction is particle surface texture.
Generdly spesking, in a compacted aggregate mass, rather than
points of contact, areas of aggregate abutt each other. Hence the
surface texture of the aggregate will greatly influence the resstance to
displacement of two particles. As the surface roughness increases,
the interparticle friction, as manifested by the angle of internd friction,
f, increases consderably.

Angularity of particles may influence to a lesser degree the
interparticle friction. Particle angularity does influence the compaction
of aggregate mixtures in that a mixture containing angular aggregate
will compact under a given compactive effort to a lesser degree than
will a mixture containing rounded aggregate. It is possble however,
that cullet - ardaively angular materid - may permit a greater degree

ter Medium for the Onsite Treatment of Wastewater,” 1977, CWC. Prepared
aple Valley, WA.
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of compaction, particularly when heavy rollers area used. A mix
made with the rounded aggregate may actudly shove and push
excessvely under the roller and "decompact”. As a result, adding
cullet to rounded aggregates may improve their drength
characteristics.

Particle gradation will influence internd friction to a certain extent.
The denser the aggregate, the more contact aress in the compacted
aggregate mass, hence, the greater the frictiona resstance.

Void ratio, or degree of packing (compaction), will influence internd
friction in the same manner as gradation; that is, the lower the void
ratio or the greater degree of packing for a given aggregate gradation,
the greater will be the frictiond resistance of the aggregate mass.

Typicdly, the shear drength is defined as the ultimate stress leve that
the materia can sustain.  For some cases, such as base course or
materids under fluctuating loading, the determination of shear srength
is a0 based on an acceptable magnitude of shear strain. Strainis an
indication of the deformation that a materid undergoes while being
stressed. In either case, the strength needs to be interpreted from the
stress-grain behavior of the materid.

For granular materids, shear strength is usudly expressed in terms of
the interparticle friction angle. Based on a review of the literature,
there is little shear strength data for cullet. Limited direct shear test
data indicates a friction angle at the pesk sress of f=55° (Mohr-
Coulomb failure criteria) (BCIT,1991). This is about 20 percent
higher than dense naturd aggregate. From a soil mechanics point of
view, a 55° friction angle implies a rough surface texture and a very
high degree of interlocking between particles. Based on current
knowledge of the brittleness of the glass particles, the implied strength
may not be reliable. The limited available data suggests the need for a
better way of defining cullet shear strength.

Five tests which measured shear strength were conducted on cullet-
aggregate mixtures for the CWC Glass Feedstock Evduation. These
included direct shear, triaxia shear, Cdifornia Bearing Ratio (CBR),
Resistance RVdue, and reslient modulus. The direct shear, triaxid
shear, and Cdifornia Bearing Ratio test were duplicated by the
FDOT sudy. In addition, the FDOT study conducted Limerock
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Bearing Ratio (LBR) testing. The test conditions and results obtained
are described below.

Direct Shear: The direct shear test is a commonly used method to determine the
shear strength of soil and rock. The shear strength of the test materia
is obtained in terms of the Mohr-Coulomb friction angle, f. The direct
shear test generdly does not reproduce in-Stu stress conditions.
However, this drawback is not criticd when testing artificid,
laboratory-formed samples. As such, the direct shear is a relatively
ample, inexpensve test to determine the shear strength of cullet.
There is alarge data base of direct shear results for natural aggregates
and processed materias.

A tota of saven sets of direct shear tests were performed during the
CWC Glass Feedstock Evauation usng the ASTM D 3080 test
procedure. Each set consisted of three shear tests conducted with
normal stresses of 1000, 2000 and 3000 psf, respectively. The tests
were conducted on samples comprised of two cullet sources (WA-09
and CA-14) and three cullet contents (100%, 50% and 15%). In
addition, one test was conducted on a sample composed of 100%
gravely sand. The gravely sand was the naturd aggregete used in dll
of the mixed samples The test samples measured 2.5 inches in
diameter and one inch in thickness. To avoid e influence of the
particle Sze on the test results, only 1/4 inch minus particles were
used in the tests.

Tedt results indicate that the friction angles of the cullet samples
ranged from 49° to 53°, about the same as that of dense and coarse
natural aggregate. In addition, cullet content and debris level did not
appear to have any effects on the srength of the materids. These
comparisons imply that cullet has the amilar inter-particle frictiond
behavior to that of naturd aggregate. This behavior is further
discussed in the presentation of the triaxid test results.

Four direct shear tests were conducted on each gradation of mixed
cullet during the FDOT study. Each consisted of three samples at the
same relative densty with norma stresses of 1000 psf (49 kPa),
2000 psf (98 kPa), and 4000 psf (196 kP4). This resulted in 52
direct shear tests. Shear strength envelopes for each density and
gradation were developed by plotting pesk shear strength against
corresponding norma  dress. These envelopes are somewhat
nonlinear.  This nonlinearity implies that a congant friction angle
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Triaxial Shear:

should not be used for waste glass unless it is conservatively chosen.
Based on the data, a rdatively low friction angle would be
approximately 34°.

The triaxid shear test dlows three-dimensond loading of a sample.
In engineering practice, the test is regarded as superior to the direct
shear test for modeing in-Stu loading conditions. The triaxid shear
test not only determines strength parameters, but aso the stress-drain
behavior of the tested materids.

The stress-strain-volume change data obtained from the triaxid tests
adso ducidates the frictiond behavior of cullet. For ingance, the
crushing and particle re-orientation during shearing may generate a
series of grain hardening and softening curves. The Mohr-Coulomb
falure criteriathat is conventiondly used for soil and rock may require
re-interpretation. Elastic modulus and Poisson's ratio will adso be
obtained from the triaxid tests. By comparing these vaues at different
dages of shearing, ther sengtivity to plagic drain can dso be
evauated. To obtain the eagtic response, a hydrogtatic loading and
unloading cycle was performed, and severd |oading-unloading cycles
were performed during shearing in the CWC study.

A totd of five sets of datic triaxial shear tests were conducted during
the CWC Glass Feedstock Evauation. Each set of tests consisted of
three samples. Each sample was firs subjected to a hydrostatic
compresson tet and then sheared under a congant confining
pressure.  The confining pressures for the three samples were 5, 10
(or 15in one case) and 20 ps. The tests were conducted on samples
comprised of one cullet source (WA-09), two cullet contents (50%
and 15%), and two cullet sizes (1/4 inch minus and 3/4 inch minus).
In addition, one test was conducted on samples composed of 100%
crushed rock. Crushed rock was used in al the mixed samples.

Sample materids were moisture-conditioned to severa percentage
points drier than the optimum moisture content.  The samples were
prepared in a split mold in which a membrane had been placed. Six
lifts of sample materid was placed and compacted using a vibratory
hammer to achieve a dry dengty close to 95% of the ASTM D 1557
maximum dry dendty. After sample preparation was completed and
the split mold removed, a second membrane was added in an attempt
to avoid punctures during testing.

a 1998 cwcC
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The prepared samples were transferred into a triaxia chamber which
was then filled with didtilled water. A hydrogtatic compression test
was then conducted. This test involved loading and unloading the
samples by increasing and decreasing the cell or confining pressures
between 5 and 35 ps. The volumetric response of the samples during
the hydrostatic compression test was recorded.

At the end of the hydrostatic compression test, a constant confining
pressure was gpplied to the sample. The sample was then sheared by
the application of a deviator siress. The shear test was performed
under a drained condition with a loading rate of 0.02 inches per
minute. A load-unload cycle was produced at axia deflections of
goproximately 0.1, 0.2 and 0.3 inches. The test was continued until
failure of the sample occurred or an axid strain of 15% was reached.

Pate 42 presents the curves of hydrostatic pressure versus volumetric
drain. These curves were obtained from the test samples which were
sheared under a confining pressure of 5 pd after the hydrodtatic
compression test.

Note that the triaxia test samples measured 2.42 inches in diameter
and 570 inches in height. This sample diameter is smdl in
comparison to the particdle sze of 3/4 inch minus. Removd of large
particles was not considered because it was fdt that the frictiond
behavior of the materid was the main interest of the triaxid teg.

Keeping the large particles may introduce a higher degree of variation
in the grength data. However, since the potentia for variation was
the same for al samples, the effect of cullet on stress-gtrain behavior
could il be obtained.

Pate 42 shows the volumetric behaviors of cullet and crushed rock
samples under hydrogtatic loads. The dope of the loading curve
represents the bulk modulus of the samples.  The plate indicates that
for the same cullet content, the bulk modulus of the 1/4 inch minus
cullet sample is higher than the bulk modulus of the 3/4 inch minus
cullet. When viewing the plate, it can be seen that the bulk modulus
of the samples are not sengtive to the cullet content. Also, the bulk
modulus of the crushed rock sample lies between those of the cullet
samples.

The permanent or plagtic volumetric strain of a granular materid is the
result of particle re-orientation or crushing a contacts. The magnitude
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of the plagtic gtrain is indicated by the strain difference between the
load and unload curves. Plate 42 indicates thet the plastic strain of
the 1/4 inch minus cullet sample was dightly less than that of the 3/4
inch minus cullet sample. Also, the plastic strain of the crushed rock
sample was about the same as that of the 3/4 inch minus cullet
sample. Thissamilarity in the magnitude of the plagtic Srain implies an
important fact. That is, the crushing or breskage of the 3/4 inch minus
cullet particles is minima under the leve of load applied. This
implication can be substantiated by the fact that crushing or breskage
of the crushed rock did not occur under the level of gpplied load.

From the mechanics point of view, the /4 inch minus cullet ssamples
were differ than the 3/4 inch minus cullet and 100% crushed rock
samples. Also, the 1/4 inch minus cullet exhibited less plagtic sraining
than the other two types of sample. The better mechanica behavior
of the /4 inch minus cullet samples can be explaned by the
assumption that the 1/4 inch minus cullet samples were more well
graded than the other two types of samples. This assumption can be
vdidated indirectly by comparing the gradation of the 100%, 1/4 and
3/4 inch minus cullet samples (see Plate 7). As indicated in these
gradations, the 1/4 inch minus sample contained mostly sand-size or
"filler" particdes and the 3/4 inch minus sample contained mostly
gravel-sze paticles. Since the crushed rock aso contained mostly
gravel-9ze paticles, the mixed samples with the 1/4 inch minus cullet
were likdy more wel-graded than those with the 3/4 inch minus
cullet.

The data aso indicates that adding cullet to crushed rock reduced the
initid tangent modulus dightly. This reduction seems to be smdler for
the 3/4 inch than the 1/4 inch minus cullet. However, the dope of the
unloading-reloading curves (shown in the origind CWC Glass
Feedstock Evaluation) which normaly represents the dastic modulus
of the materids, gppeared to be unaffected by the addition of the
cullet.
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California Bearing
Ratio (CBR):

The CWC Glass Feedstock Evaluation aso showed the curves of
axid drain versus volumetric strain. These curves indicate thet dl the
test specimens showed a distinct shear dilatency effect. The degree
of dilaency resembles those of the dense naturd aggregates. Mohr-
Coulomb diagrams in the CWC Glass Feedstock Evauation show
three Mohr circles and afailure envelope. The srength of the materid
is represented by the friction angle or dope of the enveope. As
previoudy mentioned, the smdl diameter of the test specimens could
have causes some variation in the pesk drength. This variation is
somewhat indicated in the Mohr-Coulomb diagrams. However, even
with the variation, it is dill clear that the friction angles of the cullet-
added materids range from 42° to 46°, which are Smilar to that of
the crushed rock. Also, it appears that there is a reduction in strength
for the materids with 50% cullet.

The CBR test was a one time a common test for evauding the
srength of subgrade, subbase, and base course of rigid and flexible
pavements. Similar to direct shear data, a large database of CBR
vauesis available for natura and processed aggregates. Thetestson
cullet dlow comparison to existing information for other aggregetes.

A tota of nine CBR tests were performed using the ASTM D 1883
test procedure during the CWC Glass Feedstock Evaluation. The
tests were conducted on samples comprised of one cullet source
(WA-09), two cullet contents (50% and 15%), and two cullet sSzes
(/4 inch minus and 3/4 inch minus). Crushed rock was used in al of
the mixed samples. In addition, one test was conducted on a sample
comprised of 100% crushed rock.

The CBR tests were conducted using a 6 inch diameter mold. The
test gpecimens were prepared using two compaction methods. The
first method corresponds to the compaction procedures used in the
ASTM D 1557 method. The second method corresponds to the
compaction procedures used in the WSDOT 606 test. The former
employs an impact type of compaction while the latter uses a
vibratory type of compaction. The CBR test specimens were
compacted to about 95% of the maximum dry density obtained from
each compaction method.

The purpose of udng the two compaction methods in specimen
preparation is to study the effect of compaction method on the CBR

a 1998 cwcC
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Resistance
"R"-Value:

value. According to the test data, the CBR values of the specimens
prepared using the impact compaction method were higher than those
of the specimens prepared using the vibratory compaction method.

The discrepancy increased as the cullet content increased. On the
other hand, the CBR vaues of the samples with 15% cullet content
were about the same as that of the crushed rock sample, regardless
the method of compaction used in the gpecimen preparation.

The CBR vdue is a common parameter used in flexible pavement
desgn. Typica vaues of a compacted granular materid range from
40 to 80 (Department of Transportation, State of New York). The
Glass Feedstock Evauation test results indicate that the CBR vaues
of dl the cullet-added samples were within thistypica range. The test
data also indicate that adding 15% cullet to the crushed rock did not
produce a noticegble difference in the CBR vaue. However, as the
cullet content increased to 50%, an obvious reduction in the CBR
vaue was shown. For those samples prepared using the impact
compactor, this reduction was about 25% when the cullet content
increased from 15% to 50%. A much higher reduction was noted for
samples prepared using the vibratory compactor. The reduction in
this case was about 50%. This discrepancy implies the importance of
choosing the correct specimen preparation method for materias with
cullet content over 15%.

The resistance Rvaue is used by some agencies as a criteria for
pavement design and for acceptance of aggregates for base course.
The R-vaue tet utilizes a kneading compactor for specimen
preparation.  Verticd and horizontd loads are applied to the
specimen by a stabilometer. The Rvaue is caculated based on the
observed vertica and horizontd loads and horizonta deformation.

The Rvaue is used to determine the potentid strength of subgrade,
subbase, and base course materids.

A totd of five RVaue tests were performed during the CWC Glass
Feedstock Evauation usng the Washington State Department of
Transportation (WSDOT) 611 test procedure. Thistest procedureis
amodification of the AASHTO T-190 test method. The modification
involves using 15 and 25 blows of kneading compaction at pressures
of 100 and 250 ps, respectively. These pressures are lower than
those gpecified in the AASHTO T-190 method. The exudation
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pressure used in both of the above test procedures is 300 ps.
Different exudation pressures may be used in other states. However,
due to the granular nature of the test materids, it is believed that the
exudation pressure will not have an subgantia effect on the test
results.

The R-Vaue tests were conducted on samples comprised of one
cullet source (WA-09), two cullet contents (50% and 15%), and two
cullet szes (1/4 inch minus and 3/4 inch minus). Crushed rock was
used in al the mixed samples. In addition, one test was conducted on
asample comprised of 100% crushed rock.

The test data indicates that the R-Vdue of dl the cullet-added
samples ranged from 73 to 77, which were relaively closeto an R
vaue of 78 of the crushed rock sample. It appears that adding cullet
to crushed rock reduced the R-Vdue dightly, and this reduction
increased dightly with increasing cullet content. Also, the R-Vaues of
the 1/4 inch minus cullet samples gppeared dightly lower than those of
the 3/4 inch minus cullet samples

The RVaue rdaes indirectly b the srength of the materid. The
vaue is commonly used to specify base or sub-base aggregate. For
ingance, WSDOT specifies a minimum R-Vdue of 72 for grave
base, Minnesota Department of Trangportation specifies a minimum
R-Vdue of 65 for base materids, and CALTRANS specifies a
minmum R-Vaue of 60 for Class 1 sub-base and 78 for Class 2
agoregate base. Generdly, the required RVaue is higher for the
base than for the subbase materials. From the test results of the cullet
samples, it is clear that the cullet added crushed rock, with a cullet
content up to 50%, processes adequate strength for both base and
ub-base aggregate.

Resilient Modulus

(Cyclic Triaxial)

Test: The reslient modulus of an aggregate is determined through a cyclic
triaxia test. The reslient modulusis the stiffness of the aggregate after
repested |oad-unload cycles, which are gpplied with the triaxid test
gpparaus. Because of the potentia for interparticle crushing of the
cullet, cydlic triaxid tests dso help to evauate the effect of particle
crushing.
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Avallable tes methods for determining resilient modulus are SHRP
Protocol P 46 and other methods such as AASHTO T294 test
method (AASHTO, 1992). CWC Glass Feedstock Evaluation
authors fdt that the AASHTO standard was more applicable to dl
co-sponsors and thus recommend that tests be conducted according
tothe AASHTO T 294 method.

The cydic triaxid tes is an expensve test and is not commonly
conducted. In engineering practice, the resilient modulus is often
obtained from other test values such as CBR. The cydlic triaxid test
is used for the evauation of critica gpplications such as roadways
under fluctuating loads.

A totd of five reslient modulus tests were performed during the
CWC's Glass Feedstock Evauation usng a modified AASHTO T-
294 test procedure. In the modified procedure, an internal load cdll
was used ingtead of an external load cdll as specified inthe AASHTO
test standard.

The tests were conducted on samples comprised of one cullet source
(WA-09), two cullet contents (50% and 15%), and two cullet szes
(1/4 inch minus and 3/4 inch minus). Crushed rock wasused in dl the
mixed samples. In addition, one test was conducted on a sample
comprised of 100% crushed rock.

The test samples were moisture-conditioned to several percentage
points drier than the optimum moisture content.  The samples were
prepared with a membrane mounted in a split mold. Each sample
was prepared by compacting the materials in the mold using a
vibratory hammer. The dry density of the samples so prepared were
90.6 to 98.9% of the maximum dry densty as determined by the
ASTM D 1557 test method.

Each sample was tested in atriaxia chamber. A pneumatic pressure
of 4 ps was gpplied to the sample and the drain line connected to the
sample was opened. The sample was then subjected to two cyclic
loading sequences.  In the first sequence the sample was "pre-
conditioned” by 1000 cycles of cyclic deviator stress having a
meagnitude of 8 ps.

Table 10 shows that adding cullet to the crushed rock reduced the
reslient modulus and the reduction increased with increasing cullet
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content. Note that the low modulus vaue of the 15%, 3/4 inch minus
cullet sample was likdly caused by the puncturing of the membrane

during the te<t.
Table 10
Resilient Modulus (Cyclic Triaxial) Test Results™
. ________________
Cullet Type of Cullet Cullet Dry Resilient | Resilient | Parameter | Parameter
Sample Natural Content Size Density Modulus Modulus AG g6
Number®* | Aggregate (%) (pcf) (ksiy** (ksiy**>
WA-09 crushed 50 7 119.2 29.7 30.8 9.8 0.355
rock minus
WA-09 crushed 50 Y 121.8 324 315 13.7 0.259
rock minus
WA-09 crushed 15 % 137.1 335 34.6 9.6 0.397
rock minus
WA-09 crushed 15 % 128.5 22.4" 19.8" 8.3 0.268
rock minus
- crushed 0 - 131.1 38.3 40.2 12.7 0.358
rock
NOTES: 1. Alltests performed using modified AASHTO T 292-91 | test procedure.
2. WA-09 is the low debris sample.
3. Resilient Modulus = A*(Bulk Stress)®
4. Atend of preconditioning load.
5. At bulk stress of 25 psi.
6. Parameter used in equation of note 3. above.
7. Membrane punctured during test.

The reslient modulus is a messure of a materid's siffness and can be
used for pavement desgn. The resilient modulus of natura aggregate
is typicaly about 30 ks a a bulk stress of 25 ps. For a granular
natural aggregate, the typica valueis 30 ks at a bulk stress of 25 ps.
From the data, it can be seen that even the 50% cullet sample would
have a redlient modulus vaue appropriate for use in a typicad
pavement design.

One concern regarding the use of cullet-added materids in roadway
congruction is the ability of cullet to withstand repested traffic |oads
without breskdown. To help address this concern, the change of

resilient modulus of the cullet samples over the first 2000 cycles may
be compared with that of the crushed rock. CWC Glass Feedstock
Evauation data indicates the cullet samples, like crushed rock, did not
show appreciable changes in the modulus vaue. Note that the
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samples were subjected to aconfining pressure of 4 ps and deviator
gress of 8 pd in the first 1000 cycles. This stressleve istypica of a
ub-base materid under medium to heavy traffic loads. For the
crushed rock materid, this stress level is much lower than the leve at
which crushing or breaking of the crushed rock particles would occur.
This implies that the cullet samples, like the crushed rock, did not
experience any gppreciable breaking or crushing of particles.

Workability Aggregate workability - the ease with which an aggregate is handled
and compacted - is ggnificantly affected by the angularity and shape
of the paticles Angulaity is a quditaive assessment of the
sharpness of edges and corners of a particle. Shape is a quditative
assessment of the flatness and dongation of a paticle.  These
properties will be especidly important for cullet.

During the CWC Glass Feedstock Evauation, workability was
assessed directly by evauating the compaction characteristics and
indirectly by evauating particle angularity and particle shgpe. The
direct evduation is presented in the Compaction portion of this
section. Theindirect evauation is presented herein.

Six samples were visudly examined usng the ASTM D 2488 test
procedure. These samples include the crushed rock, gravelly sand,
1/4 inch minus and 3/4 inch minus WA-09 cullet, and 1/4 inch minus
and 3/4 inch minus CA-14 cullet. The results indicate that dl of the
cullets were angular. The crushed rock particles were subangular and
the gravelly sand particles were subround. These degrees of
angularity are obtained using the Particle angularity chart from ASTM
D2488-90.

Thetypica cullet thicknesses range from about /8 to 1/4 inch. When
comparing these thicknesses to the plane dimensions of the cullet, it
was found that as much as 20% to 30% of the 3/4 inch minus cullet,
but only 1% of the 1/4 inch minus cullet, have a flat or platy shape.
However, both szes of cullet have a low percentage of flat and
elongated particles.

The particle shape ddineations above imply that the 3/4 inch minus
cullet had a much higher potentia to cut, puncture, or wedge into the
moving parts of congruction equipment. On the other hand, smilar
problems are not likdy for the 1/4 inch minus culle. The low
percentage of the flat and elongated particles means alow percentage
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of needle-sharped particle, implying a low potentia of puncturing
problems.

Safety

Cuts The most common hedth concern regarding the use of cullet
aggregates is the potentia for skin cuts or penetration. \Workers may
come into physca contact with cullet particles during trangportation
or placement of the cullet.

Tegting during the CWC Glass Feedstock Evauation showed that
arrborne cullet dust did produce some skin irritation of laboratory
personne around cuffs and collars. By wearing gloves and long-
deeve shirts however, this effect was diminated. It should be noted
that laboratory personnd experienced no skin lacerations due to
handling the cullet. The 1/4 inch minus cullet was particularly benign
from this standpoint. Infidd experience has shown that cullet 3/4
inch or smdler presents no greater cut or penetration hazard than
fractured natura aggregates such as crushed rock.

Glass Dust Exposure to glass dust is another health concern with cullet aggregate.
The chemicd make up of glass cullet originating as post-consumer
glass would be anticipated to condgst of oxides of slicon, duminum,
iron, cacium, magnesium, sodium, and barium. These compounds
are the common components of soda-lime glass, goproximately 95
percent of dl glass manufactured. Minor, trace inorganic components
such as antimony, arsenic, cerium, chromium, cobalt, copper, lead,
manganese, platinum, sdenium, Slver, vanadium, zinc, and zirconium
could aso be present. These inorganic materids, if present, are
generdly used in smdl quantities (generaly less than 0.5 percent) and
are contained in the vitreous non-leaching matrix. The inorganic
materias, particularly lead, are generdly used in the production of
specidty glass and would not be anticipated to represent a significant
percentage of post-consumer glass.

The component present in the grestest quantity is dlica. Silica may
exis as ether an amorphous or crysdline structure.  Amorphous
slica s not considered to be a sgnificant hedth hazard. Crystdline
dlica, on the other hand, has been shown to cause fibrogenic lung
disease. To cause fibrogenic lung disease, the slica must be present
as paticles that are smdl enough to enter the lungs, a condition that is
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termed "respirable’. Respirable particles range from 0.1 to 10
microns in aerodynamic diameter.

The potentia for exposure to respirable particles was assessed in the
CWC Glass Feedstock Evduation usng two methods. Firg, the
percentage (mass bads) of cullet with particle sizes ten microns and
less was determined by specific gravity. Crysaline slica dust present
in amounts greater than one percent may pose hedth hazards to
workers if the dust becomes airborne.  The second method used to
determine potentid hazards of dust exposure was to conduct air
monitoring. The Occupdtiond Safety and Hedth Adminigtration
(OSHA) has egablished a Permissble Exposure Limit (PEL) for
exposure to crysdline slica The PEL is 0.1 mg/M3 time-weighted
average. To meet regulatory requirements, exposure to crystdline
dlicamust be lessthan the PEL.

Teding included the following tasks evduating persond protective
equipment used in alab environment, collecting bulk cullet samplesto
determine percent Slica, collecting a persond air sample for respirable
crysdline dlica, and collecting area samples for total dust. Two
workers were observed in the lab during the testing of samples WA-9
and CA-14. Both wore disposable nuisance dust masks, lab coats
and neoprene surgica gloves.

A personnd sampling pump was worn by a laboratory technician
conducting the compaction tests. Two area samples were collected in
the lab - one near the mixing trays and one near the scale used to
weigh samples after Seving. Bulk samples of CA-14 and WA-9 1/4
inch minus cullet were collected. The personnd and bulk samples
were andyzed for percent cryddline dlica by x-ray diffraction
according to NIOSH method 7500. The two area samples were
andyzed for totd dust by NIOSH method 500/600. The sample
results are presented in Table 11.

Sample

Table 11
Crystalline Silica and Dust Test Results

Location Crystalline Silica Total Dust®
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CWC-01 Personnel sample: Daokaun Zhang <2.8 %* 0.280 mg/m®
CWC-02 Area sample: near mixing trays 0.351 mg/m®
CWC-03 Area sample: near analytical scale 0.495 mg/m?®
CWC-04 Blank sample <0.005 mg
CWC-05 Blank sample 0.160 mg
CWC-06 Bulk sample: CA-14 1/4" cullet 0.270 %
CWC-07 Bulk sample: WA-09 1/4" cullet 0.070 %

Notes 1.The Permissible Exposure Limitis 0.05 mg/m?’for respirable crystalline silica (per

29CFR1910.1000). However, Federal regulations are not applicable to crystalline silica
concentrations less than 1% by mass.

N

Accuracy of test result limited by restricted sampling time.

3. The Permissible Exposure Limitis 10.0 mg/msfor nuisance dust. Nuisance dusts are those
which do not contain otherwise regulated particulate such as asbestos or dusts which
contain greater than one percent silica (per 29CFR1910.1000).

The bulk sample results indicate that both the WA-09 and CA-14
samples contained less than 1% cryddline slica As such, the cullet
was in the “nuisance dust” category with a Permissble Exposure
Limit (PEL) of 10 mg/nT. The personnd sample and two area
samples were dl below 0.5 mg/nT total dust. Therefore, based on
the samples taken during this test program, cullet is not consdered a
hedth hazard from a sandpoint of crystdline slicaor dust.

3. Field Testing

Density and
Moisture Content

The engineering properties of granular fill maerids such as 100%
glass cullet, or cullet-s0il or cullet-aggregate mixtures, are related in
large part to the dengity of the fill and the gradation of the mixture.
The gradation requirement is usudly confirmed by |aboratory testing
prior to the fill operation, whereas the dendity requirement is typicaly
checked by in-place or field dengty testing during the operation.

Feld dengty testing is performed to confirm that the fill has been
compacted to a dengity that meets or exceeds a specified leve. If this
level has not been reached, further compaction or other adjustments
will be required in the fidd. If the compaction criterion has been
reached or exceeded, the fill is said to be acceptable and engineering
performance characteristics such as strength and compressibility are
ensured. Fied dendty tests are typicdly performed using a nuclear
densometer. For granular materias such as cullet and grave, the test
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accuracy may suffer from the presence of voids ingde of the
materidls.  In addition, the presence of hydrocarbon-containing
organic content such aslabelsin cullet fill may be erroneoudy read as
moisture by the instrument.

Because nuclear densometer testing during the Glass Feedstock
Evauation was inconclusive, additiond field testing was conducted by
the CWC after completion of the study. This testing compared
densty measurements obtained using a nuclear densometer with those
obtained usng a sand cone. The later is a physcad test that
determines the dengity of the compacted materid by measuring its
volume and weight.

The nuclear densometer tests included the backscatter mode (ASTM
2922) which measures the dendity near the surface, and direct
tranamisson mode (ASTM 5195) with the source probe extending to
depths of 6 to 12 inches. The CWC study concluded that nuclear
densometers can be used for the testing of cullet aggregate. No
correction to the densty measurements is required and the test
procedures can be the same as those used for naturd materids. The
test frequency is recommended to be the same as for naturd materia
a one test per lift per 2,500 square feet of fill, but not less than one

per lift.

Infield testing and project experience suggests the following test
procedures.

1. Cullet aggregate is typicaly compacted by vibratory compaction
equipment. The vibration can cause the finer particles to migrate
toward the bottom of each lift. As a result, the void space
reduces and dengty increases in the bottom portion of the lift.
Such uneven didributions of particle szes and non-uniform
dengty profiles can wrongly indicate a poorly graded materid.
Hence, the backscatter mode of the nuclear dendity test should be
avoided as this test mode measures the dengity in the upper
portion of the lift. It is recommended that the test be performed
using the direct transmisson mode with the test probe extending
the full depth of thelift.

2. To get the most accurate overdl reading, it is recommended that
four messurements be obtained at esch test location with the
nuclear densometer rotated 90 degrees between measurements.
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The average of the measurements should be used for record
purposes. This procedure reduces the effect of non-homogenety
on the density measuremen.

3. The surface of cullet aggregate is typicaly uneven and highly
permeable.  Such surface conditions will normaly reduce the
densty messurement of a nucler densometer because the
instrument will be supported on the highest peak. To avoid this
effect, a thin layer of sand should be used to fill the voids and
even the surface prior to measuremen.

4. A padle check on the accuracy of the dendty measurements by
a nuclear densometer can be performed using physica tests such
as the sand cone nethod (ASTM D1556) or rubber baloon
method (ASTM D2167).

5. The moisure messurement may be affected by the non
homogenaity of the compacted fill and the organic content in the
cullet debris. If necessary, a moisture compensation should be
induded in the densometer operation. Detals of such
compensations are presented in the CWC's Moisture Content
Measurement of Glass Aggregate Using a Nuclear
Densometer Best Practice (No. BP-GL-4012).

Nuclear densometers are the most popular tool to test the dendty of
fill materids. The procedure is quick and easy to perform, and the
test results are available a the completion of the test. Hence, the
quality of the fill can be evauated immediately and adjusment to the
placement or compaction procedures can be made without delay to
thefill operation. Ultimately, this Smple test method alows the quality
of fill to be controlled effectively and efficiently.

Additional information about the use of nuclear densometers with
glass cullet aggregate can be found in the CWC's Best Practices in
Glass Recycling, # s 4011 and 4012)

Visual Debris
Classification

Visua ingpection is a common procedure for the initial assessment of
the acceptability of congdtruction aggregate. The ingpection is usudly
performed a storage dStes prior to any laboratory testing of the
materid.  Sometimes, visud ingpection is peformed as a fidd
screening procedure. In some cases, the acceptability of the materid
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for a particular gpplication may be based solely on the results of the
field visud ingpection.

There is little background for dsandardized visud inspection
procedures for recycled glass. A smple method has been used to
obtain a percentage level of debris content of a glass cullet sample.
Typica debris includes metd caps, plastic, paper, and any other nor+
glass materids (see Part 1 of Section 3 for more information about
typica debris levels of cullet). The method is based on the Percent
Composition Charts developed by American Geologica Inditute
(Comparison Chart for Edtimating Percentage Compostion, AGI
Data Sheets 23.1 and 23.2). These charts, shown on page 56, show
the estimated percentage of compostion of debrisin a sample from 1
to 50%.

The method uses atest pan of eight to ten inches in diameter and one
to two inches in depth. One to three pounds of glass cullet is placed
and leveled in the test pan. The test pan is then placed next to the
standard charts and an estimated percentage is selected based on the
comparison of the composition shown on the charts and the debris
present on the test pan. It is important to disregard the aggregate
and compare only the contaminants with the charts. The results can
be recorded quantitatively using percentages, or quditatively usng
terms such as low for 1 to 3%, medium for 3 to 15%, and high for
over 15%. Inter-medium terms such as low to medium, and medium
to high can aso be considered.

The visud ingpection and classification test should be used for sub-
samples retrieved from various portions of the glass sorage. The
number of tests should be based on the quantity and homogeneity of
the bulk materid. In generd, at least one test should be conducted
for every 50 cubic yards of materid. The test results for dl sub-
samples should be reported.

The visud ingpection is based on the two-dimensond view of debris.
Since the debris (e.g., paper, plagtic, metd) in recycled glass typicaly
lays flat (platey), the visud ingpection method will generaly produce
results higher than the debris content measured by physical tests such
as the measurement of percent debris by weight or volume. A
comparison of the visud ingpection and the physical test results can be
found in the Engineering Suitability Evauation volume of the full Glass
Feedstock Evauation.
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In-field
Verification:

The results of the CWC Glass Feedstock Evauation volume and
weight testing are summarized in Table 12, following page. Loss of
ignition test results are dso lised. The volume and weight testing
confirmed the debris levels as determined by visud dassfication. The
visua classfication produced a grester quantitetive variaion between
the high and low debris levds than did the volume and weight testing.
This is because most of the debris is platey in nature (labels and
caps). A platey materia (one which has alength and width but avery
amdl thickness), will be readily measured using the visud method,
which quantifies the cullet debris in atwo-dimensond view.

The volume and weight methods however, are affected by dl three
dimensions of the debrisin equa proportion. As a result, the platey
nature of the debris is reflected in the lower percentage results of

these two methods. Among the volume and weight tests, the smdlest
variation between high and low debris feedstocks was obtained from
the weight method, and in genera, the greatest was obtained from the
dry method by volume.

Table 12
Debris Content by Various Methods

Sample Debris Debris Debris Debris Loss of Ignition
Content Content Content Content Ash Content® Organic
Visual Weight Dry Volume Wet Volume (%) Matter® (%)
Method Method Method (%) Method (%)
(%) (*0)
OR-01 10 1.0 4.0 1.2 NA* NA
OR-05 15 2.9 7.7 3.5 99.9 0.1
CA-14 15 6.5 7.2 10.3 99.4 0.6
MN-04 1 0.2 0.5 0.5 100 0
MN-08 1 0.6 0.8 1.1 99.7 0.3
WA-10 1 0.3 0.8 0.6 99.8 0.1
WA-09 2 0.5 NA 0.8 NA NA
Notes 1. Material remaining after ignition (cullet and inorganic debris)
2. Organic material lost during ignition
3. Not Analyzed
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It should be clearly understood that the percentages produced by the
visud classfication method are neither mass nor volume percentages.
Rather, they are parameter-less indicators of the reative leve of
contamination in aglass sample.
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4. Conclusions for Construction Aggregate Users

Specific Gravity
& Relative Density:

Durability:

Compactability:

The sgnificance of the geotechnical and engineering property testing
conducted during the CWC Glass Feedstock Evauation, the FDOT
sudy, and related studies is summarized below for congruction
aggregate users.

The cullet samples have a lower specific gravity than neturd
aggregate. The lower specific gravity resulted in lower maximum and
minimum index dendgties. The dengty 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. This reduction is dso
reflected in the unit weight of the compacted samples.

Cullet is not as mechanicdly 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 cose to the normd limiting vaues for roadway aggregate. It
is believed that aggregate mixed with 50% cullet, even with a cullet
gze of 3/4 inch minus, will meet the abrason limit for roadway

aggregate.

In generd, the compaction curves of the cullet samples are reldively

flat meaning that the compacted dengty is not sengtive to the moisture
content. This insengtivity to moisture content means that the materid

can be placed and compacted during wet weether, keeping
congruction downtime to aminimum.

The maximum dengty vaues obtained from the impact (Modified
Proctor) compaction and vibratory (WSDOT 606) compaction tests
are about equivalent. Other than the 100%, 3/4 inch minus cullet
materid, both compaction methods produced little or no gradation
change. The amilaity in dengty vaues implies the feashility of usng
either method for the fidld ontrol of the cullet-added fill materids.
On the other hand, if afill materids comprisng 100% cullet is to be
compacted by heavy fidd compaction equipment, the WSDOT or
vibratory type of compaction method should be used for the purpose
of density cortrol.
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Confined compression testing up to pressures of 210 ps (1470 kPa)
proved that very little degradation would occur for wagte glass
subjected to high gatic stresses in a confined zone. However, fidd
compaction equipment may crush the grains near the surface where
low confining pressures exist. This problem should be addressed
during additiond fidld teting.

Gradation: 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
feagbility of using al three compaction methods for the fid control of
the fill materids comprised of cullet. In addition, snce these
compaction methods mimic the compaction effort of the fidd
equipment, the minima gradation change would adso imply minimd
difference in the engineering properties of the laboratory compacted
samples and those of the indtu fill materid. This would tend to
vaidate engineering designs which are based on properties derived
from laboratory testing.

The hydrodtatic compression and triaxid shear loading produced little
gradaion change, implying minima bregkage of the cullet under
norma working loads.

Particle Shape: 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 aflat
or platey shape. However, both sizes of cullet had alow percentage
of flat and dongated particles. These shapesindicate that the 3/4 inch
minus cullet has a potentid to cut, puncture, or wedge into the moving
parts of the norma congruction equipment. On the other hand,
amilar problems are nat likely for the 1/4 inch minus cullet. The low
percentage of the flat and € ongated particles means alow percentage
of needle-sharped particle, implying a low potentia of puncturing
problems.

Permeability: Based on the traditiona classfication system presented in Table 5, dll
the cullet samples tested exhibit medium to high permegbility. These
permeabilities correspond to those of a medium sand and grave
which are commonly used asfilter materids.

Shear Strength: Both direct shear and triaxid shear test results indicate that the
srength of cullet is about the same as naturd aggregate. In addition,
cullet content and debris level do not appear to have an gppreciable
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effect on the strength within the ranges tested. The addition of 1/4
inch minus cullet to a natura aggregate tends to increase the bulk
modulus and reduce the potentia of plagtic volumetric srain.  This
beneficid diffening effect is because the aggregate-cullet mixture is
more well-graded than natura aggregate only.

CBR: High CBR vaues (above 90) were obtained for samples containing
15% cullet of ether sze. For samples containing 50% cullet, the
CBR depends on the compaction method used in the sample
preparation. Samples prepared using the impact compaction method
(Modified Proctor) exhibit high CBR vaues (above 70) regardless the
cullet sze. Samples with ¥4 inch minus cullet, prepared using the
vibratory compaction method have a high CBR (over 90), but
samples with 3/4 inch minus cullet, prepared using the vibratory
compeaction method exhibit a medium to high CBR vaue (over 40).

The test results indicate hat cullet exhibits good to excelent CBR
vaues. Additiondly, for materias which contain over 15% cullet, the
compaction method used in sample preparation should mimic the field
compaction to ensure accurate field confirmation.

Resistance R Value: High RVaues (above 73) were obtained for samples containing up
to 50% cullet of either Sze. The results indicate that the cullet-added
crushed rock, with a cullet content up to 50%, possess adequate
strength for both base and subbase aggregate.

Resilient Modulus

(Cyclic Triaxial): Reaively high reslient moduli (above 29 ks a a bulk stress of 25
ps) were obtained for samples containing up to 50% cullet of ether
sze. Thereaultsindicae that the cullet-added crushed rock, even for
a cullet content of 50%, would have a resilient modulus gppropriate
for atypicd pavement design.

Safety: Glass aggregate dust typicdly contains less than 1% crydtdline slica
by weight and is not considered hazardous by federd standards. This
places cullet in the category of “nuisance dust” with a Permisshble
Exposure Limit (PEL) of 10 mg/m3.

Glass cullet dust can be askin and eyeirritant. Cullet dust is dorasive
due to the high angularity of its particle shapes, and appears to be
more irritating than dust fom natural aggregates or soils. However,
experience from congtruction gtes indicates that cullet dust, and the
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irritations associated with the dugt, can be easily prevented using
smple measures. The following safety precautions are based on the
CWC Glass Feedsiock Evduation test results and the fied
experience of congtruction Ste personnd:

a)

b)

All personnd should know that direct skin contact with glass
cullet should be avoided. To protect against possible cuts or
penetration injuries, dte personnd working with cullet should
wear long deeves, pants, gloves, work boots, hard-hats, ear
protection, and eye protection. Shirt deeves and pant legs can be
taped for additiona protection. Site personne should aso be
indructed not to gt, kned, or lay on cullet surfaces, or work
surfaces containing cullet.  Furthermore, working surfaces should
be kept clean of cullet particles by sweeping.

Congtruction personnd should be made aware of the potentia
inhadation hazard and skin and eye irritation from cullet dust. To
minimize exposure of glass dust to skin, ears, and eyes, sSte
personnel should use the same protective gear listed above for
protection againgt cuts and penetrative wounds. To protect
agang dugt inhaation, workers can aso wear disposable
nuisance dust masks. Samples of the glass should be brought to
the meeting so personnd know what to expect.

Although dl personnd should have knowledge of dust control
measures, responghilities should be cdearly assgned.  Minimizing
cullet dust hazards should begin with adust control program.  As
with any aggregate, the need for dust control is most obvious
during dry weeather. Since glass has a ecific gravity less than
that of naturd aggregate, the fines from cullet aggregate may be
more prone to becoming airborne. On condruction Stes, cullet
dust can be generated when the cullet is ddivered and end-
dumped from trucks. Handling and stockpiling of cullet aggregeate
on-dte can dso cregte a dust cloud. Site personnd involved in
hendling or stockpiling cullet should monitor for potentid cullet
dusting, and be prepared to implement dust control measures.

Wet suppression using a garden hose is the most common and
effective measure of dust control. Since cullet aggregates are
generdly free-draining, the gpplication of water to cullet generdly
does not adversdy impact its compaction characterigtics.
However, if the glass aggregate contains more than 10% fines

a 1998 cwcC

Page 59



In-Field Testing of
Density and Moisture
Content Using a

d)

(particles samdler than No. 200 Seve in Sze) the materid may
become moisture-sengtive. This Stuation should be handled by
qudified geotechnica engineering personnd.

Water can be applied to the cullet aggregate in the truck bed
before dumping.  To avoid ponding of surface water, the
stockpile should be built at locations with pogitive drainage away
from the sockpile area.  During the dry summer months, the
stockpile can be sprinkled with water whenever the surface is dry
and fine particles can become airborne and transported by wind.

Cullet may draw the attention of curious onlookers or passers-by.
For maximum safety, take measures to minimize public access to
areas where cullet is being used or stockpiled. These areas
should be surrounded by cautionary tape, and cullet stockpiles
should be placed in low vishility or minimum access aress.

The advantages and disadvantages of usng cullet as a
condruction aggregate and the merit of cullet fill should be
discussed with the owner, engineers, generd contractor,
contractor’s earthwork sub-contractor, labor foremen, and
laborers before the materid is ddivered. Samples of the cullet
aggregate should be available so that dl know what to expect.
The awareness of the rationde for usng a new congruction
materid at al levels of the crew tends to mitigate concern, and to
facilitate the cost- effective use of the materid.

Nuclear Densometer: The CWC Glass Feedstock Evauation study concluded that nuclear
densometers can be used for the testing of cullet aggregate. No
correction to the dendty measurements is required and the test
procedures can be the same as those used for natural materias. The
test frequency is recommended to be the same as for naturd materid
a one test per lift per 2,500 square feet of fill, but rot less than one
per lift. Test procedures are subject to the modifications listed in the
“Feld Testing” section.
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3. Physical and Chemical Properties, and
Environmental Suitability

This section of the Toolkit presents physcd, chemicd, and
environmentd properties of glass cullet or glass cullet leachate, as
applicable to its use as cullet aggregate.

L. Physical Properties

Typical Debris

Content Table 13 presents typica debris content levels and type of debris for
different collection and sorting categories, based on the visud
classfication results of the CWC Glass Feedstock Evauation. In
generd, the types of debris observed in cullet include paper, foil, and
plastic labels; plastic and metd caps; cork; paper bags, wood debris;
food residue, and grass. Debris at levels of 10 percent or greater in
gther of two dze dasdfications (1/4" minus and 3/4" minus) are
defined as high debris level. Debris levels of grester than three
percent and less than ten percent are defined as medium debris levels.
Debris levels of less than three percent are defined as low debris

levels
Table 13
Typical Debris Content Levels for Collection and Sorting Categories
. ____________________________________________|
Typical
Collection and Sorting Category E?:/rells Type of Debris
Redemption High Paper and plastic labels, plastic, corks
Blue bags with commingled bottles, cans, High Paper wads, corks, food residue, paper
and paper (two sources) labels, metal caps, grass, plastic foodwrap,
tin, plastic and wood debris
unattended dropboxes or barrels (two High Paper labels, metal caps, brown paper
sources) bags, foil labels
curbside commingled glass (color sorted High Plastic caps, paper and plastic labels,
at curb) newsprint
curbside commingled with other High Paper and plastic labels, plastic and metal
containers (neaative sort) cans
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Table 13

Typical Debris Content Levels for Collection and Sorting Categories’
|

Typical
Collection and Sorting Category- le\)/gls Type of Debris

containers (negative sort) caps

curbside commingled glass only - not High Paper labels, metal caps, plastic labels

color sorted

curbside commingled glass only, positive Medium Paper labels, plastic caps, corks, metallic

sort (two sources) bottle seals, metal caps

attended dropbox Medium Paper/plastic labels, paper, corks, plastic
caps

deposit (two sources) Medium Metal and plastic caps, paper and plastic
labels

curbside commingled with other Medium Paper/plastic labels, metals caps, plastic

containers, positive sort (two sources) caps, wet paper

curbside commingled with other Medium Paper/foil labels, plastic caps

containers, mixed sort

curbside commingled glass only, negative Medium Metal and plastic jar and bottle lids, plastic

sort and paper labels, plastic food bottles, tin
can lids

curbside - source separated by consumer Low Paper labels, plastic caps

curbside commingled glass only, positive Low

sort

curbside commingled glass only, negative Low

sort

curbside commingled glass only, mixed Low Paper labels, plastic/metal caps

fraction

curbside commingled with other Low Paper labels, metal caps

containers, positive sort

curbside commingled with other Low Paper/plastic labels, plastic caps

containers, negative sort

curbside commingled with other Low Paper labels, plastic caps

containers, mixed fraction

deposit collection Low

furnace ready cullet - beneficiated Low Paper labels
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The most common types of debris observed in the low debris level
sources were Similar to the high debris leve: |abels (paper and plastic)
and bottle caps (metad and plastic).

Two collection schemes were postively associated with high debris
levels - blue bag collection systems and unattended drop boxes. The
highest percent of debris in the 1/4 minus and 3/4 minus sampled
during the CWC Glass Feedstock Evauation were obtained from an
unattended dropbox/barrd.  The most common types of debris
observed in the high debris level sources were labels (paper and
plastic) and bottle caps (metd and plagtic). Mechanicaly-facilitated
sorting/cleaning is associated with lower debris levels. Also,
commingled glass only collection schemes gppear to produce no
cleaner amateria than commingled container collection provided.

2. Chemical Properties

Biochemical

Oxygen Demand

(BOD) BOD teding is essentidly a bioassay procedure involving the
measurement of oxygen consumed by living organisms (mainly
bacteria) while utilizing the organic matter present in a waste, under
conditions Smilar to those that occur in nature.

The FDOT study used the Thomas graphicd method (Sawyer, 1978)
to evauate BOD versus time data  Three leachate samples were
collected from a 2 ft. (60 cm) column a 36 minute time intervals
generating three - 250 ml samples. The average rate congtant was
0.08. The ultimate BOD of the three samples was gpproximately 600
mg/l, 400 mg/l, and 375 mg/l. The average BOD5 was 60% of the
ultimate BOD. This percentage can be used to convert any of thefive
day BOD's reported in the study to ultimate BOD's. Column leaching
tes BOD5 vdues for one of the FDOT samples had initid
concentrations of 435, 1470 and 2880 mg/l at leaching times of 14,
22, and 33 hours, and fina BOD5 concentrations of 6.6, 10.8 and
49.5 mg/l, at these times, respectively, for the 2, 4 and 6foot (60,
120 and 180 cm) columns. Another of the FDOT samples had 479,
235 and 855 mg/l initid BOD5 concentrations at leaching times of 14,
34, and 53 hours, and find concentrations of 12, 12, and 6 mg/l a
these times for the for the 2, 4 and 6 foot (60, 120 and 180 cm)
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columns. The FDOT reaults indicate that the later waste glass sample
leachate was considerably less contaminated than the firgt, dthough it
gl exhibited pollutant levels greater than raw domestic waste water.

Total Phosphorus Totd phosphorus (TP) concentrations in samples taken for the FDOT
study ranged from 0.4 to 2.0 mg/l, and 1.4 to 2.8 mg/l, for the first
samples, and find samples had concentrations of 0.03 to 0.14 mg/l
and 0.17 to 0.31 mg/l, respectively. Typica TP concertrationsin raw
domestic waste water are 8 mg/l and trested waste water are 1 mg/l.
The study found that both waste glass sources had leachate
concentrations similar to trested wastewater. Once waste glass is
processed to remove the other contaminants, the phosphorus is not
expected to be a problem.

Total Kjeldahl

Nitrogen (TKN) During the FDOT study, TKN andyses were performed on two
leachate samples from two glass samples. TKN concentrations for
the first glass sample for 2, 4, and 6 ft (60, 120 and 180 cm) columns
were 32, 114 and 345 mg/l initidly and 2, 1 and 7 mg/l in the find
sample. The second glass sample had TKN concentrations of 37,
55, and 67mg/l initidly and 1, <1, and 2 mg/l in the find sample for
the 60, 120 and 180 cm) columns. The TKN typica vaue for raw
domestic waste water is 40 mg/l and for trested domestic waste
water 5 mg/l. Therefore, TKN for glass cullet would be high initidly
and acceptable after some time when exposed to rainfall.

Solids The FDOT sudy tested glass samples for Tota Dissolved Solids,
Totad Suspended Solids, and Fixed and Volatile Solids. Since afilter
was used to hold the glass sample in place, low suspended solid
concentrations were expected. No or negligible suspended solids
concentrations were measured. The dissolved solids concentrations
were 0 low that they were difficult to measure. A low levd of solids
was observed on the filter a the bottom of the column. The solids
levels are not expected to create any environmental concerns.

Semi-Volatile

Organics The semi-volatile organic results from the CWC Glass Feedstock
Evauation indicated the presence of phthaates and reaively low
levds of polycyclic aromatic hydrocarbons (PAHS), benzene
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derivatives, and phenols in one or more samples.  Phthalate
compounds were found in dl high and low debris samples and ranged
in concentrations from 38 parts per billion (ppb) to 16,000 ppb and
accounted for the highest concentrations of semi-volatile organic
contamination detected. Phthdates are components of plagtics
products.

The high debris feedstock samples contained higher concentrations of
semi-volaile organic compounds than the low debris samples.
Phthalates and TICs such as organic acids and derivatives and cydlic,
draight chain, and branched hydrocarbons were detected in high
debris samples, at estimated concentrations ranging from 130 ppb to
6,700 ppb.

The largest number of semi-volatile organic compounds were found in
a high debris sample. This sample was collected from a "blue bag"
collection scheme, and contained debris that generdly is removed and
disposed of in a landfill. The sample contained phthalates, PAHS,
phenols and benzene derivatives and TICs such as organic acids and
derivatives and cyclic, straight chain, and branched hydrocarbons at
concentrations ranging from 370 ppb to 19,000 ppb. This sample
contained a wide array of visudly classified debris such as food
residues, grass, plastic food wrap, and corks as compared to the
debris observed in other samples. PAHs are generdly associated with
petroleum products, phenols are common industrid chemicds, and
azobenzene is used in the manufecture of dyes and rubber
accelerators, as a fumigant and acaricide (Verschueren 1983).
Information from the recycling collector reveded that plastic bottles
previoudy containing oil are collected in this system, a possible source
of the PAH contamination. |t is recommended thet cullet from blue
bag sources be anadyzed on an individua basis prior to their
consderation as aggregate feedstock.

In addition to phthaates, low concentrations of phenol and 1,4
dichlorobenzene were found in some of the low debris leve samples
collected for the CWC Glass Feedstock Evauation. 1/4-
Dichlorobenzene is a common component of moth repdlents, air
deodorizers, soil fumigants and pesticides (Verschueren 1983). TICs
detected in the low debris samples were smilar to the TICs detected
in the high debris samples.
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Regulatory limits for organic compounds vary across the country and
are generally based on ste specific information and locd and date
regulations.  Although organic regulatory limits are not available for
direct comparison of organics found in the cullet samples, the organics
do not appear to represent levels of concern.

pH and Total

Organic Carbon  The pH levds of the high and low debris-content feedstock samples
collected for the CWC Glass Feedstock Evaluation were smilar and
ranged between 9.9 and 104 Standard Units (SU), with the
exception of one sample, which exhibited an emulson layer that may
have interfered with pH measurements (6.9 and 7.0 SU). The pH
levels of the cullet were smilar to levels tha are found naturdly in
geologic maerids. The federd regulatory limit that designates a solid
materia as hazardous waste contains a pH less than or equd to 2.0 or
greater than or equa to 125. The potentia pH of effluent was
evaluated in a contaminant cullet testing over time program.

The TOC levels found in the high and low debris samples were
generdly smilar and ranged between 0.059 to 0.69 percent. A high
debris sample and a low debris sample contained the highest TOC
concentrations, 0.69 and 0.29 percent, respectively. TOC levels
found in the cullet samples are amilar to naturdly occurring soils
which may range from 0.04 percent to 0.8 percent.

Priority Pollutant

Metals The concentrations of totd metals detected in the CWC Glass
Feedstock Evauation were smilar for both the high and low debris
samples taken (Table 13, following page). Available published vaues
for ranges of metds naturdly occurring in granite, a common source
of road congtruction aggregate, are aso provided in Table 13 for
comparison to the glass feedstock results (Connor & Shacklette,
1975). Three metas, chromium, copper, and zinc were detected at
low concentrations in both the high and low debris samples. Nickel
was detected only in one high debris levd sample.  Sdenium was
detected only in two low debris level samples. Lead concentrations
are discused in the next section. In generd, the cullet metd
concentrations were a or below the meta concentrations typicaly
found in background levels of granite.
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LOW DEBRIS LEVEL

Chemical Characterization
Glass Feedslock Somples
Cleon Washington Center
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3. Environmental Suitability

During the CWC's Glass Feedstock Evauation and the FDOT
“Wadte Glass’ study, two potential environmenta issues of interest
were associated with the use of glass as congtruction aggregate: the
biologica impacts from chemicd properties, and the potentia for lead
contaminaion. A summary of tests conducted and the test findings
for those two issuesis provided below.

Biological Impacts

From Chemical

Properties Both the CWC Glass Feedstock Evauation and the FDOT Study
evauated the potentia for contaminant leaching from glass feedstock
over time. The purpose was to evauate the potentia for impacts to
the biology of the leachate receiving environment. While the FDOT
Study discussed storage requirements to assure complete biological
degradation prior to placement, the CWC Glass Feedstock
Evduaion found no potentid for harmful contaminant leaching from
gass. A summary of the gudies findingsis described below.

The FDOT study determined the total mass of pollutants released for
the waste glass sampled. Biochemica Oxygen Demand (BOD) and
Totad Phosphorus (TP) were used to compare leachate
concentrations to the volume of liquid used to extract the pollutants.

The study suggested that to provide usable quantities of cullet
agoregate, storage facilities should accumulate waste glass for some
time to assure biologicd degradation. Rainfal occurrences were
described as sufficient to accomplish the suggested "cleantup” o that
the leachate would exhibit pollutant concentrations smilar to norma

storm water.

To assess the potentia for contaminant leaching over time, the CWC
Glass Feedstock Evauation conducted sequentia batch extractions of
one high debris and one low debris feedstock in accordance with
Method ASTM 4793.

One high debris sample and one low debris sample, and duplicates of
each, were sdected and analyzed. Following sequential batch
extractions, the agueous samples generated were andyzed for
biologicad oxygen demand (BOD), chemica oxygen demand (COD),
TOC, pH, specific conductivity, priority pollutant metas, and cobalt.
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The concentration trends of BOD, COD, TOC, pH, and specific
conductivity in the high and low debris samples decreased in
concentration over time and do not appear to be at concentrations of
concern. The BOD and COD concentrations were generdly not
detected following the third sequentid extraction and andyss. The
pH of the cullet effluent monitored over aten day period was within
pH ranges found in naturaly occurring surface waters which generdly
range from 6 to 10 SU.

Chromium, copper, nickd, and sdenium, were detected once or
inconggently in the high and low debris sample. Lead concentrations
in both high and low samples remained rlively conssent over time
and zinc levels generadly decreased in concentration over time.
Metas levels gppear to be generdly within naturaly occurring ranges
typicdly found in metalsin ground water and surface water.

Lead and
Leachable Lead
Contamination

The CWC's Glass Feedstock Evaluation assessed the incidence of
lead and leachable lead contamination in different feedstocks. Totd
lead levels were evduaed on al of the cullet sources. Toxic
Characteristic Leachate Procedures (TCLP) tests were conducted on
a subset of these sources.

Tota lead concentrations for 28 out of 29 sources were either
undetected or detected at concentrations that are smilar to naturdly
occurring lead concentrations found in granite. Only one source, from
a beneficiation plant where cullet is processed to furnace-ready
sandards (WA-15), contained highly vaiable totd lead
concentrations in ten replicate samples andyzed (ranging from 29.4
ppm to 6635 ppm). The glass from this source is not considered a
potential feedstock for construction aggregate because of its high
beneficiation vdue. It was unclear whether the high lead incidence
found in this source represented an anomay or was in fact
representative of cullets beneficiated in this plant.

All samples from potential congtruction aggregate feedstock sources,
processed to aggregate gradations, showed tota lead concentrations
that were undetectable or at low concentrations smilar to the levels
found in naturd granite. TCLP lead results for dl cullet sources but
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one (WA-15 agan), were undetected and below the federa
regulaory limit of 5 mg/l.

Additional

Lead Testing: Additiond lead tests were performed by the Clean Washington
Center following completion of the Glass Feedstock Evauation to
obtan a lager dHatidicd sampling on the incidence of lead
contamination.

The testing was conducted because the origina lead tests indicated
that the elevated |lead readings tended to show up as “spikes’, that is,
highly localized concentrations of lead, the testing was performed.
Thisimplied that the lead was not uniformly didtributed throughout the
piles, but rather occurred in discrete pieces, and that choosing a
sample with a piece of lead was therefore a satidtical “event.” The
additiona testing seemsto verify that supposition.

Totd lead tests were performed on each of five discrete samples for
ten of the 5-gdlon bucket samples collected during the Glass
Feedstock Evduation project, for a totd of fifty tests. Additiondly,
three TCLP tests were performed for a subset of four of the ten
buckets, for a totd of twelve TCLPs. The contents of the 5-gdlon
buckets had al been crushed to ¥4’ minus and contained &l of the
debris found in the origind sampling from the glass piles (the origind

tests in the Glass Feedstock Evauation had screened the samples to
remove typicad contaminants). The ten sources out of the origind

twenty-nine were chosen because of indications of the presence of

lead during the previous project testing.

Lead Testing

Results and

Conclusions: Table 15 presents the results for al of the TCLPs performed for glass
piles from the Glass Feedstock Evauation and subsequent testing by
the Clean Washington Center. Table 16 presents the results from the
total lead tests performed only during the additiond testing by the
Clean Washington Center.

Only one test for totd lead, from sample WA-10, reported a result
greater than 100mg/l, while 49 were below 60mg/l. These results
supply strong evidence that, while lead is present, probably from
pieces of lead foil wine neck wraps, the volume of lead tends to be
swamped by the volume of glass in any method of weighed averages.
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A gatistical analyss based on the T-didribution gives a levd of less
than 30mg/l tota lead for a one-sided 95% confidence interval.

The dilution factor relating totd lead tests to TCLPs is 20:1.
Therefore, a result of 100mg/l in atotd lead test should correlate to
equal to or less than 5mg/l in aleaching procedure. The TCLP isthe
standard procedure for regulatory determination of hazardous waste.
5mg/l is the minimum vdue of a TCLP for dangerous waste
classfication by the Washington State Department of Ecology.

For the additional TCLP tests run, in one instance, from bucket WA-
11, a result of 11mg/l was detected. All other results were below
05mg/l. A 95% one-sded confidence interval for al TCLPs run
during the project resultsin an inference of less than 5Smg/l.

Two possible lessons can be derived from these results:

1. Anyone choosing to enter the glass processing business should
probably undertake a regular program of total lead testing—in
some cases, it may be required. For example, the Washington
State Department of Transportation, in its specifications for glass
aggregate, specifiestha suppliers of glass aggregate mus quarterly
perform, firve tota lead tests on random grab samples from
stockpiles of glass aggregate. Totd lead tests are much less
expendve than TCLPs, and may serve as an historical record of
good stewardship of the materid. Glass aggregate users should
inquire of suppliers the source of glass (does it include wine
bottles?) and if the supplier has alead testing program in place.

2. These reaults dso support efforts at educating the public to
remove and dispose of wine bottle neck wraps with solid waste
rather than with recyclables.

Table 15
Statistical Analysis of TCLP Lead
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Description of Data’ [ TCLP Lead Data & Calculations
Xi (mg/kg) A (xi-xavg.) AN2
9/9/92 NW Recycling - Green 1 14.70 11.72 137.358
9/9/92 NW Recycling - Clear 2 3.60 0.62 0.384
9/9/92 NW Recycling - Brown* 3 0.50 (2.48) 6.150
9/9/92 Skagit River Steel - Clear 4 0.50 (2.48) 6.150
9/9/92 Skagit River Steel - Green 5 10.50 7.52 56.550
9/9/92 Skagit River Steel - Brown* 6 0.50 (2.48) 6.150
10/15/92  Clean WA Center — Kent Highlands Mixed 7 0.21 (2.77) 7.673
Glass Before Debris Screening
Same as above 8 0.36 (2.62) 6.864
Same as above 9 0.13 (2.85) 8.123
Same as above 10 0.11 (2.87) 8.237
Same as above 11 0.07 (2.91) 8.468
Same as above 12 0.28 (2.70) 7.290
Same as above 13 0.07 (2.91) 8.468
Same as above 14 0.27 (2.71) 7.344
Same as above 15 0.28 (2.70) 7.290
Same as above 16 0.22 (2.76) 7.618
Same as above 17 18.0 15.02 225.600
Same as above 18 11.0 8.02 64.320
11/19/92  City of Seattle — Kent Highlands Mixed 19 1.40 (1.58) 2.496
Glass After Debris Screening
Same as above 20 1.30 (1.68) 2.822
Same as above 21 2.20 (0.78) 0.608
Same as above 22 0.24 (2.74) 7.508
Same as above 23 0.15 (2.83) 8.009
Same as above 24 0.46 (2.52) 6.350
Same as above 25 3.70 0.72 0.518
Same as above 26 0.53 (2.45) 6.003
Same as above 27 0.17 (2.81) 7.896
Same as above 28 0.13 (2.85) 8.123
6/14/93 CWC - WM-10, Flint, high debris* 29 0.10 (2.88) 8.294
6/14/93 CWC - MN-08, Mixed, low debris* 30 0.10 (2.88) 8.294
6/14/93 CWC - WN-04, Green, low debris* 31 0.10 (2.88) 8.294
6/14/93 CWC - WA-09, Green, low debris* 32 0.10 (2.88) 8.294
6/14/93 CWC - WA-15, Furnace ready 33 42.20 39.22 1538.208
6/14/93 CWC - WM-15, Furnace ready dup. 34 21.20 18.22 331.968
6/14/93 CWC - BFI-06, Amber, Med. debris* 35 0.10 (2.88) 8.294
6/14/93 CWC - CA-09, Amber, Med. debris* 36 0.10 (2.88) 8.294
6/14/93 CWC - OR-10A, Flint, Med. debris* 37 0.10 (2.88) 8.294
6/14/93 CWC - WM-09, Green, Med. debris* 38 0.10 (2.88) 8.294
7/29/93 CWC - WM-14a, Green, high debris 39 0.08 (2.90) 8.410
7/29/93 CWC - WM-14b, Green, high debris* 40 0.05 (2.93) 8.585
7/29/93 CWC - WM-14c, Green, high debris* 41 0.05 (2.93) 8.585
7/29/93 CWC - OR-14a, Flint, Med. Debris 42 0.26 (2.72) 7.398
7/29/93 CWC - OR-14b, Flint, Med. Debris 43 0.40 (2.58) 6.656
7/29/93 CWC - OR-14c, Flint, Med. Debris 44 0.27 (2.71) 7.344
7/29/93 CWC - BFI-07a, Flint, Med. debris 45 0.07 (2.91) 8.468
7/29/93 CWC - BFI-07b, Flint, Med. Debris* 46 0.05 (2.93) 8.585
7/29/93 CWC - BFI-07c, Flint, Med. debris 47 0.06 (2.92) 8.526
7/29/93 CWC — WA-14a, Mixed, low debris 48 0.43 (2.55) 6.503
7/29/93 CWC — WA-14b, Mixed, low debris 49 11.0 8.02 64.320
7/29/93 CWC — WA-14c, Mixed, low debris 50 0.27 (2.71) 7.344
Sum Xi: 14877  Sumdif s 2,717.631
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Avg. Xi:

Standard Deviation from Mean:

S=(sum dif syn-1)"U/2:

Upper Confidence Interval (UCI) Caculations
One-tailed 90% UCI T datigtic (Ts), Ts=1.3, for n-1=49

One-tailed 95% UCI T dtatistic (Ts), Ts=1.667, for n-1=49

90% UCI isAvg Xi + TYS/(n)"1/2
95% UCI isAvg Xi + TYS(n)"1/2

90% UCI:  4.349
95% UCI:  4.744

Table 16
Statistical Analysis of Total Lead Content’
Client ID TCLP Lead Data & Calculations
Xi (mg/kg) A (xi-xavg.) AN2
AZ-2a 1.20 (21.17) 448.17
AZ-2b 1.40 (20.97) 439.74
AZ-2¢ 0.70 (21.67) 469.59
AZ-2d 1.70 (20.67) 427.25
AZ-2e 3.10 (19.27) 371.33
BFI-07a 20.00 (2.37) 5.62
BFI-07b 6.80 (15.57) 242.42
BFI-07¢c 10.00 (12.37) 153.02
BFI-07d 37.00 14.63 214.04
BFI-07e 5.40 (16.97) 287.98
MN-8a 44.00 21.63 467.86
MN-8b 17.00 (5.37) 28.84
MN-8c 24.00 1.63 2.66
MN-8d 55.00 32.63 1,064.72
MN-8e 12.00 (10.37) 107.54
OR-12a 44.00 21.63 467.86
OR-12b 58.00 35.63 1,269.50
OR-12¢c 16.00 (6.37) 40.58
OR-12d 44.00 21.63 467.86
OR-12e 28.00 5.63 31.70
OR-la 28.00 5.63 31.70
OR-1b 12.00 (10.37) 107.54
OR-1c 23.00 0.63 0.40
OR-1d 76.00 53.63 2,876.18
OR-le 10.00 (12.37) 153.02
WA-11a 25.00 2.63 6.92
WA-11b 14.00 (8.37) 70.06
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Table 16
Statistical Analysis of Total Lead Content’
|
Client ID TCLP Lead Data & Calculations
Xi (mg/kg) A (xi-xavg.) AN2
WA-11c 18.00 (4.37) 19.10
WA-11d 10.00 (12.37) 153.02
WA-11le 14.00 (8.37) 70.06
WA-10a 8.60 (13.77) 189.61
WA-10b 26.00 3.63 13.18
WA-10c 18.00 (4.37) 19.10
WA-10d 190.00 167.63 28,099.82
WA-10e 14.00 (8.37) 70.06
WM-10a 40.00 17.63 310.82
WM-10b 4.10 (18.27) 333.79
WM-10c 21.00 (1.37) 1.88
WM-10d 23.00 0.63 0.40
WM-10e 15.00 (7.37) 54.32
WM-1la 8.10 (14.27) 203.63
WM-11b 15.00 (7.37) 54.32
WM-11c 12.00 (10.37) 107.54
WM-11d 6.90 (15.47) 239.32
WM-1le 18.00 (4.37) 19.10
WM-14a 8.50 (13.87) 192.38
WM-14b 4.80 (17.57) 308.70
WM-14c¢ 9.20 (13.17) 173.45
WM-14d 11.00 (11.37) 129.28
WM-14e 5.80 (16.57) 274.56
SUm Xi: 111830 Sumdif o 41,291.45
Avg. Xi:

Standard Deviation from Mean:

Upper Confidence Interval (UCI) Calculations
One-tailed 90% UCI T datistic (Ts), Ts=1.3, for n-1=49

One-tailed 95% UCI T stetistic (Ts), Ts=1.667, for n-1=49

90% UCI isAvg Xi + TYS/(n)"1/2
95% UCI isAvg Xi + TY(S/(n)"1/2

S=(sum dif syn-1)MU2:

90% UCI:
95% UCI:

27.70
29.25
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4. Conclusions for Construction Aggregate Users

The ggnificance of the physical and chemica properties testing, and
environmentd suitability evauation conducted during the CWC Glass
Feedstock Evaduation, the FDOT sudy, and related studies is
summarized below for congtruction aggregate users.

Debris Content: When sourcing materid for use in aggregate applications, ask
potential suppliers how the glass feedstock was collected. Two
collection schemes were positively associated with high debris leves -
blue bag collection systems and unattended drop boxes. The highest
percent of debris sampled during the CWC Glass Feedstock
Evauation were obtained from an unattended dropbox/barrd.  The
most common types of debris observed in the high debris leve
sources were labels (paper and plastic) and bottle caps (metd and
plagtic). Mechanicdly-facilitated sorting/cleaning is associated with
lower debris levels. Also, commingled glass only collection schemes
gppear to produce no cleaner a materid than commingled container
collection provided.

Chemical Properties: The chemicd properties of glass and glass cullet leachate are al within
ranges that imply that they do not pose any problems for construction
aggregate usars. The CWC Glass Feedstcok Evaluation found that
the concentration trends of BOD, COD, TOC, pH, and $ecific
conductivity decreased in concentration over time and do not appear
to be at concentrations of concern. Suspended and dissolved solids
concentrations were so low that they were difficult to measure, and
are not expected to create any environmental concerns. The cullet
meta concentrations found in the studies were a or below the metal
concentrations typicaly found in background levels of granite. One
areatha deserves dightly more robust attention is described below.

Sami-Volaile Organics.  The semi-volatile organic results from the
CWC Glass Feedstock Evduation indicated the presence of
phthalates and reaivdy low leves of polycyclic aomatic
hydrocarbons (PAHS). Regulaory limits for organic compounds vary
across the country and are generaly based on site specific information
and locd and state regulations.  Although organic regulatory limits are
not available for direct comparison of organics found in the cullet
samples, the organics do not appear to represent levels of concern.
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Invegtigations reveded that plastic bottles previoudy containing oil
were commingled with glass and other recyclables in the blue bag
program sampled in the sudy. This is the mogt likely source of the
polycyclic aromatic hydrocarbons (PAH) contamination.  Other
plastic products are the most likely source of phthaates.

Congruction aggregate users should be aware that glass should not
be commingled by the processor/supplier. Practica experience with
most recycling programs is that commingling of glass with these types
of plastics tends to be uncommon. As a measure of caution, glass
aggregate users should include a “no hazardous wagte’ line item in
Specifications given to suppliers.

Environmental

Suitability: Biologica Impacts from Chemicd Properties. Both the CWC Glass
Feedstock Evauation and the FDOT Study evaluated the potentia
for contaminant leaching from glass feedstock over time. While the
FDOT Study discussed storage requirements to assure complete
biological degradation prior to placement, the CWC Glass Feedstock
Evaduaion found no potentid for harmful contaminant leaching from
glass.

Lead. Test results supply strong evidence that, while lead is present,
probably from pieces of lead foil wine neck wraps, the volume of lead
tends to be swamped by the volume of glass in any method of
weighed averages. A datiscid analyss based on the T-digtribution of
the CWC Glass Feedstock Study results gives a levd of less than
30mg/l totdl lead for a one-sded 95% confidence interva. Since the
dilution factor relating tota lead tests to TCLPs is 20:1, a result of
100mg/l in a totd lead test should correlate to equd to or less than
5mg/l (the federd regulatory limit for TCLP tests) in a leaching
procedure.

Anyone choosng to enter the glass processing busness should
probably undertake a regular program of totd lead testing—in some
cases, it may be required. For example, the Washington State
Department of Transportation, in its specifications for glass aggregate,
spexifies that suppliers of glass aggregate mus quarterly perform, firve
tota lead tests on random grab samples from stockpiles of glass
aggregate. Total lead tests are much less expensive than TCLPs, and
may serve as an hitorica record of good stewardship of the materid.
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4. Processing Equipment Guidelines

L. Equipment Properties

In order to sdlect glass processing equipment, the objectives of the
potentia purchaser should be determined. This may include capitd
budget, minimum production capacity, portability, etc. References
from exiging owners should dso be obtained. Once the fidd is
narrowed to severa modds it would be hepful to vist an actud
ingdlation of the piece of equipment being consdered. Another
dterndive is to retain an engineer experienced in materials handling.
Such a professond should be able to design a system which mesets
the needs of the client.

2. Conclusions for Construction Aggregate Users

Training and
Maintenance

Product Quality

The following guiddines and recommendations are provided for
potentia purchasers of glass processng equipment:

The equipment should be relaively 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 avalable. The equipment should be protected under a
strong warranty to cover unforeseen breakdowns during the first year
or s0 of operation. The equipment should be safe to operate.
Guards should be provided to protect workers from flying glass,
rotating shefts, belts, pulleys, and other moving parts.

Because cullet gradation and debris level are very important factors
with regard to engineering performance, the crushing system should
have a screening system to control particle sSize and debrisleve. This
system may be a vibrating screen, a rotating trommel, or an angled
screen. Although not al of the manufacturers offer screens or
trommels as an option, many of them probably have the ability to
fabricate such adevice.
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Adjustable Crushing
Mechanism

Wearing Surfaces

Auxiliary
Equipment

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 gpplications. Also, without adjustability there may
be too much overszed materid. Although the oversze materid can
be collected on a screen and recirculated through the crusher, thisis
an inefficient way to produce cullet. Thus, it is preferadle that the
crusher produces cullet close to the size desired. In this way, the
majority of the cullet passes through the screen and most of the debris
isretained. Crusher adjudtability can take severd forms. There may
be an externd 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 ingaled which yidd different cullet
gradations.

Cullet is a very aorasve materid. It is therefore desirable that all
wearing surfaces - particularly those of the crushing mechanism - be
constructed of abrasonresgant maerids.  Alternaively, wearing
surfaces should be designed such that they may easily be replaced or
resurfaced by depostiona welding. Additiondly, food resdue and
label glue render cullet to be quite sticky. As aresult, cullet tends to
adhere to conveyor and drive belts. This will abrade the belts and
can clog the drive mechaniam. Dedgns that prevent cullet from
dticking to belts or continuoudy remove the cullet will result in lower
mai ntenance cogts.

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 eevation 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 appropriatdy designed to work in conjunction with the other
components of the sysem. The use of auxiliay equipment aso
affects the overdl dimensions of the glass crushing sysem. It is
important to condder height, length, and width redtrictions before
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purchasing the equipment. Equipment should esslly pass through
existing doorways, and under any overhead wires or structures,

System Portability ~ System portability may be an important requirement.  Such systems
should be easlly loaded or even mounted onto a truck or trailer.
Additiondly, it is possible to trangport partialy disassembled systems
desgned for quick assembly a a dte.  Sysems which are not
designed to be portable may be fairly tal structures. These should be
wdl-anchored in seigmicdly-active areas to reduce the risk of
overturning during an earthquake.

Power

Requirements Power requirements for the crushing system should be assessed.
Some systems have multiple dectric 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 ingdlations, or with
portable systems, a generator may e desired to make the system
more self-contained.

Costs Economic andysis indicates that the largest expenses rdative to glass
processing are, in order

L abor

Equipment depreciation

Facility cogts

Maintenance

Raw Materid (including transportation costs)
All Other

o s~wNPE

The following graphs illustrate the importance of equipment selection
to minimize labor cogts. In grgph 1, the oversze materid will need to
be ether disposed as solid waste, or recirculated through the
quipment, adding labor costs. Contrast tis with graph 2, where dl

the materid meets spcifications on one pass. Rescreening materid

aso has the effect of concentrating contaminants.
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5.General Guidelines and Specifications for

the Use of Glass as a Construction

Aggregate in Proven End-Use Applications

Glass cullet is used for avariety of congruction gpplications, including
generd fill and backfill, roadway condtruction, utility bedding and
backfill, drainage medium, and miscellaneous uses such as landfill
cover, sandblagting, and underground storage tank backfill.
Specifications for individud sates are based on loca variables such
as aggregate sources and climate.

L. Summary of State Policies Regarding Glass Construction Aggregates

Washington State The Washington State Department of Transportation (WSDOT)

Oregon

permits the use of recycled glass as an additive up to 15% to unbound
agoregate used for seventeen specific applications, including a number
of fill and balast uses. No more than 10% of the glass should be
retained on a¥xinch seve.

WSDOT dso provides specifications for congruction aggregates
composed entirely of cullet. These aggregates may be used for wall
backfill, rigid and flexible pipe bedding, drainage backfill, drainage
blankets, and gravel borrow. The cullet must be smaler than 34nch,
and should contain no more than 5 percent by weight of materid finer
than aNo. 200 seve. The maximum debris content, including al nort
glass condtituents, is 10% as identified by visud methods. In addition,
the glass supplier must test the tota lead content of the cullet on a
quarterly basis according to EPA methods 3010/6010. The mean of
these tests cannot exceed 80 parts per million lead.

The Oregon Department of Transportation (ODOT), in November
1996, began issuing Specid Provisons with bid specificaions
dlowing the use of up to 100% recycled glass in non-gructurd fill,
drainage blanket, utility bedding and backfill, subsurface drains, and
wearing surface drains. One hundred percent of the glass must pass a
1/2 inch deve, with amaximum of 5% by weight finer than 200 mesh.
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Maximum debris content is 5% or 10%, as specified per application,
determined by visud dassfication.

California The Cdifornia Department of Transportation (Ca Trans) has accepted
cullet specifications for Class 1, 2, 3, and 4 base and Class 2 and 3
subbase roadway aggregate for the support of flexible and rigid
pavements. These aggregates can conss entirdy of cullet, or a
mixture of cullet and other reclamed materids, such as asphdt
concrete, cement concrete, lean concrete base, and cement treated
base. The different classes of base and subbase aggregate are
diginguished by gradations. The sze of the cullet used mug follow
the sze criteria specified for those aggregate applications by
CaTrans. Materid used in these base and subbase aggregates must
be free of organic materid and other deleterious substances.
Surfacing materia must be placed over dl aggregate bases and
subbases containing glass cullet.

Connecticut The State of Connecticut specifies that aggregate used for roadway
embankments may contain up to 25% by weight of cullet smaler than
one-inch. Aggregate containing cullet cannot be placed within five
feet from the face of any dope.

New York The New York State Department of Transportation (NY SDOT)
alows aggregate for embankments to contain up to 30% by volume
of glass cullet. In addition, roadway subbase materid may contain up
to 30% by weight of glass cullet. Cullet used for these gpplications
must be smdler than 3/8-inch, and should contain no more than 5%
by volume of ceramics and non-glass materids, based on visud
ingpection. Waste glass cannot be placed in contact with any
gynthetic liners, geogrids, or geotextile materid.

New Hampshire  The New Hampshire Department of Trangportation (NHDOT) dlows
glass cullet to replace 5% by weight of the dry aggregate used for
roadway base course material. The materid used to produce this
cullet should consst primarily of recycled food and beverage glass
containers.  Smal amounts of ceramics and plate glass are aso
permitted, although glass containing hazardous or toxic materiasis not
dlowed. The cullet must be smdler than %4nch in Sze, and not more
than 1% of the materid smaler than aNo. 4 seve should be smaller
than a No. 200 seve. NHDOT requires that all base course be
tested for compliance with this gradation prior to placement. Pogt-
placement visud inspection of the base course is aso required. Base
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course containing cullet must be capped with non-cullet aggregeate
before the public is dlowed to drive over the materid.

2. End-Use Application Specifications

Potentid agpplications of cullet and cullet-added materials are listed
below. Care has been taken to provide recommendations which are
felt to be conservative based on the test results of the CWC Glass
Feedstock Evauation and FDOT gtudies. Experience and time may
well serve to expand the use of cullet in many gpplications.

Except where noted, the cullet described below includes both 1/4
inch and 3/4 inch minus gradations. Also, a maximum debris content
of 5% is recommended for al applications except for nongtructurd fill,
such as those used for landscaping and daily landfill cover, where a
debris content of 10% is acceptable. In general, specifications are
based on criteriathat are related to the engineering behavior of the in-
place maerid. When the materid is used in sructurd load
goplications, the behavior and properties must be especidly wdl

understood.
General Fill and
Backfill
Applications Cullet can be used asfill materia for generd congtruction uses such as

gte grading, filling under dabs, backfilling beside foundations or
behind retaining walls, and landscaping.  Since the CWC Glass
Feedstock Evduation, 100% cullet fill has been used in many
congruction projects for fill and backfill projects. Based on recent
case study (see Section 6) the cullet fill has performed satisfactorily.
For fluctuating loading and heavy, dationary loading conditions, a
maximum cullet content of 15% is recommended. However, no case
history of such gpplication is currently available.

Load-Supported

Applications L oad-supporting backfill includes fills that support heavy dationary
loads such as fill benesth footings and dabs, fluctuating loads such as
those benegth reciprocating pumps, compressors or other machinery,
and light-loaded conditions such as fill placed beneath pedestrian
sdewaks.
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L oad-supporting fills must be strong, with minima settlement potentia
under materid sdf-weight and agpplied loads.  The drength
requirement can be achieved by compacting the materia to a pre-
determined dengty. The settlement potentid can be minimized by
controlling the gradation and deleterious debris content.  Glass
agoregete is a granular materid which will deform dadticaly under
load, but will return to the origind volume when the load is removed.
However, both organic and inorganic debris in the glass can effect the
eladticity of the aggregate. No long-term deformation is expected if
the debris is limited to less than 5% to 10% as determined by visud

ingpection.

Lateral Loads and Friction Cullet fill will apply laterd loadsinduding
active, at-rest, and passve pressures to a retaining structure. The
megnitude of these loads is a function of the strength and dengty of
the fill. Since glass aggregate is non-cohesve, its strength can be
represented by its internd friction angle which is typicaly 38 to 42
degrees. Glass aggregate is generdly lighter than naturd aggregate
because the specific gravity vaues of glass cullet (about 2.0 to 2.5)
are less than those of naturd aggregate. The density of compacted fill
typicaly ranges from 100 to 115 pcf.

Frictiond resistance develops at the interface of fill particles and at the
dructure surface.  In congtruction gpplications, the load-applying
surfaces may include concrete, wood, sted, or plagtic. Typicdly, the
frictiona resstance can be estimated using about 2/3 to 3/4 of the
interndl friction angle of the fill materid. For critical Structures, a
laboratory direction shear test is recommended for the determination
of the interface frictiond resstance.

Fluctuating Loads. For fill under cyclic loading, both the strength and
durability of the materid are critica. The latter depends on gradation
and maerid characterigics.  The suitability of such fill can be
evauated usng laboratory tests such as CBR (Cdifornia Bearing
Ratio), Resstance R Vdue, or Reslient Modulus tests. The resllient
modulus can be determined by cyclic triaxid tests. However, this test
requires specid equipment and is not commonly conducted. In
engineering practice, the resilient modulus is often obtained from other
test values such as CBR. For data on severd gradations and mixtures
of glass aggregate see the full Glass Feedstock Evauation.

Non-Loaded
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Applications Cullet can be used as landscaping or in non-loaded areas for general
fill purposess Modd specifications for generd fill and backfill
applications are presented below.

Loading Maximum Cullet Maximum Debris ~ Minimum Compaction
Conditions Content (%) Content (%) Level (%)

Heavy, Stationary L oads 30 5 95
Fluctuating L oads 15 5 95
Non-Loading 100 10 85

Light, Stationary L oads 100 10 95

L ateral Loads 100 10 95
Roadway

Applications Roadway applications include the use of cullet aggregete in base

course, subbase, subgrade, and embankments. Cullet can be added
to naiurd aggregate and the mixed materid will have adequate
drength and resstance to abrason and traffic loads. Based on the
CWC Glass Feedstock Evauation test data, a 15% cullet content is
recommended for base aggregate and a higher cullet content, up to
30%, is recommended for sub-base aggregate and for the
congtruction of roadway embankments.

The gradation of 1/4 inch minus cullet corresponds to that of a
medium to coarse sand. This cullet can be used as the filler materia
for some coarse natura aggregates. Due to the gradation change and
the high angularity of the cullet, the addition of 1/4 inch minus cullet
may enhance the engineering performance of natura aggregate and
may even hep some of the borderline aggregates meet gradation
requirements.

The modd specifications for roadway applications are presented

beow.
Maximum Cullet Maximum Debris  Minimum Compaction
Applications Content (%) Content (%) Level (%)
Base Course 15 5 95
Subbase 30 5 %5
Embankments 30 5 0
Utility
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Applications Cullet can be used as a backfill materid for utility trenches, vaults, and
other underground fecilities. The thermd conductivity of the cullet
materia is Smilar to that of the natural aggregaie. Hence, cullet
materid can replace naturd aggregate for utility trenches where the
heat trandfer characteristics of the backfill is of concern. Cullet
content up to 100% can be used for backfill up to the last two feet
below the find grade. Depending on the loading conditions on the
backfill areq, the last two feet of the backfill can have cullet contents
varying from 15% to 100%.

The specifications lised bdow gpply to backfill which are not
subjected to surcharge loading such as from aroadway or dab. If the
trench backfill lies within five feet of a loading aea, then the
specifications provided in above General Fill and Backfill would

apply.
Maximum Cullet Maximum Debris  Minimum Compaction

Applications Content (%) Content (%) Level (%)

Water & Sewer Pipes 100 5 0

Electrical Conduit 100 5 0

Fiber Optic Lines 100 5 0
Drainage

Applications Drainage gpplications include etaining wall backfill, footing drains,

drainage blankets, and french drains. In generd, the permesbility of
the /4 minus cullet materid is about the same as that of naturd sand
and the permeability of the 3/4 minus cullet materid is about the same
asthat of naturd gravel. Hence, fill materid made of 100% cullet can
be used for condruction of drainage facilities such as drainage
blankets, french drains, foundation drains, and behind retaining walls.

The cullet materid's gppear to have favorable characterigtics for use as
filtration media Further sudy on the filtration capacity of cullet
materias is recommended. Once its filtration capacity is confirmed,
the cullet can be used in gpplications such as septic fidds, leachate
treatment and water purification.

The recommend gradation specifications are listed below.

Sieve Size 34 vy No. 10 No.40 No. 200
Per cent Passing
(by weight) 100 10-100 0-100 0-50 05
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The recommended specifications on the cullet content, debris content
and compactionleve are listed below.

Maximum Cullet Maximum Debris ~ Minimum Compaction

Applications Content (%) Content (%) Level (%)
Retaining Wall 100 5 95
Foundation Drain 100 5 9%5
Drainage Blanket 100 5 0
French Drain 100 5 R0
L eachate Collection 100 5 0

Miscellaneous

Applications Cullet of both szes could be used for daly landfill cover or
underground storage tank backfill. In landfill gpplications, 100% cullet
may be used. Backfill for underground storage tanks can consst of
up to 100% cullet except for the last two feet which may have cullet
contents ranging from 15% to 100%, depending on the loading
condition of the backfill area.  Additiondly, the dorasve nature of
cullet dso makes it a candidate as a sand blasting medium.

The mode specifications for such gpplications are presented below.

Maximum Cullet Maximum Debris  Minimum Compaction

Applications Content (%) Content (%) Level (%)
Landfill Cover 100 10 90
UST Backfill 100 5 0
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L. Case Studies (See Other Electronic Files)

4 1998 CWC Page 90



2. Lessons Learned

Drainage & Moisture
Insensitivity

Compaction

The case higtories detailed in Part 1 of this section provide vauable
ingghnt into the in-field performance of glass cullet aggregate. A
number of advantages, and some disadvantages, are discovered with
each use. A summary of theseissuesis provided below.

Handling & Placement

1

Excdlent permesbility crestes a free-draining aggregate that
works exceptionaly well as a capillary bresk and as retaining wall
backfill. (#1)

Moidure insengtivity of glass cullet aggregate dlows placement in
aress of standing water and stabilizes muddy dab subgrades.
Moigture insengtivity dso dlows glass to be placed and
compacted during wet weather, while showing greater
“workability” than sand and gravel (#1,3, 6, 8)

Due to its free-draning nature, cullet can dry out quickly during
periods of dry weather. Consequently, spraying with water or the
use of heavier compaction equipment may be necessary to obtain
the leve of specified dengty.

Compection of glass cullet aggregate is Smilar to the compaction
of natural aggregates and can be compacted to a*“dense and non-
yielding sate’ (#1, 8)

Handling and placement of glass cullet aggregete isin most cases
no more difficult than natura aggregates (#1)

Glass cullet aggregeate is lighter and esser to place using hand
tools than conventional drain grave. (#2, 5, 8)

Cullet can be stored in open stockpiles to facilitate drainage of
resident moisture. (#4)

Some minor cuts to power cords, hand tools, small equipment
tires, and site personnel have been reported. (#3, 5, 8)
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5. Some dusting occurs during transportation/dumping of cullet (#3)

6. Truck or machine traffic over exposed cullet can cause deep ruts
and create minor impasses.  Alternating lifts between cullet and
sand and gravel remedies the Stuation. (#6, 9)

7. Because of it's platy shape, cullet can be “sicky”, particularly
during wet weather. Cullet particles can adhere to construction
equipment and then spread to adjacent areas. (#8)

Gradation
Specifications
1. Cullet should be graded to a gradation thet is Smilar to that of a

fine to coarse sand, with 5 to 10 percent by weight smdler than a
no. 200 Seve. Thisamount of fine graned materid would help fill
the voidsin the cullet, resulting in higher dendities, greater strength,
and less compressibility. Additiona fines would dso help retain
moisture during periods of dry wesather. (#9)

Regulations
1. Staes with little of no knowledge of the use of glass as
congdruction aggregates may require specia permits and/or
ressarch into gppropriate Specifications to use in given
applications. (#4)

Availability
1. Some glass cullet processors underestimate the demand for glass
to be used as a condruction aggregate and cannot meet
contractor needs. (#3)
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