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The increasing amounts of waste glass being generated in the United 
States are necessitating the development of new methods for disposal 
of this refuse component. The use of waste glass as an aggregate in 
bituminous concrete was investigated in this study. The objectives 
were to determine whether a mixture using glass aggregate could be 
designed that would meet Marshall test design criteria, to investigate 
the amount of degradation occurring in these mixtures, and to determine 
the water-resistance of such mixtures. 

Waste glass was crushed and screened into several size fractions, 
which were then combined to give a maximum density gradation. Stan
dard Marshall design methods were used to determine stability, flow, 
and void parameters at several asphalt contents, and to determine an 
optimum asphalt content satisfying Marshall design criteria. Extrac
tion tests were conducted on some of the specimens tested, and mech
anical analyses of the recovered aggregate were used to 'assess the 
amount of degradation of the aggregate. Static stripping tests were 
conducted on several combinations of glass aggregates and bituminous 
materials. 

Bituminous mixtures satisfying Marshall design criteria can be de
signed using aggregates composed entirely of crushed glass. Some deg
radation of the glass aggregate does occur under laboratory mixing, 
compacting, and testing conditions, with greater degradation appearing 
to be associated with gradations deviating from those giving maximum 
density. Severe stripping occurs when the glass-aggregate bituminous 
concrete with no antistripping agent is exposed to water. Glass aggre
gates coated with asphalt cements containing antistripping agents or 
coated with cationic emulsions do not strip in the static stripping test. 

•SOLID WASTES generated in the United States each year total 3.5 billion tons accord
ing to the U. S. Public Health Service. This waste includes about 30 billion glass bottles 
and jars, with increasing amounts of this component expected as the use of "one-way" 
bottles continues to increase at a rapid rate (1). Glass is a particularly troublesome 
component of waste because it will not burn, rust, or decay . A study of the composi
tion and characteristics of municipal inc"ine1·ator residues (2) indicates that glass con
stituted the major fraction of incinerator residues and accounted for nearly half of the 
residue by weight. Thus, even after incineration, there is still a considerable amount 
of glass remaining to be disposed of. 

Other means of disposal of glass include sanitary landfills and salvage and reclama
tion operations. In some areas, sanitary landfills are doubtful solutions to the problem 
because of the lack of available land. As these landfills are moved further and further 
from the urban centers, transportation costs mount and this method becomes less 
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appealing. The bulk of glass is also a problem because bottles take up an inordinate 
amount of space in relation to the glass present, unless the bottles are thoroughly crushed. 

An alternate method of disposing of waste glass is to reuse the material, perhaps in 
a different form. Economic considerations have generally dictated whether or not sal
vage and reclamation operations are feasible, and, in the past, processing and trans
portation costs have usually ruled out this possibility. For instance, waste glass could 
be returned to a glass manufacturer to be melted and reused, but transportation costs 
and the costs of grading the glass into different categories by color, type, and so forth, 
are generally prohibitive. Furthermore, particularly in large cities, public works of
ficials are justifiably apprehensive of reliance on a disposal method that depends on 
fluctuating and sometimes nonexistent markets for salvage by-products. If the markets 
collapse, the city may find itself with quantities of refuse and no method of disposal ex
cept on an emergency landfill distant from the city (3). Thus, in order to maximize 
potential benefits from salvage and reclamation operations, it is necessary to minimize 
processing and transportation costs while ensuring a steady market for the salvaged 
refuse. 

By using waste glass as aggregate in bituminous concrete mixtures for maintenance 
of city streets, transportation costs would be minimized because the glass would be 
used in the city where it was discarded. Separate collections of glass refuse, although 
increasing collection costs, would make costly hand-sorting unnecessary, and all pro
cessing (cleaning, crushing, and screening) could be mechanized. A steady market 
would be available because of the continuous street maintenance programs of cities, and 
the savings from purchasing less aggregate would partially offset the increased costs 
associated with separate collections. A final benefit from this utilization of glass as 
an aggregate may materialize later as present sources of conventional aggregates are 
depleted a_nd new sources are sought. 

OBJECTIVES 

This paper describes work done in investigating the use of crushed waste glass as 
an aggregate in bituminous mixtures. No previous investigations of this nature could 
be found in the literature, and therefore the following initial objectives were defined: 

1. Design a dense-graded bituminous mixture using glass aggregate that would meet 
Marshall design criteria specified by The Asphalt Institute; 

2. Determine the amount of degradation that occurs during laboratory mixing, com
paction, and testing of the mixtures; and 

3. Determine the water-resistance of the mixtures. 

M.ATERLL\.LS 

All aggregates used in this investigation were obtained by crushing waste glass con
sisting primarily of one-way beer and soft-drink bottles. The bottles were first washed 
in hot water to remove labels and any other foreign material. After drying, they were 
passed through first a jaw crusher and then a roller mill for finer crushing, after which 
the crushed material was dry-sieved into nine different size fractions ranging from ma
terial passing a 1/2-in. sieve and retained on a %-in. sieve to material passing the No. 
200 sieve. A washed sieve analysis was performed on samples from each of the size 
fractions, the results of which were used in combining the fractions to obtain a desired 
gradation. 

The crushed material contained a relatively large amount of flat or elongated parti
cles or both in nearly all fractions. Samples from several of the larger size fractions 
were tested for percentage of flat and elongated particles using Corps of Engineers 
Methods CRD-C 119-53 and CRD-C 120-55. Each size range sample was subdivided 
until approximately 100 to 300 particles were obtained, with the larger sample size be
ing used for smaller particles. The length, width, and thickness of these particles were 
measured and the particles were classified according to the ratios of length to width 
and width to thickness. A flat particle had a width-to-thickness ratio of 3 or greater, 
whereas an elongated particle had a length-to-width ratio of 3 or greater. Results of 



TABLE 1 

FLAT AND ELONGATED PARTICLE COUNT 

Sieve Size 

Passing Retained 

'h in. 
'lain. 
No . 4 
No. 6 
No. 16 

'/s in . 
No. 4 
No. 8 
No. 16 
No. 30 

Particles 
Counted 

101 
117 
300 
306 
305 

8Width to thickness ratio greater than 3 .0 . 

93 
48 

9 
25 
49 

Percent in Each Class 

Elongatedb 

0 
3 

19 
2 
3 

Flat and 
Elongated 

4 
2 
0 
0 
1 

Not Flat or 
Elongated 

3 
47 
72 
73 
47 

blength to width thickness ratio greater than 3.0. 

3 

these particle measurements are given in Tables 1 and 2. As was expected, nearly all 
particles in the 1/2- to %-in. size range were flat, but the percentage of flat and elongated 
particles decreased as the size of the sieve opening on which the particles were retained 
approached the wall thickness of the bottles. In the material passing the No. 16 sieve, 
the percentage of flats began to increase again , and microscopic investigation of the ma
terial finer than the No. 30 sieve indicated the presence of a significant number of flat 
and elongated particles. Photomicrographs of the finer fractions are shown in Figure 1. 

Specific gravity and Los Angeles abrasion tests (gradation C) were conducted on the 
glass, and a hydrometer analysis was conducted on the material passing the No. 200 
sieve. The bulk specific gravity of the crushed glass aggregate was 2.50, the absorp
tion was 0.01 percent, and the Los Angeles abrasion loss was 41 percent. 

The asphalt used was an 8 5-100 penetration asphalt cement furnished by the Shell Oil 
Company and produced from a West Texas crude. Its properties are given in Table 3. 

TEST PROCEDURES 

Marshall test procedures, as specified by ASTM Method D 1559, were followed with 
the following exceptions: 

1. Immediately after mixing the specimen in a Hobart Model N-50 mixer for 2 min
utes, the bituminous mixture was placed in the compaction mold and then the mold was 
placed in an oven maintained at 275 F for 30 minutes. It was then removed and spaded 
and compacted as specified in ASTM Method D 1559. 

2. In the first trial mix series, rather than placing the specimens directly in a 140 
F water bath for 30 minutes prior to testing, they were first placed in a plastic bag and 
then in the water bath. This was done to prevent surface stripping, which would alter 
the results of mechanical analyses of the extracted aggregate. Some leakage occurred 
in most of the bags, however, and in the second trial mix series all specimens were 
placed in an oven at 140 F for 2 hours prior to testing. 

After the completion of stability testing, bitumen content was determined using a re
flux extractor, and a mechanical analysis of the extracted aggregate was performed us
ing AASHO Method T 30. 

TABLE 2 

SIZE DISTRIBUTION OF MINUS-200 MATERIAL 

Particle Percent Particle Percent 
Size Finer Size Finer 

(microns) (microns) 

74 100 20 17 
60 62 10 6 
40 50 5 2 

TABLE 3 

PROPERTIES OF ASPHALT 

Property 

Specific gravity at 60 F 
Penetration at 77 F 
Viscosity, Saybolt Furol at 275 F, sec 
Flash, Cleveland open cup, deg F 
Solubility in CC1

4
, percent 

Ductility at 77 F , cm 

Value 

1.011 
92 

143 .5 
595 
99.9 

150+ 



4 

Figure 1. Photomicrographs showing particle shape of fine crushed glass fractions : (a) plus-100 mesh size 
fraction ( X 27), and (b) minus-200 mesh size fraction ( X 67) . 

MIX DESIGN 

The first trial mix used aggregate gr adation No. 1 as given in Table 4. This (!;r ada
tion is one s uggested by Goode and Lufsey (4) for maximum density and is calculated 
from the r elationship -

P = (~)o.45 x 100 ,o, 
where P percent passing a sieve having an opening of d inches, 

maximum size of the aggregate, and D 
0.45 an empirical constant. 

It was realized that the exponent 0 .4 5 for maximum density was based on reasonably 
equidimensional particles and thus might not yield maximum density for the flat and 
elongated glass particles. However, it was taken as a starting point and modified as 
noted later. 

Six asphalt contents were chos en in 0. 5 percent increments from 4. 5 to 7 .0 percent 
(total weight basis) and five specimens were made for each as phalt content. Six speci
mens were made each day for 5 days , with one specimen of each of the 6 asphalt con
tents being made each day. A hand-operated Mar shall compaction 11amm er was used 
to apply 50 blows to each end of the specimen. Bulk specific gravity of each specimen 
was determined using ASTlVI Method D 2726-68 T, afte1' which the specimens were tested 
for stability and flow. 

Results from this first trial are given in Table 5 and shown in Figure 2. As can be 
seen from the graphs in Figure 2, there is no asphalt content that satisfies the Marshall 
design criteria suggested by The Asphalt Institute and given in Table 6. Although sta

bility and flow are adequate at the lower as
phalt contents, air content is above the mini

Sieve Size 

1/z in. 
'le in. 
No. 4 
No. 8 
No. 16 
No. 30 
No. 50 
No. 100 
No. 200 

TABLE 4 

GRADATION OF AGGREGATES 

Gradation No. 1, 
Percent Passing 

100 
BB 
65 
47 
35 
26 
18 
14 

9 ,7 

Gradation No. 2, 
Percent Passing 

100 
88 
67 
48 
37 
28 
18 
11 

6.3 

mum specified level only at 4. 5 percent and 
voids in the mineral aggregate are below 
minimum allowable values at all asphalt con
tents between 4.5 and 6.0 percent. The data 
indicated that a gradation deviating from that 
giving maximum density was necessary. 

A second series of specimens was molded 
using aggregate gradation No. 2 given in Table 
4. This gradation had less material passing 
the No. 100 and No. 200 sieves . Six asphalt 
contents were chosen in 0.5 percent incre
ments from 4.0 to 6.5 percent and, once 



Percent 
Bitumen 
(TWB) 

4.5 
5.0 
5.5 
6.0 
6.5 
7.0 

4.0 
4.5 
5.0 
5.5 
6.0 
6.5 

Unit 
Weight 

(pcf) 

TABLE 5 

MARSHALL METHOD DATA 

Percent 
Air Voids 

Percent 
Voids in 
Mineral 

Aggregate 

Stabil!ty 
(lb) 

First Trial Mix-Aggregate Gradation No . 1 

140.7 3.88 13.89 820 
141.4 2.67 13.95 744 
141.7 1.82 14.14 729 
141.3 1.37 14.85 596 
140.9 0.98 15 .59 536 
139.9 1.14 16.61 429 

Second Trial Mix-Aggregate Gradation No . 2 

137 .6 6.57 15 .36 1061 
137 .9 5.74 15.55 736 
138.7 4.50 15.57 839 
139.4 3.39 15.52 767 
139 .5 2.62 15 .93 520 
139.5 1.97 16.44 492 

Flow 
(1/100 In.) 

15 .8 
16.4 
12.6 
19.4 
19.4 
20 .8 

7 .6 
7.4 
7.4 
8.0 

10.4 
11.0 

Note: All values are averages of 5 specimens. 
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TABLE 6 

MARSHALL DESIGN CRITERIA a 

Test Property Minimum Maximum 

Stability 500 
Flow B 18 
Percent air voids, surfacing 3 5 
Percent voids in mineral aggre-

gate, 1/2 in. mn.xfmunl size 15 

a Recommended by The Asphalt Institute for medium traffic (50-blow com
paction) . 

again, 5 specimens were made for each as
phalt content using 50-blow Marshall com
paction. 

Results from this second trial are given 
in Table 5 and shown in Figure 3. The re
duced fines content resulted in higher voids 
contents and permitted the choice of an as
phalt content satisfying all of the design 
criteria suggested by The Asphalt Institute. 

DEGRADATION STUDIES 

One specimen was chosen at random 
from the five specimens representing each 

asphalt content for both trial mix series. The bitumen was removed from each of these 
by use of a reflux extractor with benzene as the solvent. Washed sieve analyses were 
conducted on the recovered aggregate (AASHO Method T 30); the results are given in 
Table 7. 

In order to express the degradation that occurred in terms of a single number rather 
than a multiplicity of percentages , a factor lmown as the Hudson A was calculated ( 5). 
Hudson A is one-hwidredth of the sum of the percentages passing the ten U. S. Standard 
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TABLE 7 

RESULTS OF SIEVE ANALYSES OF EXTRACTED AGGREGATES 

Sieve Uncompacted Gradation of Ext racted Aggregate, 
Size Percent Passing Percent Passing for Indicated Asphalt Content 

First Mix Design Series 4.5 5.0 5.5 6.0 6.5 7 .o 
1/2 in. 100 100 100 100 100 100 100 
3/.in. 88 94 94 94 93 92 93 
No. 4 65 68 68 69 67 67 66 
No . 8 47 49 49 49 49 48 47 
No. 16 35 35 36 35 35 34 34 
No. 30 26 26 26 26 27 23 25 
No . 50 18 18 18 18 19 18 18 
No. 100 14 14 14 14 14 13 14 
No. 200 9 .7 9 ,0 9.3 8.7 8.9 8.8 9 .5 
Hudson A 5.03 5.13 5.14 5.14 5.13 5.04 5.07 

Second Mix Design Series 4.0 4.5 5.0 5.5 6.0 6.5 

1/2 in. 100 100 100 100 100 100 100 
'!.in . 88 95 95 94 94 93 92 
No. 4 67 69 70 69 70 68 68 
No. 8 48 50 50 52 51 51 50 
No. 16 37 39 39 38 39 37 39 
No. 30 28 28 28 28 28 27 28 
No. 50 18 19 19 20 19 18 19 
No. 100 11 13 12 13 13 12 12 
No. 200 6.3 10.0 6.6 7 .6 7.8 6 .0 7 .8 
Hudson A 5.03 5.23 5.20 5.22 5.22 5.12 5.16 

sieves starting with the 11/2-in. sieve and including the No . 200 sieve . It has been found 
that, with asphaltic concrete aggregates in the usual range of A from 4.00 to 6.00, a 
change of 0.50 in the value of A would change the asphalt demand by about 1 percent by 
volume (5). 

The results from the first trial mix indicate that little degradation of the aggregate 
occurred. There is an anomaly here in the percentages of material passing the No. 200 
sieve. As can be seen in Table 7, the percentage of minus-200 mesh material actually 
decreased after the specimens had been mixed, compacted, and tested for stability. 
This loss of mate1·ial is thought to be caused by stripping and loss of surface material 
on the specimens during the period in the water bath prior to testing for stability. How
ever, it is quite apparent that very little new minus-200 mesh material was produced 
during mixing, testing, and compaction of these specimens and that, in general, degra
dation was very light as indicated by changes in Hudson A. 

Degradation was more pronounced in the second trial mix series. The Hudson A in
creased by as much as 0.20 and there was a greater percentage increase in the minus-
200 mesh material. The fact that more air voids were present indicates that perhaps 
the asphalt filler matrix was not as effective in cushioning the compactive blows, thus 
resulting in the formation of more fines. 

WATER-RESISTANCE STUDIES 

Static stripping tests (ASTM Method D 1 ()64) were conducted on several combinations 
of glass aggregates and asphalt. Stripping was noted in the combination of glass and 
asphalt cement with no antistripping compound added. However, mixtures of glass and 
either a slow-setting cationic emulsion or an asphalt cement with a proprietary anti
stripping compound exhibited no stripping. 

One set of 6 specimens utilizing gradation No. 2 and an asphalt content of 5. 5 percent 
was molded to determine the percentage stability lost after immersion in water at 120 
F for 4 days. However, stripping was so severe that no stability testing was possible. 
Tests involving the use of asphalt cements and several antistripping compounds are in 
progress. 
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DISCUSSION OF RESULTS 

The previous data have indicated that a mix satisfying the Marshall design criteria 
suggested by The Asphalt Institute can be designed using crushed glass aggregates and 
a conventional gradation. The fact that a large percentage of the particles were flat or 
elongated also suggests that the stability values obtained by the Marshall testing method 
may have been on the conservative side because of particle orientation effects. Puzin
auskas (6) observed the fact that, in mixtures containing elongated or flattened aggre
gates, the agg1•egate particles tend to become axially aligned in a direction perpendicular 
to the direction of the compaction force. This effect was most pronounced in specimens 
compacted by intermittent impact-type compactive forces, such as are applied by the 
Marshall compactor. Specimens tested such that the compressive force was parallel 
to the compactive force always exhibited higher strengths than specimens tested with 
the force perpendicular to the compactive force. Thus, because the specimens were 
tested in a direction perpendicular to the direction of compaction and because a large 
number of flat particles were present, it is likely that the Marshall stabilities are con
servative. 

The data also indicate that degradation of the aggregate may be a problem in mixes 
deviating from a maximum density gradation. Nijboer (7) reports that a German inves
tigator, Herrmann, has stated that the crushing of aggregate under traffic is dependent 
on the grading, with maximum density grading resulting in less crushing. This would 
appear to be the case with the two trial mixes investigated in this study, as deviations 
from the maximum density gradation resulted in greater increases in the minus-200 
material. 

The extent to which the degradation noted in the second trial mix would impair mix 
performance is open to question. Data obtained by Goode a d OWings (8) in a laboratory 
and field study of degradation occurring in hot asphaltic concrete wearing course mix
tures were used to obtain values for changes in Hudson A associated with field compac
tion and traffic compaction. Although this parameter was not used in their paper, the 
data they presented permitted calculation of it for purposes of comparison. An increase 
in the Hudson A value of 0.25 resulting from field compaction and an increase of 0.39 
resulting from field compaction and h'affic were both considered to be minor and insuf
ficient to affect the service behavior of the pavement. These changes in Hudson A, how
ever, were associated with no more than a percent, more or less, increase in the 
minus-200 mesh material. 

The use of impact-type compaction with the glass aggregate may also have resulted 
in more degradation than would occur under field-rolling conditions. This could be 
more thoroughly studied in a field installation using the glass mixture. 

CONCLUSIONS 

Based on the laboratory work completfild thus far, the following conclusions can be 
drawn: 

1. Bituminous mixtures satisfying Marshall design criteria recommended by The 
Asphalt Institute can be designed using penetration-grade asphalts and aggregates com
posed entirely of crushed glass. 

2. Some degradation of the glass aggregate does occur under laboratory mixing, 
compacting, and testing conditions. The degradation appears to increase as the original 
gradation deviates from a maximum density curve. 

3. Severe stripping occurs when a bituminous concrete using dense-graded glass 
aggregates and asphalt cement with no additives is exposed to water at 120 F. Stripping 
is also exhibited in mixtures of asphalt cement and glass tested in the ASTM static 
stripping test (ASTM Method D 1664). 

4. Mixtures of glass aggregates and asphalt cement treated with an antistripping 
compound did not strip when subjected to the static stripping test (ASTM Method D 1664). 
Mixtures of glass aggregates and a slow-setting cationic emulsion were also resistant 
to stripping in the static test. 
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ANTICIPATED FURTHER RESEARCH 

Further studies of the water-resistance of bituminous mixtures using glass aggre
gates are planned including immersion tests. A field installation consisting of patches 
or overlays of these mixtures is planned to assess several mixture parameters that are 
difficult to evaluate in the laboratory. These include workability of the mixture during 
placement as well as skid resistance, tire wear, and reflectivity properties of the 
surface. 
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Discussion 
K. O. ANDERSON, The University of Alberta-The concern expressed by the authors 
regarding the disposal of increasing amounts of waste glass and development of new 
methods for disposal of this waste component is shared by many investigators. It so 
happens that a similar study, in which I had a small part, has just been completed at 
our University (9). Although the investigation dealt with several possibilities of con
version of city refuse to useful products, including the possible recovery of metallics 
and heat as well as the nonmetallics, the potential use of this latter fraction of inciner
ated refuse as an aggregate for asphalt concrete was investigated. 

In support of the authors' statement, no previous investigations of this nature were 
found by the discussant in the literature. As a result, a similar, although not as thor
ough, investigation was undertaken to evaluate the potential of this aggregate as a con
stituent of a hot-mix asphalt paving mixture. Standard mix design procedures, following 
ASTM Method D 1559 but modified slightly to include a measure of loss in stability re
sulting from the action of water, were also used. 

The nonmetallic fraction of the incinerated refuse accounting for approximately 65 
percent of the total was crushed and separated into seven fractions and recombined to 
meet requirements for Type IVb Asphalt Institute gradation. A 200-300 penetration 
grade of asphalt cement was used without any additives. A mechanical compactor was 
used to impart 50 blows per face at the recommended compacting temperature based 
on viscosity. Initial stability and flow values were obtained on specimens brought to 
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Figure 4 . Results of tests on asphalt paving mixture us
ing nonmetallic incinerator refuse as aggregate. 

140 Fin an air bath, and comparative 
values were obtained after soaking in 
water at 140 F for 24 hours. Results ob
tained are shown in Figure 4. 

Although insufficient tests were per
formed to establish optimum conditions 
for this mix, it was apparent that sur
prisingly high stability values could be 
attained, even after the period of immer
sion. Even though the retained stability 
values were 69 and 59 percent for the 9 
and 10 percent asphalt series respec
tively and below a generally accepted 
minimum of 7 5 percent retained stability, 
the absolute values were still above the 
minimum stability requirements for me
dium traffic as suggested by The Asphalt 
Institute. The flow values were very er
ratic; however, some were within the 
prescribed limits. 

On the basis of these preliminary 
tests, we were able to state that it would 
appear possible to use this material in 
an asphalt paving mixture. This would 
be in support of the first conclusion by 
the authors. 'l'he less sever e stripping 
in our tests, in contrast to the third con
clusion of the paper, may be due in part 
to the fact that the incinerated refuse 
contained minor amounts of porcelain, 
rock, some metallics, and fly ash that 
may have increased the resistance to 
stripping of our mixture. It will be in
teresting to hear of further studies on 
this very timely topic. 
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appreciate the supporting comments and the additional information provided by the dis
cussant. The possibility that incinerator residue can be used with asphalt to produce 
a reasonably water-resistant mixture without the use of antistripping agents is further 
indication that this may be a feasible means for reutilization of solid waste materials. 
The higher stabilities that were obtained by Anderson would also seem to indicate a 
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