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Abstract: A glass crusher was developed to improve the waste
glass crushing process. The waste glass was recycled, crushed
and sieved to different particle sizes as glass aggregates, and
the surface of glass aggregates was treated by nano-Fe,O,
suspension to improve the anti-striping property. The glasphalt
mixture made by partly replacing mineral aggregates with glass
aggregates was designed and evaluated. The sizes of glass
aggregates were selected to be 2. 36 and 4. 75 mm, and the
optimum concentration of nano-Fe,O, suspension was
determined to be 10% . The optimum asphalt content ( OAC)
was determined by the Marshall method and the glass
aggregate content. The influence of the glass aggregate content
on the technical properties of glasphalt mixtures were analyzed
by the rutting test, three-point bending test,
splitting test and skid resistance test. The results show that the
optimal content of glass aggregates and OAC are recommended
to be 15% and 4. 4%, respectively. These environmentally-
friendly glasphalt mixtures can the problem of
environmental pollution caused by waste glass, as well as
reducing the cost of pavement materials and construction.
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oncerning eco-friendly, economical, and sustainable
Cproperties, waste recycling has always been a current
topic for the research community regarding construction
materials' ™. Waste glass is a typical solid waste, which
causes environment pollution and land occupation. How
to reuse a large amount of waste glass is an urgent prob-
lem to be solved, which is of great practical significance.
In the last decades, much research has been reported on
recycling waste glass as noncontainers, including building
materials ( glass tiles and bricks, panels, etc.), road
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construction materials, glass fibers, etc". The feasibil-
ity of recycling waste glass for cement materials has been
explored by various preceding studies. Meanwhile, since
road materials are an important part of construction mate-
rials, road materials containing partial waste glass have
also been explored in recent years!'""'

There is much research on the application of waste
glass to cement concrete. Gupta et al. "' developed a no-
vel cement mortar with fire resistance and high mechani-
cal strength, which can be used in construction. They
used waste glass with different additions to replace part of
the fine aggregates, and the result proved that 25% addi-
tion has the best performance and the compressive
strength was higher than the target average, but the com-
pressive strength of normal M40 grade concrete de-
creased. Lu et al. '™ developed an alkali-based cement
mortar, which contained waste glass, and indicated that
the use of glass powder and cullet can improve workabili-
ty and high temperature stability. Due to the poor cohe-
siveness between glass and asphalt, the research on as-
phalt mixtures is not as popular as in the cement concrete
field. Arabani et al. """ explored the hot mix asphalt mix-
tures containing waste glass powder, waste brick powder,
rice husk ash, and stone dust, and the results indicated
that waste glass powder and waste brick powder mixtures
are better than other mixtures for fatigue performance.
Sanij et al. " used 10% cullet as aggregates with the
maximum size of 4. 75 mm in warm mix asphalt mixtures
and zycotherm™ as anti-stripping agent. The result
proved that zycotherm™ can improve the adhesion be-
tween the asphalt binder and glass aggregates. Much re-
search indicates that the potential of waste glass applica-
tion to road construction is significant.

To verify the feasibility of glasphalt mixtures, in this
study, the waste glass is used as aggregates to replace
partial mineral aggregates in asphalt mixtures, and the
Marshall test, splitting strength test, freeze-thaw splitting
test and skid resistance test are conducted to determine the
optimum content of glass aggregates and asphalt, and the
technical performance of this novel glasphalt mixtures is
explored. Compared to the existing literature, the weak
cohesiveness between glass and asphalt binder is consid-
ered by surface treatment with nano-Fe,O, suspension in
the experiment.
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1 Preparation of Glass Aggregates and Surface
Treatment

1.1 Preparation of glass aggregates

In this study,
modified by the general Marshall compactor to crush the
waste glass to cullet, which is shown in Fig. 1'"'. After
crushing, the cullet is washed and dried for the subse-
quent application as shown in Fig. 2. Finally, the cullet is
sieved by the automatic shaking sieve machine. The glass
aggregates of 2. 36 and 4. 75 mm are adopted. As the
thickness of waste glass is less than 10 mm, the glass ag-
gregate of 9.5 mm is proved to be re-crushed.

The densities of glass aggregates are measured via the
aggregates density test specification of ASTM C127—388,
and the results are shown in Tab. 1. It is found that the
apparent densities of glass aggregates are close to those of
the mineral aggregates. According to Refs. [18 —19], as

the self-developed glass crusher was

the mineral aggregates, the chemical components of glass
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and that of the limestone are similar, it is concluded that
the particle shape, surface topography, chemical compo-
sition, and density etc. of glass aggregates are similar to
mineral aggregates. Therefore, mineral aggregates can be
replaced by glass aggregates, which is in accordance with
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other research'™ ™.
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Fig.2 The process of crushing and washing to prepare the glass aggregates

Tab.1 The comparison of apparent density between glass ag-
gregates and mineral aggregates

Apparent density/(g - cm ™)

Size/mm -
Glass aggregates Mineral aggregates
4.75 2.492 2.833
2.36 2.484 2.809

1.2 Surface treatment by using nano-Fe,O,

The main chemical components of waste glass are
Si0,, ALO,, CaO, MgO, and Na,O, and in the five
basic oxides, the largest component is SiO, which ac-
counts for about 70% .
glass aggregates show hydrophilic, which will obviously
affect the adhesion between the glass aggregates and as-
phalt'™?' Therefore, the adhesion loss for the hydro-
philic property of acidic glass aggregates should be con-
sidered'”. As for the special effects of nanometer parti-
cles, they can easily adhere to the glass aggregate surface
so that the superficial physical and chemical conditions of
glass aggregates are modified, which is beneficial for im-
proving the adhesive strength between the asphalt and glass
aggregates'™ . Nano-Fe,O, is used as the glass superficial
treating agent, and the pre-treatment result indicates that
particles can adhere to the glass aggregate surface.

In this test, there are three types of nano-Fe,O, powders

The content of SiO, makes

with different particle sizes (50, 100 and 200 nm). Ac-
cording to the maximum particle size of aggregates, the
water-immersion method is used for the particle size of
aggregates less than or equal to 13.2 mm, and the water-
boiling method is used for more than 13.2 mm. As the
size of glass aggregates are 2. 36 and 4. 75 mm, the water
immersion method is used to determine the optimum pow-
der size and suspension concentration, according to the
Chinese standard of experiments of the adhesion of as-
phalt and coarse aggregates (T0616—1993) . Accord-
ing to the preliminary experiment and the comparison re-
sults, the anti-stripping effect of 50 nm Nano-Fe, O, pow-
der is the best.

To ascertain the optimum concentration of suspensions,
five groups of nano-Fe,O, suspensions of various mass
fractions with 5% gradient are prepared. Similar for when
determining the optimum size of the powder, the immer-
sion test is carried out to determine the adhesion grade of
each group of suspensions. The aggregates are dried and
immersed in the heated asphalt, and then cooled, and
boiled water is added. After soaking, the stripping degree
is observed and the adhesion degree is evaluated. By the
comparison analysis of the adhesion grade,
found that the adhesion grade of the glass aggregate trea-

it can be

ted by 10% mass fraction nano-Fe, O, suspensions is level
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IV (the percentage of stripping area is less than 10%),
which performs best in anti-stripping among all the
groups. The adhesion grade of asphalt and aggregate is
assessed by the percentage of stripping area according to
the Chinese standard of experiments of the adhesion of as-
phalt and coarse aggregate (T0616—1993). The process
of the cohesive test is shown in Fig. 3.

2.36 mm 4.‘75~n’1m —
Glass aggregate

ooE

Nano-Fe,O; suspension

Fig.3 The process of the cohesive test

From the above, the experimental and test results indi-
cate that the optimum particle size of nano-Fe,O, powder
is 50 nm, and the optimum concentration of suspensions
is 10% in mass fraction. Sieved glass aggregates are put
into enamel plates and immersed with prepared nano-
Fe,O, suspensions for at least 3 d. During the soaking
process, the glass aggregates are stirred at intervals to
guarantee the immersion effect. The glass aggregates are
treated with nano-Fe,O, suspensions, and after thorough
soaking, glass aggregates are dried in the oven under the
temperature of 100 C.

2 Materials and Methods

2.1 Raw materials

In this study, raw materials include glass aggregates
with surface treatment, SBS modified asphalt, mineral
aggregates, and additive. The waste glass is flat glass
from a glass processing plant, and it is prepared as glass
aggregates by cleaning, crushing, sieving, and glass ag-
gregate surface treating. The SBS modified asphalt is
used, and all mineral aggregates are limestone and are
mined from Jingyang, Shaanxi province, China. The
general technical properties of SBS modified asphalt and
mineral aggregates are tested. The penetration of unaged
SBS modified asphalt was measured as 74 (0.1 mm) at
25 C within 5 s by using a 100 g needle, the ductility
was measured as 36.2 cm at 15 C with the tensile rate of
5 cm/min, and the softening point was measured as 63.5
C. The thin film oven test was conducted at 163 C
within 5 h for aging the asphalt, and the penetration ratio
of aged asphalt to the unaged one was determined as
75.7% while the ductility of aged asphalt was measured
as 70.0 cm at 25 C at the same rate. The results show
that all the technical properties meet the requirements of

[29-30]

the current specification . In addition, hydrated lime

is used as the additive.

2.2 Testing procedures

The specimens were tested based on Chinese specifica-
tions for the design of highway asphalt pavement'*” . The
optimum contents of glass aggregates and asphalt were de-
termined by a series of experiments, including the rutting
test, three-point bending test, freeze-thaw splitting test,
and skid resistance test. Six specimens were prepared for
each test and their average values were used to ensure that
the percent error of the specimens was relatively low.

The rutting test is used to evaluate the high temperature
stability of asphalt mixtures. The size of specimens is 300
mm X 300 mm x50 mm. The test wheel travels repeated-
ly along the same track on the specimen surface at a fre-
quency of (42 +1) times at 60 C, and the depth of rut-
ting formed on the surface of the specimens under the re-
peated action of the test wheel is tested. The rutting re-
sistance of asphalt mixtures is evaluated by the dynamic
stability index, which is the travel times required to pro-
duce 1 mm rutting deformation.

The three-point bending test is a common method to e-
valuate the low temperature deformation ability of asphalt
mixtures. With the test temperature ( —10 +0.5) C and
the loading rate of 50 mm/min, the concentrated load is
applied to the middle span of asphalt mixtures trabecular
specimens until fracture failure, the size of which is 35
mm X 30 mm X 250 mm, and the span is 200 mm. The
flexural tensile strength, flexural strain and stiffness mod-
ulus are calculated.

Freeze-thaw splitting test simulates water erosion in the
laboratory using a freeze-thaw cycle, and uses the change
of splitting strength to characterize the moisture suscepti-
bility of asphalt mixtures. The specimens size are ¢p101.6
mm X 63. 5 mm. The specimens are divided into two
groups on average, six in each group. One group is im-
mersed in water at 25 C for 2 h before measuring its
splitting strength. The other group is immersed in water
at 25 C for 2 h, and immersed in water at 0. 09 MPa for
15 min, and then placed in the refrigerator at — 18 C for
16 h, then again immersed in the water bath at 60 T for
24 h, and then immersed again at 25 C for 2 h, finally
testing its splitting strength. The ratio of residual strength
TSR is calculated.

The friction coefficient of asphalt mixtures is measured
by the British pendulum tester to characterize its skid re-
sistance. The specimen sizes are 300 mm in length, 300
mm in width and 50 mm in thickness, and the test tem-
perature is 20 C.

3 Glasphalt Mixture Design and Properties Eva-
luation

3.1 Design of aggregate gradation and optimal asph-
alt content

The aggregates’ gradation was designed based on the
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particle size, content of glass aggregates and mineral ag-
gregates. Finally, the content of glass aggregates was de-
termined to be 5%, 10%, 15%, 20%, 25% , according
to the similar previous studies”' ™. In this study, the
gradation of AC-16 was adopted. The gradation composi-
tion and the gradation curve of glasphalt mixtures are
shown in Tab.?2 and Fig. 4.

Tab.2 The gradation composition of glasphalt mixtures %

Sieve Remaining mass percentage on each sieve
size/ of different glass content
mm 5% 10% 15% 20% 25%
16 5 5 5 5 5
13.2 11 11 11 11 11
9.5 14 14 14 14 14
4.75 18.9 3.1 15.9 6.1 12.8 9.2 9.8 12.2 6.7 15.3
2.36 12.1 1.9 10.1 3.9 8.2 5.8 6.2 7.8 43 9.7
1.18 9.5 9.5 9.5 9.5 9.5
0.6 7 7 7 7 7
0.3 5 5 5 5 5
0.15 3 3 3 3 3
0.075 3.5 3.5 3.5 3.5 3.5
<0.075 6 6 6 6 6

Note: The bold numbers are the glass content 2. 36 and 4. 75 mm, re-
spectively.
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Fig.4 Gradation curve of glasphalt mixtures

As shown in Tab. 2, the contents of glass aggregates
are different at 2. 36 and 4. 75 mm. The proportion of
mineral aggregates is very small when the total content of
glass aggregates is 25% , according to the change trend in
the ratio of 2. 36 and 4. 75 mm aggregates. The content
of mineral aggregates at 2.36 and 4. 75 mm is close to 0,
if the content of glass aggregates exceeds 25% , and the
greater glass aggregates content will threaten the strength
and stability of mixtures. Therefore, the maximum con-
tent of the glass aggregates is determined to be 25% .

In this paper, the OAC of glasphalt mixtures is deter-
mined by the Marshall design method and the results are
shown in Tab. 3, and the OAC according to the physical
and mechanical index with different contents of glass ag-
gregates is shown in Tab. 4.

From Tab. 4, it can be seen that the optimum asphalt
content shows a decreasing trend with the increase in glass
content. With the addition of glass, the indices of mix-
ture, including stability, tend to decrease gradually. It
indicates that there is a negative effect on the asphalt mix-

tures. The content of 25% glass aggregates can meet the
specifications.

3.2 Effects of glass aggregate contents on mixtures
properties

High-temperature stability is used to characterize the
ability of asphalt mixtures to resist permanent deformation
with repeated load under high temperature conditions and
maintain the flatness of the road surface. In this study,
the rutting test is used to analyze high-temperature stabili-
ty. Low-temperature crack resistance is used to character-
ize the stress relaxation and resistance to deformation of
asphalt mixture. The three-point bending test is used to
evaluate low-temperature crack resistance. Moisture sus-
ceptibility is used to characterize the ability to resist as-
phalt mixtures and aggregate stripping under water or wa-
ter vapor without causing water damage. The freeze-thaw
splitting test is used to evaluate the moisture susceptibili-
ty. In addition, the skid resistance test is carried out
using a pendulum device to evaluate the skid resistance
property.

The optimum contents of glass aggregates and asphalt
are determined by a series of experiments, including the
rutting test, three-point bending test, freeze-thaw splitting
test, and skid resistance test. As shown in Fig.5, the re-
sults of the rutting test with different glass aggregate con-
tents indicated that, with the increase in the glass aggre-
gate content, the dynamic stability decreased. This is due
to the poor adhesion between the glass aggregates and as-
phalt binder, and a thin layer of the asphalt film is coated
on the surface of glass aggregates. The sliding property of
this layer of the asphalt film at high temperature reduces
the adhesion between glass aggregates and the asphalt
binder, and with the increase in the glass aggregate con-
tent, the high temperature sliding phenomenon of the as-
phalt film becomes more obvious. In addition, the glass
is brittle, and secondary crushing tends to occur during
the rolling process, which changes the embedded struc-
ture inside the mixtures, and then reduces dynamic stabil-
ity. When the content of glass aggregates exceeds 25%,
the dynamic stability is less than 600 times/mm, which
cannot meet the requirement of specification. Therefore,
the maximum glass aggregates content should be less than
25% .

It can be seen from Fig. 6(a) that the flexural tensile
strength decreases with the increase in the glass aggregate
content, since the adhesion between the glass aggregates
and the asphalt binder is weak. Therefore, the addition of
glass aggregates leads to the decrease in low-temperature
strength. From Fig. 6 (b), the flexural strain increases
first and then decreases, and reaches the maximum when
the glass aggregate content is 15% . The reason is that
when the glass aggregate content is small, the addition of
glass aggregates increases the flexural deformation resist-
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Tab.3 Results of Marshall test at all levels with SBS modified asphalt

Glass addition/ % Asph:;:ij;gf/jegate (gD.enCsrlrtlyi) Void age/ % Stability/kN valu:/l(())TVI mm VMA/ % VCA/ %
3.0 2.462 8.2 9.24 13.1 15.1 45.6
3.5 2.482 6.8 9.51 15.2 14.8 54.3
0 4.0 2.511 5 9.63 16.4 14.3 65.1
4.5 2.525 3.7 10.05 20.2 14.2 73.6
5.0 2.538 2.5 8.44 31.8 14.2 82.0
3.0 2.477 7.1 8.01 14.8 14.0 49.4
3.5 2.483 6.2 8.31 19.5 14.2 56.7
5 4.0 2.507 4.6 9.42 20.8 13.8 67.0
4.5 2.517 3.5 9.18 28.1 13.9 75.0
5.0 2.515 2.9 8.51 23.6 14.4 80.1
3.0 2.469 6.8 7.70 17.3 13.7 50.3
3.5 2.486 5.5 7.95 21.2 13.6 59.6
10 4.0 2.495 4.4 8.35 23.3 13.7 67.5
4.5 2.516 2.9 8.22 25.9 13.4 77.9
5.0 2.509 2.5 8.05 28.5 14.0 81.9
3.0 2.462 6.5 7.99 11.8 13.4 51.4
3.5 2.476 5.3 8.00 15.8 13.3 60.3
15 4.0 2.499 3.7 7.40 17.0 13.0 71.3
4.5 2.497 3.1 6.50 17.7 13.4 76.8
5.0 2.488 2.8 6.15 32.2 14.2 80.3
3.0 2.454 6.3 6.38 14.5 13.1 52.3
3.5 2.461 5.3 7.19 18.4 13.3 60.1
20 4.0 2.470 4.3 7.10 21.1 13.4 68.1
4.5 2.496 2.6 6.99 20.9 12.9 80.0
5.0 2.496 1.9 6.88 23.2 13.3 85.7
3.0 2.449 5.9 6.27 18.3 12.7 53.8
3.5 2.460 4.8 7.11 18.6 12.8 62.6
25 4.0 2.471 3.7 6.98 25.8 12.8 71.3
4.5 2.480 2.6 6.72 26.4 12.9 79.5
5.0 2.498 1.3 6.50 31.8 12.7 90.0
Note: VCA is the voids in coarse aggregate; VMA is the voids in mineral aggregate.
Tab.4 The OAC and the physical and mechanical index
Glass Density/ Air void Marshall Flow
addition/ % OAC/% (g - cmy’3) volume/ % stability/kN value/0. Imm VMA/% VeA/%
0 4.5 2.520 3.9 9.52 22.4 14.4 72.6
5 4.5 2.515 3.6 9.38 28.1 14.0 74.5
10 4.4 2.510 3.3 8.59 24.3 13.5 75.4
15 4.4 2.494 3.4 8.12 22.9 13.5 75.0
20 4.3 2.487 3.2 7.23 19.6 13.1 75.4
25 4.3 2.472 3.2 7.01 24.6 13.0 75.2

ance of the mineral mixture, while the continuous in- easily destroyed by water molecules, which can reduce the
crease of glass aggregate content will decrease the overall

bonding ability of the mixture, so the flexural strain de- @1 100
creases. From Fig. 6 (c), the flexural stiffness modulus E
decreases first and then increases, and it reaches the mini- g 00
mum when the glass aggregate content is 15% . It can be % ol
seen from the above test results that the asphalt mixtures =
with 15% glass aggregate content can better meet the low % 5001+
temperature performance requirement. £
. . . . . =
As shown in Fig. 7, \.m.th the increase in the glass ?g— & 300, s T s 36 35
gregate content, the splitting strength of both unthawing Glass addition/%
specimens and thawing specimens decreases. Since glass Fig.5 Dynamic stability under different glass additions

is a hydrophilic material, the glass-asphalt interface is
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overall moisture susceptibility of the mixtures. The reduc-
tion rate of thawing specimens is faster than that of the
unthawing specimens. Accordingly, the splitting strength
of glasphalt mixtures after a freeze-thaw cycle is higher
than that without freeze-thaw, which is just the opposite
of that of ordinary asphalt mixtures. It is due to the fact
that under a freeze-thaw cycle, the internal interaction be-
tween aggregates and the asphalt binder is improved, so
the water stability is enhanced. In this study, the glass
aggregate is a silicate substance; iron oxide is alkaline;
and the addition of nano-Fe, O, changes the bonding char-
acteristics of the interface between glass and asphalt.
However, for more glass aggregates, due to the smooth
surface of the glass and the limited ability to improve sur-
face by nano-Fe,O,, the main role turns to the adhesion
between the glass aggregates and asphalt binder. As
shown in Fig. 8, the value of TSR increases first and then
decreases, and it reaches the maximum when the content
of glass aggregates is 20% .
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Fig.8 TSR number under different glass additions

It can be seen from Fig. 9 that with the increase in the
glass aggregate content, the value of the British pendulum
number ( BPN) of glasphalt mixture increases first and
then decreases. The trend is caused by the fact that when
the glass aggregates content is less than 15%, the angu-
larity of the glass aggregates leads to an improvement in
the skid resistance property. When the glass aggregate
content continues to increase, the smoothness of the glass
aggregate surface dominates, and it causes a decrease in
skid resistance property. Glasphalt mixtures with 15%
glass aggregate content reaches the maximum BPN value.

5102
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£ 100
=3
98
96
94
92
90
88 1 1 1
0 5 10 15 20 25
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Fig.9 British pendulum number under different glass additions

British pendulum n

The optimum glass aggregate content is determined to
be 15% by the above experimental results. When the
content of glass aggregates is 15% , the dynamic stability
is about 800 times/mm, which can meet the requirement
of the highway, and the low-temperature stability and
skid resistance property are optimum. Although the TSR
reaches the maximum content of 20% glass aggregates,
the 15% glass aggregates content was only below the
maximum value. Therefore, considering the various fac-
tors, the optimum glass aggregates content was 15%,
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and according to Tab. 4, the OAC is 4.4% .
4 Conclusions

1) The chemical composition and density of cullet are
roughly equivalent to those of mineral aggregates. The
range of particle sizes can be used for aggregates grada-
tion design after crushing and sieving. In this paper, the
particle size of the glass aggregates is selected to be 2. 36
and 4.75 mm. The adhesion level is improved after the
surface treatment of glass aggregates with 10% mass frac-
tion nano-Fe,O, suspensions.

2) The glasphalt mixtures are designed using the Mar-
shall method. The determined OAC ranges from 4.3% to
4.5% for the mixtures with different glass aggregate con-
tents, and OAC decreases with the increase in the glass
aggregate content.

3) With the increase in the content of glass aggregates
modified by nano-Fe,O,, the high temperature stability
and moisture susceptibility decrease, the low temperature
stability increases first and then decreases, and the anti-
slip performance increases. The content of glass aggre-
gates is recommended to be 15% according to the experi-
mental results for technical properties.

However, some other technical properties such as fa-
tigue and rheology properties are not proposed in this pa-
per, but are considered in Refs. [33 —34]. These techni-
cal properties will be explored in future scheduled study.
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