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ABSTRACT

About 12.5 million tons of waste glass is generated annually in the U.S., 77% of which is dis-
posed of in landfills. Waste glass can be cost-effectively collected in mixed colors, but has lim-
ited markets. Mixed-color waste glass offers desired chemical composition and reactivity for use
as a supplementary cementitious material for enhancing the chemical stability, moisture resis-
tance and durability of concrete. To realize this potential, waste glass needs to be milled to mi-
cro-scale particle size for accelerating its beneficial chemical reactions in concrete. In this in-
vestigation, recycled glass concrete was produced by partial replacement of cement with milled
waste glass. Recycled glass concretes with 15, 20 and 23 wt.% of cement replaced with milled
glass were investigated in field (pavement) construction projects. The compatibility of recycled
glass concrete with conventional construction techniques was evaluated, and the field perform-
ance of recycled glass concrete under weathering effects (in mid-Michigan) was monitored over
a two-year period. Compressive strength, water sorption, chloride permeability, and abrasion
resistance tests of recycled glass concretes were performed on cores drilled from the experi-
mental pavements, and the results were compared with those obtained with normal concrete.
Flexural strength tests were carried out on concrete specimens at various ages. Test results in-
dicated that recycled glass concrete incorporating milled waste glass as partial replacement for
cement offers excellent strength and durability attributes when compared with normal concrete.
The pozzolanic reactions of milled waste glass with cement hydrates improve the microstruc-
ture and chemical composition of concrete. Use of milled waste glass in concrete as partial re-
placement of cement represents an important step towards development of sustainable (envi-
ronmentally friendly, energy-efficient and economical) concrete-based infrastructure systems.

Keywords: Waste glass; recycling; supplementary cementitious material; concrete; energy sav-
ing; environmentally friendly; economics

INTRODUCTION

Each year about 12.5 million tons of waste glass is gener-
ated in the U.S., 77% of which is disposed of in landfills,
accounting for 6 wt.% of the total municipal solid waste
stream [1]. Globally, about 5 wt.% of the 2.02 billion tons/yr
of municipal solid waste generated is glass [2]. Post-
consumer waste glass can be cost-effectively collected in
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mixed color; there are, however, limited markets for mixed-
color waste glass [3]. Disposal of waste glass in landfills is
costly, considering increasing tipping fees; the non-
biodegradable nature of glass further complicates the envi-
ronmental impact of its disposal in landfills [4]. Stricter envi-
ronmental regulations and the scarcity of landfill space are
other factors encouraging diversion of waste glass from land-
fills for value-added use in new applications.
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Manufacturing of cement, a key ingredient used for the
production of concrete, is a major source of greenhouse gas
emissions. Fabrication of a ton of cement results in emission
of one ton of carbon dioxide (CO,) to the atmosphere [5-13].
Globally, cement production contributes 5-8% of anthropo-
genic CO, emissions [5, 8, 10-12, 14-16]. In 2007, the total
cement production in the United States was close to 100 mil-
lion tons, which contributed about 100 million tons of CO, to
the atmosphere [17]. The 1995 CO, emissions by the cement
industry was equivalent to the emissions from 300 million
automobiles [18]. This highlights the large carbon footprint
of the cement industry [19-20]. Cement production also in-
volves emission of moderate quantities of NO,, SO,, and par-
ticulates [8].

Manufacturing of cement is also an energy-intensive
process, which ranks third after aluminum and steel manufac-
ture in terms of energy consumption. Close to 5.5 million
BTU of energy is consumed for production of a ton of cement
[21]. The cement industry accounts for about 2% of the glob-
al primary energy consumption (or ~5% of the total global
industrial energy consumption) [22]. The energy used for
production of cement accounts for more than 90% of the total
energy required for production of concrete [23]. In spite of
major efforts in recent decades, significant gains in fuel-
efficiency of cement production plants has not been realized
[9]. This situation warrants decisive measures to be taken to
reduce the carbon contribution of the cement and concrete
industries.

The use of solid waste materials or industrial by-products
as partial replacement for cement in concrete is a viable strat-
egy for reducing the use of Portland cement and hence mak-
ing concrete production environmentally friendly and energy-
efficient [24]. Glass, which is rich in amorphous silica (Table
1 compares the chemical compositions of glass and cement),
has the proper chemistry and reactivity to enter pozzolanic
reactions with the lime released during hydration of cement;

these reactions can yield highly stable end products with de-
sired binding qualities.

Past efforts to recycle waste glass in concrete have fo-
cused on the use of crushed glass as replacement for aggre-
gate in concrete [25-26]. These efforts neglected the reactive
nature of glass in concrete, which was slowed down due to
the relatively large (millimeter-scale) size of glass particles
[26-27]. Such long-term reactions proved to be detrimental to
the long-term stability of concrete incorporating relatively
large (crushed) glass particles. Milling of glass to microme-
ter-scale particle size, for accelerating the reactions between
glass and cement hydrates, can bring about major energy,
environmental and cost benefits when cement is partially
replaced with milled waste glass for production of concrete. It
has been reported that recycling of each ton of glass saves
over one ton of natural resources, and recycling of every six
tons of container glass results in the reduction of one tone of
carbon dioxide emission [28].

This paper reports on field investigations of concrete ma-
terials incorporating milled waste glass as partial replacement
for cement. Two field projects covered here involved con-
struction of: (i) Pavement sections used as sidewalk and
maintenance vehicle access route on the Michigan State Uni-
versity campus (constructed in May 2008); and (ii) concrete
driveway, sidewalks and curbs at the Michigan State Univer-
sity Recycling Center (constructed in May 2009). These pro-
jects evaluated commercial production (in ready-mixed
plants) of concrete incorporating milled waste glass as partial
replacement for cement, and its large-scale use in concrete
pavement (and curb) construction. The field performance of
recycled glass concrete under weathering effects and traffic is
subject of long-term monitoring. Recycled glass concrete has
performed satisfactorily in these field studies. The field pro-
jects have played key roles in introducing the value of waste
glass as partial replacement for cement to concrete producers
and contractors.

TABLE 1
Typical chemical compositions of waste glass and Portland cement

Chemical Glass Cement
SiO, 73.5% 20.2%
Al,O3 0.4% 4.7%
CaO 9.2% 61.9%
Fe,03 0.2% 3.0%
MgO 3.3% 2.6%
Na,O 13.2% 0.19%
K;0 0.1% 0.82%
SO; - 3.9%
Loss on ignition 1.9%
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In field projects, milled waste glass with 25 um average
particle size was used as replacement for 15%, 20% and 23%
of Type | Portland cement in concrete. Cores were taken from
sections of concrete pavements at different ages, and were
tested for evaluation of the compressive strength, water sorp-
tion, chloride permeability, and abrasion resistance of field
recycled glass concrete versus normal concrete. Microstruc-
tural analysis of the recycled glass concretes were carried out
using SEM and EDX analysis of the concrete cores. Com-
pression and flexure tests were also performed on recycled
glass and control concrete specimens prepared from field
concrete during construction.

MATERIALS, MIX DESIGNS, AND FRESH
MIX PROPERTIES

Table 1 shows the chemical composition of the milled
waste glass and ordinary Portland cement used in field pro-
jects. Table 2 presents some physical properties of the milled

waste glass used here, and Figure 1 shows a scanning elec-
tron microscope image of the milled waste glass.

Three mix designs containing milled waste glass as re-
placement for 15%, 20% and 23% of cement (by weight)
were prepared at ready-mix concrete plants for use in the two
field projects. Pavement and driveway sections were also
constructed with control concrete for comparative evaluation
against recycled glass concrete. Table 3 shows the mix de-
signs and fresh concrete properties for recycled glass and
control concrete mixtures used in field projects.

Crushed limestone coarse aggregate with maximum size
of 19 mm (% in) and non-reactive river sand were used in all
concrete mixtures. All batches of concrete were manufactured
in ready-mix concrete plants. Representative concrete cylin-
ders with 6 in. (152 mm) diameter and 12 in (350 mm) height
were prepared and tested in compression following ASTM C
39 procedures after 7, 14, 28, 90 and 270 days of moist cur-
ing (in lime-saturated water). Similarly, concrete beams were
prepared from all concrete mixtures, and were tested for flex-

TABLE 2
Physical properties of milled glass

% Passing # 325 Mesh

93%

Specific Gravity
Median Particle Size
Moisture content
Brightness

Specific Surface Area

2.46 gm/cc
25 pm
0.1%
80%

4280 cm?/gm

5.0kV SEI LM

FIGURE 1
SEM microaraph of milled waste alass
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TABLE 3
Concrete Mix Designs and fresh mix properties

Mix Designs
Ingredient

Control 15% Glass 20% Glass 23% Glass
Cement Type I, kg/m? (Ib/yd®) 312 (526) 265 (447) 250 (421) 240 (405)
Milled Glass, kg/m? (Ib/yd®) 47 (79) 62 (105) 72 (121)
Fine aggregate, kg/m® (Ib/yd®) 799 (1347) 799 (1347) 799 (1347) 799 (1347)
Coarse aggregate, kg/m® (Ib/yd®) 1063 (1792) 1063 (1792) 1063 (1792) 1063 (1792)
Water content, kg/m?® (Ib/yd®) 141 (237) 141 (237) 141 (237) 141 (237)
Air entraining agent (ml/100 Ib of cement) 60 60 60 60
Water/Cement ratio 0.45 0.45 0.45 0.45
Slump, cm (inch) 9 (3.5) 9(3.5) 75(3) 75(3)
Air content (%) 4.5 4.5 4.0 4.0

ural strength following ASTM C 78 procedures after 7, 28, 90
and 270 days of moaist curing. In addition, 90 days and 450
days after construction of the Recycling Center and the side-
walk/maintenance vehicle pavement projects, respectively,
cores were drilled from the constructed pavement sections,
and tested for evaluation of the compressive strength, water
sorption (ASTM C1585), chloride permeability (ASTM C
1202) and abrasion resistance (ASTM C 944) of field con-
crete.

The slump test results presented in Table 3 indicate that,
at equal water/cement ratios, the recycled glass concrete mix-
tures have slightly lower fresh mix workability (with the ex-
ception of the concrete mix with 15% replacement of cement
with milled waste glass). This trend may be attributed to the
non-spherical and rough geometry of the milled waste glass
particles (see Figure 1). Unlike fly ash, the introduction of
milled waste glass did not significantly affect the entrained
air content of concrete mixtures prepared with similar dos-
ages of air entraining agent.

Construction of Sidewalk / Maintenance
Vehicle Pavement Sections

Concrete pavement sections with 0.18 m (7 in) thickness,
which were 2.4 m (8 ft) in width and 3 m (10 ft) in length
between construction joints, were constructed in May 2008
over a compacted base using three recycled glass and one
control concrete mixtures. Two pavement slabs were con-
structed using each concrete mix. Figure 2 shows pictures
taken during construction of pavement slabs. During pouring,
compaction, and finishing operations, recycled glass and con-
trol concretes performed similarly. The pavement sections
have performed satisfactorily over two years of exposure to
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the mid-Michigan climate and light maintenance vehicle traf-
fic.

Construction of the Recycling Center
External Concrete Pavements and Curbs

This project involved construction of driveways, heated
pavement slabs, sidewalks, gutters, curbs, and parking stands
at the MSU Recycling Center in May 2009 using recycled
glass concrete with 20% of cement replaced with milled
waste glass. Mix designs were slightly different in the case of
heated pavement and curbs in comparison to other compo-
nents. Pump-grade flowing recycled glass concrete was pro-
duced for the heated pavement, and low-slump concrete was
produced for curb construction by the extrusion method. Oth-
er components were made using more conventional concrete
mixtures (with milled waste glass partially replacing cement).
A control concrete was also used in construction of an ap-
proach driveway. Figure 3 presents pictures taken during
construction of the driveway and curb in this project.

TEST RESULTS AND DISCUSSION

This section presents the test results produced in the two
field projects. Various test results at different ages were gen-
erated for the three recycled glass concrete mixtures as well
as the control concrete. Tests were performed on concrete
specimens prepared at the time of pouring concrete in field,
and also on cores drilled at different ages from field concrete
sections.
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(@)

(b)

FIGURE 2
Construction of the sidewalk/maintenance vehicle pavement with recycled glass concrete: (a) pouring of concrete;
(b) finishing of concrete

(@)

FIGURE 3
Construction with recycled glass concrete at the Michigan State University Recycling Center: (a) concrete curb;
(b) concrete driveway

Compressive and Flexural Strengths of
Concrete Specimens

Figures 4 and 5 shows the compressive and flexural
strength tests results, respectively, for representative concrete
specimens molded during construction. Recycled glass con-
cretes are observed in Figure 4 to offer lower mean compres-
sive strengths at 7, 14 and 28 days of age when compared
with the control concrete. Statistical analysis (of variance)
followed by pair-wise comparison of test results indicated
that only the recycled glass concrete mix with 23% cement
replacement with milled waste glass produced compressive
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strengths that were lower than those of control concrete (at
0.05 significance level). At the age of 90 days, recycled glass
concretes with 15% and 20% of cement replaced with milled
waste glass provide mean compressive strengths exceeding
that of control concrete; while the 90-day compressive
strength of the recycled glass concrete with 23% of cement
replaced with milled waste glass was lower than that of con-
trol concrete. Statistical analysis (of variance) of the 90-day
test results indicated that the differences between the com-
pressive strength test results of recycled glass and normal
concretes were not statistically significant (at 0.05 signifi-
cance level). At 270 days, recycled glass concretes with 15%
and 20% of cement replaced with milled waste glass provided
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Compressive strength test results at different ages for concrete specimens prepared using field concrete materials
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FIGURE 5
Flexural strength test results at different ages for concrete specimens
prepared using field concrete materials (means & standard errors)

higher mean compressive strengths when compared with con-
trol concrete; the mean compressive strength with 23% of
cement replaced with milled waste glass was comparable to
that of concrete. Statistical analysis (of variance) of the 270-
day compressive strength test results indicated that, at 0.05
significance level, the recycled glass and normal concrete
materials provided statistically comparable levels of 270-day
compressive strength.
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Flexural strength test results shown in Figure 5 follow
trends comparable to those of compressive strength. Mean
flexural strengths of recycled glass concrete at 7 and 28 days
of age were less than those of control concrete. Statistical
analysis (of variance) indicated that the mean flexural
strengths of recycled glass concrete with 23% of cement re-
placed with milled glass were lower than those of control
concrete at all ages. At the age of 90 days, the difference be-
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tween mean flexural strengths of recycled glass concretes
(with the exception of the 23% replacement level) and control
concrete were not statistically significant (at 0.05 significance
level). At the age of 270 days, recycled glass concretes with
15& and 20% of cement replaced with milled waste glass
produced flexural strengths exceeding that of control con-
crete. Statistical analysis (of variance), however, showed that
the flexural strengths of recycled glass concrete with 15 and
20% of cement replaced with milled waste were statistically
comparable (at 0.05 significance level) with that of control
concrete at the same age.

The above test results indicate that strength gain in recy-
cled glass concrete occurs at a somewhat lower rate than that
in normal concrete, but recycled glass concrete has the poten-
tial to reach long-term strengths surpassing those of normal
concrete. The slower rate of strength gain in recycled glass
concrete reflects the rate of pozzolanic reactions of glass with
the calcium hydroxide in cement hydrates. The long-term
advantages of recycled glass concrete over normal concrete
can be attributed to the enhanced binding qualities of the cal-
cium silicate hydrate which results from pozzolanic reaction
of glass with calcium hydroxide, and also to the refinement
and partial blocking of capillary pores in cementitious binders
undergoing pozzolanic reactions involving milled waste
glass. These test results also suggest that there is an upper
limit on the cement replacement level with milled waste glass
if one desires to produce recycled glass concretes with long-
term strengths that are equivalent to or greater than those of
normal concrete.

Compressive Strength of Concrete Cores

Cores with 102 mm (4 in.) diameter and heights varying
from 178 to 203 mm (7 to 8 in.) were drilled from the recy-

cled glass and normal concrete pavements at 90 and 450 days
of age. Figure 6 shows the compressive strength test results
produced using these cores. Generally, the strengths of cores
exposed to field environment are less than those obtained
using continuously moist-cured cylindrical specimens pro-
duced using the same concrete (see Figure 4). This finding
was found to be statistically significant at 0.05 significance
level. The higher strength of specimens prepared in molds
and subsequently cured in laboratory, when compared with
that of specimens cored from field concrete, is due to the im-
proved curing and probably better preparation of molded spe-
cimens.

The strength gain with time for cores follows trends simi-
lar to those for molded specimens. At the ages of 90 and 450
days, the core compressive strength with 23% milled waste
glass is less than that of control. With 15 and 20% recycled
glass content, concrete materials provided higher core com-
pressive strengths when compared with control concrete at
both ages. Statistical analysis (of variance) of the test results,
however, showed that the differences in core compressive
strengths of recycled glass and control concretes were not
statistically significant (at 0.05 significance level) at both
ages. The compressive strength test results for molded and
cored specimens provide strong evidence for the occurrence
of pozzolanic reactions between milled waste glass and ce-
ment hydrates. These pozzolanic reactions seem to continue
to contribute to the concrete quality up to 450 days of age.

Water Sorption of Concrete Cores

Moisture transport is a fundamental characteristic of con-
crete that governs its long-term durability [29-31]. Many du-
rability problems in concrete are caused by water transporting
dissolved deleterious species into concrete. Moisture itself
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FIGURE 6
Compressive strengths of concrete cores at different ages (means & standard errors)
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can play damaging roles under freeze-thaw attack; moisture
movements (e.g., drying) of concrete also cause cracking by
generating restrained shrinkage stresses. The moisture barrier
qualities of concrete can be improved through refinement of
the pore size, partial blocking of the continuous capillary
pores, and reduction of the pore volume [32]. Milled waste
glass, through pozzolanic reactions, brings about these de-
sired changes in the pore structure of hydrated cement paste.
Figure 7 shows the results of moisture sorption tests (ASTM
C 1585) on 51 mm (2 in.) thick concrete discs prepared from
drilled cores at the age of 450 days. The sorbed water versus
time plot shows significant improvements in the moisture

sorption attributes of recycled glass concrete materials when
compared with control concrete. Figure 8 shows the cumula-
tive water sorption of concrete disc specimens after 9 days of
exposure to water. Statistical analysis (of variance) of the 9-
day cumulative sorption test results pointed at the statistical
significance (at 0.05 significance level) of the contributions
of milled waste glass at 15% and 20% cement replacement
levels to the resistance of concrete to moisture sorption. At
23% cement replacement level with milled waste glass, how-
ever, the cumulative sorption of recycled glass concrete was
statistically comparable to that of normal concrete.
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Water sorption versus time for concrete cores
8

|

Gl T
Crr s
Crrr s
PEEEEEES
A
C
C
WSS

[

////if///
EEEVLYYY)
EEEYYYYY)

CrPr s
A
PEEEEEES

Gy
By
[
[

C
C
WSS

Cumulative Sorption (mm)
N

[
[

gy L
CrPr s

By

Control 23% Glass
Mix Designs

20% Glass 15% Glass

FIGURE 8
Cumulative water sorption of concrete cores after 9 days of exposure
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314 JOURNAL OF SOLID WASTE TECHNOLOGY AND MANAGEMENT

VOLUME 37, NO. 4 NOVEMBER 2011



Chloride permeability of concrete cores

Resistance offered by concrete to chloride ion permeation
gives an indication of the barrier qualities of concrete against
salt solution, which critically influence its long-term durabil-
ity. As can be seen in Figure 9, the chloride permeability of
the three recycled glass concretes (at 450 days of age) is, on
the average, reduced (pointing at improved barrier qualities)
by up to 40% when compared with the control concrete. The
significant improvements in resistance to chloride permeation
are brought about by the partial blocking of pores in hydrated

cement paste with the products of pozzolanic reactions in-
volving milled waste glass.

Abrasion resistance

Abrasion resistance of concrete is an important property
influencing the performance of concrete pavements and
floors subjected to abrasive action of traffic [33-36]. Figure
10 summarizes the abrasion resistance test results produced
using cores obtained from the recycled glass and control con-
crete pavements at 450 days of age. The abrasive weight
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FIGURE 9
Chloride permeability of concrete cores
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FIGURE 10
Abrasion weight loss of recycled glass and control concretes (means & standard errors)
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losses of recycled glass concretes with 15% and 20% cement
replacement with milled waste glass were less than that of
control, pointing at the positive contributions of the poz-
zolanic reactions of milled waste glass with cement hydrates
to abrasion resistance. The abrasive weight loss of recycled
glass concrete with higher (23%) cement replacement level
was comparable to that of concrete. Statistical analysis (of
variance), followed by pairwise comparison of the abrasion
test results indicated that the contributions of milled waste
glass to abrasion resistance of concrete was statistically sig-
nificant (at 0.05 significance) at 15% cement replacement
with milled waste glass. Other recycled glass concretes pro-

duced abrasion resistances which were statistically compara-
ble to that of control concrete.

Scanning Electron Microscopy (SEM) and
Energy Dispersive X-ray Spectroscopy
(EDS)

SEM and EDS analyses of the specimens prepared from
cores were carried out to investigate the effect of milled glass
on concrete microstructure and composition. Figures 11 and
12 show scanning electron microscope (SEM) images of con-
crete materials incorporating milled waste glass as replace-

FIGURE 11
Scanning electron microscope image of a fractured surface of 15% glass concrete

FIGURE 12
Scanning electron microscope image of a fractured surface of 20% glass concrete
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ment for 15% and 20% of cement, respectively; an SEM im-
age of control concrete is shown in Figure 13. The introduc-
tion of milled waste glass as partial replacement for cement in
observed to produce a relatively dense and uniform micro-
structure (Figures 11 and 12) when compared with that of
control concrete (Figure 13). These effects can be attributed
to the pozzolanic reactions of milled waste glass yielding
secondary calcium silicate hydrate (C-S-H).

Figure 14 shows the EDS plot of 20% glass concrete tak-
en at the location of Figure 12, and Figure 15 shows the cor-
responding EDS plot of control concrete at the location of
Figure 13. The incorporation of milled waste glass as partial
replacement for cement is observed to cause a rise in the peak

of Si, which points at the silica-rich structure produced by
pozzolanic reactions involving glass.

CONCLUSIONS

Recycled glass concrete produced by partially replacing
cement with milled waste glass of micro-scale particle size is
compatible with conventional concrete production and con-
struction techniques. Use of milled waste glass as partial re-
placement for cement in concrete enhances the resistance of
concrete to moisture sorption and transport of deleterious

FIGURE 13
Scanning electron microscope image of a fractured surface of control concrete
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FIGURE 14
EDS plot of 20% glass concrete taken at the location of Figure 12
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EDS plot of control concrete taken at the location of Figure 13
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