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ABSTRACT

Waste glass from container, plate, end-of-life vehicles and electrical items poses a major solid waste disposal
problem in many countries. Its use in concrete has been tried in the past but deleterious alkali-silica reaction
(ASR) between cement paste and glass aggregates has been observed. This paper reports a major fundamental
study of the alkali-silica reaction between glass aggregates and concrete conducted at Sheffield University, UK.
Materials tested include green, amber, flint and blue glass cullet with particle size ranges from sub 35 micron to
12 mm. ASTM C 1260 and BS812-123 test methods have been reported. The results show that the ASR
reactivity of glass cullet varies with glass type and particle size and that, with appropriate use of pozzolanic
materials, ASR expansion is significantly reduced and, possibly, mitigated.
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L. INTRODUCTION

Post-consumer and other waste glass types are a
major component of the solid waste stream in many
countries and currently most is still landfilled [1].
The EU Landfill Directive 1999/31/EC [2] and the
UK Landfill Tax Regulations [3] have emerged to
divert such waste into recovery and recycling
programmes and, specifically for post-consumer
glass, the Packaging Waste Regulations [4] have
provided legislative pressure to increase recycling.

Glass can be infinitely remelted without degradation
of its physical properties and, theoretically at least,
the glass manufacturing industry could use 100%
recycled glass as a primary feedstock. However due
to tolerances on contamination there is a practical
limit and it is estimated [5] that approximately
650,000 tonnes/year of waste container glass cannot
be recycled into new glass manufacture. There are
also arisings of over Im tonnes/year from other
waste glass streams (e.g. plate glass, windscreens
and lighting) that need to be recovered and re-used.
Whilst some markets for recycled waste glass
already exist in UK construction (170,000 tonnes as
aggregate in asphalt, pipe bedding, backfill, loose
fill, decorative aggregate and golf bunkers), there is
a huge potential for this to increase in the concrete
construction sector.
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Published research work in the UK and USA since
1997 [6-11] has shown that finely-ground waste
glass will react in a pozzolanic manner in
cementitious systems and contribute (o the strength
development without apparent detriment to concrete.
This means that raw post-consumer glass could be
processed and used to replace a percentage of the
Portland cement in concrete mixes. Considering the
size of the cement industry (over 10 million
tonnes/annum in the UK) this would appear to be a
potential  high  volume,  economic  and
environmentally friendly solution to part of the
waste glass problem.

Alternatively, waste glass could be used as a
concrete aggregate; either as direct replacement for
normal concrete aggregates (low value) or as an
exposed, decorative aggregate in architectural
concrete products (high vaiue). However, there is a
fundamental problem that needs to be overcome
with both of these solutions; that of expansive alkali-
silica reactions (ASR) between the glass particles
and the cement paste. Various laboratory studies
have investigated this [12-15] and the results appear
to suggest that in moist conditions and without
modification of the cement chemistry, ASR may
occur. Of course, the ASR reaction is not confined
to glass aggregates but has caused premature
deterioration of concrete structures throughout the
world and whilst the mechanisms of ASR expansion
are complex, it is now accepted that reactive silica,
sufficient alkalis and moisture are required to initiate
the reaction [16, 17].



With these facts in mind, several potential solutions
exist to reduce the propensity of a potentially
reactive aggregate to undergo ASR. These include
the use of pozzolanic mineral admixtures that react
with and reduce the alkalinity of cementitious
systems, low alkali cements and indoor (dry)
concrete environments. In addition to these,
researchers in the US [7, 8] have used alkali-
resistant glass and glass modified by the addition of
minor constituents at the melt stage. These latter
two methods of avoiding ASR may have potential
benefit in concrete applications if post-consumer
glass were to be melted and re-coloured specifically
for the highly lucrative decorative concrete
aggregate market.

2. MATERIALS AND TEST METHODS

In this research study, the effects of glass colour,
particle size and potential suppressants on the ASR
reactivity of glass aggregate concrete were
investigated using the ASTM CI1260 [20] test
method and the BS 812-123 [21] mix proportions.
These are detailed in the following sections.

2.1 Materials

2.1.1 Cement
Ordinary Portland cement (OPC) to BS EN 197-

1:2000 supplied by Castle Cement Ltd was used
through the study.

2.1.2 Control Aggregate

Non-reactive 5-10mm coarse aggregate and sand
from Trent Valley were used in control mixes.

2.1.3 Glass Cullet

Various colours and particle sizes of clean post-
consumer glass cullet that has been rejected by the
glass industry were used, Table 1.

2.1.4 Potential ASR Suppressants

A wide range of potential ASR suppressants have
been investigated, including BS 3892 PFA, GGBS.
MS  (micro-silica), MK  (Metakaolin) and
green/amber/flint glass pozzolan (GP. AP and FP).
Typical chemical and physical properties of the OPC,
PFA [20], GGBS [20], MS, MK and GP/AP/FP [21]
used in ASR study are shown in Table 2.

Table 1. Details of the glass cullet used in the ASR study

Glass Colour Particle Size Ranges Investigation
6-12 mm Pessimum size, colour effect
3-6mm Pessimum size, colour effect
1-3mm Pessimum size
Green Sub 600 pm Pessimum size
Sub 212 pm Pessimum size
Sub 35 um Pessimum size
Pessimum size, colour effect,
6-12 mm
suppressants
3-6mm Pessimum size, colour effect
Amber [-3mm Pessimum size
300-600 pm Pessimum size
150-300 pm Pessimum size
Sub 90 um Pessimum size
6-12 mm Pessimum size, colour effect
3.6 Pessimum size, colour effect,
-6mm
suppressants
Flint 1-3mm Pcssimum sm*
0.6-1.18 mm Pessimum size
300-600 pym Pessimum size
150-300 um Pessimum size
Sub 150 um Pessimum size
6-12 mm Pessimum size, colour effect
Blue 3-6mm Pessimum size, colour effect,
suppressants
1-3mm Pessimum size
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Table 2. Chemical and physical properties of OPC, ASR suppressants and glass

a ASR SUPPRESSANTS GLASS POZZOLAN
PROPERTIES OpPC PFA GGBS MS* MK*" GP AP FP
510, 21.79 48-55 31-36 92 - 71.28 71.52 722
Al,O; 4.89 22-29 9-20 1 - 1.63 219 1.36
Fe, 0y 1.95 8-13 0.5 1 - 032 0.2l 0.07
Ca0O 64.81 1-6 33-45 0.3 - 10.76 1042 10.98
Chemical MgO 1.12 1-2 4-15 0.6 - 1.57  0.71 1.16
Composition K,O 0.71 2-4 <1 0.8 - 062 0.16 0.56
(%) Na,O 0.15 0.7-1.7 <1 0.3 - 1312 1388 1308
SO, 3.01 <0.5 0.5-2 0.3 - <0.05 0.05 0.1
Na;Oeq 0.62 - - - - - - -
LOI 1.07 1-3 - - - <1 <l <l
Colour off dark . .
grey grey white arey white light grey
Density
. (g/em’) 3.15 | 2.3 29 1.4 0.3 2.5 2.5 2.5
Physical
: surface
Properties arca 34?}%‘ 600° 17255 15000- 4 50000 250-350°
(m7kg) 20000
Moisture - 0.2 . - 0.5 ; - -
(%)

a - data presented in the table is from the materials supplier; b — data obtained at CCC using a laser particle
distribution machine.

2.1.4 Potential ASR Suppressants

A wide range of potential ASR suppressants have
been investigated, including BS 3892 PFA, GGBS,
MS  (micro-silica)) MK  (Metakaolin) and
green/amber/flint glass pozzolan (GP, AP and FP).
Typical chemical and physical properties of the OPC,
PFA [20], GGBS [20], MS, MK and GP/AP/FP [21]
used in ASR study are shown in Table 2.

2.2 Mix Proportions

2.2.1 Effect of Glass Colour

The aim of this investigation was to determine the
effect of glass colour on ASR reactivity. BS 812:123
mix proportions were used with 100% coarse glass
aggregate (3-6mm and 6-12mm) and normal sand.

Details of the BS 812-123 concrete mix proportions
are given in Table 3.

2.2.2 Pessimum Glass Particle Size

A range of particle sizes from sub 35um to 12mm of
green, amber, blue and flint glass cullet were used to
investigate the effect of glass particle size. BS
812:123 mix proportions (Table 3) were used with
30% glass aggregate replacement for normal coarse
and fine aggregate.

2.2.3 ASR Suppressants

White cement, PFA, SPFA, GGBS, MS, MK and
AP/GP/FP were used selectively as ASR
suppressants in combination with the worst-case
glass particle sizes. BS 812:123 (Table 3) mix
proportions were used with 100% coarse glass

Table 3. Mix proportions by volume for ASR study (BS 812-123)

Aggregates
Materials Cement water (free)
5-10mm 10-20mm  sand
Proportions (% by volume) 222 22 16.5 16.5 22.8
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aggregate (3-6mm blue and 6-12mm amber) and
normal sand

2.3 Sample Preparation

46 concrete mixes were prepared in accordance with
BS 812-123. 3 concrete prisms (40x40x160 mm)
were cast for each mix at room temperature and cured
for (24+2) hours at 20°C in plastic bags with a
relative humidity around 100%. After demolding, the
prisms were stored at 80°C in tap water for another 24
hours and then immersed in 1 N NaOH at 80°C until
testage.

2.4 Test Procedures

The length change of the prisms was measured using
a length comparator to BS 812-123. An initial
reading was taken after demolding and a zero reading
after storing in tap water at 80°C for 24 hours. The
prisms were then immediately transferred to a IN
NaOH solution at 80°C. Two glass concrete samples
containing 3-6mm flint glass aggregate (OPC/Flint
and OPC/MK20/Flint) were examined using optical
microscopy (OM) to see if ASR gel was formed after
these samples were immersed in 1N NaOH solution
for 4 months.

3. RESULTS AND DISCUSSION

3.1 Effect of Glass Colour on ASR

Expansion results (the average of 3 prisms) of
concrete using 3-6mm and 6-12mm green, amber,
flint and blue glass coarse aggregate are shown
plotted in Figs. 1-2.

3-6 mm Glass Aggregate
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It should be noted that measurement of the PC/Blue
3-6mm, PC/Amber 6-12mm and PC/Flint 6-12mm
mixes was halted after 28 days in 1N NaOH solution
at 80°C because of the large expansions measured.
Others were tested up to 91 days (well beyond the
ASTM C1260 recommended 14 days test during).
As expected, all glass aggregates tested were reactive,
but the rate of reaction varied with glass colour and
particle size. For the 3-6mm size range, blue is the
most reactive glass colour while green, amber and
flint show similar but lower expansion rates. For the
6-12mm size range, the expansion rates of amber and
flint are much higher than those of green and blue
glass aggregate Results of previous research studies
[7, 8, 13] in USA on the effect of glass colour on
ASR show that clear (flint) glass causes most
expansion, amber glass is considerably less reactive
whilst green glass appears not only to be not reactive,
but also reduce the expansion of slightly reactive
normal sand. Meyer and Jin {7, 13] also suggested
that glass colour effect on ASR was due to small
quantities of colour-controlling oxides and that
especially for non-expansive green glass, a strong
relation was found between expansion and Cr;0s,
which is typically added to the glass for the green
colour. Results from this research seem to be
different and the authors feel that chromium may not
the chemical component which influences ASR
expansion dramatically. As can be seen from Table 2,
the chemical compositions of different colours of
glass are very similar, and it is unlikely that very
small quantities of colouring oxides can affect ASR
expansion significantly. Moreover, results in Figs. 1-
2 also show that different particle sizes

6-12 mm Glass Aggregate
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Fig.1. Effect of glass colour on ASR up to 28 days
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Fig.2. Effect of glass colour on ASR up to 91 days

of the same colour glass has different trend of colour
reactivity, suggesting that other factors rather than
colour play an important role on the ASR expansion
rate of glass aggregate. Further research needs to be
done on the mechanism of glass colour reactivity

3.2 Effect of Glass Particle Sizes on ASR

Summary ASR expansion results up to 91 days (35
days for 1-3mm blue glass) for a range of particle
sizes from <35Um to 12mm, Table 1, of green, amber,
flint and blue glass used as aggregate in concrete are
shown plotted in Figure 3.

It can be seen clearly from Figure 3 that 1-3mm blue
glass is the most reactive size range among the
various glass colours and particle sizes tested
(expansion is 0.732% for 1-3mm blue at 35days and
0.721% for 6-12mm amber at 42 days). Results also
show that concrete made with green and amber glass
particles < 0.6mm and flint glass particles <1.18mm
exhibits less expansion than the control mix, which
implies a degree of ASR mitigation for these particle
size ranges, while ASR expansion rates increase with
particle size above Imm for green and amber and
1.18mm for flint. However, the size effect on ASR
of blue glass aggregate shows contradictive trend
compared with that of green, amber and flint glass
aggregate. ASR expansion rates of blue glass
aggregate decrease with the increase of particle size
ranges from 1-3 to 6-12mm. In general, expansion
rate increases with glass particle sizes. These
findings are contradictive to that of Meyer and Jin [7,
13] which showed that for clear (flint) soda-lime
glass, Pyrex glass and fused silica, the pessimum
sizes of ASR expansion were appecared to be 1,18mm,
150pm and 75pm respectively. Further investigation
on the chemistry of glass and the effect of crushing
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process needs to be carried out to understand why
such variability occurs.

3.3 Effectiveness of ASR Suppressant Materials

The ASR expansion results of concrete made with a
range of potential pozzolanic ASR suppressants and
3-6mm flint and 6-12mm amber glass aggregate are
shown plotted in Figures 4-5. These show that
metakaolin (MK) and pulverized-fuel ash (PFA) can
totally mitigate ASR in both glass aggregate cases.
Other materials tested including ground granulated
blast-furnace slag (GGBS), white Portland cement,
micro-silica (MS) and amber (AP), green (GP) and
flint (FP) ground glass powder at around 300mszg
fineness, can also reduce ASR significantly, but are
less effective than PFA and MK,

The use of pozzolanic materials including PFA,
GGBS and MS to control ASR in concrete is the
common mitigation method used in concrete
construction. Among them, PFA is the most
commonly used worldwide because of its economic
and technical benefits [22]. As ASR suppressant, the
factors affect the efficacy of a given PFA including: i)
content (usually as a mass replacement of cement); ii)
chemical composition (especially CaO and Na;Oe
content); iii) reactivity of the aggregate and iv) alkali
content of the concrete (mainly from Portland
cement). Perhaps the most important parameter is the
CaO content of the PFA [22], and generally, lower-
lime PFAs are more effective than higher-lime PFAs
in controlling ASR. As for 6-12mm amber glass
aggregate tested in this study, a 30% replacement of
cement by PFA can totally mitigate ASR up to test
duration of 17 weeks (4 months) for a very reactive
6-12mm amber glass aggregate as 100% coarse
aggregate in concrete.
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Fig.3. Effect of glass particle size on ASR in concrete for (a) green, (b) flint, (c) amber and (d) blue
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Fig.4. Effect of MK and green glass pozzolan on ASR of 3-6mm flint glass aggregate
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Fig.5. Effect of a range of potential pozzolanic materials on ASR of 6-12mm amber
glass aggregate

This is may be due to its lower CaO content (Table 2)
and the ability of producing a C-S-H structure with a
lower Ca/Si ratio thereby increasing the proportion of
bound alkalis, leading to a reduction in the alkalis
dissolved in the pore solution [22].

GGBS is also used commonly to mitigate ASR at a
higher dosage than PFA, generally 35-50% by mass
of cement [22]. Results show that at a 30%
replacement level of cement, GGBS can't effectively
mitigate ASR of 6-12mm amber glass aggregate.
Compare the CaO content of GGBS with that of PFA
(Table 2), it is clear that a higher replacement level is
needed when GGBS is used as ASR suppressants.

MS has not been used as frequently as PFA and
GGBS to control ASR and there exists a paradox that
MS might induce ASR rather than mitigating it [23].
Results show that 10% replacement of MS is not as
effective as 30% PFA in mitigating ASR of 6-12mm
amber glass aggregate. Taking into account of its
cost and availability, MS is not a common choice as
an ASR suppressant.

As a mineral admixture, MK is relatively new to the
concrete industry of its potential for improving the
durability of concrete. Meyer [7] reported that 20%
of MK could totally mitigate ASR of post-consumer
glass. Ramlochan et al [24] concluded that 10-15%
of MK might be sufficient to control deleterious
expansion of alkali-silica reaction in concrete,
depending on the nature of the aggregate and the
likely suppressing mechanism appeared to be
entrapment of alkalis by the supplementary hydrates
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of MK with porlandite and a consequent decrease in
the pH of pore solution. In this study, a 20%
replacement of MK appears to be very effective in
mitigating ASR of both glass aggregates tested. An
optical microscopy examination was conducted of
glass concrete to investigate the micro structure
changes with and without MK in the following
section.

3.5 Optical Microscopy (OM) Analysis of Glass
Concrete

OM images of concrete made with OPC, 3-6mm flint
glass aggregate and OPC with 20% replacement of
MK and 3-6mm flint glass aggregate are shown in
Figures 8-10. It can be seen from Figure 8(a) the
existence of fine portlandites within the cement paste
matrix of PC/Flint concrete, whilst these were
consumed by MK and absent in matrix of
PC/MK/Flint concrete as shown in Figure 8(b). It
was also observed that the PC/MK cement paste is
much denser and darker than that of the merely PC
concrete, indicating the use of MK and its pozzolanic
reaction in concrete had distinct advantages for
durability. The pozzolanic nature of metakaolin and
its capability of reacting with portlandite to form
supplementary calcium-silicate-hydrate similar in
composition and structure to those obtained from
Portland cement has been reported [24, 25], and is
confirmed in this study by the absence of portlandite
in OPC/MK matrix. However in both samples
(Figures 9-10), ASR gel was observed on glass
aggregate unsurprisingly because of the longer
treatment (4 months) of the concrete in IN NaOH
solution at 80°C. However, it was also observed that -



the degree of ASR cracking is much higher for particle underwent reaction induced expansion in
PC/Flint than for PC/MK/Flint concrete. It should OPC/Flint concrete, Figure 9(a), under the severe test
also be noticed that even normal aggregate condition (IN NaOH solution at 80°C).

Portlandites in £
cement matrix

Darker, denser
PC/MK matrix

(a) (b)

Fig.8. OM images under plane polarized light (PPL) (after 4 months in IN NaOH solution at
80°C). Width of fields 3.5mm. (a) PC/Flint 3-6mm; (b) PC/MK/Flint 3-6mm

ASR induced cracks on
glass aggregate

3 pronged expansion centre
on normal aggregate particle

(b)

Fig.9. OM image of PC/Flint 3-6mm (after 4 months in 1N NaOH solution at 80°C). Width of
fields 1.84mm. (a) plane polarized light (PPL); (b) cross polarized light (CPL)

ASR induced micro : Desiccation cracks in gel
cracks passing through 7 products (glass will not
glass aggregate f 5 show this feature)

Fig.10. OM images of PC/MK20/Flint 3-6mm (after 4 months in 1N NaOH solution at 80°C).
Width of field 0.9mm. (a) plane polarized light (PPL); (b) cross polarized light (CPL)
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4. CONCLUSIONS

1) When used as a concrete aggregate in normal
Portland cement concrete, glass aggregate will, with
no doubt, react with the alkalis in cement system.
The rate of reaction varies with glass colour and
particle sizes.

2) The pessimum particle size for ASR reaction
appears to vary with glass colour, but in general and
very significantly, a reduction in ASR expansion is
observed when glass particles with size less than
0.6mm for amber and green and 1.18mm for flint are
used.

3) PFA, GGBS, MS, MK and glass powder as cement
substitutes all reduce the rate of ASR reaction. PFA
and MK at replacement levels of 30% and 20%
respectively are by far the most effective
suppressants tested.

4) OM study suggests that MK has pozzolanic
reactivity and consumes portlandite in cement matrix,
thus effectively mitigates ASR expansion.
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