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Mixed glasses of different colors are economically difficult to reuse for the fabrication of new glass prod-
ucts but their use in cement-based materials is a promising way to recycle this material. This paper deals
with the pozzolanic activity of mixed glass cullet, by evaluating the pozzolanic behavior of a large range
of glass particle sizes, from less than 40 um (540 m?/kg) up to 2.5 mm (2.2 m?/kg). Five different classes
of glass are assessed separately, in terms of compressive strength tests on mortars, consumption of lime
(TG), morphology (SEM) and composition of hydrates (EDX and X-ray fluorescence). The results show
that the pozzolanic activity increases with glass fineness and that, compared to a reference material with-
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Glass cullet 540 m?/kg fineness. A transition fineness around 30 m?/kg (140 pm) is highlighted, for which the pozzo-

lanic activity becomes substantial. However, a slight but significant pozzolanic activity is detected for
coarse particles (>1 mm), as confirmed by the consumption of Ca(OH),, the formation of C-S-H-like
hydrates and an increase of 10% (5 MPa) in the compressive strength compared to an inert admixture.
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The chronology of the reaction (pozzolanic and alkali-reactive) for coarse glass particles is discussed.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The use of mixed glass cullet of different colors in cement-based
materials represents an alternative to other recycling routes such
as abrasives, glass wool or water filtration media. This application
remains promising mainly because of the difficulty of recycling this
material for the fabrication of new glass products. However, the
glass used in cement-based materials can lead to two types of
behavior having antagonistic effects: alkali-silica reaction, which
causes damage in concretes, and pozzolanic reaction, which is ben-
eficial for concrete properties.

The alkali-silica reaction (ASR) is usually associated with coarse
particles containing amorphous silica. The destruction of the silica
network releases silica that combines with alkali (and calcium) to
form N,K-(C)-S-H gels causing expansion of the concrete. Differ-
ent studies have shown the effect of glass particle size on the
expansion of mortars and concretes [1-4] but the results are quite
dispersed and difficult to generalize. The minimum sizes leading to
deleterious expansions vary from around 150 pm to more than
1 mm, depending on the type (e.g. color) of glass, type of concrete
and experimental conditions used for the tests (temperature,
immersion, etc.).

The pozzolanic activity is usually related to fine particles also
composed of amorphous silica. As for ASR, the silica network is at-
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tacked by hydroxide ions but the silica released combines with cal-
cium from Portlandite (and a certain amount of alkalis that might
be present in the pore solution) to form C-(N,K)-S-H which im-
prove concrete properties.

A few papers [5,6] have reported that most alkali-reactive
aggregates can show pozzolanic activity when they are ground to
a few tenths of a micrometer or smaller, supporting the idea that
the pozzolanic reaction only concerns fine materials (crushed or
natural). In the case of glass, it has been shown that fine particles
have pozzolanic properties [1-4,7-10], sometimes higher than
for other pozzolans. Shao et al. [1] obtained higher strength on
30% glass concrete (<38 um) compared to fly ash concrete, but
much lower strength than that obtained with silica fume. The work
of Shi et al. [2] confirmed this result, since mortars containing 20%
of glass of fineness higher than 264 m?/kg led to better mechanical
performance than fly ash mortars at all the ages studied.

The pozzolanic activity of glass could depend on several formu-
lation parameters: use as sand or cement replacement, color of
glass, fineness, glass content, etc.

The use of glass as sand replacement usually gives better results
than for cement replacement [3], as already shown for other types
of pozzolans. Some authors studied the effect of glass color (amber
or brown, green and white) on the compressive strength of mortars
and concretes. While Park et al. [7] and Sobolev et al. [8] found no
significant difference in the performance of glasses, Karamberi and
Moutsatsou [9] and Dhir et al. [10] showed that green and white
glass led to higher 28 days-activity indices than amber glass.
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The effect of glass fineness was assessed by Shao et al. [1], Sobo-
lev et al. [8] and Shayan and Xu [4]. When using 30% of glass as ce-
ment replacement, Shao et al. [1] showed that particles smaller
than 38 um and times of 90 days were necessary to obtain a
strength equivalent to that of a mixture containing only cement.
In the work of Shi et al. [2], at least 467 m?/kg and 28 days were
needed for 20% glass-mortars to reach the same result. At 28 days,
Shayan and Xu [3] obtained lower strength compared to the refer-
ence, even for very fine glass (800 m?/kg). The maximum relative
strength was 0.87 for 10% replacement. These results were attrib-
uted to a late development of the pozzolanic activity. Results from
the literature tend to show that each kind of glass should be as-
sessed in order to evaluate its reactivity.

This paper deals with the use of mixed glass cullet of different
colors in cement-based materials. The main objective is to evaluate
the pozzolanic activity of a large range of glass particle sizes, from
less than 40 pm (540 m?/kg) up to 2.5 mm (2.2 m?/kg). Since stud-
ies in the literature are usually limited to small particles, coarser
particles are used to determine the size up to which it is possible
to detect a pozzolanic activity. Five different classes are assessed
separately, in terms of compressive strength tests on mortars, con-
sumption of lime, morphology and composition of hydrates. Atten-
tion is also paid to the risk of ASR that can occur in mortars.

2. Experimental procedures
2.1. Materials

The glass (G) used in this study was bottle soda-lime silica glass
of mixed colors, coming from the group Unical (Canada). It was
composed of 40%, 33%, 20% and 1% of colorless, brown, green and
blue glasses, respectively. This composition was the mean value
of three samples of 10 kg mixed glass cullet. The material also con-
tained around 6% of impurities composed of plastic, metal and pa-
per. Different sizes of glass particles, denoted G, (where x is the
specific surface of the glass), were obtained after grading, washing,
drying, crushing and sieving the raw material. Table 1 gives the
chemical compositions and the finenesses of the classes used for
the pozzolanic study. It can be seen that the chemical compositions
of all classes were similar, confirming the homogeneity of the
material. The mean density was 2.5 g/cm®.

The cement used was a Portland cement CEM I 52.5R according
to EN 197-1 [11], with a specific gravity of 3.15 g/cm? and a Blaine
specific surface of 440 m?/kg. Its chemical composition is given in

Table 1
Chemical and physical characteristics of cement and glass cullet.

Table 1. This cement was composed of 56% C3S, 26% C,S, 12% C3A
and 6% C4AF. The sand used for the pozzolanic study was a non-
reactive quartz sand in accordance with standard EN 196-1 [12].
A coarse quartz powder (Qge) having a mean diameter of 215 um
and a specific surface (Blaine) of 23 m?/kg was used to quantify
the effect of cement dilution in the mortars.

2.2. Sample preparation and test methods

The pozzolanic activity of the different size classes of glass was
tested through compressive strength measurements on mortars.
The mortars were composed of three parts of sand and one part
of binder (cement and glass). The water-binder ratio was 0.5. Four
types of mixtures were made, with increasing proportions of glass
used as cement replacement: 0%, 10%, 20%, 30% and 40% of glass of
classes G, (1250-2500 pm), G4 (630-1250 pm), G5 (160-315 pm),
Gaoo (<80 um) and Gsgp (<41 pm) (total of 21 mortars). Mortars
were prepared according to standard EN 196-1 [12]. After casting,
the prismatic samples (4 x 4 x 16 cm) were cured in water at 20 °C
until the age of test (1, 7, 28, 90 and 210 days). Each compressive
strength result was the mean value of 6-9 individual tests.

Lime consumption was determined by thermogravimetric anal-
ysis (TG) on pastes composed of 65% of glass (coarse G, or fines
Gs40) and 35% of Ca(OH), by weight. The pastes were prepared
by hand mixing the required amounts of solids with deionized
water at 20 °C for 2 min. After mixing, they were cast into small
polyethylene bottles. All specimens were sealed to prevent mois-
ture exchange and carbonation. The pastes were cured at 20 °C un-
til analyzed. The thermogravimetric analyses were made on
powders obtained after crushing and sieving the hardened pastes
at a diameter of less than 80 um. These tests were carried out at
temperatures ranging between 40 and 1000 °C, at a heating rate
of 10 °C/min.

The analysis of new-formed hydrates according to glass particle
sizes was performed on suspensions containing Ca(OH), or CsS,
glass (coarse G, or fines Gs40) and a solution of 1 mol/l KOH (Table
2). These suspensions were prepared in small stainless steel reac-
tors and kept in a thermostatic bath maintained at 60 °C until
the analysis. Precipitates were separated by filtration from the
solution and then dried at 20 °C in a vacuum freeze dryer. The mor-
phology of hydrates was determined by scanning electron micros-
copy (SEM - JEOL JSM 6380 LV). Their elementary compositions
were measured using energy dispersive X-ray spectroscopy (EDX,
15 kV and 10 nA) and X-ray fluorescence (XRF).

Chemical composition (% by mass) Cement Classes of glass®

GZ G4 GIS C‘200 G540
Si0, 19.8 69.4 69.3 69.4 69.4 68.9
Al,05 5.6 2.0 2.1 2.1 2.1 2.1
Fe,04 2.5 0.2 0.2 0.3 0.4 0.3
Ca0 63.6 125 12.6 124 12,5 123
MgO 1.8 1.1 1.1 1.1 1.1 1.0
SO3 3.1 0.2 0.2 0.2 0.2 0.2
Na,O 0.1 13.7 13.6 13.7 13.2 13.6
K20 0.7 0.6 0.6 0.6 0.6 0.6
Loss on ignition 1.7 0.3 0.3 0.3 0.6 1.0
Physical characteristics
Specific surface® (m?/kg) 440 22 4.5 18 200 540
Particle size ranges (pum) - 1250-2500 630-1250 160-315 >81 <41
Mean diameters (pm) - 1875 940 2375 235 7.8
Specific gravity (g/cm?) 3.15 2.40 241 241 243 2.48

2 Gy x is the specific surface of the glass.

b Blaine for cement, G0 and Gsgo; calculated from the particle size distribution for G,, G4 and Gys.
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Table 2
Mixture proportions for the analysis of new-formed hydrates in diluted systems
(Ca(OH), and C5S) containing glass.

Suspension Ca(OH),-glass Suspension C3S-glass

Binder Ca(OH), 60¢g CsS 50¢g

Glass G, or Gsgo 3.0¢g G, or Gsyo 27¢g

Solution KOH 1 mol/l 500¢g KOH 1 mol/I 500¢g
3. Results

Fig. 1 presents the compressive strength of mortars containing
the different size classes of glass (mean relative interval of confi-

dence: 2%; e.g. 65 £ 1.3 MPa). As can be seen, the strengths depend
on the fineness and glass content. Higher strengths are obtained for
the smaller particles (Gsgo), with values sometimes exceeding
those of the reference without glass, regardless of the replacement
rate used (up to 40%). Nevertheless, the general trend is for the
replacement of the cement by glass to lead to a decrease of the
compressive strength, principally due to a cement dilution effect.

The dilution curves were obtained by two methods: experi-
ments and calculation. The dilution effect was assessed by using
a coarse and chemically inert addition for the replacement of ce-
ment. A coarse quartz powder (Qges) Was used to quantify the dilu-
tion of cement in the mortars [13,14]. Qger had a mean diameter of
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Fig. 1. Compressive strength of mortars cured at 20 °C and containing up to 40% of glass of different finenesses. Comparison with the dilution curves given by Bolomey’s law

and by using an inert admixture (Qgey).
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215 um, and a specific surface SS (Blaine) of 23 m?/kg. These char-
acteristics meant that this powder had very little influence on ce-
ment hydration, whatever the cement replacement rate used
[13]. The use of a coarse and chemically inert addition allowed
us to assume that the physical (e.g. germination) and the chemical
(e.g. pozzolanic) effects could be neglected.

The calculation of the dilution curves was made with Bolomey’s
law (Eq. (1)), by considering only the effective quantity of cement
used in the mortars (for instance 10% of glass implied that only 90%
of cement contributed to the development of strength).

o =K, (WLHFO.S) (1)

where ¢ is the compressive strength of mortar, C and W are the
masses of cement (without taking glass into account) and water,
respectively, V is the volume of air void (taken here as 10% of the
water content), and K is a coefficient that takes the characteristics
of cement and aggregate into account. This coefficient was calcu-
lated at each hydration time by using the compressive strength of
the reference without glass.

Figs. 2 and 3 show the relative strengths (strength ratio of mor-
tar with and without glass particles) of all glass-mortars up to
210 days, versus the specific surface of glass (Fig. 2) and versus
time (Fig. 3). The inert straight lines were calculated using Bolo-
mey'’s law (Eq. (1)).
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3.1. Effect of glass content and fineness

It can be seen from Figs. 2 and 3 that, at least for up to
30% of glass, the relative strengths were higher than the inert
curves (except for 1day), meaning that there was a non-negli-
gible activity of glass particles of all sizes, including the coar-
ser ones.

For glass content of 10% and hydration times longer than 1 day,
there was a limited effect of fineness, since almost all sizes led to
comparable relative strength, higher than the inert curve (Fig. 2).
Only the finer class began to detach from other curves at later ages
(90 and 210 days). This means that the cement can be replaced by
glass of any size without affecting the activity and the relative
strength too much, which stays over 0.9 in all cases.

At 20%, 30% and 40% of glass, a gradual change of behavior was
observed (Fig. 2), related to the size effect, which became more sig-
nificant with the increase of glass content.

1. The relative strength of mortars with coarse particles (G,, Gq4
and G;g) moved toward the inert curve as the glass content
increased: 20% glass was still better than inert but 40% glass
behaved at best like an inert material. This means that, for a
glass content of 40%, the strengths of classes G,, G4 and Gig
were only due to the cement, without any perceptible effect
of glass activity.
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Fig. 2. Relative strength (%) of mortars according to glass fineness. Comparison with the theoretical relative strength of mortars containing an inert admixture.
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Fig. 3. Relative strength (%) of mortars versus time. Comparison with the theoretical relative strength of mortars containing an inert admixture.

2. A significant pozzolanic activity seemed to develop over time
for the two finer classes (Gooo and Gsgg), highlighted by the
increase in relative strength with hydration time (Figs. 2 and
3). At 210 days, the relative strength remained around 1 for
Gsgo-mortars containing up to 40% of glass. These results are
in agreement with those presented by Shao et al. [1] and Shi

et al. [2].

3. The packing efficiency of the grain structure might also affect

the strength.

3.2. 1-Day behavior

The behavior at 1 day was different since, for all glass contents,
the relative strengths were at best at the level of the inert curves
(Fig. 2).

The coarser classes even led to poorer performance compared to
mixtures containing the same amount of cement, but without
glass. This effect, which was amplified with increasing glass con-
tent, could be due to a retarding effect on cement hydration caused
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Fig. 4. Broken glass particle (class Gy4) filled by ASR gel, in a mortar cured at 60 °C.

by minor elements leached from glass particles in the first hours
after casting, and thus affecting the strength development at young
age. Glass contained a few elements such as phosphorous (P) and
zinc (Zn) which were present in small quantities (200 and
20 ppm, respectively) but are known as retarders of cement hydra-
tion [15-18]. According to Arliguie et al. [15], an amorphous hy-
drate layer is formed around an anhydrous cement grain, slowing
down the diffusion between the pore solution and the cement
and thus perturbing its hydration.

Only the finer particles counteracted the delay in strength
development (Fig. 2), probably because of a germination effect of
very fine glass particles, which acted as nuclei for cement hydrates
and thus enhanced short-term hydration. This physical effect has
already been reported by several authors [13,19-20]. Lawrence
et al. [13] showed that the heterogeneous nucleation effect became
insignificant for specific areas lower than 50-100 m?/kg, explain-
ing why classes G, G4 and G;g were unable to compensate for
the retarding effect.

3.3. Development of strength at later ages

Fig. 3 shows that relative strength usually increased with time,
especially for the finer size classes (Ggo, Gs40), Which is a sign that
there was still significant pozzolanic activity at later ages.

In contrast, the relative strength of the three coarser classes (Go,
G4 and G;g) reached a plateau or even decreased after 90 days. This
is related to the fact that the strength of the reference mortar con-
tinued to increase while those of mortars with G,, G4 and G5 did
not (they reached an asymptotic strength). These results might
be explained by different mechanisms, the main one probably
being a negative effect due to ASR near the coarser particles. Accel-
erated tests [21] showed that coarse particles could produce ASR
and that glass particles could be broken by tensile stress created
by ASR gels formed near or inside the particles (Fig. 4). The possible
slight pozzolanic effect developed by these particles (see Section 4)
was probably over at that time and could not counteract the neg-
ative effect of ASR.

4. Discussion
4.1. Quantification of the pozzolanic activity

The pozzolanic effect of glass particles can be quantified from
the difference between the strengths of mortars with glass and
With Qgef (G giturion)- Fig. 5a presents the increase in strength Ao at
210 days, according to the specific surface of glass particles for
10-40% of glass in mortars. It can be seen that the increase in

strength depends on the fineness and amount of glass. As already
stated, lower finenesses presented a pozzolanic effect that could
not be neglected (up to 8 MPa at 90 days), although it decreased
with the increase in glass content. For higher finenesses, Ao
reached 37 MPa (40% of Gs4q), which shows the significant pozzo-
lanic effect of fine glass particles.

The simplest approach for taking the fineness and amount of
glass into consideration simultaneously is to use the total surface
of contact S;,, (per unit mass of cement) of the glass in the mortar:

S _SsG_ Ss-pCO%
tot — -

C ~ (100% — p)Cox

= Ssl()()‘;ﬁ [in m* of glass/kg of cement] (2)
where Cyy is the mass of cement in admixture-free mixture, G and C
are the masses of glass and cement respectively in the mixtures
with glass, Ss is the specific surface area (m?/kg) of the glass and
p is the replacement rate.

Fig. 5b presents the increase in strength at 210 days due to glass
as a function of the glass total surface area S;,, in mortars. It is seen
that the values of Ao can be reasonably described by a single trend
curve, especially for higher values of S;,;, where almost all points
lie on a straight line (i.e. exponential evolution). This mode of rep-
resentation brings out a threshold value of S;,; above which signif-
icant increases in Ao are observed.

Fig. 6 gives the trend curves obtained for all hydration times (2,
7, 28, 90 and 210 days). It can be seen that the initial plateau in-
creases with time, except for 210 days (see previous discussion
in the result section). The slope also increases with time, denoting
a higher pozzolanic activity at later ages. The threshold for S, is
around 20 m?/kg at 210 days. The use of this threshold value and
Eq. (2) allows us to calculate the specific surface for which the poz-
zolanic effect becomes substantial. In the case of 40% of glass, a
minimum specific surface of 30 m?/kg is calculated, corresponding
to a maximum size of 140 pum. This means that, above that size,
only slight increases of strength due to the pozzolanic effect will
be obtained. However, it does not mean that coarser particles are
not chemically active, as discussed in the following section.

4.2. Activity of coarse and fine glass particles

Glass can present two main types of behavior in cement-based
materials: alkali-silica reaction and pozzolanic reaction.

The deleterious alkali-silica reactivity, usually associated with
coarse particles, is related to the formation of gels mainly com-
posed of silica and alkalis (Na and K) with small amounts of cal-
cium (which tend to increase with time). Results of expansion



R. Idir et al./ Cement & Concrete Composites 33 (2011) 19-29 25

Q
&

r 210d

| —e—10%

w
[

—4&—20%
30%
40%

- N w
[ (9] o
T

-
o

:>-\//

e
1 10 100 1000

Specific surface (m*/kg)

(6]

Ac (MPa)
o S

o
N

b

N
o
|
1

210d

* 10%
A 20%
30%
40%

w W
o O

N
(&)

© oo

Ac (MPa)
o 3

-

g O o o
T
*

1 1 10 100 1000
Stor (M/kg)

Fig. 5. Increase in compressive strength Ag due to glass at 210 days, as a function of the glass: (a) specific surface and (b) total surface area S, in mortars.

Ac (MPa)

0.1 1 10 100
Stot (M/kg)

1000

Fig. 6. Increase in compressive strength Ao (trend curves) due to glass up to
210 days, as a function of the glass total surface area S, in mortars.

measurements on mortar prisms made with 20% of glass of differ-
ent classes can be found in a complementary study [21,22]. These
results show that a critical threshold of grain size around 0.9-
1 mm (class G4) was observed, under which no expansion oc-
curred. Only coarse particle size classes (class G, > 1.25 mm) led
to significant expansion of mortar prisms. Particle sizes under that
threshold had no effect on length variations [21].

However, in that case, the absence of expansion was not suffi-
cient to prove the non-existence of ASR, since it did not mean that
there was no trace of ASR gels in the mortars. Indeed, signs of ASR
were detected in macroscopic and microscopic observations of the
samples. Exudations on the mortar surface were found in mixtures
containing glass of particle sizes down to 315 pum. SEM observa-
tions confirmed the presence of typical ASR gels for these mixtures
[21].

Class Gy (160-315 pm) was in a transition zone of fineness: no
ASR gels were detected, but it must be said that these gels are more
difficult to detect when particles are small since gels are diffused in
the paste. So ASR cannot be excluded for finer glass particles but
pozzolanic hydrates (i.e. higher calcium content than ASR gels)
probably have a greater importance. The existence of two concom-
itant reactions cannot be excluded, but the effects of the pozzolanic
reaction exceed those of ASR in the case of fine glass particles.

Pozzolanic activity is generally associated with fine amorphous
particles which react with Portlandite to form C-S-H having low
Ca/Si ratios (<1.4). These C-S-H are able to trap significant
amounts of alkalis compared to the classic C-S-H (Ca/Si ~ 1.7) pro-

duced by the hydration of the cement. In fact, in the presence of
high alkali concentration, these low Ca/Si C-S-H tend to have a
composition near C-(N,K)-S-H, with (N + K)/S up to 0.2.

On the one hand, it seemed evident from the compressive
strength results that finer classes (G0, Gs40) had a chemical activ-
ity leading to significant increases of strength with time. On the
other hand, small increases in strength were also measured for
coarser classes (Figs. 2 and 3). In the latter case, the increase in
strength could not be due to a physical effect such as heteroge-
neous germination, since the particles were too large (SSB <50-
100 m?/kg) [13]. Thus it can be supposed that a chemical activity
(e.g. pozzolanic reaction) of coarse particles cannot be neglected.

This assumption was assessed by studying new-formed hy-
drates according to the glass particle sizes. Thermal analysis, X-
ray fluorescence and electronic microscopy (SEM) coupled with
EDX were used.

Fig. 7 gives the evolution of the consumption of Ca(OH), by G,
and Gs4o over several months (pastes of Ca(OH), and glass). The
curves show that glass Gs4g has a higher lime consumption than
glass G, which seems reasonable considering the significant differ-
ences of fineness of the two classes. After 290 days, all Ca(OH); has
reacted with Gs4g, confirming the significant pozzolanic activity of
this class. However, the reactivity of class G, cannot be neglected,
since 15% of lime has been consumed at that time.
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Fig. 7. Lime consumption (in%) of pastes containing 65% of glass and 35% of
Ca(OH),, calculated from TG measurements.
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R. Idir et al./ Cement & Concrete Composites 33 (2011) 19-29 27

Details of the products formed with G2

G e Glass
particle G2

3 68 S

Details of the products
formed with G540

4

~

TCPSteV EDX.E

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Energy (keV)

~

CPS/eV EDX.F

0.5 Ca

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Energy (keV)

1 1. cps/ev
si EDX-H

0.5 1

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Energy (keV)

Fig. 10. Morphology and qualitative composition of new-formed hydrates produced by the reaction of G, and Gs4g in C3S and 1 N KOH solution (154 days at 60 °C).

Elementary analyses were made using EDX and XRF on new-
formed hydrates from mixtures of Ca(OH), or C3S and glass (G,
and Gsyg), cured for several weeks in a 1 N KOH solution. All these
analyses are given in Fig. 8, as (N + K)/S ratio versus C/S of hydrates.

Different new-formed products could be observed depending
on the grain sizes. According to elementary analyses (Fig. 8 -
N + K/S versus C/S) and SEM observations (Figs. 9 and 10), it seems
that finer particles (Gsy4) led to the formation of only one type of
hydrate, similar to pozzolanic C-S-H. Coarse particles (G;) were
partially attacked and gave two types of hydrates:

e Hydrates detached from glass grains (precipitate), presenting
compositions of C-S-H close to finer particles, but usually with
higher C/S ratio and lower alkali content (XRF analysis on the
precipitate - Fig. 8).

e Hydrates forming a reaction ring around the grains, which can
be regarded as alkali-silica gels containing small amounts of
calcium. Their composition (Fig. 8 - EDX) and morphology (Figs.
9 and 10) were similar to ASR gels.

These analyses support the hypothesis given earlier that coarse
particles of glass G, (1.25-2.5 mm) are able to produce C-S-H hy-
drates. As illustrated in Fig. 11, and considering the high content of
calcium in the solution, it is probable that a precipitation of C-S-H-
like hydrates occurred after the superficial dissolution of coarse
particles.

This process was probably slowed down by the formation of gel
rings around the particles, like those generally observed around al-
kali-reactive aggregates. The attack of the silica network by hydro-
xyl ions and alkalis led to the production of (N,K)-S-H gels
containing small amounts of calcium, since this element was slo-
wed down by the diffusion process from pore solution to sound
grains.

Thus the composition of new-formed products depends on the
kinetics of the reaction and on the availability of elements at a gi-
ven place and a given time. The deficit of alkalis compared to cal-
cium could lead to low (N +K)/S hydrates (high C/S) having
compositions near C-S-H, while the inverse case could favor high
(N + K)/S ratios, typical of ASR gels.
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Fig. 11. Successive reactions of coarse and fine glass particles.

This mechanism presents similarities with the reaction se-
quence proposed by Hou et al. [23] for the formation of ASR
products:

- attack of reactive aggregate by OH™;

- consumption of the released silica due to reaction with Portlan-
dite and thus leading to the formation of C-S-H (until local
depletion of Portlandite);

- reaction of silica with primary C-S-H and formation of poly-
merized Si-rich C-S-H;

- increase of silica concentration in pore solution and gelation to
(N,K)-S-H gel.

Up to the last step, this sequence is similar to the pozzolanic
reaction.

This double process probably does not take place for finer par-
ticles, Gs40, because of the small size of the glass particles. Thus
only one type of hydrates is produced (Fig. 11) following a se-
quence similar to the pozzolanic reaction.

To sum up, the chronology of the reaction for coarse particles
could be the following:

e Development of a pozzolanic-like reaction involving the outer
layer of the grain. At the beginning of the reaction, the contact
surface of the grains with the aqueous solution favors a rapid
dissolution of the silica network.

Production of hydrate C-(N,K)-S-H (Fig. 8). The presence of cal-
cium near the grain makes possible the precipitation of C-S-H-
like hydrates having relatively high C/S ratios (>0.8), as
observed for grains G,. This production continues until a diffu-
sion process takes place and retards the attack of the silica
network.

Modification of reaction kinetics leading to the production of
alkali-silica gels. The diffusion process becomes preponderant
due to the formation of a barrier limiting the contact between
the grains and the solution. The alkalis penetrating into glass par-
ticles react with silica and produce ASR gels containing a small
amount of calcium (Fig. 11). According to Stark et al. [24] these
gels are responsible for the expansion occurring in cement-based

materials. The late arrival of calcium ions (which diffuse slowly
compared to alkalis) modifies the composition of the gels (Fig. 8).

5. Conclusion

This study aimed to evaluate the pozzolanic activity of glass cul-
let particles as a function of the glass content (10-40% of cement
replacement) and fineness (from less than 40 pm-540 m?/kg up
to 2.5 mm-2.2 m?/kg). The following conclusions can be drawn:

e Color-mixed glass cullet presents a pozzolanic activity which
increases with the fineness of its particles.

e Compared to the reference without glass, equivalent or superior
compressive strength can be obtained when using up to 40% of
glass of fineness 540 m?/kg.

e Strength activity indexes higher than 90% can be obtained:

- after 7 days of curing for 10% of glass, whatever the fineness
of the glass;

- after 90 days of curing for 20% of glass, only when the spe-
cific surface is higher than 200m?/kg.

o A transition fineness around 30 m?/kg (140 pum) is highlighted,
for which the pozzolanic activity becomes substantial.

e A slight but significant pozzolanic activity is detected for coarse
particles (>140 um), confirmed by:

- the consumption of Ca(OH),;

- the formation of C-S-H-like hydrates;

- anincrease of 10% (5 MPa) in the compressive strength com-
pared to an inert admixture.

e However, the possible alkali-silica reactivity of these par-
ticles should be taken into account, since ASR is detected
for specific surfaces lower than 4.5 m?/ke.

e The composition of new-formed hydrates depends on the
kinetics of the reaction and on the availability of calcium
and alkalis at a given place and a given age. The deficit of
alkalis compared to calcium could lead to low (N +K)/S
hydrates (high C/S) having compositions near C-S-H,
while the inverse case could favor high (N + K)/S ratios,
typical of ASR gels.



R. Idir et al./ Cement & Concrete Composites 33 (2011) 19-29 29

Acknowledgements

Financial support of the industrial chair “SAQ en valorisation du
verre dans les bétons” of Pr Arezki Tagnit-Hamou, of the University
of Sherbrooke, Canada, is gratefully acknowledged.

References

[1] Shao Y, Lefort T, Moras S, Rodriguez D. Studies on concrete containing ground
waste glass. Cem Concr Res 2000;30(1):91-100.

[2] Shi C, Wu Y, Rieflerb C, Wang H. Characteristics and pozzolanic reactivity of
glass powders. Cem Concr Res 2005;35(5):987-93.

[3] Shayan A, Xu A. Value-added utilisation of waste glass in concrete. In: IABSE
symposium, Melbourne; 2002. p. 1-11.

[4] Shayan A, Xu A. Performance of glass powder as a pozzolanic material a field
trial on concrete slabs. Cem Concr Res 2006;36(2):457-68.

[5] Cyr M, Rivard P, Labrecque F. Reduction of ASR-expansion using powders
ground from various sources of reactive aggregates. Cem Concr Compos
2009;31(7):438-46.

[6] Carles Gibergues A, Cyr M, Moisson M, Ringot E. A simple way to mitigate
alkali-silica reaction. Mater Struct 2008;40(1):73-83.

[7] Park SB, Lee BC, Kim JH. Studies on mechanical properties of concrete
containing waste glass aggregate. Cem Concr Res 2004;34(12):2181-9.

[8] Sobolev K, Turker P, Soboleva S, Iscioglu G. Utilization of waste glass in ECO-
cement: strength properties and microstructural observations. Waste Manage
2007;27:971-6.

[9] Karamberi A, Moutsatsou A. Participation of coloured glass cullet in
cementitious materials. Cem Concr Compos 2005;27:319-27.

[10] Dhir R, Dyer T, Tang A, Ayongjun C. Towards maximising the value and
sustainable use of glass. Concrete 2004;1(38):38-40.

[11] AFNOREN 197-1. Cement - part 1: composition, specifications and conformity
criteria for common cements; February 2001.

[12] AFNOR. NF EN 196-1. Methods of testing cement — part 1: determination of
strength; April 2006.

[13] Lawrence P, Cyr M, Ringot E. Mineral admixtures in mortars - effect of inert
materials on short-term hydration. Cem Concr Res 2003;33(12):1939-47.

[14] Cyr M, Lawrence P, Ringot E. Efficiency of mineral admixtures in mortars —
quantification of the physical and chemical effects of fine admixtures in
relation with compressive strength. Cem Concr Res 2006;36(2):264-77.

[15] Arliguie G, Ollivier JP, Grandet ]J. Etude de l'effet retardateur du zinc sur
I'hydratation de la pate de ciment Portland (in French). Cem Concr Res
1982;12(1):79-86.

[16] Arliguie G, Grandet J. Influence de la composition d'un ciment Portland sur son
hydratation en présence de zinc. Cem Concr Res 1990;20(4):517-24.

[17] Weiping MA, Brown PW. Effect of phosphate additions on the hydration of
Portland cement. Adv Cem Res 1994;6(21):1-12.

[18] Gong C, Yang N. Effect of phosphate on the hydration of alkali-activated red
mud-slag cementitious material. Adv Cem Res 2000;30(7):1013-6.

[19] Ogawa K, Uchikawa H, Takemoto K, Yasui I. The mechanism of the hydration in
the system C3S pozzolanas. Cem Concr Res 1980;10(5):683-96.

[20] Cook DJ, Cao HT. An investigation of the pore structure in fly ash/OPC blends.
In: Proceedings of the 1st international RILEM congress on pore structure and
materials properties, September 1987, Versailles, France. p. 69-76

[21] Idir R. Mécanismes d’action des fines et des granulats de verre sur la réaction
alcali-silice et la réaction pouzzolanique. PhD thesis, University of Toulouse III
(France), University of Sherbrooke, Canada; 2009.

[22] Idir R, Cyr M, Tagnit-Hamou A. Use of fine glass as ASR inhibitor in glass
aggregate  mortars.  Constr  Build  Mater 2010. doi:10.1016/
j-conbuildmat.2009.12.030.

[23] Hou X, Struble LJ, Kirkpatrick R]. Formation of ASR gel and the role of C-S-H
and Portlandite. Cem Concr Res 2004;34(9):1683-96.

[24] Stark D, Helmuth R, Diamond S, Moranville-Regourd M. Alkali-silica
reactivity: an overview of research. Strategic highway research program,
report SHRP-C-342, Washington; 1993.



	Pozzolanic properties of fine and coarse color-mixed glass cullet
	Introduction
	Experimental procedures
	Materials
	Sample preparation and test methods

	Results
	Effect of glass content and fineness
	1-Day behavior
	Development of strength at later ages

	Discussion
	Quantification of the pozzolanic activity
	Activity of coarse and fine glass particles

	Conclusion
	Acknowledgements
	References


