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Consumption of natural raw materials and pollution have become significant problems due to technolog-
ical developments and continual increase in demand. Accordingly, great efforts are being made in order
to recover wastes including glass. One of the possible applications is utilizing waste glass in concrete;
however, alkali-silica reaction (ASR) is of major concern. In this study, tests were conducted by applying
three different procedures: ASTM C1293, RILEM AAR-2, and microbar test methods. In microbar testing,
glass aggregate was used as coarse aggregate, whereas the other two methods dealt with investigating

{;‘Z:rzrgfa:ss the reactivity of the finer fraction of the waste glass. The effects of chemical composition, particle size
Alkali-silica reaction and amount of glass in the mixture were studied. According to the results, flint glass expanded to a
Testing greater extent than amber and green glass. Expansions, within the specified time periods dictated by
Aggregate the methods, remained low; however, extended durations resulted in very high length change values
Concrete of the flint glass-including mixtures, particularly in the AAR-2 and microbar tests.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Compared to other engineering materials, concrete is the most
popular one owing to its availability, excellent resistance to water,
its lower cost and the ease with which it can be formed into a vari-
ety of shapes and sizes [1]. Due to these primary and also many
other advantages for different applications, concrete production
figures have reached huge amounts and concrete has become the
world’s most consumed man-made material [2]. In 2009, approxi-
mately 66.4 million m> of ready-mixed concrete was used in the
construction industry in Turkey. It appears that on a per capita ba-
sis, concrete consumption in Turkey has reached 0.93 m>. 21 Mem-
ber countries of the European Ready Mixed Concrete Organization
including Turkey produced 377.4 million m® of concrete in 2009,
which corresponds to 0.70 m* production per capita [3].

It is evident that the natural resources are rapidly consumed by
the industrially advancing world to obtain raw materials for ce-
ment and concrete. Sustainable development in concrete produc-
tion requires reducing the greenhouse gas emissions, energy
consumption and raw material resource depletion. Utilizing by-
products or wastes as alternative materials in concrete as aggre-
gate or cementitious material will provide a more sustainable con-
crete technology through the creation of a balance between
development and environment [4].

* Corresponding author. Tel.: +90 232 388 60 26/125; fax: +90 232 342 56 29.
E-mail address: cihat.yuksel@ege.edu.tr (C. Yuksel).
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Another global concern about the environment is the in-
creased amount of waste resulting from rapid urbanization and
population growth in parallel with technological developments
and industrialization. The world is trying to cope with this prob-
lem by converting the wastes generated as a result of produc-
tion, marketing and consumption activities into economic
assets. For this purpose, waste management strategies are devel-
oped and regulatory programs are established to reach the sus-
tainable development objectives. In Turkey, waste management
has been the subject of a number of legal arrangements since
the 1930s [5]. In spite of the strict regulations on solid waste
management and the efforts to change open waste disposal sites
into modern recycling facilities, Turkey still has over 2000 open
dumping areas. According to the Turkish State Institute of Statis-
tics figures, in 2008, approximately 52% of the municipal solid
waste collected in Turkey was sent to such open dumping areas
[6].

It is well known that containers and packaging materials such
as glass, metal, paper and plastic are the most common recyclable
materials. Among these, glass can be recycled infinitely with no
quality loss and glass recycling offers significant benefits from both
economic and environmental points of view. By using waste glass
cullet as a secondary raw material in the production of new bottles
and jars; (i) raw materials are saved, (ii) the energy demand in
manufacturing process is dropped, (iii) CO, emissions are reduced,
and (iv) the furnace life is extended due to the reduced melting
temperature [7].


http://crossmark.dyndns.org/dialog/?doi=10.1016/j.cemconcomp.2013.03.002&domain=pdf
http://dx.doi.org/10.1016/j.cemconcomp.2013.03.002
mailto:cihat.yuksel@ege.edu.tr
http://dx.doi.org/10.1016/j.cemconcomp.2013.03.002
http://www.sciencedirect.com/science/journal/09589465
http://www.elsevier.com/locate/cemconcomp

58 C. Yuksel et al./ Cement & Concrete Composites 38 (2013) 57-64

27 Members of the European Union reached an overall glass
recycling rate of 67% in 2009 according to the European Container
Glass Federation (FEVE). In Europe, glass recycling statistics var-
ied from one country to another and Belgium was the leading
one with a recycling rate of 96%. Austria, Netherlands, Sweden
and Switzerland were the other countries that recycled at least
90% of their glass waste in 2009. On the other hand, Greece
was the least successful since the glass recycling rate remained
at 15% [8]. In Turkey, lack of a well-organized collection system
for recoverable wastes, insufficient funding for recycling pro-
grams and low societal awareness of sorting recyclables are some
reasons which led to glass recycling rate of only 25% in 2009
[6,8].

New glass can be produced from old glass only if the level of
contamination from other categories and other colors of glass, as
well as from non-glass materials (plastic, metal, ceramic, organic
matter, etc.) is within the allowable limits. Otherwise, the recy-
cling operation for glass, particularly in its broken form, may be
too complex and costly [9]. This problem gave rise to recovery
of glass for non-container uses (in secondary markets). The con-
struction industry has made attempts to utilize waste glass in
back-filling, roadway construction, pipe bedding, drainage appli-
cations, landfill gas venting layers and in many architectural and
decorative applications such as glass tile, wall panels, etc. [9,10]
In order to create another sustainable solution, extensive re-
search has been conducted to understand the consequences of
using waste glass as aggregate in concrete. These studies fo-
cused on determining the level of deleterious alkali-silica reac-
tion (ASR) expansion arising from the reaction between
cement alkalis and silica found in the amorphous structure of
glass.

In the presence of glass aggregate, expansion characteristics
will be influenced by particle size, chemical composition, thermal
history of the glass, and the amount of glass in the mixture; how-
ever, their exact effects have not been well understood yet. Results
of experiments by many authors are often in disagreement. Some
researchers [11,12] reported that among the soda-lime glasses,
green glass was less reactive due to a suppressing effect of the
Cr,03 found in its composition. On the contrary, according to Dhir
et al. [13], green glass produced the largest quantity of expansion
when compared to flint and amber glasses. Therefore, authors re-
ported that rather than chemical composition of different colored
glasses, the thermal history of glass during manufacturing process
may be an important parameter since this factor plays a role in the
levels of internal stress generated and the rate of leaching and dis-
solution of the glass. The particle size distribution of the glass is
another feature that influences its alkali reactivity. Jin et al. [14]
indicated that the size of clear soda-lime glass leading to the great-
est amount of expansion (pessimum size) was 1.18 mm. However,
during some other research studies, no pessimum size was ob-
served and the coarser glass particles reacted to a greater extent
[11,15,16].

2. Research significance

The method used to measure the reactivity of glass aggregate is
of great importance. Although the accelerated mortar bar test is the
most widely used method due to its being a rapid indicator, for
compositions with glass aggregate, reliable test results may not
be achieved [11,17]. The aim of this experimental study is to eval-
uate the influence of the particle size, chemical composition and
amount of the soda-lime glasses on ASR expansion. For assessing
ASR reactivity, three test methods (RILEM AAR-2, ASTM C1293
and the microbar test) whose details will be explained in this paper
were followed.

3. Experimental details
3.1. Materials

Test specimens were manufactured using (1) CEM [ 42.5 R type
Portland cement (EN 197-1) with an alkali content of 1.03% in
terms of equivalent Na,O, (2) a non-reactive crushed limestone
(CL), (3) flint glass aggregate (F) from post-consumer window
glass, (4) green glass aggregate (G) from soda bottle waste, (5) am-
ber glass aggregate (A) from beer bottle waste. The chemical com-
positions of the cement and aggregates are given in Table 1.

All aggregates were used up to 12.5 mm particle size. No chem-
ical or mineral admixture was used in the study.

3.2. Applied procedures

There exist some studies in the literature dealing with the influ-
ence of various test methods on the degree of observed reactivity
of different natural aggregate types [18,19]. By using aggregates
with a wide variety of mineralogies and geographical origins, Ide-
ker et al. [18] found that, while assessing the reactivity of fine
aggregates, the results obtained by keeping the specimens at 38
or 80 °C correlated well with the results of outdoor exposure test-
ing. In the current experimental study, three test methods (RILEM
AAR-2, ASTM C1293 and the microbar test) were selected. Among
these, AAR-2 [20] was proposed by RILEM TC 106-AAR (Alkali-
Aggregate Reaction) and by raising the temperature to 80 °C, it en-
ables a rapid assessment of potential reactivity of fine aggregate in
question. Such accelerated tests are apparently fast ways of screen-
ing expansions; however, due to less severe test conditions and
testing concrete rather than mortar, ASTM C1293-08b, “Standard
Test Method for Determination of Length Change of Concrete Due
to Alkali-Silica Reaction” [21] seems to have a higher reliability. Fi-
nally, a concrete microbar test that was proposed by Grattan-Bel-
lew et al. [22] has the advantage of detecting the reactivity of
coarse aggregates. This test applies the same storage conditions
as in the AAR-2 test and it is expected that the results give further
information about the particle size effect.

3.2.1. Concrete Prism Test (CPT)

As per ASTM C1293, a cement content of 420 kg/m> and a
water/cement ratio of 0.42-0.45 by mass were used. This method
requires the production of concrete prisms measuring
75 mm x 75 mm x 285 mm, while boosting the alkali content of
the cement to 1.25% Na,O equivalent by the addition of NaOH.
After demolding at 1d, initial length was measured and three
prisms from each mixture were placed vertically over water at
38 °Cin a sealed container. The length change was monitored over
a period of 3 years.

Table 1
Chemical composition of cement and aggregates (% by mass).

Cement  Limestone  Flint glass  Green glass ~ Amber glass
Si0, 18.98 1.33 71.38 70.30 71.31
Al,0; 522 0.40 1.30 1.83 1.80
Fe,0; 239 033 0.107 0311 0.97
Ca0 63.90 53.88 8.28 10.07 9.15
MgO 1.01 0.53 4.27 3.00 2.16
SO5 2.99 0.08 0.23 0.15 0.21
Na,0O 048 - 14.29 13.44 14.10
K,0 0.84 0.18 0.07 0.59 0.21
TiO, - - 0.076 0.059 0.080
Cr,05 - - - 0.25 0.01
cl- 0.0007 - - - -
LOI 3.73 41.20 - - -
Sum 99.54 97.93 100.00 100.00 100.00
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3.2.2. RILEM AAR-2, Ultra Accelerated Mortar Bar Test (UAMBT)

In accordance with this method, three mortar-bars, each
25 mm x 25 mm x 285 mm in size, were cast from mixtures. The
water/cement ratio was maintained constant at 0.47 and the dry
materials were proportioned using 1 part of cement to 2.25 parts
of aggregate by mass. The test involved keeping the specimens in
a moist curing room for the first 24 h, water-curing for 1d at
80°C, and then immersing them in a 1M NaOH solution that
was kept at 80 °C until the end of the test. Instead of the typical
14 d period, the duration is extended considerably and comparator
readings of the specimens were made periodically up to 180 d.

3.2.3. Concrete Microbar Test (CMT)

This method involves the production of no-fines concrete mix-
tures having a length of 160 mm and a larger cross-section
(40 mm x 40 mm) than that required in the UAMBT. Three con-
crete microbars were prepared from each mixture by employing
an aggregate/cement ratio of 1 and a water/cement ratio of 0.33.
In order to ultra-accelerate the reaction, as in the UAMBT, the tem-
perature level was raised to 80 °C and the same storage procedure
was applied. While the UAMBT specifies a 14-d soaking period, in
the CMT, a duration of 30 d is suggested, but again, the test was ex-
tended to 90 d in the present study.

The gradation requirements in these test methods are summa-
rized in Table 2. Among the tests, ASTM C1293 allows the available
sand-sized particles to be used without any sieving operation;
however as Table 2 indicates, gradation guideline for coarse aggre-
gate exists in this test. Fig. 1 shows the gradation curves of glass
sand and limestone sand that were used in the ASTM C 1293 test.
In order to comply with the grading requirement in each method,
following the washing and drying processes, the collected waste
glass particles were sized by crushing in a hammer crusher which
employs impact and shear. Non-reactive aggregate was also sieved
to obtain the required particle size distributions given in Table 2.

3.3. Mixture proportions

The experimental program began with producing the prismatic
specimens that will be subjected to the ASTM C1293 test. In the
control mixture, only non-reactive limestone was used as aggre-
gate; fine aggregate and coarse aggregate contents were 726 and
1043 kg/m?, respectively. This part of the study focused on deter-
mining the effect of flint and green glass as replacement of fine
aggregate on ASR expansion. Replacement ratios were selected as
10%, 20%, 40%, and 50% by mass of fine aggregate. These mixtures
were designated as 10F, 20F, 40F and 50F for flint glass aggregate
and 10G, 20G, 40G and 50G for green glass aggregate.

One-year testing at 38 °C showed that the expansion values of
glass-including mixes remained low, consequently higher replace-
ment ratios were tried in RILEM AAR-2 and microbar tests. In the
UAMBT, specimens were prepared by partial (25%, 50%, 75%) and
full (100%) replacement of fine aggregate by flint, green and amber

Table 2
Grading requirements in each test method.
Test Size range Mass (%) Description
RILEM AAR-2 (UAMBT) 2-4mm 10 -
1-2 mm 25
500 pm-1 mm 25
250-500 pum 25
125-250 pm 15
ASTM C 1293 12.5-19 mm 33 + Fine fraction
9.5-12.5 mm 33
4.75-9.5 mm 33
Microbar 4.75-12.5 mm 100 -

100

80 , >
2 / i /
0 ", 7
;i_ 40 Z g = += 0-3 mm limestone
= / / +eeme Glasssand

20 V —r— ASTM C33/33M limit

6 _// e ASTM C33/33M limit

0,15 0,30 0,59 1,19 2,38 4,75
Sieve size (mm)

Fig. 1. The gradation curves of aggregates used as fine aggregate in the ASTM C
1293 test.

glass. In these mixtures, the gradations of crushed limestone and
glass aggregates were the same. In this part of the investigation,
in addition to the color and content of the waste glass, the particle
size effect was also studied. In order to achieve this goal, additional
mixtures were prepared by replacing five different single-size frac-
tions of glass (2-4 mm, 1-2 mm, 0.5-1 mm, 0.25-0.5 mm and
0.125-0.25 mm) in three different colors with the corresponding
particle size of non-reactive crushed limestone. For instance, the
1-2F mixture contained 10% limestone between 2 and 4 mm, 25%
flint glass between 1 and 2 mm, 25% limestone between 0.5 and
1 mm, 25% limestone between 0.25 and 0.5 mm and 15% limestone
between 0.125 and 0.25 mm. Table 3 gives the amounts of crushed
limestone (CL) and flint glass (F) aggregates that are required to ob-
tain three 25 mm x 25 mm x 285 mm specimens for each mortar
mixture subjected to the UAMBT. In addition to the mortar bars
in Table 3, amber and green glass-including mixtures having the
same mixture proportions were prepared. In the designations of
these specimens, the words “A” and “G” were used to represent
amber and green glass-including mixtures, respectively.

Microbar samples were prepared in a similar manner as the
UAMBT samples. Replacement levels of flint, green and amber glass
as coarse aggregate in concrete mixtures were 25%, 50%, 75% and
100%. Additionally, presence of glass in the 4.75-9.5 mm and
9.5-12.5 mm size fractions was tested separately. For preparation
of three specimens from each flint glass-including microbar mix-
ture, the amounts of aggregates that are shown in Table 4 were
used. The same mixture proportions were applied in amber and
green glass-including mixtures exposed to conditions dictated in
the microbar test.

4. Results and discussion
4.1. Concrete prism test

Expansion values of flint and green glass including mixtures as a
function of time up to 3years are reported in Figs. 2 and 3,
respectively.

Although the length change values of all mixtures are well be-
low the limit of 0.04% at 1 year as specified by ASTM C1293, F ser-
ies mixtures did not stop expanding beyond this time. On the other
hand, after 1 year, further increase in the expansion values of mix-
tures belonging to the G series was comparatively low. It was
found that as the amount of glass in the mixture was increased,
ASR expansion of the specimens increased. When the values at
1 year are considered, the green glass was slightly more reactive
(Fig. 4), however 3 year expansion values indicate that the flint
glass had reacted to a greater extent. Among all mixtures, at
3 years, only 40F and 50F exceeded the 0.04% standard limit (pro-
posed for 1 year expansion).
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Table 3
Aggregate contents of flint glass-including mixtures subjected to the UAMBT.

Mass retained between sieves (g)

2-4 mm 1-2 mm 0.5-1 mm 0.25-0.5 mm 0.125-0.25 mm

cL F CL F CL F cL F CL F
Control 90 - 225 - 225 - 225 - 135 -
25F 67.5 225 168.8 56.3 168.8 56.3 168.8 56.3 101.3 33.8
50F 45 45 1125 1125 1125 1125 1125 1125 67.5 67.5
75F 225 67.5 56.3 168.8 56.3 168.8 56.3 168.8 33.8 101.3
100F - 90 - 225 - 225 - 225 - 135
2-4F = 90 225 = 225 - 225 - 135 -
1-2F 90 - - 225 225 - 225 - 135 -
0.5-1F 90 - 225 - - 225 225 - 135 -
0.25-0.5F 90 - 225 = 225 - = 225 135 -
0.125-0.25F 90 - 225 - 225 - 225 - - 135

Table 4 glass had an impact on both magnitude and rate of expansion. In

Aggregate contents of flint glass-including mixtures subjected to microbar test.

Mass retained between sieves (g)

4.75-9.5 mm 9.5-12.5 mm

CL F CL F
Control 450 - 450 -
25F 3375 112.5 3375 1125
50F 225 225 225 225
75F 1125 3375 1125 3375
100F - 450 - 450
4.75-9.5F - 450 450 -
9.5-12.5F 450 - - 450

When green, amber and flint glass were used as 100% replace-
ment for fine aggregate, Dhir et al. [13] observed expansion levels
of approximately 0.60%, 0.35% and 0.06%, respectively at the end of
60 weeks. Thereafter, unlike flint glass, expansion ceased for amber
and green glass. This test was carried out according to BS 812-123
which specifies a similar testing program to ASTM C1293. The
authors also replaced 50% fine aggregate with green, amber and
flint glass; the expansion curves of these three mixtures followed
a close trend. Although Dhir et al. found somewhat higher expan-
sion values than those obtained in the current study for 50% substi-
tution level; at the end of 52 weeks, the expansion values of the
mixtures in both studies did not exceed the limit proposed for
expansive concrete mixtures.

4.2. RILEM AAR-2

According to the results obtained within the typical 14-d
soaking period, none of the glass-including mixtures exhibited
potentially deleterious expansion (Figs. 5-7). However, the
extended testing duration led to a great amount of expansion, par-
ticularly in the mixtures containing flint glass. The color of the

mixtures containing monosize glass, the initiation of the reaction
was earlier for flint glass. At 35 d the expansion value of the 2-4F
mixture was recorded as 0.125% whereas expansions of the 2-4A
and 2-4G mixtures were 0.005% and 0.008%, respectively. At
180 days, among all mixtures, the 100F mixture had the highest
expansion value (1.158%), which is around three times as high as
the length change of the 100A mixture. Green glass caused consid-
erably less ASR expansion to occur compared to flint and amber
glass, which is thought to be a consequence of the Cr,03 present
in green glass. As cited by Park and Lee [12], Prezzi et al. [23]
hypothesized that the valence of the ions in the reaction products
determines the double-layer thickness and the repulsion forces.
Smaller expansive forces are generated by gels containing ions
having higher ionic valence such as Cr3*.

As it is clear in Figs. 5-7, there is an apparent time-lag behavior
in all glass-including mixtures. This finding is consistent with the
results of the study conducted by Zhu et al. [11], who attributed
this delay to the pozzolanic reaction that finer glass particles un-
dergo. The authors indicated that the reactivity of coarser glass
particles is mitigated in the short term by this accelerated pozzo-
lanic reaction. However, regardless of the color, mixtures including
glass with a particle size of only 2-4 mm or 1-2 mm (2-4F, 1-2F,
2-4G, 1-2G, 2-4A and 1-2A mixtures) had a similar time-lag
behavior. 2-4F and 1-2F mixes started to expand after roughly a
14-d soaking period and the delay periods for the 2-4G, 1-2G, 2-
4A and 1-2A mixtures were even longer. Since these mixtures
did not contain any fine glass that could undergo a pozzolanic reac-
tion, there is a need for further investigation in order to explain the
cause of the delay in the mesaured ASR expansion of monosize
glass-including mixtures.

Considering that the individual reactive particles are only 2-
4 mm and 1-2 mm in size, theoretically, it may be expected that,
in the presence of sufficient alkalies, the expansion level of the
100F mixture should be roughly equal to the sum of expansion

|
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Fig. 2. Expansion of concrete prisms containing flint glass.
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Fig. 5. Expansions of mortar bars including (a) monosize flint glass, (b) flint glass with varying percentages.

levels of 2-4F and 1-2F mixes. However, regardless of the color of
the glass, this is not the case. When the replacement level is 100%,
most of the glass present in the mixture may show pozzolanic
behavior which in turn, may contribute to the reduction in the
gel production [11,13].

The increase in the replacement level of glass increased the ten-
dency for ASR to occur. The only exception was the 25F mixture
that showed slightly higher expansion than the 50F mixture at
all ages. It is well known that the particle size of glass found in
the mixture is a critical factor influencing the reactivity. It can be
seen in Fig. 4a, Figs. 5a and 6a that when the particle size is less
than 1 mm, regardless of the color, no excessive expansion was ob-
served in the specimens. This may be an indication of no reaction
between glass and alkalies in the pore solution. According to the
results of their study, Rajabipour et al. [16] reported that in the
presence of glass, unlike most reactive natural aggregates, ASR
does not occur at the aggregate-paste interface; rather it takes

place in the pre-existing cracks in the interior of glass particles.
It seems that as the particle size of glass is lowered, the accessibil-
ity (and perhaps the number) of cracks reduces and the penetra-
tion of pore fluid becomes more difficult.

Despite the delay of the expansion in the first weeks, particu-
larly the 1-2F, 2-4F, 75F and 100F mixtures suffered great dam-
age due to ASR manifested through map-cracks and formation of
an arch-like shape due to their high amount of expansion after
180 d exposure to the NaOH solution. Fig 8a and b shows exam-
ples of cracked and uncracked specimens, respectively, while the
surface views of 100F, 100G and 100A are compared in Fig. 8c. As
it can be seen in Fig. 8c, although specimens belonging to the
100G and 100A mixtures expanded, their expansion levels were
lower than that of 100F and any type of deterioration was not ob-
served on the surface of these specimens. Photographs in Fig. 8
were captured at the end of the exposure to NaOH solution
(1804d).
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Fig. 7. Expansions of mortar bars including (a) monosize amber glass, (b) amber glass with varying percentages.

Previous studies which were conducted in order to examine
ASR performance of glass aggregate by an accelerated mortar bar
test led to a wide range of expansion values at the end of their
14-d soaking period. The current study and Zhu et al. [11] observed
a time-lag behavior; in spite of applying a replacement level of
100%, for flint, amber and green glass, 14-d expansion values were
all approximately zero. However, such a delay in expansion was
not evident in other studies. For instance, Kou and Poon [24] pre-
pared mortar bars containing different amounts of mixed-color
glass aggregate up to 45% and reported a continuous increase in
expansion at all replacement levels. Nevertheless, within 14 d, all
expansion values remained below 0.1%. Similar results were ob-
tained in another study conducted by Limbachiya [25] with a max-
imum replacement level of 20% for mixed-color glass. On the other
hand, there also exist other studies in which glass aggregate caused
higher expansion rates. At 100% replacement level, for amber and
green glass, Park and Lee [12] observed approximately 0.7% and
0.25% expansion, respectively, while expansion values of the
mixed-color glass including mixture reached 0.4% in the study con-
ducted by Rajabipour et al. [16]. The discrepancy in the results may
be attributed to the possible differences in the chemical composi-
tion, thermal history and degree of microcracking within the glass
particles used by different researchers.

4.3. Concrete microbar test

Fig. 9a and b shows the microbar test results in terms of content
and particle size of flint glass.

Grattan-Bellew et al. [22] found a linear trend in expansion for
most tested aggregates up to 30 d. As can be seen in Fig. 8a, linear
lines can indeed be plotted in order to present the expansion
behaviors of flint glass-including mixtures tested up to 30 d in this
study. Only the 75F and 100F mixtures exceeded the suggested
expansion limit of 0.04% at 30 d. However, beyond this time, the
rate of expansion increased sharply for all mixtures containing
uncolored glass. Thus, it is apparent in Fig. 8b that the linearity
in expansion behavior does not continue after 30 d. The highest
expansion value again belongs to the 100F mixture which is fol-
lowed by the 75F mixture.

It should be noted that the 9.5-12.5F mixture expanded to a
higher degree than the 4.75-9.5F mixture, confirming the particle
size effect observed in UAMBT results. Increasing the size of the
glass aggregate in the mixture led to a higher expansion. Among
the mixtures, 4.75-9.5F had the least amount of expansion at
90 d, which equals to nearly half of the expansion value of 25F. It
seems that the effect of replacement of limestone with reactive
glass aggregate (25F, 50F, 75F and 100F) on the ASR expansion is



C. Yuksel et al. / Cement & Concrete Composites 38 (2013) 57-64 63

(c)

Fig. 8. Photographs showing the (a) crack formation - 180 d old 75F and 100F, (b) specimens without cracking — 180 d old Control, 0.25-0.5F and 0.5-1F, (c) comparison of

surface views of 180 d old 100F, 100G and 100A.
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Fig. 9. Expansion of microbars containing flint glass up to (a) 30 d of exposure (b) 90 d of exposure.

(a)

(b)

Fig. 10. Cracking in (a) 25F and (b) 100F specimens.

more pronounced than the effect of a change in the grading of the
reactive aggregate (4.75-9.5F, 9.5-12.5F).

At the end of the 90-d exposure period, all flint glass-including
specimens in this test cracked heavily. In Fig. 10, photographs of
two specimens belonging to the 25F and 100F mixtures are shown.
When the results of the ultra accelerated mortar bar and microbar
tests are compared, it is apparent that, glass as a coarse aggregate

reacted more rapidly and the resulting deterioration showed that
both the width and amount of developed cracks were higher.

On the other hand, microbars containing amber and green glass
did not expand within the exposure time of 90 d. The inclusion of
amber or green glass particles into the mixture prevented the
dimensional instability of the mixtures in this period. Up to 90d,
the expansion values of these mixtures remained even below
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0.005%. The only exception was the 100G mixture, which reached
0.022% and 0.065% length change values at 48d and 90d,
respectively.

5. Conclusions

For the materials used and test methods applied, the following
conclusions may be drawn:

1. Due to its amorphous nature and high SiO, and Na,O content,
the major concern in the utilization of soda-lime glass as aggre-
gate is deleterious ASR. According to the results, testing envi-
ronment, color, amount and particle size are all major factors
affecting the rate and magnitude of expansion.

2. ASTM (1293 test results showed that flint and green glasses as
fine aggregate seemed not to be reactive up to a 50% replace-
ment level at 1 year, since expansion values did not exceed
0.04%. However, extending the test duration to 3 years led to
a continual increase in expansion values of the flint glass-
including mixtures.

3. Significantly, higher expansion values are observed when mor-
tar bars are made with flint glass. Among the tested glasses,
green glass was the least reactive according to the UAMBT
results.

4. Microbar specimens prepared with amber or green glasses did
not undergo expansion up to 90 d of exposure. However, length
change values and visual observations showed that flint glass-
including mixtures were highly reactive.

5. No pessimum size was observed in the experiments. As the par-
ticle size increased, the reactivity of the mixtures became
greater. Probably due to their accelerated pozzolanic property,
none of the glasses produced expansion when their particle size
is reduced below 1 mm.

6. As mentioned before, due to the considerably long time-lag per-
iod, the proposed test duration in UAMBT was clearly not suffi-
cient for all tested glass-including specimens. Similarly, in the
microbar test, although the test was extended to 90 d, no
expansion was observed in the amber and green glass-including
specimens. It may be indicated that these tests are not as suit-
able as ASTM (1293 for assessing the reactivity of glass
aggregate.
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