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� Effect of ASR on cement-based systems having optimized PSD have been investigated.
� Specimens have been exposed to ASR effect according to ASTM C227 and ASTM C1260.
� The characterization of specimens was investigated using the SEM, FTIR and TGA.
� FA and slag additive with optimized PSD were found to be effective in reducing ASR.
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In this study, the effect of alkali-silica reaction on binary cementitious composite systems incorporating
fly ash or slag having optimized particle size distribution has been investigated. Specimens have been
exposed to ASR effect according to ASTM C227 and ASTM C1260 methods. Test results, which were con-
ducted after ASR exposure, have been discussed in terms of use of additive having optimized particle size
distribution. The characterization of specimens was investigated using scanning electron microscopy
(SEM) coupled with energy dispersive X-ray spectroscopic analyzer (EDS), Fourier-transform infrared
spectroscopy (FTIR) and thermogravimetric analysis instrument (TGA). As a result of the experimental
program, it was seen that the ASR effect is reduced with fly ash and slag replacement. Even, fly ash addi-
tion has been more effective than slag addition in reducing the ASR effect for the same additive ratio. In
addition, addition of fly ash and slag with optimized particle-size distribution were found to be more
effective in reducing the ASR effect as compared to addition of fly ash and slag without optimized
particle-size distribution.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Concrete is one of the most important construction materials
that structurally support buildings and is the most used one. After
its construction, a reinforced concrete building should be protected
against external exposures. Environmental factors as climate
change, freeze–thaw effects, reinforcement corrosion and chemical
factors as alkali-silica reaction (ASR) and sulfate effect can be
counted as external exposures.

ASR starts by forming alkali-silica gel with high water absorp-
tion capacity when alkali oxides in cement (Na2O + 0.658 � K2O)
and reactive silica in aggregate (SiO2) go into a chemical reaction
[1]. Formed gels expand when they absorb large amount of water
available in a moist environment and it continues by increasing
concrete internal stresses due to volume expansion stemming from
gel expansion. Concrete starts to deteriorate and loses strength as a
result of increased internal stresses.

There exist too many studies on the relationship between mate-
rial design and ASR for high strength concrete. In these studies, it is
generally stated that the use of mineral additives can provide pro-
tection against damage caused by ASR due to low porosity and
water to cement ratio effect [2,3].

There are several approaches to prevent ASR. First, elimination
of one or more of factors such as moisture, reactive silica and alkali
can be considered as a precaution. In addition, damage given by the
reaction can also be reduced using mineral and chemical additives
[4–10]. There are several materials effective in preventing ASR.
These materials can be lithium-based salts, silica fume as mineral
additives, blast furnace slag (BFS), fly ash (FA) and rice husk ash.

Pozzolans reduce the pH content of the cement mortar by keep-
ing hold of the lime. Low pH content reduces the solubility of silica
and prevents the formation of alkali-silica gel. Besides, pozzolans
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also increase the impermeability of concrete [11]. In the structure
of gel, CaO always exists. Lack of CaO does not indicate that gel will
not form. It can be said that pozzolans prevent the formation of gel
by binding CaO [12].

Hasparyk et al. (2003) [13] and Mehta (1985) [14] have
reported that less alkali-silica reactions have occurred in concrete
specimens produced with silica fume (SF) by weight of cement due
to slightly lower amount of alkali formed in concrete. In some
studies, it was observed that the use of FA and BFS has reduced
the ASR effect [2,15,16].

C-S-H phases of FA are low with respect to calcium due to poz-
zolanic reactions of FA, in other words, it has a low FA/SiO2 ratio
and thus has a high alkali binding capacity. FA which was found
to be most effective in reducing the alkalinity of the pore solution
expressed from cementitious composite samples was also found to
be the best for controlling ASR expansion [17].

The formation of alkali in the resulting reaction products in FA
containing binders begins simultaneously with the pozzolanic
reaction, i.e., resulting in a consecutive decrease in the dissolvable
alkali content at the end of approximately 28 days. FA with low
CaO content reduces the alkalinity of the pore solution only just
beyond the dilution level [18]. As compared to the first 28 days,
it is thought that the differences in linear extension in between
the pozzolan substituted mortar bars and the additive-free cemen-
titious mortar bars, relatively larger rates of differences, are due to
the decrease in the alkaline content of the cement at the end of 28-
day period.

As well as FA and BFS addition processes makes economy in
concrete usage, it extends the setting time of concrete, lowers
hydration heat as a result of slowing of concrete setting and pro-
longing of its setting time and it is known to increase concrete
strength for over 90 days [19–27].

Concrete is a construction material where its strength increases
as the void ratio decreases. Final products formed as a result of
hydration in concrete are not enough in filling these voids and have
negative effects in terms of its strength. There are studies in which
compactness optimization of the filler materials’ particle size dis-
tribution is increased with the aim of increasing compactness of
concrete production [28–30].
Table 1
Physical and chemical properties of the cement, aggregate, FA and BFS.

Chemical Composition (%) Cement

SiO2 18.79
Al2O3 5.05
Fe2O3 2.54
CaO 63.28
MgO 2.23
K2O 0.83
Na2O 0.28
SO3 3.44
Loss of ignition 3.20
Na2O + 0.658 � K2O 0.82
Specific surface area (cm2/g) 3220
Specific Surface area (Optimized) (cm2/g) –

Table 2
Mixture rates of optimized particle size analysis for FA and BFS (g).

Additive ratio (%) Sieve diameter (mm)

0–25 25–38

5 15.20 2.77
10 30.40 5.54
15 45.60 8.31
20 60.80 11.09
Having carried out a thorough literature review, it was found
that there exists a lack of research on mitigation of ASR using opti-
mized powdery material gradations such as fly ash and blast fur-
nace slag. Previous studies have commonly focused on the effect
of the utilization of mineral additives such as fly ash and slag. To
date, there is a lack of research on the optimal designs aimed to
obtain high compactness using powder material gradation with
pozzolans, such as fly ash and slag. The selection of PSD requires
a focus on the ability to fill in the voids among particles. On the
basis of the aforementioned information, designs were made to
obtain the optimal fly ash or slag PSD to obtain the highest com-
pactness. It is possible to achieve a mixture of materials at suitable
percentages, which have low void ratio and high compactness. This
research is important from the point of view of showing howmuch
ASR effect can be reduced using 0–20% BFS and FA with optimized
particle size distribution. In this study, the effect of alkali-silica
reaction on binary cementitious composite systems incorporating
fly ash or slag having optimized particle size distribution have been
investigated. Specimens have been exposed to ASR effect according
to ASTM C227 and ASTM C1260 methods. Test results, which were
conducted after ASR exposure, have been discussed in terms of use
of additive having optimized particle size distribution.
2. Experimental program

2.1. Materials

CEM I 42.5 R type ordinary portland cement (OPC), aggregate,
BFS and FA were used in this study. Physical properties and chem-
ical compositions of the cement, aggregate, FA and BFS used are
shown in Table 1.

In the experimental study, CEM I 42.5 R type cement with an
alkali ratio greater than 0.6% was used. _Izmir Gediz River aggregate
was used as aggregate. FA classified as F class according to ASTM
C618 [10] was used in this study. BFS obtained from Bolu cement
was used. Aggregate used in the experimental study was prepared
by sieving according to the particle size analyses defined in ASTM
C227 [31] and ASTM C1260 [32].
Aggregate FA BFS

73.05 57.11 42.40
7.31 19.27 12.56
3.34 9.21 1.03
5.46 5.31 35.04
0.68 2.03 5.11
1.49 2.39 0.75
0.06 0.64 0.14
– 0.13 0.37
– 3.24 0.21
– – –
– 2695 3594
– 2943 3722

38–45 45–53 53–63

1.26 1.30 1.47
2.52 2.60 2.94
3.77 3.90 4.41
5.03 5.20 5.88
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2.2. Methods

2.2.1. Particle size distribution of fly ash and blast furnace slag
The most suitable sieve size analysis for PSD optimization was

determined by using Eq. (1) suggested for PSD optimization in
the study conducted by Dinger and Funk [33]. Maximum particle
size diameter was determined to be 63 mm for FA and BFS. Sieve
diameter to be used was selected as 25, 38, 53 and 63 mm. Required
particle size analysis was carried out by using Eq. (1) and given in
Table 2.

P Dð Þ ¼ Dq � Dq
min

Dq
max � Dq

min

� 100 ð1Þ

where P(D) is material passing through the sieve with spacing D, D
is the sieve diameter, Dmax is the maximum particle size diameter of
powder materials, and q is particle distribution modulus.

Increasing the value of the distribution modulus results in a
rather coarse-grained mixture; on the other hand, decreasing this
value results in a rather fine-grained mixture. The optimal PSD of
fly ash and blast furnace slag was calculated for different values
of the distribution modulus q using Eq. (1) where value of q ranged
from 0 to 1 with constant increments of 0.1. High compactness was
ensured through the filler effect for the value of distribution mod-
ulus is equal to 0.4 offering higher compressive and flexural
strengths at 7, 28 and 90 days in our previous papers [28–30].
Sevim and Demir [28,29] has determined the maximum compres-
sive and flexural strengths and durability properties for q = 0.4 par-
ticle distribution module in the PSD optimization of FA study. As
can be seen in this study, particle distribution module value of
0.4 was used while making PSD optimization.

FA and BFS with optimized PSD (for q = 0.4) was obtained by
sieving using vacuum sieve and was mixed at the rates given in
Table 2. PSD curves of the FA, BFS, optimized-FA (O-FA) and
optimized-BFS (O-BFS) used in this study are given in Fig. 1.

2.2.2. Accelerated mortar-bar test method
The accelerated mortar-bar test method is a short time testing

method in which results are obtained in 16 days according to
ASTM C1260 [32]. Prismatic mortar bars having dimensions of
25 mm � 25 mm � 285 mm were prepared according to the
Fig. 1. Particle size distribution (PSD) curves of
gradation defined in ASTM C1260, where the ratio of the amount
of aggregate to that of the cement and water to cement ratio cor-
responded to be 2.25 and 0.47, respectively. After pouring, test
specimens were left in the mold for 24 h and then taken out from
the mold. Specimens taken out molds were placed in a 1 N NaOH
solution at 80 �C for 24 h. The solution of 1 N NaOH was obtained
by mixing of 40 g NaOH into 900 g water. NaOH was dissolved and
diluted with additional distilled or deionized water to obtain 1.0 L
of solution. The first measurement on the specimens was con-
ducted after this period and the specimens were again placed in
the solution at 80 �C for 14 days. The test was finalized by reading
the length change at the end of this 14-day period [32].
2.2.3. Standard mortar-bar test method
The standard mortar-bar test method is an experimental

method that determines the effects of ASR by measuring the
expansion values at the end of 12-month period stemming from
ASR of mineral and chemical additives causing length change
according to ASTM C227 [31]. For ASTM C227 test method, at least
3 specimens having dimensions of 25 mm � 25 mm � 285 mm for
each mix were prepared, where the mass of aggregate was 2.25
times to that of cement and the water to cement ratio corre-
sponded to be 0.47. After the cast into molds, specimens were left
in them for 24 h. Taking out of the specimens from the molds after
24 h, first measurements were conducted, and specimens were
kept at 38 �C in the moisture cabinet prepared such that no contact
occurred in between specimens and the curing water. The length
change values of specimens at the end of 2, 7, 28, 90, 180 and
360-days were measured, and length change values were calcu-
lated. Comparison of the test methods followed in the experiments
is given Table 3.
2.2.4. Characterization of the specimens
The morphology of the specimens was examined using scan-

ning electron microscopy (SEM) coupled with energy dispersive
X-ray spectroscopic analyzer (EDS). For performing the microstruc-
ture surface inspection, specimens were applied gold coating with
Sputter Coater. The specimens were investigated by scanning elec-
tron microscopy. For the microstructure analysis, Quanta 450 FEG
the cement, fly ash and blast furnace slag.



Table 3
Comparison of test methods defined in ASTM C1260 and ASTM C227.

Method ASTM C1260 ASTM C227

Specimen design Mortar Bar
25 � 25 � 285 mm

Mortar Bar
25 � 25 � 285 mm

Water to cement ratio 0.47 Not Specified
Sand-cement ratio 2.25 2.25
Curing conditions 80 �C

1 N NaOH solution
38 �C
%100 relative humidity

Duration of testing 14-day 12-month
Examination of the

results
Detrimental zone > 0.2%
0.2%>controlled
zone > 0.1%
0.1% > Non-detrimental
zone

Detrimental zone > 0.1%
0.1% > Non-detrimental
zone
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scanning electron microscopy (SEM) was used. EDS analyses were
carried out at 35� magnification.

The bond vibrations to study the effect of the specimens was
carried out with FTIR spectrometer (Fourier-transform infrared
spectroscopy) equipment. In the FTIR analysis, investigation of
the individual spectra allows for determining a chemical com-
pound in the specimen. When infrared light passes through the
specimen, each functional group resonates in its characteristic ab-
sorption frequencies of the spectra. Obtained data represents the
fingerprint of the bound between the molecules.

The reaction products to study the effect of the specimens were
investigated with a thermogravimetric analysis instrument (TGA).
The temperature was set to increase at a rate of 20 �C/min from
room temperature to 1000 �C. Temperature as a function of a ther-
mogram was recorded to provide qualitative and quantitative
information.
3. Research findings

3.1. Accelerated mortar bar test results

Specimens prepared according to the accelerated test method
were tested according to ASTM C1260 [32] and length changes
were given in Fig. 2. In this test, the highest length change value
was observed in specimens without a pozzolan addition called
‘‘control”. As a result of the measurements, control specimens were
identified as detrimental in terms of ASR according to ASTM C1260.

From 5% pozzolan substituted mortar-bar point of view, BFS
substituted mortar bars have the highest length change whereas
optimized fly ash (O-FA) mortar bars have the lowest rate. PSD
Fig. 2. Length changes of BFS, FA, O-BFS an
optimization summarized the length change effect as can be seen
in Fig. 2. When the length change of the 10% substituted mortar
bars given in Fig. 2 is examined, it is seen that the length change
in parallel with that of the 5% substituted ones. Mortar bars with
10% BFS addition have the highest length change, while the lowest
length change has been achieved in mortar bar with 10% O-BFS.
Mortar bars with 10% O-FA remained in the non-detrimental zone
from the ASR point of view, while other bars with 10% addition
remained in the controlled zone for ASR.

According to Fig. 2; the highest length change was observed in
mortar bars with BFS whereas lowest length change was observed
in O-FA substituted mortar bars. While 15% FA and 15% O-FA sub-
stituted mortar bars remained in the non-detrimental zone in
terms of ASR, BFS substituted ones remained in the controlled zone
for ASR. From 20% pozzolan substituted mortar bars point of view,
BFS substituted mortar bars remained in the controlled zone for
ASR, while O-BFS remained in the non-detrimental zone in terms
of ASR. Mortar bars with 20% FA remained in the non-
detrimental zone for ASR. As can be seen in Fig. 2, it was observed
that 20% O-FA addition reduces the ASR.

When length changes of FA and O-FA substituted mortar bars
are examined, it is seen that O-FA is effective in reducing the ASR
with the filling effect besides the chemical effect. The use of FA
has been seen to be more effective in reducing the ASR than the
use of BFS for the same additive ratio. Optimizing PSD for BFS
and FA (O-BFS and O-FA) was found to be more effective in reduc-
ing the ASR effect on mortar bars. Among the prepared specimens,
the control specimen took the highest ASR damage whereas the
most harmless specimen in terms of ASR was found to be 20% O-
FA substituted mortar bars.

This result showed that FA and BFS with optimized PSD are
effective in preventing ASR by increasing the filling effect. An
increase in filling effect reduced the void ratio and permeability
in concrete. With the decrease in the void ratio in concrete, the for-
mation of alkali-silica gels and the effect of ASR are reduced.
3.2. Standard mortar bar test results

The length changes of cement mortar bars prepared according
to ASTM C 227 [31] were measured at the end of 7, 14, 28, 90,
180 and 360 days and the length changes of the mortar bars were
obtained. Since the values for 7 and 28 days are close to 0.00, the
values for 90, 180 and 360 days are given comparatively. The
length changes of cement mortar bars are given Figs. 3–6.

Fig. 3 demonstrates the length changes of the mortar bar having
BFS. As can be seen in Fig. 3, low length change was observed in the
d O-FA added mortar bars in 14 days.
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control specimen at early age in which the highest length change
occurred at the end of the first month among the mortar bar spec-
imens. The control specimen had shown a length change of
0.1689% in 180 days where this value was 0.1761% at the end of
360 days. According to ASTM C227, specimens with an increase
in length change of more than % 0.1 at the end of 360 days are con-
sidered as detrimental in terms of ASR and control specimen was
accepted to be non-detrimental in terms of ASR according to the
ASTM C227 values given in Table 3. The control specimen showed
detrimental ASR effect after 180 days.

As can be seen in Fig. 3, a value of 0.134% for length change was
seen in BFS5 for 360 days. It was considered to be detrimental in
terms of ASR because of its length change greater than 0.1%. Com-
pared to the control specimen, there occurred to be 24.1% reduc-
tion in the length change. At the end of 360 days, a value of
0.125% for length change was observed in 10% BFS substituted
mortar bars. As compared to the control specimen, length change
has decreased by 29.3%. Since length change came out to be greater
than 0.1%, it was considered to be detrimental in terms of ASR. In
the case of 15% BFS substituted mortar bars, a value of 0.121% for
length change was observed at the end of 360 days and it was clas-
sified to be detrimental in terms of ASR. It provided a value of
31.2% reduction in length change as compared to the control spec-
imen. The length change came out to be 0.106% at the end of
360 days in 20% BFS substituted mortar bars and showed a very
close value to that of limit from an assessment point of view. How-
ever, it was classified as detrimental in terms of ASR since the
length change was greater than 0.1%. The detrimental effect of
ASR on BFS substituted mortar bars was first seen on 5% substi-
tuted ones on the 90-day. At the end of 180 days, BFS substituted
mortar bars showed detrimental effect in terms of ASR.

Fig. 4 demonstrates the length changes of the mortar bar having
O-BFS. As can be seen in Fig. 4, a value of 0.127% for length change
was observed in 5% O-BFS substituted mortar bars. A reduction of
28.11% in was observed in length change as compared to the con-
trol specimen and it was considered as detrimental in terms of ASR
since length change was greater than 0.1%. Substituting 10% O-BFS
provided a value of 0.122% for length change ratio at the end of
360 days and a decrease of 30.7% as compared to that of the control
specimen. As can be seen in Fig. 4, performing 10% O-BFS addition
was not sufficient to make ASR effect non-detrimental and
remained in the detrimental zone in terms of ASR. The length
change of 0.102% was observed in the case of 15% O-BFS addition,
and length change increase of 0.1% limit value occurred in terms of
ASR. As compared to the control specimen, there occurred to be a
42.09% decrease in length change. As shown in Fig. 4, a length
change of 0.095% was measured in mortar bars with 20% O-BFS
addition which were classified as non-detrimental in terms of
ASR since the length change stayed below the limit value of 0.1%.
When O-BFS substituted mortar bars are examined in general,
mortar bars of 5%, 10% and 15% O-BFS addition showed a detrimen-
tal effect at the end of 90, 180 and 360 days, respectively. Since the
limit value for length change in terms ASR is defined as 0.1% in
Table 3, 20% O-BFS substituted mortar bars stayed below this lim-
iting value and classified as non-detrimental. When the 360-day
experimental results given in Fig. 3 and Fig. 4 are examined,
although 15% and 20% BFS substituted cement mortar bars were
in the detrimental zone in terms of ASR, same proportion of O-
BFS substituted ones remained in the non-detrimental zone in
terms of ASR. These results show that the use of BFS with opti-
mized PSD is more effective in preventing ASR than the use of
BFS without optimized PSD. In other words, the filling effect was
more useful in preventing ASR.

Fig. 5 demonstrates the length changes of the mortar bar having
FA. As given in Fig. 5, 0.124% length change was detected in 5% FA
substituted mortar bars as a result of 360-day readings. The addi-
tion of 5% FA with non-optimized PSD has achieved a 29.3% reduc-
tion in length change as compared to the control specimen after
360-day. However, this value of FA addition fell short of decreasing
the length change below 0.1% as specified in ASTM C227 and length
change remained above the limiting value as a result of 360-day.
Therefore, it was considered as detrimental in terms of ASR.

In 360-day readings on mortar bars with 10% FA, 0.107%
length change value was obtained. As a result of the evaluations,
it was observed that there was a 47.93% reduction in 360-day
length change ratios as compared to the control specimen. In
the case of 15% FA substituted mortar bars, 360-day length
change was found to be 0.11%. 15% FA addition with non-
optimized PSD into cement mortar bars had achieved a 36.9%
reduction in 360-day length change. According to ASTM C227,
15% FA with non-optimized PSD substituted cement mortar bars
are classified as detrimental in terms of ASR since length change
remains above 0.1% as a result of 360-day readings. It has deter-
mined that 20% FA substituted mortar bars had a length change
of 0.092% at the end of 360 days. It was observed addition of
20% FA into the mortar bars decreased the length change ratio
by 47.9% as compared to the control specimen at the end of
360 days and was observed to be non-detrimental in terms of
ASR. Harmful effects of ASR were not observed until the 180-
day in the case of FA with non-optimized PSD substituted spec-
imens. At the end of 180-day, 5% and 10% FA substituted mortar
bars started to show detrimental effects in terms of ASR. At the
end of 360 days, 20% FA substituted mortar bars were consid-
ered as non-detrimental according to Table 3.

Fig. 6 demonstrates the length changes of the mortar bar having
O-FA. As it is given in Fig. 6, length change of 0.113% was deter-
mined after 360 days for 5% FA with optimized PSD substituted
mortar bars. As compared to the control specimen, a decrease ratio
of 35.9% was recorded in length change of mortar bars after
360 days. Since mortar bars with 5% FA with optimized PSD had
length change above the limiting value given in ASTM C227, they
were classified as detrimental in terms of ASR.

As a result of length change measurements made in mortar bars
with 10% FA addition with optimized PSD, 0.098% value was
obtained in 360-day period. As compared to the control specimen,
mortar bars with 10% FA with optimized PSD showed a decrease of
44.40% in length change after 360-day period readings and was
classified as non-detrimental in terms of ASR. There occurred a
decrease of nearly 48.8% in length change for 15% FA addition with
optimized PSD as compared to the control specimen and was clas-
sified as non-detrimental in terms of ASR since length change of
0.900% was obtained at the 360-day reading. The length change
was obtained as 0.0822% at the 360-day reading for 20% FA with
optimized PSD substituted mortar bars, as given in Fig. 6. A
decrease of 53.4% value was obtained in readings after 360 days
and they were classified as non-detrimental in terms of ASR. After
180 days, length change came out to be higher than the limiting
value of 0.1% for 5% FA with optimized PSD substituted mortar bars
so they showed detrimental effect in terms of ASR. At the end of
360 days, 5% FA with optimized PSD substituted mortar bars
showed detrimental ASR effect while %10, %15 and %20 FA with
optimized PSD substituted mortar bars stayed in the non-
detrimental zone in terms of ASR. Mortar bars of 10%, 15% and
20% FA addition with optimized PSD were found to be more effec-
tive in reducing the ASR effect as compared to mortar bars with
non-optimized PSD. While 10% FA with non-optimized PSD substi-
tuted mortar bars passed into the detrimental zone, mortar bars
with optimized PSD stayed in the non-detrimental zone. While
15% FA with non-optimized PSD substituted mortar bars came
out to be non-detrimental in terms of ASR, 10% FA addition with
optimized PSD was sufficient to make the ASR effect non-
detrimental.



Fig. 3. The length changes of the mortar bar having BFS.

Fig. 4. The length changes of the mortar bar having O-BFS.

Fig. 5. The length changes of the mortar bar having FA.
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According to the experimental results, it was deduced that the
optimized PSD of powder materials (FA and BFS) gave the lowest
expansion in terms of composites resulting in decreases in length
change values for all curing ages, regardless of the replacement
ratio of FA and BFS. Cement-based composites containing PSD-
optimized FA and BFS exhibited better performances as compared



Fig. 6. The length changes of the mortar bar having O-FA.

Fig. 7. Control specimen: (a) SEM image of ASR formation (b) EDS spectrum of the mortar.
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to cement-based composites containing non-optimized fly ash par-
ticles. Thus, it can be revealed that the optimization process for
PSD of FA and BFS particles enhanced their filler effect and reduced
permeability in cementitious composites, thus mitigate to form
ASR.

As a result, the mitigation of ASR on cementitious composites
improved by providing optimized PSD of fly ash and blast furnace
slag resulting in maximum particle packing. By optimization of
PSD of fly ash and blast furnace slag, the amount of cement
required for the same target will decrease and utilization of fly
ash and blast furnace slag as a waste material will increase.

3.3. Characterization of the test results of specimens

3.3.1. Microstructural properties of specimens having FA and BFS with
and without optimization under the ASR effect

In the images obtained from the scanning electron microscope
(SEM), it was observed that ASR products were generally situated
between aggregate-cement paste in the cavities. ASR products with
different morphological structures were clearly visible on images
of approximately 100� or higher magnification. As a result of
examinations conducted, alkali-silica formations can clearly be
Fig. 8. Specimen having 20% BFS: (a) SEM image of
seen in Fig. 7 which is given for control specimen. Examinations
conducted on the control specimen; ASR findings were found in
the form of large cracks in approximately 100 mm dimensions.
Cracks generally started in a hollow structure and spread around
the cavity. ASR cracks appear in the areas where these cavities
occurred, and cracks were concentrated in between 2 and 10 mm.
In general, cracks formed in the form of map type cracks and gel
formation clearly indicated the presence of ASR observationally.
In Fig. 7, it can be seen that massive products with a diameter of
25 to 50 mm are formed as layers.

In the case of mortar bars of 20% BFS addition with non-
optimized PSD, ASR findings were in the form of corn flake type
and map type cracks. These findings are given in Fig. 8. The exis-
tence of ASR was formed in the form of map type cracks for the
in cavities larger than 80 mm and in the form of map type and corn
flake type in cavities of 300 mm and larger.

When cement mortar bars of 20% BFS with optimized PSD are
examined with SEM, the effects of ASR occurred as map type cracks
with 1–1.5 mm thicknesses, as can be seen in Fig. 9.

In the examinations, the effects of ASR under 1000� magnifica-
tion were found in mortar bars of 20% FA (Fig. 10). ASR products
were observed in the form of a corn flake type with a distribution
ASR formation (b) EDS spectrum of the mortar.
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of approximately 30 mm, and also map type cracks were also found
as the effect of ASR. It has been observed that these cracks contin-
ued along cavities of 1–3 mm in thickness and 400–600 mm in
dimensions.

SEM image obtained for mortar bars of 20% FA with optimized
PSD is given in Fig. 11. As a result of observations made, ASR occur-
rences were encountered under 2000�, while map type cracks
showing ASR occurrences were encountered under 8000� magni-
fication. ASR products were observed under 2000� magnification
in ASR cavities formed in distribution of approximately 200 mm,
but cracks due to these products were able to be seen at 8000�
magnification.

As compared to other BFS and FA substituted mortar bars, a less
cavity-structure were encountered on the surface of mortar bars of
20% FA addition with optimized PSD. Cracks occurring in cavities
with approximately 200 mm in diameter were approximately
0.5–1 mm thick and non-continuous.

SEM image for mortar bar of 20% O-FA is given in Fig. 11.
Although ASR effect is considered to be observed in SEM images,
it was almost non-existent.

As can be seen from the SEM image given in Fig. 11, the effects
of ASR can be observed in images under larger magnification as the
Fig. 9. Specimen having 20% O-BFS: (a) SEM image o
FA or BFS addition ratio increase in mortar bars. This phenomenon
indicates that the ASR effect increases as the pozzolan addition
ratio decreases and the ASR effect decreases as the addition ratio
increases. In other words, as FA or BFS addition ratio increases,
the effect of ASR decreases. In SEM studies, it was observed that
the width of cracks caused by ASR decreased as pozzolan addition
ratio increased and as carrying out PSD optimization. This clearly
shows that the optimization of PSD of FA and BFS reduces the effect
of ASR. ASR formation and its effects were mostly observed in con-
trol specimens without puzzolan addition and were at least
observed in mortar bars of 20% FA with optimized PSD. From the
tests of mortar bars prepared, it was found that 20% FA with opti-
mized PSD was most effective in reducing the effect of ASR.

As can be seen from the EDS analysis given in Table 4, the EDS
analysis of control (base) specimen subjected to ASR yielded a high
SiO2 ratio. The SiO2 ratio was obtained as 50.2%, CaO as 22.2% for
the control specimen. The EDS analysis of specimens containing
20% O-BFS yielded a high CaO ratio. The CaO ratio was obtained
as 83.9% and SiO2 as 14.7% for specimen with 20% O-BFS. The
EDS analysis of specimens containing 20% BFS yielded high CaO
and SiO2 ratio. The CaO ratio was obtained as 52.2% and SiO2 as
34.8% for specimen with 20% BFS. The EDS analysis of specimens
f ASR formation (b) EDS spectrum of the mortar.
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containing 20% O-FA yielded high CaO. The CaO ratio was obtained
as 67% and SiO2 as 22.7% for specimen with 20% O-FA. The EDS
analysis of specimens containing 20% FA yielded a high CaO and
SiO2 ratio. The CaO ratio was obtained as 37.9% and SiO2 as 42.7%
for specimen with 20% FA. As a result of EDS analyses, it is proved
that the specimens with high SiO2 ratio have more ASR. As pre-
sented above, SiO2 ratio in ASR gels decreased with an increasing
amount of optimized fly ash and blast furnace slag ratio.
3.3.2. Fourier transform infrared spectroscopy (FTIR) of specimens
with and without optimized fly ash under the ASR effect

FTIR spectra of specimens with and without optimized fly ash
additive (Fig. 12) are shown in Fig. 13 where intense peaks are
observed for the wavenumber value ranging in between 400 and
4000 cm�1. Table 5 indicates possible assignments for the bands
determined in the Fourier transform infrared spectroscopy spec-
trum shown in Fig. 13. The specimen with non-optimized FA shows
intense SiO4 and CO4 bands ranging in between 436 and 889 cm�1.
In specimen with non-optimized FA, the structure of the bands are
considerably greater than specimen with 20% O-FA addition;
which can indicate more alkali solution. The peak of the wide poly-
merized silica band (786–1017 cm�1) is observed in the specimen
Fig. 10. Specimen having 20% FA: (a) SEM image of
with non-optimized FA. The sharper peak within the polymerized
silica band has been informed previously in the literature in spec-
imens subjecting accelerated ASR [35,37].
3.3.3. Thermogravimetric analysis (TGA) of specimens having
optimized and non-optimized fly ash under the ASR effect

Thermogravimetric analysis (TGA) of specimens with and with-
out optimized fly ash additive is shown in Fig. 14. The weight loss
of the specimen with non-optimized FA and specimen with 20% O-
FA additive in Thermogravimetric analysis (TGA) is very similar,
showing a similar amount of bound water in the hydration gels.
TGA curves of the specimen with non-optimized FA and specimen
with 20% O-FA additive showed a mass loss of 13.01% and 9.82%,
respectively. The mass loss of 8.066% and 5.577% was observed
up to 400 �C for the specimen with non-optimized FA and speci-
men with 20% O-FA additive, respectively. The mass loss of 3.72%
and 2.745% was observed between 500 and 1000 �C for the speci-
men with non-optimized FA and specimen with 20% O-FA additive,
respectively. Moropoulou et al. [42] and Abbas et al. [43] observed
mass loss due to a decrease in the Calcium hydroxide (CH) content
and decarbonation reactions. Various researchers [43–45] also
reported a reduction in ASR expansion due to decrease amount
ASR formation (b) EDS spectrum of the mortar.



Fig. 11. Specimen having 20% O-FA: (a) SEM image of ASR formation (b) EDS spectrum of the mortar.

Table 4
EDS analysis of control (base), 20% O-BFS, 20% BFS, 20% FA and 20% O-FA added specimens.

Compound (%) Control 20% O-BFS 20% BFS 20% O-FA 20% FA

CaO 22.2 83.9 52.2 67.0 37.9
SiO2 50.2 14.7 34.8 22.7 42.7
MgO 2.2
Na2O 26.4 1.2 6.4 6.1 15.8
Al2O3 6.1 2.9
K2O 1.2 0.2 0.5 0.3 0.4
Fe2O3 1.7 0.4
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of CH. Higher CH content can increase the ASR expansion by
switching the hydration products’ characteristics [46]. Fig. 14
shows that the specimen with non-optimized FA has more ASR
expansion due to CH intense. This result is compatible with the
EDS analysis, FTIR analysis, and length changes.

4. Conclusion

In this study, tests were conducted for further reduction in the
ASR effect, which can be observed in structures, by use of poz-
zolans with optimized particle size distribution. To this end,
cementitious composites was substituted by two different poz-
zolans, namely FA and BFS, with optimized and non-optimized par-
ticle size distribution and the results obtained were discussed
comparatively. Following results were reached as a result of this
study:

� It has been observed that mortar bar specimens produced with
blast furnace slag (BFS) and fly ash (FA) reduces alkali silica
reaction (ASR).



Fig. 12. Specimens (a) having 20% O-FA (b) having 20% FA.

Table 5
Possible assignment of identified FTIR Peak.

Wavenumber (cm�1) Possible Assignment References

436–588 SiO4 [34,35]
691 CO3 [34–36]
786 SiO4 [34–41]
889 CO3 [34–36]
1017 SiOH [40,41]
1055–1300 SO4 [34–36]
1650 H2O [34–36]
3450 H2O [34–36]
3500 CH [34–36]
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� According to ASTM C1260; in the case of specimens produced
with fly ash (FA) with non-optimized particle size distribution
was found to be non-detrimental in terms of ASR for 15–20%
addition rates. The amount of fly ash (FA) required to make
the ASR effect non-detrimental reduced to 10% by addition of
fly ash (FA) with optimized particle size distribution (PSD).

� According to ASTM C1260; in the case of specimens produced
with blast furnace slag (BFS) with non-optimized particle size
distribution were in the detrimental zone in terms of ASR, 5–
15% blast furnace slag (BFS) with optimized particle size distri-
bution (PSD) substituted specimens were stayed in the con-
trolled zone and 20% substituted ones remained in the non-
detrimental zone in terms of ASR.

� In the experiments performed according to ASTM C227; it has
been observed that mortar bars having 20% blast furnace slag
(BFS) with optimized particle size distribution (PSD), by 15–
20% fly ash (FA) with non-optimized particle size distribution
and by 10–20% fly ash (FA) with optimized particle size distri-
bution came out to be in the non-detrimental zone in terms
of ASR.
Fig. 13. FTIR spectra of specimens w
� As a result of the experimental studies conducted according to
ASTM C1260 and ASTM C227, the maximum length change
was observed in the control specimens whereas the minimum
length change was obtained in mortar bars of 20% fly ash (FA)
addition with optimized particle size distribution. As a result,
control specimen faced the highest ASR damage whereas spec-
imen with 20% fly ash (FA) addition with optimized particle size
distribution faced the lowest damage.

� It has been found out that optimizing the particle size distribu-
tion of FA and BFS is more effective in reducing the effects of
alkali silica reaction.

� According to microstructural investigations made using scan-
ning electron microscope; map type cracks and corn flake type
expansions were encountered in the lower magnification
images of mortar bars with high length change due to alkali sil-
ica reaction while they were encountered in the higher magni-
fication images of mortar bars with low length change. This
shows us that microstructurally larger alkali silica reaction
damages occur in mortar bars with higher length change.

� SEM, FTIR and TGA test results showed that more expansion
occurred due to ASR in control specimen. EDS analysis of spec-
imens showed that SiO2 was higher in specimens with non-
optimized additives.

As a result, the effect of optimizing the particle size distribution
FA and BFS in reducing the formation of ASR is due to the increase
in filling effect which reduces the void ratio and permeability in
ith and without optimized FA.



Fig. 14. TGA curves of specimens: (a) having 20% O-FA (b) having 20% FA.
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cement mortar bars. Considering the cement mortar bars of 20% FA
addition with optimized particle size distribution, it can be con-
cluded that mortar substituted by FA reduces the effects of alkali
silica reaction (ASR) almost to zero. By this way, 20% cement can
be saved, and the effects of alkali silica reaction can be neutralized.
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