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Abstract

Alkali activation is a promising method of reducing cement production considerably without further significant investments. Utilization
of these materials are of extreme importance when environmental aspects such as CO, emissions and energy consumptions are
considered. In this article, effect of activator modulus and alkali content on fresh behavior and mechanical properties were investigated.
12 M NaOH solution and sodium silicate solution with a modulus of 3 were used. Water-to-binder ratio was selected as 0.5 for all
specimens where binder content was calculated as the total of slag content plus activator solids. Slag content was 500 kg/m? for all
mixtures. Mechanical tests were conducted on 40 x 40 x 160 mm prismatic specimens. Results indicate that mechanical properties
of alkali activated mixtures are highly dependent on both parameters hence proper optimization of these two parameters becomes
compulsory. In this study, it is concluded that alkali content (Na,O/slag) should be selected 9% and whereas activator modulus should
be leveled near a value of 1.5. Flexural properties were also highly affected from optimization of these parameters and similar findings
are deduced. Early strength evaluations are highly dependent on activator modulus. Workability of the mixture was also assessed and
it should be noted that flowability of mixture was adversely affected with the increasing activator solids content.
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Oz

Alkali aktivasyonu ¢ok biiyik yatirimlar yapilmadan dahi ¢imento Gretimini 6nemli seviyede indirgeyebilecek umut verici bir ydntem
olarak gorilmektedir. Atik olarak goriilen ciiruflarin bu sekilde endustriye kazandirilmasi ile CO2 emisyonlarinin ve enerji tiiketiminin
azalmasi, bu malzemelerin strdirelebilirlik kapsaminda 6nemli katkilar saglayabilecegini isaret etmektedir. Bu ¢alismada, alkali icerigi
ve alkali aktivatér moduli degerlerinin alkali aktivasyonu stirecinde har¢ numunelerin akigkanlik ve mekanik 6zellikleri tizerindeki
ozellikleri aragtirlmigtir. Aktivator olarak 12 M NaOH ¢ozeltisi ve 3 modulli sodyum silikat kullanilmigtir. Su-¢imento oran: 0.5
olarak belirlenmis ve baglayici miktar1 karigimda kullanilan curuf ve kati aktivatér miktarlarinin toplami olarak alinmigtir. Harg
numuneler hazirlanirken cliruf miktar: 500kg/m?® olarak tercih edilmis ve 40 x 40 x 160 mm prizmatik kaliplara dokilerek 7 ve 28 giin
boyunca kiirde tutulmuglardir. Har¢ numunelerin mekanik 6zelliklerinin kullanilan her iki parametreye daha fazlasiyla bagimli oldugu
ve parametrelerin optimizasyonunun ¢ok énemli oldugu gézlenmistir. Caligmanin 6zelinde kullanilan degerlerle mekanik 6zellikler
agisindan en iyi parametre se¢imi olarak aktivasyon modiiliniin 9% ve aktivatér modilinin 2 oldugu secenck olarak bulunmustur.
Erken dayanim sonuglarinin agirlik olarak aktivatér modiili degerlerinden fazlasiyla etkilendigi gézlenmistir. Har¢ karigimlaranin
islenebilirlik sonuglarinin ézellikle kati aktivatér miktarinin artmasiyla olumsuz etkilendigi gézlenmistir.

Anahtar Kelimeler: Aktivator modulu, Alkali aktive edilmis ctruf, Alkali miktari, Sodyum silikat

1. Introduction the process of producing iron and has glassy structure rich

Alkali activated slag composites display great potential to with calcium and silicon (Gao et al. 2015).

be used as replacement for cementitious materials. As an ~ Many rich deposits have been depleted all around the world
industrial by-product, blast furnace slag is formed within ~ with the production of ordinary Portland cement which also
contributes to 8% of man-made CO, emissions (Luukkonen
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optimized to reduce energy consumption and gas emissions
(El-Hassan et al. 2018). In recent years, researchers focus on
alternative methods to decrease cement production (Biricik
and Karapinar 2018). Partial replacement of cement with
supplementary cementitious materials is developed and
added to regulations and standards. However, these efforts
were not satisfactory for reduction in gas emissions thus
any prospect of advancement in this concept gained utmost
significance.

Many studies have been conducted to understand the
influence of mixture proportions and microstructure of
alkali activated slag mixtures (Jiao et al. 2018, Aydin and
Baradan 2014). High alkaline solutions were implemented
as activator by combining sodium hydroxide pellets and
sodium silicate solutions. Na and Si contents were decided
and used in mixture proportioning. Combination of sodium
silicate and sodium hydroxide was found to be significantly
effective when increasing the reactivity of the slag particles.
Development of mechanical and rheological properties
were monitored with several parameters including activator
modulus, Na,O content, amount of slag, slag fineness, curing
method and vice versa (Jiao et al. 2018, Jimenez et al. 2003,
Shi 1996, Li et al. 2018).

Due to findings in several studies alkali activated slag
composites have several advantages such as low hydration
temperature, high mechanical performance, good micro-
structural integrity, low porosity and several good durability
features. And comparatively, they have several disadvantages
such as susceptibility to high shrinkage and rapid setting
(Jiao et al. 2018, Gao et al. 2015, Akcaozoglu et al. 2017)

Alkali activated slag composites may be attributed as a great
prospect to replace ordinary Portland cement (Taghvayi et
al. 2018, Babaee and Castel 2018). Currently its applicability
is not easy to implement in construction industry since
parameters governing both early and ultimate mechanical
properties are interrelated. This may be also concluded from

Table 1. Composition of ground granulated blast furnace slag.

SiO

several studies, there is not a net conclusion derived to
establish some strict rules for alkali activated concrete mix
design. This study aims to fill these gaps with the findings
derived from the 2 most significant parameters (Na,O
content and activator modulus) and give insight about the
most effective parameter combinations.

2. Materials and Methods
2.1. Materials

In this study ground blast furnace slag was acquired from
Erdemir steel factory as waste of steel production and
transported to Akcansa cement factory and grinded to a
Blaine specific surface area of 5550 cm?/gr with a specific
weight of 2.75 gr/cm?®. Distilled water was used as mixture
water. Chemical oxide compositions and physical properties
of slag are shown in Table 1. Natural river sand with a
maximum diameter size of 4 mm was used. Specific gravity
of the sand was 2.71 gr/cm?®. Sodium hydroxide and sodium
silicate were used as activators. Sodium hydroxide used was
in powder form whereas sodium silicate was used in aqueous
form and detailed properties of the sodium silicate activator
were provided in Table 2.

2.2. Specimen Preparation
2.2.1. Preparation of activator solutions

NaOH in powder form was mixed with water and 12 M
NaOH solution was formed at least 48 hours before mortar
mixing. Alkali activator solution was formed prior to mortar
casting by combining mixture water with 12M NaOH
solution and sodium silicate with proper stirring since
sodium silicate was in a more viscous state. Alkali activator
solution was left for at least for 24 hours in laboratory
conditions.

2.2.2. Mixture proportion configurations

Mixture proportions were designed for the given parameter
configurations. Liquid to binder ratio and ground granulated

Composition (%)

GGBS

ALO,
12.64

Fe,O,

2

40.21 1.20

36.42

5.50 0.13 0.81 0.64 0.11

Table 2. Composition of sodium silicate activator solution.

Specific gravity

Activator

Modulus

Na,O (%)

$iO, (%)

(g/cm®)

1.40 41.25

Sodium Silicate

(Si0,/Na,0)

9.44 28.28 3.00
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blast furnace slag (GGBS) dosage were held constant at 0.5
and 500 kg/m’, respectively. Na,O amount originated from
12 M NaOH solution and sodium solution were summed
and calculated as total Na,O content of the mix. Total Na,O
and SiO, contents were summed and noted as activator
solids. Binder content was calculated as the sum of slag and
activator solids. Total mixture water amount was calculated
as the total water used in 12 M NaOH solution plus the
water in the sodium silicate and the extra water added to

supply the liquid to binder ratio of 0.5.

Sixteen different mortar mixtures were formed with 4
different Na,O/slag ratios (3, 6, 9, 12%) and 4 different
moduli (SiO, / Na,O) ratios (M=0.5, 1, 1.5, 2). Mixture
proportions and several calculation details are given in
Table 3. In this study, a constant sand to slag ratio of 2.70
is used. Sodium silicate, 12 M NaOH and water amounts
are adjusted for 16 different mixture types so that activator
modulus and Na,O / slag ratios are satisfied. Finally, water
amounts are adjusted to have a liquid binder ratio of 0.5 for
all mixes.

2.2.3. Preparations of specimens

Dry mixture was formed by mixing slag with aggregates and
alkali activator solution was added gradually in 3 minutes
time and mixing was continued for one more minute. Alkali
activator solution was formed 24 hours prior to mortar
casting by adding NaOH in powder form, sodium silicate
solution and also the mixing water.

Mixture compositions are given in Table 3. 40x40x160 mm
specimens were casted from all sixteen mixtures. Specimens
were placed in water tanks which were held at constant
temperature of 20+1 *C. All specimens were casted in steel
moulds and held in laboratory conditions. Subsequently
specimens were demolded 48 hours after mixing and placed
in curing chambers.

2.3.Testing Method
2.3.1. Flowability of mortar mixtures

Flowability tests were conducted to determine the effect
of alkali activated slag mortars. There were no coarse
aggregates in mixtures so that the workability of the
mixtures was tested according to ASTM C1437-15 which
is the standard for flow analysis of hydraulic cement mortar
(ASTM International 2015). Tests were conducted on a
jumping table with a steel ring mold that was filled with two
layers of mortar mixture to its full height of 50 mm and both
layers were tamped 20 times. When mixture was released by
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removing the mold, jumping table was dropped for 25 times
in a period of 15 seconds. Two sets of flowability tests were
conducted for all specimens. Diameters of the mortar flows
were measured from two vertical directions and average
of these values were calculated. Flow of the mixtures were
determined by dividing the findings by the initial diameter
of the mold and expressed in percentage form.

All mortar specimens were tested under both compressive
and flexural loads. Three-point loading procedure was
applied according to ASTM C 348-20 with a span length
of 100 mm with a displacement controlled loading rate at a
speed of 0.5 mm/min at different curing intervals of 7 and
28 days (ASTM International 2020). Subsequent to three
point loadings, specimens were cracked at midspan and
separated into two pieces where both pieces were used for
compressive strength tests according to ASTM C 349-18
(ASTM International 2018). Compressive strength tests
were applied at a compressive loading test device which
was force controlled at a rate of 0.5 MPa/sec. Appropriate
loading fixture was implemented for compressive testing to
apply accurate loading on the 40x40 mm surfaces.

3. Results
3.1. Flowability Results of Mortar Mixtures

Mixtures were diagnosed by means of workability when
being casted into steel molds and it has been seen that all
mixtures were in highly workable state hence there were
no need for superplasticizers. Also workability conditions
were measured by flowability tests. Although all mixtures
were diagnosed as workable, some differences were observed
from flowability results which are illustrated in Figure
1. Flowability values were calculated as the percentage to
initial diameter size of 100 mm.

According to test results, highest flowability result was 154%
(NS3M10) whereas lowest value was 133% (NS12M20). It
is observed that low alkali content specimens had better
workability results.

3.2. Compressive Strength Results

The compressive strength results were obtained from the
two halves of the specimens that were cracked under flexural
loadings. Since there were 3 specimens from each set tested
under flexure, six specimens were tested for compressive
strength results. Therefore, a good set of results were
obtained and given in Table 4.

The highest compressive strength was obtained for
specimens with 9% Na O content where activator modulus

180

is highest (M=2). Second best result from these findings
were found for 6% Na,O specimens with a modulus of 2
whereas specimens with 9% Na,O content and modulus of
1.5 was very close to these results. So these results show that

Table 4. Compressive and flexural strength results.

Compressive Flexural Strength
Strength (MPa) (MPa)
7-day  28-day  7-day  28-day
NS3MO05 24.13 32.61 3.38 5.24
NS6MO5 32.14 43.44 4.06 6.63
NS9IMO5 39.76 55.22 4.68 7.87
NS12MO05 39.60 55.00 4.26 7.43
NS3M10 29.63 46.30 4.06 7.27
NS6M10 37.25 55.60 4.58 8.28
NS9IM10 43.82 63.50 5.26 9.23
NS12M10 43.56 60.50 5.03 8.46
NS3M15 23.81 44.10 3.00 6.42
NS6M15 43.01 66.16 5.11 9.51
NSIM15 51.12 73.03 6.34 10.97
NS12M15 48.11 67.76 5.63 9.59
NS3M20 20.69 40.57 2.58 5.71
NS6M20 44.80 73.44 5.36 10.64
NS9IM20 55.48 78.14 6.94 11.84
NS12M20 49.80 66.40 6.05 9.77
160
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Figure 1. Flowability test results with different Na,O content
and activator modulus.
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there is a net combined effect of both Na,O/slag ratio and
activator modulus.

Lowest compressive strength results were recorded for
NS3MO5 mixtures which have the lowest Na O/slag ratio
and lowest modulus. NS3MO5 specimens have shown very
low strength with respect to all other mixtures (Figure 2).
Specimens with 3% Na,O/slag ratios showed generally
the lowest results. For these specimens, it can be seen that
increasing the activator modulus have little effect on the
compressive strength except NS3MO5 specimens which is
most probably because of the low Na,O content. When 6%
and 9% Na O / slag ratio specimens were investigated, it is
seen that compressive strength increased with the increasing
activator modulus with a linear good fit. However, this
behavior was not seen for specimens with 3 and 12% Na,O

When exact values of 7-day results were compared,
specimens with the lowest Na,O content and highest
modulus (NS3M20) were found to be weaker than all the
other mixtures which contradicts with the 28-day results
where weakest mixtures were found to be NS3MO5 (Figure
2). When all mixtures are compared, effect of modulus
contradicted only specimens with 3% of Na,O content.
For all the other mixture types, increasing modulus content
increased the 7-day compressive strength results. Maximum
7-day compressive strength was obtained for specimens
with 9% Na O content with an activator modulus of 2.

When analyzing the early strength results, 7-day results
are normalized with the 28-day results and given in Table
5. Since specimens had quite different 28-day results so
that comparing their 7-day results are found to be more

content. expressive when analyzed with this point of view.
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Figure 2. Comparison of 7 and 28-day compressive strength results for all mixtures.
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Table 5. 7-day results normalized with 28-day results.
7-day / 28-day

Activator Modulus (Si,0/Na,O)

ratios
0.5 1 1.5 2

o0 3 0.74 0.64 0.54 0.51
<

L~ 6 0.74 0.67 0.65 0.61
S &

s 9 0.72 0.69 0.70 0.71
“ 12 0.72 0.72 0.71 0.75

Highest difference between 7-day and 28-day results were
recognized for mixtures with higher modulus (M =2). For
mixtures with modulus of 0.5, there was no important
difference increase between early and 28-day strengths.
Importance of the difference between the early and 28-day
strength increases with the increasing activator modulus.

Accordingly,it can be concluded that early strength evolution
is found to be limited for higher modulus mixtures. And
also it may be added that for higher percentages of Na,O
content, early strength results are more stable for various
modulus levels.

Increase in compressive strength results with the increasing
activator modulus can be directly related to SiO, content
increasing and especially it is observed that SiO, content
becomes more meaningful when alkali level (Na,O content)
of the mixture is higher.

3.3. Flexural Strength Analysis

Flexural strength tests are made on triplicates of 40x40x160
mm specimens loaded under three-point loadings. Flexural
strength results are given in Table 4 and also depicted in
Figure 3.
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Figure 3. Comparison of 7 and 28-day flexural strength results for all mixtures.
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When 28-day results are investigated, it can be seen that
NS3M20 specimens showed the worst flexural performance.
Similar results were also seen for compressive strength
specimens. Best flexural performance was seen for mixtures
with 9% Na,O content with higher modulus values (1.5
and 2). When best performances are considered, it is seen
that at higher Na,O contents, advantage of using higher
modulus activator diminishes hence NS12M15 is very
close to NS12M20 results. Moreover, it is seen that flexural
performance for all Na,O contents other than 3%, increases
with the increasing activator modulus. However, mixtures
containing 12% Na,O are relatively limited in flexural
performance.

When 7-day results are observed it may be deduced that
performance of 3% Na,O content specimens are highly
different with respect to 28-day results. Effect of modulus is
different for 7-day results with respect to 28-day results. All
other findings are very close to 7-day compressive strength
results.

4. Discussion

Alkali activation of slag mortars is a highly applicable
solution to replace cement in concrete applications for a
sustainable approach. Optimization of the alkali activators
are significantly important when designing the alkali
activated mix proportions. In this study, two types of
activators are used together with different proportions to
satisfy the predefined parameters: (i) activator modulus and
(if) Na,O/slag ratio. Four different moduli (SiO,/Na,O)
(0.5,1,1.5,2) and also and 4 different Na,O / slag ratios (3,
6,9, 12%) were selected to conclude on the effects of these
parameters on mechanical properties of alkali activated slag
mortars. From the flowability results it may be deduced
that workability of specimens were not much aftected with
varying parameters however difference between results may
be analyzed nevertheless. Specimens with higher alkali
content was found to be adversely affected in workability.
Higher amount of sodium silicates provides a higher early
strength thus decreasing workability with quick reaction
and rapid hardening (Bakharev et al. 2000). Slag particles
were observed to affect the workability quicker when
activation progress is more efficient (Gao et al. 2015). In
this study, activation progress is assessed to be more related
to activator solids content rather than just alkali content.
Correspondingly, modulus of the specimens should be
optimized for proper workability assessments. When the
averages of specimens with same Na,O content are compared
with the averages of mixtures with same modulus, it may

Karaelmas Fen Miih. Derg., 2020; 10(2):177-185

be noticed that effect of Na,O content is more pronounced
whereas effect of modulus seems more impotent. Moreover,
for specimens with modulus of 1.5 it is seen that flowability
results were found to be more close to each other for all
Na,O contents which may be concluded as a more robust
design value for alkali activated slag mixtures in workability
concept.

When mechanical properties were considered, flexural and
compressive strength results were found to have similar
trends. However, in a study authors declared that flexural
strength is more prone to cracks with respect to compressive
strength. They reported that there was not a remarkable
change in flexural strength with the increasing M, values.
Same authors also declared that early strength values for
both compression and flexural strength were observed
to higher for lower modulus specimens as in accord with
the findings of this study (Aydin and Baradan 2014). In
another study, researchers reported higher early strength
with lower modulus specimens and added that maximum
strength results at later ages were found to be better for
higher modulus specimens (Bakharev et al. 1999). Alkali
activation process without sodium silicate activator was
halted by a fast initial reaction of NaOH activated slag thus
creating a dense CSH formation with smaller amount of
chemically bound water. This phenomenon causes higher
porosity and accordingly lower mechanical strength. Use
of two activators simultaneously were significant and
increasing amount of solid activators were dominant in
mechanical strength evolution. Single NaOH activation
produced a microstructure constructed with dense particles
with connected pores whereas simultaneous use of activators
supplied better homogeneity. (Ben Haha et al. 2011).
Mechanical strength of the alkali activate mortars is altered
by the pore volume and hydration products. Microcracks
in the formation of the mortars were also significant when
mechanical properties were considered (Zhang et al. 2020).

Specimens with higher alkali content attributed better
results and activator modulus should be optimized by
adjusting the sodium silicate amount in the mix design.
Both Na,O and soluble Si contents act an important part
in the development mechanical properties of alkali activated
mixtures (Zhang et al. 2020). Compressive strength results
increased with the increasing modulus values which may be
correlated to decreasing Ca/Si ratio thus binding ability of
C-S-H particles was improved. Therefore, more compact
inner structure was formed with the increasing modulus

(Aydin and Baradan 2014, Bakharev et al. 2000).
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Earlier strength values for both compressive and flexural
results were found to be higher for low modulus specimens
in contrast to later ages as was also reported by different

studies (Aydin and Baradan 2014, Bakharev et al. 1999).

NaOH activated alkali reactions can be parted into three
segments: First stage consists of the breaking of the bonds
of Ca-0, Si-O-Si and Al-O-Al and also Al-O-Si bonds in
the binder material. In the second stage, polycondensation
occurs which is a results of the precipitation of the products
in the solution. Existence of higher soluble Si amount create
a difference of hydration products till exhausted (Zhang et
al. 2020).

Conclusions derived from this study may be summarized as:

Mechanical properties were found to be affected
from both parameters (Na,O/slag ratio and activator
modulus). Both parameters are found to be significantly
related to both compressive and flexural strength results.

Best combination of these two parameters were found to
be 9% alkali content with a modulus of 2.

Mechanical properties except 3% alkali content speci-
mens were found to be improved with the increasing ac-
tivator modulus. However, this effect started to diminish
for 12% alkali content specimens which is the maximum
alkali level used in this study.

Early strength values were better for lower modulus
specimens with respect to 28-day strength values.

Flow characteristics of mixtures at the fresh state were
adversely affected by the increasing the content of the
activator solids although liquid to binder ratios were the
same for all mixtures.
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