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ABSTRACT

Various parameters influencing the initial setting time of alkali-
activated slag materials have been investigated using the Vicat method.
The alkali solutions used for the activation were liquid sodium silicate
(water glass) of different moduli n (SiO2/Na,O ratio) and pH. The
results indicate that the initial setting time is mainly influenced by two
parameters; 1) the specific surface area of the slag and 2) the modulus
of the solution. The results also suggest that the problem with
controlling the initial setting time of alkali-activated slag can be solved
by controlling the characteristics of the solvent used for the activation.

Keywords: alkali-activation, initial setting time, water glass modulus,
sodium silicate solution, pH, specific surface area

1 INTRODUCTION

The increasing requirements for reduction of greenhouse gas emissions have led to the search
for low CO, footprint cements that can be used as a complement or alternative to ordinary
Portland cement (OPC). One such promising material is the industrial by-product ground
granulated blast furnace slag (GGBS), which is known to have cementitious properties under
alkali-activation [1]. When compared to OPC this type of materials also has the advantage of a
different and finer pore structure that [1-3], for instance, result in lower water permeability as
well as lower ion and molecular diffusivity. As a result, the material shows higher resistance to
various aggressive media compared to OPC [1, 4]. The smaller pore size distribution and the
addition of alkaline ions into the matrix also result in a depression of the water freezing
temperature and, thus, an increase in the resistance against freeze-thaw damages [4, 5]. The
higher strength, smaller pore size, lower permeability and higher resistance against chemical
attacks etc., make them also to be possible alternatives for storage of radioactive waste and
immobilization of toxic metals [6-9]. In addition, this type of cementitious materials shows even
better fire resistance than OPC [1]. A recent review of this type of materials is given in [10].
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However, a serious problem and also one of the limiting factors for extensive use of green
alternatives to OPC is the difficulty in controlling the initial setting time [1, 11]. Despite
extensive research on this type of materials, the initial reaction and hydration, which lead to the
initial setting time, is not fully understood [1, 12-14] but it is generally accepted that parameters
like the chemical composition of the cementitious material [1], the water content [15, 16], the
viscosity of the initial mixture [17], the mixing time [18, 19] and the specific surface area
(fineness) of the material [20] are of importance for the early reaction and the initial setting
time. In addition, the initial setting time is highly dependent on the type of alkali used for the
activation and, therefore, investigations are often focused on this parameter.

From the literature it is obvious that the most commonly used activators belong to the groups
alkali-hydroxides and alkali-silicates, even if acid salts and aluminum containing compounds
also can be used [1] for the alkali-activation of cementitious materials like GGBS. From studies
on the influence of different types of alkali-hydroxides, see for instance [1, 17, 21-27], there are
indications that some of them are more effective activators than others [21]. Whereas some
accelerate the hydration process [25], other types of alkali-hydroxides have the opposite effect
[17]. However, when the cementitious material contains a large amount of calcium oxide (CaO),
as in the case of GGBS, the alkali-silicates are in general more effective activators than the
alkali-hydroxides [1, 28] (and references therein).

The most commonly used type of alkali silicate activators is based on sodium silicates
(Na20-nSiO;) of various moduli n. From investigations on the effect of sodium silicate
solutions [15, 16, 24, 27], it has been suggested that the pH and the alkali modulus n are of less
significance than the amount of activator, and that the content of SiO; is of higher importance
than the content of Na,O [16]. In addition, it has been suggested that the type of sodium silicate
is of importance since it was shown that the setting time is much faster when dry (powder)
sodium silicates is used for the activation than if liquid sodium silicate (commonly called water
glass) is used [29].

From studies found in the literature it is thus obvious that many different factors are of
importance for the early reaction and the initial setting of alkali-activated cementitious material.
In this study we have used sodium silicate solutions (water glass) for the alkali activation of
GGBS and examined some of the parameters that are suggested to have an influence on the
initial setting time. The results show that the initial setting time of GGBS can be designed and
controlled by controlling the characteristics of the activating solution.

2. MATERIAL AND METHODS

2.1 GGBS materials

Two Swedish GGBS materials, Merit 5000 (M) and Hyttsand (H) from Merox AB, and one
German product (G), from Tomas Concrete Group, have been used for this study. As shown in
Table 1, the two Swedish products (M and H) have exactly the same chemical composition but
they have different specific surface areas, whereas the German product (G) is different in both
chemical composition and specific surface area compared to the M and H materials. It can be
noted that the basicity coefficient Kb = (CaO+MgO)/(SiO,+Al,03) [16] is about the same
(around 1) for all three GGBS products whereas the hydration modulus HM =
(CaO+MgO+AI,03)/SIO, [16] differs somewhat (1.79 for M and H, and 1.89 for G). However,
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for all the GGBS materials the value of HM is larger than 1.4, which is the minimum value to
ensure sound hydration properties [16].

Table 1 — Chemical compositions (in wt%) and physical properties of the GGBS materials used
in this study (as given by the suppliers)

Chemical composition and physical properties M H G
Merit 5000  Hyttsand German
CaO 31 31 40
SiO; 34 34 35
Al,O; 13 13 12
Fe,03 0.4 0.4
SO3 0.25 0.25 <0.2
Alkalinity (Na,Oeq) 0.9 0.9 1.2
MgO 17 17 7
TO, 2.4 2.4 <12
Mn,0; 0.8 0.8 <0.6
Cr <0.05
s* 1.3 1.3
Specific surface area, SSA (cm?/g) 5000 3500 4200
Glass content (%) 99 99 >90

2.2 Alkali solutions

For the alkali-activation, sodium silicate solutions (commonly called water glass) of various
moduli were used. The solutions were prepared by adding dissolved sodium hydroxide (NaOH,
Fisher Scientific) to a commercial available water glass from Sibleco Nordic. The latter contains
27.6 wt% of SiO, and has the molar modulus n = 3.35. In order to allow for thermal
equilibrium, each specific alkali-solution (i.e. sodium silicate and sodium hydroxide) was
prepared more than one day prior to the use in the sample preparations.

2.3  Sample proportions

For all samples, the amounts of the commercial water glass and GGBS material were 20 g and
50 g, respectively, and the water-to-GGBS (dry material) ratio was kept constant at w/s = 0.5.
Thus, only the water glass modulus was varied, which in turn influences the pH of the prepared
solution, as shown in Table 2. In this table it is furthermore shown how the Na,O/CaO and
Na,O/GGBS ratios and pH vary for the different M-samples (i.e. GGBS material, sodium
silicate solution and sodium hydroxide). The samples are hereafter denoted by the added NaOH
solution concentration (ranging from 5 to 35 wt%) together with the specific water glass
modulus n of the activating solution given in a parenthesis.

25  pH measurement of the alkali-activated samples

In order to measure the pH values of the alkali-activated GGBS samples, the following steps
were taken. First, the GGBS material was mixed with the prepared water glass solution of a
specific modulus. Secondly, a specific volume of the sample was taken into a vial and thereafter
diluted. Third, the slurry was subsequently centrifuged for quick sedimentation. Finally, the
measurements were done on the solution on top of the sediment and then recalculated to take the
dilution into account.
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It should be noted that in some cases the measured pH values of the samples were > 14 and they
are not included in Table 2. The reason for this is that a sodium ion error generally occurs at
higher pH values, i.e. where the hydrogen ion concentration is very low compared to the sodium
ion concentration, which results in a lower value of the pH than the actual one [30].

Table 2 — Sample compositions and relevant initial parameters (* pH > 14)

Sample NaOH pH pH Si0,/Na,O Na,O:CaO Na,O:Slag
(Wt% in (water glass) (in mixture)  (molar (mole %) (wt %)
water) modulus n)
Merit 5000
M5 5 11.82 12.56 2.59 11.3 4.2
M7 7 12.11 12.78 2.36 12.3 4.6
M8 8 12.24 12.88 2.25 12.8 4.8
M9 9 12.42 13.02 2.16 13.3 5.0
M10 10 12.6 13.13 2.07 13.8 5.2
M12 12 13.02 13.36 1.90 14.9 5.6
M15 15 13.31 13.61 1.69 16.4 6.3
M20 20 13.59 13.86 1.40 19.2 7.5
M25 25 13.81 - 1.17 22.1 8.8
M30 30 13.90 - 0.99 25.2 10.3
M35 35 13.98 S 0.84 28.4 12.0
TCG/
German
G5 5 11.82 2.59 9.0 4.2
G10 10 12.6 2.07 11.1 5.2
G15 15 13.31 1.69 13.2 6.3
G25 25 13.81 1.17 18 8.8

2.4 Vicat test method

The initial setting time, i.e. the time when the material loses its plasticity, was measured by a
standard Vicat equipment (Toni Technik) with a calibrated weight of 300 g and a cylindrical
needle with a flat tip area of 1 mm?. Each sample composition was measured in certain time
intervals, somewhat dependent on the concentration, and in triplicate to ensure repeatability and
to obtain an average value of the initial setting time.

2.6  lon chromatography

A Dionex ion chromatography (IC) system (Dionex ICS series) was used to quantify the
amount of dissolved calcium ions for some of the sample compositions. For these
measurements we used the same solution extraction methodology as for the pH
determination (as previously described).
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3. RESULTS

3.1 Initial setting time as a function of water glass modulus

Fig. 1 shows the setting time profiles for some of the measured M-samples. It can be observed
that the initial setting time displays a minimum for the sample M10 (n = 2.07) and that it is
longer for both the M7 and M20 samples (n = 2.36 and 1.40, respectively). It should be noted
that these latter samples contain either lower or higher concentration of sodium (activated with
water glass of higher or lower moduli, respectively) compared to the sample M10 (n = 2.07).
The sample M20 (n = 1.40) shows, furthermore, a faster initial setting time than M7 (n = 2.36).
From this figure it can also be observed that the sample made of Hyttsand (H) did not show any
initial setting after two hours. In fact, independent on the moduli of the water glass used for the
activation, the initial setting was so slow that sedimentation of the GGBS particles occurred, and
no initial setting was obtained even after 24 hours. This material is therefore considered as
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Figure 1 — Typical setting time profiles (an average based on three different measurements) for
three of the M-samples and one of the H-samples.

inactive in the time interval of interest for this study.
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In Fig. 2 the initial setting times obtained for the entire series of M-samples, i.e. M5 (n = 2.59)
to M35 (n = 0.84) are shown by solid circles. As indicated already in Fig. 1, the initial setting
time is fastest for the sample M10 (n = 2.07) and becomes longer at both higher and lower
sodium content (lower and higher water glass moduli). From the Fig. 2 it can also be observed
that the initial setting time seems to show two different moduli dependences. For samples
activated with water glass of moduli higher than n = 2.07 (M10), a rapid decay with increasing
sodium content (decreasing modulus) is shown whereas at higher concentrations (lower moduli)

1000 - . @ - setting time for samples M5 to M35
. W -increased water content (w/s = 0.66})
.0 - reduced pH (HCI)

X -reduced pH (HNOa)

100 - : 1

setting time ¢ (min)

10 - increasing NaOH concentration ——» =
1 1 1 1

3 2.5 2 1:5 1 0.5
molar modulus n

Figure 2 — The initial setting times (in minutes) for the series of M-samples as a function of
modulus. n of the water glass used for the alkali-activation.

the initial setting times are more smoothly increased. The reason for a minimum in the setting
time curve is not obvious and one possible explanation, which will be discussed in section 4
below, is that the water glass used for the alkali-activation has different effect on the GGBS
material in the different concentration (moduli) regions.

3.2 Initial setting time asa function of particle size

By use of the GGBS material G instead of the material M, the specific surface area is reduced
from 5000 cm?/g to 4200 cm?/g (Table 1). In Fig. 3 the obtained initial setting times for the
samples G10 (n = 2.07), G15 (n = 1.69), and G25 (n = 1.17) and the corresponding M-samples
are shown. These results clearly indicate that the initial setting time is dependent on the specific
surface area since it is increased for the G-material, which contains larger particles.

However, for the G material not only the specific surface area but also the chemical composition
is different compared with the M material. As shown in Table 1, the main differences are the
MgO, CaO0 and the glass contents. Especially the Mg content might be of importance since it
previously was shown to have an influence on the initial rate of reaction [31, 32]. In addition,
the content of Mg, and then particularly the ratio Mg/Si, influences the structure development in
the early stage of the hydration [33]. It is thus not obvious if the increased initial setting time of
the G-samples is caused by the larger specific surface area or the difference in chemical
composition. However, since a lower MgO content should result in a faster initial reaction [32]
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the longer initial setting time of the G-samples indicates that the specific surface area is more
important than the chemical composition.

In order to further investigate the specific surface area dependence on the initial setting time, the
weight fractions of the two chemically identical GGBS materials M and H was (see Table 1)
systematically varied. For these measurements the water glass of modulus n = 1.69 was used as
the activator. The results, as a function of the specific surface area after replacement of H
(wt%), are shown in Fig. 4 (solid circles). From this figure it is clear that the specific surface
area has a distinct influence on the initial setting time since the smaller the specific surface area,
the longer initial setting time is obtained.
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Figure 4 — The initial setting times as a function of the specific surface area (obtained by
replacing M with different weight fractions of H as given in thefigure). The dotted line
displays the curve fitting by equation 1 (also given in thefigure). T = 20°C.

4. Discussion

4.1 pH dependence

Even if the hydration mechanism is poorly understood [1], it is generally believed that the
hydration process of GGBS materials occurs in several steps and starts with the wetting and
(partly) dissolution of slag particles. At this stage of the process there is a destruction of slag
bonds, such as Ca-O, Mg-0O, Si-O-Si, Al-O-Al and Al-O-Si, and the dissolved ions migrate out
of the slag material into the liquid phase surrounding the particles [33]. Thereafter a Si-Al layer
is formed on the surface of the slag particles and subsequently the C-S-H gel is developed [34].
During this so-called dissolution phase, the bond breaking and the following diffusion of ions
should be highly dependent on their solubility (and consequently on the pH [35]). A higher
solubility would thus result in a higher content of dissolved and diffusing ions.

For alkali-activated GGBS materials the solubility of different ions, as a function of pH, was
previously studied by investigating the pore solution as a function of hydration time. It was
found that the solubility of Si, Ca, Al and Mg is strongly dependent on the pH [36] at all times
during the hydration process. In Ref [36] it was furthermore shown that for pH values higher
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than 11.5 the concentrations of Si and Al are increasing whereas the concentrations of Ca and
Mg are decreasing. Since both the silica content [37] and pH [36] affect the formation of C-S-H,
it was suggested that the solubility of silica, and then consequently the pH, is the most important
factor for alkali-activation of GGBS [36].

The pH seems thus to be a possible candidate for determining the initial stage and setting time of
alkali-activated GGBS materials. If so, keeping water, sodium and silica contents, (and thereby
the water glass modulus n) of the alkali-activating solution unchanged, but reducing pH, should
have a noticeable influence on the initial setting time. Therefore, two pH adjusted water glass
solutions were prepared and used for the activation. For this experiment the water glass used for
the activation of the M35 (n = 0.84, pH 13.98) sample was pH adjusted, by hydrochloric acid
(HCI) or nitric acid (HNO3), to about the same value as the pH of the solution used for
activating the M15 sample (n = 1.69, pH 13.3). Thus, the value of the modulus was kept at n =
0.84 but the pH was adjusted to 13.3. If the pH is the main determining parameter, the initial
setting time of these samples should be the same as for the sample activated by the solution of
the higher modulus (n=1.69). However, as can be observed in Fig 2, where the initial setting
times for the HCI and HNO3; adjusted samples are shown by an open square and a cross,
respectively, this seems not to be the case. Even if the initial setting times are somewhat reduced
for samples activated by the pH adjusted solutions, they are still far from that of the M15
sample. Thus, even if the pH of the alkali-activating solution has a large influence on the
solubility of ions it seems not to be the main responsible parameter, at least not the only decisive
factor, for the initial setting time. It should be noted that the addition of chloride ions CI" (from
the addition of HCI) might induce structural changes of the water glass [38]. However, since
similar initial setting times are obtained for both samples, independent on the type of acid used
for the pH adjustment, this seems to be a minor problem. It should also be noted that for
ordinary Portland cement (OPC), both chloride and nitrate ions may accelerate the hydration
process [33, 34] but as shown from this study, for alkali-activated GGBS materials this
acceleration effect appears not to be significant compared to the effect of the water glass
modulus.

Another explanation for the different behaviors of the initial setting time for samples activated
with water glass of various moduli could be that the change of modulus, by the addition of
NaOH, not only affects the pH of the solution (and the dissolution phase), but also the
microstructure of the solution itself. The structure of water glass is known to be strongly
dependent on, for instance, the pH and the silica content [39]. Increased pH results in smaller
particles sizes with decreased number of Si-O-Si bridges, with an increased viscosity as a
consequence. Thus, for water glass of higher pH there are indications that larger silica
particles/aggregates break up into smaller units [39], which most likely influences how fast slag
ions can interact with the silicate units, i.e. the silicate anions.

4.2  Water glassmodulus (n) dependence

The addition of NaOH to water glass does not only change the pH but also the modulus n, and
the structure and viscosity of water glass solutions. In a previous investigation [38], it was
shown that the viscosity of water glass is extremely dependent on the modulus. Of interest for
this study is that the viscosity increases as the solution is either more siliceous or more alkaline,
i.e. at both lower and higher moduli. Thus, at a certain value of the modulus, a viscosity
minimum of the water glass was found. Interestingly, the value obtained for the minimum was n
= 1.8 [38], which is close to the value where the pH shows an inflection point, as shown in Fig.
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5. Since this is also the concentration where the fastest initial setting time of our series of M-
samples, i.e. M10 (n = 2.07) is obtained (see Figure 2), one might speculate that the initial
setting time to a large extent is dependent on the viscosity of the solution used for the activation
[40].
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Figure 5 — A) pH values of the solutions used for the sample preparations and the pH value
of the as received solution (n = 3.35). B) Theinflection point in pH isfound at n = 2.07, as
shown by the derivative curve.

In Fig. 6 the concentration of dissolved calcium ions for some of the investigated samples, as
determined by ion chromatography (IC), is shown. It can be observed that the largest fraction of
these ions is found in the same sample composition as the one for which the fastest initial setting
time is obtained, i.e. the sample M10 (n = 2.07). Thus, in the sample M10, the highest amount of
calcium ions are available for the structure development of the hydration product. Since the
solubility of alkali-hydroxides decreases with increased pH [35], this behavior should mainly be
dependent on how easy (and fast) dissolved ions are transported out from the solid particle
surface into the surrounding liquid. Accordingly, the amount of dissolved calcium ions in the
solution should be highly dependent on the viscosity of the solution, which in turn, should have
an influence on the initial setting time. This suggestion would then be in agreement with
previous studies that have shown that the viscosity of the activating solution has a large
influence on the initial setting time and hydration process of alkali-activated GGBS [17, 29, 41].
More specific, the early reaction of alkali-activated mineral materials is diffusion controlled [29,
41], and therefore also dependent on the viscosity of the initial mixture [17].

A similar modulus dependence of the initial setting time was previously observed [42] for
GGBS activated by water glass of three different moduli (n = 1.6, 2.0 and 2.4). In agreement
with the results from this study, the fastest initial setting time was also in that study obtained for
the sample activated by water glass of modulus n = 2.0 whereas both lower (n = 1.6) and higher
(n=2.4) moduli resulted in longer initial setting times. In that study [42] isothermal calorimetric
scans were combined with results obtained by the Vical method and it was shown that both the
initial and final setting times, as well as the heat evolution during the hydration, were influenced
by the modulus of the activator. Since alkali-activation is known to be highly dependent on both
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the chemical composition of the binder material and the activator concentration, the results from
Ref [42], in combination with the present findings, imply that the setting time of GGBS must be
extremely dependent on the water glass solution used for the activation. Actually, a similar
conclusion was previously drawn from a study in which it was shown that the initial stage of the
gelation process of alkali-activated materials is determined by the structure of the water glass
used for the activation [43]. However, since the structure of water glass is dependent on the pH
of the solutions [39], more detailed measurement on the molecular arrangement in such liquids
are needed to elucidate if it is the structure or the pH of the liquid that is the most important
parameter for the initial setting time of alkali-activated materials.
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Figure 6 — The concentration of dissolved calciumions during thefirst stage in the
hydration process, i.e. in the dissolution phase.

4.3  Particle size dependence

Fig. 3 gives an indication on that the initial setting time is dependent on the specific surface
area. Although the calcium content in the G-samples is higher than in the M-samples (see Table
1), the smaller specific surface area of the G-material most likely limits the availability, and
thereby also the dissolution, of calcium ions from the solid material, which is necessary for
building up the initial network of hydration products. As a consequence, a smaller specific
surface results in a longer initial setting time.

From the results shown in Fig. 3 it can also be observed that the difference in initial setting
times between the M and G-samples decreases with decreasing moduli of the activating
solution. For samples activated with water glass of moduli n = 2.07, 1.69 and 1.17, the initial
setting time differs by a factor of 2.6, 1.8 and 1.4, respectively. For alkali-activated cementitious
materials it has previously been shown that a larger specific surface needs more hydration water
[5] and a possible explanation for the reduced difference might then be that the finer slag
particles (i.e. the larger specific surface area) in the M-samples can absorb more water on the
surfaces. The larger amount of absorbed water should, in turn, result in that the fraction of free
water, in the solution, is decreased for these samples. Since characteristics, such as structure and
viscosity, of water glass are known to be dependent on the water content [38], the fraction of
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water in the solution should also have an influence on the initial stage of the alkali-activation.
Thus, with decreasing water glass modulus, the viscosity of the M-samples most likely increases
faster compared to that of the G-samples. Since the initial stage of the hydration process, and the
subsequent development of hydration products, is dependent on the diffusion of ions, an
increased viscosity would result in a slower diffusion. This should, in turn, result in a longer
initial setting time. As a consequence, the faster increase in the initial setting time of the M-
samples should reduce its difference from that of the G-samples.

By keeping the solution at a constant modulus and successively increasing the particle size by
replacing parts of the M-material with the H-material, it is obvious that the increased particle
size results in an increasing initial setting time, as shown in Fig. 4. This behavior is expected
since the initial setting time should be related to the initial flow, that previously has been shown
to be dependent on the fineness of the material [20]. In that previous study it was shown that an
increase in fineness of the slag particles leads to a decreased initial flow, which most likely has
an effect on the rate of chemical reactions [44] during the initial stage of the hydration process.

The initial setting time is found at the point at which the material loses its plasticity during the
initial stage of the hydration. This time, here denoted t, is related to the development of a
specific quantity of hydration products, which in turn is dependent on the reaction rate when the
volume is constant [44]. Since the initial setting time also is dependent on the rate of dissolution
of ions from the GGBS material, and how fast calcium ions can react with anions (or groups of
anions) from the activator [33], the initial setting time and the solubility of GGBS ions should be
interrelated. Consequently, it is reasonable to assume that the amount of dissolved calcium ions
from the dissolution of GGBS particles, and thereby the concentration of calcium ions in the
mixing solution, is a function of the specific surface Sof the slag.

Considering a chemical reaction that takes into account both a lower and a higher limit for an
initial setting time, we can derive the following relationship betweentand S

1 A-B
t=EIn£—S_ Bj (1)

where k is the kinetic coefficient of the chemical reaction and A and B are the constants
describing the higher and lower limit of the specific surface area, respectively . By curve fitting
the present results (see Fig. 4), it is found that k = 4.7 x 102 min™, A = 7100 m?g and B = 3900
m?/g. This indicates that, for this specific chemical composition of the GGBS material, no initial
setting time occurs for specific surface areas below 3900 m?/g whereas for specific surface areas
above approximately 7100 m?g, the initial setting time will occur almost instantaneous. It
should be noted that the particle size, and thereby the specific surface area, is changed during
the dissolution process. This effect is not taken into account in this relatively simple
relationship.

4.4  Water content dependence

During the hydration process, GGBS particles are gradually dissolved, hydration products
nucleate on the particle surfaces and particles are bound together in clusters. Subsequently, a
network is formed throughout the material and the material changes from a viscous liquid, in
which particles are dissolved, to an interconnected solid phase. In analogy with the hydration
process of ordinary Portland cement [45], this point can be considered as a solid percolation
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threshold at which the initial setting occurs. For alkali-activated cementitious materials it has
previously been shown that a larger specific surface is more reactive and needs more hydration
water [13]. This can most likely be explained by the water-to-binder ratio having an influence
on the amount of hydration product that is needed for the formation of the percolating solid
network in a similar way as previously has been described for cement [45]. In Ref [45] it was
furthermore shown that for cement of higher water-to-binder ratios, larger amounts of the
hydration product is needed for formulation of the percolating solid network directly related to
the initial setting time.

By the replacement of the M-material with larger particles, as in the H material, the effective
water content is changed. For instance, the effective water concentration of the sample with 25
wit% replacement of M with H can be approximated by 0.5/0.75 = 0.667, where 0.5 is the water-
to-binder ratio. Figs. 2 and 4 (closed squares) show that the increased initial water content has a
relatively large effect on the initial setting time. In addition, it can be observed that the initial
setting time cannot completely be explained by the increase in effective water content. Thus, the
H fraction dependent increase of the initial setting time is not entirely due to the increased
effective water content. Rather it has to be explained by the decrease in total specific surface.

5. CONCLUSIONS

The results from this study show that the initial setting time of GGBS, alkali-activated by water
glass of various moduli, is dependent on the particle size of the GGBS material and the specific
modulus of the water glass, which are both parameters that have an influence on the viscosity of
the activated mixture.

e The pH may not be a decisive parameter for the initial setting time but just a
consequence of the addition of sodium hydroxide, which, in turn, determines the
modulus of the water glass and the dissolution of ions from the slag. The amounts of ions
are important for the structure and strength development.

e The modulus of water glass has a strong influence on the hydration rate, i.e. the rate for
building up the gelation network. This is probably due to its effect on the viscosity of the
water glass, which is also dependent on the portion of free water in the mixture.

e The particle size determines the concentration of dissolved calcium ions necessary for
the development of the hydration product, and the fraction of free water in the solution.
The latter also affects the viscosity of the initial mixture.
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