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Marija Nedeljković * , Zhenming Li and Guang Ye

Microlab, Faculty of Civil Engineering and Geosciences, Delft University of Technology, Stevinweg 1,
2628 CN Delft, The Netherlands; Z.Li-2@tudelft.nl (Z.L.); G.Ye@tudelft.nl (G.Y.)
* Correspondence: M.Nedeljkovic@tudelft.nl; Tel.: +31-(0)152-782-290

Received: 10 October 2018; Accepted: 26 October 2018; Published: 29 October 2018
����������
�������

Abstract: The engineering properties of alkali activated materials (AAMs) mainly depend on the
constituent materials and their mixture proportions. Despite many studies on the characterization
of AAMs, guidelines for mixture design of AAMs and their applications in engineering practice
are not available. Extensive experimental studies are still necessary for the investigation of the role
of different constituents on the properties of AAMs. This paper focuses on the development of
alkali-activated fly ash (FA) and ground granulated blast furnace slag (GBFS) paste mixtures in order
to determine their suitability for making concretes. In particular, the influence of the GBFS/FA ratio
and liquid-to-binder (l/b) ratio on the slump, setting, strength, and autogenous shrinkage of the alkali
activated pastes is studied.It is shown that fresh properties largely depend on the type of precursor
(GBFS or FA). The slump and setting time of GBFS-rich pastes was significantly reduced. These pastes
also have higher compressive strength than FA-rich pastes. The study identifies important practical
challenges for application of the studied mixtures, such as the behavior of their flexural strength and
high amplitudes of autogenous shrinkage of GBFS-rich mixtures. Finally, the optimum GBFS/FA
ratio for their future use in concretes is recommended.

Keywords: alkali-activated pastes; slag content; workability; setting; compressive and flexural
strength; autogenous shrinkage

1. Introduction

Cement-based concrete is used as a main material for infrastructures and buildings. Concrete
structures have been shown to be safe and durable, and this was one of the most important criteria
for their design and use in the past. Nowadays, however, the sustainability requirements present
the main challenge for the concrete construction industry [1,2]. More specifically, there are several
aspects that should be considered and improved in the current cement-based concrete production.
Most important are high CO2 emissions and high energy consumption due to CaCO3 calcination
for cement production [3–5]. Currently, the cement industry accounts for approximately 5–8.6% of
the global CO2 emissions [1,6,7]. The regulations on the permissible level of emission of CO2 make
it necessary to innovate and improve the energy efficiency and provide environmentally friendly
alternatives for the cement industry. To fulfil sustainability criteria of reduced CO2 emissions, low
CO2-emission cements are needed. Furthermore, production of waste from various industrial processes
is a concern as most of the waste cannot be landfilled and thus presents a burden for both its producer
and the environment [8]. Replacement of ordinary Portland cement (OPC) with supplementary
cementitious materials (SCMs) [9] is one of the possibilities to reduce the environmental impact of
OPC production.
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Commonly, SCMs are by-products from industrial processes, such as fly ash (FA) from coal-fired
electricity production and ground granulated blast-furnace slag (GBFS) from steel production [10].
The extent of replacement of OPC is limited by the composition and reactivity of the SCMs [9]. In fact,
FA and GBFS can completely replace OPC by taking advantage of alkali activation [4]. In this case,
alkali activated materials (AAMs) are produced [11].

Today a lot of research has been devoted to the development and characterization of AAMs [12–35]
to promote their use because of their “green” nature. So far, AAMs are increasingly used for
non-structural applications. The widespread use of AAMs in structural applications is limited by lack
of standards and understanding of their long-term behaviour [11,36,37]. Furthermore, a number of
open questions still exist with regard to mixture design of AAMs.

In the mixture design of AAMs, the most-used raw materials are FA, GBFS, and metakaolin.
Factors that are broadly studied for mixture design of alkali-activated systems are the properties of:

• raw materials (chemical composition [38], reactivity, surface area [39], particle size
distribution [40], and loss on ignition) and

• alkaline activators (alkali concentration, viscosity of activator, pH of activator, water-to-solid ratio,
modulus, and dosage of alkaline activator).

A relatively high proportion of silica (SiO2), or the sum of SiO2, alumina (Al2O3), and iron (III)
oxide (Fe2O3), is needed to ensure that sufficient potentially reactive glassy material is present in FA.
When FA with a high CaO content is activated in an alkaline environment, the effect of a high calcium
concentration typically leads to the acceleration of the rate of reaction. In a pozzolanic reaction between
FA and Ca(OH)2 or calcium silicate phases in OPC-based paste, the early reaction may be so rapid
that it will be unsuitable for applications that require longer workability or setting time. Therefore,
FA Class F is preferred in OPC-based materials and alkali activated binders due to the high content of
amorphous aluminosilicate phases and low CaO content [41].

Fernandez-Jimenez et al. [40] observed that the fineness of FA has an important effect on the
development of the compressive strength of alkali activated systems. It was reported that when the
mean particle size was lower than 45 µm, strength increased remarkably, reaching 70 MPa after 1 day.
Beside the mean particle size, Van Jaarsveld et al. [15] reported that the surface charge on the FA
particle affects the initial setting properties of an alkali activated FA.

Challenges regarding casting, such as fast setting time and harsh workability, are well-known
for alkali-activated GBFS-rich pastes [42]. This behaviour originates from the amorphous nature
of GBFS and high Na2O concentration of alkaline activator normally used for the activation of
GBFS [43–45]. The development of the compressive strength of pure GBFS-based pastes also depends
significantly on the type of activator [46]. For instance, GBFS pastes activated with NaOH develop a
higher compressive strength at early ages compared to GBFS pastes activated with hydrous sodium
metasilicate Na2SiO3·5H2O. In contrast, these pastes have higher compressive strength than ones with
NaOH at later ages [46].

The importance of flexural strength has been demonstrated by Ma [33] and Wardhono et al. [47].
It was observed that the flexural strength of AAMs varied widely with the type of precursor
(FA or GBFS) and composition of the alkaline activator. It was reported that at early ages, the flexural
strength increased; however, it decreased for some of the investigated mixtures at later ages [33].
More recently, Wardhono et al. [47] reported an increase of the flexural strength for alkali-activated
FA-based concrete over time, while the reduction of flexural strength was observed for alkali-activated
GBFS-based concrete. In both studies, References [33,47], compressive strength increased irrespective
the mixture type.

Although there has been extensive research regarding the factors influencing the workability,
setting time, and development of the mechanical properties of pure alkali-activated FA and pure
alkali-activated GBFS, little attention has been paid to these properties of blended FA and GBFS
mixtures. Furthermore, regarding the volume change, the autogenous shrinkage may be more
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problematic than drying shrinkage for alkali activated mixtures [48,49]. The autogenous shrinkage
develops fast at an early age when the strain capacity of the concrete remains low and may lead to
microcracking. In order to better understand material properties of alkali activated binders, the present
paper focuses on the influence of the GBFS/FA ratio and liquid-to-binder (l/b) ratio on the workability,
setting time, compressive strength, flexural strength, and autogenous shrinkage of the alkali activated
pastes. A set of different mixtures for selecting an optimum GBFS/FA ratio for concrete design was
studied. In addition, an attempt was focussed on identifying the cause of wide deviations for flexural
strength results.

2. Materials and Paste Mixture Design

2.1. Raw Materials

The raw materials used in this study were GBFS from ORCEM (Moerdijk, The Netherlands)
and FA from VLIEGASUNIE BV (Culemborg, The Netherlands). GBFS had a specific gravity of
2890 kg/m3, while FA had a specific gravity of 2440 kg/m3. The chemical composition of the GBFS
and FA determined with X-ray fluorescence (XRF) is given in Table 1. XRF measurements were carried
out with a PANalytical’s Epsilon 3XLE spectrometer (Malvern Panalytical Ltd., Malvern, UK) equipped
with a rhodium X-ray source, the silicon-drift detector with a 135 eV resolution at 5.9 keV/1000 cps.
Two to three grams of FA/GBFS powder was poured in a 32 mm spectra cup fitted with a bottom of
stretched 4 µm prolene film held with a concentric ring. Sulphur (S) was determined with an Eltra
Sulphur analyser (ELTRA GmbH, Haan, Germany). Loss on ignition (LOI) was determined with a
LECO Thermogravimetric Analyser (TGA701) (LECO Corporation, St. Joseph, MI, USA). The negative
LOI value in GBFS is related to the oxidation of sulfur rich compounds in the GBFS. The LOI of FA is
related to the unburned carbon content.

The GBFS had a higher proportion of CaO and MgO and lower proportions of SiO2, Al2O3,
and Fe2O3 compared to FA. The basicity coefficient (Kb = (CaO + MgO)/(SiO2 + Al2O3)) for GBFS was
0.98, which nearly complies with the neutral type of GBFS (Kb = 1.0). The neutral GBFS is preferred for
alkali activation as shown by Chang [43]. The hydration modulus according to a formula proposed
in Reference [43] (HM = (CaO + MgO + Al2O3)/SiO2) of GBFS was 1.73. This was higher than the
required value of 1.4 for good hydration properties of GBFS [43]. The FA complied with Class F FA
(EN 450, ASTM C618) since it had low CaO content (≤10% reactive CaO, EN 450) and SiO2 + Al2O3 +
Fe2O3 ≥ 70%.

Table 1. Chemical composition of GBFS and FA measured with XRF [%].

Raw Material SiO2 Al2O3 CaO MgO Fe2O3 S Na2O K2O TiO2 P2O5 LOI

GBFS 35.5 13.5 39.8 8.0 0.64 1.0 0.4 0.53 1.0 0.00 −1.3
FA 56.8 23.8 4.8 1.5 7.20 0.3 0.8 1.60 1.2 0.51 1.2

The particle shape of GBFS and FA was studied with a Philips-XL30-ESEM environmental
scanning electron microscope (FEI, Eindhoven, the Netherlands) in backscattered electron mode
(ESEM-BSE). The raw GBFS particles had clear edges and angles as shown in Figure 1. This was due to
inter-impacting and inter-rubbing between steel balls in the ball mill as GBFS needs to be processed
with a ball mill. On the other hand, the raw FA particles consisted of individual and agglomerated
spheres of different sizes. A large quantity of FA spheres were hollow, known as cenospheres or
floaters, which were very light and tended to float on water surface [10]. FA also contained small
spherical particles within a large sphere, called pherospheres [10] as indicated by red arrows in Figure 1.
The external surfaces of the solid and hollow spherical particles of low-CaO FA, as FA in this study,
were generally smoother than those of high-CaO FA, which may have surface coatings of material rich
in CaO [10].
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centred around 31° 2θ. In contrast to GBFS, FA also contained crystalline phases, such as mullite, 
quartz, and hematite, alongside the amorphous phase. 

0

20

40

60

80

100

1 10 100

Cu
m

ul
at

iv
e 

vo
lu

m
e 

[%
]

Particle size [µm]

GBFS
FA

Figure 1. ESEM-BSE images of GBFS (left) and FA (right) particles.

Figure 2 shows the particle size distributions of GBFS and FA, which were measured with
an EyeTech Laser diffraction analyser (Ankersmid International, Oosterhout, The Netherlands).
An external ultrasonic bath was used for the deagglomeration of the particles, in order to increase the
dispersion efficiency. The d50, which represents the particle size of a cluster of particles, was 19 µm for
GBFS, while for FA, d50 was 21 µm. According to the literature, the dissolution of GBFS is dominated
by small particles. Particles >20 µm react slowly, while particles <2 µm react completely after 24 h in
blended cements and in alkali-activated binders [50,51].
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Figure 2. Particle size distributions of GBFS and FA as measured with a laser diffraction analyser.

The mineralogical composition of GBFS and FA was studied with X-ray diffraction (XRD).
XRD diffractograms of GBFS and FA were acquired using a Philips PW 1830 powder X-ray
diffractometer (FEI, Eindhoven, The Netherlands), with Cu Kα (1.789 Å) radiation, tube setting
40 kV and 40 mA, step size of 0.030◦, rate of 2.0 s per step, and 2θ range of 10–70◦. The amorphous
phase was dominant in GBFS (see Figure 3). The presence of the amorphous phase can be recognized
by the broad hump centred around 31◦ 2θ. In contrast to GBFS, FA also contained crystalline phases,
such as mullite, quartz, and hematite, alongside the amorphous phase.
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2.2. Alkaline Activator

The alkaline activator composition was selected and modified based on the work of
Marinković et al. [52]. The Na2O concentration of alkaline activator was reduced from 9.5 wt%
to 4.8 wt%, and modulus (n = SiO2/Na2O) was reduced from 1.91 to 1.45. In contrast to the
previous studies [52,53], the Na2O concentration was reduced significantly for this study because of
environmental reasons and high costs for the alkaline compounds. Furthermore, the composition of the
alkaline activator was set according to recommendations from earlier studies [39,54,55]. Wang et al. [39]
demonstrated that the sodium silicate solutions with moduli of 1–1.5 gave the best strengths regardless
of curing conditions and type or fineness of GBFS. The authors also suggested that the optimum
Na2O concentration was likely to be within the range of 3.0–5.5% Na2O by the GBFS weight [39,55].
Finally, the alkaline activator was synthetized by mixing anhydrous pellets of sodium hydroxide with
deionized water and sodium silicate solution in a 1:1 weight proportion. A 4 M sodium hydroxide
solution was used. The chemical composition of sodium silicate solution was: 27.5 wt% SiO2, 8.25 wt%
Na2O, and 64.25 wt% H2O.

2.3. Mixture Design

In this study, the baseline was a constant liquid-to-binder ratio, while the FA/GBFS ratio was
varied in the mixture design of the pastes. Note that mixtures might not have had an optimized
activator composition for a specific FA/GBFS ratio. An additional requirement was that all mixtures
were suitable for casting. The mixtures included individual and blended systems. The individual
systems were alkali-activated FA (S0) and alkali-activated GBFS (S100). Blended systems were
alkali-activated FA/GBFS mixtures with the following ratios: 70:30, 50:50, and 30:70 wt%, named S30,
S50, and S70, respectively. In addition to different FA/GBFS proportions, the liquid/binder (where
“binder” is defined as the FA and/or GBFS content) mass ratio was varied, as 0.4 and 0.5, to examine
the effect of different liquid-to-binder ratios on the workability and setting time. All mixtures were
designed with the alkaline activator composition defined in Section 2.2. Alkaline activator was
prepared 24 hours prior to casting in order to cool down to ambient temperature. The synthesis of
alkaline activator initially releases heat and 24 h is needed for heat dissipation and dissolution of
NaOH in the solution. The pH of the activator was 14, as measured using an 827 Metrohm pH meter
(Metrohm, Herisau, Switzerland). The detailed mixture design is given in Table 2. The workability and
setting time were compared between alkali-activated pastes and the ordinary Portland cement (CEM I
42.5 N) paste.
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Table 2. Mixture design with respect to 100 g of binder.

Mixture FA GBFS CEM I m(SiO2)/
m(Na2O)

m(Na2O)/
m(binder)

l/b
(i)

l/b
(ii)

S0 100 0

- 1.45 4.8 0.4 0.5

S30 70 30
S50 50 50
S70 30 70
S100 0 100

CEM I 100 - -

2.4. Experimental Programme

2.4.1. Workability

The properties of fresh mixtures were determined by testing their workability and the setting
time. The workability of mixtures was tested using the mini-slump spread test as recommended
by Tan et al. [56]. The raw material was first premixed for 3 min prior to mixing with the alkaline
activator. For each mini-slump test, 400 g of raw material was mixed with the alkaline activator in a
glass cylindrical container (diameter 10 cm and height 15 cm) for 2 min by hand. The fresh mixture
was poured into a slump cone with a top inner diameter of 36 mm, a bottom inner diameter of 90 mm,
and a height of 90 mm. The cone was placed in the center of a square smooth glass plate. After filling
it with the fresh mixture, the cone was lifted and the mixture subsided. The average spread of the
mixture, as measured along the two diagonals and two median directions, was recorded.

2.4.2. Setting Time

With the addition of the alkaline activator to the raw materials (FA/GBFS) the chemical reaction
started and the alkali-activated paste began to stiffen, accompanied by heat release. In cement-based
pastes, the setting was a percolation process. In this process, isolated or weakly-bound particles are
connected through the formation of reaction products so that solid paths are formed in the hardening
pastes [57]. Hence, the setting of pastes will depend on factors that affect the connectivity between
particles such as the liquid-to-binder ratio [58]. It is assumed that the same mechanism of setting was
valid for alkali-activated pastes. However, different setting times were expected for alkali-activated
pastes. The initial and final setting times of the alkali-activated FA and GBFS pastes were measured
using an automatic recording Vicat needle apparatus according to NEderlandse Norm-European Norm
(NEN-EN) 196-3 [59]. In practice, the initial setting indicates the loss of workability and the beginning
of the stiffening of the paste or concrete [60]. Setting time tests were conducted at 20 ◦C and 50%
relative humidity (RH). Pastes were prepared according to the mixture design in Table 2 and cast in
the same way as for the workability tests. The fresh mixtures were placed in the standard truncated
cone (40.0 ± 0.2 mm deep with internal diameters at top and bottom of 70 ± 5 mm and 80 ± 5 mm,
respectively). According to the NEN-EN 196-3, the initial setting time is the time elapsed between
“zero time” (the time when the alkaline activator is mixed with raw material) and the time at which the
distance between the needle and the base plate was 6 ± 3 mm. The final setting time was the elapsed
time, measured between the “zero time” and the time when the needle first penetrated only 0.5 mm
into the paste.

2.4.3. Calorimetric Measurements

When FA and GBFS are in contact with the alkaline activator, FA and GBFS react and consequently
generate heat. The heat evolution was investigated using isothermal conduction calorimetry in
accordance with ASTM C1679 [61]. All raw materials were preconditioned at an ambient temperature
of 20 ◦C to avoid any temperature difference with the measurement temperature (20 ◦C). The mixtures
were prepared by mixing the raw material and alkaline activator externally. About 3 min later,
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the mixture is placed into the calorimeter (TAM-Air-314). Two samples were measured simultaneously
per mixture. The amount of heat release was recorded and the cumulative heat was calculated up to
one week.

2.4.4. Mechanical Properties

To investigate the effect of different FA/GBFS and liquid-to-binder ratios on the development
of the mechanical properties of pastes, flexural and compressive strength were tested. A HOBART
mixer was used for mixing 3-liter batches. After premixing the raw material, the alkaline activator was
added at low speed mixing. Mixing continued at low speed for 1 min and for 2 min at high speed.
The fresh mixtures were cast in steel prisms molds (40 × 40 × 160 mm3). The molds were first covered
with a thin layer of oil as a demolding agent. Subsequently, filled prisms were covered with a thin
plastic sheet. Samples were demolded 24 h after casting and further cured unsealed in a fog room at
20 ◦C and RH ≈99%.

First, the three-point flexural bending test was performed on 40 × 40 × 160 mm3 specimens
according to the NEN-EN-196-1 [62]. Three specimens were tested per age. Two halves of the specimen
were then used for testing the compressive strength. The compressive strength was calculated as an
average value of six samples. Then, the mean values and standard deviations were calculated for each
set of data.

2.4.5. Autogenous Shrinkage

The autogenous shrinkage was tested using the corrugated tube method. The measurements
started after the final setting time of the pastes (determined using a Vicat needle test), according to the
ASTM standard C1698-09. Three corrugated tubes of 440 mm in length and 28.5 mm in diameter were
tested for each mixture. The specimens and test instrument were immersed in glycol in a box where the
temperature was kept at 20 ± 0.1 ◦C with the help of a cryostat. The autogenous shrinkage of specimens
was recorded every 5 min using linear variable differential transformers (LVDTs). The autogenous
deformation of parallel samples had a similar trend with a deviation of less than 50 microstrains;
therefore, only one typical curve for each mixture will be presented.

3. Results and Discussion

3.1. Workability

The flow of the fresh paste mixtures was reduced with increasing GBFS content. Figure 4 shows
the loss of workability for mixtures S70, S100, and CEM I with l/b = 0.4 (indicated by the red arrow).
The high specific surface area and high chemical activity of GBFS required a larger amount of water
than FA particles [10]. Hence, the workability and the setting time, as shown in the next section,
decreased for GBFS-rich pastes. With the increase of GBFS, the liquid demand clearly increases in
accordance with research of Reference [10]. Therefore, in order to maintain good consistency of the
mixture, the l/b ratio was changed to 0.5. The spread diameter increased for all pastes with l/b = 0.5
compared to pastes with l/b = 0.4.

In cement-based pastes, the water content has a dominant role in controlling workability [10],
as demonstrated for CEM I pastes (see Figures 5 and 6iii). In contrast, for alkali-activated pastes,
not only the liquid-to-binder ratio, but also the particle shape has a significant influence on the
spread diameter. The replacement of GBFS by the same mass of FA improved the workability.
The spherical shape and smooth glassy surface of FA particles (Figure 1) promote sliding of the
particles. This reduced frictional forces between angular particles, which is known as the “ball bearing
effect” [63]. Furthermore, the addition of FA improved the flowability due to the packing effect.
The packing density of the paste increased and the water retained inside the particle flocs decreased.
This was again due to the spherical shape of FA, which minimized the particle’s surface to volume
ratio, resulting in a low fluid demand. A spherical shape, out of all 3-D shapes, provides the minimum
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surface area for a given volume [64]. In addition, a lower specific gravity of FA (2.44 g/cm3) than that
of GBFS (2.9 g/cm3) or CEM I (3.0 g/cm3) contributed to higher flowability of the FA/GBFS pastes.
This was supported by the measurements of the density of pastes in a fresh state. The fresh state density
was evaluated through the weight determination of a specific paste volume. The results are shown
in Figure 7. It can be seen that the density increased with increasing GBFS content. Consequently,
the flowability of the GBFS-containing pastes decreased (see Figures 5 and 6i).
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A similar spread diameter was measured for both alkali-activated FA pastes, with l/b = 0.4 and
l/b = 0.5 (Figure 4, paste S0). In contrast to alkali-activated FA paste (S0), alkali-activated GBFS paste
(S100) exhibited a higher consistency (compare Figure 5i,ii). The behaviour of alkali-activated GBFS
(S100) in terms of consistency is very similar to the CEM I paste (Figure 5iii). As for alkali-activated
GBFS (S100), a higher l/b ratio contributed to a stable slump and better filling of the cone without
improvement of the flowability (Figure 6ii). In contrast to paste S100, the workability of CEM I
paste was significantly modified, whereas the higher l/b ratio enabled better flowability (Figure 6iii
compared to Figure 5iii).
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Figure 7. Density of the pastes S0, S30, S50, S70, and S100 with l/b = 0.5 in the fresh state.

3.2. Setting Time

The influence of the l/b ratio and GBFS content on the initial and final setting times of
alkali-activated pastes are illustrated in Figure 8. In cement-based materials, setting is known as
stiffening without significant development of compressive strength, which usually occurs within a few
hours [65]. However, for alkali activated FA/GBFS pastes, it lasts 25–80 min (Figure 8). The setting
time of alkali activated pastes is noticeably affected by the l/b ratio of the pastes and GBFS content.
Both the initial and final setting time increased as the l/b ratio increased from 0.4 (Figure 8a) to 0.5
(Figure 8b). A negative linear relationship can be seen in Figure 8b between the final setting times and
increase of the GBFS content. The alkali-activated FA (S0) paste had a relatively long initial setting
time due to the slow rate of chemical reaction at a low ambient temperature [66]. The initial setting
time for the alkali-activated FA (S0) paste with l/b = 0.4 was 6 h, while with l/b = 0.5, it was 14 h (not
plotted in the Figure 8). As for CEM I 42.5 N (w/c = 0.5) paste, the initial setting is within 6 to 7 h
according to the literature [67].

Both initial and final setting time decreased with an increase of GBFS content, while all the final
setting times were less than 80 min. Given that the surface area of GBFS (2.54 m2/g) was higher than
of FA (1.73 m2/g), and the content of the amorphous phase in GBFS (99 wt%) was higher compared
to FA (68 wt%), it was expected that when dissolution took place, the GBFS would be more reactive
than FA. In addition, the presence of soluble silica affected the reaction kinetics by enhancing the
condensation process of dissolved GBFS. This resulted in stiff paste mixtures for S100, as demonstrated
in Figures 5 and 6ii. Consequently, the apparent viscosity of the fresh pastes with more GBFS was
observed to be higher than that of pastes that contain more FA, leading to a shorter setting time for
GBFS-rich pastes. This effect was demonstrated in the mixture even for smaller amount of GBFS,
i.e., below 30 wt% GBFS, as reported by Nath et al. [44].
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Figure 8. Initial and final setting time of pastes with different l/b ratios: (a) l/b = 0.4, and (b) l/b = 0.5.
The setting time for S0 paste was not plotted due to very long initial setting times (for l/b = 0.4 the
initial setting time was 6 h and for l/b = 0.5, it was 14 h).

To illustrate the effect of the liquid-to-binder ratio and binder composition on the setting time,
final setting times for pastes S30 and S100 were compared. The final setting time was 25 and 40 min
for pure alkali-activated GBFS pastes with l/b = 0.4 and l/b = 0.5, respectively, while the final setting
time was 55 and 80 min for paste S30 with l/b = 0.4 and l/b = 0.5, respectively. Due to the use of
highly alkaline solutions (pH > 14), the alkaline activation promoted the rapid precipitation of reaction
products from the pore solution in GBFS-rich pastes. The fine particle size distribution and high
specific surface area of GBFS, such as in the paste S100, accelerated the hydration process, which had a
“thickening” effect on the pastes. Hence, the apparent viscosity increased and the fresh grouts became
more viscous [68]. This promoted strength growth at early ages, as will be demonstrated in Section 3.4.
The effect of GBFS content on the initial setting time of the pastes (l/b = 0.5) will be further examined
in the next section by studying the rate of heat release.

3.3. Isothermal Heat Release of Pastes

The calorimetric heat release curves of alkali-activated pastes are shown in Figure 9. Figure 9a
shows the rate of heat release, while Figure 9b shows the cumulative heat release for alkali-activated
FA/GBFS pastes with l/b = 0.5. The calorimetric curves for the rate of heat release for all pastes
have two characteristic peaks except for paste S0. Similar calorimetric curves are observed for GBFS
activated by sodium silicate solution [27]. The first peak was observed within the first few minutes of
reaction. It corresponded to the wetting and partial dissolution of FA and GBFS. The second broad
peak occurred between 6.5 h and 17 h, which corresponded to the formation of reaction products [69].
The second peak did not appear for paste S0, meaning that none or a very little amount of reaction
products were formed in this paste.
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Figure 9. Calorimetric curves for the rate of heat release (a) and cumulative heat release (b) for
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The rate of heat release shows how fast the dissolution of FA and GBFS was (see Figure 9a).
The rate varied among pastes. It was higher for GBFS-rich pastes due to higher reactivity of GBFS.
Consequently, the cumulative heat release curves for alkali-activated pastes indicated more heat release
with increasing GBFS content (Figure 9b). The setting times of the alkali-activated mixtures agreed
well with calorimetry results. With increasing GBFS content, the setting time became shorter (Figure 8)
due to the fast formation of a large amount of reaction products in the GBFS-rich pastes (Figure 9a).

3.4. Mechanical Properties

3.4.1. Compressive Strength

S100 Paste

Figure 10 shows the influence of the l/b ratio on compressive strength for paste S100. It can be
seen that for both l/b ratios (0.4 and 0.5), compressive strength values were similar. The maximum
compressive strength for paste S100 was obtained after 14 days (see Figure 10). An extended curing
time in the fog room did not contribute to a further increase of the compressive strength. In contrast,
the curing time for obtaining the maximum compressive strength in OPC-based paste is around
60 days (84.5 MPa), as reported by Chindaprasirt et al. [70]. The comparison was based on similar
water-to-binder ratio (0.35 for OPC-based paste and 0.38 for paste S100). Table 3 presents an overview
of differences regarding gel properties in two pastes: S100 and OPC-based paste. The brittle behaviour
and high compressive strength of alkali-activated GBFS-rich pastes was assumed to be the result of
the combined effect of low porosity and dense packing of grains. Thomas et al. [71] reported that the
specific surface area of the alkali-activated GBFS pastes is about 25% higher than that of OPC-based
paste cured under the same conditions. Furthermore, the molar volume calculations indicated that
the atomic packing density is significantly higher in gel phases of alkali activated GBFS paste than in
OPC-based paste. Therefore, the presence of nanoparticulate building units in brittle materials gives
superior mechanical strength with regard to the bulk material, as shown by Knudsen [72].
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Figure 10. Compressive strength development for S100 paste.

Table 3. Properties of gel phases in alkali-activated GBFS paste and OPC-based paste.

Property Alkali-Activated GBFS,
w/GBFS = 0.38

OPC Paste [70],
w/OPC = 0.35

Ca/Si 0.84 1.4–1.6
Gel morphology Foil-like Fiber or honeycomb-like

Gel alkali binding capacity [75] Moderate Low
SANS specific surface area [71] High Low

Atomic packing density [71] High Low
Amorphous phase content at 28 days 99 wt% 76.2 wt%

Compressive strength at 28 days 112.7 MPa 77.6 MPa
Compressive strength at 60 days 113.0 MPa (maximum) 84.5 MPa (maximum)

FA/GBFS Blended Pastes

Figure 11 shows the influence of the FA/GBFS ratio on the compressive strength development for
pastes with l/b = 0.4. The results of the compressive strength imply that the addition of a small amount
of calcium into FA systems significantly improved their mechanical properties. By increasing the GBFS
content, the compressive strength increased during the first 90 days. After 1 year, the compressive
strength was nearly the same for GBFS-rich pastes: S70 and S100. A slight decrease of compressive
strength for pastes S50 and S70 could be observed at ages > 90 days. However, the level of decrease of
the compressive strength was within the bandwidth of the standard deviation. It can also be seen from
Figure 11 that the strength development at 1 year had stagnated for GBFS > 50 wt%. This suggests that
dissolution of raw materials between 90 days and 365 days was hindered. This is further confirmed in
Reference [73] by comparing the Na+ concentration from the pore solution between 28 and 365 days.
The Na+ concentration was not changed for pastes S70 and S100, supporting the strength stagnation.
The results for compressive strength of alkali activated pastes were in accordance with calorimetric
response of pastes. Alkali-activated FA-rich pastes have reduced cumulative heat release due to the
slower reaction of FA in the pastes compared to GBFS in GBFS-rich pastes. Consequently, FA-rich
pastes had a lower strength development.

S0 paste

For paste S0 (Figure 11), strength development was significantly limited by the low Na2O
concentration of the alkaline activator and due to the applied curing conditions, which for all pastes
were the same (unsealed curing conditions, 99% RH, 20 ◦C). Normally, FA requires much higher
Na2O concentration and elevated curing temperatures (>40 ◦C) in order to be dissolved [33]. This is
consistent with very low heat release of paste S0, shown in Figure 9.
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Figure 11. Compressive strength development for pastes with l/b = 0.4.

Figure 12 presents the compressive strength development for pastes with l/b = 0.5. The compressive
strength was slightly lower than for the pastes with l/b = 0.4, suggesting that the increase of the l/b
ratio did not significantly affect compressive strength development. The tendency of the strength
development followed the tendency of the cumulative heat release curves for the first 7 days (Figure 9).
Higher cumulative heat release of the GBFS pastes indicated their high compressive strength compared
to FA-rich pastes. In Figure 12, it can also be seen that with 70 wt% GBFS in the mixture, the compressive
strength after 1 year reached almost the same compressive strength as with 100 wt% GBFS. Compared
to respective pastes with l/b = 0.4, this time was 90 days. This implies that pastes with l/b = 0.4 had a
stagnation of the compressive strength, in particular for paste S100, as indicated in Figures 10 and 11.
The compressive strength development for pastes with l/b = 0.5 (see Figure 12) showed that the
studied pastes had satisfactory strength.
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3.4.2. Flexural Strength

Figure 13 shows the influence of the l/b ratio on the flexural strength development for paste
S100. The flexural strength increased during the first 7 days, whereas it decreased to a minimum at
28 days, for both l/b = 0.4 and l/b = 0.5. At a later age, i.e., at 90 days, the flexural strength for l/b = 0.4
increased, while for l/b = 0.5, it had no further change. Between 90 and 365 days, it decreased again
for l/b = 0.4, while it increased for l/b = 0.5, resulting in a strength of 3.5 and 4.0 MPa, respectively.
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Figure 13. Flexural strength development for S100 paste.

Figure 14 shows the influence of the FA/GBFS ratio on the flexural strength development for
pastes with l/b = 0.4. The flexural strength had a similar behaviour for pastes S30, S50, and S100,
while paste S0 and paste S70 showed a different behaviour. Similar to the compressive strength
development, paste S0 had a slow development of the flexural strength. For pastes with GBFS,
the scatter was significant and there was only an increasing tendency for paste S70. The flexural
strength development for pastes with l/b = 0.5 had different behaviour than for pastes with l/b = 0.4
(see Figure 15). It increased for pastes S30, S50, S70, while it decreased only for paste S100. The scatter
among different pastes with l/b = 0.5 was less noticeable in comparison with that in pastes with
l/b = 0.4.

Materials 2018, 11, x FOR PEER REVIEW  14 of 20 

 

while for l/b = 0.5, it had no further change. Between 90 and 365 days, it decreased again for l/b = 0.4, 
while it increased for l/b = 0.5, resulting in a strength of 3.5 and 4.0 MPa, respectively. 

 
Figure 13. Flexural strength development for S100 paste. 

Figure 14 shows the influence of the FA/GBFS ratio on the flexural strength development for 
pastes with l/b = 0.4. The flexural strength had a similar behaviour for pastes S30, S50, and S100, while 
paste S0 and paste S70 showed a different behaviour. Similar to the compressive strength development, 
paste S0 had a slow development of the flexural strength. For pastes with GBFS, the scatter was 
significant and there was only an increasing tendency for paste S70. The flexural strength development 
for pastes with l/b = 0.5 had different behaviour than for pastes with l/b = 0.4 (see Figure 15). It 
increased for pastes S30, S50, S70, while it decreased only for paste S100. The scatter among different 
pastes with l/b = 0.5 was less noticeable in comparison with that in pastes with l/b = 0.4.  

 
Figure 14. Flexural strength development for pastes with l/b = 0.4. 

0

2

4

6

8

10

12

14

0 60 120 180 240 300 360

Fl
ex

ur
al

 st
re

ng
th

 [M
Pa

]

Time [days]

S100

l/b=0.4

l/b=0.5

0

2

4

6

8

10

12

14

0 60 120 180 240 300 360 420

Fl
ex

ur
al

 st
re

ng
th

 [M
Pa

]

Time [days]

l/b = 0.4

S0
S30
S50
S70
S100

Figure 14. Flexural strength development for pastes with l/b = 0.4.

Large deviations of flexural strength evolution appeared in all alkali activated GBFS pastes,
specifically for the lower l/b ratio (see Figure 14). The large scatter is mainly due to the development
of microcracks, which were observed visually and microscopically. Microcracks were present at
both surfaces of the sample (Figure 16), but also inside the sample, as also observed by Collins and
Sanjayan [74], Ye et al. [75], Thomas et al. [71], and Hubler et al. [76]. Nevertheless, microcracks did not
influence the compressive strength. The larger the amount of reaction products, with the elapse of time,
resulted in higher compressive strength (see Figures 11 and 12). However, when the pastes were tested
during bending, microcracks played a significant role. In particular, the flexural fracture of pastes
could be affected due to small defects, such as surface drying shrinkage-induced and autogenous
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shrinkage-induced microcracking, compared to the mortar or even concrete, where these defects were
normally reduced due to the presence of aggregates and sample size. The autogenous shrinkage
amplitudes will be investigated in next section. The microcracks in GBFS-rich pastes, if connected,
could form preferential continuous pathways for mass transport and faster propagation of the water
or other compounds (e.g., O2 and CO2). For this reason, microcracks were expected to influence not
only the flexural strength but also the permeability of the material.Materials 2018, 11, x FOR PEER REVIEW  15 of 20 
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Figure 16. Visual observations of sample S100 surfaces. Samples were cured for 14 days (fog room,
at 20 ◦C and 99% RH) and subsequently removed to laboratory conditions, at 20 ◦C and 55% RH.
Arrows point to microcracks patterns, which are coloured in red. (The microcracks were most present
on the top surface, while on the other sides of samples their appearance was less).

Beside shrinkage-induced microcracking, the “defect density of unreacted material” could also
potentially be an explanation for the observed flexural strength behaviour. The concept has been
proposed by Duxson et al. [77] for metakaolin-based geopolymers with various Si/Al ratios. It is
related to the gel transformation and densification during geopolymerization. It is believed that the
defect density increases with an increase in the amount of unreacted material (which is a potential
reason for the larger scatter of the results with l/b = 0.4 compared to the results with l/b = 0.5,
since a larger amount of unreacted material was assumed to be present in pastes with a lower l/b
ratio). Consequently, with an increased defect density, the number of potential pathways to failure
increased accordingly. In addition, it was found that more labile species present in the pore solution
and gel nanostructure of AAMs with lower SiO2/Na2O ratio allowed for a greater degree of structural
reorganization and densification of the gel units prior to hardening [77]. The structural ordering of
these gel units, their interconnectivity, and their morphological, physical, and chemical changes over
time play a critical role in understanding the mechanical strength evolution. Further research is needed
to investigate and quantify this behaviour in alkali-activated FA/GBFS materials.
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3.5. Autogenous Shrinkage

According to the study of Ma and Ye [78], the autogenous shrinkage of pure FA-based
alkali-activated paste does not result in microcracking. Therefore, the autogenous shrinkage of
paste S0 was not measured in this study. Since l/b = 0.5 improved the workability of the paste without
harming the strength, the autogenous shrinkage of pastes with an l/b of 0.5 during the first 7 days was
further explored. As shown in Figure 17, mixture S100 had the highest autogenous shrinkage, reaching
more than 6000 microstrains at 7 days. On average, this value was 10 times higher than of cement
paste [29]. Namely, the formation of a large amount of reaction products in paste S100, as shown in
Figure 9b, caused large self-desiccation and high capillary pressure. These two factors were the main
driving mechanisms for such a high autogenous shrinkage [79]. The autogenous shrinkage decreased
with a decrease of GBFS. The shrinkage amplitude of 3700 microstrains was reached after 1 day for
paste S100, and at 7 days for paste S50. The activation of FA led to a lower autogenous shrinkage
due to the use of ambient temperature for curing of the specimens. This curing condition caused a
low degree of FA reaction [33], supported by low strength, as shown in Figure 12. It was assumed
that high autogenous shrinkage induces stresses and finally microcracks. This affected the flexural
strength results, as discussed in the previous section. The microcracks were expected to influence not
only the flexural strength but also the transport properties of the material. Since high autogenous
shrinkage may induce microcracking, the mixtures with low GBFS content are recommended for
further applications.
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4. Conclusions

The aim of this paper was to obtain mixtures with adequate workability, strength, and autogenous
shrinkage. The fresh properties and mechanical performance of the pastes have been studied for
different l/b ratios, different FA/GBFS ratios, and a constant alkaline activator composition. Based on
the experimental results and observations, the following conclusions can be drawn:

• The FA/GBFS ratio of the mixture significantly affected the workability, setting time,
and mechanical properties of alkali-activated pastes. Results showed that all pastes, except
pure FA paste (S0), exhibited high reaction rates and high mechanical strength due to large
amorphous content in both GBFS and FA.

• By studying the influence of different l/b, it was found that mixtures with l/b = 0.4 had a faster
initial setting time and stiffer consistency than mixtures with l/b = 0.5. The l/b ratio did not
significantly affect the compressive strength development. However, l/b = 0.5 improved the
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workability and provided a longer initial setting time for the pastes, which is one of the main
criteria for casting concrete.

• Regarding the rate of heat evolution of the mixtures, the pure GBFS (S100) had the highest rate of
heat release, subsequently developing higher compressive strength and autogenous shrinkage
than other mixtures. Moreover, GBFS-rich mixtures had shorter setting times due to the high
reactivity of GBFS, irrespective of the l/b ratio.

• The flexural strength varied to a great extent with the type of paste mixture. With regard to the
scatter, it was assumed that shrinkage-induced microcracking and “defect density of unreacted
material” were the main reasons for such flexural strength behaviour. These observations were
essential for the understanding of the macroscopic structural behaviour of AAMs, which depends
on the mechanical behaviour of its constituents at smaller scales, e.g., paste and paste interfaces
with sand particles. Further research is needed to confirm these mechanisms in alkali activated
FA and GBFS materials.

• For the pastes with an l/b of 0.5, it was found that the GBFS-rich mixtures showed a higher
autogenous shrinkage due to the more severe self-desiccation induced by the reactions of GBFS.
The mixtures with an l/b of 0.5 and relatively low GBFS content (such as S30 and S50) exhibited
better workability, acceptable strength, and lower autogenous shrinkage, thus are recommended
for future engineering applications.
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