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� Alkali-activated concretes based on fly ash with 21% of unburned material were produced.
� The compressive strength of FA concrete was 20 MPa after 28 days of curing.
� The compressive strength is increased 115% with the addition of 20% GBFS.
� The alkaline-activated concretes FA and FA/GBFS were produced at room temperature (25 �C)
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a b s t r a c t

This study used fly ash (FA) with a high amount of unburned content (21%) to produce simple (Geo FA)
and binary (Geo FA/granulated blast furnace slag [GBFS]) geopolymeric concretes. The effect on the
mechanical strength of the SiO2/Al2O3 and Na2O/SiO2 molar ratios and the percentage of GBFS (%
GBFS) added to the blend were determined. Using the optimal parameters of alkaline activation, con-
cretes with strengths up to 48 MPa were obtained after 28 days of curing at room temperature (25 �C).
The results of this study are complemented by the microstructural characterisation of the geopolymeric
pastes using X-ray diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy, and scanning elec-
tron microscopy (SEM) techniques.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Thermal power plants usually use fossil fuels such as coal to
produce electricity and generate significant amounts of fly ash
(FA), approximately 800 million tonnes worldwide [1]. Because
only a small portion of this ash is currently used (20–30%), this
waste creates several environmental problems, including air and
water pollution as well as pollution mostly due to poor or inade-
quate disposal. This waste has motivated the search for new and
diverse fields of application. Most notable are the recent studies
that have used FA as precursors in the production of alkali-
activated cements or geopolymers, obtaining materials with simi-
lar or even superior cementitious characteristics to those of ordi-
nary Portland cement [2–7]. Importantly, this field of application,
in addition to the economic and environmental benefits of using
waste, would reduce the use of traditional OPC and thereby con-
tribute to reducing greenhouse gas (CO2) emissions and lower
the consumption of energy and non-renewable natural resources.

The alkaline activation of FA is a process through which the
material (FA) is mixed with certain activators (alkaline solutions),
and after curing at low temperatures, the material solidifies. In this
process, the vitreous phase present in FA is dissolved and trans-
formed into a three-dimensional macromolecular structure [3,8–
10]. This process is known as ‘‘geopolymerisation”, and the result
is a cement with suitable mechanical strength. In addition, the
material finally obtained has numerous physical properties includ-
ing thermal stability, hardness, chemical resistance, and high adhe-
sion to different surfaces. The characteristics of FA (e.g., oxide
composition, particle size distribution, alkali metal content, vitre-
ous phase content, among others) depend on different factors
related to the type of coal used, its particle size, and the proper
monitoring of the combustion process. Consequently, FA from dif-
ferent sources has different reactivities that modify the final prop-
erties of the geopolymer obtained [11,12]. The significant
heterogeneity of FA has made the commercial application of
alkaline-activated FA-based cements difficult in certain countries.

In general, the process of FA geopolymerisation requires ther-
mal curing to achieve favourable properties [13–16]. Some studies
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recommend temperatures between 60 �C and 80 �C [17] and curing
times of up to 96 h [18], although the quality of FA can be appro-
priate (less than 1% level of unburned material).

One solution for improving FA quality and avoiding thermal
curing might be the incorporation of other materials such as gran-
ulated blast furnace slag (GBFS), OPC, or both [19–21]. GBFS is a by-
product of iron manufacture, consisting essentially of vitreous and
highly reactive SiO2, Al2O3, CaO, and MgO oxides. The blend of
GBFS with FA after alkaline activation creates CASAH gel
(CAAASAH), which improves the fresh and hardened properties
of alkali-activated cements based on FA as well as avoids the need
for thermal curing [6,22,23]. Shi and Day (1999) determined that
the addition of a small amount of GBFS significantly increased
the initial strength of FA/GBFS blends activated with NaOH and
sodium silicate [23]. Chi and Huang (2013) and Puertas et al.
(2000) evaluated the compression strength (CS) of 10% NaOH-
activated FA/GBFS blends and reported that the maximum CS is
obtained by adding 50% GBFS [24,25]. Nath and Sarker (2014)
and Deb et al. (2014) studied the behaviour of FA/GBFS alkali-
activated concretes that were cured at room temperature and
reported a sufficient workability, suitable setting time, and accept-
able mechanical behaviour, with a mechanical strength of up to 60
MPa [26,27]. However, most studies have used FA with a low
unburned content (�3%), and in many thermal plants and boilers,
ash is produced with an unburned content that can reach up to
30% due to the type of coal, its granulometry, or the inadequate
control of combustion parameters.

Therefore, this study evaluated the use of high unburned-
content FA (21%) to determine the optimum parameters for its
alkaline activation and the effect of the addition of GBFS on
mechanical strength, taking into account the SiO2/Al2O3 and
Na2O/SiO2 molar ratios as well as the slag content in the blend; fur-
thermore, based on optimised systems, this study sought to vali-
date their use in the production of simple (Geo FA) and binary
(Geo FA/GBFS) geopolymeric concretes. The study is comple-
mented by the microstructural characterisation of the geopoly-
meric pastes using X-ray diffraction (XRD), Fourier transform
infrared (FTIR) spectroscopy, and scanning electron microscopy
(SEM) techniques.

2. Experimental methodology and materials

2.1. Materials

A Colombian FA was used from a boiler located in a paper mill,
and GBFS was obtained from a steel factory as rawmaterials for the
production of geopolymer material. The chemical composition of
these materials, determined by X-ray fluorescence (XRF) using a
Phillips MagiX-Pro PW-2440 spectrometer fitted with a rhodium
tube with a maximum power of 4 KW, is included in Table 1. The
table shows that approximately 56.5% of the FA was composed of
silica, aluminium, and iron oxides as well as a low content of cal-
Table 1
Chemical composition of the materials used.

Characteristics, % FA GBFS

SiO2 28.53 31.99
Al2O3 19.18 14.54
Fe2O3 8.80 1.12
Na2O 7.94 0.23
CaO 6.68 46.86
S 2.71 0.82
MgO 2.24 1.05
TiO2 1.62 0.54
Others 1.65 1.03
LOI 20.67 1.82
cium oxide (6.68%); a notably high amount of unburned content
(loss on ignition, LOI = 20.67%) that exceeded the standard specifi-
cation defined in ASTM C618 (6% maximum) as well as a relatively
high content of sodium oxides (7.94%) were also found. For its part,
GBFS was mainly composed of silica, aluminium, and calcium
oxides.

The crystalline phases identified using XRD in FA were quartz
(Q), mullite (M), haematite (H), anhydrite (A), and analcime (An).
In GBFS, calcite (C), Q, and Gelenite (G) were observed (Fig. 1). Of
these two materials, the greater amorphous phase content in GBFS
stood out, represented by a baseline lift (amorphous halo) between
22 and 36� 2b. The mean particle sizes D (4.3), determined using
the laser granulometry technique with a Mastersizer 2000, were
22.1 lm and 17.8 lm for FA and GBFS, respectively.

A mixture of commercial sodium silicate (Na2SiO3�nH2O), with
the composition by mass of SiO2: 32.24%, Na2O: 11.18% and H2O:
55.85%, and 96.7% pure industrial sodium hydroxide (NaOH) was
used as alkali activator. NaOH pellets were dissolved in water
and after 30 min was added the silicate solution (SS); the propor-
tion of each one was selected to obtain the molar ratios SiO2/
Al2O3 and Na2O/SiO2 specified in the mix.
2.2. Experimental design

To statistically analyse the information obtained by this study, a
response surface modelling methodology was applied. For the
100% FA geopolymers, two study factors were considered: the
molar ratios SiO2/Al2O3 and Na2O/SiO2 (Table 2). For the binary
geopolymers, FA/GBFS, the Na2O/SiO2 ratio and the percentage of
GBFS addition (Table 2) were considered. Each of the treatments
was performed at random under identical conditions. The response
variable in the statistical analysis was the CS at 28 days of curing at
room temperature.
Fig. 1. Mineralogical composition of the raw materials (XRD).



Table 2
Composition of FA and FA/GBFS blends.

Simple Geopolymer (Geo-FA) Binary Geopolymer (Geo-FA/GBFS)

Mixture SiO2/Al2O3 Na2O/SiO2 Mixture Na2O/SiO2 % GBFS

GFA1 4.50 0.380 GFA-GBFS1 0.30 5.9
GFA2 3.20 0.380 GFA-GBFS2 0.35 30.0
GFA3 2.93 0.315 GFA-GBFS3 0.30 34.1
GFA4 3.85 0.315 GFA-GBFS4 0.37 20.0
GFA5 3.85 0.315 GFA-GBFS5 0.25 30.0
GFA6 3.85 0.315 GFA-GBFS6 0.25 10.0
GFA7 3.20 0.250 GFA-GBFS7 0.23 20.0
GFA8 3.85 0.315 GFA-GBFS8 0.30 20.0
GFA9 4.77 0.315 GFA-GBFS9 0.30 20.0
GFA10 3.85 0.407 GFA-GBFS10 0.35 10.0
GFA11 3.85 0.315 GFA-GBFS11 0.30 20.0

GFA-GBFS12 0.30 20.0
GFA-GBFS13 0.30 20.0
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At the same time, we assessed the importance of the interaction
and the primary effects of each factor on the response variable. The
equation [1] that expresses the response surface model is given by

Y ¼ �b0 þ b1X1 þ b2X2 � b3X
2
1 � b4X

2
2 � b5X1X2 þ e ð1Þ

where y is the response variable CS, b (s) are the coefficients of the
model determined via the least squares method, X1 is the amount of
SiO2/Al2O3, and X2 is the Na2O/SiO2 ratio, for the FA blend. X1 is the
Na2O/SiO2 ratio, and X2 is the percentage of GBFS addition, for
the FA/GBFS blend design. X1X2 is the interaction effect, Xi

2 are
the quadratic effects, and e is the experimental error. The
information processing was performed using Minitab 17.

2.3. Preparation of specimens and tests

The geopolymer pastes were obtained from a Hobart mixer with
a mixing time of 5 min using the dosages shown in Table 2 and a
constant liquid/solid (L/S) ratio (0.4) that showed sufficient work-
ability. The pastes were moulded into 20-mm cubes and vibrated
for 30 s on an electric vibration table to remove trapped air. Subse-
quently, the moulds were covered with a polyethylene film, which
allowed the evaporation of free water in the blend to be controlled,
and cured at room temperature (25 ± 3 �C) at a relative humidity of
more than 90% for 24 h. The specimens were then removed from
the moulds and left in a curing chamber under controlled condi-
tions until testing. The CS was evaluated after 28 days of curing
using an INSTRON 3369 universal testing machine with a deforma-
tion capacity of 50 kN and speed of 1 mm/min. Strength tests were
performed on a minimum of three samples.

Once the optimal blends were selected, the following studies
were performed:

� Setting time according to the procedure described in ASTM
C191 (method B) using Vicat apparatus;

� Heat of reaction using an isothermal calorimeter I-Cal 8000
(Calmetrix) at 25 �C;

� Microstructural evaluation for which the following instrumen-
tal techniques were used:

� XRD using X X’Pert-MRD PANalytical diffractometer in the
range of 2h = 5–60� at a scanning rate of 0.02 s/step using Cu
Ka radiation at 45 kV and 40 mA.

� FTIR spectroscopy using a Perkin Elmer R-100 spectrometer in
transmittance mode with a frequency ranging between 4000
and 450 cm�1. Samples were evaluated using the KBr pellet
method.

� SEM using a JEOL JSM 6490LV electron microscope with an
acceleration voltage of 20 kV. The samples were evaluated in
low vacuum mode with a Link-Isis X-ray spectrometer from
Oxford Instruments coupled to the microscope.
Finally, the concrete of two systems was developed (Geo FA and
Geo FA/GBFS) based on the optimal proportions previously defined.
A coarse siliceous aggregate (maximum size: 19 mm, bulk density:
2.44 kg/dm3, absorption: 2.55%) and river sand as a fine aggregate
(fineness modulus: 3.1, bulk density: 2.51 kg/dm3, absorption:
1.72%) were used. The proportion of coarse and fine aggregates
was 42% and 58%, respectively (Table 3). The ratio (L/S) used was
0.48. Importantly, L represents the water content present in the
blend in addition to that supplied by the activator, and S includes
the solid phase represented by the precursors and the anhydrous
activator. Curing was performed at room temperature and a rela-
tive humidity greater than 90%. In the concretes, settlement was
determined in the fresh state, and the CS was evaluated after 7
and 28 days of curing. Finally, an SEM study was performed to
determine the state of the paste (the aggregate interface in each
concrete).

3. Results and discussion

3.1. Geopolymer systems: Optimisation of CS

To model the effect of the molar ratios SiO2/Al2O3 and Na2O/
SiO2 in the alkali-activated FA blends, a quadratic model was pro-
posed to satisfy the assumptions of error (normality, homogeneity,
and independence) at significance levels greater than p = .05. Using
the least squares method (Table 4), the regression coefficient esti-
mates (Coef.) show that the terms (linear, quadratic, and interac-
tion) were significant at levels less than 0.005 in the proposed
model.

Table 5 shows an analysis of variance to verify model suitability.
The postulated model was suitable at a significance level of 0.154.
Therefore, the linear, quadratic, and interaction effects, which were
significant at levels less than 0.005, were evaluated for inclusion
into the prediction model of CS. With this model, a determination
coefficient of 98.71% (R2) was obtained, which is an excellent mea-
sure of the variation of the data fit to the model proposed for CS (Y)
associated with the factors SiO2/Al2O3 and Na2O/SiO2 (Eq. (2)).

Y ¼ �279:93þ 105:95X1 þ 611:91X2 � 12:56X2
1 � 938:05X2

2

� 14:61X1X2 þ e ð2Þ
The SiO2/Al2O3 molar ratio (3.85) was held constant in the

response surface model of the FA/GBFS geopolymers, and the
effects of the Na2O/SiO2 molar ratio and the percentage of GBFS
incorporated as a replacement of FA in the blend, which varied
up to 30%, were evaluated. We also proposed a quadratic model
to satisfy the error assumptions of the model (p > .05). Using the
least squares method (Table 6), we estimated the regression coef-
ficients (Coef.), finding that the linear and quadratic effects were



Table 3
Proportions of components per m3 of concrete.

Mixtures FA (kg) GBFS (kg) NaOH (kg) SS (kg) Sand (kg) Gravel (kg) Relation L/S

Geo FA 400 – 47.44 184.96 972.72 704.39 0.48
Geo FA/GBFS 320 80 28.55 158.37 972.72 704.39 0.48

Table 4
Regression coefficients of the FA model.

Term Coef SE Coef T P-value

Constant �279.93 3.5339 �79.212 .0000
SiO2/Al2O3 105.95 1.4706 72.046 .0000
Na2O/SiO2 611.91 14.735 41.528 .0000
SiO2/Al2O3 * SiO2/Al2O3 �12.56 0.1439 �87.24 .0000
Na2O/SiO2 * Na2O/SiO2 �938.05 27.8624 �33.667 .0000
SiO2/Al2O3 * Na2O/SiO2 �14.61 3.1052 �4.707 .0050

Table 5
Analysis of variance of the FA model.

Source Df SS. MS F P

Regression 5 381.275 381.275 3202.98 0
Linear 2 140.424 173.85 3651.16 0
Quadratic 2 240.323 204.944 4304.2 0
Interaction 1 0.527 0.527 22.15 .005
Residual error 5 0.119 0.119
Unadjusted 1 0.052 0.052 3.08 .154
Pure error 4 0.067 0.067
Total 10 381.394

Df: degrees of freedom; SS: sum of squares, MS: mean square, F: F-ratio, P: p-value.
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significant at p < .001 in the proposed model. Importantly, the
interactions were not significant and were therefore removed from
the model.

Table 7 shows the analysis of variance to verify the suitability of
the linear model. At a significance level of 0.53, the proposed
model was adequate. In terms of linear effects, quadratic effects
were significant at a level of <0.001 in the proposed model. With
this model, an excellent fit of the data to the model was obtained
with a coefficient of determination of 99.32% for the effects of
Na2O/SiO2 and GBFS (%) (Eq. (3)).

Y ¼ �90:09þ 750:9X1 þ 2:17X2 � 1384:28X2
2 � 0:03X1X2 þ e ð3Þ

Because the data show a clear relationship with the effects con-
sidered for the two blends, it is possible to propose the optimisa-
tion of CS via the predictability function. For this purpose, the
following conditions were established: minimum value, 5 MPa;
target value, 20 MPa for Geo FA. The results are showed in Figs. 2
and 3.

Fig. 2 shows the optimisation of the CS and the respective
contour plot. As the figure shows, a CS of >20 MPa was
Table 6
Regression coefficients of the FA/GBFS model.

Term Coef

Constant �90.09
Na2O/SiO2 750.9
% GBFS 2.17
Na2O/SiO2 * Na2O/SiO2 �1384.28
%GBFS * %GBFS �0.03
obtained with SiO2/Al2O3 molar ratios between 3.7 and 4.4
and Na2O/SiO2 ratios between 0.25 and 0.33. A random blend
(SiO2/Al2O3 = 3.85 and Na/SiO2 = 0.32) was used to verify the
model, which reported a 28-day CS of 23 MPa, thereby corrob-
orating what was obtained in the design. For the Geo FA/GBFS
binary geopolymer blends, it was found that at higher GBFS
contents (Fig. 3a), strengths of up to 48 MPa were reached after
28 days of curing at room temperature (25 �C). When the Na2O/
SiO2 ratio was 0.25 with 20% GBFS, the strength was 43.2 MPa,
which supports the design prediction. In addition, it was deter-
mined that the Na2O/SiO2 ratio did not cause a noticeable vari-
ation in the system up to a value of 0.33. This value, compared
with that described for the simple system (FA) at 28 days of
curing (23 MPa), shows an increase of 87.82%, confirming that
the kinetic reaction was positively affected by the addition of
GBFS to the system. This result corroborates the results
reported by other researchers [28–31]. The effect of the
Na2O/SiO2 ratio and GBFS% on the CS of the geopolymer at a
curing age of 28 days is observable in the contour plot
presented in Fig. 3b.
SE Coef T P-value

7.3535 �12.251 .000
48.5372 15.471 .000
0.0828 26.23 .000
80.6521 �17.164 .000
0.002 �16.453 .000



Table 7
Analysis of variance of the FA/GBFS model.

Source Df SS. MS F P

Regression 4 839.93 839.93 742.47 .000
Linear 2 698.486 236.997 419 .000
Quadratic 2 141.443 141.443 250.06 .000
Residual error 8 2.263 2.263
Unadjusted 4 1.086 1.086 0.92 .53
Pure error 4 1.176 1.176
Total 10 842.192

Df: degrees of freedom; SS: sum of squares, MS: mean square, F: F-ratio, P: p-value.

Fig. 2. Optimisation graph and curves of CS as a function of the SiO2/Al2O3 and Na/SiO2 ratios.

Fig. 3. Optimisation graph and curves of CS as a function of the SiO2/Al2O3 ratio and GBFS%
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3.2. Follow-up evaluation of the reactions and characterisation of the
reaction products

Fig. 4 shows the calorimetric curve of the blends constituted
with FA (SiO2/Al2O3 = 3.85 and Na2O/SiO2 = 0.32) and FA/GBFS
(Na2O/SiO2 = 0.25 and GBFS = 20%), where a single peak is identi-
fied. In general, this effect occurs in less than 10 min. The intensity
of the peak varies depending on the activation conditions but
reaches its maximum value of 104 J/gh (29 mW/g) for the FA sys-
tem and 84 J/gh (23,3 mW/g) for the FA/GBFS system

The higher alkalinity of the system contributes to the precipita-
tion of the formed products, and the peaks attributed to preinduc-
tion, induction, and acceleration (which are characteristic in OPC
systems) are not individually identified because the dissolution
and precipitation reactions occur simultaneously [32–34]. The
incorporation of a source of Ca has an effect on reaction kinetics,
the characteristics of the products formed, and the release of heat
(Table 8). This behaviour indicates that the addition of GBFS to the
system results in a higher degree of reaction because of the greater
solubility of GBFS in the alkaline environment and the precipita-
tion of a greater content of reaction products. These results are
consistent with those reported by Kumar et al. (2007), who identi-
fied that the amount of total heat released increased with the GBFS
content in a binary system with activated FA at 25 �C [35]. The
occurrence of a single peak of high intensity coincides with that
presented in other alkali-activated systems based on FA or GBFS
and their corresponding blends [36–38].

In general, the greatest heat release in these systems occurs
during the early hours and is rapidly attenuated or stabilised. This
behaviour differs from the OPC hydration process, where the
release of heat increases over time. The geopolymerisation begins
with the dissolution of the precursor, followed by the precipitation



Fig. 4. Heat released in the Geo FA and Geo FA/GBFS geopolymer blends.

Table 8
Reaction heat and setting time.

Sample Initial setting
time (min)

Final set
time (min)

Heat of
reaction (J/g)

FA 419 570 74.82
FA/GBFS 20% 41 56 97.28

702 W. Valencia-Saavedra et al. / Construction and Building Materials 165 (2018) 697–706
of active species (Si and Al monomers), which undergo a polycon-
densation for the formation of oligomers that subsequently poly-
merise, forming the NAAASAH gel [39,40]. During the first few
hours, the precipitation and condensation of monomer and dimer
species obtained during the dissolution of the precursor lead to
Fig. 5. (a) XRD and (b) FTIR spectroscopy
the formation of an Al-rich NAAASAH gel [41]. The amplitude of
the peak might be because of the time required for the ionic spe-
cies in the system to reach a critical concentration to form the reac-
tion products [42]. As the reaction develops, this gel becomes a
more stable, tectosilicate-rich gel with a positive effect on the
mechanical performance of the material as a result of the presence
of the dissolved silicates incorporated in the activator [43]. The sil-
ica present in the activating solution is soluble and incorporated
into the NAAASAH gel. However, its degree of polymerisation in
the silicate solution, which depends on the SiO2/Na2O ratio, condi-
tions the formation and structural characteristics of the NAAASAH
gel and therefore the amount of heat released during the reaction.
The incorporation of a source of Ca (e.g., GBFS) into FA likely pro-
motes the formation of other types of reaction products, funda-
mentally CA(A)ASAH, with different kinetics and reaction rates
than those presented by the NAAASAH gel provided in 100% FA
systems. Furthermore, by coexisting with the geopolymer gel, it
positively affects the mechanical strength of the material
[2,25,28,29,44–48].

Table 8 also shows the setting times of the geopolymer sam-
ples. It is observed that the incorporation of GBFS significantly
reduced the initial and final setting times of the FA-based
geopolymer system. This result corroborates the effect of the
GBFS addition on the acceleration of the geopolymerisation
reactions. The final setting time for the geopolymeric FA system
is reduced by 90% via the addition of 20% GBFS. This result
coincides with the increase of the FA/GBFS system reaction heat
(Table 8) and with the results found by other researchers using
different systems when adding GBFS to geopolymer systems
[49–52].

Fig. 5a presents the diffractograms of the FA and FA/GBFS
geopolymeric systems. These diffractograms show that the crys-
talline phases present in the starting materials remained
unchanged because of their low or lack of reactivity in the alkaline
medium [28]. The crystalline phases of the sodium aluminosili-
cates (e.g., An [NaAlSi2O6�H2O]) in the synthesised geopolymers
of Geo FA and Geo FA/GBFS pastes.
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were also identified, which confirms the presence of a N-AASAH-
type binding gel. XRD spectra for the binary system, in addition to
the crystalline phases corresponding to the raw materials such as
C, Q, M, and magnetite (Mg; see Fig. 1), show a peak attributable
to the main phase CA(A)ASAH, which is approximately 30�2 h
overlapped with that of C, the latter due to weathering [53].
Fig. 5b shows the FTIR spectra for the different raw materials used
and the FA and FA/GBFS geopolymeric systems. In the FA, a main
band approximately 1,103 cm�1 was observed generated by the
asymmetric stretching vibrations TAOAT (T = Si, Al) [54,55]. The
position of the band moves towards lower frequencies for geopoly-
meric systems (Geo FA 994 cm�1 and Geo FA/GBFS 991 cm�1). This
change was associated with the formation of sodium aluminosili-
cate hydrate (NAAASAH) gel, which consists of a tectosilicate
structure with Q4 units formed by silica tetrahedra partially substi-
tuted by aluminium [56]. The FTIR spectra for the geopolymer sys-
tems confirmed the XRD results with respect to the presence of
calcium carbonates because a band was observed at 1,438 cm�1

for the Geo FA and at 1,422 cm�1 for the Geo FA/GBFS associated
with the asymmetric tension of the OACAO bond of the CO3

�2 func-
tional group [57]. The band approximately 720 cm�1 is attributed
to the presence of M in the FA [58]. The peak identified
Fig. 6. Microstructure of the geopolymer p

Fig. 7. Slump-flow test of th
approximately 609 cm�1 corresponded to the stretching vibrations
of the SiAOAAl bonds, suggesting that Al is present in a tetrahedral
structure. In particular, the intensity of this signal decreases in bin-
ary systems, suggesting that the addition of GBFS promotes the
dissolution of certain SiO2 and Al2O3-rich phases that are present
in FA [55].

Fig. 6 shows the SEM micrographs obtained for each system
studied. As shown, binary systems (Geo FA/GBFS) showed a more
homogeneous and dense structure compared with simple systems
(Geo FA) in which unreacted FA particles were found. This finding
is attributable to their high degree of crystallinity (XRD) and high
organic material content (LOI). These particles are immersed in
the matrix of the geopolymer. The presence of GBFS in the binary
system increases the proportion of the amorphous phase in the
blend; therefore, the phenomenon of dissolution and the produc-
tion of geopolymer gels are favoured. The EDS elemental analysis
of the areas selected in this figure shows the presence of elements
such as Na, Ca, Si, O, and Al. This result is indicative of the presence
of the two types of gels: sodium aluminosilicate hydrate
NAAASAH and calcium silicate hydrate CA(A)ASAH [45,57,59].
Finally, the cracks observed were attributed to phenomenon of
retraction.
astes (a) Geo FA and (b) Geo FA/GBFS.

e geopolymer concretes.



Fig. 8. Geopolymer concrete in the hardened state.

Table 9
Properties of the hardened state of the geopolymer concrete.

Property Geo FA Geo FA/GBFS

Compressive strength 7 days (MPa) 7,09 34,75
Compressive strength 28 days (MPa) 19 42,92
Indirect traction 28 days (MPa) 1,47 3,57
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3.3. Geopolymeric concretes

With the results obtained from the geopolymeric pastes, the
concretes were elaborated with the proportions presented in
Table 3. The workability of these concretes was determined using
the settlement test, obtaining 220 mm for the Geo FA concrete
and 180 mm for the Geo FA/GBFS concrete. The greater settlement
of the Geo FA concrete is attributable to the higher activator
Fig. 9. Microstructure of concrete geopoly
content in the blend, which coincides with that obtained by [60]
who reported that increasing the amount of liquid in the alkaline
solution increases the water content in the reaction medium,
which results in an increase in the distance between the particles
and subsequently reduces the friction between particles [61],
resulting in increased workability. In general, the two blends are
cohesive and sticky and did not show segregation or bleeding phe-
nomena (see Fig. 7). In their hardened state, both types of concrete
showed an adequate surface appearance and a perfect distribution
of the aggregates (see Fig. 8).

The values for compressive strength and indirect traction are
shown in Table 9. The FA/GBFS blend showed CSs of 34 MPa at
7 days and 43 MPa at 28 days, surpassing that of Geo FA
concrete, which reached a strength of 19 MPa after 28 days of
curing at room temperature. These results are consistent with
the optimisation results of the pastes. Importantly, the Geo
FA/GBFS system had a better paste-aggregate cohesion (Fig. 9)
than the Geo FA system.
mers (a) Geo FA and (b) Geo FA/GBFS.
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4. Conclusions

Given the results obtained in this study, it can be concluded that

� It is possible to produce alkali-activated concretes based on a
Fly Ash with a high unburned content (21%) and to obtain
strengths close to 20 MPa after 28 days of curing at room
temperature.

� The addition of GBFS to FA-based geopolymer systems (Geo
FA/GBFS) increases density, reduces setting time, and
increases the compressive strength. Using an addition per-
centage of 20% GBFS and a Na2O/SiO2 ratio of 0.25, a
strength of approximately 43 MPa was achieved after 28 days
of curing, representing a 115% increase over concrete com-
posed exclusively of FA.
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