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� Use of a steel slag with no applicability outside the steel industry facilities.
� This low reactivity steel slag was successfully applied for alkaline activation.
� A rational methology based on a response surface method was used for the optimisation process.
� Regression equations for the compressive and flexural strength at 7 and 28 days.
� The UCS achieved 32.27 MPa and 44.25 MPa at 7 and 28 days without curing at high temperatures.
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a b s t r a c t

Steel-making slags, resulting from basic oxygen furnaces or electric arc furnaces are heavily applied in the
construction industry, as an aggregate for pavements or concrete. Although possessing a significant crys-
talline content, it is expected that, if properly milled, the reactivity of these slags can increase up to a
point when they are viable to produce alkaline cements. The aim of this study was the application of a
response surface method to design the experimental work required to optimise the composition of an
alkaline cement based on ladle furnace slag, a specific type of steel slag (SG). Fly ash (FA) was also added,
in a precursor role, and the activation was achieved with an alkaline solution prepared with sodium sil-
icate (SS) and sodium hydroxide (SH). The factors/variables considered were the activator index X = SS/
(SS + SH), the precursor index Y = SG/(SG + FA) and the SH concentration (Z). The output variables were
the unconfined compression strength and the flexural strength, after 7 and 28 days curing. Results indi-
cate that the activator index (X) was the most influential variable, followed by the precursor index (Y).
Microstructural analysis of selected pastes was also performed, using scanning electron microscopy
and energy dispersive spectroscopy. The ideal composition obtained for the alkaline cement was the mix-
ture constituted by X = 0.75, Y = 0.5 and Z = 10 (activator: 75% SS and 25% SH; precursor: 50% SG and 50%
FA; SH concentration = 10 molal). This mixture achieved 8.70 MPa of flexural strength and 44.25 MPa of
compressive strength which is reasonable for the required application (soil stabilisation).

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

Climate change in recent decades has been assigned by several
experts to the excessive emissions of greenhouse gases and toxic
pollutants. The consequences of climate change have been visible
in the intensification of natural catastrophes resulting in the loss
of thousands of lives as well as vast economic losses. The need to
reduce green-house gases is an increasingly entrenched principle
in society, encouraging the production and use of new materials
to reduce the effects of Portland cement production which releases
a significant amount of carbon dioxide to the atmosphere.

In fact, the cement industries are among those penalized by the
Kyoto Protocol, signed in 1997 and more recently in the Paris
Agreement, 2016, due to excessive emissions. However, the mas-
sive production of Portland cement has also caused other environ-
mental impacts due to the use of clay and limestone that are
becoming increasingly scarce. To produce a ton of Portland cement,
several tons of raw materials are extracted from the earth, the
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Table 1
Composition of the solid materials.

Element Slag (wt%) Fly Ash (wt%)

CaO 54.9 4.68
SiO2 23.5 54.84
MgO 8.5 1.79
Al2O3 6.6 19.46
Fe2O3 1.1 10.73
MnO 0.4 –
K2O – 4.26
TiO2 – 1.40
Na2O – 1.65
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extraction being faster than the sustainability of the system. On the
other hand, as the world’s population grows, the need for new con-
structions and infrastructures increased the consumption of raw
materials and the production of waste. Rattanasak & Chindaprasirt
[1] have already noted that the sharp growth of concrete produc-
tion has led to an increase of cement production to quantities
never reached.

One potential method of addressing both problems (the
increasing demand for housing materials and the increasing vol-
ume of industrial waste) is to use these wastes as construction
materials [2]. Today, the reuse of waste from different industrial
processes as new materials for civil construction has been increas-
ingly developed to promote circular economy. Alkaline activated
cements can significantly reduce carbon dioxide emissions as well
as the consumption of non-renewable natural resources in civil
engineering applications, relatively to ordinary Portland cement
(OPC), since waste materials can be used instead of natural aggre-
gates [3].

Alkaline activation (AA), can be described as a reaction between
aluminosilicate materials (precursors) and alkali or alkali-based
earth substances namely, ROH, Ca(OH)2, R2CO3, R2S, Na2SO4,
CaSO4�2H2O, R2(n)SiO2, in which R represents an alkaline ion, such
as sodium (Na) or potassium (K), or an alkaline-earth ion, such as
calcium (Ca). This technique is particularly adequate to create bin-
ders based on residues, such as fly ash or slag, which constitute
very effective options due to their amorphous or vitreous alumi-
nosilicate microstructure [4–5]. The reactions begin with destruc-
tion of the covalent bonds Si-O-Si, Al-O-Al, and Al-O-Si present in
the glassy phase of the precursor. The products precipitate and
reorganize into more stable and ordered structures of Si-O-Al and
Si-O-Si [6]. When calcium is present in the mixture in significant
amounts, the formation of a gel type C-A-S-H with 2D structure
is favoured. However, in a material with low calcium content, the
gel formed is an amorphous aluminosilicate gel (sometimes desig-
nated as N-A-S-H gel) with 3D structure [7]. In some circumstances
(for intermediate calcium contents and high pH values) both types
of cementitious gels are present and interacting leading to struc-
tural and compositional changes in the process [8–9].

In the present work, a mixture of low calcium fly ash (FA),
which is commonly used in this type of experiments [10–12],
and steel slag (SG) were used to produce an alkali activated cement
(AAC). The application behind the development of this AAC was
soil improvement under the phreatic table. Therefore, it was
important to include a high-calcium source, like the slag, to
increase the rate of the reactions and the subsequent production
of the binding gel [13], especially under the mild temperatures
expected underground. Steel slags, namely ladle slags, are not very
often used in alkaline activation due to their high crystalline con-
tent. This type of slags are less desirable as an aggregate since their
usually slow cooling process produces a very significant content of
fine powders [14], although previous studies reported significant
strength increase when natural aggregates were replaced by com-
binations of ladle slag and blast furnace slag [15]. However, the use
of this slag has economic and environmental benefits since there is
not a known application outside the steel industry. For that reason,
the aim of the present research was the optimization of the
mechanical strength of this AAC resulting from the activation of
these precursors, by an alkaline solution based on sodium hydrox-
ide and sodium silicate. The mechanical behaviour was analysed by
compression and flexural strength tests, while the microstructural
analysis was made by the interpretation of scanning electron
micrographs coupled with Energy Dispersive Spectroscopy and X-
ray diffraction.

The design of the experimental work was based on the response
surface method (RSM), to obtain an appropriate mathematical
model, capable of minimizing the required experiments while, at
the same time, producing a highly effective tool for data analysis
and interpretation, allowing efficiency and economy in the exper-
imental process and scientific objectivity in the conclusions. Rios
et al., [4] explains that these methods are especially advantageous
for mixtures with several constituents, as is the case of AAC, where
the best performing blend is the target. This is usually achieved by
changing the amount of each constituent at a time, following the
traditional method of changing a factor at a time. However, this
methodology does not explain the interactions between variables,
which can be obtained using complete factorial designs. If central
and axial points are added to a two-level factorial design, the
obtained composite design is considered suitable for surface
response methods [16]. In this work, a face-centred composite
design was used, which means that the axial points are at the cen-
tre of each face of the factorial space. Other authors have used
response surface methods to optimise alkali activated binders
[17] or concrete pastes [18] with different objectives (mixture opti-
mization, identification of main variables, identification of out-
liers). In this particular work, predicting equations for
compressive and flexural strength at 7 and 28 days were developed
based on three input variables (activator index, precursor index
and sodium hydroxide concentration).
2. Materials and methods

2.1. Materials

The ladle slag used in this study was collected at the Megasa
Steel Industry of Maia, Portugal, where the corresponding electric
arc furnace slag is already certified for use in construction, as an
aggregate for pavement base layers or bituminous layers. It is a
white powder, currently without any known application outside
the steel industry. It presents a high calcium content, as showed
in Table 1, although a significant portion is crystalline, which hin-
ders its reactivity in terms of alkali activation reactions [19–20].
Furthermore, although some cementitious behaviour might be
achieved, an increasing water content can severely reduce the
strength development, due to the formation of metastable phases,
as shown by Adesanya et al. [21]. The XRD reproduced in Fig. 1
shows some crystalline phases, mostly Calcium Silicate and
Gehlenite. An amorphous phase was also detected, based on the
halo between 28 and 35� (2h). The quantification of the vitreous
content of the slag would have been desirable, but such experi-
mental procedure is known to be very limited [14,20,22]. Never-
theless, several authors have used quantitative XRD (Rietveld) to
estimate the vitreous phase in ladle slags, obtaining significantly
different total values, like 60 wt% [23] – with the amorphous
CaO representing between 45 wt% and 64 wt% of the total CaO in
the slag; 21 wt% [24]; or 16 wt% [25].

The fly ash (FA) was collected at the PEGOP thermoelectric
power plant, located in Pego, Portugal, where there is a significant
production of this residue, often stored in a large area with high
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Fig. 1. X-ray diffraction pattern for the slag (SG) (cf - Calcium/Magnesium/Iron, cs -
Calcium Silicate, ge - Gehlenite, l - Larnite, mg – Magnetite) and fly ash (FA) (mu –
Mullite, q - Quartz).
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significant management impacts. It is classified as type F, according
to ASTM standard C 618 [26] due to its low calcium content, as
observed in Table 1. In terms of mineralogy (Fig. 1), this material
showed some amorphous content, based on the halo between
the 16 and 30� (2h), with quartz and mullite as the main crystalline
phases. This is important since the lower the amorphisation
degree, the lower the capacity for activation and, consequently,
the lower the mechanical strength development [27]. Although
the loss on ignition was not determined for this particular FA, a
similar FA collected from the same installation, was only 2.59, as
mentioned by Cristelo et al. [28].

Both the FA and the SG underwent a physical treatment, to
increase their specific surface and, consequently, their reactivity.
This was achieved by milling the original materials in a modified
Los Angeles test machine, for two consecutive periods of 4 h, after
which at least 50% of the particles were smaller than 40 mm. Fig. 2
shows the particle size distribution of both powders, before and
after milling for 8 h.

The alkaline activator was a combination of sodium hydroxide
and sodium silicate, both in solution form. Sodium hydroxide, orig-
inally in flake form, with a specific gravity of 2.13 at 20 �C and 95–
99% purity, was dissolved in water to the desired molal (m) con-
centration. The sodium silicate was already in solution form, with
a specific gravity of 1.5 and SiO2/Na2O ratio of 2 by mass.

2.2. Definition of the mixtures and testing procedures

The evaluation of the RSM results explores the relations
between the factors that affect the process, as well as those
Fig. 2. Particle size distribution of fly ash (FA) and slag (SG), before and after
milling.
between the factors and the response, in order to minimize the
experimental effort and maximize the relevant information col-
lected from each experiment.

Possible variables in this study were the contents of each con-
stituent of the AAC, namely the FA, SG, sodium silicate (SS), and
sodium hydroxide (SH). However, previous studies determined
clear correlations between alternative variables and the mechani-
cal properties of the AAC, namely the unconfined compression
strength (UCS) [29–32]. Such variables usually include the liquid
content of the mixture, the weight ratio between the two activator
components, and the sodium hydroxide concentration. An addi-
tional parameter was included, which was the relation between
FA and SG. The liquid content, in terms of the ratio between the
quantity of activator solution and the quantity of slag and fly
ash, was set constant to L/S = 0.4, based on previous work from
the authors [4,33], using similar materials and conditions. It is
important to notice that this method requires the input variables
to be continuous so, the variables considered in the statistical
study were the following:

� X = SS / (SS + SH) – activator index.
� Y = SG / (SG + FA) – precursor index.
� Z = SH concentration – activator quality.

with variation ranges of 0.5–1.0, for X and Y, and 8–12, for Z.
The value X = 0.5 corresponds to an activator composed of 50%
SS + 50% SH, while X = 1 reflects an activator with 100% SS. The
value Y = 0.5 corresponds to a mixture with 50% SG + 50% FA, while
Y = 1 indicates that only SG is present. The Z values reflect the
molality of the mixture, which was defined based on the literature
[34–36]. This led to an experimental plan composed of a total of 16
mixtures, as defined by the model. All the mixtures are identified
in Table 2, including the corresponding X, Y and Z values and the
liquid and solid contents, defined as a percentage of the total
weight. It should be noted that, according to this methodology,
the central point is repeated twice to assess the experimental error
(mixtures 5 and 7).

The activator was prepared 24 h before the fabrication of the
mixtures. The SH pellets were dissolved in water to the desired
molal concentration and let to cool down at room temperature.
The two solutions were then mixed, according to the desired acti-
vator index (variable X). After 24 h, the solids (FA and SG) were dry
mixed and added to the activator, followed by a 3-minute homog-
enization period, in an automatic mixer. The resulting paste was
casted in 10 � 10 � 60 mm moulds. After two days, the specimens
showed an adequate consistency, enough to be demoulded, after
which they were stored in a temperature-controlled room
(20 �C), to cure for 7 and 28 days, at 93% to 95% of relative humid-
ity. To increase the reliability of the results, 3 replicates of each
mixture were fabricated and tested (a procedure proposed by the
RSM methodology), totalising 96 specimens (16 mixtures � 2 cur-
ing times � 3 replicates).

After the curing period, the specimens were tested for flexural
strength, using the Köch-Steinegger procedure [37], consisting of
a 3-point loading setup, with a support span of 50 mm. This test
was developed for the evaluation of the degradation of the material
in a certain medium, through the loss of mechanical properties.
The flexural strength peak was calculated according to Eq. (1), for
specimens with rectangular cross sections.

F ¼ 3PL

2bd2 ð1Þ

where is the F the flexural strength (MPa), P is the maximum load at
failure (N), L is the support span (50 mm), b is the average width of
the sample (10 mm) and d is the average height (10 mm).



Table 2
Mixtures generated by the RSM model (red lines correspond to mixtures submitted to microstructural analysis; bold line correspond to the optimum mixture, in terms of
compressive strength).

Mixture ID Activator index (X) Precursor index (Y) SH concentration (Z) Precursor (%) Activator (%)

SG FA SS SH

1 1.0 1.0 0.0 100 0 100 0
2 1.0 0.50 0.0 50 50 100 0
3 0.50 0.50 8.0 50 50 50 50
4 0.75 0.75 12.0 75 25 75 25
5 0.75 0.75 10.0 75 25 75 25
6 1.0 1.0 0.0 100 0 100 0
7 0.75 0.75 10.0 75 25 75 25
8 0.50 0.50 12.0 50 50 50 50
9 1.0 0.50 0.0 50 50 100 0
10 0.75 0.50 10.0 50 50 75 25
11 0.75 0.75 8.0 75 25 75 25
12 0.75 1.0 10.0 100 0 75 25
13 0.50 1.0 8.0 100 0 50 50
14 1.0 0.75 0.0 75 25 100 0
15 0.50 0.75 10.0 75 25 50 50
16 0.50 1.0 12.0 100 0 50 50
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After levelling the surfaces of the two remaining halves, these
were tested for unconfined compression strength, following EN
196-1 [38], with a loading speed of 0.07 kN/s, taking the average
of the compression strength of the two halves as the final value
of the unconfined compression strength.

Specimens from the tested flexural and compression strength
specimens were collected for X-ray diffraction (XRD), Scanning
Electron Microscope (SEM) and Energy Dispersive Spectroscopy
(EDX) in four selected mixtures (mixtures 5, 10, 11 and 15). Mix-
ture 5, being a central point, is one of special importance, as it
can be compared with all the others that change just one variable.
For instance, mixtures 5 and 10 have the same SH molal concentra-
tion but different ratios of slag and fly ash. The only difference
between mixture 5 and 11 is the sodium hydroxide molal concen-
tration, and between 5 and 15 the only difference is the ratio
between sodium silicate and sodium hydroxide. For this reason,
these mixtures were chosen for microstructural analysis.
3. Results and discussion

3.1. Flexural and compressive strength

The results of flexural and compression strength tests are pre-
sented in Figs. 3 and 4, respectively, taking the average value of
Fig. 3. Flexural strength of all mixtures
the three tested specimens of the same mixture at the same age.
All the tested mixtures showed compression strength values above
10 MPa, after 7 days curing, which is deemed satisfactory for the
envisaged application. The authors tested very similar mixtures
in previous research [4,33], with the same raw materials and com-
positions, obtaining significantly lower strength values, which was
a consequence of the fact that both the fly ash and the slag were
not milled, indicating that this has a determinant influence on
the precursor reactivity. The central point results (mixtures 5 and
7) were quite similar between them, giving a positive feedback
about the methodology and increasing the confidence on the
reproducibility of the results. Additionally, it is also clear from
the presented results that the mixtures with slag and fly ash have
higher strength than the mixture with only slag (mixtures 1, 6, 12,
13, and 16), indicating that the presence of fly ash is important to
increase the silica content needed to the N-A-S-H gel structure. It
should be also pointed out that these strength values are lower
than what is generally obtained with blast furnace slags [39–41],
although enough for most geotechnical applications.
3.2. Response surface method (RSM)

The advantage of the RSM is that it can analyse all the experi-
mental results together instead of looking at each result individu-
tested, after 7 and 28 days curing.



Fig. 4. Compressive strength of all mixtures tested, after 7 and 28 days curing.
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ally or in average as presented above. For the statistical analysis of
the results, all the 96 results were introduced in two RSM commer-
cial software’s (JMP7� and Minitab18�) which allow slightly differ-
ent outputs. This analysis provides three regression equations for
each output variable (flexural and compressive strength), at each
curing period, which describe and estimate the mechanical beha-
viour of the material. These equations describe the relationship
between the output and input variables, namely the mechanical
response and the mixture constitution, with an algebraic represen-
tation of the response surface. Eqs. (2) and (3) address the flexural
strength, while Eqs. (4) and (5) address the compression strength
for the two curing periods. From these equations it is also per-
ceived that the variable X (the activator index) is the most impor-
tant variable, followed by variable Y (the precursor index) and the
sodium hydroxide concentration (variable Z). The smaller influence
Fig. 5. Relationships between predicted (Predicted) and experimental (Actual) values fo
strength while the compressive strength is indicated by UCS – unconfined compression
of this latter, in agreement with Fig. 7, can be explained by the
small range of variation used in this study. In fact, the purpose of
the sodium hydroxide is to keep the pH within a certain value to
enable the effectiveness of the grout in all mixtures at low curing
temperature. Other studies analysing a broader range of variation
have found that very high sodium hydroxide concentrations can
delay the polymerisation reaction as explained by Alonso & Palomo
[42].

FS7days ¼ 5:17� 106X þ 25:5Y þ 2:74Z þ 88:30X2 � 11:15Y2

� 0:14Z2 � 2:6XY þ 0:59XZ � 0:73YZ ð2Þ

FS28days ¼ �52:91þ 30X þ 44:3Y þ 5:75Z þ 10X2 � 19:77Y2

� 0:15Z2 � 13:8XY � 3:52XZ � 0:88YZ ð3Þ
r the output variables. The flexural strength is indicated as STS – splitting tensile
strength.



Fig. 6. Prediction profile for the ideal mixture showed in this study (JMP7�).
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CS7days ¼ 304:7� 1099X þ 51:3Y þ 2:83Z þ 788X2 � 40:5Y2

� 0:51Z2 � 11:7XY þ 14:56XZ � 0:07YZ ð4Þ
CS28days ¼ 251� 1111X þ 179:2Y þ 9:5Z þ 883X2 � 16:7Y2

� 0:57Z2 � 153:3XY þ 11:37XZ � 5:52YZ ð5Þ
In this type of statistical analysis, it is important to evaluate if

the model was well adjusted and if the tests developed agree with
the initial design. The model allows such type of data analysis by
organising the information as shown in Fig. 5, where the output
variable obtained in each test (Actual), is shown as a function of
the value predicted by the model (Predicted). In short, the closer
the points are disposing in a diagonal line, the better is the model.

The red line in the charts represents the linear regression, with
the corresponding R2 coefficient, while the blue dotted lines repre-
sents the confidence interval (CI), with a 95% confidence. The two
black lines represent the prediction interval (PI) which is an esti-
mation of the range where new data, obtained in the same context,
will be contained, with a given probability. The main difference
between the PI and the CI is that, while the CI is determined only
Fig. 7. Response surfaces for flexu
with the data obtained from the specimen, the PI is established
using a linear regression model. It is also clear from Fig. 5 that
the flexural strength has higher dispersion that compressive
strength, which in agreement with several other published results.

The model optimization presents the highest value that, theo-
retically, can be obtained, based on the data feed, as well as the
conditions that will allow this value to be reached. In this study,
such information is given in Fig. 6, as a function of the input vari-
ables X, Y and Z. The ‘Desirability’ value evaluates how well the
variables can be combined to reach the optimal response (i.e. the
highest strength). ‘Individual Desirability’ evaluates how each set-
ting optimizes a single response (for instance, for a single curing
time and type of strength) while ‘Composite Desirability’ evaluates
how the definitions optimize a global set of responses (in this case
for flexural and compressive strength at the two curing periods).
The ‘Composite Desirability’ ranges between 0 and 1, with ‘10 repre-
senting the ‘ideal’ case and ‘00 indicating that one or more
responses are outside their acceptable limits.

The optimal mixture indicated by the prediction profile showed
in Fig. 6 has values of X = 0.75, Y = 0.5 and Z = 10, which is the
same composition used for mixture 10. Although this mixture
did not show the best mechanical results after 28 d curing, it is,
nevertheless, very similar to mixture 15, which indeed presented
the highest compressive strength after 28 d. The RSM considered
this mixture as ideal based on the flexural strength data when it
showed the highest results. Based in the experimental results
(highest flexural strength and second-highest compressive
strength), it can be concluded that, globally, mixture 10 was indeed
the most effective.

The 3D response surfaces associated with the statistical analysis
are presented in Fig. 7, which can help in the interpretation of the
results. A change in the response with the variations in X and Y can
be observed, showing that these variables have a significant influ-
ral and compression strength.



Fig. 8. X-ray diffractograms of the SG, FA, M5, M10, M11, M15 (legend: cf -
Calcium/Magnesium/Iron, cs - Calcium Silicate, ge - Gehlenite, l - Larnite, mg –
Magnetite, mu – Mullite, q - Quartz and ca – Calcite).

Fig. 9. Semi-quantitative SEM analysis of M5, M10, M11, and M15 mixtures, after 28 days
particle).
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ence on the results, with the possible exception of the Y variable on
the compressive strength after 7 days. From Fig. 7 it is also possible
to observe the effectiveness of mixture 10 (Table 2).

3.3. XRD analysis

Fig. 8 presents the X-ray diffractograms of mixtures 5, 10, 11,
and 15, together with the original slag and fly ash, after curing
for 28 days. As expected, given the fact that the M10 mixture is
the only with a 50% FA content (the remaining three have just
25% FA), this mixture’s diffractogram showed the highest level of
resemblance to the FA’s diffractogram (e.g. the main quartz peak
in the FA is more intense in the M10 than the remaining mixtures).
The hump associated with the FA’s amorphous content presented a
shift to the right in the M10 and decreased in volume, a conse-
quence of the formation of crystalline phases. However, even in
this mixture the traces from the slag are more visible than those
from the fly ash, indicating that, possibly, the latter contributed
more to the development of the reaction products. The only new
phase formed after the reactions was calcite, which has been asso-
ciated with a strength increase when significant volumes are
developed [43–45]. On the other hand, in Portland cement mix-
tures, calcite can enhance the strength gain by contributing to a
more compacted morphology, closing the pores of the material.
Although excessive calcite content can significantly decrease the
pH (as calcium carbonate consumes alkalis in its formation), it is
important to remember that a high alkalinity level is only essential
during the initial stage of the reactions, when calcite was not yet
fully established.

3.4. SEM/EDX analysis

The SEM images of M5, M10, M11, and M15 are presented in
Fig. 9, together with the identification, using EDX, of some intact
and partially attacked FA and SG particles. The general morphol-
curing (A = unreacted FA particle; B = partially reacted FA particle; C = unreacted SG



Table 3
Characterisation of the gel points presented in Fig. 9.

Paste Point Element content (wt%) Molar ratios

Si Al Na Ca Al2O3/SiO2 CaO/ SiO2 Na2O /SiO2

M5 1 17.4 6.0 4.5 26.7 0.305 1.0 0.165
2 14.7 4.5 5.8 24.0 0.272 1.1 0.250
3 11.2 3.2 3.0 18.6 0.252 1.1 0.168

M10 4 20.8 6.8 7.7 17.6 0.169 0.6 0.227
5 28.2 7.3 6.0 9.3 0.135 0.3 0.130
6 17.4 5.8 10.6 18.2 0.172 0.7 0.371
7 21.3 3.6 5.1 26.2 0.088 0.9 0.145

M11 8 17.6 6.0 5.2 25.6 0.179 1.0 0.180
9 16.5 8.3 4.2 26.7 0.263 1.1 0.153
10 19.6 4.1 4.5 27.4 0.110 1.0 0.138
11 16.4 3.8 7.6 29.9 0.122 1.3 0.284

M15 12 15.7 3.9 5.9 33.2 0.128 1.5 0.230
13 14.1 4.8 5.3 31.4 0.303 1.5 0.238
14 13.4 3.2 5.7 32.2 0.123 1.7 0.261
15 14.9 2.8 6.6 16.9 0.159 1.1 0.228

Fig. 10. Ternary diagrams (CaO-SiO2-Al2O3) based on EDX analysis of the gel
composition of M5, M10, M11, and M15 mixtures, after 28 days curing. Points
included in the blue circle translate a C-A-S-H gel, while points inside the red circle
are closer to a N,C-A-S-H gel.
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ogy, showing a clear heterogeneity in all mixtures, seems to indi-
cate that the reaction degree was not optimum, as several particles
can still be seen unaffected. However, a dense and apparently well-
cemented structure was developed for each case, contrary to the
strength levels registered, which varied significantly. This suggests
that the magnitude of the flexural and compressive strength was a
consequence of the quality of the gel developed by each precursor/
activator combination. Also identified in these micro photos are
some of the extensive number of points collected from the gel
phase developed within each paste, points which are fully charac-
terised in Table 3.

Based on the contents of elements Si, Al, Na and Ca, as well as on
the Al2O3/SiO2, CaO/ SiO2 and Na2O/SiO2 molar ratios, the main
reaction product found in M5 can be classified as a C-A-S-H gel,
while in M10, due to its higher FA and lower SG content, is closer
to a N, C-A-S-H gel. Such difference, in terms of gel composition,
helps to explain the fact that the more balanced M10 mixture
showed the highest compressive strength for all curing periods,
while the M5 mixture, closer to the typical C-S-H gel developed
by Portland cement, showed high UCS for shorter curing periods
(7 and 14 days), but not for the longest period of 28 days. The
calcium-based cementitious systems tend to develop their respec-
tive stiffness at a faster rate than those based on aluminosilicate
structures, like the ones obtained from class F fly ash [46–47].
Regarding the M11 and M15 mixtures, fabricated with the same
precursor combination (25FA + 75SG), but with a different activa-
tor, it is clear that the higher silicon content present in the M11
composition (silicate / hydroxide weight ratio of 0.75, compared
with the 0.50 used in the M15 composition) was transposed to
the gel. However, this did not seem to have a positive effect in
terms of strength enhancement, since the M15 mixture (with
higher CaO/SiO2 and Na2O/SiO2 molar ratios) presented higher
compressive strength values than the M11, for all curing periods.
Both these gels can be classified as C-A-S-H [8].

The composition of all points collected for each of the four mix-
tures is presented in the ternary diagrams shown in Fig. 10, to cor-
roborate the respective gel type development proposed above.
Based on the compositional diagram proposed by García-Lodeiro
et al. [8], the M11 and M15 gels are clearly in the ‘C-A-S-H’ cluster,
with ‘Medium’ to ‘High’ calcium contents. Alternatively, due to its
low Al content, these can also be regarded as ‘C-(A)-S-H’ gel types.
The gel produced by M5, although showing higher Al contents and,
thus, several points outside the classic C-A-S-H area, is not yet con-
sidered a N,C-A-S-H gel. On the contrary, the M10 mixture, with
the lowest SG (i.e. calcium) content, is spread between the C-A-
S-H and N,C-A-S-H areas, but most of its spots are located in the
latter, thus the classification as a calcium substituted N-A-S-H gel
(i.e. N,C-A-S-H) [8–48]. These results indicate that the type of gel
developed is mostly influenced by the calcium content in the pre-
cursor, which, in this case, means that the gel depends on the slag
content.

Regarding the influence of the silica, alumina and calcium oxide
contents on the mechanical strength, and based on a direct com-
parison between mixtures M11 and M15, and M5 and M10, it
appears that both the type of activator (first group) and the precur-
sor composition (second group) were relevant to the final mechan-
ical strength. In the first case, a lower soluble silica content and a
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higher alkali concentration (M15) produced a better-performing
gel, with generally higher calcium oxide contents, for the same alu-
mina content. Similar conclusions were previously reported by
Abdollahnejad et al. [49], whom concluded that the Ca/Si molar
had the highest impact on the mechanical strength of alkali-
activated ceramic/slag based binders, with an optimum range at
0.60 to 0.65.

However, in the second case, a lower slag content (i.e. a lower
calcium oxide content) generated a gel with a higher silica content
(M10), which favoured the final mechanical behaviour, in detri-
ment of a more balanced silica/calcium oxide composition (M5).
Nevertheless, in this case the alumina content also changed signif-
icantly, with the higher strength gel showing higher silica and alu-
mina contents than the higher Ca content. It can be assumed that
the incorporation of calcium is generally positive, in terms of
mechanical behaviour, but only up to a certain degree, when it
starts to deplete the structural matrix of the essential silicon and
aluminium ions Abdollahnejad et al. [50].

In both cases, the slight variations on the activator or precursor
were able to produce significant responses in terms of compressive
strength, as the differences between M11 and M15, and between
M5 and M10 were approximately 50%.
4. Conclusions

This paper presents the mechanical and microstructural charac-
terization of a cementing material resulting from the alkaline acti-
vation of slag and fly ash which creates a semi-crystalline gel that
has similar properties to the C-S-H gel resulting from ordinary
Portland cement. This type of binder is nowadays the focus of
extensive research, mostly due to its sustainability compared to
traditional cement. However, studies addressing the optimisation
of the experimental process are scarce, even if the quantity of vari-
ables with influence on the quality of the final product, is clearly
higher than those affecting OPC results.

The mechanical performance of this new material was evalu-
ated by unconfined flexural and compressive strength tests, anal-
ysed with a statistical model (response surface method) that
provided regression models capable of predicting the flexural and
compressive strength at two different curing ages. This was further
analysed and compared with a microstructural analysis, including
X-ray diffraction, and scanning electron microscopy.

The specimens were cured without high temperature levels,
contrary to what is commonly used in other works. Usually, mix-
tures based only on fly ash achieve good strength levels when high
curing temperatures are used, due to its low calcium content. This
parameter significantly affects the structural transition from the
amorphous to the crystalline polymer of the synthesized mineral
polymers. The partial replacement of ash with slag, rich in calcium,
promotes the production of C-A-S-H or C,N-A-S-H type gels, which
guarantee higher initial strengths. In fact, the best performing mix-
ture (M10) developed a N,C-A-S-H gel, a clear indication of the
favourable combination of calcium rich slag and low calcium fly
ash.

The application of the response surface method provided the
regression equations for the compressive and flexural strength at
each age based on the mixture composition. It also provided the
definition of the best performing composition using a rational
methodology. It should be noted that the proposed regressions
are only valid within the defined range of each variable. Further
work is needed to enlarge the range of variation of the regression
model.

The optimum composition obtained demonstrated significant
mechanical performance at early or at older ages (32.27 MPa and
44.25 MPa of unconfined compression strength at 7 and 28 days
respectively), even without curing at high temperatures, which is
very important for the ground improvement applications.
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