Alkaline activation of bottom ash derived from municipal solid waste
incineration in the production of mortars with recycled concrete
aggregates: The influence of thermal curing

Ana Sofia Lopes Casanova Fernandes
Thesis to obtain the Master of Science Degree in

Civil Engineering
Supervisor: Professor Doutor Jorge Manuel Caliço Lopes de Brito
Co-Supervisor: Doctor Rui Vasco Pacheco Santos da Silva

Examination Committee
Chairperson: Professor Doctor Maria Cristina De Oliveira Matos Silva
Supervisor: Professor Doctor Jorge Manuel Caliço Lopes de Brito
Member of the committee: Professor Doctor Pedro Miguel Soares Raposeiro da Silva

June 2019

1. Introduction
This study assessed the complete replacement of cement by bottom ash derived from municipal solid waste
incineration (MIBA) and fly ash derived from coal combustion (FA), with incorporation of fine recycled aggregates
(FRA) in mortars, through alkaline activation. This option is an improvement considering the significant decrease in
the environmental impact of mortars’ production when compared to current methods. Nowadays, one of the main
concerns in the Construction sector is to ensure sustainability, which motivates the development of new materials
with positive impact on the environment. Therefore, action was taken considering the major source of global
pollution - the cement industry - and the factories that produce MIBA offer a potential alternative. In Europe, about
20 million tons of MIBA are produced each year (Nørgaard et al., 2019). In parallel, the advantages of reutilization
construction and demolition waste (CDW) are crucial to the Construction sector and Society in general. Besides
decreasing the environmental impact caused by their deposition in landfills, it also allows the reduction of the CO2
footprint and energy consumption arising from the production of natural aggregates. Therefore, apart from being
a more sustainable alternative to the use of natural aggregates, reutilization may also generate new markets (Silva
et al., 2016). Until now, FA have been emerging in the construction sector as they are increasingly considered a
suitable material to alkaline activated concrete due to their suitable composition of silica and alumina (Fang et al.,
2018). FA are aluminosilicate materials that single-handedly do not possess significant hydraulic features but, with
the right conditions, form a gel after the reaction with sodium hydroxide (Ca(OH)2) (Xu & Shi, 2018).

2. Experimental campaign
The main goal of this work is to study the influence of the curing conditions on the polymerization mechanism in
FA and MIBA as complete substitutes of cement with and without FRA. All mortars have a volumetric ratio of 1/3
(binder/aggregates) and a water/binder ratio of 0.5 to FA and 0.65 to MIBA. Since their composition is similar to
that of concrete, except for the absence of coarse aggregates, the analyzed mortars can be considered the mortar
phase of concrete.

2.1. Materials
The materials used in this experimental campaign were: sand (fine and coarse); FRA (up to 4 mm); FA; and MIBA.
The characteristics of the two binders are shown in Table 1. For MIBA, X-ray diffraction was performed taking
into account the magnetic (M) and non-magnetic (NM) fractions.
Table 1 Chemical composition of MIBA and FA
Oxides
M [%]
MIBA
NM [%]
M+NM [%]
FA [%]

Fe2O3
62.609
6.691
9.291
15.96

SiO2
14.924
53.735
51.841
51.93

Al2O3
4.173
4.494
4.995
18.75

2

CaO
9.858
24.253
22.999
4.460

TiO2
0.576
0.331
0.343
2.390

CuO
0.145
0.178
0.162
1.60

K2O
0.480
1.597
1.574
3.24

Na2O
0.76

2.2. Procedures
The experimental campaign was organized in distinct subphases, in relation to the aggregates used and to the
mortars both in the fresh and hardened state. All tests were performed considering the European standard
specifications to allow comparison with other studies.

2.3. Mix design
In this experimental campaign, all the produced mortars have a volumetric ratio of 1:3 (binder/sand) and its
composition is based on the method proposed by Nepomuceno (2005). The ratio between AA/b (alkaline
activator/binder) corresponds to 0.50 for FA and 0.65 for MIBA. Prior to initiating the experimental campaign of
this master thesis, several iterations were run so it could be possible to obtain reasonable results when it comes
to the workability and the compaction of the mortar. In the case of MIBA, if the ration between AA/b is kept
equal to 0.5, the workability of the mix would not be in the range that it is required, even with the use of
superplasticizer. The replacement of natural aggregate with RA was done in whole. In conclusion, Table 2 below
shows the identification of each family of the produced mortars.
Table 2 Mix design
Mixes
FA-NA 70/24
FA-NA 70/48
FA-NA 90/24
FA-RA 70/24
FA-RA 70/48
FA-RA 90/24
MIBA-NA 70/24
MIBA-NA 70/48
MIBA-NA 90/24
MIBA-RA 70/24
MIBA-RA 70/48
MIBA-RA 90/24

Binder

Aggregates

AA/binder

Natural
Fly ash

0.5
Recycled

Natural
MIBA

0.65
Recycled

Cure
70 °C for 24 h
70 °C for 48 h
90 °C for 24 h
70 °C for 24 h
70 °C for 48 h
90 °C for 24 h
70 °C for 24 h
70 °C for 48 h
90 °C for 24 h
70 °C for 24 h
70 °C for 48 h
90 °C for 24 h

3. Results and discussion
3.1. Aggregates
3.1.1. Particle size distribution
The particle size distribution of fine sand, coarse sand and FRA was determined. In order to maintain the
aggregates’ particle size distribution constant after the FNA replacement, the FRA were sieved into their different
fraction sizes and regrouped to match the FNA’s particle size distribution (Table 3).
Table 3 Percentage of material retained adopted in FRA’s particle size distribution
Sieves’ aperture (mm)
4
2
1
0.5
0.25
0.125
0.063
< 0.063
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Grain size (%)
1.59
7.56
38.37
44.41
19.28
2.53
0.14
0.65

3.1.2. Bulk density and apparent bulk density
The bulk density results and the apparent bulk density results are presented in Table 4.
Table 4 Aggregate bulk density
Material
ρa
Bulk density (kg/m3)
ρrd
ρssd
Apparent bulk density (kg/m3)

Fine sand
2652
2624
2634
1544

Coarse sand
2636
2601
2614
1556

FRA
2510
2040
2230
1217

3.1.3. Water absorption
The 24-hour results concerning the fine sand, coarse sand and FRA were 0.40%, 0.51% and 9.33%, respectively.
Moreover, the FRA 10 minutes result was 82% of their total water absorption.

3.2. Fresh state performance
3.2.1. Workability
Since the mortars under study can be considered the mortar phase of concrete, it is important to guarantee a
good workability in case studies such as this. Therefore, 170 ± 25 mm was adopted as an appropriate consistence
range. However, the reference sample exhibited a spread of 223 mm. For the MIBA families with natural
aggregates, the mixing methodology consisted of waiting 1 hour after the beginning of the procedure so that the
reaction of metallic aluminium was in the equilibrium state and consequently the hydrogen gas was released
completely. For both binders, the incorporation of FRA induced, as expected, a less workable paste. Silva et al.
(2014) confirmed that trend in their study and attributed it to the greater water absorption capacity and greater
angularity of FRA, relatively to FNA. To counteract the FRA’s water absorption, 8% of the aggregates’ mass of
water was added to all mixes in order to promote FRA’s partial saturation during the first 10 minutes of mixing
and ensure that all AA introduced involve the solid particles of the mix and provide workability. The difference
in spread between FA-NA and FA-RA is 18% while, for BA, the difference is 5.1% between NA and RA.

3.2.2. Bulk density
The results are shown in Table 5. They indicate that for both binders the incorporation of FRA induces a decrease
in the mortars’ bulk density, 13% and 8.2% for FA and MIBA mortars, respectively. This trend is in line with the
literature (Brito and Evangelista, 2013). The main reason for such decrease is the old mortar adhered to the FRA
particles. For MIBA mortars, the bulk density increased 5% after 1 hour of reaction. This effect was a result of
hydrogen gas release, which resulted in the formation of a less porous, and thus denser, matrix.
Table 5 Bulk density of all mortars
Binder

NA

FRA

FA

2260

1970

MIBA

1901/2004 (after 1 hour)

1744

3.3. Hardened state performance
3.3.1. Modulus of elasticity
The results of the apparent bulk density test are presented in Figure1 and Figure2. Since the modulus of elasticity
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corresponds to the material’s stiffness, it is interesting to compare these values with the respective apparent
bulk densities. In FA mortars, a decrease of approximately 12% in apparent bulk density of the FA-RA mix
corresponds to a decrease of almost 70% of the modulus of elasticity when compared to that of FA-NA. The
reason for such behaviour is the fact that RA create a weaker paste due to the excessive volume of voids. The
mixes with the best results were those subjected to 70 °C for 48 hours. In MIBA, the gradual growth in the modulus
of elasticity is clearer in the mixes with NA, even though the apparent bulk density of these mixes is constant in the
various curing conditions. Higher moduli of elasticity were observed when the specimens were cured at 90 °C for
24 hours.
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Figure1 Modulus of elasticity of mortars with FA

Figure2 Modulus of elasticity of mortars with MIBA

3.3.2. Flexural and compressive strength
Both flexural and compressive strength tests were made at 7, 28 and 91 days. The flexural strength results of the
two binders are presented in Figure 3, Figure 4, Figure 5 and Figure 6. The compressive strength of the mixes
are shown in Figure 7, Figure 8, Figure 9 andFigure 10. For both parameters, the optimum solution for curing
were 70 °C/48 hours for FA mortars and 90 °C/24 hours to MIBA mortars. Considering the curing conditions under
study, the results match the conclusions of Atiş et al. (2015). For the same curing temperature, the increase in
exposure time promoted the material’s strength development and, for that same curing time, but under higher
temperatures, the strength is increased.
The trend seen in the results of flexural and compressive strength is in accordance with Nuaklong et al. (2016). For
the FA mixes and same curing conditions, replacing NA with RA caused a decrease in the material’s strength, which
confirms the weak intrinsic properties of RA. For MIBA mortars, the same behaviour was observed with the
incorporation of RA. In these ashes, the introduction of a higher amount of energy might has been responsible for
an early evaporation of the mixing water before dissolution of the amorphous silica. Furthermore, for mortars
exposed to the 70 °C/24 hours curing regime, the conditions necessary for the development of the chemical
reactions may not have been achieved due to a lack of thermal energy in the endothermic reaction. As stated by
López at al. (2017), the development of CFRSU’s compressive strength is a slow process due to the low reactivity of
the ashes.
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3.3.3. Carbonation
After 28 days, all families were completely carbonated. The test specimens were kept under carbonation
conditions in order to assess their compressive and flexural strengths after 28 and 91 days. The values obtained
are presented in Figure 3, 4, 5 and 6 for flexural strength and Figure 7, 8, 9 and 10 for compressive strength.
Again, the flexural and compressive strength values decreased with the incorporation of RA. In accordance with
Zhu et al. (2019), by replacing the NA’s fraction for RA, there is a decrease of the matrix’s density, leaving it more
susceptible to CO2 diffusion. For both binders, the NA mixes’ strength developed significantly when compared to
specimens containing RA.
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Figure 3 Flexural strength of the FA-NA families at 7, 28 and 91 days
and after 28 and 91 of carbonation
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Figure 4 Flexural strength of the FA-RA families at 7, 28 and 91 days
and after 28 and 91 of carbonation
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Figure 5 Flexural strength of the MIBA-NA families at 7, 28 and 91
days and after 28 and 91 of carbonation
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Figure 6 Flexural strength of the MIBA-RA families at 7, 28 and 91
days and after 28 and 91 of carbonation
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Figure 8 Compressive strength of the FA-RA families at 7, 28 and 91
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Figure 7 Compressive strength of the FA-NA families at 7, 28 and 91
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Figure 9 Compressive strength of the MIBA-NA families at 7, 28 and 91
days and after 28 and 91 of carbonation
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Figure 10 Compressive strength of the MIBA-RA families at 7, 28 and
91 days and after 28 and 91 of carbonation

3.3.4. Shrinkage
The results obtained for the two binders are presented in Figures 11 and 12. FA mortars presented better results
due to their improved dimensional stability and fine grain size, which may have decreased the mixes’ porosity,
thus preventing excessive water loss. For MIBA mixes, there was a greater dispersion of values that, in
accordance with Pera et al. (1997), can be explained by the presence of aluminium and respective corrosive
reactions as well as the MIBA’s physical and chemical instability (Jurič et al., 2006). As for the addition of RA, for
equivalent curing conditions, mixes with recycled material tend to have a greater dimensional variation.
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Figure 11 Shrinkage of the FA-NA and FA-RA families
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Figure 12 Shrinkage of the MIBA-NA and MIBA-RA families

3.3.5. Water absorption by capillarity
As in carbonation, absorption by capillarity is an interesting parameter regarding the material’s durability, since
both properties are related with the mixes’ porosity. The 72-hour water absorption by capillary action coefficient
for the reference cement sample was of 0.04 kg/(m2.min0.5). presents the water absorption coefficients after 72
hours for FA mortars. Considering only the influence of RA, both in the FA and MIBA mixes, the values obtained
agree with the conclusions of Nuaklong et al. (2016); the incorporation of RA leads to an overall increase in
porosity and thus in the water absorption by capillary action. Regarding the effect of using each of the binders,
one would expect the values between the FA and MIBA mixes to be different, but they were in fact similar.
Nevertheless, this was just a coincidence as the results from this test were invalid for MIBA mortars. shows a
brownish water demonstrating some leaching during the test. Also, the specimens exhibited significant mass loss
from detached solid material thereby affecting the mass measurements during the test.

Table 6 Water absorption by capillary action coefficients
Mixes
FA NA 70/24
FA NA 70/48
FA NA 90/24
FA RA 70/24
FA RA 70/48
FA RA 90/24

C 4320 [kg/(m2.min0.5)]
0.08
0.10
0.10
0.19
0.15
0.17

Standard deviation
0.04
0.10
0.13
0.06
0.03
0.05

Figure 13 Test of water absorption of the MIBA families
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4. Conclusions
Some conclusions can be drawn from this experimental programme in terms of the influence of the thermal
curing regime of alkali activated mortars using MIBA or FA as solid precursors. The following conclusions are
based on the experimental results:


The initial goal was to maintain the same AA/binder ratio for the two binders. However, MIBA mortars
with a ratio of 0.50 failed to present the target workability, in spite of the use of superplasticizers. This
was due to the particles’ irregular shape and hydrophobicity thus leading to unworkable mixes;



Notable improvements can be observed in MIBA mortar’s fresh density by leaving the mix to rest for 1
hour after the beginning of the mixing process. The 5% increase in fresh density indicates that, during this
time, there was a continuous release of hydrogen resulting in denser material;



As for flexural and compressive strengths and modulus of elasticity, the ideal curing regimen for FA
mortars was 70 °C for 48 hours, as these conditions provide the highest quantity of energy in the form
of heat. For MIBA, the optimum curing conditions were 90 °C for 24 hours;



Regarding the mortars’ dimensional variability, FA-based mortars showed reasonably low shrinkage
values due to their chemical stability. On the other hand, MIBA mortars showed a higher dispersion of
results due to the presence of aluminium and the consequent corrosion reactions leading to a
significantly porous material;



The study of these mixes exposed to an accelerated carbonation conditions led to considerably
enhanced mechanical performance. The flexural strength of FA-NA mortars showed an increase of
approximately 20%, exhibiting values higher than those of the control cement mortars. MIBA-NA mixes
showed a 44% increase. Concerning the effect of the thermal curing regimen, the optimum conditions
were different than the previously observed; the best conditions for FA mixes was found to be 70 °C/24
hours, whereas for MIBA mixes 70 °C/48 hours was ideal;



Although the exothermic curing process of alkali activated materials is a reasonably established matter,
the study of alkali activated MIBA is at its very beginning and thus some barriers were likely to be
encountered. Furthermore, due to the inefficient incineration process, which results in a significant
amount of non-combusted material, many of the particles may not have reached the desired high
temperatures and thus presented low reactivity. Moreover, the presence of aluminium is a problem
that still needs to be addressed in upcoming studies, in order to decrease the material’s porosity.
Nevertheless, it is considered that alkali activation of MIBA, after removing these barriers, can be
considered as a valid alternative to the use of cement in the production of mortar and concrete.
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