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Abstract: The durability performance of sustainable concrete that included reactive magnesium oxide
(MgO) and fly ash (FA) was assessed in this study. Due to the sustainability advantages and decreased
shrinkage, the partial substitution of cement with these two materials is an intriguing alternative for
the building industry. The percentages of FA incorporation by partial cement replacement were 0%,
15%, and 30%. MgO was added to concrete at different rates: 0%, 5%, 10%, and 20%. There were
two different kinds of MgO utilised, one from Spain and the other from Australia. A comparison of
these two materials' individual incorporations was made, and subsequently a comparison of their
simultaneous usage was made. In all tests (water absorption through capillarity and immersion,
carbonation depth, and resistance to chloride penetration), performance reductions ranging from 3%
to 95% were found. Due to the gradual hydration of these two alternative materials, the performance
gap between them and the reference concrete tends to narrow with time. It was discovered that the
adverse effects did not overlap in the majority of the experiments. In other words, the performance
losses brought on by the simultaneous integration of MgO and FA were less than the total of the losses
brought on by each component's incorporation separately.
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1. Introduction

In recent decades, the world's population has been growing tremendously. An rise in housing
stock and infrastructure, particularly in major cities, will be one effect of this population
growth.
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The proper housing of this vast population of people will be made possible by the building
sector. 10% of the CO2 generated worldwide is emitted by the same industry. More
specifically, the manufacturing of cement contributes 7.4% of CO2. These findings
demonstrate that producing concrete has a significant ecological impact [1]. By utilising them
as a carbon dioxide collection, utilisation, and storage technique, special mortars can help
mitigate the effects of climate change [2]. Several solutions have been put up in an effort to
lessen this impact, including the one that will be discussed in this study [3]. In order to solve
this issue, mineral admixtures might be used in the manufacture of concrete. In this study, the
application of fly ash and MgO was investigated. Concrete cracking can affect the durability
of the material and the security of the constructions. This is a particular challenge in locations
with extreme weather or significant traffic since continual exposure to environmental stresses
weakens concrete. The high alkalinity of the mix, which can lead to the corrosion of
reinforcing steel and consequent structural damage, is another issue with Portland cement
concrete.

Since reinforcing is necessary for the structural integrity of concrete structures, this issue has
caused worry in the construction industry for a number of decades. Researchers have been
investigating the use of fly ash and active magnesium oxide as partial substitutes for Portland
cement to solve these issues. With regard to MgO, concrete may be made by including it,
lowering CO2 emissions [4]. For two main reasons, using reactive MgO as a partial substitute
for Portland cement in concrete can cut down on CO2 emissions. Since the manufacturing of
Portland cement requires heating raw materials, including limestone and clay, to temperatures
of roughly 1450 °C, the first one is the lower calcination temperature. Large volumes of CO2
are released into the atmosphere during this process. Reactive MgO, in contrast, can be
created at considerably lower temperatures, usually about 750 C, which results in
substantially reduced CO2 emissions [5-7]. This decrease might be explained by carbonation,
which is the process by which concrete gradually absorbs CO2 when exposed to the
environment. As MgO combines with CO2 to generate magnesium carbonate, using reactive
MgO can speed up this process. The carbon emissions connected to the manufacture of
Portland cement are partially mitigated by this reaction. The MgO employed in this
experiment was light-burned, which exhibits strong reactivity due to its calcination
temperature of between 700 and 1000 C [5]. These temperatures are quite modest when
compared to the 1450 C required to produce Portland cement [6,7].

Much of the MgO utilised in industry, according to Jin and AL-Tabbaa [5], is created by the
calcination of MgCQO3, as shown in Equation (1), according to Kramer and Shand [8,9] and
Jin and AL-Tabbaa [5].

MgCO3 + heat = MgO + CO, Q)

Mo et al. [10] stated that in the hydration reaction of MgO brucite, Mg(OH),, is obtained as
the end product (Equation (2)).

MgO + H,0 = Mg(OH), 2)

More details on the hydration of magnesium oxide were provided by Du [11]. The author
claims that because the hydration products of MgO have a higher volume than the reactants,
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the creation of brucite results in expansion in concrete. The utilisation of MgO requires a
variety of properties, one of which is reactivity. The MgO reaction with water and diluted
acids is used to test this attribute, and the reactivity is largely dependent on the material's
physical properties and purity. MgO's reactivity tends to rise when its specific surface area
and particle size decrease and increase, respectively. The manufacturing circumstances, such
as raw material purity and calcination temperature, regulate these two parameters [12].

A MgO sample's hydration happens more slowly the lower its reactivity. The particles in a
sample cluster together more due to the decreased specific surface area, which results in less
hydration. The same findings were found by Mo et al. [5,10], Al-Tabba, and Jin. Porosity is
among the most significant features of concrete. Numerous research have previously been
done due to its importance. Cement pastes containing MgO were examined for porosity by
Mo and Panesar [13]. MgO concentrations ranged from 0% to 40%. The researchers
discovered that when compared to the reference cement paste under rapid carbonation,
adding 20% MgO might result in a 32% reduction in pore volume at 28 days. The same
findings were achieved by Liu et al. [15], who found that using 5% MgO instead of OPC in
mortar manufacture resulted in a 19% increase in porosity after 91 days when compared to
the reference mortar. Several investigations on cementitious materials that include MgO have
been done. The results reached by the many authors on durability were very obvious. Bravo
et al.'s [16] analysis of the capillary water absorption in mortars containing 5%, 10%, 15%,
20%, and 25% MgO in their composition. According to the authors, compared to the
reference mortar, water is absorbed through capillarity more readily the more MgO is present.
In fact, the worst outcomes were found when 25% MgO was added, with an increase in
absorption of nearly 44%.

The water absorption capacity of concrete with the addition of 5% and 10% MgO, together
with FA and metakaolin, as a replacement for OPC, was examined by Mavroulidou et al. [17]
at a 28-day age. It was discovered that adding 5% MgO reduced the amount of water that
could be absorbed. This was ascribed to the fact that higher concentrations of MgO and
metakaolin in the mix compacted better because more water was needed to keep the
composition consistent. However, greater results were obtained than those shown for the
reference concrete with the inclusion of 10% MgO, but poorer results were obtained than The
carbonation capability of concrete containing 10% MgO at 14 days was examined by Pu and
Unluer [18]. The carbonation depth in specimens containing MgO was twice as deep as that
in the reference concrete, according to the authors. According to Gongalves et al. [19], the
same results, noting that the proportion of MgO increased along with a rise in the carbonation
depth in mortars. In actuality, depending on the reactivity of the MgO employed, the presence
of 20% MgO in the manufactured mortars enhanced the carbonation depth by 139% to 483%
at 91 days.

Fly ash is used in an intriguing way since it may be recycled. SiO2 and A1203 make up the
bulk of this substance. The fly ash employed in this experiment is class F, according to the
American Society for Testing Materials [20], since it contains more than 70% SiO2 + Al1203
+ Fe203 (silicate + alumina + iron oxide). Physically, a filler effect can be seen, which fills
the spaces between Portland cement particles with fly ash particles since they are smaller in
size [4]. There is a rise in calcium silicate hydrate (C-S-H), which provides benefits in terms
of durability, as a result of the existence of siliceous compounds, which in the presence of
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water can be connected to calcium hydroxide [21,22]. Fly ash has a delaying effect on
concrete hydration for the first 24 hours. This happens because the ash must solubilize the
glassy portion in order for it to interact with the calcium hydroxide. On the surface of the fly
ash particles, hydrate development starts to take place after 28 days. In order to make up for
the lower degree of hydration at the start of curing, the degree of hydration can rise up to
16% [23].

When compared to reference concrete at 28 days of age, Saha [24] showed that the capillary
water absorption in concrete with 10%, 20%, 30%, and 40% FA was reduced by 4%, 13%,
29%, and 32%, respectively. The study found that FA concrete lost its ability to absorb water
through capillaries for two different causes. First, FA has more surface area per unit volume
than cement, and second, FA thins the interfacial transition zone (ITZ) between aggregates
and binders. According to Nayak et al. [25], concrete with 40% FA had water absorption rates
by immersion and capillarity that were 26% lower than those of reference concrete. This is
likely because of the concrete's enhanced reactivity with the chemicals generated during the
hydration process. Again, Saha [24] came to the conclusion that the chloride penetration after
28 days was decreased by 3%, 27%, 48%, and 53%, respectively, compared to the reference
concrete in concrete with 10%, 20%, 30%, and 40% FA. According to the study, the fineness
of fly ash is to blame for this drop. Another explanation for this superior behaviour, according
to [27], is the reduced concentration of alkali ions (Na+ and K+) and related hydroxyl ions
(OH) in the pore solution.

According to Sadrmomtazi et al. [28], concrete containing FA had more chloride penetration
at 28 days than control concrete did. On the other hand, the application of FA at the age of 90
days reduced the chloride penetration by up to 30% as a result of the development It was
feasible to determine through studying the interaction of fly ash and MgO that MgO is
insoluble with C-S-H due to the hydration of Portland cement and fly ash. In order to create
hydrated magnesium silicate (M-S-H), brucite will react with the silica in fly ash [32].
Brucite and M-S-H are two possible byproducts of the hydration of MgO, depending on the
quantity of silica present. In their investigation, Choi et al. [33] concentrated on concrete that
had FA and MgO partially incorporated. For the experimental campaign, they added 20% FA
to all mixtures while varying the MgO content from 0% to 5%. The specimens underwent 28
and 360 days of water curing. Different water to binder ratios—0.65 and 0.48—were utilised
by the authors. According to the findings of the test for the migration of chloride ions, 65-
MO-28 had a coefficient that was 1.1% lower than 65-M5-28, while 65-M0-360, which had a
longer curing time, had a coefficient that was 20% higher than 65-M5-360. MgO performed
similarly in concrete with w/b = 0.48 as well.

2. Materials and Methods
2.1. Materials

Materials utilised for this experiment were tap water, MgO, fly ash, cement CEM I 42.5R,
fine and coarse aggregates, and cement. In this experimental campaign, no additives were
employed. Portugal's Secil (Lisbon) produced Portland cement CEM 1 42.5R. Two types of
natural aggregates were used: siliceous sands (0/2 and 0/4), and coarse aggregates (with
commercial grading according to the designations 2/6, 6/12, and 12/20 of EN 12620 [34]).

3313
Eur. Chem. Bull. 2023, 12 (Si6), 3310 - 3326



Experimental Investigations on Concrete with replacement of cement by reactive magnesium oxide
and fly ash

Section A-Research paper
ISSN 2063-5346

EDP-Gesto da Produco de Energia, S.A. provided a class F fly ash (with 58% Si02 and 24%
Al203) to the Sines Power Plant in Portugal. The purities of the two varieties of MgO
utilised were 85.0% for the Spanish variety and 98.8% for the Australian variety. MgO-S has
4.9 m2/g of specific surface area while MgO-A had 51.2 m2/g. For the Spanish and
Australian MgOs, the reactivity was 3544 seconds and 14 seconds, respectively. Additionally,
Liska et al. [12] showed that MgO's reactivity tends to rise as the specific surface area rises.
Secil also provided the fly ash needed to make concrete. The particle sizes of the various
binders are listed in Table 1.

Table 1 clearly demonstrates that MgO-A particles are smaller in size than MgO-S particles.

Table 1. Particle size of the different binders.

Material <3 um (%) Between 3 and 32 pm >32 um

(%) (%)
OPC 25.9 56.2 17.9
FA 21.3 55.9 22.8
MgO-S 12.1 15.3 72.6
MgO-A 40.1 56.0 3.9

2.2. Composition of the Mixes

The reference concrete's composition may be found in Table 2. Only the RM mix's
composition is given because the others are identical.

The composition of each mix was established using a method described by Nepomuceno et
al. [35]. A consistency class S2 and a strength class C30/37 were established to describe the
reference concrete. To keep all of the mixtures within the S2 consistency class, various
water/binder ratios were employed. The amount of each binder, according to specified and
described percentages, is the sole difference in the other mixtures' make-up. 21 different
concrete mixtures were created in all, including reference concrete (RC), mixtures with
replacement ratios of 5%, 10%, and 20% for MgO-A and MgO-S, respectively, and mixtures
with additions of 15% and 30% for fly ash, either with or without MgO. Each mixture is
designated as Cx/y:FA/MgO-A or Cx/y:FA/MgO-S, depending on how much FA and how
much Australian or Spanish MgO it contains.

Table 2. Composition of the reference concrete (RC).

Binder 0.098

0-0.063 0.001

0.063-0.125 0.004

Fine aggregates 0.125-025 0.030
0.25-0.5 0.079
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0.5-1 0.097

1-2 0.085

74 0.036

4-5.6 0.012

5.6-8 0.050

Coarse aggregates 8112 0.072
11.2-16 0.153

16-22.4 0.092

Water 0.174
Voids 0.017
Total 1.000

2.3. Tests

The experimental campaign would be divided into three parts. First, evaluations of the
various components of concrete were conducted. Then, the fresh and hardened states of the
concrete mixtures were examined. The aforementioned tests were carried out in order to
categorise the various blends according to their durability. According to LNEC E-393 (1993)
[36], the water absorption by capillarity was assessed in 3 specimens at 28 and 91 days.
Based on LNEC E-394 (1993) [37], water absorption by immersion was assessed after 28
days in 3 specimens. According to NT BUILD 492 (1999-11) [38], the diffusion coefticient
test for chloride penetration resistance was carried out at 28 and 91 days in 3 specimens for
each age. Finally, based on LNEC E391 (1993) [39], the carbonation depth was measured at
7, 28, 56, and 91 days of maturity. For either 28 or 91 days, all specimens were kept in a
humid room.

3. Results and Discussion
3.1. Consistency

The consistency of the mixes tended to decline as the incorporation ratio of reactive MgO
increased. As reactive MgO increased, it became essential to increase the water/binder ratio
in the mixes to maintain the desired consistency, as seen in Figure 1.

According to Figure 2, all mixtures fall into the S2 consistency (50-100 mm) category. When
comparing the two types of MgO (from Spain and Australia), more water was needed in the
mixture when using the MgO from Australia. The MgO-A particles' increased fineness and
specific surface area are to blame for this, as the more surface area they have, the more water
is needed to be absorbed by their surface.
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3.2. Capillary Water Absorption

First, Figures 3 and 4 demonstrate, respectively, the findings of water absorption via
capillarity at 28 and 91 days for concrete with the addition of MgO. The amount of water
absorbed by capillarity tends to significantly increase when MgO is present. In fact, the water
absorption increases with the amount of MgO absorbed. When MgO-A was employed, it was
feasible to have superior outcomes, particularly after 91 days. This effect could be caused by
the MgO-S particles' higher porosity and reduced specific surface area.
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Figure 3. Water absorption by capillarity at 72 h versus MgO content, at 28 days.

It is possible to evaluate the water absorption through capillarity in concrete with MgO and
FA at 28 and 91 days by analysing Figures 5 and 6. By including MgO and FA in the
composition of concrete, it has been determined that the capillary absorption capacity tends to
rise together with the amount of these two minerals. Once more, tests done at 28 days reveal
greater values for this ability than those done at 91 days. The mixture C15/5:FA/MgO had the
best results, increasing by roughly 4% in comparison to RC at both 28 and 91 days. Once
more, MgO-A seems to produce superior outcomes versus its Spanish cousin. When these
two materials are used together, as shown in Table 3, the outcomes are consistently better
than those predicted theoretically (i.e., the total of the effects of each element's separate
location). When the RC:15FA mix exhibits comparable values after 91 days after MgO
addition, this is rather simple to see. The combined use of MgO and FA in the creation of
concrete therefore looks intriguing in terms of this feature.
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Figure 5. Capillarity absorption at 72 h in mixes with MgO and
FA at 28 days.
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Figure 6. Capillarity absorption at 72 h in mixes with MgO and
FA at 91 days.

3.3. Water Absorption by Immersion

Figure 7 demonstrates that when the incorporation ratio of MgO and FA rises, the water
absorption by immersion at 28 days tends to rise. For the usage of 5% and 20% MgO-A,
respectively, the variance fluctuates between increases of 54% and 65% with regard to RC
when using only MgO-A. For the Spanish version, comparable values were found. The
C30:FA/MgO mixtures produced the poorest results, as was to be expected, with an
absorption of roughly 16% for both MgOs, about tripling the RC value. It should be
emphasised, nonetheless, that the combination of these substances (MgO and FA) exhibits an
improvement in comparison to the predicted theoretical value. This may be demonstrated by
investigating mixtures like C15/10:FA/MgO-A. In comparison to RC, the RC15:FA mixture
absorbs water with a 26.5% greater efficiency. The C10:MgO-A mixture exhibits a 51% rise.
The absorption capacity would thus be anticipated to rise by 77.5% as compared to RC with
combined usage.
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Figure 7. Water absorption by immersion at 28 days.
3.4 Carbonation

The carbonation depth of concrete mixes that were cured in a chamber with 5% CO2, 60%
RH, and a temperature of 23 C is shown in Figures 8-10 at 7, 28, 56, and 91 days. It is
instantly apparent that the carbonation depth rises with the addition of MgO and FA. In fact,
the carbonation tends to display larger values as the percentage of these ingredients in the
mixtures increases. Several factors led to the expectation of this phenomena. First, the mixes
with MgO and/or FA have more porous matrix due to the rise in the water/binder ratio.
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Figure 10. Carbonation depth in mixes with MgO and 30% FA.

The partial substitution of Portland cement, on the other hand, results in lesser creation of C-
S-H and Ca(OH)2, and their interaction would slow the rate of carbonation. Additionally,
according to Gongalves et al. [19], the phenolphthalein test results suggest an enhanced rate
of carbonation due to the decreased amount of Ca(OH)2, which has a pH level of 12.5, and an
increased amount of Mg(OH)2, which has a pH level of 10.5. This, together with the fact that
the microstructure is more porous than in RC, will be pretty cogent explanations.

Results from the Spanish MgO are less favourable than those from the Australian MgO.
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3.5. Resistance to Chloride Penetration

Figures 11-13 summarize the chloride penetrability test results at 28 and 91 days. As
expected, it is evident that with the incorporation of MgO and FA, the chloride ion migration

coefficient increases.
ar 25.0
g
ati 5
on
w 150
e 100
fi 5,
cie

at 00
(x1 o & > 5
X @% @"o @"o @% é\"o @"0

R Y
28 days ™91 days

Figure 11. Chloride ion migration coefficient in mixes with MgO.
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The use of 20% MgO produced the poorest outcomes, with a 100% increase in the chloride
ion penetration coefficient in comparison to RC. Similar to the preceding attributes, Table 5
demonstrates that the theoretical value anticipated for the mixture of MgO and FA is
significantly greater than the value discovered in the lab. Therefore, adding MgO and FA to
concrete at the same time has advantageous effects on these characteristics as well. The
coefficients at 91 days have lower values than those at 28 days, as would be predicted. This
indicates that the barrier to chloride penetration gradually gets a little better. Numerous
studies have compared the capillary absorption of water with the penetration of chloride ions.
Ferreira [40] came to the conclusion that there is a linear relationship between the chloride
ion diffusion coefficient and capillary water absorption. According to Figure 14, which
illustrates a decent linear connection between both qualities in the concrete mixes included in
this experiment, the coefficient of determination at 28 days was 0.74.

3.6. Comparative Analysis of Concrete Compressive Strength and Durability

To determine whether there is a correlation between the various durability features, it is
crucial to correlate the compressive strength with those parameters. A compressive strength
of 44.2 MPa was attained for the reference concrete at 28 days, and a compressive strength of
48.3 MPa was attained at 91 days. Table 6 shows how the ternary mixes' (OPC, MgO, and
FA) stated attributes differ from the reference concrete.

Table 6. Mechanical and durability behavior of the different mixes.

Variation Relative to RC (%)

Water AbsorptionWater AbsorpticCarbonation  Chloride

. Compressive Strength by Capillarity by Depth Penetration
Mix Immersion
28 Days 91 Days 91 Days 28 Days 91 Days 91 Days

C15/5:FA/MgO-A —26.9 —15.5 +4.40 +42.7 +39.6 +35.4
C15/5:FA/MgO-5 —-23.1 —13.7 +3.43 +39.5 +46.0 +48.6
C15/10:FA/MgO-A -293 —155 +5.65 +57.0 +75.5 +53.9
C15/10:FA/MgO-5 305 173 +6.54 +65.4 1727 +65.7
C15/20:FA/MgO-A —41.1 345 +9.03 +75.3 +90.1 +66.0
C15/20:FA/MgO-5 —44.8 —36.8 +3.38 +82.1 +94.9 +74.1
C30/5:FA/MgO-A ~34.6 ~15.0 +7.30 +54.4 +5.4 +38.1
C30/5:FA/MgO-5 341 189 +3.34 +51.7 +5.4 +35.4
C30/10:FA/MgO-A —46.9 -29.1 +12.77 +82.8 +42.4 +67.7
C30/10:FA/MgO-5 —42.6 —26.2 +16.41 +79.9 +52.4 +70.5
C30/20:FA/MgO-A —58.2 —-39.5 +17.13 +95.3 +54.0 +76.0
C30/20:FA/MgO-S —59.1 385 +20.11 +91.9 +725 +78.2

In terms of compressive strength, it is evident that the strength capacity of concrete decreases
with the partial inclusion of MgO and FA. In fact, the observed loss in this capability relative
to the reference concrete increased with the amount of MgO and FA added. The compressive
strength of ternary mixtures fell between 23% and 60% at 28 days compared to RC.
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However, by 91 days of age, this decline was just 13% to 40%, demonstrating that these
concrete mixes behaved better as the curing period increased.

It is obvious that the degradation of concrete's mechanical strength is followed by lower
durability outcomes. All durability parameters evaluated perform poorly when MgO and FA
are present in the same concrete mix. A poorer behaviour of ternary mixtures is also shown
when the amount of these elements rises. Concrete containing MgO and FA exhibits similar
behaviour in terms of mechanical and durability qualities. This phenomena is demonstrated
by demonstrating that concrete's compressive strength degrades when MgO and FA levels rise
in the cement matrix. The durability result was also similar.

4. Conclusions

The purpose of this research was to examine the durability effects of concrete that contained
some MgO and fly ash. When fly ash and/or 5%, 10%, and 20% MgO were used in lieu of
Portland cement, it was able to analyse the associated variances. When one or both of these
components were present in comparison to the reference concrete, outcomes were nearly
universally poorer.

Additionally, it was discovered that Spanish MgO often performs poorer than its Australian
equivalent. This was caused by its smaller specific surface area, which also led to a smaller
reactivity. These properties make the cement paste more porous. It is well knowledge that
concrete's durability behaviour is greatly influenced by the cement paste's porosity.

It has been determined by integrating MgO and FA into the composition of concrete that as
the amount of these two components increases, so does the capillary absorption capacity. At
28 days of curing age, there was an increase in all mixes created for mixes that
simultaneously included MgO and FA, ranging from 3.7% (C15/5:FA/MgO-S) to 24.3%
(C30/10:FA/MgO-S).

In the water absorption by immersion capacity at 28 days, a similar pattern of behaviour was
seen. The findings were worse when the two materials were mixed. Individually, merely 15%
FA results in an improvement in water absorption capacity of 26.5%. Comparing concrete
containing 30% FA and 20% MgO-A to normal concrete, the findings are remarkably
comparable, with the increase in this characteristic being 64% and 65%, respectively. The
mixture C15/5:FA/MgO-S produced the highest results when MgO and FA were used
together, increasing by 39.5% compared to RC.

Similar findings were found after observing the carbonation depth measurements. For
C20:MgO-S, the worst outcome was seen, with a 160% rise in carbonation depth after 91
days. But as compared to RC, using FA led to an improvement.

The mixture RC30:FA yielded the lowest carbonation depth measurement.

The chloride ion migration coefficient rises as predicted with the addition of MgO and FA.
The use of 20% MgO produced the poorest outcomes, with a 100% increase in the chloride
ion penetration coefficient in comparison to RC. As previously mentioned, the penetration of
chloride ions increases with increasing MgO and FA content in the cement matrix of concrete
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for all mixes, with the best value being achieved when using 30% FA and 5% MgO, leading
to an increase of 35.4% in this property compared to RC.

Similar tendencies to those seen in the durability parameters were discovered by analysing
the compressive strength at 28 and 91 days. The mechanical capacity is reduced as a result of
OPC's partial replacement. A lower durability behaviour of the non-conventional concrete
goes hand in hand with this drop. Thus, it may be deduced that MgO and FA have a
detrimental effect on the mechanical and durability properties of concrete.

One of the most crucial findings was that the negative impacts were not entirely overlapping
in any of these attributes. When FA and MgO are mixed, the findings show an improvement
in comparison to the predicted theoretical outcome. The total of each material's separate
impacts equals the theoretical value. It was shown that the results achieved in ternary
mixtures were superior to the anticipated theoretical outcomes for all of the analysed
parameters. Particularly, the resistance to chloride ion penetration and carbonation depth
showed improved.

In conclusion, it is evident that using MgO and FA together produces better outcomes than
would be predicted based just on theory. The OPC replacement ratio, however, is greater than
the observed variance, with the exception of water absorption through capillarity. The
simultaneous use of these materials appears to be more effective, but additional research is
required to determine the optimal ratio of their integration that could produce superior
outcomes. In this study, it looks intriguing to include 5% MgO and 15% FA into concrete. On
the other hand, it seems excessive to replace 50% of OPC.

The use of fly ash and reactive magnesium oxide as partial substitutes for Portland cement in
the making of concrete has several practical advantages. First and foremost, these materials
are affordable and easily accessible, which makes them a desirable choice for architects and
engineers looking to increase the resilience and sustainability of their designs. Active
magnesium oxide and fly ash may also make concrete more workable, making it simpler to
pour, mould, and shape into the appropriate form. This can be especially useful for building
projects when complicated or sophisticated designs are necessary, such when creating high-
rise structures, bridges, or other infrastructure. Reactive magnesium oxide and fly ash can be
used to extend the life and increase the security of concrete buildings from a maintenance
standpoint. Buildings should survive longer and require fewer maintenance and repairs if
concrete's resistance to cracking is improved.

Fly ash and reactive magnesium oxide work well as partial substitutes for Portland cement in
the making of concrete. To fully explore and maximise the possibilities of these alternate
materials, however, more study is required.

Investigating the effectiveness of concrete mixes with various concentrations of reactive
magnesium oxide and fly ash is one area that needs more study. This would make it easier to
determine the best combination for obtaining the highest levels of performance and
sustainability while still being cost-effective. Additionally, research on the long-term
resilience of concrete buildings made with reactive magnesium oxide and fly ash is necessary.
This would include studying the effectiveness of these structures over a long length of time
under various environmental conditions. The maintenance needs of concrete constructions
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using various alternative materials might be determined with the use of this knowledge.
Studying the impacts of employing reactive magnesium oxide and fly ash in combination
with other environmentally friendly building materials, including recycled aggregates, in
order to further lessen the environmental impact of concrete production, is another topic that
needs more investigation. These study areas will be essential to maximising the performance,
sustainability, and cost-effectiveness of these materials in concrete buildings for expanding
cities and communities.

References

1. Sanjuan, M.A.; Andrade, C.; Mora, P.; Zaragoza, A. Carbon Dioxide Uptake by Cement-
Based Materials: A Spanish Case Study. Appl. Sci. 2020, 10, 339. [CrossRef]

2. Sanjuan, M.A.; Argiz, C.; Mora, P.; Zaragoza, A. Carbon Dioxide Uptake in the
Roadmap 2050 of the Spanish Cement Industry. Energies 2020, 13, 3452. [CrossRef]

3. Sanjudn, M.A.; Estévez, E.; Argiz, C. Carbon Dioxide Absorption by Blast-Furnace Slag
Mortars in Function of the Curing Intensity. Energies 2019, 12, 2346. [CrossRef]

4. Walling, S.A.; Provis, J.L. Magnesia-based cements: A journey of 150 years, and
cements for the future? Chem. Rev. 2016, 116, 4170—4204. [CrossRef] [PubMed]

5. Jin, F.; Al-Tabbaa, A. Characterisation of different commercial reactive magnesia. Adv.
Cem. Res. 2014, 26, 101-113. [CrossRef

6. Ruan, S.; Unluer, C. Comparative life cycle assessment of reactive MgO and Portland
cement production. J. Clean. Prod. 2016, 137,258-273. [CrossRef]

7. Sinka, M.; Van den Heede, P.; De Belie, N.; Bajare, D.; Sahmenko, G.; Korjakins, A.
Comparative life cycle assessment of magnesium binders as an alternative for hemp
concrete. Resour. Conserv. Recycl. 2018, 133, 288-299. [CrossRef]

8. Kramer, D. Magnesium, Its Alloys and Compounds. US Geological Survey 2001.
Available online: https://pubs.usgs.gov/of/20 01/0f01-341/0f01-341.pdf (accessed on 1
December 2022).

9. Shand, M.A. The Chemistry and Technology of Magnesia; John Wiley & Sons Inc.:
Hoboken, NJ, USA, 2006.

10. Mo, L.; Deng, M.; Wang, A. Effects of MgO-based expansive additive on compensating
the shrinkage of cement paste under non-wet curing conditions. Cem. Concr. Compos.
2012, 34, 377-383. [CrossRef]

11. Du, C. A review of magnesium oxide in concrete. Concr. Int. 2005, 27, 45-50.

12. Liska, M.; Al-Tabbaa, A. Ultra-green construction: Reactive magnesia masonry
products. Proc. Inst. Civ. Eng.-Waste Resour. Manag. 2009, 162, 185-196. [CrossRef]

13. Mo, L.; Panesar, D.K. Effects of accelerated carbonation on the microstructure of
Portland cement pastes containing reactive MgO. Cem. Concr. Res. 2012, 42, 769-777.
[CrossRef]

14. Papadakis, V.; Vayenas, C.; Fardis, M. Physical and chemical characteristics affecting
the durability of concrete. ACI Mater. J. 1991, 88, 186—196.

15. Liu, Z.; Cui, X.; Tang, M. MgO-type delayed expansive cement. Cem. Concr. Res. 1991,
21, 1049-1057.

16. Bravo, M.; Forero, J.A.; Nobre, J.; de Brito, J.; Evangelista, L. Performance of Mortars
with commercially-available reactive magnesium oxide as alternative binder. Materials
2021, /4, 938. [CrossRef] [PubMed]

3324
Eur. Chem. Bull. 2023, 12 (Si6), 3310 - 3326


http://doi.org/10.3390/app10010339
http://doi.org/10.3390/app10010339
http://doi.org/10.3390/en13133452
http://doi.org/10.3390/en13133452
http://doi.org/10.3390/en12122346
http://doi.org/10.3390/en12122346
http://doi.org/10.1021/acs.chemrev.5b00463
http://doi.org/10.1021/acs.chemrev.5b00463
http://www.ncbi.nlm.nih.gov/pubmed/27002788
http://www.ncbi.nlm.nih.gov/pubmed/27002788
http://www.ncbi.nlm.nih.gov/pubmed/27002788
http://doi.org/10.1680/adcr.13.00004
http://doi.org/10.1680/adcr.13.00004
http://doi.org/10.1016/j.jclepro.2016.07.071
http://doi.org/10.1016/j.jclepro.2016.07.071
http://doi.org/10.1016/j.resconrec.2018.02.024
http://doi.org/10.1016/j.resconrec.2018.02.024
https://pubs.usgs.gov/of/2001/of01-341/of01-341.pdf
https://pubs.usgs.gov/of/2001/of01-341/of01-341.pdf
http://doi.org/10.1016/j.cemconcomp.2011.11.018
http://doi.org/10.1016/j.cemconcomp.2011.11.018
http://doi.org/10.1680/warm.2009.162.4.185
http://doi.org/10.1680/warm.2009.162.4.185
http://doi.org/10.1016/j.cemconres.2012.02.017
http://doi.org/10.1016/j.cemconres.2012.02.017
http://doi.org/10.3390/ma14040938
http://doi.org/10.3390/ma14040938
http://www.ncbi.nlm.nih.gov/pubmed/33669426
http://www.ncbi.nlm.nih.gov/pubmed/33669426
http://www.ncbi.nlm.nih.gov/pubmed/33669426

Experimental Investigations on Concrete with replacement of cement by reactive magnesium oxide
and fly ash

Section A-Research paper
ISSN 2063-5346

17. Mavroulidou, M.; Morrison, T.; Unsworth, C.; Gunn, M. Properties of concrete made of
multicomponent mixes of low-energy demanding binders. Constr. Build. Mater. 2015,
101, 1122-1141. [CrossRef]

18. Pu, L.; Unluer, C. Investigation of carbonation depth and its influence on the
performance and microstructure of MgO cement and PC mixes. Constr. Build. Mater.
2016, 720, 349-363. [CrossRef]

19. Gongalves, T.; Silva, R.V.; de Brito, J.; Fernandez, J.M.; Esquinas, A.R. Mechanical and
durability performance of mortars with fine recycled concrete aggregates and reactive
magnesium oxide as partial cement replacement. Cem. Concr. Compos. 2020, 105,
103420. [CrossRef]

20. ASTM C618. Standard Specification for Coal Fly Ash and Raw Calcined Natural
Pozzolan for Use as a Mineral Admixture in Concrete. Annual Book of ASTM
Standards. 1998. Available online: https://www.osti.gov/biblio/305700 (accessed on 1
December 2022).

21. Fu, X.; Wang, Z.; Tao, W.; Yang, C.; Hou, W.; Dong, Y.; Wu, X. Studies on blended
cement with a large amount of fly ash. Cem. Concr. Res. 2002, 32, 1153-1159.
[CrossRef]

22. Malek, R.1.; Khalil, Z.H.; Imbaby, S.S.; Roy, D.M. The contribution of class-F fly ash to
the strength of cementitious mixtures. Cem. Concr. Res. 2005, 35, 1152-1154.
[CrossRef]

23. Hanehara, S.; Tomosawa, F.; Kobayakawa, M.; Hwang, K.J.C.; Research, C. Effects of
water/powder ratio, mixing ratio of fly ash, and curing temperature on pozzolanic
reaction of fly ash in cement paste. Cem. Concr. Res. 2001, 31, 31-39. [CrossRef]

24. Saha, A.K. Effect of class F fly ash on the durability properties of concrete. Sustain.
Environ. Res. 2018, 28, 25-31. [CrossRef]

25. Nayak, D.K.; Abhilash, P.P.; Singh, R.; Kumar, R.; Kumar, V. Fly ash for sustainable
construction: A review of fly ash concrete and its beneficial use case studies. Clean.
Mater. 2022, 6, 100143. [CrossRef]

26. Islam, M.M.; Alam, M.T.; Islam, M.S. Effect of fly ash on freeze—thaw durability of
concrete in marine environment. Aust. J. Struct. Eng. 2018, 19, 146-161. [CrossRef]

27. Shehata, M.H.; Thomas, M.D.A.; Bleszynski, R.F.J.C.; Research, C. The effects of fly
ash composition on the chemistry of pore solution in hydrated cement pastes. Cem.
Concr. Res. 1999, 29, 1915-1920. [CrossRef]

28. Sadrmomtazi, A.; Tahmouresi, B.; Kohani Khoshkbijari, R. Effect of fly ash and silica
fume on transition zone, pore structure and permeability of concrete. Mag. Concr. Res.
2017, 70, 519-532. [CrossRef]

29. Turk, K.; Karatas, M.; Gonen, T. Effect of fly ash and silica fume on compressive
strength, sorptivity and carbonation of SCC. KSCE J. Civ. Eng. 2013, 17, 202-209.
[CrossRef]

30. Khunthongkeaw, J.; Tangtermsirikul, S.; Leelawat, T. A study on carbonation depth
prediction for fly ash concrete. J. Constr. Build. Mater. Res. 2009, 20, 744-753.
[CrossRef]

31. Papadakis, V.G. Effect of supplementary cementing materials on concrete resistance
against carbonation and chloride ingress. Cem. Concr. Res. 2000, 30, 291-299.

[CrossRef]

3325
Eur. Chem. Bull. 2023, 12 (Si6), 3310 - 3326


http://doi.org/10.1016/j.conbuildmat.2015.10.091
http://doi.org/10.1016/j.conbuildmat.2015.10.091
http://doi.org/10.1016/j.conbuildmat.2016.05.067
http://doi.org/10.1016/j.conbuildmat.2016.05.067
http://doi.org/10.1016/j.cemconcomp.2019.103420
http://doi.org/10.1016/j.cemconcomp.2019.103420
http://doi.org/10.1016/j.cemconcomp.2019.103420
https://www.osti.gov/biblio/305700
http://doi.org/10.1016/S0008-8846(02)00757-3
http://doi.org/10.1016/S0008-8846(02)00757-3
http://doi.org/10.1016/j.cemconres.2004.10.021
http://doi.org/10.1016/j.cemconres.2004.10.021
http://doi.org/10.1016/S0008-8846(00)00441-5
http://doi.org/10.1016/S0008-8846(00)00441-5
http://doi.org/10.1016/j.serj.2017.09.001
http://doi.org/10.1016/j.serj.2017.09.001
http://doi.org/10.1016/j.clema.2022.100143
http://doi.org/10.1016/j.clema.2022.100143
http://doi.org/10.1080/13287982.2018.1453332
http://doi.org/10.1080/13287982.2018.1453332
http://doi.org/10.1016/S0008-8846(99)00190-8
http://doi.org/10.1016/S0008-8846(99)00190-8
http://doi.org/10.1680/jmacr.16.00537
http://doi.org/10.1680/jmacr.16.00537
http://doi.org/10.1007/s12205-013-1680-3
http://doi.org/10.1007/s12205-013-1680-3
http://doi.org/10.1016/j.conbuildmat.2005.01.052
http://doi.org/10.1016/j.conbuildmat.2005.01.052
http://doi.org/10.1016/S0008-8846(99)00249-5
http://doi.org/10.1016/S0008-8846(99)00249-5

Experimental Investigations on Concrete with replacement of cement by reactive magnesium oxide

and fly ash
Section A-Research paper
ISSN 2063-5346
32. Brew, D.R.M.; Glasser, F.P. Synthesis and characterisation of magnesium silicate

33.

34.
35.

36.

37.

38.

39.

40.

hydrate gels. Cem. Concr. Res. 2005, 35, 85-98. [CrossRef

Choi, S.-W.; Jang, B.-S.; Kim, J.-H.; Lee, K.-M. Durability characteristics of fly ash
concrete containing lightly-burnt MgO. Constr. Build. Mater. 2014, 58, 77-84.
[CrossRef]

BS EN 12620, Aggregates for Concrete. British Standard: London, UK, 2013.
Nepomuceno, M.; Oliveira, L.; Lopes, S.M.R. Methodology for mix design of the
mortar phase of self-compacting concrete using different mineral additions in binary
blends of powders. Constr. Build. Mater. 2012, 26, 317-326. [CrossRef]

LNEC E-394; Concrete. Determination of Water Absorption by Immersion. Test at
Atmospheric Pressure. National Laboratory of Civil Engineering (LNEC): Lisbon,
Portugal, 1993. (In Portuguese)

LNEC E-391; Concrete. Determination of Carbonation Resistance. National Laboratory
of Civil Engineering (LNEC): Lisbon, Portugal, 1993. (In Portuguese)

NORDTEST. Chloride Migration Coefficient from Non Steady-State Migration
Experiments. NT BUILD 492; 1999; pp. 1-11. Available online:
https://salmanco.com/wp-content/uploads/2018/10/NT-Build-492.pdf (accessed on 1
December 2022).

LNEC E-393; Concrete. Determination of Water Absorption by Capillarity. National
Laboratory of Civil Engineering (LNEC): Lisbon, Portugal, 1993. (In Portuguese)
Ferreira, R. Evaluation of Concrete Durability Tests; Final Course Work in Civil
Engineering; Minho University: Guimaraes, Portugal, 2000; 248p. (In Portuguese)

3326

Eur. Chem. Bull. 2023, 12 (Si6), 3310 - 3326


http://doi.org/10.1016/j.cemconres.2004.06.022
http://doi.org/10.1016/j.cemconres.2004.06.022
http://doi.org/10.1016/j.cemconres.2004.06.022
http://doi.org/10.1016/j.conbuildmat.2014.01.080
http://doi.org/10.1016/j.conbuildmat.2014.01.080
http://doi.org/10.1016/j.conbuildmat.2011.06.027
http://doi.org/10.1016/j.conbuildmat.2011.06.027
https://salmanco.com/wp-content/uploads/2018/10/NT-Build-492.pdf

