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Abstract: The long-term effect of extreme conditions, such as high concentrations of CO2,
a combination of chloride and air, and sulfuric acid, on the performance of steel fibre reinforced
alkali-activated fly ash and slag (AAFS) mortars was investigated. The selected conditions simulated
the long-term exposure to the marine environment and had an influence on both the matrix and
the fibres. Four AAFS mixes were analysed alongside a control ordinary Portland cement (OPC)
mix. Mechanical properties such as the compressive strength, elastic moduli and ductility indices,
as well as microscopic analyses were carried out. It was found that the AAFS was stable in most
of the conditions. The primary way for its reduction in strength was through the neutralisation of
pore fluids and the leaching of sodium cations. The addition of the short fibres could reduce the
ingress of deleterious materials by limiting the development of cracks and allowing for the efficient
use of higher activator ratios. The fibres were susceptible to corrosion by chloride and acid attacks.
The relatively chemically stable environment of the AAFS provided protection to the embedded fibres.
Based on this study, in a very aggressive environment, a combination of 1%–2% fibre by volume,
with a high activator content in the AAFS mortar, could be the most suitable.
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1. Introduction

Alkali-activated materials (AAM) are produced by mixing a selection of precursors such as fly
ash, ground granulated blast-furnace slag (GGBS) with an alkaline source in solid or solution forms.
What is considered industrial wastes or by-products can be utilised to produce cementitious materials
without the high-temperature calcination process used in the cement production. This reduces the
CO2 emission and the extraction of natural resources. The microstructure of the alkali-activated fly ash
(AAFA, or “geopolymer” as used in various sources [1]) is dense, and due to the low calcium content,
is less susceptible to the decalcination reaction. However, the AAFA composites have relatively low
compressive strengths, especially at the early age, as a result of the incomplete dissolution of fly ash at
room temperature [2]. Therefore, curing at elevated temperatures was typically required. The effect
of curing temperature and duration has been extensively studied [3–5]. Alternatively, GGBS can be
added to enable ambient temperature curing and to improve the compressive strengths and pore
refinement. However, at a high dosage the addition of GGBS could have adverse effects, such as
reduced workability, more rapid setting [6], and increased risk of decalcination. The replacement ratio
is typically maintained at around 50% for optimum performance [7,8]. It was found the alkali-activated
fly ash and slag (AAFS) mortars have lower elastic moduli and are more brittle compared to the models
used for ordinary Portland cement (OPC) [7]. The addition of steel fibre could mitigate this problem.
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Additionally, fibre reinforcement could significantly improve the performance of the composite under
flexural loading [9], making it desirable in high-rise buildings or seismic regions.

The reaction products in alkali-activated fly ash and GGBS (AAFS) composites vary from those
in ordinary Portland cement (OPC) composites. The most noticeable difference is the absence of
portlandite (Ca(OH)2) [10]. The AAFS also has more minor phases such as the hydrotalcite (M5AH13)
and hydrogarnet (C6AFS2H8). Ettringite (C6AS3H32) is typically observed due to the use of gypsum in
the GGBS, but the monosulfate hydrate (C4ASH18) phase is not seen [10]. In OPC, the monosulfate
hydrate could transform into ettringite in a moist environment, causing expansion and cracking in the
matrix. Therefore, the AAFS is considered to have superior durability than OPC. Its performance in
three conditions, namely, chloride-rich, sulphate-rich, and CO2-rich environments is discussed.

A chloride-rich environment is typically found in the sea or brackish waters. The presence of
chloride ions has damaging effect on the embedded steel rather than the concrete itself. The AAFS is
relatively stable in chloride-rich environments [11]. It was found that the higher concentration of sodium
in the environment reduced the rate of diffusion of sodium-based activators into the surrounding
liquid, thus improving the performance [12]. Comparable or higher compressive strengths, as well as
lower shrinkage results, were observed compared to specimens cured in ambient conditions (23 ± 2 ◦C
and 95% humidity).

The sulphate is generally supplied through the sulfuric acid, the sodium sulphate or magnesium
sulphate. The AAFS is relatively stable under sulphate attack, with no formation of delayed ettringite
due to the lack of tricalcium aluminate (C3A) [13,14]. The magnesium sulphate is an exception, due to
its tendency to damage the calcium-silicate-hydrate (C-S-H) and produce magnesium-silicate-hydrate
(M-S-H). The aluminium-substituted C-S-H (C-A-S-H) does exist in AAFS systems, therefore it is at
risk of decalcification from the Mg2+. In marine environments, the Mg2+ only accounts for 0.127% of
the seawater by weight, compared to SO4

2− at more than double the amount (0.265%) [15]. Despite the
stable chemical structure against the sulphate attacks, considerable strength reductions were observed,
mainly due to the leaching of alkalis into the liquid [16].

The reaction of AAFS under carbonation differs significantly from that of the OPC. In OPC,
the insoluble calcium carbonate (CaCO3) is the main reaction product, whereas the soluble sodium
carbonate (Na2CO3) is formed in AAFS specimens. This means that the sodium carbonate is free
to migrate through the pores and form a layer of salt on the surface. This will not only affect the
appearance of the structure but also results in the reduction of pore alkalinity. At a pore pH value
below 9, a significant reduction in the sodium attached to the pore structure was observed [17,18],
which had a negative impact on the structural integrity [19,20].

A smaller number of studies was available on the performance of fibre reinforced AAM subjected
to different conditions. It was found that the addition of a small quantity of steel fibres (up to 1%) further
improved the durability of geopolymer concrete (GPC) compared to OPC in terms of water absorption
and porosity [21]. The fibre-reinforced GPC (FRGPC) had similar levels of performance as OPC in both
chloride and sulphate attacks, but a significantly lower mass loss (2% versus 27%) when subjected to 3%
H2SO4 for 6 months [21]. Another study found that the FRGPC had excellent resistance to magnesium
sulphate due to the stable chemical structure and the absence of gypsum and ettringite [22]. They also
found that the addition of steel fibre reduced the chloride penetration, likely due to less shrinkage
cracking and an overall denser structure. However, from another study [23], FRGPC showed signs
of corrosion before those without fibres, possibly due to the increased permeability as a result of the
fibres. The overall mass loss of FRGPC was comparatively lower, due to its improved resistance to
crack propagation.

The AAFS is an environmentally friendly alternative to the OPC. Its better chemical resistance also
makes it a suitable option to be used in the aggressive marine environments. However, the strength
and durability of alkali-activated materials are heavily influenced by many factors, from the mix
design to the surrounding environments. From the above literature review, it can be seen that the
long-term effect of curing environments on the strength properties of steel-fibre reinforced AAFS has
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not been quantified. This paper presents an experimental program with four AAFS mixes alongside
one OPC control mix. For each mix, four steel fibre dosages were used (0%, 1%, 2% and 3% by weight).
The twenty mixes were cured in the ambient room (23 ± 2 ◦C and 95% humidity), carbonation chamber
(1% CO2), a sodium chloride bath and sulfuric acid bath. These conditions simulated the extreme and
long-term exposure to the marine environment. The strength properties, specifically, the compressive
strengths, elastic modulus, and ductility, were compared at 28 days and 300 days. X-ray diffraction
(XRD) and scanning electron microscope (SEM) were used to support the results and observations.
The results improve the confidence of using this sustainable and high-performance composite material
in harsh environments, such as the coastal and offshore regions in Australia.

2. Experimental Program

2.1. Materials

The AS 3582.1:2016 [24] Grade 1 fly ash and a commercially available GGBS were used as the
precursors for the AAFS mortar mixes. A general purpose OPC was used in the control mix. The oxide
analysis results of the three materials are shown in Table 1. The fly ash had only 7.0% CaO compared
to 43.2% in the GGBS and 65.1% in the OPC. Therefore, it was expected that the risk of decalcification
was significantly lower in the AAFS with a high dosage of fly ash. Dune sand was used as the fine
aggregate. The particle size distribution curves of the binders and sand are shown in Figure 1. The d90
values for sand, fly ash, GGBS, and OPC were 440, 50, 40, and 55 µm, respectively.

A hybrid activator consisting of a 12 M sodium hydroxide solution and a commercially available
sodium silicate solution was used. The sodium silicate solution had a SiO2 to Na2O ratio (Ms) of 2.3
and a specific gravity of 1.5. The solid accounted for 43% by mass of the solution.

Short straight steel fibres of length 10 ± 1 mm and diameter 0.12 ± 0.01 mm, which gave an aspect
ratio of 80, were used, as shown in Figure 2. The tensile strength was at least 3000 MPa.

Table 1. Oxide compositions of fly ash, ground granulated blast-furnace slag (GGBS) and ordinary
Portland cement (OPC).

Material
Al2O3 CaO Fe2O3 K2O MgO MnO Na2O P2O5 SiO2 SO3 TiO2 LOI 1

% % % % % % % % % % % %

Fly ash 23.9 7.0 7.9 1.0 1.3 0.1 0.4 0.5 55.9 0.3 1.3 0.4
GGBS 13.1 43.2 0.8 0.3 5.5 0.2 0.3 0.0 31.4 4.0 0.6 0.6
OPC 5.3 65.1 2.6 0.4 1.4 0.1 0.4 0.0 21.0 0.0 0.3 3.4

1 Loss on ignition.

Figure 1. Particle size distribution of the binders and sand.
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Figure 2. The straight-end fibres used in this study.

2.2. Mix Composition and Mixing Procedure

Four AAFS mortar mixes were compared with one OPC control mix. The compositions of the
mixes with no fibre are shown in Table 2. The total water to total binder ratio (w/b) was maintained
at 0.35, except for M4, where the effect of w/b was investigated. Note that total water included the
water in the activator and the free water, and the total binder included binders and the solid content in
the activator. Three Na2O to binder ratios (Na2O%), 3%, 6%, and 9%, were compared to investigate
the effect of activator content on the resistance to harsh environments. The modulus Ms of the hybrid
activator was kept at 1 for optimum performance [25]. For the OPC mix (M5OPC), a small amount of
polycarboxylate-based superplasticiser was used to ensure the same w/b as that for the AAFS mixes.
Based on the mixes in Table 2, three different fibre contents, 1%, 2%, and 3% by volume, were designed.
Mixes with fibres were denoted using “F1”, “F2”, and “F3” to show their fibre content. A large
increment was selected to demonstrate the interaction between the fibres and the curing of the matrix.

The mixing procedure began with the preparation of the activator 24 h prior to mixing. The sodium
hydroxide and sodium silicate solutions were mixed at a mass ratio of 1:1.6 and stirred constantly for
at least half an hour. During mixing, the dry materials, including the binders and the aggregates, were
mixed in a planetary mixer for 3 min. The activator solution alongside any free water was added to
the mixture, and the wet mixing continued for 30 s. Fibres were slowly added during wet mixing.
The mixing of M5OPC followed a simple procedure, where water, combined with the superplasticiser,
was added to the mixture after drying mixing for 3 min. The fresh mortar was poured into 50 mm cubic
moulds and stored in an ambient curing room (23 ± 2 ◦C and relative humidity (RH) of 95% ± 5%)
for 24 h. The specimens were demoulded and cured for another 7 days before being taken into their
respective curing conditions.

Table 2. Mix compositions.

Mix M1 M2 M3 M4 M5OPC

Ms 1 1 1 1 -
w/b 0.35 0.35 0.35 0.40 0.35

Na2O% 3.00% 6.00% 9.00% 6.00% -
Fly ash (%) 14% 13% 12% 13% -

Slag (%) 14% 13% 12% 13% -
OPC (%) - - - - 30%

Activator (%) 5% 10% 15% 10% -
Sand (%) 58% 59% 59% 58% 59.7%

Free water (%) 9% 5% 2% 6% 10%
Superplasticiser (%) - - - - 0.3%
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2.3. Curing Conditions

The effect of four curing conditions/environments was investigated. Firstly, the specimens cured
in the temperature- and humidity- controlled ambient curing room (23 ± 2 ◦C and 95% ± 5% RH) were
used as the control group. This condition was established in accordance with AS 1012:2014 [26].

The second group was cured in the carbonation chamber with a condition of 1% CO2, 25 ± 5 ◦C
and 55%± 5% RH. The chamber was not pressurised and was at atmospheric pressure. These specimens
were designated with a letter “C” after the mix name. Note that the temperature was slightly higher
due to the limitation of the carbonation chamber.

The third condition involved the partial submergence of the specimens in a 5% sodium
chloride bath. The designation of these specimens contained “Cl”. The solution was changed
every fortnight throughout the curing process. The containers were placed in the ambient curing
chamber. Therefore, the combined effect of carbonation and chloride on the mortar and the embedded
fibres was investigated. It has been found that the chloride ions alone had limited effect on AAFS [12].

The last group of specimens were fully submerged in 2% sulphuric acid. The letter “S” was used
in their designations. The carbonic acid was weak in comparison, therefore it was considered not
important to expose the specimens to CO2. Similarly, the solution was changed fortnightly and the
containers were kept in the same ambient curing room. The main consideration of using sulfuric acid
instead of sodium sulphate was that the primary reason for AAFS to lose its structural integrity in
sulphate-rich conditions was through leaching of internal pore alkalis [16]. The sulfuric acid created a
greater gradient of hydroxyl ions between the pores and the surrounding liquid, increasing the rate
of diffusion. The sulfuric acid was also more damaging to the embedded fibres due to the reaction
between strong acid and metal.

2.4. Testing Procedure

The tests were carried out at 28 and 300 days. The first test was the measurement of the apparent
density after drying the surfaces of the specimens with dry towels. As all the samples were destroyed
in the compression tests, the density instead of mass was compared. The compressive strength test was
then performed on a universal testing machine with a capacity of 600 kN. A constant loading rate of
approximately 20 MPa/min was used, as per AS 1012:2014 [26]. The strain and stress developed in the
specimens were recorded and later used to obtain the elastic modulus and the ductility. The ductility
index (DI) was calculated using the method described by Elchalakani et al. [27]. The locations of two
reference points with stresses equal to 75% peak stress before the peak and 85% after the peak were
determined. The DI was determined as a ratio between the area up to the latter point and the area up
to the former point.

The fibre distribution was analysed using image detection with OpenCV [28]. The microanalysis
was carried out at 300 days. The powdered plain mortar samples were used in the XRD test, which
was configured to 40 kV and 40 mA, with Cu K radiation set to λ = 1.5404 Å. The data over a 2θ angle
from 5◦ to 90◦ were acquired at a rate of 1◦ per minute. The broken pieces and polished thin sections
with embedded fibres were coated and analysed using a field-emission SEM.

3. Results and Discussions

3.1. Fibre Distribution

The examples of the distribution of the fibres at 1% and 3% ratios are shown in Figure 3. A relatively
uniform dispersion of fibres can be observed in the matrix. The detected fibres are marked by ellipses
and the angle of the fibre to the cross-section are shown next to the ellipses and in the histograms.
As the angle approached 90◦, the error increased due to the small difference between the two axes
of the bounding ellipse. Additionally, the mechanical grinding may also alter the shape of the hole,
resulting in inaccurate detections. Therefore, the distribution shown was acceptable. At 3%, the fibres
were increasingly affected by the neighbouring fibres, therefore the histogram distribution was likely
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more clustered. The average distance to another fibre was calculated based on the locations of the
centres of the fibres. For 1% and 3% replacement ratios, the distances were 4.5 and 3.5 times the
diameter of fibre, respectively. Despite having three times the number of fibres, the average distance
was not as significantly reduced in specimens with 3% fibre. The fibre content should be optimised to
improve efficiency.

Figure 3. Distribution of fibres at (a) 1%, and (b) 3%. Note that the numbers denote the angle to the cross-section.

3.2. Density

The apparent densities of the specimens of different fibre contents and curing conditions are
shown in Figure 4.

Of the five mixes, the OPC control mix always had the greatest density, due to the higher specific
gravity of the cement particles. The variations of M5OPC were relatively small across the four curing
conditions, even when subjected to sulfuric acid. The expansive delayed ettringite caused spalling
and gradually deteriorated the surface of the specimens. However, this did not lead to a significant
change in the internal structures, hence the relatively stable density. Similarly, the calcium carbonate
and possibly Friedel’s salt formed in the carbonation chamber and salty water, respectively, were
both stable and relatively immobile. On the other hand, the densities of the AAFS mixes were more
affected by the surrounding environments, due to the more active cations (Na+ compared to Ca2+).
The specimens in the carbonation chamber and sulfuric acid baths had significant reductions in
densities. The carbonation chamber accelerated the moisture loss due to its lower humidity, and caused
the loss of pore fluids through leaching and the formation of efflorescence. The M1 specimens made
with a low activator content suffered greatly after 300 days of exposure to this environment, and had
the lowest density among all mixes in all curing conditions. The acidic environment in the sulfuric
acid bath also greatly accelerated the leaching of pore alkalis, resulting in a higher Na+ detachment
rate [17,18] and reduced density. The AAFS specimens half-exposed to the 5% sodium chloride solution
had densities similar to the ambient cured specimens. The sodium chloride was less aggressive to
the AAFS than CO2 and sulfuric acid. The specimens were also less prone to shrinkage due to the
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surrounding liquid [12]. Additionally, the higher Na+ content in the environment could reduce the
loss of pore alkalis by reducing the concentration gradient between the interior pores and the curing
solution [12].

As expected, the additional of steel fibres substantially increased the density of the specimens.
In addition, the short fibres used in this study reduced micro-cracking, therefore reducing the
deleterious effects of the surrounding environment and the ingress of injurious materials. This was
most noticeably observed in specimen M1 cured for 300 days in the carbonation chamber. At 3% fibre
content, the density reduction due to the injurious substances was insignificant. In both the carbonated
specimens and those cured half-exposed to sodium chlorides, rust in the steel fibres could be observed
on the surface of the specimens. However, this did not lead to significant alterations in the integrity
and density.

Figure 4. The apparent densities of the specimens at 28 and 300 days in (a) the ambient curing room,
(b) the carbonation chamber, (c) open-air sodium chloride baths, and (d) sulfuric acid baths.

3.3. Compressive Strengths

The compressive strengths of all the specimens at 28 and 300 days are shown in Figure 5.
With ambient curing, the M1 specimens were significantly weaker than specimens from M2-M5OPC

due to their low activator content. The mix M3 had the highest compressive strengths at 28 days
while M2 specimens were the strongest at 300 days, with compressive strengths exceeding 120 MPa
(2%–3% fibre). It was likely that the 6% Na2O in M2 was closer to the optimum activator content
for AAFS [20,29]. The excess of activator in M3 could accelerate the early-age strength development
but also increase the shrinkage [12,30], hindering future developments in the long-term. M4 had a
higher w/b ratio than M2, therefore it had a lower compressive strength at 28 days. The pores resulting
from the higher water content were more damaging in the long-term, as the differences between the
two mixes increased to 50% at 300 days from 16% at 28 days. The OPC mix only had a slightly better
performance than M4 at the given w/b ratio. The development after 28 days was very limited.
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The other specific special curing environments mostly had adverse effects on the strength of
the AAFS mortars, at varying degrees. The high CO2 content in the carbonation chamber could
neutralise the pore alkalinity and cause excessive formation of efflorescence. The lower humidity
could also accelerate the micro-cracking in the specimens. The Mix M1 with a low activator content
was especially susceptible to carbonation, with noticeable strength reductions at 28 days (40%) and
significant reductions (73%) at 300 days compared to their ambient-cured counterparts. The effect of
CO2 on the other mixes was limited. This was partly due to the increased resistance to carbonation
at high Na2O ratios, and a higher temperature maintained in the carbonation chamber (up to 9 ◦C
difference). It was seen in other studies that, the AAFS composites were sensitive to the ambient
temperature [7,12]. A higher temperature could improve the pore refinement and result in denser
structures that limit the ingress of deleterious substances. Mix M3 had the highest activator content,
and was the least affected by carbonation. At 300 days, M3 had the highest compressive strength
of 129 MPa due to the warmer environment. For M5OPC, comparable performances were observed
between carbonated and ambient-cured specimens at both 28 and 300 days. All AAFS specimens
half-submerged in the sodium chloride solution had various degrees of reduction in strength at 300 days
compared to at 28 days due to the long-term leaching. M3, with the highest activator content, was again
the least affected by the reduction in alkalinity. All specimens cured in sulfuric acid had lower strengths
compared to their ambient counterparts, especially at 300 days. For AAFS mixes, moderate reductions
could be seen, due to the rapid loss of pore alkalis. M3 again had the highest strengths while M1
was the weakest. It could be seen that the higher activator content may appear wasteful in ambient
conditions, but was crucial for maintaining high levels of performance in aggressive environments.
M5OPC had more reductions in sulfuric acid than in other curing conditions due to the formation of
the expansive ettringite. It could be seen that AAFS was more suitable in high-sulphate environments.

Overall, the addition of fibres at various ratios did not result in significant changes in
the compressive strengths, which was consistent with the findings in previous experimental
investigations [31]. The use of fibre could still improve the compressive strength of the composite.
However, a large replacement ratio at 3% could sometimes lead to adverse effects. A large fibre content
indicated more disruptions in the concrete matrix, hence the reduced strength. However, the addition
of short steel fibres could improve the resistance to micro-cracking or chemical attacks. This is observed
in specimens cured in 2% sulfuric acid, especially at 300 days. The internal fibres could then be better
protected from the acid attack. The performance of the fibres was not significantly altered by chemical
processes, including the chloride anions within 300 days. Based on the experimental results, 1%–2%
fibre was optimum in balancing the trade-offs among cost, strength improvement and resistance to
aggressive conditions. The combination of fibre-reinforcement and a higher activator content can
significantly increase the stability of the AAFS, as shown by the accelerated tests in the three of the
most common causes of damage, making it more suitable for uses in harsh environments.
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Figure 5. The compressive strengths of the specimens at 28 and 300 days in (a) ambient curing room,
(b) carbonation chamber, (c) open-air sodium chloride baths, and (d) sulfuric acid baths.

3.4. Elastic Modulus

The elastic moduli of all the specimens measured at 28 and 300 days are shown in Figure 6.
As seen from this figure, the elastic moduli of the specimens are relatively stable, with only slight
improvements over the plain mortar specimens. Despite the much higher elastic modulus of the steel
fibres, the interfacial bond between the matrix and fibre was not great enough to transfer a substantial
amount of load to the steel fibre. The elastic moduli of the AAFS and OPC specimens are plotted
against the square root of their compressive strengths in Figure 7. It can be seen that the OPC specimens
generally have greater elastic moduli than the AAFS specimens, despite their lower compressive
strengths. The best fit lines of the AAFS and OPC specimens are shown in Equations (1) and (2).
The R2 value for AAFS and OPC specimens are 0.85 and 0.20, respectively. The R2 for the OPC
specimens was lower due to the smaller number of specimens and their relatively closer values,
whereas the prediction for AAFS achieved a high R2 value.

EcAAFS = 3.71
√

fc (1)

EcOPC = 4.46
√

fc (2)

The variations of the elastic moduli across the four curing conditions were also relatively small.
The most notable exception was the M1 specimens in the carbonation chambers. It could be seen
the combination of continued drying, neutralisation of pore alkalis and formation of efflorescence
did significant damage to specimens with low activator content. Overall, the elastic moduli of the
fibre reinforced AAFS specimens in different environments can still be reasonably predicted with a
single formula.
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Figure 6. The elastic moduli of the specimens at 28 and 300 days in (a) ambient curing room, (b)
carbonation chamber, (c) open-air sodium chloride baths, and (d) sulfuric acid baths.

Figure 7. The relationship between elastic modulus and the compressive strength (fc). Note that only
alkali-activated fly ash and slag (AAFS) specimens were differentiated for clarity.

3.5. Ductility Indices

The ductility indices of all the specimens measured at 28 and 300 days are shown in Figure 8.
Contrary to the compressive strengths, the DI of M1 is constantly the highest among the five mixes.
Specimens with higher compressive strengths tended to be more brittle [32]. Apart from the nature
of the mortar matrix, the steel fibres also contributed greatly to the DI of a specimen in compression.
The fibres could delay the collapse of the specimen through interlocking and friction. As seen in
Figure 9, the average of all the results of a mix in a certain curing environment were plotted against
the DI of the specimen with no fibre and tested at 28 days. At 28 days, an average improvement of
roughly 30% in DI could be observed by increasing the fibre content by 1%. This number reduced to



J. Mar. Sci. Eng. 2020, 8, 278 11 of 16

almost 20% at 300 days, as the mortar continued to harden. The relationships between fibre content
and DI in both short- and long- term tests were approximately linear with no diminishing returns,
which showed that the addition of fibre could effectively improve the DI in compression. It was likely
that even higher DI could be achieved by continuing adding fibres to suit particular requirements.

Figure 8. The ductility indices of the specimens at 28 and 300 days in (a) ambient curing room,
(b) carbonation chamber, (c) open-air sodium chloride baths, and (d) sulfuric acid baths.

Figure 9. Normalised ductility indices at various fibre contents (DI28-0: DI of the plain mortar
specimen at 28 days).
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3.6. XRD Results

The XRD analysis results of the five mixes in four curing environments are shown in Figure 10.
The notable peaks (height greater than two times the range of noises) are marked on the figure. In the
OPC mix, profound portlandite (CH) and C3S (tricalcium silicate) peaks could be observed as a result
of cement. The ettringite peaks at 9◦ were also only found to exist in the OPC mixes. In mix M5S
at 300 days, the ettringite peaks were the most significant compared to specimens in other curing
conditions, due to the delayed ettringite formation in a sulphate-rich environment. In AAFS mixes
placed in the sulfuric acid tub, the gypsum peaks at 12◦ were slightly visible. The gypsum was a
resultant from the reaction between sulfuric acid and the unreacted CaO in the GGBS. The effect
of the formation of gypsum after setting was generally considered to be unfavourable as it could
cause expansion and lead to cracking [33]. However, it was also believed that it could fill the pores
and hinder further damage [34]. The result showed that the AAFS mixes were more resistant to
sulphate attacks than the OPC mix. The damage in such environment was due to other reasons,
such as the neutralisation of the pore fluids and leaching of the sodium cations. For AAFS specimens
cured in other conditions, no special materials formed in the matrix, as shown in the XRD spectra.
Therefore, the AAFS was more stable in the studied environments and could provide protection to the
embedded reinforcement and fibres if the rate of leaching could be limited to a satisfactory level.

Figure 10. X-ray diffraction (XRD) patterns of the five mixes in four curing conditions at 300
days. Q: Quartz; CH: Portlandite; E: Ettringite; C: Gypsum; CS: C3S/CaCO3/C-S-H; C3S: C3S;
M: Mullite; G: Magnetite.

3.7. SEM Results

As shown from the XRD results, the AAFS specimens were especially stable in CO2- and chloride-
rich environments. Therefore, the SEM images of the broken pieces taken near the surfaces of M1S,
M3S, and M5S are shown in Figure 11. In M1S, a large amount of gypsum (calcium-sulphate-hydrate)
can be seen, while in M3S, the presence of gypsum concentrations can hardly be observed. This was
due to the higher activator content, which improved the pore refinement and slowed down the ingress
of the acidic solutions. The reaction product in the OPC mix M5S was entirely different. Clusters of the
needle-shaped ettringite could be found throughout the matrix.
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Figure 11. The concrete specimens in sulfuric acid, (a) M1S, (b) M3S, and (c) M5S.

Figure 12 shows the steel fibres inside the matrix. It can be seen that the hole that the fibre is
situated in is noticeably larger than the fibre. Generally, the matrix conformed well to the shape of the
fibre. The sand particles distributed around the fibre. On the righthand side of Figure 12a, a larger gap
is seen, which could be an air void formed during mixing and enlarged by the grinding and polishing
processed used during the preparation of the thin film sample. Figure 12b shows the rust formed on
the surface of the fibre inside a sizable void. The rust formed from the reaction between the fibre with
the oxygen and water accumulated in the void. As the rust continues to grow, the expansion will
eventually create stress concentrations in the matrix. A dense microstructure was required to limit
the ingress of water and oxygen into the pores. In Figure 12c, cracks are seen inside the cross-section
of the fibre during what was likely a crushing failure in compression. The cracks propagated to the
surrounding mortar and caused cracking in the matrix. Despite the relatively smooth surface of the
fibres and the low level of bonding between the fibres and matrix, the fibres could be load bearing,
which explains the slightly increased compression capacity and elastic modulus.

Figure 12. The steel fibres in polished thin films: (a) the interfacial zone between fibre and matrix,
(b) the rust formed on the fibre, and (c) a fracture occurred in the fibre.

Figure 13 shows the steel fibres in the CO2-, chloride-, and sulphate- rich environments, respectively.
In the carbonation chamber, the elevated levels of CO2 did not have a direct impact on the steel fibres.
Instead, the mortar surrounding the fibre was susceptible to carbonation damage. The chloride had a
direct impact on the steel fibre and caused corrosion on the surfaces, provided there was abundant
oxygen for the oxidation reaction. The rust appears to have a foliated texture (Figure 13b). It was
shown that the rust (Fe2O3·nH2O) can be expansive [35], therefore a dense microstructure was required
to reduce the corrosion. In the sulfuric acid (Figure 13c), the acid could react with the steel fibre after
the coating was damaged during batching and mixing. The resultant FeSO4 could act as a protective
layer and reduce the rate of reaction. The FeSO4 layer was soft and poorly adherent [36], therefore it
will not result in dangerous expansion. However, this layer was also easily damaged, which may lead
to further corrosion. Based on the mechanical test results, the corrosion in the latter two conditions
was greatly limited by the protection from the mortars. It was shown that the AAFS was more suitable
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for protecting the embedded fibres in such aggressive environments, while at the same time the fibres
could increase the strength and ductility, and reduce cracking of the mortar.

Figure 13. The steel fibres in broken pieces, from (a) M3C-F2, (b) M3Cl-F2, and (c) M3S-F2.

4. Conclusions

The use of AAFS composites promotes the recycling of industrial wastes and byproducts and
reduces the extraction of natural resources. The AAFS is also considered a durable and stable material
due to the lack of free lime in the matrix. The effect of high concentrations of CO2, a combination
of chloride and air, and sulfuric acid on the performance of steel fibre reinforced AAFS mortars was
investigated. These conditions simulated the extreme and long-term exposure to marine environments.

The primary finding is that the stable AAFS could provide protection to the fibres, which were
vulnerable to chloride and acid attacks. The incorporation of steel fibres allows for the use of a
higher-than-normal activator ratio, which would otherwise lead to significant micro-cracking, and
thus improves the resistance of the AAFS to the ingress of the injurious elements.

More specifically:

1. A high activator content above 6% Na2O did not lead to improvements in the compressive
strength, but increased the resistance of AAFS mortars to the ingress of deleterious materials,
such as CO2 and sulfuric acid. A high activator content can also provide protection for the
embedded fibres.

2. The addition of fibre had a low impact on the compressive strength of the mortar specimens.
A low fibre content could slightly improve the strength while a large fibre content could lead to
disruptions in the matrix and reduce the strength.

3. The most damaging environment for both the OPC and AAFS was the 2% sulfuric acid. The sulfuric
acid caused spalling in the OPC mortar, while the density of the unaffected part remained relatively
unchanged. For AAFS mortar, this leached out the pore fluids, and caused the detachment of
the sodium cations, causing a reduction in density. The addition of short fibres could limit the
development of cracking, thus reducing the negative effects of the aforementioned processes.
The ettringite peak in the XRD spectrum of the OPC specimen in sulfuric acid was more profound,
indicating that delayed ettringite formation had occurred. In AAFS, small gypsum peaks were
identified, with no ettringite formation. The SEM showed that the regions on the fibre exposed to
the air voids were prone to rust. Both chloride and acid attacks could significantly impact the
performance of the fibres.

4. The elastic moduli of both AAFS and OPC mortars were strongly correlated to the square root of
the compressive strength, regardless of the curing condition. AAFS composites had lower elastic
moduli than OPC.

5. The ductility increased linearly with the increase of fibre content, even at a 3% volumetric
ratio. At 28 days, each percent increase in fibre content resulted in a 30% increment in ductility.
This reduced to about 20% after 300 days of curing, due to the higher mortar strength.
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6. The inter-fibre distance was not significantly reduced by tripling the fibre content from 1% by
volume to 3%. Based on the results presented in this study, the combination of 1%–2% volumetric
ratio of short steel fibres and 9% Na2O in the AAFS was the most suitable combination against
the tested extreme environments. The option to use fibre reinforced AAFS to extend the design
life of the marine structures could be also explored.
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