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ARTICLE INFO ABSTRACT
Keywords: Alkali activated materials (AAMs) have been recognised as potential alternatives to Portland
Chloride induced corrosion cement concretes in specific applications in the construction industry due to their environmental
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benefits such as substantially reduced CO2 emissions and utilisation of industrial wastes. While
many studies reported the superior performance of AAM concretes over Portland cement con-
cretes in protecting steel from corrosion, some other studies indicated an opposite view. Hence,
there is a need for further research on the long-term corrosion studies of AAM concretes in the
laboratory as well as in the field. Among many important areas of investigation is the resistance of
AAMs to chloride induced corrosion of steel reinforcement which is not well understood. In this
paper, the above aspect is reviewed including chloride ingress, chloride binding and chloride
induced corrosion rate of steel reinforcement in AAMs. Chloride ingress in AAMs involves both
open and closed pore systems. Chloride binding in AAMs is predominantly physical and not
chemical. The chloride threshold levels initiating steel corrosion in AAMs are significantly
different in comparison to Portland cement concretes.

1. Introduction

Sustainable construction has become increasingly important to achieve lasting structures and to decrease the environmental impact
of the construction industry. An important step to achieve sustainability in construction is using environmentally friendly construction
materials [112,113]. Industrial by-products and other wastes such as fly ash and slag have been used as supplementary cementitious
materials for cost reduction and improvements in durability [1-3]. Alkali activated materials (AAMs), a new binder compared to
Portland cement, is manufactured using predominantly fly ash and slag, and selected alkali activators [4]. AAMs do not require high
temperature kilns for manufacture. Thus, they do not require significant levels of fuel energy as ordinary Portland cement (OPC) does.
The production of OPC, a traditional binder, not only consumes a large quantity of natural resources and energy but also releases a
significant amount of greenhouse gases into the atmosphere [5-7]. In Australia, in order to reduce greenhouse gas emissions,
considerable efforts have been made by cement manufacturers through significant investments in new kiln technology, alternative
fuels, raw materials, and energy efficiency [8]. Despite these efforts, greenhouse gas emissions in cement production pose a major
challenge. On the other hand, it is generally accepted that production of AAMs has much lower CO2 emissions [9-11]. Further, AAMs
can be designed to have superior durability properties such as high resistance to alkali-silica reaction, freeze-thaw, acid attack and
sulphate attack [10,12-15,109], by changing the type of precursor, the type and concentration of activator, and curing regime
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[16-19]. Therefore, attempts have been made to replace Portland cement based concrete with AAM concrete in certain applications
such as precast products [3,20]. However, the application of AAM in structure applications is still limited until now because available
information on service history and durability performance of alkali activated concrete products is not sufficient to receive the public
acceptance as a construction material [110]. Also, the use of sodium hydroxide and mainly sodium silicate, used in the production of
activated alkali materials, produces emission of greenhouse gases pollutants [111]. However, compared with the emission of green-
house gases pollutants by the OPC production, activated alkali materials are still a greener choice.

AAMs are formed by the reactions between aluminosilicate precursors, or source materials and alkaline activators [5,7]. Alumi-
nosilicate precursors are classified into three main groups:

Low calcium such as low calcium fly ash and meta-kaolin;
High calcium such as slag and
A blend of these two types such as a blend of fly ash and slag.

AAMs produced from a low calcium aluminosilicate precursor is deemed as geopolymer [5,7]. Those produced from a blend of low
calcium precursors and high calcium ones (for example, a blend of fly ash and slag) are also considered as geopolymer [21]. A blend of
fly ash and slag is increasingly being investigated due to the benefits that can be derived from the presence of both types (see Fig. 1) in
the binder system [22].

Corrosion of steel reinforcement is a major durability issue of the reinforced concrete structures using Portland cement concrete in
many parts of the world [23,24]. One of the main causes of steel corrosion in reinforced concrete structures is the ingress of chloride
ions into concrete [24]. Thus, to assess whether AAMs are viable alternatives to replace Portland cement in reinforced concrete
structures, the resistance of AAMs to chloride induced corrosion needs thorough investigation. Until now, published results on chloride
induced corrosion in AAM concretes are limited and ambiguous. This paper provides the current state-of-the-art of chloride induced
corrosion in AAM concretes, including chloride penetration, chloride binding and corrosion rate.

2. Reduction in CO3 emissions from the production of AAM concretes

The environmental benefits of AAMs are still being debated [25,26]. However, a comparison of CO, emissions of a 40 grade fly
ash/slag based powder form of geopolymer concrete and same grade OPC concrete, clearly reveals the environmental benefit of
considerably reduced emission of geopolymer concrete. To be more specific, a grade 40 OPC mix revealed 354 kg of CO, emission
equivalent [27] against 145 kg of CO, emission equivalent for fly ash/slag based powder form of geopolymer concrete mix (calcu-
lated), currently being investigated. The details of such calculations for a geopolymer concrete mix, with a 28-day compressive
strength of 46 MPa, are presented in Table 1.

In Table 1, sodium silicate was used in solid form, which released 1.14 kg CO2/kg [28]. However, if sodium silicate was used in
liquid form, the amount of CO5 released would be 0.424 kg COy/kg which was much lower than that of the solid form. This result was
similar to previously published results [30], supporting the fact that CO, emissions are considerably lower for AAMs.

3. Corrosion of steel reinforcement in AAM concrete

In reinforced concrete structures with OPC concrete, the corrosion of steel reinforcement commences when passive films on the
surface of steel are partly or completely broken down. These films are the dense iron oxide layers comprising crystalline layers of Fe304
with outer layers ofy-Fe;O3 [31]. Fe3O4 and FeyO3 are formed on the steel surface at the high alkalinity of the pore solution, as shown in
Fig. 2. These passive films on the steel surface vary in thickness (from 1 to 10 nm) and composition, depending on the availability of
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Fig. 1. Microstructure of geopolymer based on fly ash and slag.
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Table 1

CO, emissions per m? of geopolymer concrete.
Activities Quantity of CO, emissions (kg) Reference
Placement 9 [27]
Transport 9
Curing (at ambient temperature) <1
Batching 3
Materials kg/m® kg CO; emissions Reference

(kg)

Aggregate 1223.6 0.0408 49.9 [26]
Sand 779.6 0.0139 10.9
Fly ash 180.7 0.0270 4.9
Slag 115.6 0.1430 16.6
Sodium silicate (solid form) 28.9 1.1400 33.0 [28]
Sodium carbonate 28.9 0.2300 6.7 [29]
Admixture 7.3 <1
Total CO, emissions (kg) 145

oxygen, water, alkalinity and type of ions in the pore solution [32,33]. Passive films are ‘self-healing’ in nature but the presence of
anions such as chlorides can locally destroy the films and initiate corrosion. These layers cannot stop corrosion but can prevent iron
from dissolving and reduce the corrosion rate to an insignificant level [24]. The reduction in corrosion rate could be of the order of
magnitude of 4-6 [34]. The steel corrosion rate in this region is about 0.1 pm/year [35].

Fig. 3 illustrates the passivation of steel in terms of corrosion rate. As the potential of steel varies from negative to positive at a
certain potential, the metal forms a protective film on the surface. Above this potential, it remains passive and the reactivity is
decreased. If the potential is increased still further, the current density again increases in the trans-passive region. Conversely, in the
case of reinforcement corrosion, the potential decreases in the negative region and once a “threshold potential” is reached, steel will
start to corrode below this potential.

There are two main causes that can break down the passive oxide film on the steel surface. One is carbonation which reduces the pH
of concrete, and another is the presence of chloride ions [38,39]. Chloride attack is dominant in environments where the concrete
surface comes into contact with chloride ions such as marine and coastal areas. When chloride ions at the surface of the steel build up to
a certain amount, the threshold value, with the presence of water and oxygen, the protective film is locally destroyed [40,41]. In this
process, chloride ions play a key role of catalysts, stimulating further corrosion reactions, as illustrated in Fig. 4.

Steel corrosion leads to products (rust) that have larger volumes (6 times more) than the volume of original steel that they replaced,
as shown in Fig. 5. Formation of rust results in a reduction in the cross-sectional area of steel reinforcement and a significant loss of
bond between the steel and the surrounding concrete [42].

Nonetheless, the corrosion of steel in AAM concretes is not understood well yet. Limited information is available in this regard,
particularly, corrosion of steel in AAMs in the presence of chloride ions. It is important to understand the interaction of steel with AAM
matrix around it. Recent research has clearly shown that the nature and stability of the passive film change when the steel bar was
embedded in AAM concrete. Because of the high alkalinity and high sulphide content of AAS, there were differences in the redox and
chemical characteristics of the pore solutions of concrete made of alkali-activated slag (AAS) and OPC [44,45].

Sulphides present at the steel-AAM concrete interface due to chemical reactions offer some protection against corrosion of steel
reinforcement [46]. Corrosion behaviour of steel embedded in alkali-activated slag mortars exposed to an alkaline solution, alkaline

[ corrosion

area

Immunity
D Passivation

Potential, [Evaltees R
V (SHE)
0.5

IRERAREAREE R

\

Fig. 2. Pourbaix diagram for iron in a chloride-free aqueous solution at 25 °C
(modified from Pourbaix [36]).
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Fig. 4. Role of chloride ions as catalysts to steel corrosion.
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Fig. 5. Volume of corrosion products in relation to the volume of original steel
(modified from Poursaee [43]).

chloride-rich solution and water under standard laboratory conditions, was investigated using electrochemical techniques. The steel
embedded in alkali-activated slag mortars presented very negative electric potentials and high apparent corrosion current values. The
presence of sulphide reduced the electric potential, and the oxidation of the reduced sulphur-containing chemicals within the cement
itself gave an electrochemical signal. In electrochemical tests for reinforced concrete durability, this would have been interpreted as a
signal due to steel corrosion processes. However, the actually observed resistance to chloride-induced corrosion in this investigation
was very high, as measured by extraction and characterisation of the steel at the end of a 9-month exposure period.

The onset of chloride-induced pitting on the steel surface (in simulated alkali-activated slag pore solution) depends on both the
concentration of sulphide and the time of exposure, due to the alteration of passive film chemistry in the presence of a strong reductant,
which is beneficial in restricting corrosion if the sulphide concentration is sufficiently high [45].
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The impact of the Al-Si precursors on the exchanges between the steel and the AAM matrix was studied on geopolymer solutions
with various concentrations of alkali and Si/Al ratios [47]. For this investigation, Fourier-transform infrared (FTIR)
spectroscopy-specular reflectance, X-ray photoelectron spectroscopy (XPS) and Auger spectroscopy (AES) were used. At the interface,
a transition zone was identified in which the Si/Al ratio differed from the bulk matrix. At the interface, the Si/Al ratio was less than 1,
which implied that at the interface there was more Al than Si, and that the Fe species on the steel substrate preferentially interact with
the Al species in the solution. XPS and FTIR results also showed that the formation of the Al-O-Fe bond could be due to the chemical
reactions between iron-based substances and polymer gel. The gel has reacted with the oxide layer on steel, forming this transition
zone.

Chloride diffusion and chloride binding are two important aspects in assessing the resistance of geopolymers to chloride induced
corrosion of steel embedded in it. Chloride binding will be discussed in detail in Section 5.2. The formation of a passive layer on the
steel reinforcement embedded in fly ash geopolymer mortars was observed after approximately two weeks of hardening at the lab-
oratory temperature [48]. However, alternative heat-treatment at 80 °C for several hours led to the formation of the passive layer
immediately.

The information presented and discussed above clearly indicates the differences between OPC concrete and geopolymer concretes.
The key areas where differences exist and need further investigation are the nature and thickness of passive film formation, corrosion
potentials at corrosion initiation, the volume of corrosion products, transition zone and interactions between concrete products and
steel surface and nature of pit formation and corrosion rate. In addition, the chloride ion movement and diffusion, chloride binding
capacity and threshold chloride concentration which are key parameters for chloride induced corrosion of steel in geopolymer concrete
are discussed in detail below.

4. Chloride induced corrosion of steel reinforcement in AAMs

A comparison between corrosion of steel reinforcement in AAM and OPC concretes reported contradicting results (see Table 2).

4.1. Fly ash geopolymer concrete

Some studies reported that the fly ash geopolymer mortars passivated steel reinforcement as effectively as Portland cement mortars
[49,50]. Others reported that the fly ash geopolymer concrete showed superior resistance to chloride attack, with a longer time to
corrosion on-set, compared to OPC concrete [51,52]. Further, Monticelli et al. [54] studied the corrosion behaviour of steel in fly ash
geopolymer mortars, cured under various conditions (at room temperature) and exposed to chlorides. The corrosion process was
monitored by polarisation resistance and corrosion potential measurements. A lower chloride content, when compared with OPC
mortars with the same cover, was measured at the steel-concrete interface in the geopolymer mortar. The reinforcement in geopolymer
also exhibited significantly higher corrosion resistance than that in cement [60]; however, the stability properties of the passivation
film of reinforcement in cement is better than that of reinforcement in geopolymer.

In contrast, studies on the severity of steel corrosion in fly ash geopolymer concrete culverts, over 6 years and 10 years of exposure
in a saline lake environment, reported a different trend [55,56]. Visual observation, SEM/EDX analysis of the steel/concrete interface
and the result of higher chloride penetration were combined to reach a conclusion that higher corrosion activity of the steel bar was
present in fly ash geopolymer concrete [55,56], compared with that of OPC concrete culvert of a similar strength grade. The reason for
these differences could be attributed to the different methods used to measure corrosion rate. Instead of the above methods, many

Table 2
Corrosion of steel reinforcement in AAM and OPC concretes.
Type of AAM concrete Passivated steel reinforcement, compared with OPC concrete Method References
Fly ash geopolymer As effectively as Corrosion potential [49,50]
Polarisation resistance
Better SEM [51]

Chloride diffusion
Corrosion potential
Visual examination

Current intensity due to specimen cracking [52]
Mass loss measurements
SEM [53,54]

Corrosion potential
Polarisation resistance

Worse XRD [55,56]
SEM/EDX
Visual examination
Fly ash/slag geopolymer Better Chloride diffusion [57]
Corrosion potential
Alkali activated slag Better Chloride diffusion [58]

Mass loss measurement
Electrical resistance during chloride ponding test
Worse Corrosion potential [59]
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researchers used direct measurements on the steel bars such as the corrosion potential (E.o) measurements and the polarisation
resistance (Rp) in various studies [49-52]. These methods were not used for the above culverts.

4.2. Fly ash/slag geopolymer concrete

Most studies on the chloride induced corrosion of steel reinforcement in fly ash/slag blended geopolymer concretes showed that
such concretes (with suitable ratios of fly ash to slag) have excellent resistance against corrosion of steel reinforcement. This is
probably due to the fact that the appropriate combination of fly ash and slag as source materials for producing geopolymer has an
advantage over using either fly ash or slag alone. It is ascertained that the main reaction product of alkaline activation of slag is CSH gel
[61-63], while that of fly ash is geopolymer gel or N-A-S-H or K-A-S-H gel. The coexistence of these two gels can make the resultant
matrix denser because the formation of C-S-H and N-A-S-H gels may help bridge the gaps between the different hydrated phases and
unreacted particles [64]. Also, C-S-H gel serves as a micro-aggregate, which can improve the strength of geopolymer concrete [64]. It is
generally believed that OPC concrete with lower porosity makes it difficult for the chloride ions to reach the steel surface. Thus, fly
ash/slag geopolymer concrete of a similar grade is expected to have better durability due to the presence of a closed pore structure.
Recently, the effectiveness of 50% fly ash/50% slag geopolymer in improving the microstructure of resulting geopolymers was
confirmed using SEM by Saha and Rajasekaran [65].

In another study, the corrosion of the reinforcement in 50% fly ash/50% slag geopolymer concrete and OPC concrete was compared
[57]. Fly ash/slag geopolymer concrete had compressive strengths of about 50 MPa at the age of 28 days and the OPC concrete was a
40 grade mix with a w/c ratio of 0.46 and cement content of 400 kg (geopolymer mix also had a binder content of 400 kg and w/c ratio
of 0.43). Also, 2% NaCl by mass of binder was added in geopolymer and OPC mixes to assess the corrosion behaviour of steel rein-
forcement in contaminated concretes. All reinforced samples (95 mm x 95 mmx 300 mm), with a thickness of concrete cover 40 mm,
were then partially immersed in water. From 0-150 days, the half-cell potential of steel embedded in geopolymer concrete was in the
range of — 500 to — 550 mV, more negative than that of steel embedded in OPC concrete (from —350 to —400 mV). This indicated a
higher corrosion degree of embedded steel in geopolymer concrete. However, results obtained by visual inspection showed a different
trend. The steel embedded in OPC concrete showed a high level of corrosion after 150 days, while the steel embedded in geopolymer
concrete did not show any pitting corrosion products. It was concluded that half-cell potential results seemed to misrepresent the
corrosion state of steel reinforcement in contaminated fly ash/slag geopolymer concrete.

4.3. Alkali activated slag concrete

The evolution of the corrosion potential and current density of reinforced alkali activated slag (AAS) and OPC concretes were
observed by Chaparro, Ruiz & Gosmez [59]. These two types of concrete were prepared with liquid/solid of 0.4. Reinforced AAS and
OPC concrete cylinders (76.2 mm diameter and 76.2 mm length), with cover thickness 35 mm, after cured in a climatic chamber for 28
days at 90% relative humidity for AAS specimens and at 100% RH for OPC specimens, were immersed in 3.5% NacCl solution over 12
months. In the first 3 months, results of the corrosion potential and current density showed low levels of corrosion for AAS and OPC
concretes. From 3 months to 6 months, a similar likelihood of corrosion for AAS and OPC concretes was observed. For the following 6
months, the probability of corrosion was higher in AAS concrete. However, there were no results about compressive strength and pore
characteristic of AAS and OPC concretes in this work. If these two important parameters of AAS and OPC concretes were simulta-
neously investigated with the corrosion potential of steel reinforcement embedded in such concretes, it would be more persuasive.

In 2009, VicRoads in Australia undertook the construction of the reinforced alkali activated slag concrete retaining walls at the west
abutment of Swan Street Bridge, Melbourne, so as to further understand the practical potential of alkali activated slag concrete [66]. In
order to monitor the long term performance of alkali activated slag concrete and the corrosion of steel reinforcement in these retaining
walls, three MnO,, half-cell reference electrodes were embedded in the concrete at the time of construction of the walls. The half-cell
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potentials between reinforcing steel and reference electrode were measured at the different locations using a multimeter. Following
that, there were the extractions of concrete cores for strength testing and microstructural examination. Alkali activated slag (AAS)
concrete was prepared with a binder content of 400 kg/m?3, solid activator (sodium meta-silicate anhydrous) 5-10% of binder and
water/binder (w/b) ratio of 0.52-0.57. This AAS concrete met the 40 MPa strength requirement of VicRoads Specification (Section
610), but its porosity measured using VPV (19.3%) did not meet the requirement of 16%. The half-cell potential measurements of steel
embedded in this AAS concrete retaining walls were stable at approximately — 350 mV (CSE) after 2 years, implying less likelihood of
corrosion [66].

In a study by Ma et al. [58], the corrosion rates of the steel bars measured in some AAS concretes were comparable to that in the
OPC concrete with identical binder contents and w/b ratios. In all mixes, the binder content was constant at 400 kg/m® and the w/b
ratio was 0.47. The non-steady state chloride diffusion coefficient (Dpgsq) of the AAS concrete, measured by NT BUILD 443 (immersed
for 3 months in a 2.82 M NaCl solution), was much lower than that of OPC concrete. A possible reason for the lower chloride diffusion
coefficient of AAS concretes was probably because of the better pore structure, the stronger interaction between hydration products
and the improved chloride binding for the AAS concretes. This trend was clearly evident despite the lower initial compressive strength
of several AAS concrete mixes (see Fig. 6).

5. Penetration of chloride ions in AAM concrete
5.1. Limitations and improvements in the methods of testing chloride penetration

For testing penetration of chloride ions in AAMs, the most popular methods are rapid chloride permeability test (RCPT) specified in
ASTM C1202 [67], NordTest NT Build 443 (similar to ASTM C1556) [68], and NordTest NT Build 492 [69]. RCPT measures chloride
ion migration or electrical conductivity of concrete. This method only provides charge passed due to the movement of ions and does
not measure the depth of chloride penetration. In this technique, a voltage of 60 V is applied across the ends of slices of a concrete
cylinder in 6 h. One face is in contact with sodium chloride solution, and the other is in contact with sodium hydroxide solution, as
shown in Fig. 7. This test method, however, has some disadvantages. Apart from structural damages caused by the higher applied
voltage and the associated temperature increase, this test is considered as an unsuitable indicator of the chloride resistance of the AAM
concretes[70,71]. In other words, high performing AAM concrete with better resistance to chloride ions and a higher alkali concen-
tration in pore solution allowed more charge to pass (indicating higher chloride permeability) than those of moderately performing
AAM concretes [72]. Hence, RCPT gave unreliable results for AAM concretes. However, a modified version of this test method is useful
for testing chloride penetration in AAM concretes in the field application because this is a rapid and portable test. Recently, a modified
RCPT test was proposed by using 10 V, instead of 60 V. By using this modified test, a good correlation was observed between the
charge passed and the chloride diffusion coefficient measured by ASTM C1556 or NT Build 443 [73]. The prospect of adopting a
modified RCPT test to establish a practical method for testing chloride penetration in AAM concrete serves as a stimulus for future
research.

On the other hand, NT Build 492 is a non-steady state migration test using an external electrical potential to force the chloride ions
from outside to migrate into the specimen. Thus, this test can avoid some of the drawbacks of the ASTM C 1202 test because it uses a
lower applied potential (typically 30 V) and longer test duration (in 24 h) [74]. Meanwhile, NT Build 443 is a type of ponding test,
where one face of a cylindrical specimen is exposed to a 2.8 M NacCl solution for at least 35 days and then the chloride profile is
measured. According to RILEM Technical Committee 247-DTA Report [72], both NT Build 492 and NT Build 443 showed acceptable
outcomes within laboratory reproducibility, but the results between the different laboratories were scattered. Hence, the tests for
chloride penetration in AAM concretes have not been finalised yet. Numerous research activities to solve this problem, however, are in
progress now.

5.2. Chloride binding in AAM concrete

When chloride ions from the external environment penetrate concretes, a proportion of them is bound by the hydration products.

50mm thick concrete disc

3.0% NaCl
reservoir

0.3 N NaOH
reservoir

Fig. 7. Rapid chloride permeability test.
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This process of chloride binding can reduce the free chloride concentration in the solution, and hence it impacts the chloride threshold
and decreases the likelihood of steel corrosion. However, bound chlorides can be transformed into free chlorides, under some con-
ditions where the chemical equilibrium between bound and free chlorides are disturbed [75,76], so bound chlorides also pose some
risk to steel corrosion and must be controlled.

In Portland cement binder, chloride ions can be bound chemically by the formation of Friedel’s salt, which is created by the reaction
between chlorides and cement compounds such as C3A and C4AF [77]. There is no C3A or C4AF in the alkali activated binder, and hence
the mechanism of how chlorides are bound in the AAM matrix, if that happens at all, may be different to that in Portland cement and
needs to be investigated. In fact, powder X-ray diffraction (XRD) was used to find out about this aspect of AAM. Alkali activated slag
mortars were prepared with the addition of high content of sodium chloride in the mixing water. XRD results did not show formations
of any new crystalline phases even at the highest level of NaCl addition (13% by weight of slag), and no significant peaks were seen in
the region 8 + 13° 20 which is expected for Friedel’s salt [78]. As for alkali activated fly ash mortars (or fly ash geopolymer mortars),
even after immersing in NaCl solution for 2 years, there was no formation of new crystalline phases such as the ettringite or Friedel’s
salt [79]. There might be other chloride bearing substances in the AAM concrete. It is a fact that the activation process of fly ash
produces the main reaction product with a structure similar to zeolite precursor, a three-dimensional framework [80,81]. Also, the
secondary reaction product of this process is zeolite [10,82], as shown in Fig. 8. It is well known that zeolite is an absorbent of several
ions and molecules. For example, it has been used as an absorbent material for seawater desalination [83,84]. It is primarily because
zeolites have a micro porous structure with a highly regular structure of pores and chambers, also large surface area that can
accommodate a wide variety of ions. Hence, the ability of a geopolymer concrete to bind chloride ions might be associated with the
absorption properties of reaction products of the activation process. This conclusion was confirmed by the results obtained in a recent
study by Lee & Lee [85]. There were no differences observed in XRD results between the alkali activated fly ash/slag pastes of
un-immersed and immersed (in 10% NacCl solution for 90 days) specimens. However, the bound chloride contents in the pastes,
immersed in 10% NaCl solution, was in the range of 68-94% (by weight of total chlorides). Additionally, the bound chloride content
increased with the increase of fly ash content. Hence, it could be concluded that chloride ions can be absorbed by zeolite precursors and
zeolites in AAM mortars or concretes.

In Portland cement paste, chlorides can be present in the pore solution or physically held to the surface of hydration products C-S-H
gel [86]. The alkaline activation process of blast furnace slag also produces C-S-H (calcium silicate hydrate) gel, as the main reaction
product, similar to the gel obtained during Portland cement hydration [10]. Therefore, the chloride ions in AAMs with slag can also be
physically bound, similar to that in the Portland cement binder. Further, alkali activated slag cements were found to contain
hydrotalcite-group phases as a hydration product, and this provides surface adsorption in the diffuse layer that can further restrict the
ingress of chloride [87].

The average chloride binding capacity of the geopolymer concretes is low in comparison to Portland cement concretes. There does
not seem to be a chemical reaction between geopolymer binders and chloride ions. According to recent research, it was concluded that
the binding capacity of geopolymers is mainly due to adsorption or encapsulation of the chlorides within the geopolymer pore network
[88]. Chloride bearing characteristics of alkali activated slag was also investigated at different salinity level [89]. Chloride bearing
solid phase includes Cl-hydrocalumite and Cl-hydrotalcite [89]. However, this area requires further investigation.

Further, most of the factors affecting the chloride binding in the Portland cement based binder involve their influences on the
solubility of Friedel’s salt [90]. Accordingly, the parameters changing the chloride binding in the AAMs may be different to those in the
Portland cement systems. For example, increasing the NaOH concentration (from 8 M to 18 M) in the fly ash activated concretes
resulted in a rise in the chloride binding capacity (from 14% to 30%, respectively) and improved compressive strength (from 23.4 to
30.3 MPa), also a denser microstructure [91]. The bound chloride percentage, by weight of the total chloride penetration, of fly ash
alkali activated concretes increased from 51% to 63% when the CaO content in the fly ash increased from 0.64% to 4.80% [53].
Calcined layered double hydroxide (CLDH) due to its ion-exchange properties can increase in chloride binding capacity of alkali

EHT = 15.00 kY

uts

Fig. 8. Zeolite crystal in geopolymer system.
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activated slag [87]. Curing regimes can significantly affect the activation of geopolymerisation process, resulting in dense and less
porous geopolymer matrix, and thus increasing the physical adsorption and chemical binding of chloride ions on the gel surface [92].
However, very few studies have been carried out on this important aspect until now.

5.3. Correlation between the penetration of chloride ions and pore characteristics

In many situations basically, compressive strength has been considered as an indirect parameter to predict the resistance of
concrete to chloride penetration [93]. However, for AAM concrete, the chloride penetration did not correlate well with the
compressive strength [57,73,94]. In reality, the penetration of chloride ions from an external environment into cementitious materials
is a complex phenomenon, involving multiple mechanisms such as diffusion, permeation and capillary absorption. Diffusion is
assumed to be the principal transport of chloride ion movement in concretes where the pores are saturated and there is a chloride
concentration gradient [95]. Chloride diffusion is governed by Fick’s First Law, similar to other diffusion processes. Besides, chloride
diffusion is more easily measured in the laboratory, compared with the other mechanisms. Permeation is associated with a high
hydrostatic pressure applied on one face of the concrete, which seldom happens. Capillary absorption is driven by moisture gradient, in
which chloride ions are brought into the pores of concrete via capillary suction. However, this mechanism just takes place at a shallow
cover region [95]. All these mechanisms involve the transport of chloride ions (0.368 nm diameter) through macropores of a few mm
in size, micropores and continuous capillary pores down to 10 nm size. Below about 10 nm size pores (called gel pores in OPC con-
crete) the transport of chloride ions is unlikely.

For AAM concrete, however, the size of pores formed and the pore size distribution can be different to OPC concrete because of
different chemical gels that are formed and hence changing the tortuosity. Studying the porosity, pore characteristics (e.g. tortuosity)
and pore size distribution of AAM concretes is, thus, vital for understanding the transport of chloride ions, rather than just concen-
trating on mechanical properties such as compressive strength. In order to measure porosity in AAM concretes, the volume of
permeable voids (VPV) (as per ASTM C642 or AS 1012.21) is commonly used because this method is quite easily performed in the
laboratory. Based on the permeable pore amount of the concrete, the ability of the concrete to withstand an aggressive environment
can be evaluated. When applying the above type of tests to AAMs, the process of drying samples might harm the microstructure of such
materials. Therefore, the drying process of samples should be given due consideration and carried out carefully. There are some
recommendations about the selection of drying methods. Ismail & Bernal [96] proposed that if the material contains a significant
amount of chemically bound water (such as alkali-activated slag), drying should be achieved by the acetone method. If the material has
a small quantity of chemically bound water (such as binders based on fly ash or metakaolin), then drying should be achieved by either
vacuum or acetone methods [96]. Drying samples at 60 °C in lieu of 100 °C until reaching constant weight could be useful to avoid the
excessive desiccation of the binding phases that is induced by thermal drying in alkali activated slag binders [71].

6. Factors affecting chloride induced corrosion of steel reinforcement in AAM concrete

The main factors affecting the corrosion resistance of steed rebar embedded in geopolymer concrete against the attack of chlorides
are identified as chemistry and quantity of raw materials, the nature of activators and the concentration of sulphur species in the pore
solution. These factors are discussed in detail below:

6.1. Chemistry and quantity of raw materials

The presence of calcium in source materials was believed to be extremely important to reduce the alkali mobility or alkali loss
which decreases the pore solution pH, and so causes depassivation of protective film on embedded steel [97]. However, in terms of the
microstructure of the geopolymer concrete, it might not be appropriate. It is because geopolymer concrete that is produced from fly ash
with high calcium content showed higher porosity than that produced with fly ash having low calcium content [98]. The substitution
of 20-40% fly ash by slag in the fly ash/slag geopolymer concrete mix at the constant liquid/solid of 0.7 does not change the porosity
significantly but reduces the sizes of pores and also increases the tortuosity, resulting in a reduced porosity and an increased tortuosity
[99]. As a result of this, the chloride penetration rate is decreased.

The variation of slag content in the mix design of fly ash/slag geopolymer concrete affected the chloride-binding capacity and the
resistance to chloride penetration in a different way. Increasing the slag content up to 50% in the mixes resulted in an increase of C-(A)-
S-H gel, leading to the denser geopolymer concretes. Therefore, the chloride penetration depth was greatly decreased [85]. However,
they pointed out that the chloride-binding capacity increased with the amount of N-A-S-H gels and when the slag content was
increased, the chloride binding capacity was decreased.

6.2. The nature of activators

The alkali concentration (NazO %) and silica modulus (Ms, the molar ratio of SiO2/Na0) of the alkaline activating solution were
found to control the non-steady state diffusion coefficient Dyg5q of the AAS concrete [58]. Increasing NaO content from 4% to 8% led to
a decrease in Dyggq. The lowest Dygq was obtained with AAM concrete using an activator with Ms of 1.50. This study also suggested that
activator with Ms of 1.5 and NayO of 6% was the optimum content to achieve the lowest Dygq and corrosion rate. In another study on
the durability of AAS mortar [100], the optimum content of sodium was 10%, which yielded a higher level of strength and lower
porosity. When fly ash geopolymer concrete was prepared from an alkaline activator having a high NaOH concentration, the quantity
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of free and total chloride ions penetration was decreased. This led to a decrease of the chloride diffusion coefficient and steel corrosion
in this geopolymer concrete, after 3 years of exposure in a marine environment [91]. The type of alkali cation was found to consid-
erably affect the chloride binding of metakaolin/fly ash geopolymers, in which sodium activator results in stronger chloride binding
capacity and better resistance to chloride penetration, compared to potassium-based activator [101]. It is because Na has a higher
capacity of promoting the dissolution of solid aluminosilicates, geopolymerization, and zeolitization, despite the fact that KOH
activator has a higher level of alkalinity at the same OH" concentration, due to the large ionic size of K cation. This led to the
comparatively high amount of N-A-S-H gel and zeolite products formed in Na-geopolymer than that of K-A-S-H in K-geopolymer,
resulting in the enhanced Na-geopolymer with a higher chloride binding capacity than its K-counterpart.

6.3. The concentration of sulphur species in the pore solution

The corrosion rate of steel rebar in AAS concretes was observed to decrease with the increase of the concentration of sulphur
contained species in the pore solution [102]. The sulphide concentration investigated in this study was up to 0.1 M; however, the
percentage of the corrosion rate was not specially mentioned in the study. This observation was also recorded in another study by Ma
et al. [58]. This phenomenon in AAM concrete is quite similar to that in Portland cement [103]. It was explained that the presence of
sulphur species in the pore solution of concrete such as HS’, S and SO% provided a reducing internal environment which could
decrease the dissolved oxygen in the pore solution, and hence considerably reduce the redox potential, or the reduction potential, of
the pore solution. This would protect the embedded steel from its oxidation, and thus reduce the probability of corrosion of the steel.
Therefore, source materials which are rich in sulphide would be preferable to the production of AAM concrete. The critical role of HS
in defining mild steel passivation chemistry was also investigated in a study by Mundra & Provis [104]. The film formed on the steel
surface in alkaline-sulphide solutions contains Fe(OH), and Fe-S complexes, and the critical chloride concentration to induce
corrosion increases at high sulphide concentration. However, some other studies reported that when the sulphur content was high, the
formation of FeS film on the steel surface was preferential instead of the oxide film. This weakened the passive layer on the steel surface
[103,105-108].

7. Conclusions and recommendations for future research

Based on the findings presented above, the following conclusions have been drawn:

Some researchers compared the performance of different strength grades of AAM and OPC concrete in their corrosion studies. The
basis of this comparison is not valid. The performance of AAM concretes should be compared with that of OPC or blended cement
based concretes that have similar strength grades, in relation to chloride induced corrosion to make the comparison valid.

Fly ash/slag blended geopolymer concrete with appropriate mix design could serve as an effective alternative for OPC concrete in
reinforced concrete structures. However, on the aspect of chloride induced corrosion, information is lacking, and more work is
needed.

Chloride ion movement and diffusion in AAM concretes require long-term diffusion tests or accelerated chloride penetration tests at
low voltages. High voltage tests applicable to OPC concretes cannot be applied to AAMs. This area needs further research.
Chloride binding mechanisms in AAM concretes are predominantly physical unlike in OPC concretes where they are both chemical
and physical.

The investigation of chloride binding in term of the mechanism of how chloride ions are bound into AAM matrices, the dependence
of chloride binding on mix design of AAM concretes is another open avenue for researchers.

The chloride threshold levels to initiate corrosion in AAM concretes appear to be more than that of OPC concretes. Chloride
threshold levels in AAMs, however, need to be established.

Factors affecting chloride threshold levels to initiate corrosion in AAM concretes is still unclear. Further investigations are needed
to carry out in this area.

Interface transition zone (ITZ) and passive film formation on steel surface in AAM concrete and its breakdown mechanisms need
further research.

Half- cell potential results to initiate corrosion in AAM concretes are lower than those in OPC concretes. Reliable threshold values
for different AAMs need to be established.
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