
SUST, 2025, 5(2): 000075 

000075-1 

  

Received: 1 December 2024; Received in revised form: 14 February 2025; Accepted: 2 May 2025 

This work is licensed under a Creative Commons Attribution 4.0 International License. 

 

Sustainable Structures 

ISSN: 2789-3111 (Print); ISSN: 2789-312X (Online) 

http://www.sustain-dpl.com/journal/sust 

DOI: 10.54113/j.sust.2025.000075 

 

REVIEW ARTICLE  

Carbonation and chloride penetration resistance of sustainable structural 

concrete with alkali-activated and ordinary Portland cement binders: a critical 

review 

Osama A Mohamed*, Haya A Zuaiter, Muhammad M. Jawa 

Abu Dhabi University, Zayed City, Abu Dhabi, United Arab Emirates 
*Corresponding Author: Osama A Mohamed. Email: osama.mohamed@adu.ac.ae 

Abstract: The use of concrete with alkali-activated binders in structural 

engineering applications is restricted by the uncertainty surrounding its long-

term performance. Durability of concrete with alkali-activated binders is 

particularly governed by the resistance to carbonation and chloride penetration. 

Carbonation lowers the pH of concrete, compromising its alkalinity, while 

chloride ions can induce localized corrosion of embedded steel reinforcement. 

This paper examines the performance of concrete where Ordinary Portland 

Cement (OPC) is partially or entirely substituted with supplementary 

cementitious materials like fly ash and ground granulated blast furnace slag 

(GGBS). For concrete incorporating alkali-activated binders, this review 

emphasizes the impact of binder composition, activator type and concentration, 

and curing conditions on its resistance to carbonation and chloride ingress. 

Methods for assessing these parameters were explored to understand the 

viability of alkali-activated binders in structural applications. Concrete with 

alkali-activated binders that contain higher calcium exhibit better resistance to 

chloride penetration and carbonation. Combining GGBS with fly ash enhances 

the carbonation resistance more effectively compared to using each binder 

separately to produce structural concrete. 

Keywords: Sustainable concrete, alkali-activated binders, fly ash, GGBS, 

carbonation resistance, chloride penetration resistance 

1 Introduction 

Replacing a portion of Ordinary Portland Cement (OPC) with supplementary cementitious 

materials (SCMs) helps decrease the environmental footprint of cement manufacturing while also 

enhancing concrete's workability, structural integrity, and long-term durability. The amount of OPC 

replacement with SCMs is dependent on the chemical properties and material characteristics of the 

SCMs. A more sustainable and innovative approach involves the use of alkali-activation of suitable 

SCMs, which can completely replace OPC for the production of concrete [1]. In recent decades, 

significant research efforts have been dedicated to advancing sustainable alkali-activated materials 

(AAMs) as eco-friendly binders capable of replacing OPC. This class of AAM systems is developed 

through the reaction of alkaline salts, such as alkali hydroxides, silicates, with aluminosilicates such as 

those contained in the industrial by-products fly ash (FA) and ground granulated blast-furnace slag 

(GGBS) [2,3]. Despite this progress, AAMs have not been widely adopted in structural applications or 

engineering practices, primarily due to the limited knowledge of their long-term behavior [3–5].  
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This article primarily examines the durability of concrete, mortar, or paste, focusing on their 

resistance carbonation and chloride ingress. The service life and durability of concrete exposed to 

carbonation and chlorides are strongly influenced by the microstructural properties of the binding gel.. 

The durability, along with the safety and serviceability, of reinforced concrete structures relies on the 

integrity of the steel reinforcing bars and their ability to resist corrosion, which is typically caused by 

chloride penetration or carbonation [6, 7]. Carbonation occurs when CO₂ infiltrates the concrete, 

lowering its alkalinity and compromising the protective oxide layer on the steel reinforcement. Similar 

localized depassivation of steel occurs when chloride ions reach the concrete layer in contact with the 

embedded reinforcement [8]. 

This paper examines key factors influencing carbonation and chloride ingress in concrete where 

the OPC binder is partially or entirely substituted with fly ash and/or GGBS, as well as the parameters 

that impact their performance. Fig. 1 provides a visual representation of the most relevant keywords for 

this study. 

 

Fig. 1.  Keywords covering elements of the study (VOSviewer). 

2 Concrete with Alkali-activated Binders 

During the manufacturing process of alkali-activated concrete (AAC), alkaline activators are 

essential as they initiate the necessary reactions of the binders. These activators facilitate the dissolution 

and subsequent polymerization of alumina and silica from the precursor materials in the alkaline 

solution provided by the activator, enhancing bond formation and contributing to the concrete mixture's 

hardening mechanism. According to the model proposed by Duxson [9] and further expanded in [10] , 

the reaction process in AAM unfolds in four distinct stages: dissolution, condensation, 

polycondensation, and ultimately, gel crystallization.  
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At the beginning of the reaction, aluminosilicate materials break down into reactive silicate and 

aluminate monomers, specifically represented as [Si(OH)4]− and [Al(OH)4]−. A highly alkaline solution, 

with a pH around 14, dissolves the Si-O-Si and Al-O-Al bonds in the aluminosilicates, forming a 

colloidal phase. The activator solution breaks these bonds, causing insoluble particles to disperse within 

the mixture [9–11]. This process initiates a colloidal phase, which results in water removal through a 

nucleophilic substitution reaction. Negatively charged silicate (SiO₄⁴⁻) and aluminate (AlO₄⁵⁻) species 

link together through hydroxyl groups in silicates and aluminum ions in aluminates, initiating the 

condensation stage. This reaction generates transient compounds and reactive aluminosilicate species, 

along with water [9,12]. As the reaction progresses, additional water is released, leading to the formation 

of early-stage gels. Negatively charged silicate and aluminate species require charge-balancing alkali 

metal ions, such as Na⁺ or K⁺, to maintain stability in the alkaline solution. These ions neutralize the 

unstable negatively charged gels, triggering a structural rearrangement of the intermediate compounds 

and resulting in a more stable final material [13]. The polycondensation phase follows, resulting in the 

formation of stable gels throughout the geopolymeric framework and, in some cases, inducing 

crystallization. Some studies classify these amorphous gels as sodium-aluminosilicate-hydrate (N-A-S-

H), whereas the structured phases, ranging from semi-crystalline to fully crystalline, are commonly 

identified as zeolites [14]. At this point, the material starts to harden, gain strength and exhibit essential 

characteristics typical of AAMs [11, 13]. 

In the context of AAMs, precursors refer to the primary raw materials that contain aluminosilicate 

minerals. These precursors react with alkaline activators, resulting in the development of binding phases 

within the final material. Typical precursor materials consist of industrial waste products like fly ash 

and GGBS, along with naturally occurring substances such as kaolinite or metakaolin [15, 16]. These 

substances provide the necessary silica and alumina that, when activated by an alkaline solution, 

undergo chemical transformations to form the hardened, cement-like structure of AAMs. The 

characteristics of concrete, mortar, and pastes made with GGBS and fly ash activated in an alkaline 

medium are highlighted in the subsequent sections. 

2.1 Alkali Activation of Fly Ash: Effects on Microstructure and Strength of Concrete 

The process of activating fly ash using alkaline materials involves an exothermic dissolution 

reaction [17]. During this process, the amorphous aluminosilicate network in the fly ash glass undergoes 

depolymerization, breaking Si–O–Al and some Si–O–Si bonds, allowing silicate and aluminate species 

to dissolve into the solution. Following the breakdown of the fly ash structure, there is an induction 

period where reaction products begin to accumulate, and little heat is released. This is followed by a 

strongly exothermic condensation phase, facilitating the formation of a geopolymeric matrix with an 

amorphous structure but high mechanical strength. The most significant factors affecting mechanical 

strength of alkali-activated fly ash (AAF) binders are the temperature and the type of activator used. In 

contrast, the activator-to-fly ash ratio exhibited a relatively lower influence on the mechanical 

performance [17]. In general, higher temperatures typically improve the material's mechanical strength. 

 Studies have shown that soluble silicates, such as sodium or potassium silicate, speed up the 

reaction more effectively than hydroxide activators. During these processes, the dissolution of chemical 

compounds, the development of hydrated and polymerized phases, and the simultaneous 

polycondensation of structural networks take place. Consequently, mechanical strength develops more 

quickly in samples activated with soluble silicates compared to those activated with hydroxides [17]. 

Experiments by Dhir [18] indicate that combining Class F fly ash with cement significantly reduces 

the porosity and permeability of the cement paste. The inherent porosity of fly-ash-based geopolymers 

primarily arises from the natural porous structure of the geopolymer gel. During the drying process, the 

loss of the aqueous pore solution results in the generation of void spaces throughout the geopolymer 

gel structure [19]. 

When Class F fly ash is activated, the resulting aluminosilicate matrix develops a mesoporous 

structure [20]. In pozzolanic reactions involving fly ash and calcium silicate or calcium hydroxide 

(Ca(OH)₂) present in OPC-based matrices, the initial reaction may proceed too rapidly, making it 

unsuitable for applications requiring extended workability or a delayed setting time. Therefore, the use 

of Class F fly ash is advantageous when used for concrete with OPC or as alkali-activated binder (AAB) 
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due to its high concentration of amorphous aluminosilicates and lower content of calcium oxide. The 

degree of fly ash fineness is a key factor in improving the compressive strength of concrete in AAB 

systems.  When the fly ash mean particle size is smaller than 45 µm, the compressive strength increases 

significantly, achieving in some cases 70 MPa within a single day [9]. Furthermore, the surface charge 

of fly ash particles significantly influences the early-stage reaction kinetics and setting behavior of 

mortar or concrete prepared using AAF binder [21].  

2.2 Alkali-activated GGBS 

In general, when supplementary cementitious materials (SCM) like GGBS are used to partially 

replace OPC, the characteristics and composition of the blended cement are highly influenced by the 

replacement ratio [22]. For example, substituting OPC with GGBS beyond 35% significantly lowers 

concrete's compressive strength at 28 days [23]. AABs have the potential to produce concrete with 

properties comparable to or even superior to OPC, while reducing CO₂ emissions by 80–86% [24].  

Concrete developed using alkali-activated GGBS (AAS) binder faces notable challenges related to 

rapid setting times and poor workability [25]. These issues arise due to the amorphous structure of 

GGBS, along with the elevated Na₂O content in commonly used alkaline activators [26, 27]. The choice 

of activator significantly influences the evolution of compressive strength in AAS pastes. Pastes 

activated with NaOH exhibit greater early-age compressive strength than those activated using hydrous 

sodium metasilicate (Na2SiO3·5H2O). However, at later stages, compressive strength increases 

substantially in pastes activated with sodium metasilicate compared to those activated with NaOH [28]. 

Puertas [29] conducted an evaluation of four different mixes with varying proportions of alkali-

activated GGBS at 0 (100% OPC), 50, 70, and 90% of the total binder content. Studies indicate that 

GGBS-OPC blended binders generate less heat during hydration in the early stages (6 to 24 hours) while 

exhibiting superior compressive and flexural strength compared to pure OPC cement of the same age. 

This improvement was related to lower porosity and increased structural density, resulting from the 

development of C-A-S-H, which is tends to be more cross-linked with longer polymeric chains than the 

C-S-H gel present in OPC. Similarly, Bilim and Ati [30] observed that higher GGBS and sodium content 

in the mixture improved mechanical strength, with the peak compressive strength observed in mixes 

where GGBS was the sole binder. It is worth noting that after 28 days of curing, the splitting tensile 

strength of concrete containing 80% GGBS and 20% OPC, without an alkaline activator, was similar 

to that of fully OPC-based concrete [31]. 

Angulo-Ramírez [24] investigated the kinetic energy, microstructure, and the evolution of strength 

and durability characteristics in pastes containing a blended binder composed of 80% GGBS and 20% 

OPC. The results indicated that this hybrid mix, when activated with NaOH and a combination of NaOH 

and waterglass, exhibited compressive strengths that were 4.5 and 10.8 times higher, respectively, than 

those of 100% OPC. Furthermore, the hydration heat decreased, and the material exhibited a noticeably 

denser with more compact microstructure. Increasing the specific surface of GGBS improved the 

performance of the mix that used NaOH or Na2CO3 as activator but has the opposite effect when using 

Na2SiO3 · nH2O + NaOH as activator [24]. Fernandez-Jimenez [32] reported that the durability of a mix 

with a binder consisting of AAS and 12% OPC is comparable to that of high-durability mix with only 

OPC binder. Concrete made with AAS binder achieved greater strength at 28 and 90 days than concrete 

with a comparable water-to-binder (w/b) ratio and OPC content [33]. With a similar binder content and 

w/b ratio, concrete incorporating AAS binder demonstrated reduced water absorption and capillarity 

compared to its OPC-based counterpart. As the GGBS content increases, both porosity and water 

absorption decline. 

2.3 Alkali-activated Fly ash and GGBS 

Despite the benefits of using alkali-activated fly ash and GGBS as binders, whether individually 

or in combination, there are some notable drawbacks. One significant environmental impact arises from 

the production of alkali activators, particularly sodium hydroxide. Additionally, these binders are prone 

to accelerated setting, which can lead to the formation of microcracks. If shrinkage is not adequately 

managed, this can result in variability in long-term strength [34]. Hence, a more innovative approach in 

blending alkali-activated materials to form blended or hybrid Portland cement. Blended alkali-activated 
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binders consist of up to 30% OPC combined with substantial amounts of materials high in 

aluminosilicates, such as fly ash and GGBS [35–37]. Such blended cement binders with alkali activation 

result in hybrid cementitious materials that produce concrete and mortar with superior mechanical 

properties and enhanced durability, even at early stages of curing. The hydration products generated in 

these composites are fundamentally different in both composition and characteristics from those in 

conventional Portland cement. These variations primarily depend on the specific type of aluminosilicate 

precursor or industrial by-product utilized. Examples include Portland blast-furnace slag cement, 

Portland fly ash cement, and various other blended cements with components activated with alkalis [38]. 

These types of cements are categorized as "low carbon potential" cements. 

 Using either fly ash or GGBS independently as an alkali-activated binder presents certain 

challenges. For instance, when fly ash is utilized as the only binding material, strength development in 

concrete requires curing at an elevated temperature. This presents a significant challenge for its 

widespread application in concrete construction industry [39]. In contrast, alkali-activated GGBS can 

cure at ambient temperatures, but its rapid setting adversely affects concrete workability [27, 40, 41]. 

A promising approach for addressing these challenges involves the blended utilization of fly ash and 

GGBS. This blend allows for curing at ambient temperatures and mitigates the problem of fast setting, 

making the material more practical for industry use [42, 43]. Therefore, significant research is devoted 

to identifying the characteristics and long-term behavior of concrete with blended alkali-activated 

GGBS and fly ash (AASF) binders.   

Palomo [44] investigated a hybrid binder comprised of fly ash, GGBS, and a smaller proportion of 

OPC (20%). The results showed that this alkali-activated hybrid binder achieved a 50% higher early-

age strength, along with reduced heat of hydration and a faster setting time in contrast to similar cements 

lacking alkali activation. Additionally, it was confirmed that the hybrid cement forms N-A-S-H, C-A-

S-H, and (N, C)-A-S-H gels during its reaction process. These findings corroborate previous studies on 

hybrid cements composed of 70% FA and 30% OPC [45]. 

The effect of AASF binders has been extensively studied, demonstrating significant impacts on the 

mechanical properties of the resulting materials. Flexural strength of concrete and mortar with AABs 

varies considerably with the composition of the alkaline activator and the type of precursor [46]. 

Wardhono [47] reported that AAF-based concrete exhibited an increase in flexural strength over time, 

whereas alkali-activated AAS-based concrete showed a decrease [27]. However, most studies reported 

consistent increases in compressive strength, especially for water-cured concrete. Additionally, Aiken 

[48] found that increasing the GGBS content in AASF concrete improved its mechanical properties and 

overall durability. Several studies have highlighted the effect of combining fly ash and GGBS, activated 

in an alkaline medium, on optimizing compressive and flexural strengths. 

The type of precursor is a governing factor in the fresh properties of concrete with AASF binders 

[49]. In mixtures containing both GGBS and fly ash binders, GGBS-rich pastes showed a reduced slump 

and setting times, along with higher compressive strength relative to pastes rich in fly ash. However, 

the impact of the GGBS-to-fly ash proportion on compressive strength development is also governed 

by the NaOH concentration [50]. In addition, the environmental impact of NaOH on the global warming 

potential (gwp) of the concrete mix with AAS and AAF binders may be too high and nearly equivalent 

to using OPC as sole binder [50]. 

In AASF binder systems, increasing the content of GGBS decreases the pore volume [51]. At both 

7-day and 28-day curing periods, neither porosity nor gel content exhibited a strong correlation with 

compressive strength [51]. For instance, mortar with 75% fly ash and 25% GGBS produced more gel 

but exhibited lower strength than its counterpart containing a greater proportion of GGBS. It is likely 

that concrete/mortar age, gel type and binder combination played a more significant role in strength 

development, especially in mortar/concrete with GGBS and fly ash binders. After a 28-day curing 

period, mortar with a 3:1 GGBS-to-fly ash ratio exhibited superior compressive strength compared to 

mixtures with both higher and lower GGBS content [51, 52]. After 7 days of curing, however, some 

studies reported consistently higher strength for mixes with 75%GGBS+25%fly ash [53], while others 

reported that mixes with 100%GGBS provide higher strength compared to others with lower GGBS 

content. It is hypothesized that as alkali-activated mortar/concrete matures, a blend of high content C-

A-S-H and lower content of N-A-S-H is likely to provide an optimally denser and more refined 
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microstructure that contributes most to mechanical strength, compared to even higher C-A-S-H content 

[52]. 

When the fly ash content in concrete with an AASF binder increases, particularly beyond 50%, it 

improves workability and enhances the quality of the finished product [54]. However, higher fly ash 

content adversely affects concrete strength, especially in the early ages, largely due to its slow reactivity 

at ambient or low temperatures. Exposing alkali-activated GGBS or fly ash concrete to high-pressure 

and high-temperature curing methods, such as autoclaving, significantly improves its strength 

development [55]. However, the inherently high early-age reactivity of GGBS makes heat curing more 

relevant to binders rich in fly ash. Heating increases the reaction rate and the synthesis of C-A-S-H and 

N-A-S-H gels in mortar/concrete with AABs.  At the same higher temperature, heating accelerates the 

reaction of GGBS more effectively than fly ash. However, heat curing is more suitable for the precast 

industry than for the dominant cast-in-place applications. Prolonged curing of concrete with AAF binder 

produces limited enhancement in mechanical properties.  However, with significant amount GGBS (≥
50) prolonged curing at ambient temperatures produces concrete with significant improvements in 

mechanical properties. Similarly, if a small amount of GGBS (≤ 25%) is blended with fly ash, heating 

is typically necessary to attain competitive mechanical properties. 

Beyond typical curing periods, sustained exposure to elevated temperatures for prolonged periods 

has complex effects on microstructure and mechanical properties. Ma [56] demonstrated that curing at 

60°C for 3 days enhances the strength of mortar containing blended AASF binders. Sustained exposure 

to the same temperature for 28 days enhances compressive strength, mainly as a result of the extended 

mean chain length (MCL) in the gel structure. A longer MCL of C-A-S-H and/or N-A-S-H gel is 

associated with a more interconnected network and a denser, more compact gel, leading to enhanced 

mortar strength [53]. Sustained exposure to the same temperature for 28 days enhances mechanical 

strength, mainly due to the extended mean chain length (MCL) in the gel structure, which contributes 

to a denser and more cohesive matrix [56]. However, if the exposure temperature is much higher, e.g. 

800 0C, the duration that leads to microstructural changes including increase in cracking and porosity 

of mortar with GGBS/fly ash binder can be as short as 120 minutes [57]. When fly ash: GGBS ratio is 

4:1, heating to 400 0C produces Al/Si ratio between 0.36 and 0.46, which classifies the gel as silica-rich 

N-A-S-H, while heating from 400 0C to 800 0C increases the Al/Si ratio from 0.4 to 0.79, which 

identifies N-A-S-H as Al-rich [57]. As experimental test temperature was elevated from 200°C to 800°C, 

the Ca/Si ratio in AASF mortar decreased from 0.68 to 0.55, signifying the decomposition of C-A-S-H 

gel under intense heat.  

3 Carbonation of Concrete with Alkali-activated Binders 

Carbonation occurs when ambient CO₂ diffuses into the concrete matrix and reacts with Ca(OH)₂, 

leading to the formation of calcium carbonate (CaCO₃) as a solid. This reaction decreases concrete 

alkalinity, which can compromise the protective oxide film surrounding the embedded reinforcing steel 

bars, increasing the risk of corrosion and potentially diminishing the structure's long-term durability 

[58, 59]. 

In concrete with AASF binders, the carbonation process differs slightly from that of traditional 

Portland cement concrete. For these AAMs, CO₂ reacts with the AAB network, resulting in the 

development of carbonate phases like calcium and sodium carbonate. These compounds can impact the 

strength, structural integrity, and durability of the concrete [60]. 

The understanding of carbonation in AAMs is less clear compared to OPC-based compounds, 

though their carbonation mechanisms share fundamental similarities. AAMs with higher calcium 

content exhibit better resistance to carbonation, higher CO2 absorption, and improved performance [61]. 

For AAMs with comparable microstructures and porosity, carbonation behavior differs based on the 

chemical makeup of the precursor. This variation influences properties like pore distribution, 

dimensional stability, durability, and strength [62]. Apart from the inherent characteristics of the 

materials, especially porosity, key factors influencing carbonation include the choice of precursor, the 

alkali activator’s reactivity, pre-exposure curing conditions, and the parameters of the accelerated 

carbonation environment  [63, 64]. 
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Research indicates that a higher GGBS content and sodium concentration in the mixture enhance 

both flexural and compressive strengths of concrete. However, these alkali-activated materials are more 

sensitive to carbonation than traditional OPC-based mortars due to greater CO₂ penetration.  

3.1 Effect of Binder Type 

3.1.1 Carbonation Behavior of Concrete and Mortar with Fly Ash Binder Activated in an Alkaline 

Medium 

Badar [65] studied the carbonation behavior of concrete with an AAF binder by evaluating three 

fly ash variants with different calcium oxide (CaO) contents. After up to 450 days of exposure to 

carbonation, all samples exhibited higher porosity, a reduced pore solution pH, and a decline in 

compressive strength. While the exact carbonation mechanism remained unclear, the formation of 

sodium carbonates from CO2 was identified as the main factor contributing to pore network degradation 

and structural weakening [65]. Bernal [62] observed that the presence of magnesium oxide (MgO) in 

GGBS mitigates early-age carbonation deterioration (within 14 days). This protective effect is primarily 

ascribed to the development of additional phases, including layered double hydroxides (LDHs), which 

form through the direct uptake of CO₂. LDHs enhance the durability of concrete through pore-filling, 

leading to a more stable structure. 

The carbonation depth in pastes with AAF binders is a function of the duration of CO2 exposure 

[66, 67], as illustrated in Fig. 2 [67]. You [68] observed that extending the exposure to carbonation 

from 28 to 56 days led to a greater carbonation depth in alkali-activated specimens. For specimens 

containing 20% fly ash (FA) and 80% phosphorous GGBS (P), the carbonation depth rose from 5.2 mm 

to 5.85 mm. Phosphorous GGBS has high levels of phosphorus content that delays the setting time. 

 

Fig. 2.  Carbonation depth of AASF binders (FA= fly ash; S=GGBS) [67]. 

Fly ash-based geopolymer samples containing 10% GGBS exhibited a notable increase in 

carbonation depth as CO₂ concentration rose from 1% to 3%, when cured at 23°C and 55% relative 

humidity (RH). [69]. When GGBS partially replaced fly ash at levels of 30%, 50%, and 70%, the extent 

of carbonation was reduced by 43.6%, 67.27%, and 92.72%, respectively, in comparison to specimens 

made entirely of fly ash. These tests were conducted in a controlled indoor laboratory environment at 

20°C and 55% RH [70].  This suggests that incorporating GGBS into alkali-activated concrete (AAC) 

made with fly ash enhances its carbonation resistance compared to using fly ash as only binder. The 

greater carbonation depth observed with increasing fly ash content was linked to the inherently lower 

CaO levels, changes in the binder’s chemistry, and modifications in pore structure that led to increased 

porosity [71, 72]. In the initial stages, the significant increase in carbonation is due to the sluggish 
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pozzolanic activity of fly ash, which slows the development of reaction products and impedes matrix 

densification. The slow development of polymerization products causes higher porosity and higher 

penetration of CO2 through concrete with fly ash-based binder. 

3.1.2 Carbonation of Alkali-activated GGBS 

Several studies have indicated that the deterioration mechanism of carbonated mortar with an AAS 

binder involves decalcification of the C-S-H gel [37, 73]. GGBS binders activated with sodium silicate 

produce fewer carbonation byproducts than those activated with NaOH, leading to reduced mechanical 

strength and higher porosity following carbonation. Conversely, in NaOH-activated GGBS mortars, 

carbonation compacts the binding matrix leading to improvement in mechanical strength [37]. 

GGBS activated with sodium silicate is more prone to carbonation due to its lower calcium-to-

silicon (Ca/Si) ratios. This increased susceptibility arises because the limited calcium ions (Ca2+) in the 

C-S-H gels are converted to calcium carbonate (CaCO3) in a low-pH environment during carbonation 

[73]. Consequently, this transformation results in a significant reduction in binding strength due to the 

increased susceptibility of C-S-H gels to decalcification [73]. Fig. 3. shows that carbonation of mortar 

with OPC binder increases compressive strength while it has the opposite effect when the binder is 

GGBS activated with waterglass moduli ranging from 0 to 1.5. One justification for the strength 

degradation of mortar with GGBS binder is the decalcification of the C-S-H gel.   

 

Fig. 3.  Influence of carbonation on compressive strength of mortar with OPC and AAS binders with 

various water glass (WG) moduli from 0 to 1.5 (WG-0 to WG-1.5) [73]. 

It was reported that adding metakaolin (MK) affects CO2 diffusion and increases carbonation depth 

in mortar with AAS binder [74]. This is due to the lower levels of CaO and MgO in MK compared to 

GGBS. Samples without MK exhibited greater trona phase formation during carbonation, indicating a 

higher availability of unbound Na⁺ ions in the pore solution [74]. In contrast, metakaolin-blended 

specimens saw the development of aluminosilicate gel, which helped bind Na+ ions. 

Alkali-activated GGBS with higher MgO content produces concrete/mortar with higher 

carbonation resistance. Reactive MgO undergoes hydration, resulting in the formation of Mg(OH)₂, 

which subsequently reacts with CO2 to produce MgCO3 [62]. Studies also identified the existence of 

Mg-Al hydrotalcite phases forming during carbonation. Therefore, the resistance to carbonation 

exhibited by concrete with AAS binder depends not only on the content of CaO, but also on the presence 

of other uncarbonated alkaline-earth metal components [62]. 

For concrete with an AAS binder, as with AAF, prolonged exposure to CO₂ results in deeper 

carbonation penetration. Although studies comparing the rate of carbonation progression in OPC-based 

concrete and those with blended GGBS-fly ash alkali-activated binders are limited, it is evident that 

they generally exhibit this trend. According to data reported by Bernal [33], increasing the GGBS 
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content from 300 to 500 kg/m³ significantly enhanced the mortar's ability to resist carbonation. The mix 

with the least GGBS exhibited the highest carbonation depth, with approximately 70% of the specimen 

undergoing carbonation. Therefore, the binder content significantly influences the resistance to 

carbonation exhibited by mortar with an AAS binder. 

3.1.3 Carbonation of Concrete with Combined Fly ash and GGBS Binders 

As discussed earlier, alkali-activated GGBS binder produced concrete/mortar with improved 

carbonation durability relative to fly ash-based mixtures. Replacing fly ash with GGBS at proportions 

of 30%, 50%, and 70% led to substantial reductions in carbonation depth, quantified as 43.6%, 67.27%, 

and 92.72%, respectively, compared to samples made solely with fly ash, under controlled indoor 

conditions (20°C and 55% RH) [70]. These findings highlight that partial replacement of fly ash-based 

binders with GGBS enhances carbonation resistance of concrete compared to using fly ash as sole 

binder. As mentioned previously, the greater carbonation depth observed with higher fly ash content 

was linked to a decrease in CaO levels and changes in the pore structure, resulting in increased porosity 

[71].  

Further research has explored the influence of CO2 exposure duration on the carbonation 

penetration depth of concrete with AABs. For instance, extending the carbonation duration from 28 to 

56 days led to a greater carbonation depth, increasing from 5.2 to 5.85 mm in samples containing 20% 

fly ash and 80% phosphorus GGBS [68]. Similarly, increasing the CO₂ concentration from 1% to 3% 

significantly increased the carbonation depth in geopolymer specimens with a primarily AAF binder 

containing 10% GGBS, cured at 55% relative humidity and 23°C [69]. 

In mortar with AAF binder, the level of fly ash substitution with GGBS significantly influences 

the evolution of pore structure. Nedeljković [75] reported that in pastes with high GGBS content, 

porosity was markedly reduced to approximately 4% when the GGGBS content reached 100%. Higher 

GGBS content led to a refinement in the pore size distribution along with decrease in permeability and 

a slowing down in diffusion of CO2 through the paste [75]. Fig. 4 shows that the carbonation coefficient 

(mm/day⁰.⁵) decreases as the relative content of GGBS increases. The figure also shows sealed paste 

samples exhibited lower carbonation coefficient compared to unsealed ones.  

 

Fig. 4.  Effect of GGBS content with respect to total GGBS+fly ash binder and curing on carbonation 

coefficient [75]. 

The addition of reactive MgO in OPC-based concrete generally enhances mechanical properties, 

including stiffness elastic modulus, compressive strength, and toughness [76]. During the carbonation 

process, reactive MgO captures and chemically binds CO2, forming carbonate phases. This reaction 

decreases the amount of CO2 available for interactions with other components, potentially slowing 

down the overall carbonation rate. However, there is limited research available on the carbonation 

mechanism or the impact of reactive MgO on modifying carbonation behavior in AASF binders [77]. 
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Wang [78] examined the influence of reactive magnesium oxide (MgO) on the carbonation 

behavior of mortar with an AASF binder aged for 90 days. The research observed a substantial increase 

in compressive strength across all samples after a 28-day carbonation period and identified aragonite as 

the primary carbonation product. While compressive strength showed only slight variations between 28 

and 90 days, samples with a higher reactive MgO content exhibited notable strength increases, reaching 

up to 74.8% post-carbonation [78]. 

3.2 Effect of Activator Type and Concentration on Carbonation Resistance 

The performance and service life of alkali-activated concrete (AAC), particularly in terms of 

carbonation, are significantly influenced by the concentration as well as the type of the activator. The 

extent of carbonation in AAMs is determined by the concentration of CO2 and its diffusion through the 

specimen, both of which are heavily influenced by the material's porosity. Porosity is ultimately 

governed by the composition and molarity of the alkali activator. Alkaline activators are known to 

induce rapid hardening and enhance compressive strength. Wang and Scrivener [79] indicated that the 

primary reaction product when AAS is activator is C-S-H with low Ca/Si ratio, regardless of the 

activator used. Among the factors influencing the development of mechanical strengths in AAMs, the 

type of alkaline activator has the most significant impact, followed by activator concentration, curing 

temperature, and the specific surface area of the material [80].  

Several studies investigated the microstructural changes in mortar developed using GGBS 

activated with NaOH and sodium silicate solutions [81, 82]. Increasing the Na2O content and the 

SiO2/Na2O ratio in the activator significantly enhanced the resistance to carbonation. The enhanced 

performance was linked to a reduction in the overall porosity and the average pore size of the hardened 

material. Likewise, an experimental study on hybrid cements, comprising 80% GGBS and alkali-

activated with NaOH and Na2SiO3 solutions, demonstrated that both the activator type and its 

concentration significantly influence the formation of the resulting phases and strength characteristics 

[24].  

Tests by Li [73] indicate that mortars with a GGBS binder activated solely with NaOH 

demonstrated superior carbonation resistance, as reflected in their greater residual strength, in contrast 

to those activated using a mixture of Na2SiO3 and NaOH. Raising the SiO2/Na2O ratio in the activator 

produced C-S-H with a reduced Ca/Si ratio, which accelerated the decalcification process due to the 

lower availability of calcium hydroxide (CH). 

Avila [83] assessed the mechanical properties of AAM made from municipal incinerator bottom 

ash (MIBA) and fly ash (FA) with varying proportions of NaOH and Na2SiO3 under forced carbonation. 

The results demonstrated that changes in the Na2O/binder and SiO2/Na2O ratios influenced the porosity 

profile of the hardened specimens with fly ash binder activated using NaOH and Na2SiO3, thereby 

affecting their carbonation resistance. This was evident from the different compressive strengths 

observed in carbonated fly ash and MIBA samples under varying alkaline solution compositions. 

The influence of different activator combinations on the microstructural and mechanical properties 

of mortar with an electric arc furnace slag (EAFS) binder was investigated by Kassim [84]. The authors 

focused on the different combinations of NaOH and Na2SiO3 on EAFS mortars under forced carbonation. 

The study and several others consistently found that increasing the Na₂O/binder and SiO₂/Na₂O ratios 

led to a more compact microstructure with lower porosity, enhancing the mechanical strength and 

carbonation resistance of the specimens [73, 83]. Typically, an optimum alkali activator content exist 

that maximizes the performance, exhibits decreased porosity, and reduces CO2 diffusion. However, 

when considering CO2 uptake, the optimal values for Na2O content and SiO2/Na2O ratio differ between 

uncarbonated and carbonated specimens. Fig. 5 shows that 28 day accelerated carbonation curing of 

EAFS mortar with 6% Na2O concentration increases compressive strength relative to similar samples 

without carbonation curing. The increase in strength is also dependent on the silicate modulus (S= 

SiO2/Na2O). 

The amount of Na2O in the activator influences the amount of C-A-S-H produced during activation 

of GGBS. A rise in Na2O content of the activator from 4% to 8% results in greater C-A-S-H gel 

production. C-A-S-H gel increases the amount of calcium carbonate in the binder. Similarly, in AAF 
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binders, a higher Na2O content accelerates the reaction rate, enhancing N-A-S-H gel development, 

which in turn decreases the carbonation rate in mortar [85]. 

 
Fig. 5.  Average compressive strength of EAFS mortar with 6% Na2O (N6) concentration, varying silicate 

moduli (S= SiO2/Na2O = 0, 1.0 to 2) and curing with carbonation (letter C) and without carbonation [84].  

3.3 Impact of Curing Conditions on Microstructure, Strength, and Carbonation of Mortar and 

Concrete 

The curing conditions of AAMs significantly impact their carbonation behavior. Various AABs 

have unique chemical compositions and undergo different reactions [15]. The influence of the curing 

environment and the content of GGBS on gel formation in AASF pastes was studied by various 

researchers [75]. When subjected to carbonation, the curing conditions of alkali-activated pastes/mortar 

significantly affect the phase chemistry and microstructural evolution of the material. The effect of 

curing became particularly prominent after 28 days, whereas no significant differences were observed 

between sealed and unsealed pastes after just 7 days. The variation in composition is due to the loss of 

Na+ ions in unsealed samples, which led to the development of Ca-Al-Si-H gel instead of Ca-Na-Al-Si-

H [75]. Conversely, sealed samples retained higher Na+ content in the Ca-Na-Al-Si-H gel. The effect 

of curing environment on chemical composition and proportions of the gel phases was more pronounced 

in pastes with 50% GGBS compared to those with 100% GGBS.  

Nedeljković [75] examined CO₂ penetration in alkali-activated concrete (AAC) produced using a 

blend of fly ash and GGBS, subjected to various curing conditions, including wet, dry, and CO2 curing. 

In the wet curing phase, some specimens were sealed while others remained exposed, whereas during 

dry and CO2 curing, all samples were unsealed. The findings revealed that CO2 diffusion occurred more 

rapidly in unsealed specimens, likely due to microstructural changes resulting from Na+ ion dissolution 

and migration, which led to higher interconnected porosity and increased carbonation depth. Specimens 

containing GGBS exhibited significantly lower carbonation depths and greater resistance to carbonation 

than their fly ash-based counterparts, regardless of the curing method. This improved resistance was 

attributed to the greater CaO content in GGBS, which helps maintain pore solution pH and slows 

carbonation progression. 

Morone  [86] investigated the behavior of AAMs with a Basic Oxygen Furnace (BOF) slag binder, 

analyzing the influence of varying curing temperatures on carbonation kinetics and material 

performance. BOF slag samples were synthesized with varying types and molarities of alkali activators 

and under different curing environments. These conditions included curing for 3, 7, and 28 days, at 

20°C, 22°C, and 50°C, relative humidities of 75% and 98%, and a CO2 concentration of 5%. The 

research revealed that samples cured and carbonated at 50°C exhibited a consistent carbonation 

progression over time, irrespective of other controlled variables [86]. This phenomenon was attributed 

to the early development of a carbonate layer on the exterior of the samples, which effectively blocked 

further CO2 diffusion.  

Fig. 6 illustrates that curing mortar with a Basic Oxygen Furnace (BOF) slag binder, activated by 

NaOH and Na2SiO3, in a carbonation chamber at 50°C enhances compressive strength relative to 

samples cured at lower temperatures or those activated with a blend of NaOH and Na2CO3 [86]. 
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Higher curing temperatures of alkali-activated GGBS mortars enhance early-age mechanical 

strengths when sodium silicate hydrate (Na2SiO3 · nH2O) and sodium hydroxide (NaOH) or sodium 

carbonate (Na2CO3) are used as activators [80]. However, elevated curing temperatures do not 

contribute to improvements in mechanical strength at later ages. Behfarnia and Rostami  [87] evaluated 

the carbonation of alkali-activated GGBS samples cured under water compared to samples cured under 

plastic film. The alkali-activated GGBS binder was partially replaced with 5% to 15% microsilica (95–

85% GGBS), and the samples were exposed to approximately 4% CO2 for 28 days. The samples with 

alkali-activated GGBS binders that were cured in water showed lower carbonation depths and enhanced 

compressive strengths than those cured under plastic sheets, indicating the effectiveness of water-based 

curing in reducing carbonation. The positive effect of water curing on enhancing the compressive 

strength of mortar with AAS and AAF binders has been confirmed by other researchers [88]. 

 

Fig. 6.  Compressive strength of mortar with NaOH + Na2CO3 (SC), NaOH+Na2SiO3 (SS) activators, 

cured in carbonation chamber (CC) at 20 0C (CC20 or 50 0C (CC50) [86]. 

Given that carbonation in AAC is largely dependent on its microstructure, suitable curing 

conditions can promote a denser, more homogeneous matrix with enhanced carbonation resistance. The 

best results are typically achieved by minimizing excessive moisture exchange with the surroundings. 

Methods such as sealed curing or maintaining a moderately humid environment (without full saturation) 

are considered most effective. In contrast, curing in a dry environment can cause significant water loss, 

reducing the development of C-(N-)A-S-H gels, while direct water contact can lead to the dissolution 

of soluble Na, resulting in leaching and degradation of the microstructure [15]. In fact, it was argued 

that immersion of mortar with AABs in solution, including acids, retains reactants with the sample 

which facilitates continuity of the geopolymerization process and continued enhancement in mechanical 

properties [50, 88]. 

3.3.1 Accelerated Carbonation Curing 

Early-age curing by exposing concrete to concentrated CO2 in a controlled environment has 

emerged as a promising method for enhancing CO2 sequestration and reducing the carbon footprint of 

the concrete industry [89]. The process involves capturing and storing CO2, then reusing it in a 

controlled environment for concrete curing, which enhances the durability and strength of OPC-based 

materials. The need for a controlled curing environment and closed chambers makes the method 

particularly more suitable for precast concrete products [90].  

Increasing CO2 partial pressure from 0.1 to 10 bars has been found to accelerate the carbonation 

process, enhancing CO2 absorption and improving durability and strength of OPC-based concrete [60].  

Alkali-activated GGBS concrete achieved peak CO2 uptake of 12.8% by mass of binder after 4 hours 

of preliminary curing, then subjected to 20 hours of carbonation treatment under 5 bars of pressure. 

Extending both the initial and carbonation curing periods, combined with increased pressure, led to 

enhanced compressive strength and lower water absorption. Additionally, carbonation curing reduced 

the carbon footprint of concrete that used AAS binder by up to 46% compared to its non-carbonation-

cured counterparts. Carbonation curing of geopolymer concrete and mortar is a promising alternative 
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to further lower the environmental impact of cement production while recycling industrial byproducts 

[15].  

Wardhono [47] observed that after carbonation, the pH of concrete that is based on fly ash binder 

ranged from 11 to 12, while OPC-based concrete displayed a broader pH range of 9 to 13. Other research 

indicated that the pH of concrete developed using AASF binders remained above 10.2 when measured 

at the steel reinforcement level, suggesting its suitability for reinforced concrete structures, as steel 

corrosion typically begins when the pH drops below 10.0 [91]. 

CO₂ concentration, relative humidity, pressure, and temperature are key factors that affect the 

carbonation process and alter the microstructure of alkali-activated concrete [15]. In experimental 

carbonation studies, relative humidity is maintained at around 60%, as this level promotes significant 

carbonation, at a rate comparable to that in OPC concrete. While higher CO2 concentration and partial 

pressure generally correlate with greater carbonation depths, excessively high CO₂ levels can lead to 

increased acidity, potentially dissolving calcium carbonate and altering the carbonation process. This 

issue can be mitigated by carefully controlling the relative humidity to ensure the oversaturation of Ca2+ 

in the acidic solution, causing a spontaneous precipitation of carbonate compounds. Table 1 shows a 

summary of studies on the effect of concrete and mortar with AABs as well as OPC. 

Table 1. Summary of studies carbonation resistance of concrete with alkali-activated and OPC binders (CR: 

Carbonation Resistance; CST: Compressive Strength; CD: Carbonation Depth; CRA: Carbonation Rate). 

Parameter Binder and Activator 
Carbonation 

Conditions 
Conclusion 

CR 

[37] 

Binder: 100% GGBS 

Activators: 

(1) NaOH 

(2) Waterglass 

CO2-saturated, 

43.2% RH 

Compressive strength increases when 

NaOH is used as a GGBS activator, as the 

precipitation of CaCO₃ within the pores 

reduces overall porosity. Waterglass 

induces gel decalcification during 

carbonation, leading to strength 

degradation. 

CR 

[92] 

Binder: Fly ash 

Activator: 

Na2SiO3 + NaOH 

20 ± 3 % CO2, 20 

± 2°C, 70 ± 5 % 

RH 

Mechanical strength of concrete with 

activated fly ash binders remain stable, 

while OPC-based concrete exhibits 

increased brittleness after carbonation. 

CST 

[74] 

Binder: GGBS 

Activator: 

Na2SiO3 + NaOH 

3.0 ± 0.2% CO2, 

20 ± 2°C, 65 ± 5% 

RH 

The compressive strength of GGBS-based 

mortar was 63 MPa after 28 days. 

Exposure to 3% CO2 led to a significant 

reduction in strength, between 40-50%. 

CR 

[93] 

Binder: Fly ash + 

GGBS 

Activator: 

NaOH + KOH 

Natural 

carbonation 

High levels of GGBS in alkali-activated 

systems reduce both the average pore size 

and porosity, which decreases the diffusion 

of CO2 into concrete. 

CR 

[94] 

Binder: GGBS 

Activator: 

Waterglass 

Natural 

carbonation 

GGBS-based binders activated with 

waterglass exhibit better carbonation 

resistance due to their smaller average pore 

sizes and lower total porosity.  

CD 

[95] 

Binder: GGBS 

Activator: 

Na2SiO3 + NaOH 

10–20% CO2, 70% 

RH. 

GGBS-based concrete experienced greater     

 strength loss and deeper carbonation 

depths compared to OPC concrete when   

  subjected to 0.352M Na2SiO3 solution and 

10-20% CO2. 

CD 

[96] 

Binder: GGBS 

Activator: 

Waterglass 

Water to binder ratio: 

0.42, 0.48 

Natural 

carbonation 

The carbonation depths of concrete with 

sodium silicate-activated GGBS binder and 

w/b ratios of 0.42 and 0.48 were similar 

after seven years of exposure to CO2. The 

binder composition and pore volume had a 

more substantial effect on resistance to 

carbonation than the w/b ratio. 
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CRA and CD 

[69] 

Binder: Fly ash + GGBS 

Activator: 

Na2SiO3 + NaOH 

3% CO2, 23 °C, 

55% RH 

Different CO2 concentrations produce 

varying carbonation products. As CO2 

concentration increases, the carbonation 

rate and depth in concrete increase. 

CRA 

[97] 

GGBS 

Activator 

Na2SiO3 + NaOH 

(1) Natural 

carbonation 

(2) 1% CO2, 19 to 

38°C, 70 and 76% 

RH 

Under natural carbonation conditions (19-

38°C and 70-76% relative humidity), 

GGBS-based concrete showed lower 

carbonation depths compared to those 

predicted under accelerated carbonation 

conditions (1% CO2). 

CR 

[98] 
Cement 

Natural 

carbonation 

Binders with a Ca/Si ratio below 0.66 

experience extensive decalcification, 

leading to the breakdown of calcium oxide 

sheets and high shrinkage due to calcium 

carbonate precipitation. 

CR 

[99] 

GGBS 

Activator: 

(1) Carbonate 

(2) Carbonate +Hydroxide 

Natural 

carbonation 

GGBS activated with carbonates or a mix 

of carbonates and hydroxides demonstrated 

high stability under natural carbonation 

conditions, showing an acceptable 

carbonation rate after 35 years of exposure. 

CR 

[100] 

GGBS 

Activator: 

Na2SiO3 + NaOH 

1% CO2, 60% RH 

The carbonation of GGBS powdered pastes 

results in gel decomposition and calcium 

carbonate formation, with most CO2 

diffusion occurring within the first 28 days. 

CR 

[8] 

Fly ash + GGBS 

Activator: 

Na2SiO3 + NaOH 

1–5% CO2, 23 ± 

2 °C, 65% RH. 

The N-A-S-H gel remains largely 

unaffected, whereas the C-A-S-H gel loses 

calcium and transforms into cross-linked 

residual silicate gel. Fly ash-based binders 

primarily carbonate by forming bicarbonate 

salts in the pore solution. 

CRA 

[101] 

Fly ash + GGBS 

Activator: 

Na2SiO3 + NaOH 

5% CO2, 20°C, 

60% RH 

The carbonation rate decreases as the 

GGBS ratio in active fillers increases, with 

finer GGBS particles further reducing the 

carbonation rate coefficient. 

CR 

[65] 

 

Fly ash (with different 

CaO contents) 

Activator: Na2SiO3 + 

NaOH 

5% CO2, 24 ± 

5 °C, 65 % RH 

Accelerated carbonation testing on fly ash-

based binders results in a reduction in pH, 

decreased strength, and increased total 

porosity. 

Calcium carbonate 

content 

[85] 

GGBS + Fly ash 

Activator: 

Na2SiO3 + NaOH 

1.0 ± 0.2% CO2, 

20 ± 2 oC, and 65 

± 2% RH 

Mortars activated with both sodium 

hydroxide and sodium silicate showed 

better carbonation resistance compared to 

those activated with sodium hydroxide 

alone. 

CR 

[75] 

GGBS + Fly ash 

Activator: 

Na2SiO3 + NaOH 

0.04% CO2, 20 °C, 

99% RH 

Sealed curing at high relative humidity 

improved the carbonation resistance of 

pastes with alkali-activated fly ash/GGBS 

binders by preventing alkali leaching and 

maintaining alkalinity. 

CRA 

[8] 

GGBS 

Activator 

Na2SiO3 + NaOH 

 

1.0, 3.0, 5.0 ± 

0.2% CO2, 

23 ± 2°C, 

65 ± 5% RH 

Carbonation rate of GGBS-based concretes 

is affected by CO2 concentration. Higher 

CO2 concentrations result in significant 

changes to total porosity. 

CR 

[102] 

Binder: GGBS 

Activator: 

Na2SiO3 + NaOH 

Natural 

carbonation 

GGBS-based concrete with a strength of 30 

MPa showed a high carbonation rate, while 

concrete with strengths between 30 MPa 

and 50 MPa had a medium rate. Concrete 

with strengths above 50 MPa exhibited 

carbonation rates similar to OPC concrete. 
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4 Chloride Penetration in Concrete with Alkali-activated Binders 

Chloride ions, commonly introduced from materials like sea sand or exposure to marine 

environments, can penetrate the concrete's porous structure through absorption, wicking, and diffusion. 

Absorption occurs due to capillary forces that draw chloride ions inward, while wicking is influenced 

by hydrostatic pressure, pushing these ions into the cement matrix through surface pressure differences. 

[103]. Diffusion, on the other hand, results from variations in concentration between the external and 

internal environments. 

In AAMs, chloride transport is heavily affected by the characteristics of the hardened matrix, 

including composition of pore solution, overall porosity, tortuosity, pore size distribution, and the 

material's chloride-binding capacity. Research has shown that parameters such as precursor 

physicochemical properties, activator composition, and curing regimes play a crucial role in modifying 

porosity and pore structure, ultimately influencing chloride ingress [104–106]. 

The deterioration of steel reinforcement, primarily driven by chloride ion ingress due to contact 

with de-icing salts, marine or similarly harsh environment, poses a significant risk to the durability and 

load-carrying capacity of reinforced concrete systems [48]. When the chloride level at the steel surface 

exceeds its critical concentration, the passive layer breaks down, triggering corrosion [107]. Therefore, 

understanding the chloride resistance of concrete developed using AABs is essential to promote their 

use in reinforced concrete. 

4.1 Effect of Binder Type 

4.1.1 Chloride Resistance of Mortar and Concrete with Fly ash Binder Activated in Alkaline Medium 

Variations in particle geometry and liquid demand among fly ashes from different sources can 

greatly influence the pore structure of the hardened material [108]. Coarser fly ash generally requires 

an increased amount of water to achieve the desired workability, which in turn necessitates a larger 

amount of activator, resulting in higher porosity and permeability [46]. Consequently, neat fly ash mixes 

have been shown to exhibit poor resistance to chloride penetration [48]. This increased porosity raises 

concerns about the durability of AAF-based concrete, as sulphate and chloride ions can infiltrate the 

structure and potentially compromise the reinforcement [108]. 

 

Fig. 7.  Penetration of chloride ions through mortar (m) with AAF binder at different liquid/solid 

ratios (0.6, 0.7, and 0.8) and 20% or 40% slag replacement (AAFAS8/2 and AAFAS6/4) [108]. 

Zhu [108] reported that unsaturated mortar with AAF binder may have higher chloride penetration 

rates than the OPC-based counterparts. The chloride penetration rate is impacted by the material’s 

tortuosity and porosity, which, in turn, are affected by the liquid-to-solid (L/S) ratio and the degree of 

fly ash substitution with GGBS, if applicable. Lowering the L/S ratio from 0.8 to 0.6 reduces the 
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porosity of AAF paste from 42.2% to 37.0%, which in turn decreases chloride ingress by 40–60%. 

Substituting 20–40% of fly ash with GGBS at the same L/S ratio of 0.7 does not significantly alter 

porosity but decreases pore sizes and increases matrix tortuosity, both of which help lower chloride 

penetration rates. 

Fig. 7 depicts the impact of an L/S ratio increase from 0.6 to 0.8, which led to higher chloride ion 

penetration in mortar with an AAF binder. Similarly, replacing fly ash with 20% and 40% slag binder 

decreases the penetration of chloride ions through mortar substantially [108].  

Olivia [109] reported that concrete with an AAF binder exhibited higher chloride ion penetration 

than its OPC-based counterparts. There is, however, a significant variability in the relative chloride 

penetration resistance across different studies, which underscore the need for further research into the 

durability performance of AAFA mixes [110]. In contrast, Kupwade-Patil and Allouche [111], using 

the ASTM C1556 method, reported that AAFA concretes had lower chloride diffusion coefficients than 

their OPC-based counterparts. Ganesan [112] found that AAFA concrete performed comparably to 

cement-based concrete in terms of chloride resistance. Babaee and Castel [113] also reported 

comparable resistance for AAFA and OPC concrete when exposed to chloride medium. These 

variations are attributed to the complexity of chloride resistance in AAFA concrete and its sensitivity 

to various factors, including the activator type, testing methods, activator concentration, and fly ash 

fineness and reactivity. 

Noushini [114] assessed the resistance of concrete with a low-calcium fly ash binder to chloride 

diffusion, cured at 60°C, 75°C, and 90°C for 8, 12, 18, and 24 hours, using ASTM C1556 [115] and 

NT BUILD 492 [116] standards. Under the experimental conditions of this study, geopolymer concrete 

was reported to have limited resistance to chloride diffusion and a low chloride-binding capacity when 

fly ash was used as the sole binder.  Curing at 75 0C for 18 to 24 enhances durability and chloride 

penetration resistance by decreasing the porosity and is also manifested by a reduction in the coefficient 

of sorptivity. A decrease in continuity of the pore system induced by appropriate heat curing is also 

reflected in increased electrical conductivity and mechanical strength. Conversely, heating for less than 

75 0C and duration less than 18 hours increases the permeable porosity and sorptivity relative to curing 

at ambient laboratory conditions. Heat curing at 90 0C for 18-24 hours also reduced sorptivity and 

volume of interconnected pores compared to ambient curing.  

4.1.2 Chloride Resistance of Alkali-activated GGBS 

Runci and Serdar [117] observed that alkali-activated GGBS demonstrates exceptional resistance 

to chloride ingress, even with minimal curing duration. The chloride penetration resistance of AAS is 

strongly correlated with its capillary porosity and critical pore radius. While extended curing 

significantly influenced the overall porosity, it did not further enhance resistance to chloride transport. 

Notably, AAS achieved an exceptionally low chloride diffusion coefficient after just 7 days of curing, 

making it highly suitable for marine exposure and offering a distinct performance advantage over OPC-

based concrete. However, it is important to consider that GGBS-based systems generally require a 

higher w/b ratio compared to fly ash-based systems. Increasing the water content can reduce chloride 

diffusion resistance [118], and increase the potential for drying shrinkage and cracking [119]. 

Adding a calcium source, such as calcium hydroxide (Ca(OH) 2), along with a high-alumina source, 

such as metakaolin, improves the capacity of mortar with an AAS binder to bind chlorides [120].  This 

is because the presence of additional supply Ca2+ from calcium hydroxide promotes and strengthens 

pozzolanic reaction of GGBS while Al3+ from metakaolin leads to formation of Alumino-ferrite 

monosubstituted (Afm) (Ca4Al2O6(SO4)⋅14H2O) phases [120]. When carbonation is evident, the phase 

developed is Afm-CO3. In the presence of Cl-1, Afm transforms to Friedel’s salt (Afm-Cl), a process 

that binds chloride. The partial replacement of 12% of the AAS binder with Ca(OH)2 and metakaolin 

not only enhances the capacity to bind chlorides through the development of more C-A-S-H and 

development of Friedel’s salt (Afm-Cl), but also increases compressive strength relative to control 

mortar samples.  However, the source of additional calcium and alumina matters in terms of enhancing 

the chloride immobilization capacity of mortar with AAS binder. Fig. 8. shows that bound chloride in 

mortar with GGBS binder was highest when GGBS was partially replaced with 12% Ca(OH)2 and 

metakaolin.  
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Fig. 8.  Bound chloride in alkali-activated GGBS after immersion for 90 days in 2 mol/L chloride solution 

(CHM: calcium hydroxide+metakaolin; CHA: calcium hydroxide+ alpha-phase nano-alumna powder CNA: 

calcium nitrate + alpha-phase nano-alumina powder; CMM: cement+metakaolin) [120] 

Zhang [121] conducted a comprehensive study on chloride resistance and binding behavior in 

unsaturated alkali-activated GGBS mortar samples. The findings indicated that reduced saturation 

slowed chloride diffusion but increased its penetration during wetting-drying cycles. GGBS mortars 

activated with NaOH exhibited a greater chloride-binding capacity than those activated using sodium 

silicate. This was attributed to the presence of more hydrotalcite-like phases and a higher Ca/Si ratio in 

C-(N-)A-S-H gels. GGBS is rich in CaO, SiO2, Al2O3, and MgO. MgO and Al2O3 react in alkaline 

environment to form layered double hydroxide (LDH) that is similar to hydrotalcite ([Mg6Al2(OH)16] 

CO3⋅4H2O).  Hydrotalcite-like phases in AAS mortar are effective in binding chloride ions. However, 

it is worth noting that incorporating 5% Mg-Al-CO₃ layered double hydroxide (LDH) increased air 

voids and decreased the mechanical strength of AASF-based mortar at all ages, compared to control 

samples based on OPC binder and without additives [122]. Therefore, the effect of Mg-based additives 

on AAMs depends on the type and dosage of the additive, among other factors. 

Ye [123] found that AFm-type and hydrotalcite-like phases play a crucial role in binding chlorides 

in pastes with AAS binders, accounting for 40–70% of the overall chloride immobilization capacity. 

Additionally, the pH and characteristics of C-(N)-A-S-H gels significantly influence chloride 

immobilization mechanisms [124]. 

4.1.3 Chloride Resistance of Concrete with Fly Ash and GGBS Binders 

 

Fig. 9.  Ponding surface of mixes after 6 months or 1 year of ponding in NaCl solution [48]. 

Similar to the enhancement noted in the resistance to carbonation obtained by blending GGBS and 

fly ash, literature also highlights that blending these materials enhances chloride resistance.  Using NT 

42.5

0

10

20

30

40

50

60

70

SO CHA CHM CNA CNM CMA CMM

B
o

u
n
d

 c
h
lo

ri
d

e 
(m

g
/g

)

1 mol/L

2 mol/L

系列3



Mohamed et al., SUST, 2025, 5(2): 000075 

000075-18 

 

Build 492, Ismail [125] found that OPC-based materials had a greater chloride migration coefficient 

(CMC) than those containing blended AASF binders. 

Concrete with an AAF binder exhibit high susceptibility to chloride migration due to the high VPV 

[48]. Conversely, increasing the GGBS content in fly/GGBS blends improved electrical resistivity and 

reduced VPV, resulting in a lower coefficient of chloride migration and decreased penetration depth. 

This improvement also enhanced the mechanical properties and reduced the corrosion of reinforcing 

steel bars. While OPC-based concrete showed superior ability to bind chlorides and enhanced protection 

against steel corrosion, GGBS-enriched alkali-activated blends offered comparable or superior 

resistance to chloride ingress. Fig. 9 shows the ponding surfaces of various mixes after 6 months and 1 

year of exposure to NaCl solution, illustrating the level of chloride penetration and highlighting the 

improved performance of GGBS-enriched blends in mitigating chloride ingress. 

Fig. 10 illustrates a linear correlation, where the mix composed entirely of fly ash exhibited the 

highest capacity to bind chlorides, followed by the blend with a 50/50 GGBS-to-fly ash ratio [48]. 

Incorporating fly ash promotes the development of more N-A-S-H, potentially increasing the specific 

surface area of the gel phase, thereby improving chloride adsorption within the geopolymer matrix [125]. 

In contrast, mixtures containing 100% and 75% GGBS demonstrated reduced chloride binding capacity, 

attributed to the intrinsic properties of C-A-S-H gel, particularly its low Ca/Si ratio. 

 

Fig. 10.  Linear relationship between free and bound chlorides in OPC-based and alkali-activated binder [125]. 

Hu [104] investigated chloride transport in mortar with a GGBS binder, which was partially 

substituted by fly ash. GGBS was partially replaced by 20%, 40%, or 60% fly ash, and the impact on 

the CMC was evaluated using rapid chloride permeability (RCPT) and rapid chloride migration (RCMT) 

tests. Findings from both methods revealed a marginal rise in chloride permeability as fly ash content 

increased. Similarly, Fan [126] confirmed that lowering the FA content in alkali-activated GGBS 

concrete led to decreased chloride permeability. RCMT results indicated a notable reduction in chloride 

penetration in samples with a 50:50 fly ash-to-GGBS ratio relative to those composed solely of fly ash. 

Furthermore, the chloride permeability of mixtures made with 50%FA and 50% GGBS binders was 

found to be comparable to that of concrete with 100% GGBS binder. 

4.2 Impact of Alkaline Activator Type and Concentration on Chloride Resistance of Concrete  

The resistance of concrete and mortar with AABs to chloride penetration is highly impacted by the 

type of alkali activator, as well as its concentration. A higher concentration of alkali ions (Na+, K+, Ca2+) 

from activators typically promotes precursor dissolution, accelerates geopolymerization, and leads to a 

more compact matrix, thereby enhancing resistance to chloride ingress [129, 128]. Alkali content is 

commonly represented by the molarity of metal hydroxides in the activating solution, such as 4M NaOH 

or 4M KOH, which supply a significant concentration of metal cations and hydroxide anions during 
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activation. Alternatively, it can also be represented as the metal oxide content by mass relative to the 

precursor material, such as Na2O to GGBS [124]. Higher alkali content facilitates the dissolution and 

hydration of precursors, thereby reducing porosity and enhancing chloride resistance. 

Hu [104] found that increasing the alkali content from 2% to 8% accelerated the dissolution of 

AASF precursors, leading to a decrease in mortar porosity from approximately 16% to 10% and a 

reduction in the chloride migration coefficient from 3 to 1.5 × 10⁻¹² m²/s. However, excessive alkali 

content can adversely affect chloride resistance. Fang [127] showed that high alkali concentrations 

could lead to significant drying shrinkage and micro-cracking, undermining the material's resistance to 

chloride penetration. 

The type of activator also plays a crucial role in chloride resistance. While the ability of concrete 

with AAS binder to bind chlorides is not solely determined by whether the activator is potassium- or 

sodium-based, differences exist in the amount of chlorides bound within the reacted phases. Sodium-

activated binders typically show lower chloride binding in hydrotalcite-type and AFm-type phases than 

binders with potassium-based activators [123]. Sodium sulphate (Na2SO4) was particularly effective in 

increasing chloride binding capacity relative to other activators such as NaOH, Na2CO3, KOH, and 

K2CO3, leading to significantly higher bound chloride content in AAS pastes [105]. 

When using sodium-based activators, the gel phases exhibit enhanced chloride binding capacity, 

contributing to improved resistance to chloride ingress relative to those formed with potassium-based 

activators. This improvement is attributed to physical adsorption and chemisorption that contribute to 

immobilization of chloride ions [106]. Furthermore, increasing the Na2O content in fly ash and GGBS 

AAM samples, while keeping SiO2 content constant, reduced chloride diffusion by promoting faster 

precursor dissolution [48]. Conversely, increasing Na2O content with a constant SiO2/Na2O ratio, which 

also increases SiO2 content, resulting in higher chloride diffusion [107]. 

In addition to elevated alkali content, increased silica concentration further improves chloride 

resistance. An increased silica content in AAM systems, irrespective of the precursor type, helps 

decrease porosity and refine pore size distribution, thereby improving chloride-binding capacity [108]. 

Hu [104] confirmed that a higher silicate modulus enhances the compressive strength of AAM mortars 

by refining the pore network within the 10–104 nm range, thereby improving chloride resistance. 

4.3 Effect of Curing Conditions 

The curing duration critically governs the microstructural and mechanical evolution of 

conventional OPC systems, as well as blended binder systems [117]. However, while the overall 

porosity of AAS significantly decreased with longer curing durations, the chloride penetration 

resistance did not show a corresponding decrease. Fig. 11 Illustrates that AAS exhibits lower chloride 

diffusivity within just 7 days of curing, demonstrating its strong potential for marine applications. 

 

Fig. 11.  Total chloride of AAS mortar cured for 7, 28 and 90 days, after 45 days of ponding [117]. 

Provis [128] established that extending the curing duration enhances tortuosity and decreases 

overall permeability, both of which play a critical role in controlling chloride diffusion. The curing 
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method is essential for activating and refining the porosity characteristics in alkali-activated material 

systems. Curing at elevated temperatures typically result in reduced porosity and lower chloride ingress, 

especially in systems with AAF binder [114]. Furthermore, high-temperature curing improves GGBS 

reactivity, leading to reduced porosity and lower chloride permeability [129]. Incorporating GGBS to 

replace a predetermined percentage of OPC binder enhances the pozzolanic activity of the binder, 

facilitating the development of additional C-S-H and enhancing the binding capacity through physical 

adsorption, compared to OPC-only pastes [130]. Chen [130] reported that steam curing and standard 

curing have the same effect on the capacity of OPC pastes with partial GGBS or fly ash replacement to 

bind chlorides, while steam curing appears to enhance physical binding. 

4.4 Chloride Penetration Testing Methods 

4.4.1 Assessing Resistance of Concrete to Chlorides Using the Rapid Chloride Mitigation Test (RCMT) 

The RCMT is standardized under the NordTest method NT Build 492 [116]. It is particularly 

effective for materials like AAMs, which possess complex pore solution chemistries due to the use of 

various alkali activators and precursors, as well as higher alkali concentrations [105]. The RCMT 

specifically measures chloride ion concentration within the mixture and is less affected by the presence 

of other ions, providing a more accurate assessment of chloride penetration in AAMs with elevated 

ionic strength or pore solution conductivity [105]. Unlike RCPT, RCMT results are less affected by 

variations in the pore structure or inconsistencies in solution chemistry. 

4.4.2 Assessing Resistance of Concrete to Chlorides Using the Rapid Chloride Permeability Test (RCPT) 

The RCPT, carried out in compliance with ASTM C1202/AASHTO T277 [131], is widely used to 

assess traditional OPC-based materials as well as AAMs [46]. This test evaluates the movement of 

electrical charge across a concrete specimen, which is affected by the concentration and chemical 

characteristics of the pore solution. In AAMs, the substantial ionic strength due to Na⁺ and coexisting 

cations in the pore solution can influence RCPT outcomes. Although RCPT is effective for assessing 

variations in chloride permeability within geopolymer or AAM systems with similar pore solution 

chemistry, it does not reliably indicate overall concrete permeability across various concrete types due 

to differences in ion concentration and pore solution composition. The RCPT results can be skewed by 

the chemical nature of the pore solution, making it less consistent for AAMs with diverse chemistries 

[109]. Table 2 presents selected studies on the resistance of concrete with AABs and/or OPC binders 

to chloride ion penetration, evaluated using various indicators such as total charge passed and chloride 

diffusion and migration coefficients. 

Table 2. Summary of Studies on the Performance of Concrete with Alkali-Activated or OPC Binders Exposed 

to Chlorides (TCP: Total Charge Passed; CDC: Chloride Diffusion Coefficient; CMC: Chloride Migration 

Coefficient; CPD: Chloride Penetration Depth). 

Parameter Binder and Activator 
Carbonation 

Conditions 
Conclusion 

TCP [132] 

Binders: 

(1) OPC 

(2) 20% GGBS +80% 

OPC 

80% Fly ash + 20% 

GGBS 

Activator: NaOH and 

Na2SiO3 

Relative humidity 

maintained above 

90% at 23 °C 

80% fly ash+20% GGBS concrete has 

low penetrability with 1100 coulombs of 

charge, and 20% GGBS replacement has 

very low penetrability with 300 coulombs, 

both performing better than OPC concrete 

which has 2400 coulombs, due to the 

presence of C-A-S-H and N-A-S-H gels, 

creating a denser microstructure. 

 

CDC 

[133] 

(1) OPC 

(2) 20% Fly ash + 80% OPC 

(3) 40% Fly ash + 60% OPC 

w/b ratio: 0.35, 0.45, 0.55, 

0.65 

Curing in water 

at 20 °C 

40% Fly ash + 60% OPC paste with a w/b 

ratio of 0.35 exhibited the lowest chloride 

diffusion coefficient (Dcl) of 3.101x10-8 

cm²/s at seven days, and this Dcl continued 

to decrease with increased curing age; 

higher water-to-binder ratios led to higher 

porosity and elevated Dcl, but as curing 
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progressed and the material became denser, 

the effect of the w/b ratio on Dcl lessened. 

CMC 

[134] 

(1) OPC 

(2) 15% Fly ash + 85% OPC 

(3) 30% Fly ash + 70% OPC 

w/b ratio: 0.38, 0.47, 0.53 

Curing in air under 

sealed conditions 

at a temperature 

(20 °C) 

15% Fly ash replacement in concrete 

reduces the chloride migration coefficient 

from 6.1x10-12 m²/s to 4.2x10-12 m²/s, 

while a 30% fly ash replacement lowers it 

further to 1.9x10-12 m²/s. After 90 days of 

curing, the effects of fly ash stabilize. 

Higher w/b ratios increase the chloride 

migration due to increased porosity and 

interconnected capillaries. 

 

CPD [36] 

(1) OPC 

(2) 25% Fly ash + 75% OPC 

(3) 25% GGBS + 75% OPC 

w/b: 0.35, 0.45, 0.55, 0.65 

Curing in air at 

20°C 

After 90 days, concrete with GGBS and 

fly ash had lower chloride penetration 

depths, with fly ash being more effective 

than GGBS. The chloride diffusion 

coefficient increased with a higher w/b ratio 

due to the formation of more pores but 

decreased with the use of fly ash and GGBS 

due to increased gel formation. 

CDC  

[135] 

 

(1) Fly ash & GGBS (20:80) 

(2) Fly ash &GGBS (40:60) 

(3 ) Fly ash & GGBS (60:40) 

(4) Fly ash & GGBS (80:20)  

Activator: NaOH + Na2SiO3 

w/b: 0.47, 0.46, 0.44, 0.43 

Curing in air. at 

20°C 

All concrete mixes had moderate to high 

chloride diffusion coefficients except for 

the one with an 80/20 GGBS/fly ash 

ratio, which exhibited reduced diffusivity. 

Average depth of chloride diffusion was 13 

mm for the 20% fly ash+80% GGBS 

mix, and 40 mm for the 80% fly ash+ 

20% GGBS mix. 

CPD 

[125] 

(1) OPC 

(2) 100% GGBS 

(3) 25% Fly ash +75% 

GGBS 

(4) 50% Fly ash + 50% 

GGBS 

Activator: NaOH + Na2SiO3 

Curing in air. at 

20°C 

GGBS-based and 25% Fly ash + 75% 

GGBS had the lowest chloride penetration 

depths of 1 and 5 mm at 28 days. 50% Fly 

ash + 50% GGBS mortar had slightly 

higher depth, while OPC mortar had the 

highest, reaching 25 mm at 28 days. The 

chloride penetration depth significantly 

decreased with increased curing time from 

28 to 90 days in AASF mortars, indicating 

that ongoing curing enhances the concrete's 

density and resistance to chloride ions 

CPD 

[101] 

(1) OPC 

(2) 100% GGBS 

(3) 90% Fly ash +10% 

GGBS 

(4)70% Fly ash + 30% 

GGBS 

(5) 50% Fly ash + 50% 

GGBS 

Activator: NaOH + Na2SiO3 

Curing in air. at 

20°C and 

50% RH. 

50% GGBS and 50% fly ash binder had 

depths of 3.867 mm at 28 days and 7.736 

mm at 91 days, whereas the 30% GGBS 

binder had depths of 8.361 mm and 

14.428 mm at the same intervals. Higher 

GGBS content increased C-A-S-H gel, 

creating a more compact matrix and 

reducing 

chloride penetration, while larger fly ash 

content increased N-A-S-H gel, 

enhancing chloride binding but resulting 

in less dense matrices. 

CPD [108] 

(1) OPC 

(2) 100% GGBS 

(3) Fly ash: GGBS ratios of 

70:30, 50: 50, and 30:70. 

Activator: NaOH + Na2SiO3 

w/b ratios: 0.4, 0.45, 0.5 

Curing in air at 

20°C 

Substituting 20–40% of fly ash with GGBS 

at a constant L/S ratio (0.7) has a limited 

effect on overall porosity but reduces pore 

sizes and increases tortuosity, thereby 

slowing chloride ion penetration and 

improving resistance to chloride ingress. 

 

CDC  

[136] 

(1) OPC 

(2) 100% GGBS 

(3) Fly ash: GGBS ratios of 

70:30; 50:50; and 30:70  

 

Curing in air at 

20°C 

In AAFS concrete, increasing GGBS 

content from 30% to 100% reduced the 

coefficient from 1.8x10-12 m²/ to 0.4x10- 

12 m²/s. When w/b was increased from 0.4 
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Activator: NaOH + Na2SiO3 

w/b ratios: 0.4, 0.45, 0.5 

to 0.5, the 90-day chloride 

diffusion coefficient decreased from 

3.19x10-12 m²/s to 1.29x10-12 m²/s  

CDC 

[137] 

(1) OPC 

(2) 100% GGBS 

(3) Fly ash: GGBS ratios of 

70:30; 50:50; and 30:70  

Activator: NaOH + Na2SiO3 

with Na2O percentages of 

4%, 5%, and 6%. 

w/b ratio: 0.4, 0.45, 0.5 

Curing in air at 

20 °C 

Higher Na2O content improved 

microstructure compactness, slightly 

reducing chloride diffusion, but its effect 

was less notable relative to the 

binder composition and w/b ratio. 

CDC 

[138] 

(1) OPC 

(2) Fly ash: GGBS = 75:25  

(3) Fly ash: GGBS = 05:50 

(4) Fly ash: GGBS = 25:75  

Activator: 

NaOH + Na2SiO3 with 

Na2O percentages of 

3%, 5%, and 8%. 

Water to binder ratio: 

0.35, 0.375, 0.4 

Curing in air at 

23 °C under 

sealed 

conditions. 

Increasing Na2O content in AASF 

increases the chloride diffusion 

coefficient. High SiO2 contents, even 

with a constant SiO2/Na2O ratio, 

increases the diffusion coefficient by 

lowering the pH and reducing the degree 

of reaction. 

 

CDC  

[118] 

 

(1) OPC 

(2) 100% GGBS 

Activator: 

NaOH + Na2SiO3 

Curing in air at 

23 °C under dry 

conditions. 

100% GGBS concretes exhibited smaller 

Chloride diffusion coefficients relative 

to OPC concrete. Chloride binding 

capacity measurements in 100% GGBS 

were affected by reduction in pH due to 

leaching, impacting a depth 

of 5 to 12 mm. 

CDC  

[111] 

(1) Fly ash (ASTM Class F) 

(2) Fly ash (ASTM Class C) 

Activator: 

NaOH + Na2SiO3 

Curing in water 

then exposure to 

7.5% NaCl 

concentration 

Class C Fly ash contains more calcium 

than Class F Fly ash, promoting 

development of calcium chlorides 

(CaCl2) and Friedel's salt. This can lead 

to chloride dissolution and rebar 

corrosion. 

 

CDC  

[111] 

(1) Fly ash (ASTM Class F)  

(2) Fly ash (ASTM Class C)  

Activator: 

NaOH + Na2SiO3 

Curing in water 

then exposure to 

7.5% NaCl 

concentration 

After 150 days, Class F Fly ash recorded 

1,652 coulombs (low penetrability) 

while Class C Fly ash and OPC 

specimens recorded 10,204 and 10,931 

coulombs, respectively (high 

penetrability). 

CDC  

[139] 

(1) OPC 

(2) 100% GGBS 

Activator: 

NaOH + Na2SiO3 with 8% 

Na2O. 

Curing in water 

then exposure to 

5% NaCl 

concentration 

Compared to OPC concrete, 100% GGBS 

concrete exhibited greater resistance to 

chloride ingress. 8% of Na2O helped 

maintain long-term alkalinity, 

effectively preventing corrosion. 

5 Conclusion 

The durability, long-term integrity, and service life of concrete structures that use ordinary Portland 

cement (OPC) or binders activated in an alkaline medium are influenced by the corrosion of steel 

reinforcement caused by chloride ingress or carbonation. Therefore, it is essential to understand the 

carbonation and chloride ingress mechanisms in concrete made with OPC, OPC that is partially replaced 

with GGBS and fly ash binders, or GGBS and fly ash binders activated in an alkaline medium. Slag and 

fly ash are utilized as alkali-activated binders or OPC substitutes, contributing to enhanced concrete 

performance while simultaneously mitigating environmental impact through reduced OPC consumption 

and the beneficial reuse of these industrial byproducts.  

 Alkali-activated binders with higher calcium content exhibit better carbonation resistance and 

CO2 absorption. Combining GGBS with fly ash enhances the carbonation resistance compared 

to using each material separately. 
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 Mortar with binder activated using sodium silicate exhibit better carbonation than those 

activated with NaOH. 

 Sealed curing enhances carbonation resistance, particularly for mortar with alkali-activated 

GGBS binder. 

 Accelerated carbonation curing improves mechanical properties and reduces carbon footprints. 

 Combining alkali-activated GGBS with fly ash improves chloride resistance of concrete and 

mortar, compared to 100% fly ash mixtures. GGBS enhances mechanical properties and 

reduces chloride ingress in concrete, thereby mitigating the corrosion of embedded steel. 

 Concrete developed with binders activated by sodium-based compounds exhibits superior 

chloride binding capacity compared to those utilizing potassium-based activators. 

 Longer curing durations and higher curing temperature improve the chloride penetration 

resistance by reducing porosity and enhancing pore structure.  

 In concrete/mortar with alkali-activated binders, the molarity or dosage of the alkaline activator 

affects the porosity and chloride resistance of the binder, with higher concentrations leading to 

better performance. 
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