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Abstract. Alkali–silica reaction (ASR) is a deterioration chemical process that causes expansion 
along with cracking of cement paste and aggregate particles, resulting in concrete degradation. 
Numerous factors influence ASR including aggregate reactivity, cement alkali content and 
moisture availability. Due to the high alkali content of the activator, the risk of ASR could be 
anticipated to be greater in geopolymer concrete than in Portland cement concrete. This article 
reviewed the susceptibility or resistance of geopolymer binders to ASR deterioration, based on 
published data in the literature. Generally, the vulnerability of geopolymer binders to ASR 
expansion is influenced by two factors comprising, the chemical composition of the 
aluminosilicate precursor and the alkaline activator solution characteristics. It is evident that 
low-calcium geopolymer binder systems exhibit very much lower ASR expansion than high-
calcium geopolymer binders. Moreover, ASR expansion increases with increase in the alkali (M2O 
with M = Na, K) concentration of the geopolymer binder mixture and declines as the silicate 
modulus rises SiO2/M2O. Calcium-rich geopolymer binders have a higher risk that may exhibit 
ASR attack, owing to the formation of the more expansive sodium-calcium-ASR gel.  

1 Introduction 

Geopolymer binders are formed when aluminosilicate 

minerals react with an activator solution, often potassium 

or sodium silicate [1]. Aluminosilicate materials and 

industrial by-products including fly ash, ground 

granulated blast-furnace slag (GGBS), volcanic ash and 

metakaolin etc., are often used to synthesize geopolymer 

binders, due to their high silica and alumina content [2-4]. 

When designed appropriately, geopolymer binders reduce 

the cement industry's high CO2 footprint by 80 % less CO2 

than Portland cement [5]. 

Geopolymer binder systems, in general, display a 

variety of superior properties that make them suitable for 

specific applications including rapid hardening, high early 

strength, chemical resistance, high-temperature resistance 

and low permeability [2,6]. However, the long-term and 

durability properties of geopolymer binders are still not 

fully understood, particularly in large-scale applications 

[7–9]. For instance, reservations might be expressed about 

the alkali-silica reaction (ASR) behaviour of geopolymer 

concrete since their production requires a strong alkaline 

activator [7]. 

ASR is a detrimental chemical reaction that occurs in 

the Portland cementitious system and manifests itself 

through changes in the pore structure [10,11], by causing 

cracking of both the cement paste and of the aggregates, 

resulting in deterioration of concrete microstructure 

[10,11]. It usually takes many years for ASR to develop 

to an extent where significant damage is visible on the 

concrete surface [11]. The rate of reaction and the 

associated deterioration and cracking depends mainly on 

three factors comprising the reactivity of aggregate, alkali 

levels in the cement and availability of moisture [11,12].  

Due to high alkali concentration of the activator, the 

potential risk of ASR would be expectedly greater in 

geopolymer concrete than in Portland cement concrete, 

but in contrast, it is the reverse. However, ASR behaviour 

of geopolymer binders is not fully understood. The 

objective of this article is to review the ASR behaviour of 

geopolymer binders and determine factors responsible for 

resistance or susceptibility responses of the binder system. 

2 Alkali-silica reaction 

ASR is the most common type of alkali-aggregate 

reaction (AAR) [10]. The other type of AAR is alkali-

carbonate reaction (ACR), which is less prevalent than 

ASR and may occur between alkali from the cement paste 

and dolomite particles [13]. ASR occurs when reactive 

non-crystalline silica found in various aggregates, reacts 

with the alkalis (Na+ or K+) from cement paste, in the 

presence of sufficient moisture [10]. This leads to 

formation of a reaction product referred to as silica gel, 

which accumulates on surfaces of aggregate particles. As 

the gel imbibes moisture, it expands in volume over time, 

resulting in stresses inside the concrete. Once expansion 

of the silica gel can no longer be accommodated in the 

pore structure, concrete then cracks in tension [10,12]. 
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The ASR mechanism is divided into three stages, which 

may be summarized using the following equation [14]. 

SiO2 + NaOH + Ca(OH)2 + H2O → n1Na2O∙n2CaO∙n3 

SiO2∙n4H2O (ASR gel) 

The produced gel has an expansive tendency in the 

reaction described above, depending on the calcium oxide 

(CaO) content [14]. It is worth noting that ASR may occur 

only upon fulfillment of the following three criteria, i.e. 

if:- the aggregates have enough amorphous silica, the 

cement paste contains enough alkali, and sufficient water 

is available to drive the reaction. Ordinary Portland 

cement (OPC) is typically considered to be non-

expansive, if it contains no more than 0.6 wt% of the alkali 

equivalent (Na2Oeq) [15].  

3 Factors affecting alkali-silica reaction 
in geopolymer binders 

Research literature on ASR behaviour of geopolymer 

binders, is relatively limited. Most research monitors ASR 

expansion in geopolymer binders based on the accelerated 

mortar bar test (AMBT) described in ASTM C1260 

(2021). It may be noted that the AMBT was developed for 

ASR testing of Portland cement. AMBT is a very rapid 

test that involves soaking of mortar samples in 1 M NaOH 

solution at 80°C for 14 days. If the expansion is less than 

0.1% at 14 days, the aggregate is innocuous, but if 

expansion exceeds 0.1%, the aggregate is considered to be 

reactive [16]. Under similar conditions of testing, 

geopolymer binders are more resistant to ASR than OPC, 

despite the very high alkali content of the former. 

Generally, the vulnerability of geopolymer binders to 

ASR is influenced by two factors comprising the 

composition of the activator solution and the type of 

aluminosilicate raw material [7,15]. 

3.1  Effect of aluminosilicate raw materials 

Several natural aluminosilicate materials and industrial 

by-products including metakaolin, bauxite, fly ash, 

volcanic ash, slag, etc., have been explored as raw 

materials for geopolymerization. Depending on chemical 

compositions of these materials, they yield geopolymer 

binders that can be classified into two categories of low-

calcium and high-calcium geopolymer systems. It is well-

known that calcium may significantly affect the ASR 

expansion of cement-based materials that contain reactive 

aggregates [7,11]. 

3.1.1 Low-calcium geopolymer systems 

This type of binder arises from use of raw materials such 

as metakaolin, Class F fly ash, bauxite, volcanic ash etc. 

that contain a relatively high amount of aluminium. Most 

studies on ASR in low-calcium geopolymer binder 

systems, have been done using Class F fly ash as the 

aluminosilicate precursor. Lei et al. [9] investigated the 

pore solution composition in low-calcium fly ash-based 

geopolymer concrete for one year. The ASR expansion of 

specimens was monitored using the concrete prism test 

(CPT) according to ASTM C1293 [17]. Type I Portland 

cement containing Na2Oeq of 0.66 wt%, was used for the 

OPC specimens. As shown in Figure 1, the OPC concrete 

prisms expanded rapidly over the first two months before 

slowing down. In 9 months, the average OPC prism 

expansion exceeded the one-year recognised limit of 

0.04%. In comparison, the fly ash geopolymer prisms 

exhibited almost no indication of expansion, giving 

merely 0.006% after 12 months. Evidently, the ASR 

resistance of fly ash-based geopolymer concrete, was 

superior compared to that of OPC concrete. It was 

reported that geopolymer concrete expanded less due to 

reduced alkalinity of the pore solution. Indeed, early in the 

geopolymerization process, fly ash dissolution consumes 

hydroxyl ions, decreasing the pH of the pore solution from 

13.8 to 12.6 in just one day. Additionally, calcium 

deficiency and aluminium availability in the geopolymer 

pore solution, enhances ASR resistance of geopolymer 

concrete. 

Figure 1 Expansion results of ordinary Portland cement 

(OPC) and fly ash geopolymer concrete prisms [9]. 

Pouhet and Cyr [18] studied the behaviour of metakaolin-

based geopolymers in the presence of alkali-reactive 

aggregates. Geopolymer mortars were prepared using 

metakaolin, sodium waterglass activator solution and six 

different aggregate types of varied ASR reactivity levels. 

CEM I 52.5 N was used to prepare OPC mortar as the 

control mixture. Sodium silicate with a SiO2/Na2O molar 

ratio of 1.68 was used as an alkaline activator solution for 

geopolymer synthesis. The samples were cured at 60°C 

and 95% relative humidity (RH) for ages of up to 250 

days. They found that despite the presence of high alkali 

levels in geopolymer mixtures, the latter showed no 

swelling or significant loss of stiffness, and it 

outperformed OPC in terms of ASR resistance. The high 

ASR resistance of metakaolin-based geopolymer, was 

explained by the rapid drop in pH inside the pores of 

hardened geopolymer mortars, from about pH = 12 after 

14 days to pH = 10.5 after 6 months. This low pH in 

hardened geopolymer mortar, considerably prevented 

alkali reaction with reactive aggregates. Additionally, the 

metakaolin’s low CaO content of 2 wt%, also contributed 

the binder’s low ASR susceptibility. 
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In general, most research has found that the risk of ASR 

is extremely low in low-calcium geopolymer systems, 

which may be attributed to three major causes [7,19–21] 

comprising the low alkalinity of the hardened geopolymer 

concrete, calcium insufficiency, and aluminium 

availability in the geopolymer pore solution. 

3.1.2 High-calcium geopolymer systems 

The rapid strength development of high-calcium 

geopolymer systems at room temperature is a key driver 

of the extensive worldwide research on geopolymer 

binders. Raw materials such as Class C fly ash and slag 

are used to produce this type of binder system. Mixtures 

made by combining low-calcium aluminosilicate with 

calcium-rich materials, are likewise included in this 

category. It is well-established that GGBS effectively 

mitigates ASR in Portland cement mixtures [7,14]. While 

high-calcium geopolymer systems containing GGBS or 

Class C fly are more prone to ASR, their expansion values 

are typically below those of OPC system [12,14,15,17]. 

Tänzer et al. [15] found that the high inherent alkali 

content of slag-based geopolymer binder, increased the 

risk of ASR. Similarly, Fernandez-Jimenez and Puertas 

[14] investigated the expansion of GGBS-based 

geopolymer mortars. The alkali activator used was NaOH 

solution containing 4 wt% Na2Oeq. The AMBT was 

employed in accordance with ASTM C1260 [16], and 

results were compared to those of mortars prepared using 

CEM I 42.5. Findings confirmed that GGBS-based 

geopolymer mortars exhibited ASR expansion, but at a 

slower rate than OPC mortars. The ASR expansion of 

GGBS-based geopolymer mortars, was caused by the 

formation of sodium and calcium-silicate-hydrate 

reaction products.  

Mahanama et al. [22] examined the influence of 

GGBS content on ASR expansion in fly ash based-

geopolymer mortars. The AMBT was used to determine 

the expansion characteristics of mortar bars containing 

reactive aggregates, as specified in AS 1141.60.1 [23]. 

Results showed that ASR expansion values of 

geopolymer mortars, increased with increase in GGBS 

content. At 10 wt% GGBS content, ASR expansion was 

close to 0.1 %. But the geopolymer mortars containing 20 

wt% and 50 wt% GGBS exhibited higher ASR expansions 

exceeding the 0.1 % limit [23]. However, the ultimate 

expansion levels for GGBS geopolymer mortars were 

delayed and remained lower than that of OPC control 

mortar, as seen in Figure 2. The observed increase in ASR 

expansion values with rise in GGBS content, was due to 

the presence of calcium at the ASR gel formation site, 

which induced Ca2+ incorporation into the main sodium-

based ASR gel, resulting in formation of the more 

expansive sodium-calcium-ASR gel. 

The ASR expansion values of high-calcium 

geopolymer systems are higher than those of low-calcium 

systems. Also, calcium-rich geopolymer systems may fail 

the AMBT test, thereby depicting high ASR risk, by 

exceeding the 0.1% expansion limit at 14 days [22].  

However, such binder mixtures still typically expand less 

than OPC concretes. Generally, the chemistry of these 

calcium-rich aluminosilicate materials mainly controls 

the ASR mechanism. 

 

Figure 2 Expansion of ordinary Portland cement (OPC) 

versus geopolymer fly ash-slag mortar bars [22]. 

3.2  Effect of activator solution 

The most common activator solution for geopolymer 

synthesis is a combination of sodium (Na)/potassium (K) 

hydroxide and an Na/K silicate solution [4]. Given the 

essential role of cation and anion species in the activator 

solution during geopolymerization, geopolymer binders 

can have varied microstructures and consequently give 

distinct ASR behaviours, depending on the activator 

type(s) used [24]. Generally, ASR expansion increases 

with increase in the alkali (M2O with M = Na, K) content 

of the geopolymer binder mixture, and declines as the 

silicate modulus SiO2 /M2O [15,20,25] rises. Naghizadeh 

and Ekolu [24] investigated the effect of activator solution 

characteristics and content, on ASR behaviour of fly ash-

based geopolymer mortars. Results indicated that the 

liquid-to-solid (L/S) ratio was the most significant 

parameter influencing ASR expansion. Increasing L/S 

and NaOH concentration in the activator promoted ASR 

expansion of fly ash-based geopolymer mortars. These 

results agreed with the findings of Williamson and 

Juenger [8], who also observed that increasing the 

concentration of alkali activator solution, lowered the 
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strength of fly ash-based geopolymer concrete, while 

increasing the potential for ASR expansion. 

 Indeed, increasing the activator solution 

concentration above the appropriate quantity necessary 

for optimal strength development, increases the pore 

solution alkalinity. Consequently, extra alkali in the pore 

solution promoted ASR expansion. Tänzer et al.[15] 

further studied the effects of different silicate moduli of 

the activator solution, on ASR expansion of slag-based 

geopolymer mortar. The sodium and potassium silicate 

solutions used were of different SiO2/M2O (with M = Na, 

K) molar ratios in the range of 0.5-2.0. Borosilicate glass 

was used as the reactive aggregate. Results showed that a 

lower silicate modulus of the activator minimizes ASR 

risk. It was confirmed that the effect of alkali 

concentration on expansion behaviour was also dependent 

on the silicate modulus and cations (Na+ or K+) of water 

glass. However, it was reported that potassium silicate 

solution with a SiO2/K2O molar ratio of 1.0 had an adverse 

impact of increasing ASR expansion. The observed 

increase in ASR expansion was attributed to the presence 

of potassium-containing silica gel, which absorbs higher 

quantities of water than sodium-containing silica gel. The 

activator solution with SiO2/K2O of 0.75 was 

recommended to be suitable for producing a geopolymer 

binder of low ASR expansion and good strength 

development. 

4 Conclusions 

Despite their high alkali content, geopolymer binders are 

insignificantly or are much less likely to be affected by 

ASR attack than ordinary Portland cement. Generally, the 

susceptibility of geopolymer binders to ASR expansion is 

influenced by two factors comprising, the chemical 

composition of the aluminosilicate precursor and the 

alkaline activator solution characteristics. Low-calcium 

geopolymer binder systems typically exhibit very low 

ASR expansion compared to high-calcium geopolymer 

binders. The high ASR resistance of low-calcium 

geopolymer binders, is explained by the low alkalinity of 

the final hardened geopolymer matrix, calcium 

insufficiency, and aluminium availability in the 

geopolymer pore solution. Moreover, ASR expansion 

usually increases with rise in alkali (M2O with M = Na, 

K) content of the geopolymer binder mixture and declines 

as the silicate modulus rises (SiO2/M2O). Calcium-rich 

geopolymer binders have a higher risk that may or may 

not exhibit ASR attack, depending on the type of 

aluminosilicate raw material, among other factors. In such 

calcium-rich geopolymer binders, Ca2+ ions become 

incorporated into the sodium-based gel, in turn forming 

the more expansive sodium-calcium-ASR gel.
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