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Abstract The likelihood and consequences of the 
alkali-silica reaction (ASR) in mortars and concretes 
based on alkali-activated materials (AAMs) are still 
under discussion, due largely to the characteristi-
cally high alkali levels of this class of cements. In 
this study, applying thermodynamic modelling to the 
study of ASR provides a new insight into ASR mech-
anisms as a function of binder chemistry. By consid-
ering different activators (NaOH,  Na2SO4,  Na2CO3, 
 Na2O.nSiO2 with various values of the modulus n) 
at different dosages, the volume of shlykovite-type 
ASR products that can potentially form in AAMs 
with partially reactive siliceous aggregates was cal-
culated. The solution chemistry and phase assem-
blage after hydration provide further information to 
aid in explaining the observed trends. Although high 
concentrations of Na-bearing activators were used 
in the AAM formulations, much less Na-shlykovite 

and no K-shlykovite are formed, compared to Port-
land cement. The volume of Na-shlykovite formed 
decreases with an increase in the dosage of activators 
(for all activators tested), and with a decrease in the 
modulus of sodium silicate when this is the activa-
tor used. A high concentration of Ca after hydration, 
rather than the concentration of alkalis in the pore 
solution, is the controlling factor in shlykovite forma-
tion, which represents ASR in these simulations.

Keywords Alkali-silica reaction · Alkali activated 
cement · Activators · Thermodynamic modelling

1 Introduction

The alkali-silica reaction (ASR) is an important 
mechanism of degradation in some concretes; opin-
ions regarding whether this is a major problem in 
alkali-activated materials (AAMs) are divided, and 
this topic requires further attention. Alkali sources 
(mainly, but not solely, from the paste) and reac-
tive silicates in the aggregates are the essential fac-
tors triggering the process of ASR in the presence of 
available calcium and moisture, forming expansive 
ASR gels. Because of the very high content of alkalis 
present in AAMs, which can be an order of magni-
tude higher than the levels conventionally considered 
“safe” in Portland cement, some researchers have pro-
posed on this basis that AAMs may be expected to be 
more susceptible to ASR than Portland cement [1–3]. 

H. Jin · J. L. Provis 
Department of Materials Science and Engineering, The 
University of Sheffield, Sheffield, UK
e-mail: 414109471@qq.com

S. Ghazizadeh 
Special Services, Mott MacDonald, London, UK
e-mail: sam.ghazizadeh@mottmac.com

J. L. Provis (*) 
PSI Center for Nuclear Engineering and Sciences, Paul 
Scherrer Institut, Forschungsstrasse 111, 5232 Villigen, 
Switzerland
e-mail: john.provis@psi.ch

http://crossmark.crossref.org/dialog/?doi=10.1617/s11527-025-02781-z&domain=pdf
http://orcid.org/0000-0003-3372-8922


 Materials and Structures          (2025) 58:265   265  Page 2 of 16

Vol:. (1234567890)

On the other hand, experimental evidence tends not to 
fulfil those predictions. In an early study, Gifford and 
Gillott [4] stated that there is less expansion caused 
by ASR in AAMs than in conventional mortars. This 
observation was supported by the work of García-
Lodeiro et al. [5], and also by the early European work 
summarised in the review of Talling and Brandstetr 
[6]. Those authors attributed the ASR resistance of 
AAMs to the hydration products containing and bind-
ing more of the alkalis. More recently, Wang et al. [7] 
investigated ASR in alkali-activated binders produced 
from a blend of slag and fly ash, and gave the conclu-
sion that dissolved reactive silicates were consumed 
to form hydration products, which combined with 
autogenous shrinkage during hydration, was proposed 
to inhibit the process of ASR. The factors that affect 
ASR in AAMs have been reviewed in detail in [8, 9] 
and in several other studies, leading to an understand-
ing that low-calcium AAMs tend to show less ASR 
than their higher-calcium counterparts [10], and that 
further development of testing methods is needed to 
ensure that representative results are obtained in any 
comparison between AAM binder types, or against a 
Portland cement baseline [11].

The conclusion of this assessment is that, due to 
the variation in the composition of precursors, activa-
tors, and testing methods used in the experiments that 
have been provided in the literature, and the lack of 
clarity about fundamental mechanisms at a physico-
chemical level, more comprehensive research studies 
should be designed to gain a deeper understanding of 
the mechanism and implications of ASR in AAMs. 
The intention of the current study is to provide the-
oretical insight in support of the experimental cam-
paigns that are ongoing, by assessing the thermody-
namic basis for ASR processes in AAMs.

The extensive development of the cementitious 
hydrate phase database for thermodynamic model-
ling in recent years has enabled researchers to com-
putationally predict the formation and composition 
of both solid and liquid phase assemblages, for both 
Portland-based cements and alkali-activated cements. 
For example, Lothenbach and co-workers reviewed 
the applications of thermodynamic modelling in the 
cement science and pointed out some potential exam-
ples that can be solved using this method [12, 13]. 
Importantly for the modelling of AAMs, Myers et al. 
[14] proposed a new solid solution model to estab-
lish the database for sodium/aluminium-substituted 

calcium silicate hydrate (C-N-A-S–H). Kulik et  al. 
[15, 16] have also contributed very important insight 
into the thermodynamics of calcium silicate hydrate 
phases when incorporating aluminium, and alkalis 
such as sodium and potassium. These updated mod-
els allow improved prediction of phase formation and 
stability in the AAM system. In terms of modelling 
ASR, the limited thermochemical or solubility data 
available for some relevant potential ASR products, as 
well as the ongoing discussion of what exactly is the 
structure of the ASR gel formed under different cir-
cumstances, has been an obstacle in the development 
of thermodynamic modelling applications in this area, 
for both Portland and AAM cements. However, in an 
important recent advance, Shi et al. [17] successfully 
synthesised shlykovite-type ASR products at 80 °C, 
and thereafter their thermodynamic parameters were 
calculated by Jin et al. [18]. This type of advancement 
in material characterisation and database develop-
ment, supported by modelling approaches allowing 
the separation of timescales between successive reac-
tion processes (hydration and ASR), has made ther-
modynamic modelling more soundly-based as a tool 
for ASR prediction, as demonstrated in [19] for the 
case of Portland blended cements. More recently, 
Razki et al. [20] further updated the thermodynamic 
dataset for nanocrystalline products (ASR-P1) and 
contributed to the understanding of expansion mecha-
nisms, verifying the importance and effectiveness of 
thermodynamic modelling in assessing the potential 
for ASR damage.

The aim of this paper is to investigate ASR pro-
cesses in AAMs using thermodynamic modelling, 
focusing on phase evolution at ambient tempera-
ture (25 °C) to simulate field exposure conditions. 
AAMs based on ground granulated blast furnace 
slag (GGBFS) with different activators (NaOH, 
 Na2SO4,  Na2O∙nSiO2,  Na2CO3) with different dos-
age and modulus will be considered in terms of the 
volume of ASR products formed, compared with 
Portland cement as a baseline case. Information 
about pore solution chemistry and phase assem-
blages before the process of ASR is also used to 
explain the effects of these factors on the formation 
of ASR products. These modelling results can be 
used as a baseline when studying ASR in AAMs, in 
support of (and to aid design of) long-term or accel-
erated experiments in the future.
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2  Materials and methods

2.1  Materials

The chemical composition of GGBFS used in the 
study is shown in Table 1, and is reproduced from the 
work of Mundra et  al. [21] who also used this slag 
composition to model AAMs for chloride transport 
prediction. A 60% degree of reaction of the GGBFS 
has also been adopted here based on their research, 
to represent the long-term characteristics of a rela-
tively mature binder; the potential effects of varia-
tions in precursor and activator composition and reac-
tivity are not explicitly included, but offer scope for 
future research. The consumption of portlandite and 
the release of alkali ions left in the pore solution are 
defined as driving the process of ASR, reacting with 
silica supplied by the aggregate. These two factors are 
directly related to the degree of reaction for Portland 
cement, but less so in the case of slag-based AAMs 
because GGBFS contains only a low level of alka-
lis, and there will be little or no Ca(OH)2 present in 
AAM systems.

To investigate the difference between AAM and 
Portland cement (PC) under ASR-generating con-
ditions, the latter (with an assumed 100% degree of 
hydration) is also considered as a control system in 
the analysis, and the composition simulated is listed 
in Table  1, consistent with our previous work on 
blended cements [19] where we selected a cement 
composition from [22]. The thermodynamic simula-
tion methodology is based on bulk oxide composi-
tions rather than detailed phase contents of the slag 

and Portland cement, as the simulations are imple-
mented by calculating the thermodynamic equilib-
rium state considering all system constituents, irre-
spective of the form in which they are supplied.

The four activators (NaOH,  Na2SO4,  Na2O∙nSiO2, 
 Na2CO3) are used with dosages that are set to achieve 
equivalent  Na2O contents of 2, 4, 6, and 8 g  Na2O 
per 100 g BBGFS – abbreviated for conciseness as 
2, 4, 6, and 8%  Na2O for discussion in the text and 
graphics. The different modulus values of waterglass 
(n = 0.5, 1, 1.5, and 2 in the formula  Na2O∙nSiO2, 
defined on a molar basis) are considered to evaluate 
its effect on ASR in waterglass-activated AAM. The 
water to solids mass ratio is 0.40 for all AAMs, and 
0.47 for cement. The mix design information is sum-
marised in Table 2.

2.2  Methods and modelling description

The simulation methodology and software details 
used in this paper are based on our previous work 
[19], where a two-step approach to modelling ASR 
in blended cements was developed and validated. 
Detailed information is given below.

2.2.1  Software and database

To simulate ionic interactions and phase assemblages 
during the process of ASR, the GEM-Selektor v.3 
software [23] based on minimisation of Gibbs free 
energy with mass balance constraints was used. The 
activity coefficients of aqueous species are calculated 

Table 1  The composition of GGBFS and Portland cement used in the simulations in this study, expressed as wt% of oxides

CaO SiO2 Al2O3 Fe2O3 MgO Na2O K2O SO3

GGBFS 42.3 32.3 13.3 0.6 5.2 0 0.3 2.9

PC 63.12 20.47 5.51 2.45 2.82 0.29 1.16 2.6

Table 2  The activator dosages and modulus values of waterglass considered in this study, expressed as equivalent  Na2O% (g  Na2O 
per 100 g GGBFS); w/s is the water to solids mass ratio

Activators NaOH Na2SO4 Na2O∙nSiO2 Na2CO3

Dosage 2,4,6,8% 2,4,6,8% 2,4,6,8% 2,4,6,8%
Modulus (value of n) 0.5, 1.0, 1.5, 2.0

w/s 0.40
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by the Truesdell-Jones form of the extended Debye-
Hückel equation, which is shown in Eq. (1):

where the coefficients Aγ and Bγ are related to the tem-
perature and pressure of the system, zi is the charge of 
species i, and I is the effective molal ionic strength. 
The parameters a and  bγ are solution-dependent 
parameters. Assuming that KOH solution is the main 
aqueous phase in Portland cement, a and  bγ are set to 
3.67 Å and 0.123 kg/mol, while in AAMs whose pore 
fluid is dominated by NaOH, these two values should 
be set to 3.31 Å and 0.098 kg/mol respectively [24].

The Cemdata18 database covers the thermody-
namic data for the solid phases considered in the 
simulation, while the database entries for two spe-
cific ASR products were obtained from our previ-
ous work [18] as shown in Table  3. Other types of 
ASR products are not included here due to lack of 
proper database entries. For PC systems the CSHQ 
model is selected for description of C-S-H, while 
in AAM simulations, the CNASH_ss solid solution 
model is selected. The compositions of slag and PC 
are  inputted as oxides, while activators are inputted 
as compounds. Phases in the Cement18 database are 
included during the simulation, deactivating some 
phases which are very slow to form at ambient tem-
perature such as gibbsite, thaumasite, hematite, and 
quartz.

2.2.2  Model description

The two-part reaction sequence used to represent the 
successive processes of AAM hydration and ASR has 
been validated in our previous work [19], and we are 
also applying that approach in the current simulation: 
we assumes that the process of AAM hydration has 

(1)log10�i =
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√
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reached effective completion (i.e. achieved the speci-
fied degree of reaction) before the formation of ASR 
products commences. This is based on the under-
standing that ASR is a slow process at room tempera-
ture. Therefore, precursor hydration is the main task 
in the first part of  the simulation. The compositions 
of the GGBFS and activator were inputted into the 
GEMS software, to predict both the concentrations of 
ions in the pore solution and the quantities of solid 
hydrates formed in the hydration process. Ions in the 
pore solution, and portlandite in Portland cement, 
have been reported to take significant roles in affect-
ing the process of ASR [25, 26], and so these are used 
as the potentially reactive  constituents in the second 
stage of the simulations. These alkaline components 
react with an additional (reactive) silica source rep-
resenting the dissolution of silica from the aggregate, 
added at 50 g per 100 g GGBFS hydrated to ensure 
that it is not fully depleted during the simulation, to 
simulate the process of ASR, considering the rest of 
the hydrates to be inert in this process.

Although the high alkalinity of AAM systems may 
enhance the dissolution of reactive aggregates, it is 
assumed that no silica dissolves from the aggregates 
in the initial (fast) stage of the hydration reaction pro-
cess; the aggregate is only allowed to participate in 
the second (longer-term) stage of the reaction process 
once the hydration or alkali-activation simulation is 
completed.

3  Results

3.1  Phase assemblage

The phase assemblages formed through alkali-activa-
tion, i.e. before AAMs are subjected to the simulated 
ASR process, are shown in Fig.  1. In general, the 
simulated phases and their volumes are broadly con-
sistent with those obtained from the work of Mundra 

Table 3  Thermodynamic properties of two shlykovite-type ASR products [18]

Products ΔfH° (kJ/mol) ΔfG° (kJ/mol) S° (J/mol·K) Cp° (J/mol·K) Log10K at 25°C

K-shlykovite: 
 KCaSi4O8(OH)3·2H2O

-5163.6 ± 8 -5293.1 ± 3 485.8 ± 48 426.8 ± 42 -31.2 ± 1.2

Na-shlykovite: 
 NaCaSi4O8(OH)3·2.3H2O

-5267.5 ± 9 -5364.4 ± 2 435.9 ± 43 382.9 ± 38 -34.8 ± 0.4
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et  al. [21] other than some slight differences (for 
example  C3AH6 in the NaOH-activated GGBFS and 
ettringite in the  Na2SO4-activated GGBFS). The rea-
son for this is due to the updated Cemdata18 database 
[27] used here, while Mundra et  al. [21] used Cem-
data14, where changes in the relative stabilities of 
hydrogarnet phases with respect to other aluminates 
were a particularly important update that was made 
between these two database versions [27–29].

In the work of Mundra et  al. [21] they focused 
on the effect of slag composition on phase changes, 
while here we mainly investigate the influence of dos-
age of different activators. It can be seen that there 

is a decrease in the formation of C-(K, N)-A-S–H 
for  Na2SO4-activated and  Na2CO3-activated GGBFS 
when increasing the activator dosage, but an increase 
in the secondary hydration products. This results in 
more Ca being consumed from the pore solution. 
Likewise, more  C3AH6 precipitates with higher dos-
ages of the other two activators used. Thus, increas-
ing the dosage of the activator enhances the combina-
tion of ions in the pore solution and the formation of 
solid phases.

For the AAM with the highest dosage of NaOH, 
portlandite can be seen in Fig. 1a although its volume 
is quite minor. Brucite is predicted to precipitate in 

Fig. 1  The simulated phase assemblages resulting from 
GGBFS activation by four activators with various dosages. 
The phase “aqua” represents the aqueous pore solution, which 

is a concentrated electrolyte solution in equilibrium with the 
newly-formed solid phases
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the activation of GGBFS by  Na2SO4 and  Na2CO3 at 
dosages of 8% equivalent  Na2O, which contrasts with 
the results of experimental research where there is 
no brucite formed [30, 31]. The reason for this dif-
ference is due to lack of thermodynamic data for low 
Mg/Al ratio Mg–Al-OH-LDH_ss (Mg–Al layered 
double hydrates with hydroxide as the sole anion) 
and M-S–H (magnesium silicate hydrate) [32]. The 
GGBFS used here contains a high amount of MgO, 
resulting in the formation of brucite as the Mg is 
not accommodated in other potential reaction prod-
uct phases. Natrolite is predicted to form in AAMs, 
except when NaOH is used as an activator, and 
appears to be a proxy also for the disordered N-A-
S–H type products which form in alkali-activated 
cements, which have chemical structures and ener-
getics resembling those of zeolites. This zeolite-type 
product is also predicted to form in the simulation 
work of Myers et. al and Mundra et. al [21, 32, 33], 
who reported that the formation of natrolite alongside 
the calcium-rich hydrous silicates in GEMS simula-
tions indicates the coexistence of C-N-A-S–H gel and 
N-A-S–H gel. The compositions of the disordered gel 
products produced in the simulations here are consist-
ent with the findings presented in those papers. The 
ASR simulations here are relatively insensitive to the 
exact compositions of the gel phases because the gels 
are treated as unreactive in the second-stage simula-
tions in which ASR products are formed, beyond their 
indirect influence via effects of gel chemistry on pore 
fluid compositions, and so the focus of the discus-
sion here is directly on the pore fluid rather than the 
hydrate phases.

The phase assemblages of AAMs with different 
modulus waterglass activators at different equiva-
lent  Na2O doses are shown in Fig.  2. The forma-
tion of C-S–H gradually increases when increasing 
the modulus of waterglass, which is consistent with 
refs. [21, 32] who considered the effects of  Na2SiO3 
and  Na2Si2O5 as activators on the phase assemblage 
of AAM. Strätlingite is predicted to form at lower 
activator dosages, and also precipitates in the sili-
cate-activated systems shown in Fig.  2c with higher 
modulus. In turn, the formation of katoite can be 
seen when there is a relatively low amount of strätlin-
gite (e.g. 0.5% activator dosage in Fig. 2b) or in the 
absence of strätlingite. Myers et al. [32] stated that it 
is more likely to form strätlingite in the activation of 
slags with low or moderate Si contents, and this may 

be used to explain the absence of this phase at higher 
silicate activator dosages due to the additional silica 
present in those cements. However, the reasons for 
the transformation of strätlingite and katoite may be 
attributed to the use of different thermodynamic data-
bases between the two studies [27, 34]. The formation 
of zeolite (natrolite), representing N-A-S–H as noted 
above, is expected when increasing the modulus and 
dosage of the silicate activator.

3.2  Pore solution chemistry

Considering the effects of various dosages of the 
four activators on solution chemistry in AAMs after 
hydration (stage 1 of the two-step reaction process, 
before the ASR simulation is initiated), the concen-
trations of the elements that can participate in forma-
tion of ASR products, and hydroxyl ions, in the pore 
solution are shown in Fig.  3. When increasing the 
activator dosage, the concentration of Na increases 
dramatically in all AAM samples. A similar trend is 
seen with respect to the change of concentration of 
hydroxyl ions, largely for reasons of charge balance, 
resulting in a more highly alkaline environment and 
more new phases formed, which is consistent with the 
results shown in Fig. 1.

The higher concentration of alkalis in AAMs is 
sometimes claimed to be a detrimental factor caus-
ing a higher risk of formation of ASR products, or 
alkaline dissolution of the aggregates, compared 
to Portland cement. The simulation here covers this 
relationship, which will be discussed in Sect.  3.3. 
It is also potentially notable that the concentration 
of hydroxyl ions reduces at an  Na2SO4 dosage of 
8%  Na2O equivalent. This may be attributed to pre-
cipitation of brucite (Fig.  1b) which may lead to a 
decrease in the concentration of hydroxyl ions in the 
pore solution. However, a different trend was found 
in  Na2CO3-activated slag, which also forms bru-
cite at higher dosages; the rise in the concentration 
of hydroxyl ions with increasing  Na2CO3 dosage is 
due to the transformation from Mg–Al-OH-LDH to 
Mg(OH)2.

Several experimentally-oriented papers have 
reported the concentrations of elements in the 
pore solution of AAMs, either as a function of cur-
ing time, or with different dosages of waterglass or 
NaOH activators [35–38]. The near-neutral salt acti-
vators  Na2CO3 and  Na2SO4 have slower hydration 
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kinetics when they are used as activators [39, 40], 
and are relatively less studied in terms of pore fluid 
chemistry. Lothenbach and Gruskovnjak [41] consid-
ered the degree of reaction of GGBFS and predicted 
the solution chemistry via thermodynamic model-
ling. Myers et  al. [14] also simulated the concentra-
tions of dissolved species in activated GGBFS bind-
ers using their C-N-A-S–H model and compared 
these with experimental results from the references 
above. In this study, the simulation trends are gener-
ally in agreement with the results of Lothenbach and 
Gruskovnjak, but the quantities are under-predicted 
[41]: the line representing the concentration of Ca is 
always at the lowest level while the increased trend 

for the concentration of Na can be seen as growing 
the dosage of activators. The reason for underestima-
tion may be related to the experimental system not 
reaching equilibrium (i.e. an immature binder tested 
at early age) and the conservative degree of reaction 
of GGBFS used here (60%, compared to the 70–80% 
reacted in experiments [42]). However, the simulation 
results are still valuable for discussion of ASR, as this 
process takes quite a long time after hydration has 
largely stabilised.

Figure 4 displays the concentrations of Ca, K, Na 
and  OH− calculated to remain in the pore solution 
after hydration of GGBFS. The results for water-
glass at 2% dosage with different modulus values 

Fig. 2  The phase assemblage of GGBFS activated by different dosages of waterglass with various modulus values
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are shown here; the other dosages of silicate acti-
vators have similar trends. It can be seen that the 
concentration of Na decreases when increasing the 
modulus of waterglass, while the concentration of 
Ca increases, which is in agreement with the trends 
gained from experiments [43]. Combined with 
the results in Fig.  2 regarding the phase assem-
blage formed in each silicate-activated AAM, the 
fall in the concentration of K may be because the 
additional C-A-S–H formed at a higher modulus 

binds more K. Ca-bearing phases such as strätlin-
gite,  C3AH6 and  C4AsH12 formed at lower modulus 
are replaced by ettringite, as the sulfide from the 
slag becomes partially oxidised in the simulation. 
Therefore, this is main reason for the increase in 
the concentration of Ca in the pore solution shown 
in Fig.  4. The concentration of hydroxyl ions also 
decreases when the modulus of waterglass increases 
from 0.5 to 2 due to more soluble  SiO2 in the sys-
tem, which acts as a polyprotic weak acid [44].

Fig. 3  The concentrations of Ca, K, Na and  OH− calculated to 
remain in the pore solution after hydration, for GGBFS acti-
vated by different dosages of four activators. Other anions such 

as sulfate that do not participate in ASR are not plotted. The 
two horizontal dashed lines represent the concentrations of K 
(black) and Na (purple) in the PC system
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3.3  ASR product formation

3.3.1  The effect of activator type and dosage 

on the volumes of ASR products formed

The volumes of two possible ASR products formed 
in the AAM system with four activators are shown in 
Table 4, with PC as a comparison. K-shlykovite only 
appears in the PC mortar; none of the AAMs pre-
cipitated this ASR product due to the lack of potas-
sium in the composition of GGBFS. Na-shlykovite 
formed in some of the AAM simulations, but the 
volume of shlykovite-type products produced in 
all AAMs is much less than in the Portland cement 

mortar, regardless of the nature or dose of the acti-
vator.  Na2CO3-activated GGBFS is the sample that 
contains the most Na-shlykovite compared with other 
AAM samples, forming almost 0.01  cm3 per 100 g 
GGBFS.

According to the results of Chen et  al., also con-
sidering the effect of type of activators on ASR, 
they observed the following order based on the ASR 
expansion experiments: waterglass,  Na2CO3,  Na2SO4, 
NaOH [45]. In the current study, however, the rank-
ing of waterglass is changed, to come behind  Na2SO4. 
The reason behind this may be because the modulus 
of waterglass in the Chen et al. study (3.29) was much 
higher than that in our modelling, which may provide 
an additional silica source when ASR is taking place. 
Krivenko et al. [3] also investigated the ASR expan-
sion of GGBFS activated by sodium carbonate and 
sodium metasilicate, and found that  Na2CO3-activated 
GGBFS is more affected by ASR than when the 
GGBFS is activated by sodium metasilicate. The 
modelling work is in agreement with these findings.

The simulation results here also support the idea 
that AAM has better performance in resisting ASR 
in comparison with PC, despite containing a much 
higher content of alkalis. Unlike the results of Talling 
and Brandstetr [6] who reported that there was no 
ASR expansion observed in AAMs, the findings pre-
sented here indicate that ASR can exist, but is less 
prevalent compared with the situation in PC [4, 5].

In terms of the effect of activator dose, the ASR 
product is only predicted to form when GGBFS is 
activated by activators with 2% equivalent  Na2O 
dosage (for all activators), and also when GGBFS 
is activated by the highest dosage of NaOH. In other 
words, increasing the dosage of activators does 

Fig. 4  The concentrations of Ca, K, Na and  OH− in the pore 
solution after activation of GGBFS by waterglass at different 
modulus values, at a dosage of 2% equivalent  Na2O. The two 
horizontal dash lines represent the concentrations of K (black) 
and Na (purple) in the PC system

Table 4  The effect of dosage on the volume of shlykovite-type products formed in the cement systems simulated, in  cm3 per 100 g 
GGBFS. The  Na2Oeq content of the Portland cement is taken from Table 1

*  In all cases, the Na-shlykovite form dominates the ASR products, except for PC [19]
**  The waterglass activation here is simulated with an activator modulus of 1.0, giving a composition of  Na2SiO3

Na2O(eq) PC NaOH Na2SiO3** Na2CO3 Na2SO4

2% - 0.0030 0.0064 0.078 0.0096
4% - 0 0 0 0
6% - 0 0 0 0
8% - 0.45 0 0 0

0.29 g per 100g PC 0.99
(0.72 K; 0.27 Na) *

- - - -
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not directly increase the formation of ASR prod-
ucts in the cements studied here. When the dosage 
of NaOH increases to 8% of equivalent  Na2O, pH 
increases, resulting in the combination between Ca 
ion and hydroxyl ions, leading to portlandite precip-
itation which although minor (Fig.  1), needs to be 
considered in simulating the process of ASR [19]. 
This is the main reason for formation of more Na-
shlykovite, as additional Ca becomes available for 
ASR processes. It should be noted that the two-step 
ASR simulation methodology applied here does not 
consider the C-S–H-type binding gels as a potential 
source of calcium for shlykovite formation, and so 
the only other Ca made available for this reaction is 
the residual Ca in the pore fluid after hydration.

Shi et  al. [46, 47] concluded that the expansion 
caused by ASR decreased when increasing the con-
centration of NaOH from 4 wt% to 8 wt% in NaOH-
activated GGBFS, which is incompatible with 
our simulation results. Similarly, the experimen-
tal results obtained from Yang’s and Al-Otaibi’s 
research also are conflicting with our predictions 
[48–50]. The difference between these findings may 
be attributed to testing methods and kinetic issues. 
For ASR research in AAMs, ASTM C1260 or simi-
lar rapid testing methods are often applied, in which 
expansion is determined after 14 days at high tem-
perature immersed in NaOH solution [51]. How-
ever, here we simulate ASR under ambient tempera-
ture conditions and after AAM hydration, resulting 
in the binding of relevant ions in hydration products 
so that they no longer participate in the process of 
ASR, especially for calcium. The differences in 
temperature and highly alkaline immersion environ-
ment may also be important. Also, the conservative 
assumptions about the degree of reaction of GGBFS 
used in the modelling may mitigate the formation of 
more ASR products.

The results shown here seem to be supported 
by the previous work [18] where we generated and 
analysed the (Na,K)2O-SiO2-CaO ternary phase 
diagram to assess shlykovite stability and forma-
tion. That study concluded that the presence of 
more alkalis in the system does not necessarily 
improve the formation of shlykovite-type phases. 
Instead, there is a threshold concentration of alkali, 
which is less than 1.48 mol/kg. Increasing the 
dosage of activators here does lead to a growth 

in the concentration of alkalis in the pore solu-
tion, which may instead suppress the formation of 
Na-shlykovite.

3.3.2  The effect of modulus and dosage of waterglass 

on ASR products

The effects of modulus (molar ratio  SiO2/Na2O) and 
dosage of waterglass on the simulated formation of 
ASR products are shown in Table  5. Similar to the 
results in Table  4, the formation of Na-shlykovite 
is only predicted at the lowest dosage (2%) for each 
given modulus. The volume of ASR product increases 
with an increase in the modulus at this dosage. 
Increasing in the modulus provides extra silica source 
to react with alkali ions and form ASR product. The 
experimental results are contradictory regarding this 
point. Tänzer et  al. [2] presented the same trend as 
these simulation results, while Shi et. al [46] gained 
different outcomes with different waterglass dosages. 
At a lower dosage (4%  Na2O) there is a pessimum 
expansion when the modulus is 1, and similar trends 
are observed at dosages of 6% and 8%  Na2O. They 
attributed this to the alkalinity of the pore solution. 
However, the calculated concentrations of hydroxyl 
ions after AAM hydration reduced (Fig.  4), even at 
4% equivalent  Na2O, which indicates that there must 
be another mechanism controlling this.

3.3.3  Phases formed in the process of ASR

Apart from Na-shlykovite, at the higher dosage and 
modulus of activators, zeolite-like phases (repre-
sented as natrolite) and Ca-heulandite are precipitated 
in minor amounts instead of ASR products. The rest 
of the dissolved silica either remains in the pore solu-
tion, or forms amorphous silica. Myers et al. [32] con-
cluded that these two phases are prone to form in the 

Table 5  The effect of modulus and dosage of waterglass on 
the quantity of Na-shlykovite formed in GGBFS activated by 
waterglass, expressed in  cm3/100 g GGBFS

SiO2/Na2O 2%  Na2O 4%  Na2O 6%  Na2O 8%  Na2O

0.5 0.0036 0 0 0
1.0 0.0064 0 0 0
1.5 0.015 0 0 0

2.0 0.053 0 0 0
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alkali-activation of lower-Al, Si-rich slags. Although 
they are not predicted to form in the hydration model-
ling, the ASR process creates a similar environment, 
and this is an important reason for the suppression of 
the formation of ASR products. In addition, combin-
ing the information obtained here about the phase 
assemblages formed with different modulus values of 
waterglass at same dosage, it appears that increasing 
the modulus leads to precipitation of natrolite before 
the process of ASR, which consumes part of the Na 
from the pore solution. Therefore, the volume of this 
zeolite decreases in the second stage.

4  Discussion

Opinions on the performance of AAMs regarding 
ASR resistance are currently contradictory. In this 
study, the results from thermodynamic modelling 
indicate that a minor amount of ASR products formed 
in alkali-activated slag-based cements with different 
activators compared with PC. Although the actual 
degree of expansion caused by ASR depends on vari-
ous factors such as the rate of reaction (dissolution) 
of the aggregate, viscosity and water uptake of ASR 
products, and density and mechanical properties of 
the paste, it is nonetheless important to consider the 
extent of ASR product formation as a prerequisite 
for any expansion to occur. Combining the pore solu-
tion chemistry and volume of ASR products shown in 
Fig. 3 and Table 4, due to the very limited availabil-
ity of K in the AAMs, no K-shlykovite is predicted 
to form in these AAMs. The concentration of Na 
increases dramatically when using the four Na-bear-
ing activators. Nevertheless, this higher concentration 
of Na in the pore solution does not result in the forma-
tion of more Na-shlykovite in the simulations: com-
pared with NaOH- and  Na2CO3-activated GGBFS at 
2% equivalent  Na2O, the predicted concentration of 
Na in the former pore fluid (1400 mmol/L) is higher 
than in the latter (976 mmol/L), but the formation of 
Na-shlykovite in the  Na2CO3-activated GGBFS was 
the greatest in simulations. This indicates that the 
concentration of alkalis in the pore solution is not the 
sole factor controlling the formation of ASR products.

In the work of Shi et  al. [46], a linear relation-
ship was observed between the concentration of 
hydroxyl ions and the ASR expansion, when con-
sidering different dosages of the activator. In the 

simulation methodology applied here, the concen-
tration of  OH− appears to have at most an indirect 
impact on the formation of ASR products. This can 
be seen by comparison of activators: for  Na2SO4- 
and  Na2CO3-activated AAMs, the concentration of 
 OH− is lower than the other mixes because these two 
activators are near-neutral salts with less alkaline pH 
values, but the content of Na-shlykovite predicted 
to be formed in these two systems is higher than for 
the NaOH- and  Na2O.nSiO2-activated formulations. 
Also, in terms of the effect of activator dosage, the 
concentration of hydroxyl ions increases to almost 2 
mol/L when increasing the dosage of each activator to 
8%. However, no Na-shlykovite forms even at such a 
high concentration of hydroxyl ions.

With respect to Ca, many studies have proven that 
the concentration of Ca in the pore solution plays an 
important role in the formation and composition of 
ASR products [25, 52–54]. The concentration of Ca 
in the pore fluids reaches a maximum with a 2% dos-
age of  Na2O, Fig.  3, consistent with the rank order 
of the volumes of Na-shlykovite predicted to form 
(Table  4), which always reaches a maximum at that 
dosage of 2% among those tested here. The higher 
the concentration of Ca left in the pore solution in 
AAM samples, the more Na-shlykovite is formed. 
Likewise, increasing the modulus of sodium silicate 
leads to an increase in  the amount of Ca ions in the 
pore solution, which also leads to simulation  of more 
ASR products forming. The higher activator dosages 
suppress Ca concentrations to the point where there 
is no longer any ASR product formed. It can be seen 
in Fig.  5, that in additional simulations with further 
reductions in the dosage of NaOH, the relationship 
between the concentration of Ca and the volume of 
ASR products is clearer: the lower the dosage used, 
the higher the concentration of Ca in the pore solu-
tion, and the more ASR products formed. This indi-
cates that the lack of an available Ca source may 
result in the suppression of ASR product formation, 
even in these binders which do contain Ca in their 
hydrate phase assemblage, if that Ca is not available 
to redissolve and trigger an ASR process. The amor-
phous silica that dissolves from reactive aggregates 
may be soluble and left in the pore solution, or may 
react with alkalis to form zeolites or related phases in 
the absence of enough available Ca [55, 56]. It could 
be argued that the other Ca-containing phases pre-
sent, such as C-A-S–H, may also provide a reservoir 
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of available Ca for reaction, but it is likely that the Ca 
will be rather tightly held by C-A-S–H at the low Ca/
Si ratios present in AAMs, so this potential pathway 
was not included in the simulation methodology here.

In comparison with the pore solution of Portland 
cement, the concentration of Ca remains higher for 
these four AAM samples. However, in the Portland 
cement system, portlandite (Ca(OH)2) as one of the 
main hydration products provides most of the Ca 
required for ASR, in addition to the concentration 
of Ca in the pore solution. This indicates again that 
in this case, the Ca source rather than the alkali con-
tent in the pore solution is the key factor controlling 
the formation of ASR products. As in the case of the 
PC, the presence of Ca(OH)2 in the highest-dosage 
NaOH-activated sample triggers the process of ASR 
and the formation of more ASR products. This can be 
used to explain the results in Table 4 where there is 
the highest volume of Na-shlykovite formed in this 
cement among all the AAMs simulated.

The role of Al in mitigating ASR in blended Port-
land cements is widely reported, and it can act either 
by slowing the dissolution of soluble silica from 
reactive aggregates [57, 58], or because it decreases 
the available alkali in the pore solution by dilution 
effects [16, 59, 60]. This inhibition is more notable 
in the presence of Al-rich supplementary cemen-
titious materials such as metakaolin and fly ash. 
However, the analysis here focuses on GGBFS with 

intermediate Al content, and according to the phase 
assemblages shown in Fig.  1, most of the Al reacts 
with other ions to form hydrate phases rather than 
remaining available for interactions in ASR-related 
processes. Therefore, this study does not cover 
detailed discussion of the role of Al.

The simulation results here indicate that the 
restricted Ca availability, in conjunction with the 
alkali ions, has a greater influence on ASR than the 
higher alkalinity of the pore solution. The presence of 
less Ca in the AAM precursors such as GGBFS may 
become an advantage instead. Although experimen-
tal results do not often quantity the amount of ASR 
products, the relatively limited formation of shlyko-
vite-type phases in AAM simulations supports the 
observed better performance in terms of ASR resist-
ance for AAMs than PC.

5  Limitations and perspectives

The simulations here successfully predicted the for-
mation of shlykovite-type ASR products in AAM 
systems with different activators. However, there 
exist some limitations that need to be clarified. 
Firstly, the predictions of ASR formation are diffi-
cult to compare with experiments, as there are few 
published testing methods that correspond to the 
conditions simulated; ASR testing is almost always 
conducted at elevated temperature, but we have 
focused here on ambient temperature to better repre-
sent field conditions. Therefore, more work should 
be done to investigate the amounts and details of 
any ASR products formed, ideally using long-term 
aged AAM samples. Also, the shlykovite-type 
ASR product is not the only possible type of ASR 
phases, but some others are not yet thermodynami-
cally described, and so more of these types of prod-
uct need to be included in the database. However, 
the aim of thermodynamic modelling as used here 
is to generate data that are difficult to obtain from 
experiments, but relatively more accessible by sim-
ulation. In terms of the database and future model 
development, the binding of alkalis by C-S–H type 
phases has been improved over the past decades by 
using different structural and sorption models, but 
there is still significant scope for improved under-
standing and description of both cation and anion 

Fig. 5  The relationship between the concentration of Ca 
in the pore solution of AAM and the volume of Na-shlyko-
vite formed in the process of ASR, with different dosages of 
NaOH. The dosages where no ASR products form are not dis-
played here
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sorption on cementitious hydrate phases, which is a 
significant opportunity for future improvements in 
the outcomes of models such as the one presented 
here.

6  Conclusions

The development of thermodynamic modelling 
approaches based on an updated database for ASR 
products allows researchers to make comparison 
between experiment and modelling. In this study we 
investigated ASR in alkali-activated slag cements 
by changing the types, dosages, and modulus of 
activators (NaOH,  Na2SO4,  Na2CO3,  Na2SiO3), 
using a two-step simulation method. The solution 
chemistry and phase assemblage after hydration 
were obtained and analysed to further explain the 
trends for the formation of ASR products. The con-
clusions are as follows:

(1) Compared with Portland cement, there is no 
K-shlykovite and much less Na-shlykovite 
formed in the simulations of alkali activated 
cement. Na-shlykovite was formed only with 
0.5–2% and 8% equivalent  Na2O added as NaOH, 
and only formed at the lowest dosage simulated 
(2%) for the rest of the activators. For waterglass 
activation, the volume of ASR products increases 
when increasing the waterglass modulus.

(2) Combining the results of solution chemistry and 
phase assemblages, for those samples which 
form Na-shlykovite, the main reason for this is 
the higher concentration of Ca in the pore solu-
tion after hydration, and the formation of less 
potentially-reactive Ca-bearing hydration prod-
ucts. This reason can also apply for the silicate-
activated GGBFS with different modulus values 
that influence the availability of soluble  SiO2. 
The concentration of alkali is not the sole con-
trolling factor for the formation of ASR products, 
even though there is a much higher concentration 
of alkali in the pore solution of alkali-activated 
cement. Portlandite was found in the simulated 
phase assemblage when the dosage of NaOH 
increased to 8% equivalent  Na2O, which also trig-
gers the process of ASR.
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