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a School of Civil Engineering and Hydraulic, Huazhong University of Science and Technology, Wuhan 430074, China
b Faculty of Civil Engineering and Geosciences, Delft University of Technology, Stevinweg 1, 2628 CN Delft, the Netherlands
c Chair of Mechanics of Engineering, Materials, Bauhaus-Universität Weimar, Coudraystraße 11A, Weimar 99423, Germany
d PSI Center for Nuclear Engineering and Sciences, Paul Scherrer Institut, Forschungsstrasse 111, 5232 Villigen PSI, Switzerland

A R T I C L E  I N F O

Keywords:
Alkali-activated material
Atomistic simulation
Thermodynamics
Microstructure
Multi-scale modeling

A B S T R A C T

Alkali-activated materials (AAMs) are a class of potentially eco-friendly construction materials that can 
contribute to reduce the environmental impact of the construction sector by offering an alternative to Portland 
cement (PC). With the rapid development of both computational capabilities and theoretical insights into alkali- 
activation reaction processes, there has been a surge in research activities worldwide, leading to a growing 
demand for computational methods that can describe different characteristics of AAMs. This review summarizes 
the collective efforts made in the past two decades on this topic, and highlights the most relevant results and 
advances in the aspects of atomistic simulation, thermodynamic modeling, microstructure/− based simulation, 
and multi-scale modeling. The gaps and challenges in current numerical research on AAMs are pointed out and 
discussed in comparison with PC-based materials. This review aims to provide a critical overview of the state-of- 
the-art in modeling and simulating AAMs, while also outlining potential avenues for future development.

1. Introduction

Alkali-activated materials (AAMs) have gained popularity as low- 
carbon construction materials due to their ability to significantly 
reduce the carbon dioxide footprint and improve concrete production 
sustainability. Besides the opportunity for significantly reducing envi
ronmental impact, AAMs also have the potential to achieve comparable 
or even superior performance properties to PC-based materials [1–4]. 
Therefore, AAMs show promising potential for use in the construction 
materials industry [5–7].

Numerical models are useful vehicles for comprehending and 
describing the engineering properties of construction materials, 
providing us with an important numerical study route in addition to 
experimentation [8,9]. Interest in the modeling and simulation of PC 
and AAMs has increased continuously and rapidly, parallel to the fast 
evolution of computational power and technology. The great driving- 
force for modeling and simulation of AAMs results from their prom
ising sustainability as well as diversity and complexity. While many 
numerical models have been well developed and widely used in the 
studies of PC-based materials, such as the hydration and microstructure 
simulation models HYMOSTRUC [10] and CEMHYD3D [11], they are 

not immediately applicable to AAMs due to intrinsic differences in at 
least three aspects: 

• Raw materials. Precursors and alkaline activators are two raw ma
terial components of AAMs that evidently differ from those of PC. 
Precursors of AAMs stem from a wide variety of local sources and 
differ greatly in chemical and physical properties, such as chemical 
composition and reactivity on the one hand, and particle size dis
tribution and specific surface area on the other hand [12,13]. In 
addition to the precursor, the alkaline activators used in AAMs also 
exhibit great diversity, illustrated by the type of alkali ion (sodium or 
potassium) as well as the alkaline salts, such as sodium sulfate and 
sodium carbonate, etc. [13,14]. In comparison with PC that shows 
relatively well-defined clinker mineral compositions and corre
sponding explicitly defined hydration reactions, the mineral 
composition and reactivity of the amorphous phases in the precursor 
are not always clearly known, and the reaction of multiple amor
phous phases with the alkaline activator (when present, e.g. in fly 
ash) is often described in bulk rather than phase-specific terms.

• Reaction products. The reaction products of AAMs exhibit a wide 
range of diversity and differ significantly from those of PC-based 
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materials, as illustrated in Table 1. According to the calcium content 
of the amorphous phase in the precursor and the type of the primary 
reaction product, AAMs are typically categorized into alkali- 
activated high-Ca, low-Ca and medium-Ca systems [13,15,16]. The 
alkali-activated high-Ca system is represented by alkali-activated 
slag, which produces an alkali calcium-aluminosilicate hydrate (C- 
(N-)A-S-H) type gel as its primary reaction product. The alkali- 
activated low-Ca system is represented by alkali-activated fly ash 
or metakaolin, which produces a three-dimensional hydrous alkali- 
aluminosilicate (N-A-S-H) type gel as its primary reaction product. 
The alkali-activated medium-Ca system is represented by a blend of 
alkali-activated slag and fly ash, whose primary reaction products 
are co-existing C-(N-)A-S-H and N-A-S-H gels. In addition to the 
primary reaction product, the secondary reaction products of AAMs 
are also diverse, depending on not only the type and composition of 
the precursor but also on the type of alkaline activator and curing 
conditions [17,18].

• Pore solution chemistry. Due to the presence of the alkaline activator, 
the pore solution of AAMs can have a higher ionic strength than that 
of PC-based materials, with particularly high concentrations of so
dium and hydroxide ions, and also silicate ions at early age before 
they are incorporated into binding phases [20–22]. The complex 
pore solution composition influences the thermodynamics [23,24], 
kinetics [25,26] and durability [27,28] of AAMs. Therefore, it is 
important and necessary to carefully consider the chemistry of the 
pore solution in modeling and simulation of AAMs, even though it is 
often overlooked in the modeling and simulation of PC-based ma
terials [10,11].

It is important to note that the raw materials, reaction products, and 
pore solution chemistry of AAMs are not independent of each other, but 
rather, they all strongly influence each other. This adds to the 
complexity of modeling and simulating AAMs. Although the intrinsic 
diversity of AAMs motivates increasing research efforts in modeling and 
simulating them, it also presents challenges. These challenges are 
especially apparent when compared to the advanced computational 
means available for PC-based materials. To gain a clear knowledge of 
these challenges and gaps, a comprehensive review of the state-of-art in 
modeling and simulation of AAMs is necessary. This is the core aim of 
the current paper.

Fig. 1 classifies the types of numerical studies that have been carried 
out for AAMs. From the multi-scale viewpoint, numerical studies of 
AAMs can be classified into: (i) atomistic simulations of C-(N-)A-S-H and 
N-A-S-H gels, (ii) thermodynamic modeling of reaction products 
assemblage, (iii) simulation of microstructure formation and 
microstructure-based modeling of properties, and (iv) multiscale 
modeling of meso and macro properties of AAMs. It should be noted that 
although multiscale modeling has been usually used to study meso/ 
macro properties of AAM mortar/concrete, it does not mean that it could 
not be applied to study the properties of AAMs at micro-scale and even 
below. In addition to the scale-dependent numerical studies, kinetic 

modeling is also applied to analyze the material evolution of AAMs over 
time. Since the simplified empirical kinetic models are not within our 
scope, the present review aims to highlight the most significant results 
and advancements in the first four aspects over the past two decades. 
More information on the kinetic modeling could be referred to [29]. 
Since this review is more focused on the microstructure-based multiscale 
modeling, empirical or semi-empirical models for physical properties of 
AAM mortar/concrete are not covered, although there are plenty of 
studies on that in the literature [30–32]. The present review shall pro
vide a reference for evaluating recent advances in modeling and simu
lation approaches, and further perspectives for future computer-based 
investigations and developments regarding AAMs.

2. Atomistic simulation of C-(N-)A-S-H and N-A-S-H gels

The dominant reaction product phase in AAMs is C-(N-)A-S-H gel or 
N-A-S-H gel, depending on the Ca content in the system [13]. The C-(N-) 
A-S-H and N-A-S-H gels are the unique reaction products in AAMs, 
whose composition and structure differ from the calcium silicate hydrate 
(C-S-H) type gel in PC-based materials, and notably they play a crucial 
role in determining the mechanical properties and long-term durability 
of AAMs. In parallel with physical experiments, atomistic simulation 
tools such as density functional theory (DFT), molecular dynamic (MD) 
simulation and Grand Canonical Monte Carlo (GCMC) simulation can 
also provide valuable insights into the atomistic structure, intrinsic 
mechanical properties and transport-related issues of these gels.

2.1. Atomistic simulation of C-(N-)A-S-H gel

Compared to C-S-H gels in PC-based systems, the C-(N-)A-S-H gel in 
high-Ca AAMs shows lower Ca/Si ratios (0.6–1.2) and higher Al/Si ra
tios (0.1–0.3) [33–35]. This diverging chemical composition entails also 
different atomistic structures and local ordering [36–38], mechanical 
properties [39–42] and durability performance from C-S-H gels [43–46].

As a consequence of the lower Ca/Si ratios, the gel in high-Ca AAMs 
systems exhibits a longer mean chain length (MCL) than that in PC-based 
systems [47,48]. Moreover, the presence of Q3 and Q4 units has been 
detected in both experimental and simulation studies [36,47]. This in
dicates the formation of both crosslinked C-(N-)A-S-H gels (containing 
Q3 sites) and also a N-A-S-H gel component (Q4 sites) in high-Ca AAMs 
[36]. It was reported that the Al–Si substitution predominantly occurs 
in the bridge site of silica chains, which facilitates cross-linking between 
adjacent silicate layers [37,49]. Churakov and Labbez [49] further 
claimed that the chemical affinity of aluminum to C-S-H is influenced by 
both electrostatic interactions and the aqueous molar ratio of Al(OH)4

− to 
Si(OH)3O− . The strongest Al affinity is noted at a pH around 11.5, 
aligning with the maximum concentration of SiO(OH)− surface species. 
It is interesting to note that the Ca–Al substitution was also confirmed 
by experimental methods [50], which have been successfully repro
duced by atomistic simulation [37]. The results demonstrate that Al can 
exhibit penta- or octahedral coordination with surrounding water mol
ecules, which promotes the lengthening of silica chains and enhances 
the cross-linkage between layers. Furthermore, the structure of C-(N-)A- 
S-H gel can also be altered by alkali metal ions like Na+ and K+ ions. The 
addition of alkali metal ions leads to a decrease in basal spacing, mean 
silicate chain lengths, and the degree of silicate polymerization, as 
indicated by DFT results [51]. According to experimental and simulation 
works, representative models of (A) cross-linked and (B) non-cross- 
linked C-(N-)A-S-H gels in AAM systems were proposed by Myers 
[33,52], as depicted in Fig. 2. Those structural descriptions have opened 
further opportunities for detailed analysis and simulation of complex 
chain-structured silicates that are relevant to higher‑calcium AAM 
binders [39].

Wan et al. [40] investigated the mechanical performance of C-A-S-H 
gel in alkali-activated slag. Molecular models of C-A-S-H gel with 
different Al/Ca ratios were constructed by introducing the Al3+ ions into 

Table 1 
Reaction products of AAMs and PC-based materials [19].

Reaction 
products

OPC AAMs

Alkali-activated slag Alkali-activated fly ash

Primary C-S-H C-(N-)A-S-H N-A-S-H

Secondary
CH, 
AFm, 
AFt

Hydrotalcite, potentially 
AFm (e.g. C4AH13, 
C2ASH8, C4AcH11, 
C4AcH12) depending on 
activator, sometimes N- 
A-S-H

Hydroxysodalite, zeolites 
including Na-chabazite, 
faujasite, zeolite P 
(N3A3S14H15), zeolite LTA, 
and others

Notation/abbreviations: C = CaO, S = SiO2, A = Al2O3, N = Na2O, H = H2O, c =
CO2, AFm = monosulfate aluminate hydrate, AFt = ettringite
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the interlayer region of C-S-H, as shown in Fig. 3(A). The uniaxial ten
sion simulation results indicated that at an Al/Ca ratio of 0.08, the 
cracks generally initiate in the interlayer region. This area is abundant in 
fragile hydrogen bonds and Ca-Ow connections, potentially leading to 
the brittle failure of C-A-S-H gel. Additionally, at a high Al/Ca ratio, the 
branched Al-O-Si structures can bridge neighboring calcium silicate 
sheets, strengthening the weak interlayer region. During the tensile 
fracture process, aluminate atoms can reorganize to resist tensile loading 
and slow down the propagation of cracks, which is beneficial for the 
enhancement of the mechanical properties of C-A-S-H gel, as shown in 
Fig. 3 (B) and (C). Subsequently, the same research group conducted 
further atomistic simulations on C-A-S-H gels and found that the gels 
with extended Al–Si chains exhibit desirable loading resistance and 
cohesive strength [39,41]. Interestingly, the mechanical behavior of the 
C-A-S-H gel is associated with the depolymerization of silicate- 
aluminate chains and the hydrolysis of interlayer water molecules dur
ing the tensile failure process. Zhang et al. [42] explored the adhesion 
properties between polyvinyl alcohol (PVA) fibers and C-(N-)A-S-H gel 
by MD. They discovered that the adhesion between PVA fiber and the gel 
with high Ca/(Si + Al) ratios (>1) primarily results from the electro
static interaction between the hydroxyl group in PVA and the alkali 

metal ions in C-(N-)A-S-H gel. Conversely, when the Ca/(Si + Al) ratios 
decreases to <1, the adhesion is mainly attributed to hydrogen bonding 
between PVA and C-(N-)A-S-H gels.

With regard to durability issues, several works have investigated 
chloride penetration and sulfate attack on C-(A-)S-H gels. It was re
ported that Al–Si substitution can enhance the reactivity of bridging 
oxygen sites in Si-O-Al, thereby increasing the hydrophilicity of C-A-S-H 
gels [39,43,44]. This substitution results in a greater negative charge 
increment of oxygen atoms in the gel at the C-A-S-H interface, leading to 
a more significant polarization of the dipole moment of water molecules 
on the surface. Consequently, it reinforces the interfacial hydrogen 
bonds and prolongs the residence time of water around the aluminate 
sites [43]. Al–Si substitution provides additional charge on the oxygen 
sites that can associate with Na ions, forming more stable Na-OS bonds 
that greatly immobilize the cations, e.g. during the transport of NaCl in 
the gel pores (as depicted in Fig. 4). The diffusion coefficient of Na+

restricted within the nanometer-sized pores was found to be reduced by 
half in [44]. Additionally, the inner-sphere adsorption of Na+ on the C- 
A-S-H surface is conducive to the secondary outer-sphere adsorption of 
Cl− ions through formation of Na–Cl ionic pairs [43].

Researchers have also carried out atomistic simulations to explore 

Fig. 1. Modeling and simulation of AAMs on different length and time scales.

Fig. 2. Schematic diagrams of the nanostructures of (A) cross-linked and (B) non-cross-linked C-A-S-H gels with finite chain length [52]. The Ca species in the Ca–O 
sheet are represented by grey diamonds, while the red and blue triangles correspond to the aluminosilicate units in paired and bridging sites. The green circles and 
yellow squares are assigned to positively charged species, such as H+, Ca2+, or alkali ions like K+ or Na+, which neutralize the structure as a whole. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the resistance of C-(A-)S-H gels to sulfate attack. Liu et al. [45] inves
tigated the effect of pH on the gel structure subjected to sulfate attack by 
using coupled experimental techniques and atomistic simulation. Both 
the experimental and simulation results showed that the interlayered Ca 
can become debonded under sulfate attack, which promotes the for
mation of oligomers in situ and increases the MCL of the C-S-H. Ding 
et al. [46] reported that sulfate attack can also cause the dealumination 
of C-A-S-H gels. Their molecular dynamic simulation results show that 
the interlayered Ca can be extracted by sulfate ions through the process 
of diffusion-absorption-dissociation, but the presence of Al can stabilize 
the gel structure and prevent the leaching of Ca.

So far, most atomistic simulation studies have focused on the C-(A-) 
S-H gel, which is the representative gel, with a low Al/Si ratio (0–0.05) 
and zero Na content, which is relevant to PC-SCMs blended systems. 
Atomistic simulation of the effect of higher Al/Si ratios (0.1–0.3) on the 
mechanical properties and durability of gels in high-Ca AAMs systems 
are less extensive and much of the behavior of these gels remains to be 
explored. It has been claimed that alkali metal ions, i.e. Na+ and K+, 
have weak binding in the interlayer of gels, which is considered to have 
limited impacts on the gel structure [53], although experimental studies 
have found significant differences in structural ordering with and 
without alkali cations [38]. However, in a recent publication [54], the 
structural change of gels in alkali-activated slag pastes after long-term 
water immersion was found. The leaching of pastes resulted in a mar
ginal reduction in the Ca/Si ratio but a significant decrease in the Na/Si 
ratio, implying that the removal of sodium from the gels can alter the gel 
structure [55]. It is hoped that in future, the role of alkali ions in the C- 
(N-)A-S-H gels could be revealed in more detail using simulation 
methods. Improving the precision of gel construction is also tricky and 
essential.

2.2. Atomistic simulation of N-A-S-H gel

Atomistic simulation of N-A-S-H gel has been performed using MD 
simulation in several published works. GCMC simulation and DFT are 
also used in a few studies, but are limited by slow convergence or high 
computational cost [56]. Recent studies on the atomistic simulation of 
the N-A-S-H gel mainly focus on the reaction of its formation [57–59], 
nano-structural characterization [58,60–63], mechanical properties 
[64–67] and durability-related issues [68–73].

N-A-S-H gel forms as a result of the alkaline activation of alumino
silicate precursors, but only a few MD studies are devoted to simulating 
the alkali-activation reaction at the atomic scale. Although the geo
polymerization process was modeled through the reaction among sili
cate and aluminate monomers in [57,58], the dissolution of precursors 
during the alkali-activation reaction was not considered. Hou et al. [59] 
modeled the reaction between metakaolin and sodium hydroxide 
through MD simulation. However, only silicates were dissolved from 
metakaolin, while aluminates were found stable during the reaction. 
Overall, the dissolution behavior of precursor and geopolymerization 
have been investigated at the molecular scale, respectively, while atomic 
simulation of the entire alkali-activation reaction, from the dissolution 
of precursor to the formation of N-A-S-H gel, needs to be further studied.

One commonly focused concern in atomic simulation of N-A-S-H gel 
is its nano-structural characteristics. N-A-S-H gel is generally considered 
as a 3D network of cross-linked Si and Al tetrahedral, as shown in Fig. 5. 
Penta-coordinate Al, previously believed to exist only in the precursor, 
has been found in N-A-S-H gel [58,61,63], but was not found in [57,60]. 
Despite maintaining a 3D structure, a lower Si/Al ratio in N-A-S-H gel 
can result in a more compact structure with more Q3 and Q4 [57,58]. 
Water content also affects the structure of N-A-S-H gel. Lyngdoh et al. 
[74] claimed that a high water content decreases Q4 and Al(V), while the 
results by Zhang et al. [63] were partly contradictory, showing more Al 

Fig. 3. (A) Schematic illustration for the C-A-S-H gel model construction procedure; (B) Stress-strain relation along x, y and z directions for the C-A-S-H gel with Al/ 
Ca = 0 and (C) Al/Ca = 0.38 [40].
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(V) in the structure of N-A-S-H gel compared with that in the sodium 
aluminosilicate (N-A-S) without water. Apart from that, the positioning 
of water was found to affect the medium-range structure of N-A-S-H gel 
[75]. The structure factor of N-A-S-H gel with interlayer water matched 
well with neutron pair distribution function (PDF) experimental results. 
The soundness of N-A-S-H gel models can also be validated by com
parison with various other experimental results including XRD [58,62], 
FTIR [76], and NMR (Qn fractions) [57,58]. Although some inconsistent 

results have been found, probably due to different construction methods 
and force fields, the overall understanding of the structure of N-A-S-H 
gel has been improved through atomic simulation. It is, however, 
essential that in the construction of N-A-S-H model, the role and 
importance of water can be described correctly through careful model 
design; some published studies which present an anhydrous amorphous 
N-A-S phase and claim that it represents AAM binding phases are likely 
to introduce structural errors for this reason, and must be viewed with 

Fig. 4. Schematic representation of the transport of NaCl solution within C-A-S-H gel pores [43].

Fig. 5. Model structures of N-A-S-H with different degrees of disorder [60].
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caution.
The mechanical behaviors of the N-A-S-H gel, including properties 

such as elastic modulus, tensile strength and fracture toughness, have 
been mainly studied by a tensile deformation test in MD simulation. It 
has been found that the mechanical properties of N-A-S-H gel are 
significantly affected by its chemical composition. There is still a debate 
about the optimal Si/Al ratio to obtain maximum elastic modulus and 
tensile strength [61,62,65]. The tensile strength of N-A-S-H gel is 
believed to be influenced by the fractions of penta-coordinate Al, 
bridging oxygens, and Si-O-Si bonds [61,65], while the elastic modulus 
is more related to the fraction of hydroxyl groups and network 
complexity [65]. Increasing water content in N-A-S-H gel also resulted in 
a decrease in its tensile strength [63,64]. Fracture toughness of N-A-S-H 
gel has also been calculated from the simulated tensile stress–strain 
curves (see Fig. 6) in [74], and showed a good correlation with the 
available experimental results [67]. Sadat et al. [76] carried out a 
simulated nano-indentation test via MD to study the mechanical prop
erties of the N-A-S-H gel, and found that the hardness of N-A-S-H gel is 
strongly dependent on the indenter size, loading rate, and Si/Al ratio. 
The interfacial interactions between N-A-S-H gel and fibers have also 
been studied through a simulated pull-out test using MD [77]; again, the 
Si/Al ratio and internal moisture content in N-A-S-H gel significantly 
influence the bonding strength between N-A-S-H gel and the fiber.

Atomistic simulation of N-A-S-H gel can also provide valuable in
sights into the mechanisms that control durability-related performance 
aspects of geopolymers. The adsorption and mobility of ions are critical 
concerns because they are closely related to leaching, immobilization, 
and chemical attack. The mobility of sodium was reported to decrease 
with an increase in the Si/Al ratio, because the N-A-S-H gel tends to form 
a structure with more small rings, thereby limiting the mobility of so
dium [68]. It was also found that increasing water content promoted the 
diffusion of sodium [64,68]. However, the opposite trend was reported 
in [63], which claimed that sodium in N-A-S-H became much more 
stabilized in the presence of water due to the formation of Na-OH bonds 
and enhancement of the electrostatic attraction between sodium and 
AlOn units. Resolving these discrepancies between different studies 
could help to explain the alkali leaching and/or efflorescence problems 
faced by some geopolymers in service, but needs further development.

As shown in Fig. 7, leaching behavior of Na from the N-A-S-H matrix 
to a bulk solution has been simulated in [69], which modeled the attack 
of Na2SO4 and MgSO4 solutions on N-A-S-H gel. Chloride ions are 
weakly adsorbed by N-A-S-H gel, as the intrinsically negatively charged 
aluminosilicate surface does not attract the chloride ion [70], and the 
single positive charge on the sodium ions does not provide a high degree 

of charge screening or reversal in a double layer as is the case for higher- 
charged cations such as calcium. Bagheri et al. [71] also confirmed that 
chloride ion has less interaction with N-A-S-H gels at lower chloride 
concentrations or at higher temperatures.

The thermal resistance of N-A-S-H gel is also a topic of interest. Hou 
et al. [72] found that the structure of N-A-S-H gel at high temperatures 
became less connected, resulting in a reduction of its tensile strength and 
stiffness. However, the high temperature was found to contribute to a 
higher toughness of N-A-S-H gel.

Overall, atomistic simulations of N-A-S-H gel can offer some mean
ingful perspectives into the design of geopolymer materials with desired 
engineering properties, although with the obvious limitation that they 
cannot capture microstructural (or larger-length scale) influences on 
engineering properties. Some inconsistent results in the literature are 
mainly attributable to variations in the employed force fields, in simu
lation setup decisions by different researchers, and other factors. 
Generally, the accuracy of the simulation enhances successively when 
utilizing the DFT method, followed by ReaxFF, and then traditional force 
fields. Nonetheless, it is crucial to acknowledge that the choice of 
simulation method entails trade-offs. While high-accuracy methods like 
DFT can improve precision, they come at the cost of restricted model size 
and reduced computational efficiency. Striking a balance between ac
curacy and computational resources is essential. To further enhance the 
credibility of these simulations, further work should focus on comparing 
and validating the results with additional experimental data. The gap 
between the nano-scale and larger scales needs to be further explored in 
order to gain a deeper understanding of the behavior of N-A-S-H gel, and 
its implications for practical applications.

3. Thermodynamic modeling of AAMs

Thermodynamics plays an important role in understanding and 
describing the chemical reactions occurring in construction materials 
[78]. As illustrated in Fig. 8, the chemical reactions involved in AAMs 
also follow the laws of thermodynamics, although kinetic factors are 
clearly important. The relatively close approach to (stable or meta
stable) equilibrium that is observed through many stages of the reaction 
processes makes this a valuable tool in the analysis of AAMs.

Aluminosilicate precursors in AAMs start to dissolve as soon as they 
are mixed with an alkaline activator solution, because the aqueous 
phase is highly undersaturated with respect to the solid phases present, 
elevating the concentrations of aqueous ions in solution (see the red 
dashed curve). This process corresponds to the dissolution kinetics, 
continuously releasing the constituents of precursors into solution. 

Fig. 6. Tensile stress–strain response of the N-A-S-H structure with an initial flaw, for (A) 15% water content and (B) 20% water content [74].

Y. Zuo et al.                                                                                                                                                                                                                                      Cement and Concrete Research 189 (2025) 107769 

6 



Fig. 7. Snapshots of Na in the NASH matrix migrating into solution [69].

Fig. 8. A schematic representation of the application of thermodynamics in analyzing the reactions of AAMs. In the graph, [X, Y, Z] and [A, B, C] indicate the 
concentrations of aqueous ions X, Y, Z and A, B, C, respectively, and t is time that corresponds to the red dashed curve (kinetics).
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When the solution becomes saturated or supersaturated, specified solid 
reaction products thermodynamically tend to precipitate, with the 
consumption of aqueous ions that reduces the degree of supersaturation. 
According to the Ostwald step rule [79], the initially-formed solid 
phases are likely to be less stable than the final thermodynamically 
preferred products, and so it is possible that these will either evolve or 
re-form toward more stable structures. As a result, the concentrations of 
these aqueous ions in solution turn to decrease. Overall, the system will 
progressively evolve toward a state that minimizes its Gibbs free energy, 
although this process is subject to kinetic constraints that may, for 
example, greatly slow down dissolution reactions at later age due to 
surface blockage by dense reaction products. The precursors, which are 
intrinsically less stable (more reactive), are transformed to more stable 
binding phases.

Thermodynamic modeling of AAMs is usually performed using 
software tools by specifying a certain reaction degree of the precursors 
(i.e. describing kinetic effects essentially as an input to the thermody
namic model, potentially by passing information from a separately- 
calculated kinetic model). At each specified extent of reaction, equilib
rium between the solution and the solid reaction products is assumed. 
The accuracy and reliability of thermodynamic modeling results are 
determined by whether this assumption is sufficiently accurate under 
the given circumstances – and this is controlled in many simulations of 
cementitious materials by manually preventing the formation of certain 
phases which are known to form only very slowly – as well as the quality 
and completeness of the thermodynamic database for all constituents of 
the system, and the appropriateness of the activity coefficient model that 
is applied to describe non-idealities in the aqueous phase in particulate.

3.1. Thermodynamic database for AAMs

The thermodynamic database used to model AAMs is usually estab
lished based on the databases for PC-based materials, supplemented by 
introducing the solid phases that are uniquely identified as reaction 
products in AAMs depending on their calcium content [16,80,81]. As 
shown in Fig. 9, any of these unique phases can be included in the 
thermodynamic database, once their thermodynamic data are defined.

In experimental characterization of alkali-activated high-Ca systems 
(most commonly alkali-activated slag), C-(N-)A-S-H gel and Mg-Al 
layered double hydroxide (LDH) phases are identified as the key reac
tion products. In thermodynamic modeling of high-Ca AAMs, Myers 
et al. proposed ideal solid solution models CNASH_ss and MgAl-OH- 
LDH_ss to describe C-(N-)A-S-H gel and Mg-Al LDH phases, respec
tively [82,83]. The CNASH_ss model consists of eight end-members 
while the MgAl-OH-LDH_ss model contains three end-members. The 
thermodynamic properties (data) of those end-members were provided 
in [82,83]. The CASH+ model [84], designed for blended Portland 

cements, has also been extended to describe alkali substitution to form 
C-(N-)A-S-H; other alkali and alkali-earth cations are also allowed in that 
model to substitute into the interlayer of C-A-S-H using a sublattice- 
based structural description. The thermodynamic database Cemdata18 
[85] includes these reaction products, enabling its use in modeling Ca- 
rich-alkali-activated materials. It is maybe important to note at this 
point that thermodynamic modeling of alkali-activation of blast furnace 
slag often leads to the prediction that a large quantity of strätlingite will 
form at equilibrium. This trend is not generally reflected in experimental 
results, and this requires further investigation on both experimental and 
theoretical (database refinement) aspects, to resolve any uncertainty 
that exists.

N-A-S-H gels can form in parallel with these products in some acti
vated slag or blended AAM binders [24], and as noted above, these can 
either be described by analogy to zeolites, or modeled directly by using 
the growing body of solubility data available for them [86–88]. The 
thermodynamic properties of zeolites and similar phases, for example 
hydroxysodalite, Na-chabazite and zeolite P, and their potassium- 
containing counterparts, have been determined [89], and are incorpo
rated into the zeolite20/zeolite21 database which is consistent with 
Cemdata18 [90,91]. Other reaction products, such as calcium carbo− / 
sulfo-aluminate hydrates, hydrogarnets, and strätlingite, already exist in 
the thermodynamic database that is used for thermodynamic modeling 
of PC-based materials.

In alkali-activated low-Ca system with low to no calcium content in 
the precursors (e.g. alkali-activated fly ash or metakaolin), N-A-S-H gel 
is the primary, and often unique, reaction product. The other possible 
reaction products are mostly zeolites. However, the thermodynamic 
properties of N-A-S-H gel are less well known than C-(N-)A-S-H gel. The 
reason for this is the structurally disorder in the highly cross-linked 
aluminosilicate N-A-S-H gel, whose chemical composition depends on 
the precursor composition and alkali activation conditions [17,18]. 
Based on literature studies regarding the structure [92,93] and chemical 
composition [18,94,95] of N-A-S-H gel, Zuo proposed a solid solution 
model N(C)ASH_ss to describe the N-A-S-H gel in thermodynamic 
modeling of low-Ca AAMs [96]. This model contains eight end-members 
and their thermodynamic properties can be found in [96]. Among these 
solid solution end-members, the first four end-members are used to 
describe the N-A-S-H gel, while the other four end-members are used to 
consider the partial uptake of calcium by N-A-S-H gel due to the in
teractions between the N-A-S-H gel and the aqueous calcium. In the N(C) 
ASH_ss model, a 90% replacement of Na by Ca was applied according to 
[97]. However, this replacement ratio is in doubt and the amount of Na 
in the N-A-S-H that could be substituted by Ca needs further research. In 
a recent study, Chen et al. synthesized N-A-S-H with various Si/Al ratios 
and established their thermodynamic data, which contributes to a step 
further in the advancement of thermodynamic modeling of low-Ca 

Fig. 9. Construction procedure of the thermodynamic database for AAMs.
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AAMs [86].
In addition to low- and high-Ca type AAMs, high-Fe AAMs are 

gaining increasing attention in the scientific literature [98]. In com
parison to other main cementitious elements, such as Ca, Si and Al, the 
modeling of Fe uptake is more challenging because the reduction- 
oxidation potential of the system affects the aqueous speciation of Fe 
and the precipitation of Fe-containing phases. The Fe-containing phases 
mainly include Fe-Al-hydrogarnets [85], C-F-A-S-H gel [99], N-(A, F)-S- 
H gel [100], and N-F-S-H gel [101]. While Fe-containing hydrates, such 
as Fe-Al-hydrogarnets, are included in the Cemdata18 database for PC- 
based materials, appropriate thermodynamic data for high-Fe AAMs are 
either missing or (in some cases) identified as needing reassessment 
[102]. This is an important avenue for future advances in database 
development.

3.2. Approach of thermodynamic modeling

Thermodynamic calculations of cement solubility and precipitation 
processes are commonly conducted using two distinct, but comple
mentary approaches. In software tools such as GEM-Selektor V3 (http 
://gems.web.psi.ch/) [103,104], a system of equations describing the 
Gibbs free energy of the reaction system is established, and then the 
Gibbs energy is minimized by manipulating the species and phases 
present (while maintaining correct mass balance as a constraint); the 
combination of dissolved species and solids that gives the lowest Gibbs 
energy is defined as being the equilibrium state. Conversely, software 
tools can also use the law of mass action (i.e. linking aqueous and solid 
compositions via defined equilibrium constants for a set of possible re
actions) to search for an equilibrium state; PHREEQC [105] is a popular 
implementation of this approach. Both approaches should in principle 
give similarly correct outcomes if a high quality database (such as 
Cemdata18, which is available in both GEM-Selektor and PHREEQC 
formats) is selected, and if a sufficiently rigorous activity coefficient 
model is used to describe the aqueous phase. It is noted that the ther
modynamic properties of phases in the thermodynamic database are 
usually determined at 25 ◦C. The thermodynamic data for solids other 
than 25 ◦C are derived from the data at the reference temperature 
(25 ◦C) by a series of formulas. More details of the derivation can be 
found in [106,107].

In simulating cements, various relationships based on extensions of 
the Debye-Huckel equation are often used to calculate the ion activity 
coefficients. Eq. (1) gives one such model, the Truesdell-Jones formu
lation, which is often used in GEM-Selektor models for Portland cement 
hydration [108]: 

Log10γj =
− Aγz2

j

̅̅
I

√

1 + ȧBγ
̅̅
I

√ + bγI+ log10
xjw

Xw
(1) 

where γj and zj are the activity coefficient and charge of the aqueous 
species j, respectively. Aγ and Bγ are electrostatic parameters, I is the 
ionic strength of the aqueous electrolyte phase, xjw is the mole quantity 
of water and Xw is the total mole amount of the aqueous phase. ȧ and bγ 
are the average ion size and the parameter for common short-range in
teractions of the charged species.

Eq. (1) is generally considered to be useful up to ionic strengths of 
around 1 mol/kg H2O [108]; this is sufficient to describe Portland 
cement hydration, but in the early stages of reaction of AAMs, the ionic 
strength may be significantly higher, often up to 3 mol/kg H2O 
[21,109]. Activity coefficients in more concentrated solutions can be 
determined by using the Pitzer model [110], which is intended to be 
applicable up to ~6 mol/kg H2O [111], but which is rather complex in 
its parameterization and implementation. In the context of cements 
including AAMs, most thermodynamic modeling studies usually assume 
that using Eq. (1) to calculate ion activity coefficients would not 
significantly affect the modeling results. However, a recent thermody
namic modeling study reported an absolute difference of 2.5 g in the 

reaction products at early age for the activation of 100 g of slag, when 
comparing thermodynamic calculations using the Pitzer model and Eq. 
(1) [112]. To improve the accuracy of thermodynamic modeling results, 
it is recommended to more widely implement the Pitzer model, partic
ularly for modeling AAMs at early age with high ionic strength pore 
solutions.

3.3. Application of thermodynamic modeling to AAMs

Thermodynamic modeling has been applied for over 15 years [109] 
to the analysis of several types of AAM formulation, particularly at the 
higher‑calcium end of the compositional range, where the C-(N-)A-S-H 
models described above can be applied to describe the main reaction 
product. Myers et al. [24,82,83] predicted the phase diagrams of alkali- 
activated slag cements under various alkali activation conditions and 
with different chemical compositions of slag. Taking a sodium silicate 
activated slag as an example, Fig. 10 presents its phase assemblage 
evolution as a function of the degree of slag reaction by using thermo
dynamic modeling [83]. The predicted phase assemblages agreed rela
tively well with those determined experimentally [35,113,114]. 
Following these works, many other researchers have also performed 
thermodynamic modeling of alkali-activated slag cement, focusing on 
phase evolution and related physicochemical properties. Ye and 
Radlińska [115] used thermodynamic modeling to investigate the 
chemical shrinkage of alkali-activated slag and reported a prediction 
error margin of 5–19%. By combining a thermodynamic approach with a 
governing equation for reaction kinetics (see [29] for more discussion of 
this topic), Zuo et al. [116] performed thermodynamic modeling of 
alkali-activated slag over a time scale representing the reaction process, 
evaluating the pore solution chemistry, chemically bound water of C-(N- 
)A-S-H gel, reaction products assemblage, and chemical composition of 
the reaction products. This body of work has suggested that thermody
namic modeling is able to predict and investigate the physicochemical 
properties of alkali-activated slag cement.

Thermodynamic modeling has also been used to investigate the in
teractions between alkali-activated slag cement and potentially aggres
sive agents, to predict the durability of AAMs exposed to single or 
multiple factors [117–121]. Among those studies, Ke et al. [117] pro
posed a thermodynamic model to describe carbonate intercalated 
hydrotalcite and used this information to describe the phase assemblage 
change in alkali-activated slag cements when exposed to CO2 (see 
Fig. 11). The modeling results show that the slag chemistry significantly 
impacts the mass fractions of carbonation products that form, while the 
nature of the alkaline activator influences the phase evolution process 
and changes in pore solution pH under carbonation. For instance, the 
pore solution of sodium carbonate activated slag exhibited a higher pH 
than that of sodium silicate activated slag at the same carbonation de
gree. Later, Zuo established thermodynamic models to describe chlo
ride- and sulfate-intercalated hydrotalcites, and investigated the phase 
diagrams of alkali-activated slag cements subject to attack by chloride 
salt [118], sulfate salt [119], and both of these together [121]. The 
prediction results agree well with the experimental data retrieved from 
the literature, and it is interesting to note that the combined attack of 
chloride and sulfate salts exhibited additional coupling effects which 
promoted the formation of chloride-containing hydrotalcite and 
inhibited the formation of Friedel's salt and magnesium silicate hydrate. 
Additionally, Mundra et al. [122] used thermodynamic modeling to 
establish a lookup table-style database of binder mineralogy and pore 
fluid compositions for use in simulating the transport properties and 
mineralogical evolution of AAMs under chloride attack.

Conversely, the thermodynamic modeling of low-Ca and medium-Ca 
AAMs is rarely reported in the literature. This is mainly due to the lower 
availability of thermodynamic data for low-Ca AAMs, although efforts to 
resolve this deficit are underway in multiple laboratories worldwide. 
Based on the experimentally determined solubility products of synthe
sized N-(C-)A-S-H [86], Chen et al. conducted thermodynamic modeling 
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of alkali-activated fly ash and reported that the modeled compositions of 
the solid reactions products and pore solution are well aligned with the 
experimental ones [123]. Zuo conducted thermodynamic modeling of 
low-Ca and medium-Ca AAMs as shown in Fig. 12 [96]. For the alkali- 
activated fly ash, the modeling results showed that an increase in the 
content of Na2O in the alkali activator decreased the formation of N-(C-) 
A-S-H gel, while an increase of the alkali activator modulus resulted in 
its increased formation. These modeling results are consistent with 
experimental observations [124]. For the alkali-activated slag-fly ash 
blend, the modeling results showed the co-existence of C-(N-)A-S-H and 
N-A-S-H gels, with C-(N-)A-S-H making a greater volumetric 

contribution to the system than N-A-S-H, aligning with the experimental 
findings [16,80,81]. Recently, Chen et al. [125] used the N(C)ASH_ss 
model to simulate the phase assemblages of alkali-activated municipal 
solid waste incineration (MSWI) bottom ash pastes, and concluded that 
the modeling results can be used as references for the mix design of 
MSWI bottom ash based AAMs. It is worth noting that the N(C)ASH_ss 
model for describing the N-A-S-H gel was established semi-empirically 
based on experimental observations, and its accuracy thus depends on 
the quantity and quality of experimental data that were used to derive 
the model. Although the modeling results show a satisfactory agreement 
with experimental observations, more experimental solubility data are 

Fig. 10. Thermodynamic modeling of a sodium silicate activated slag predicts the phase assemblage (in the calculations, water/solid = 0.4, Na2O/slag = 4%, Na2O/ 
SiO2 = 1) [83].

Fig. 11. Thermodynamic modeling of the phase evolution and pore solution pH value of sodium silicate activated slag cement under stepwise accelerated 
carbonation (in the calculations, water/solid = 0.40, Na2O/slag = 4%, Na2O/SiO2 = 1, reaction degree of slag = 70%, and concentration of CO2 = 1%) [117].
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needed for improving the thermodynamic data quality of N(C)ASH_ss in 
support of modeling of lower-calcium AAM binders.

So far, thermodynamic modeling has been widely used to investigate 
high-Ca AAMs and achieved fruitful results, while it is still limited for 
low-Ca and medium-Ca AAMs due to the underdeveloped thermody
namic model for describing the N-A-S-H gel. Thus, more work should be 
devoted to the development of a thermodynamic model for the N-A-S-H 
gel and thermodynamic modeling of low-calcium AAMs. The phase 
evolution of AAMs involves the coupling of thermodynamics and ki
netics, particularly for the cases of interactions with aggressive envi
ronmental conditions. However, the current thermodynamic modeling 
of AAMs does not in general feature detailed kinetic descriptions, which 
introduces some uncertainty into the models. Therefore, kinetic issues, 
such as the dissolution rate of aluminosilicate precursors, reaction rate, 
and diffusion coefficients, should be taken into account in future ther
modynamic studies where possible. In studying the durability perfor
mance of AAMs, the phase evolution, microstructural damage, and ionic 
transport are inter-dependent aspects, and more efforts should be 
devoted to interconnecting their respective effects in establishing a 
chemical-damage-transport model. Last but not the least, thermody
namic modeling shows great potential in guiding mix design of AAMs 
[126], and thus more work are recommended in this regards.

4. Simulation of the microstructure formation and 
microstructure-based modeling of AAMs

With the continuous growth of reaction products as precursors 
dissolve and binding phases precipitate, the microstructure of AAMs 
forms. During this process, capillary and gel pores are gradually filled 
and blocked, resulting in a finer and finer pore structure. The micro
structure as well as the pore structure of AAMs have substantial effects 
on the mechanical properties (e.g. strength and fracture energy etc.) 
[127], volume stability (e.g. shrinkage and creep properties) [128], and 
durability performance (e.g. resistance to transport of water and ions) 
[129]. Therefore, microstructure-related numerical research on AAMs 
has attracted increasing attention. The current numerical studies of the 
microstructure of AAMs can be mainly grouped into: (i) simulation of 
microstructure formation, and (ii) microstructure-based modeling of 
material properties.

4.1. Simulation of the microstructure formation of AAMs

Many numerical models to simulate the micro- and pore structure 
development of PC-based materials have been developed and published. 
For instances, CEMHYD3D [11], μic model [130] and HYMOSTRUC 

[10] are three of the most widely used numerical modeling frameworks 
for studying the microstructure formation of PC-based materials. How
ever, these were originally designed for PC-based materials and are 
therefore not directly capable of numerically studying the microstruc
tural evolution of AAMs. This is because the raw materials, reaction 
mechanism and microstructural development of AAMs are inherently 
different from those of PC-based materials, as discussed above. In this 
situation, it is necessary to develop the model from a new modeling 
point of view by considering the intrinsic characteristics of AAMs. To 
date, however, few models have been reported that describe the simu
lation of the microstructural formation of AAMs; the GeoMicro3D model 
is one such model that is available [96]. In the following paragraphs, this 
review will introduce and discuss the GeoMicro3D model and its po
tential limitations that require further research efforts.

The microstructural development of AAMs is accompanied by a 
number of physical and chemical processes. These include the initial 
geometrical particle arrangement of precursor grains within the alkaline 
activator solution, dissolution of precursor grains, diffusion/transport of 
aqueous ions, chemical reactions of ions, and nucleation and growth of 
reaction products. These processes are interdependent and determine 
the microstructural evolution of AAMs. By modeling these processes, 
Zuo and Ye [131] proposed a novel framework (GeoMicro3D) for 
developing numerical models to mimic the microstructure evolution of 
AAMs. Fig. 13 illustrates the scheme of this numerical framework, which 
consists mainly of five numerical modules. The first module aims to 
generate the initial structure of real-shaped precursor grains within a 
volume of alkaline activator solution. The second module simulates the 
dissolution process of precursor grains. The third module simulates the 
transport of aqueous ions using the lattice Boltzmann method. In the 
fourth module, the reactions of aqueous ions are simulated and the 
corresponding reaction products are quantified by means of thermody
namic modeling. In the last module, a nucleation probability theory is 
applied to account for the nucleation and growth of reaction products in 
the simulation system. In this way, the reaction process and the micro
structural evolution of AAMs can be numerically simulated.

Later, Zuo et al. [96,132] implemented this numerical framework to 
simulate the reaction process and microstructure evolution of alkali- 
activated slag. The simulation results were discussed and compared 
with the relevant experimental data, such as the degree of reaction of 
slag and the composition of the pore solution, demonstrating a good 
agreement between the comparisons. Fig. 14 shows an example of the 
simulated microstructures and their corresponding pore size distribu
tions for an alkali-activated slag cement paste at different curing times. 
These images show that reaction products grow, the microstructure 
evolves, and thus the pore structure gradually refines over time. In 

Fig. 12. Simulated phase evolution of (A) sodium hydroxide activated fly ash and (B) sodium silicate activated slag-fly ash blend (in the calculations: (A) water/fly 
ash ratio––0.35, Na2O/fly ash ratio––6.2%, and reaction temperature = 60 ◦C; (B) slag/fly ash = 1:1, water/binder ratio = 0.40, Na2O/binder ratio = 6%, activator 
modulus = 0.93, and reaction temperature = 20 ◦C) [96].
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addition to the microstructural evolution, more information about re
action kinetics, pore solution chemistry, and volume evolution of phases 
can also be simulated, and water permeability and chloride diffusivity 
can also be described. A detailed comparison and discussion of these 
aspects can be found in [96,132]. In a recent study, GeoMicro3D was 
implemented to study the reaction and microstructure development of 
one-part alkali-activated slag and the results demonstrated the 

rationality of this model [133].
Although the GeoMicro3D model has been successfully implemented 

to study the alkali-activated slag system, it still needs to be improved 
and extended further. In addition to those already mentioned, the 
following are three important aspects to which more efforts should be 
directed in the future: 

Fig. 13. Modeling scheme of the microstructure in AAMs [131].

Fig. 14. Simulated 3D microstructures and particle size distributions of an alkali-activated slag paste at different curing times, using the GeoMicro3D 
model [96,132].
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• Heterogeneous phase distribution of phases in precursors: When Geo
Micro3D was implemented for the simulation of alkali-activated slag, 
the distribution of elements in the slag was assumed to be homoge
neous. This modeling strategy sounds reasonable as slag consists of 
>95% vitreous phase. However, it should be noted that fly ash grains 
typically contain about 30% of crystalline phases in addition to the 
vitreous phase (or phases) present. Furthermore, the vitreous and 
crystalline phases in fly ash are heterogeneously distributed (see 
Fig. 15). Obviously, the heterogeneous distribution of phases affects 
the dissolution kinetics of fly ash, which further has a significant 
impact on the geopolymerization process and microstructure devel
opment of alkali-activated fly ash [134]. Therefore, future work 
should be undertaken to consider the heterogeneous distribution of 
phases in precursors when modeling the dissolution process of pre
cursors in the implementation of GeoMicro3D.

• Relaxation time scheme: Computational efficiency is an important 
aspect that a numerical model should consider. In GeoMicro3D, 
AAMs are digitized into lattice cells and the lattice Boltzmann 
method is used to simulate the transport of ions. A single relaxation 
time scheme was used to simplify the implementation of this method. 
However, according to [136], this implementation is not computa
tionally efficient as it requires a large number of iterations. 
Conversely, multi-relaxation time schemes could reduce the number 
of iterations needed to reach the steady state [136]. Therefore, the 
application of multi-relaxation time schemes should be considered as 
a way to improve the computational efficiency.

• Model parameters: The GeoMicro3D model has many model param
eters. However, most of these parameters were unknown. To address 
this issue, a parametric study was carried out by comparing the 
simulation results with experimental data. In future work, alterna
tive techniques should be preferred to be used to determine these 
parameters, such as the determination of nucleation parameters by 
experiments [137], and more importantly a detailed parameter 
sensitivity analysis should be performed to improve the reliability of 
GeoMicro3D.

4.2. Microstructure-based modeling of AAMs

AAMs, like PC-based materials, are porous materials and therefore 
their microstructure dictates the development of their mechanical and 
durability properties. Many microstructure-based modeling studies have 
been reported for PC-based materials in terms of tensile strength 
[138,139], permeability [140,141] and diffusivity of chloride [142,143] 
etc. However, few microstructure-based modeling studies have been 

carried out for AAMs. In an early study, Provis et al. [144] used syn
chrotron X-ray computed tomography (XCT) to determine the micro
structure and pore network geometries of various alkali-activated 
binders as a function of age and slag/fly ash ratio, and used random 
walker simulations within those reconstructed pore networks to define 
parameters related to pore tortuosity. Das et al. [145] also used syn
chrotron XCT to reconstruct the 3D microstructure of alkali-activated fly 
ash paste, based on which the intrinsic permeability was numerically 
predicted to be 5 × 10− 14 m2 by using a numerical Stokes solver [146]. 
The detailed procedure used by those authors is shown in Fig. 16.

Based on the GeoMicro3D platform, a numerical model to investigate 
the chloride transport in AAMs was proposed and implemented to 
simulate chloride transport in alkali-activated slag cement paste [147]. 
The effective diffusivity in the paste was simulated to be between 6 ×
10− 13 and 5 × 10− 12 m2/s, which is reasonable as compared to the 
values reported in concrete (10− 12 to 10− 11 m2/s) [148,149]. These 
studies, although still limited in number, demonstrate that the 
microstructure-based modeling has promising potential for investi
gating the transport properties of AAMs.

Although the 3D microstructure of AAMs can potentially be deter
mined by using XCT, it is quite challenging to identify and classify 
phases in XCT images. This is because the absorption contrast in the 
available X-ray energy range tend to be low (particularly for low- 
calcium AAMs which are dominated by the light elements Si, Al, Na, 
and O), and the microstructure of AAMs is complex, making it difficult to 
classify and identify phases [145], although novel approaches based on 
artificial intelligence are now being applied to give advances in this area 
[150].

5. Multiscale modeling of AAMs

The different chemical compositions of the two types of gels formed 
in AAMs inherently lead to differences in their structures and properties. 
Therefore, reliable modeling strategies for AAMs should link the binder 
chemistry and the resulting nano- or microstructural features with en
gineering properties at the macroscopic scale. An accepted modeling 
strategy is multiscale modeling, which aims to link multiple scales of 
observation of a material. Multiscale modeling can be achieved using a 
variety of approaches, including hierarchical modeling and concurrent 
multiscale modeling [151–153]. Such models have been widely applied 
to estimate the mechanical properties and volume stability of PC-based 
materials, such as elastic modulus [154–156], strength [157,158], 
autogenous shrinkage [159], and creep properties [160,161]. In the 
current literature as reviewed so far, multiscale modeling of AAMs 
mostly focuses on the mechanical properties by using analytical 
micromechanics and homogenization theory.

Šmilauer et al. [162] applied semi-analytical homogenization to 
alkali-activated fly ash and metakaolin. A two-scale micromechanical 
representation of the materials was proposed, distinguishing between N- 
A-S-H level and the paste level. The N-A-S-H level consists of poorly 
crystallized reaction products, introduced as solid gel particles, while 
the paste level includes unreacted material grains as well as the open 
porosity. The time-evolving phase volume fraction of the solid gel par
ticles captured the stiffening of the N-A-S-H gel. The modeling results 
were compared with the experimental data, showing a good agreement 
in general. The proposed model is sufficiently versatile to include 
different low-Ca-type AAMs with a range of activator compositions, and 
different mixing proportions. However, recalibration and kinetic 
monitoring are still necessary prior to modeling.

Das et al. [145] used two mean-field homogenization methods, 
namely the Mori-Tanaka scheme and the double inclusion model (see 
Fig. 17), to predict the stiffness properties of activated fly ash pastes. The 
Mori-Tanaka approach provided slightly higher values because it does 
not take into account the interactions between the different inclusions. 
Conversely, the results obtained using the double inclusion method were 
found to be close to the experimental stiffness values as it more 

Fig. 15. Heterogeneous distribution of elements in fly ash as visually indicated 
by different colors [135].
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accurately represents the heterogeneity of the material. It should be 
noted that the Mori-Tanaka scheme may be more computationally effi
cient for simple microstructures, while the double inclusion model may 
provide better accuracy for more complex heterogeneous materials, 
such as AAMs. Königsberger et al. [163] proposed an image-supported 
grid nanoindentation method to determine the elastic phase stiffness 
of AAM. In order to validate this new testing protocol, homogenization 
theory based on Hashin-Shtrikman bounds was used to upscale the 
nanoindentation moduli to bounds for the ultrasonic wave velocities for 
AAM, showing a good agreement.

Fang and Zhang [164] also used micromechanics to correlate 
micromechanical properties obtained from nanoindentation testing with 
the macroscopic elasticity of alkali-activated fly ash-slag pastes. The 
material was represented by three consecutively arranged representa
tive volume elements (RVE) at the solid gel particle, gel matrix and paste 
levels, in analogy to Šmilauer et al. [162]. The effective mechanical 
properties of the AAFS paste were calculated using the self-consistent 
scheme considering only spherical material phases. The authors were 
able to show that the mechanical behavior of the paste is mainly 
determined by the micromechanical properties of the reaction products 
at the smallest observed scale and their volume fractions. However, the 
effective mechanical properties that were calculated using homogeni
zation theory do not change with time, which is not reasonable in the 
context of an ongoing reaction between the precursors and the alkaline 

activating solution.
In another study, homogenization theory was also applied by Caron 

et al. [165] to evaluate the Young's modulus of alkali-activated slag 
concrete. A five-step analytical model up to the concrete scale was 
proposed as shown in Fig. 18. The evolution of the phase volume frac
tions as a function of the time was obtained from thermodynamic 
modeling. A comparison of modeled and experimental stiffness values at 
the paste level showed a very good agreement. A model accuracy of 95% 
was claimed for the Young's modulus at 28 days. Notably, the authors 
considered the ITZ around the sand grains at the level of mortar directly 
in their model, but their studies related to the effects of the thickness of 
the ITZ showed that it can be neglected in future calculations. Sensitivity 
analyses with several parameters indicate that the activator solution has 
an even greater influence on the modeled engineering properties than 
the composition of the slag.

Although several successful studies have already been published, 
future and more detailed work is required. This applies to the morpho
logical representation of the alkali-activated materials. So far, the ma
terial phases in published models are represented by spheres, whereas 
the actual microstructures of AAMs contain angular particles as impor
tant contributors on many length scales (e.g. plate-shaped hydrate 
particles, remnant slag grains, and angular sand particles). In addition, 
the micromechanical approaches should be extended to predict other 
mechanical properties, such as time-dependent creep and shrinkage, 

Fig. 16. Predicting permeability of alkali-activated fly ash from its X-ray tomography reconstructed 3D microstructure [145].

Fig. 17. Representation of two homogenization process method: (A) Mori-Tanaka method, and (B) double inclusion method [145].
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which are controlled to a significant extent by capillary-scale processes.
Some recent studies have also applied advanced numerical tech

niques, such as Discrete Element Method (DEM) and Finite Element 
Method (FEM) approaches, to model the multiscale structure and 
properties of AAMs [166,167]. These physics-based modeling ap
proaches can provide additional insight into the complex microstruc
tural interactions in composite materials such as AAMs. Nguyen et al. 
[168] used DEM to investigate the effects of pore-structure and mortar 
properties on the fracture behavior of foamed geopolymer concrete (see 
Fig. 19). Their numerical results show that the porosity and pore size 
distribution can have a profound effect on the fracture resistance of the 
material and that the fracture process exhibits a gradual transition 
contact bonds from compressive to tensile modes as the loading pro
gresses. Caggiano et al. [169] proposed an upscaling procedure to model 
the thermal energy storage (TES) properties of geopolymer pastes, 
where an atomistic approach was used to model the thermal behavior 
and heat storage capacity of N-A-S-H gels, and then an up-scaling opti
mization procedure and meso-scale FEM homogenization techniques 

were used to link the TES parameters of N-A-S-H gels to the homoge
nized upper meso/macro scale values. The simulation results demon
strated a good agreement with the experimental data in terms of heat 
capacity and thermal diffusivity. However, computational cost may be a 
limitation for large-scale FEM simulations. Therefore, more efficient 
algorithms and upscaling techniques may be needed in this regard.

Overall, the existing literature shows promising progress in multi
scale modeling of AAMs, but there are still challenges in accurately 
representing the hierarchical structures and interactions as well as 
linking chemistry to mechanical/thermal properties. In addition, the 
computational requirements for implementing such modeling ap
proaches are still substantial. Further efforts are also needed to develop 
comprehensive and efficient multiscale models to incorporate coupled 
chemo-thermal-mechanical effects in AAMs. Simulations of the long- 
term properties of AAMs, such as shrinkage and transport properties, 
has received little attention and should therefore be given greater 
consideration. However, it is expected that these aspects will continue to 
develop in the upcoming years, via improvement of both theoretical 

Fig. 18. A five-step homogenization scheme [165].

Fig. 19. (A) DEM modeling of foamed geopolymer concrete, (B) stress-strain curves and (C) crack pattern of the calibrated DEM model [168].
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explanations of AAM chemistry, coupling mechanisms and the accessi
bility of computational capabilities.

6. Conclusions and perspectives

Over the last two decades, pioneering work has been carried out on 
the modeling and simulation of AAMs, yielding fruitful results. Atom
istic simulations of C-(N-)A-S-H and N-A-S-H gels have provided valu
able insights into their structure and composition, and intrinsic 
mechanical and transport-related properties. Thermodynamic modeling 
can reveal the phase evolution and durability of AAMs with the cause of 
chemical reactions. By combining thermodynamics and kinetics, the 
GeoMicro3D model simulates the microstructure formation of AAMs 
resulting from the continuous formation of reaction products, providing 
a solid foundation for conducting numerical studies on the 
microstructure-related properties, such as tensile strength, permeability, 
and diffusivity of chloride. The macroscopic properties of AAMs are 
related to their hierarchical structures, interactions and binder chemis
try. Multiscale modeling, which is an accepted modeling strategy, shows 
promising potential in predicting the mechanical properties and fracture 
property as well as other macroscopic properties of AAMs. In the future, 
more attention should be paid to the following aspects of modeling and 
simulation of AAMs: 

• Atomistic models are usually developed separately to reproduce the 
molecular mechanisms and properties of C-(N-)A-S-H and N-A-S-H 
gels for alkali activated high-Ca and low-Ca AAMs, respectively. 
There is a lack of atomistic modeling work devoted to blends of C-(N- 
)A-S-H and N-A-S-H gels and exploring their interaction mechanisms 
for alkali activated medium-Ca AAMs. Besides, the atomistic simu
lation results mostly lack experimental data to validate them, and the 
upscaling method from these atomistic simulation results to macro- 
scale application remains largely implicit.

• The thermodynamic database is well developed for AAMs with high- 
Ca content, but it is still underdeveloped for AAMs with low to none 
calcium, and for high-Fe phases, which limits the application of 
thermodynamic modeling to AAMs. Although the N(C)ASH_ss model 
for the description of the N-A-S-H gel has been developed and 
implemented in the thermodynamic modeling of low-Ca and 
medium-Ca AAMs, it is desirable to develop a thermodynamic model 
from a mechanistic point of view via atomistic simulation.

• Many properties are dependent on the microstructure of AAMs, but 
there are few numerical models available and suitable for simulating 
the microstructure formation of AAMs as compared to those devel
oped for PC-based materials. GeoMicro3D has been developed for the 
first time to simulate the reaction process and microstructure for
mation of AAMs, but it still needs further development and 
verification.

• At present, only a few researchers have focused on the 
microstructure-based and multiscale modeling of AAMs, mainly 
using analytical homogenization theory. Future studies in this field 
may focus on introducing different phase shapes and on extending 
the applicability of these models. For predicting the durability of 
various AAMs that cover e.g. transport of ions or aggressive media, 
numerical models that take into account the spatial structure of 
AAMs should be established.
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