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A B S T R A C T

This study focuses on the numerical modeling of the reaction and microstructure development of a one-part
granite-based geopolymer, which is often used for carbon capture and storage (CCS) applications. This work
extends the capabilities of GeoMicro3D to model one-part geopolymers containing different precursors and ac-
tivators (solid and in solution). The model considers the particle size distribution of different solids and the real
shape of particles to prepare the initial simulation domain. Further, the dissolution rates of different solids
estimated from the experiments were used to model the dissolution of different elements in the pore solution.
Subsequently, the model utilizes classical nucleation probability modeling coupled with thermodynamic
modeling to estimate the precipitation of products in the microstructure. Experiments were performed to study
the pore solution, reaction degree, and amount of products in the microstructure, which were further compared
with the simulation results to check the rationality of the model.

1. Introduction

Due to the increasing concentration of greenhouse gases such as CO2
andmethane (CH4) in the atmosphere, carbon capture and storage (CCS)
strategies have become very crucial [1,2]. The Intergovernmental Panel
on Climate Change (IPCC) report has acknowledged that CCS in existing
underground geological formations (gas fields and ocean storage) has
the potential to stabilize atmospheric CO2 concentrations [3,4]. The well
sealant integrity is the main challenge during the injection operation
and for the long-term storage of CO2 [5,6]. The main integrity issues
include mechanical failure and chemical degradation, which creates
leakage in pathways for CO2 [7–9]. Conventionally used Ordinary
Portland Cement (OPC) has been observed to have brittle mechanical
failure and undergo faster degradation, which increases the porosity and
permeability of sealant [10–13]. Many alternatives for the OPC, such as
calcium sulfoaluminate cement, alkali-activated materials, and calcium
aluminate cement, have been studied for CCS applications [14–16].
Geopolymers have come out to be effective due to their higher flexi-
bility, excellent acid-resistant characteristics, good resistance to freeze-
thaw cycles, and durability in harsh environments [17–22].

The recently developed rock-based geopolymers (containing granite,

aplite, and norite) have been studied for downhole applications (for
CCS) due to their setting behavior, lower permeability, bonding to steel
and formation, higher mechanical performance, lower chemical
shrinkage, compatibility with oil-base drilling fluids and higher
strength/modulus ratios [23–27]. In addition to this, the abundant
availability, cost-effectiveness, and low carbon footprint of this material
make it an attractive alternative to traditional cementitious materials,
further emphasizing its potential for large-scale implementation in CCS
projects.

The long-term integrity and mechanical properties of any materials
are dependent on the microstructure, reaction products, and chemical
properties of the materials, which are often measured through dedicated
experiments [28–30]. However, with the advent of computer technol-
ogies and better computing facilities, numerical models have also
become an alternative path to study the chemical and physical proper-
ties of the materials. Different numerical models have been developed,
such as CEMHYD3D, HYMOSTRUC, and μic, which simulate the chem-
ical reaction and microstructure development of OPC-based materials
[31–34]. To the best of the authors’ knowledge, currently, GeoMicro3D
has the capability to model the chemical reactions and microstructure
development for alkali activated materials [35,36]. GeoMicro3D has
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been developed to model the reaction andmicrostructure of the two-part
alkali-activated slag. However, simulation models for the hydration and
microstructure development of one-part geopolymers are not available.
Additionally, the one-part granite-based geopolymer developed for the
CCS application has additional components such as micro silica, solid
activator (K2SiO3), and granite rock in the mix, which further compli-
cates the system [23,26]. In order to address the above shortcomings,
the current work specifically focuses on the development of the nu-
merical model for the one-part geopolymers. The objective of the current
study was to extend the GeoMicro3D to simulate the dissolution of
different components of the one-part geopolymer and thermodynami-
cally model the precipitation of the different products. From the
modeling perspective, the input simulation domain is created by
distributing the different solids in the simulation domain, considering
the real shape of the particles and particle size distribution of the
different solids. Dedicated experiments were performed to measure the
dissolution rates of different components (precursors and activators),
which were further used as input for the numerical model. Notably, the
one-part granite-based geopolymers refers that one of the components is
granite, however due to low reactivity at room temperatures, it is
considered inert in the modeling and has not been investigated for
dissolution experiments. Following the dissolution of solids, the trans-
port of the ion in the microstructure was modeled using the Lattice
Boltzmann Method (LBM). Lastly, the model was coupled with GEMS to
thermodynamically model the precipitation of the different reaction
products. Further experiments were carried out at the paste level to
study the pore solution and microstructure of the geopolymer paste and
compare the model output with the experimental data.

In this article, the details about the raw materials, mix design, and
different experiments are outlined in Section 2. Further, the detailed
description of different modules and formulations used in the numerical
model is described in Section 3. Finally, the experimental results are
discussed, and the validity of the model is checked by comparing it with
experimental data in Section 4.

2. Materials and experimental methods

2.1. Materials and mix design

The main raw materials used in the current study as precursors for
this one part geopolymer are Ground Granulated Blast Furnace Slag
(GGBFS), micro-silica, and granite (mainly containing quartz, K-feld-
spars, and biotite). The chemical compositions of the slag, micro silica,
and granite were measured through X-ray fluorescence and are listed in
Table 1. The mineral composition of the granite used was determined by
Rietveld analysis and is shown in Table 2. The specific gravities of the
slag, micro silica, and granite used in this study are 2.90, 2.25, and 2.63,
respectively.

The particle size distributions of the raw materials (slag, granite,
K2SiO3, micro silica) used in the current study are given in Fig. 1. The
activator used was a combination of KOH and K2SiO3. The concentration
of KOH used for the mixture is 1.86 mol/lit. The mix proportion of the

geopolymer paste used in the current study is given in Table 3. Further
information about the development of this geopolymer is explained in
the literature [23,24,26].

2.2. Experimental methods

This section elaborates on different experiments carried out to
calculate different material parameters for the inputs to the simulation
model (GeoMicro3D) and also to validate the model.

2.2.1. Particle dissolution - ICP-OES analysis
This experiment was carried out to calculate the forward dissolution

rates of different solids used in the mix. The forward dissolution rates of
slag, micro-silica, and potassium silicate were then determined by dis-
solving 0.1 g of solid in 100 mL of alkaline solution. The alkaline solu-
tion was prepared with potassium hydroxide by mixing it in 4 different
concentrations, namely 0.1, 0.5, 1.0, and 2.0 mol/L, resulting in the pH
values of 12.89, 13.54, 13.88, and 14.22, respectively. Such a high pH of
the solution also ensures the negligible effect of alkalinity caused by the
slag on dissolution kinetics. The solutions were continuously stirred at
250 rpm using a magnetic stirrer in a polystyrene container at 17–23 ◦C.
The high liquid/solid ratio ensures that the solution was significantly
diluted and that no products are formed so that the obtained dissolution
rate was the forward dissolution rate. During the dissolution process,
small samples of the solution were taken after 5, 15, 30, 60, 120, 240,
and 1220 mins (set time intervals). Then, the sampled solutions were
diluted using nitric acid (0.2 vol%). The diluted solutions were analyzed
using a spectrometer to determine the concentrations of Si, Al, and Ca. A
PerkinElmer Optima 5300DV ICP-OES spectrometer was used to mea-
sure the concentration of the ions from the diluted solutions.

The forward dissolution rate (rX+) of any element X for any solids
was estimated using the following equation:

rX+ =
d[X]
dt

(
V

m.SSA

)

(1)

where d[X]
dt denotes the rate of dissolution (mol/m

3s) of ion X and V,m and
SSA represent the solution volume (m3), mass of the solid (kg), and
specific surface area of the solid (m2/kg), respectively.

2.2.2. Pore solution analysis
Pore solution analysis was conducted at the paste scale to measure

the elemental concentration of the pore solution and to compare it with
the simulated pore solution composition. For the pore solution extrac-
tion, cylindrical specimens with a diameter of 34 mm and height of 70
mm were used. Pore solutions of the hardened geopolymer specimens
were extracted by inserting the specimen into the hollow steel cylinder.
After the pore solution extraction, the solution was filtered using a 0.45
μm syringe filter. The pore solution of the cement paste was extracted
after 12 h, 1, 3, 7, and 14 days of curing. The concentration of the Ca, Si,
Al, Mg, K, and Na in the solution was measured using ICP-OES.

Table 1
Chemical compositions (wt%) of the precursors used in this study.

Precursors SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 MnO LOI

Slag 35.78 12.72 0.18 12.77 33.74 0.55 0.82 2.23 0.58 0.3
Micro silica 100 – – – – – – – – –
Granite 73.44 13.33 2.06 0.44 1.12 3.12 5.11 0.23 0.04 0.9

Table 2
Mineral composition of granite rock used in this study.

Minerals Feldspar (%) Quartz (%) Plagioclase (%) Muscovite (%) Biotite (%) Chlorite (%) Total (%)

Granite 44.3 30.4 5.1 4.9 3.5 11.8 100
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2.2.3. SEM analysis
The sample for the SEM measurement was prepared from the

vacuum-dried samples, which were further impregnated with low-
viscosity epoxy resin and then polished down to 0.25 μm (further de-
tails about the sample preparation can be found in [32]). Subsequently,
the polished samples were analyzed using Philips XL30 with backscat-
tering electron (BSE) mode at an acceleration voltage of 20 kV under low
vacuum mode, with water vapor pressure kept at 1.0 Torr. A magnifi-
cation of 1500× was used for the images. SEM analysis was done for the
paste specimens after 0.5, 1, 3, 7, and 14 days. Thirty images were taken
from every sample after each curing age.

The obtained SEM-BSE images were then used for image analysis
using ImageJ [37]. In an SEM-BSE image, phases with a higher atomic
number scatter more electrons so that they are brighter, while phases of
lower atomic numbers absorb more electrons and are darker. The
brightness of a pixel is represented by its grey value (with pixel values
ranging from 0 (black) to 255 (white)) on the SEM-BSE image. The grey
value is positively related to the backscattering coefficient, which is the
fraction of scattered electrons. Different phases were segmented based
on the threshold grey value that can be found from the grey value his-
togram, resulting in a binarized image (with a pixel value of either
0 (black) or 1 (white)) for each phase from each image. The segmented
phases include pore, slag, potassium silicate, and granite and the reac-
tion products. The potassium silicate and granite are considered as one
phase because their grey values are very similar to each other. Thus,
binarized images were then used to calculate the fraction of slag and
reaction products. The volume fraction of the slag obtained from the
image segmentation was used to calculate the degree of reaction of the
slag (αslag(t)).

αslag(t) =
(

1 −
VFt
VF0

)

×100% (2)

Here VFt represents the volume fraction of slag at age t (from image
segmentation) and VF0 denotes the initial volume fraction of slag in the
mix.

3. Numerical simulation model

Fig. 2 illustrates an overall flowchart of the numerical simulation
framework GeoMicro3D. The GeoMicro3Dmodel mainly consists of four
components: 1) initial particle parking, 2) particle dissolution, 3) ion
transport, and 4) nucleation and growth of reaction products. The
simulation starts by building up an initial domain of the particles of the
raw materials based on the mix design and particle size distributions.
Further, the dissolution of different components (activator and precur-
sor) in the alkaline environment is modeled in module 2. Following the
dissolution step, the ions transport module is utilized to diffuse the ions
in the microstructure of the paste. Lastly, the precipitation and growth of
different reaction products in the microstructure of the paste are
modeled in module 4. This dissolution-ions transport-nucleation-growth
forms a simulation loop and is repeated until a target simulation time.
More details about the implemented methodologies are stated in the
following sections.

3.1. Determination of the initial simulation domain

In the first module, the initial simulation domain is built, which will
undergo chemical reactions and microstructure formation. This involves
the distribution of different solid particles, considering the particle size
distribution (PSD) and shape of the particles. The Anm material model
was used to simulate the initial spatial particle distribution of slag,
K2SiO3, micro silica, granite [38–40]. According to the Anm model, the
surface of the particle in the polar coordinate system (r(θ,ϕ)) can be
expressed in terms of spherical harmonic coefficients (anm).

Fig. 1. Particle size distribution of the slag, granite, micro silica, K2SiO3 used in this study.

Table 3
Weight percentage of different components of the geopolymer paste.

Granite
(%)

Slag
(%)

Micro-silica
(%)

K2SiO3
(%)

KOH
(%)

Water
(%)

29.1 28.3 2.6 12.71 2.59 24.8
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Fig. 2. The overall flowchart of the GeoMicro3D model.
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Fig. 3. Initial distribution of the different solids in the simulation domain.

Fig. 4. Comparison of the simulated particle size distribution with the experiential data.
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r(θ,ϕ) =
∑∞

n=0

∑n

m=− n
anmYnm(θ,ϕ) (3)

Ynm(θ,ϕ) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(2n+ 1)(n − m)!

4π(n+m)!

√

Pnm(cosθ)eimϕ (4)

where:

▪ r(θ,ϕ) – the radial distance from the particle center to the
surface point.

▪ θ,ϕ – polar and azimuthal angle, respectively
▪ n,m – the indices ( − n ≤ m ≤ n)
▪ Pnm(cosθ) – the associated Legendre polynomial
▪ i – the square root of − 1 (i.e.

̅̅̅̅̅̅̅
− 1

√
)

According to the literature [41], the size of the simulation domain
should be at least 2.5 times bigger than the biggest particle size. Based
on the particle size distribution (given in Fig. 1), the computation
domain and cost will be high; thus, in order to maintain a balance, the
particle size range between 1 and 60 μm is selected, with an overall
domain size of 150 μm with a voxel size of 1 × 1 × 1 μm. The particle
volume above 60 μm is then added to the particle at 60 μm, and the
particle volume below 1 μm is added to the particles at 1 μm. Fig. 3
shows the initial distribution of the different solids (slag, granite, micro
silica, and K2SiO3) in the simulation domain. X-ray computed micro-
tomography can be used to measure the shape of the particles and
compare them with the simulated microstructure.

Fig. 4 compares the particle size distribution of different solids ob-
tained from the Anm model in the initial simulation domain with the
experimental particle size distribution. It is apparent from Fig. 4, that at
lower particle size, the simulated particle size in the domain matches
well with the experimental PSD. However, some deviations from the
experimental PSD can be observed at higher particle sizes. This is caused
by the non-integer number of the calculated particle number during
simulation, and the residual volume of the non-integer number is added
to the volume of the particle at the next size. Hence, when the particle
size is small, this discrepancy is not significant. In general, the simulated
total solid volume and solid/liquid ratio match well with the experi-
mental ones.

3.2. Particle dissolution

Once the solid particles come in contact with the pore solution, the
dissolution starts. The dissolution of solids with different oxides is
determined by the breaking of the bonds between oxygen and other
elements. In the case of aluminosilicates such as slag, Si and Al build up
the basic framework while some other alkali-earth element such as Ca,

Mg, Na, and K modifies the framework. During dissolution in an alkali
solution, these modifying elements are first released, followed by the
breakdown of the Al–O bonds and then the Si–O bonds [42,43]. Thus,
the dissolution of slag is represented by the dissolution of CaO, SiO2, and
Al2O3 in alkali solutions, as shown below.

CaO+H2O⇌Ca+2+2OH− (5)

SiO2 +2OH− ⇌H2O+ SiO2−3 (6)

Al2O3 +2OH− ⇌H2O+2AlO−
2 (7)

The thermodynamic data of the above three reactions can be found in
[44]. The dissolution rates of the above three reactions are modeled
using the transition state theory [45,46]. According to this theory, the
dissolution rate (rχ) of any element χ can be written as:

rχ = r+χ

⎛

⎝1 −

(
IAPχ

Kspχ

)1/σ
⎞

⎠ (8)

Where:

▪ rχ – Overall dissolution rate (mol/m2s).
▪ r+χ – Forward dissolution rate (far from equilibrium dissolution
rate (mol/m2s)).

▪ IAPχ – Ion activity product for the component χ
▪ Kspχ – Solubility product
▪ σ – Ratio of dissolution rate of the activated complex relative to
the overall reaction rate

The solubility products (Kspχ) of SiO2, Al2O3, and CaO for dissolution
were taken as 1.23 × 102, 3.0 × 100 and 2.31 × 10− 1, respectively
[47–49]. Forward dissolution rate (or far from equilibrium dissolution
rate) for CaO, SiO2, and Al2O3 were estimated from the dissolution test
for different solids, as explained in the Section 2.2.1. The dissolution rate
of other elements, such as Na, K, and Mg, was derived from the disso-
lution rate of CaO, considering the molar ratio between the element and
Ca in slag. For example, the dissolution rate of Mg (rMg) is estimated
from the dissolution rate of Ca (rCa) as:

rMg =
vMg

vCa
rCa (9)

Here vCa and vMg denote the molar fraction of Ca and Mg in slag
respectively. Similarly, the dissolution of Na and K is also related to the
dissolution of Ca. Further details about the dissolution model and
equations are detailed in [35,36]. The dissolution rates of Si from micro
silica and K and Si from K2SiO3 were determined based on the same
principle. KOH is assumed to be completely dissolved in the water from
the start of the simulation. The concentration of the pore solution in the
model from the start was set to contain 1.86 mol/L of KOH.

The forward dissolution rate of slag is dependent on three factors, i.
e., pH of the solution, temperature, and ratio of the non-bridging oxygen
atoms to oxygen atoms in tetragonal coordination, i.e., NBO/T, which
considers the degree of distortion in the framework structure of alumi-
nosilicate materials [35,36,50]. The parameter NBO/T is calculated
considering the oxide molar fractions as given by the equation below:

where the oxides represent molar fractions in the aluminosilicate ma-
terial and, ffe and fAl are parameters that specify the molar fractions of
Fe2O3 and Al2O3 that act as framework modifiers and are taken as 0.15
in this study. The effects of pH and NBO/T on the dissolution rate were
considered by deriving a relationship based on the particle dissolution
tests (Section 2.2.1). The derivation of dissolution rate for different ions
from different solids is detailed in Section 4.1. In the simulation, the
voxels on the surface of the solid particles are allowed to dissolve to the
nearest voxels. Thus, at a solid surface, voxels can dissolve to six near

NBO

/

T =
2
[
CaO+MgO+ K2O+ 3ffeFe2O3 + 3fAlAl2O3 −

(
1 − ffe

)
Fe2O3 − (1 − fAl)Al2O3

]

SiO2 + TiO2 + 2
(
1 − ffe

)
Fe2O3 + 2(1 − fAl)Al2O3

(10)
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voxels (one in each direction). Similarly, the ions at each voxel come in
the solution from the six nearest solid voxels. The dissolved amount of
ions at any voxel (ΔNψ ) can be written by Eqs. (11) and (12).

Δnψ ,i = fdissrψ ,i.t0l20 (11)

ΔNψ =
∑6

i=1
Δnψ,i (12)

The parameter fdiss represents the area fraction of the interface that is
being dissolved. This parameter is taken as

(
1 − Vf

)n. Vf denotes the
volume fraction of solids in the voxel; thus, if the voxel is completely
filled with the solids, the dissolution of ions doesn’t happen to that
voxel. Δnψ ,i denotes the released amount of ion ψ on interface i. t0, rψ ,i

and l0 represent the time step, the dissolution rate of the ion ψ on
interface i and the side length of the voxel, respectively.

3.3. Ion transport

Following the dissolution step, the ion transport module is used to
simulate the transport of the ions in the microstructure. The transport of
ions during the hydration process is purely diffusive in nature. In this
study, the Lattice Boltzmann method (LBM) with cubic lattice model
D3Q7 is used to simulate the diffusion of ions. The multi-relaxation time
approach allows the distribution functions in different directions to
evolve at different relaxation rates and allows anisotropic diffusion of
ions in the lattice [51–53]. The evolution equation of distribution
functions gi = gi(x, t) by LBM -MRT can be written as:

gi(x+ ciδt, t+ δt ) = gi(x, t) −
(
M− 1SdM

)

ij

[
gj(x, t) − geqj (x, t)

]

+ δt
[

M− 1
(

I −
Sd
2

)

M
]

ij
Sj

(13)

Where i and j are the diffusion directions ∀ i, j ∈ [0, 6]. ci denotes the
discrete velocity at x and time t, and can be written as δx/δt, where δx
and δt represent the lattice spacing and time. geqj (x, t) denotes the equi-
librium distribution function, which can be written as:

geqj (x, t) = ωiC (14)

where ωi is the weight coefficient (ωi =
1
7∀ i ∈ [0,6]), and C is the con-

centration of ions at any lattice node. I, M and Sd represent the identity
matrix, transformation matrix, and diagonal relaxation matrix, respec-
tively, which are given in Eqs. (15) and (16).

M =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

1 1 1 1 1 1 1
0 1 − 1 0 0 0 0
0 0 0 1 − 1 0 0
0 0 0 0 0 1 − 1
6 − 1 − 1 − 1 − 1 − 1 − 1
0 2 2 − 1 − 1 − 1 − 1
0 0 0 1 1 − 1 − 1

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(15)

Sd =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

s0 0 0 0 0 0 0
0 s1 0 0 0 0 0
0 0 s1 0 0 0 0
0 0 0 s1 0 0 0
0 0 0 0 s2 0 0
0 0 0 0 0 s2 0
0 0 0 0 0 0 s2

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(16)

Where si is the relaxation parameter for the ith moment of the dis-
tribution function, such that s0 = 0, s1 = 1/τ, and s2 = 1 − s1. τ is the
relaxation time, which is related to the diffusion coefficient (D) (m2/s)
as:

D =
1
2

(

τ − 1
2

)
δx2

δt
(17)

Sj is the source term in the jth direction, which can be expressed in
terms of source term S (as)

Sj = ωiS (18)

The source term takes into account the amount of ions dissolved and
consumed in the product formation at any step. The concentration of
ions at any lattice node can be written as:

C(x, t) =
∑6

i=0
fi(x, t) (19)

SiO2−3 , AlO−
2 , Ca

2+, Mg2+, K+and Na+ are considered for diffusion in
the current simulation, and their diffusion coefficients in water are taken
from [54,55]. The primary amorphous reaction products (alkali
calcium-aluminosilicate hydrate, C-(N, K-)A-S-H gel) and pore are
diffusive for ions, while the precursors, the activator, and the secondary
crystal reaction products (crystals) are considered non-diffusive. The
relative diffusivity of the ions in the C-(N,K)-A-S-H gel is taken as 0.0025
[56]. For the lattice nodes with partial diffusion and non-diffusive
components, the effective diffusion coefficient is calculated. The de-
tails of the effective diffusion coefficient can be found in [50]. The
bounce-back condition is applied to completely non-diffusive lattice
nodes. Periodic boundary conditions are implemented across the simu-
lation domain’s surface, ensuring ions diffusing out from the top surface
re-enter from the bottom surface and vice versa. Likewise, the same
principle applies to the back-front and left-right surfaces.

3.4. Nucleation and growth of reaction products

The concentration of the different ions in the solution increases due
to the dissolution of precursors and activators. As a result, the pore so-
lution becomes supersaturated with respect to different reaction prod-
ucts, and products start to nucleate in the microstructure of the paste.
Nucleation of a product at any location starts to occur when the nuclei of
a reaction product/s reach a critical size. The classical nucleation and
growth theory is adopted in the model for the nucleation of products in
the microstructure [57,58]. According to this theory, the probability P(t)
that one critical nucleus is formed in a time interval (Δt) can be given as:

P(Δt) = 1 − e(− J.V.Δt) (20)

Here V denotes the volume of the solution (in m3) in which the nu-
cleus is probable to form, and J represents the nucleation rate (m− 3s− 1),
which depends on the supersaturation ratio (S) and can be written as:

J(S) = A.S.e

(

−
B

ln(S)

)

(21)

Here A and B denotes the kinetic parameter and thermodynamic
parameter of nucleation, respectively. The kinetic parameter (A) (m− 3.
s− 1) for all the products is taken similarly to that of [35]. B parameter is
expressed with the following equation:

B =
4
27

c3v2γ3ef
k3BT3

(22)

In the above equation, c is the shape factor (which is 36π1/3 for
spheres and 6 for cubes), v is the molar volume of the reaction product
(m3), kB is the Boltzmann constant (J.K− 1), T is the temperature (K), γef is
the effective interfacial energy such that γef = ψγ. ψ is the activity factor
0 < ψ < 1. The interfacial energy γ is calculated using the following
equation [35,50]:

γ = βN.kB.T.
(
1
v2/3

)

.ln
(

1
Navc*

)

(23)

where βN,Na and c* are numerical factors (βN = 0.514 for spherical
nuclei), Avogadro’s number and molar solubility (mol/L), respectively.
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In the current study, heterogeneous precipitation is allowed, which re-
fers to the precipitation on the surface of the particle. The reaction
products are mainly divided into two categories, i.e., primary products
and secondary products. The primary reaction products include alkali
calcium-aluminosilicate hydrate, C-(N, K-)A-S-H gel, while secondary
products include crystal phases such as zeolites and hydrotalcite-like
phases. Nucleation probability is calculated for each product at each
lattice node. In the microstructure, the primary and secondary products
are always mixed. Due to computation limitations, the precipitation
cannot be allowed on all probable nodes. Thus, in the current model, the
precipitation of reaction products at any nodes is allowed to happen
when at least one of the end members of the C-(Na, K)-A-S-H gel and at
least one of the secondary products are probable to precipitate. Further

details of the nucleation modeling strategy can be found in [35,50].
After the nucleation step, thermodynamic modeling is used to esti-

mate the amount and type of the reaction products to be precipitated at
any node. The primary reaction product in the case of alkali-activated
slag is C- (N, K)-A-S-H gel. The structure and composition of C- (N, K)-
A-S-H depends on the type of activator and slag. In this study, the
CNASH_ss model was used to represent the C-(Na, K)-A-S-H gel in the
system [59]. In this work, potassium silicate is used as an activator
instead of sodium silicate. The thermodynamic data for C-K-A-S-H is not
available in the literature. However, literature [60] suggests that the
role of the ionic radius of the activator in determining the products in an
alkali activator system is very minor. Further, some studies [61,62]
suggest that (Na + K)/(Al + Si) ratios of the C-(Na, K)-A-S-H products
are independent of the nature of the alkali element. Both Na and K are
incorporated into the interlayer spaces of the C-(Na, K)-A-S-H gel. Thus,
CNASH_ss is used in this study, with additional end members added to
replace sodium with potassium. In addition to the primary products,
secondary products were also included in the modeling. This includes
hydrotalcite-like phases, which are modeled using the MA-OH-LDH_ss
model [63–65]. Sodium and potassium zeolites (Natrolite and Nat(K)
respectively) were also included in the model using the thermodynamic
model Zeolites21 [66,67]. Dissociation reactions and solubility products
for C-(Na, K)-A-S-H gel are shown in Table 4, and thermodynamic data
for different products used in the model are given in Table 5.

Thermodynamic calculations have been performed using the ther-
modynamic modeling platform GEMS-selector V3 [68,69]. The ther-
modynamic database used in the model includes the CEMDATA18
database reported in [44], zeolites21 databases as reported in [66,67],
and CNASH_ss and MA-OH-LDH_ss databases as mentioned in [59,63].
The ion activity coefficients in the GEM- Selector employed the extended
Debye-Huckle equation [68,69]:

log10
(

γj
)
=

− Aγz2j
̅̅
I

√

1+ ȧBγ
̅̅
I

√ + bγI+ log10
(
xjw
Xw

)

(24)

Where:

o γj - the activity coefficient
o zj - charge of the ions
o j - the aqueous species
o Aγ ,Bγ - the electrostatic parameters
o I - the ionic strength
o xjw - the mole quantity of water
o Xw - the total mole amount of the aqueous phase
o ȧ - the average ion size
o bγ - the parameter for common short-range interactions of the
charged species

After calculating the reaction products, they are assumed to be
deposited in the voxel until the voxel is completely filled. The CNASH_ss
model only takes into account the interlayer water. In GeoMicro3D, the
absorbed and gel water is also considered. 0.3 mol of water, with a
density of 1.1 g/cm3, is added to account for the adsorbed water. For gel
water in CNASH gel, additional water is added so that the H2O /SiO2
ratio is maintained at 4. The density of the gel water is taken as 1.0 g/
cm3 [35].

Table 4
Dissociation reactions and solubility products (Log

(
Ksp
)
) for C-(N, K)A-S-H and

25 ◦C and 1 bar.

Solids Dissociation reactions Log
(Ksp)

CNASH_ss model

5CA (CaO)1.25(Al2O3)0.125(SiO2)1(H2O)1.625⇌1.25Ca2+ + SiO32− +

0.25AlO2 − + OH− + 1.5H2O
10.75

INFCA
(CaO)1(Al2O3)0.15625(SiO2)1.1875(H2O)1.65625 + 0.6875OH− ⇌
Ca2+ + 1.1875SiO32− + 0.3125AlO2 − + 2H2O

8.90

5CNA
(CaO)1.25(Na2O)0.25(Al2O3)0.125(SiO2)1(H2O)1.375⇌1.25Ca2+ +

SiO32− + 0.25AlO2 − + 0.5Na+ + 0.75OH− + H2O
10.40

INFCNA
(CaO)1(Na2O)0.34375(Al2O3)0.15625(SiO2)1.1875(H2O)1.3⇌Ca2+ +

1.1875SiO32− + 0.3125AlO2 − + 0.6875Na+ + 1.3125H2O
10.70

INFCN (CaO)1(Na2O)0.3125(SiO2)1.5(H2O)1.1875⇌Ca2+ + 1.5SiO32− +

0.625Na+ + 1.375H2O
10.70

5CKA
(CaO)1.25(K2O)0.25(Al2O3)0.125(SiO2)1(H2O)1.375⇌1.25Ca2+ +

SiO32− + 0.25AlO2 − + 0.5K+ + 0.75OH− + H2O
10.40

INFCKA
(CaO)1(K2O)0.34375(Al2O3)0.15625(SiO2)1.1875(H2O)1.3⇌Ca2+ +

1.1875SiO32− + 0.3125AlO2 − + 0.6875K+ + 1.3125H2O
10.70

INFCK (CaO)1(K2O)0.3125(SiO2)1.5(H2O)1.1875⇌Ca2+ + 1.5SiO32− +

0.625K+ + 1.375H2O
10.70

T2C (CaO)1.5(SiO2)1(H2O)2.5⇌1.5Ca2+ + SiO32− + OH− + 2H2O 11.60
T5C (CaO)1.25(SiO2)1.25(H2O)2.5⇌1.25Ca2+ + 1.25SiO32− + 2.5H2O 10.50
TobH (CaO)1(SiO2)1.5(H2O)2.5 + OH− ⇌Ca2+ + 1.5SiO32− + 3.0H2O 7.90

Table 5
Thermodynamic data of all the reaction products at 25 ◦C and 1 bar.

Phase V0 (cm3/
mol)

ΔfH0(kJ/
mol)

Δf G0(kJ/
mol)

S0(J/
mol.K)

C0p (J/
mol.K)

5CA 57.3 − 2491 − 2293 163 177
INFCA 59.3 − 2551 − 2343 154 181
5CNA 64.5 − 2569 − 2382 195 176
INFCNA 69.3 − 2667 − 2474 198 180
INFCN 71.1 − 2642 − 2452 186 184
5CKA 64.5 − 2578 − 2392 202 181
INFCKA 69.3 − 2680 − 2488 208 186
INFCK 71.3 − 2654 2465 194 189
T2C 80.6 − 2721 − 2465 167 237
T5C 79.3 − 2780 − 2517 160 234
TobH 85.0 − 2831 − 2560 153 231
M4AH10 219.1 − 7160 − 6358 549 648
M6AH12 305.4 − 9007 − 8023 675 803
M8AH14 392.3 − 10,853 − 9687 801 958
Natrolite 169.0 − 5728 − 5325 360 359
Nat (K) 186.6 − 5738 − 5344 416 370

Table 6
Diffusion coefficient and activation energy of different ions at 25 ◦C.

Ions SiO2−3 AlO−
2 Ca2+ Mg2+ K+ Na+

Dref (m2/s) 0.7 × 10− 9 0.6 × 10− 9 0.72 × 10− 9 0.71 × 10− 9 1.96 × 10− 9 1.33 × 10− 9

Ediff (J/mol) 2.46 × 104 2.04 × 104 2.32 × 104 1.26 × 104 1.60 × 104 1.67 × 104
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3.5. Effect of temperature

The effect of temperature is considered on the forward dissolution
rate and the diffusion coefficient of the ions using the Arrhenius equa-
tion. The forward dissolution rate refers to the rate that operates at a
very low degree of saturation (far from equilibrium), and the Arrhenius
equation can be applied to consider the effect of temperature [70–72].
The equations can be written as:

rχ,T = rχ,ref .exp
[
Ea

R

(
1
Tref

−
1
T

)]

(25)

DT = Dref .exp
[
Ediff

R

(
1
Tref

−
1
T

)]

(26)

Where

▪ rχ,T – the new forward dissolution rate at temperature T (in
Kelvin)

▪ rχ,ref – Forward dissolution rate at a reference temperature
Tref (in Kelvin)

▪ DT – the new diffusion coefficient (m2/s) at temperature T
▪ Dref – diffusion coefficient at reference (m2/s) temperature Tref
▪ R – the universal gas constant
▪ Ea – the activation energy for the dissolution (J/mol)
▪ Ediff – the activation energy of diffusion (J/mol)

The activation energy (Ea) of SiO2, Al2O3 and CaO were taken as 8.3
× 104 J/mol, 8.0 × 104 J/mol and 1.36 × 104 J/mol respectively
[47–49]. The diffusion coefficient for all the ions and corresponding
activation energy are given in Table 6 [54,55]:

3.6. Effect of solution-volume to surface-area ratio

The dissolution of the solids depend on the particle size distribution
and the resolution of the simulation. To reduce the effect of differences
in the particle size distribution between the experiment and modeling,
the effect of solution-volume to slag-surface-area ratio is considered. Let
the change in the element concentration in experiment (ΔCexp) and
numerical simulation (ΔCmodel) due to dissolution are given by the
equations below:

ΔCexp =
rx+,exp × Sexp × dt

Vexp
(27)

ΔCmodel =
rx+,model × Smodel × dt

Vmodel
(28)

where ΔC rx+, S and V represent element concentration (mol/m3)
change over time dt (s), forward dissolution rate (mol/m2/s), solid
surface area (m2/kg) and solution volume (m3), respectively, in exper-
iment and numerical simulation. In order to consider the effect of dif-
ferences in particle size and resolution of the computation domain, the
change in concentration from experiment and simulation should be
same i.e.

ΔCmodel = ΔCexp (29)

Further solving the above equation gives:

rx+,model =

⎛

⎜
⎜
⎝

Vmodel/Smodel
Vexp
/
Sexp

⎞

⎟
⎟
⎠rx+,exp (30)

Fig. 5. (a) Measured Si ion concentration at different alkali concentrations (b) slope of the linear fitting of the Si ion concentrations at 2.0 M alkali concentration.

Fig. 6. Predicted log forward dissolution of Si compared with the experi-
mental results.

M. Gupta et al. Cement and Concrete Research 188 (2025) 107738 

9 



The dissolution rate thus calculated is used in the simulation, which
accounts for the difference solution-volume/solid-surface-area ratio.

4. Results and discussion

4.1. Particle dissolution and dissolution rate calculation

This section first presents the experimental results for the dissolution
of various ions (Ca, Si, and Al) from precursors and activators and the
calculations for the forward dissolution rates of these ions. Finally, it
compares the experimentally determined ion concentrations with the
simulation data based on the calculated forward dissolution rates.

4.1.1. Dissolution of slag
Fig. 5 plots the Si ion concentration dissolved from slag with time at

different alkali concentrations. It is apparent that higher Si ions are
released in the solution at higher alkali concentrations. The dissolution
of Si is initially linear with time. However, due to the precipitation of
products, the dissolution becomes nonlinear (after 2 h). Thus, the for-
ward dissolution rate is estimated using the slope of the linear fit line for

the Si ion concentration in the first 2 h (as shown in Fig. 5(b) for an alkali
concentration of 2.0 M).

The estimated forward dissolution rate is linked to the pH of the
solution and the ratio of the non-bridging oxygen atoms to oxygen atoms
in tetragonal coordination, i.e. NBO/T. Zuo and Ye [35,36,50] also
conducted dissolution experiments for the slag at different alkali con-
centrations. Hence both data were used to derive the relation between
the rSi+, NBO/T and pH using the nonlinear curve fitting. The relation-
ship is given below:

log10rSi+ = − 0.1934pH*
NBO
T

+0.5981pH+6.4288*
NBO
T

− 23.381

(31)

Fig. 6 plots the predicted forward dissolution rate of Si with the
experimental results. It is evident that the predicted results align well
with the experimentally measured results within ±0.1 order magnitude.

Fig. 7 (a) plots the dissolution of Al from the slag with time at
different alkali concentrations. The dissolution of Al from the slag is
taken to be stoichiometric to Si in the slag [42,50]. According to the
stoichiometric overall dissolution of Al and Si in from slag at the far-

Fig. 7. (a) Measured Al ion concentration at different alkali concentrations (b) Al concentrations in solution normalized by the molar fraction of Al in the slag plotted
against normalized Si concentration.

Fig. 8. (a) Measured Ca ion concentration at different alkali concentrations (b) slope of bilinear fitting for Ca ion concentrations at 2.0 M alkali concentration.
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from-equilibrium conditions, the log forward dissolution rates of Si and
Al can be correlated as follows:

log10rAl+ = log10
(
vAl
vSi

)

+ log10rSi+ (32)

vAl and vAl denote the molar fractions of Si and Al in the slag,
respectively. Fig. 7 (b) plots the normalized concentration of the Al (Al
concentration in solution divided by the molar fraction of Al in slag (vAl))
with the normalized concentration of Si. The linear relationship in plot
Fig. 7 (b) clearly indicates the stoichiometric dissolution of Al and Si
from the slag.

The dissolution characteristics of Si and Al are different elements
from Ca, Mg, Na, and K, as the former ones form the basic framework of
the calcium aluminosilicate glasses (slag), while the latter modifies the
framework [42,43]. The dissolution of Si and Al proceeds in a single
steady state, which is also reflected in Fig. 5(b). The dissolution of Ca
(cations) from the glasses proceeds in two stages: non-steady and steady-
state. In the non-steady state, the release of the cations is governed by
ion exchange, where selective leaching of alkali ions occurs, and Ca ions
in the glasses are replaced by the H+ from the solution. Following the

non-steady stage is the network hydrolysis, when the steady dissolution
of Ca occurs in the solution [73,74]. Hence, in the current study, the
dissolution of Al is related to Si, while the dissolution of Mg, Na, and K is
related to the dissolution of Ca.

Fig. 8 (a) plots the Ca ion concentration in the solution at different
alkali concentrations, which also illustrates the two stages of Ca ion
dissolution. The first linear curve in Fig. 8 (b) represents the non-steady
stage, while the second linear curve denotes the steady stage. The slope
of the line in two stages was used to calculate the dissolution rate using
Eq. (1). The dissolution rate in the initial non-steady state is higher
compared to the steady state. The dissolution rate is thus calculated for
the two stages and is plotted against pH in Fig. 9. A linear relationship
exists between the log forward dissolution rate for both stages and pH.
Thus, the forward dissolution rate can be written as follows:

For non-steady state:

log(rCa+) = 0.3194pH − 11.18 (33)

For steady state:

log(rCa+) = 0.2839pH − 11.03 (34)
Fig. 9. Log forward dissolution of Ca (steady and non-steady state) plotted as a
function of the pH of the solution.

Fig. 10. Measured Si ion concentration for K2SiO3 different alkali concentration (b) slopes of bilinear fitting for Si ion concentration at 0.1 M alkali concentration.

Fig. 11. Forward dissolution rate of Si from K2SiO3 in the first state with pH.
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The effective saturation index (ESI) for the Ca(OH)2 was calculated
at different KOH concentrations to estimate the possibility of its for-
mation in the solution, with ion activity coefficients calculated using the
extended Debye-Huckle equation. ESI for Ca(OH)2 at 0.1, 0.5, 1.0, and
2.0 mol/L was calculated to be − 0.2, 0.6, 1.0, and 1.6, respectively. ESI

values just above 0 indicate there is a low probability of the formation of
Ca(OH)2 in the solution. Zuo and Ye [36] also estimated ESI for different
products under similar experimental conditions, and values were esti-
mated to be negative or near zero. This ensured there was very small
probability of precipitation of products in the solution.

Fig. 12. (a) Measured Si ion concentration for micro silica at different alkali concentrations (b) forward dissolution rate of Si from micro silica with pH.

Fig. 13. Simulated concentration of different ions from slag compared with the experimental results (a) Si ions, (b) Al ions, and (c) Ca ions.

Fig. 14. Simulated and experimental concentration of Si ions dissolved from the raw materials (a) micro silica (b) K2SiO3.
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4.1.2. Dissolution of K2SiO3
For K2SiO3, the dissolution of Si ions is measured at different times in

a solution with different alkali concentrations, and the dissolution of K is
assumed to be based on the stoichiometry of the K2SiO3. Fig. 10(a) plots
the Si ion concentration with time for different alkali concentrations. It
is visible that the dissolution of Si from K2SiO3 shows two stages of
dissolution rate. In the first stage, the dissolution is lower, and after 1 h,
the dissolution rate reaches a steady stage (as shown in Fig. 10 (b)).

The forward dissolution rate in the first stage is found to be linearly
related to the pH (as shown in Fig. 11), while the forward dissolution
rate in the second stage is found to be independent of the pH. The
relationship between pH and dissolution rate in the first stage can be
written as:

log(rSi+) = 0.4257pH − 12.97 (35)

The dissolution rate in the steady state was calculated as follows:

log(rSi+) = − 6.6 (36)

Notably, due to the longer dissolution time for K2SiO3, the larger
particle could break into smaller particles, increasing the SSA and
affecting the measured dissolution rate. Increasing the number of mea-
surements during the early stages of dissolution could enhance the ac-
curacy of the slope estimation and, consequently, the dissolution rate. It
must be noted that, Eqs.(35) and (36) could change depending on the
composition and structure of K₂SiO₃.

4.1.3. Dissolution of Micro silica
Fig. 12(a) plots the Si ion concentration dissolved frommicro silica at

different alkaline concentrations. The forward dissolution rate is esti-
mated using the slope of the linear fit of the concentration and time plot.
The forward dissolution rates thus estimated are found to be correlated
to the pH (as shown in Fig. 12(b)). A linear relation is derived to relate
the forward dissolution rates with the pH as given below:

log(rSi+) = 0.3514pH − 12.99 (37)

4.1.4. Comparison of the ion dissolution between experiments and model
This section compares the simulation output with the experimental

values for the dissolution of different solids. Dissolution of different ions
(Ca, Si, and/or Al) from slag, micro silica, and K2SiO3 were simulated at
2.0 M and 0.1 M concentrations of KOH using the simulation framework
described in Section 3. Dissolution of the particles is simulated using the
random particle shape for different raw materials using the forward
dissolution rates estimated in Section 4.1 and using the Eq. (8). The
chemical composition of different raw materials was used, as given in
Table 1. For the simulation, the concentration of ions is measured at all
the liquid voxels, and the average is taken.

Fig. 13 plots both simulated and experimental concentrations for the
dissolution of slag (Si, Al, and Ca) at 2.0 M and 0.1 M of potassium
hydroxide solution. It is evident that the simulated ion concentrations
for Si, Al, and Ca are in good agreement with the experimental ion
concentrations. The simulation can also capture the non-steady and
steady-state dissolution of Ca from slag. Overall, the numerical model
could simulate the dissolution of different ions from slag with reasonable
accuracy.

Simulations were also carried out to check the dissolution of Si ions

Fig. 15. (a) SEM BSE image after 7 days of curing, (b) segmented image of the geopolymer with white representing the slag, (c) segmented image with black
representing the reaction products.

Fig. 16. (a) Comparison between the experimental and simulated degree of reaction, (b) comparison of the amount of reaction products from experiments
and simulation.
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from micro silica and K2SiO3 at 2.0 M and 0.1 M concentrations of po-
tassium hydroxide solution. Fig. 14 (a) and (b) plot the Si ion concen-
tration in the solution from the experiments and its comparison with the
simulation for the micro silica and K2SiO3 respectively. It is apparent
that the simulation data aligns well with the experimental data for the
micro silica, although some inconsistencies can be observed with the
dissolution of K2SiO3. However, overall, all the simulation results show

reasonable agreement with the experimental data.

4.2. Microstructure development and pore solution of paste

This section discusses the experimental data for the microstructure
development obtained using SEM, the pore solution of the one-part
granite-based geopolymer paste, and its comparison with the

Fig. 17. Simulated volume proportion of phases with GeoMicro3D.

Fig. 18. Comparison of experimental and simulated concentrations of different ions in the pore solution.
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modeling results.
Fig. 15 (a) shows the SEM-BSE image for the geopolymer after 7 days

of curing. In the SEM images, the brighter phases correspond to the
unreacted precursors, while the darkest phases correspond to the pores.
The microstructure reveals a heterogeneous distribution of slag, granite,
K2SiO3, and reaction products. It can be observed that the K2SiO3 has
dissolved significantly, resulting in pores. Fig. 15 (b) shows the
segmented image with white pixels representing the slag, which is used
to estimate the degree of reaction of slag using Eq. (2). Fig. 15 (c) also
shows the segmented image with black pixels corresponding to the re-
action products. Fig. 16 (a) plots the degree of reaction (DOR) of slag
obtained from the image segmentation and using Eq. (2) along with the
simulated DOR for all the solids in the geopolymer. The DOR of slag
increases rapidly in the first 12 h and reaches approximately 26%, and
then it saturates. The DOR for slag reached around 40% after 336 h (14
days).

The numerical simulation for the one-part geopolymer is performed
using the input microstructure (as shown in Fig. 3) and as the discussed
methodology in Section 3. The dissolution rates for different raw ma-
terials are used as derived in Section 4.1. The dissolution of K2SiO3 was
observed to be slow considering the non-steady and steady-state disso-
lution stage. Hence, only steady-stage dissolution was considered for the
simulation of the paste. The simulation is carried out for 14 days of
curing time at 20 ◦C. The DOR from the simulation is estimated by using

the number of voxels of slag at any time (Nt) and the initial number of
voxels (N0) as given below:

αslag(t) =
(

1 −
Nt

N0

)

(38)

It is apparent that the simulated DOR for slag is in good agreement
with the experimental data. The model can capture the initial rise in the
DOR (up to 12 h), and further then, the curve gets saturated with time.
The DOR for slag estimated from the model reaches 0.46 after 14 days.
The simulation shows that potassium silicate and micro silica dissolve
completely in the solution. The potassium silicate is the activator, and
due to the very fine size of micro silica, both reach complete hydration.
The close alignment between the experimental data and model pre-
dictions for slag indicates that the model effectively captures the kinetics
of the polymerization process.

Fig. 16 (b) plots the amount of reaction products obtained from the
image segmentation along with the volume fraction of total reaction
products from the simulation. The amount of reaction products (from
the experiments) also shows a similar trend as the DOR for slag. Notably,
the amount of reaction products obtained from the experiments also
includes the pores, which are smaller than the resolution of the SEM-BSE
images. The total reaction products calculated from the simulation
include the gel water and absorbed water, as discussed in Section 3.4.
For the simulation, it is evident that the amount of reaction products

Fig. 19. Simulated microstructure of the one-part granite-based geopolymer after 0 days, 1 h, 1 day, and 7 days of curing.
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increases in a similar trend as the degree of reaction for the slag, which
includes an initial rapid increase in the reaction products up to 12 h and
a plateau afterward. The agreement between the experimental and
simulated amount of reaction products reinforces the reliability of the
model and its applicability to predict product formation over time.

Fig. 17 illustrates the simulated volume fractions of various phases in
the one-part granite-based geopolymer system over a 14-day period, as
estimated using the GeoMicro3D. The main reaction products formed
during hydration are C-(N, K)-A-S-H, MA-OH-LDH, and NAT (K).
Natrolite is also formed in small quantities due to the release of Na ions
from the slag. As the DOR of raw materials (slag, micro silica, and
K2SiO3) increase rapidly in the early stage, the formation of C-(N, K)-A-
S-H, MA-OH-LDH, and NAT (K) is also faster in the early stages, and
further, it saturates with time.

Fig. 18 plots the concentration of Ca, Si, Al, Mg, Na, and K measured
from the pore solution extracted from the paste using ICP-OES, along
with the average ion concentrations in the voxels from the simulation.
From the experimental data, it is apparent that the pore solution is
mainly dominated by K and Si ions, as the former is released from the
dissolution of the activator while the latter is released from K2SiO3, slag,
and micro silica. The qualitative trends for Ca, Al, and Mg are very
similar to each other, as the value is highest at 0.5 days due to the
dissolution of slag, and then further it decreased with time due to ions
being consumed in the precipitation of the products. The qualitative
trends for elements are much similar, as discussed by [75].

From the simulated ion concentrations, it can be observed that all the
curves first have an initial rise in concentration, which is due to the
initial dissolution of ions from different solids in the pore solution. The
concentration of ions keeps on increasing in the pore solution until the

solution becomes supersaturated with respect to any of the reaction
products mentioned in Table 5. Due to the supersaturation, the products
start to precipitate, and the ions get consumed in the product formation,
which decreases the ion concentration in the pores over time. It can be
observed that a good agreement exists between the experimental and
simulated data for Ca, Mg, Na, and Al. During the early ages of curing,
the concentration of Ca and Mg (in the extracted pore solution) is higher
relative to the solubility of Ca(OH)2 and Mg(OH)2. This suggests that the
pore solution is oversaturated, and precipitation of products could occur
in the pore solution. Due to the application of pressure to extract the
pore solution, some metastable products could get dissolved due to
chemo-mechanical effects increasing the concentration in the extracted
pore solution [76,77]. Additionally, the passage of fine particles smaller
than 0.45 μm could also contribute to minor changes in the measured
concentrations [77].

The simulation results for the Si and K ions are overestimated. SEM-
BSE images show some amount of unreacted K2SiO3. However, the
model predicts complete hydration of K2SiO3, thus introducing a higher
amount of K and Si ions in the system compared to the experiments.
Additionally, in the current model, the Ca/Si ratio used for different
products varies from 0.67 to 1.5, and the maximum Si/Al ratio for the
zeolites was 1.5, which might be the reason for the overestimation of the
Si ions in the system. Thus, for the low calcium system, the inclusion of
more reaction products with low Ca/Si ratio and high Si/Al ratio could
improve the model predictions.

Fig. 19 shows the simulated 3D microstructure development for the
one-part geopolymer after 0 days, 1 h, 1 day, and 7 days. Yellow rep-
resents the voxels that are filled with the aqueous solution, grey repre-
sents the voxels partially or completely filled with the reaction products,

Fig. 20. Spatial distribution of the volume fraction of all phases in the microstructure of the paste after 0 days, 1 h, one day, and 7 days of curing.
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and green represents the reaction front. The reaction front represents the
solid precursor and activator nodes, which are undergoing dissolution at
any time. It is evident that after one hour, the K2SiO3 has dissolved
significantly from the surface, and the size of the particles has reduced. It
is also visible from Fig. 19 (c) that the finer particles of slag and micro
silica have also dissolved after 1 day. The dissolution of potassium sili-
cate has created some spaces in the microstructure, which is also
observed from the SEM-BSE images, as shown in Fig. 15. In the current
study, only heterogeneous precipitation is allowed, which refers to the
precipitation on the surfaces. Due to the absence of any nucleation site in
the spaces created due to the dissolution of K2SiO3, precipitation
couldn’t happen.

Fig. 20 shows the simulated 3D microstructure development of the
paste after 0 days, 1 h, 1 day, and 7 days. Fig. 20 shows the volume
fraction at different voxels (this includes precursor, activator, and re-
action products). The dissolution of the precursors and activator and
precipitation of the reaction products are clearly visible. The products
are precipitating on the surface of all the particles and microstructure is
becoming denser with time.

5. Conclusions

In the current study, the numerical simulation framework, Geo-
Micro3D, has been extended to model the hydration and microstructural
development of a one-part geopolymer, which contains slag, K2SiO3,
micro silica, and granite. The extended framework is capable of simu-
lating the dissolution of different components in the solution, trans-
portation of ions in the microstructure, and precipitating reaction
products with the aid of thermodynamic modeling. The major conclu-
sions from the current study are:

1. The initial input microstructure is built using the Anm model,
considering the real shape of the particles and particle size distri-
bution of the solid components, i.e., slag, K2SiO3, micro silica, and
granite.

2. The forward dissolution rate of different elements from slag (Si, Ca,
and Al), micro-silica (Si), K2SiO3 (Si) materials are calculated from
the dissolution experiments, which are further used as input for
GeoMicro3D.

3. The precipitation of the products in the microstructure of the paste is
modeled using classical nucleation probability and thermodynamic
modeling which can quantitatively predict the formation of different
reaction products such as C-(N,K)-A-S-H, Nat(K), Natrolite and MA-
OH-LDH in the microstructure.

4. The DOR of slag and volume of reaction products are estimated using
SEM-BSE. The simulated DOR for slag and volume of reaction
products shows good agreement with the experiments, proving the
rationality of the model.
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