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GeoMicro3D: A novel numerical model for simulating the reaction

process and microstructure formation of alkali-activated slag

Yibing Zuo*>* , Guang Ye®

2School of Civil and Hydraulic Engineering, Huazhong University of Science and Technology, Wuhan 430074,
China
®Faculty of Civil Engineering and Geosciences, Delft University of Technology, Stevinweg 1, 2628 CN Delft, The

Netherlands

Abstract: For the first time, this study developed a novel model, named GeoMicro3D, to
simulate the reaction process and microstructure formation of alkali-activated slag. The
GeoMicro3D model consists of four modules that are designed to simulate, respectively: (i) the
initial spatial distribution of real-shape slag particles in alkaline activator, (ii) the dissolution of
slag and diffusion of ions via the transition state theory and lattice Boltzmann method,
respectively, (iii) the spatial distribution of reaction products using a nucleation probability
theory, and (iv) the chemical reactions with thermodynamic modelling. Afterwards the
GeoMicro3D model was implemented and verified. The simulation results were discussed and
compared with the relevant experimental data and thermodynamic calculation results using
GEMS. A good agreement was found in the comparisons, showing the strong simulation

capability of GeoMicro3D.

Keywords: Numerical simulation; Alkali-activated slag; Reaction process; Microstructure

formation; GeoMicro3D
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1. Introduction

The alkali activation of vitreous ground granulated blast furnace slag (GGBFS) produces a kind
of clinker-free cement, which is supposed to efficiently improve the sustainability of concrete
production [1-4]. Compared with ordinary Portland cement (OPC), alkali-activated slag (AAS)
cement has lower equivalent emissions of CO2 [5-7] and exhibits similar or even better
mechanical properties and durability performance [8, 9]. Most of these excellent properties are

largely relied on the reaction process and microstructure formation of AAS.

With the rapid development of computer technology, numerical models have been well
developed and widely used in the studies of OPC based materials, providing an important
numerical study route besides the experimental study route [10, 11]. With the numerical models
it is possible to simulate the hydration process and microstructure development, in particular of
the pore structure in hardening OPC based materials. Table 1 lists four main numerical models
and their characteristics for studying OPC based materials [12]. The reaction process and
microstructure evolution of OPC based materials can be simulated through either of the
three-dimensional cement hydration and microstructure development model (CEMHYD3D)
[13], Navi’s model [14] and three-dimensional hydration, morphology and structure formation
model (HYMOSTRUC) [12, 15]. Furthermore, the durability of concrete model (DuCOM) and
HYMOSTRUC can be used to investigate and predict not only the transport properties of water
and ions in OPC concrete but also the corrosion and degradation of OPC concrete in the erosion

environment [12, 16, 17].
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Table 1 Comparison of the main features between four numerical models (after [12])

CEMHYD3D Navi’s model DuCOM HYMOSTRUC
Particle size . . C
distribution 1~40 pm 6~60 pm mono-size particles no limitation
Particle shape real-shape sphere sphere sphere
Composition of Cs3S,C1S,C5A, CsS CsS CsS. CoS
cement C4AF,gypsum
Type of cement OPC, blended o OPC, medium heat OPC, blended
yp cement cement, high belite cement cement
Mlxm?e N « N N
proportion
Kinetics X \ \ V
Cur}ng temp&_arature, X temperature temperature
condition moisture
Mu}eral filler filler (mono-size) filler filler
admixture
Dimensions 3D 3D 3D 3D
Pore scale capillary pore capillary pore capillary pore, gel pore capillary pore
Reference [13] [14,22] [16] [15]

Note: CsS, CaS, C3A, C4AF and OPC represent tricalcium silicate, dicalcium silicate, tricalcium aluminate, calcium
ferroaluminate and ordinary Portland cement, respectively. “vand “x mean that the model considers and does not consider,

respectively.

It is noted that the numerical models that are designed for OPC based materials, however, are
not capable of simulating the reaction process and microstructure formation of AAS. In the

literature the numerical studies of AAS mainly concentrate on the following two aspects:

® Modelling the chemistry and structure of the C-(N-)A-S-H gels. The alkali
calcium-aluminosilicate hydrate, i.e. the C-(N-)A-S-H gel, is the primary reaction product
in AAS [18]. Puertas et al. defined a tobermorite structure based model for describing the
C-(N-)A-S-H gels and found that the structure of the C-(N-)A-S-H gels largely depended
on the nature of the alkaline activator [19]. In another study, a generalized model named
the cross-linked substituted tobermorite model (CSTM) was derived [20]. In this model a
blend of cross-linked and non-cross-linked tobermorite-based structures were employed to
simulate the C-(N-)A-S-H gels. Compared with the models that were based on the

non-cross-linked tobermorite-based structure, the CSTM model was found to be more
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capable of simulating the composition and structure of the C-(N-)A-S-H gels. By coupling
the numerical simulation and experimental study, the Al in cross-linking of the
C-(N-)A-S-H gel was investigated in [21]. The numerical simulation was carried out by
using the CSTM model and in the experimental study the 2°Si and 2’ Al NMR spectroscopy
was used. It was found that a longer reaction time resulted in a reduction of the Al/Si ratio

in the C-(N-)A-S-H gels.

® Thermodynamic modelling of the chemical reactions: Myers et al. derived a calcium-alkali
aluminosilicate hydrate ideal solid solution model, named CNASH_ss, and simulated the
chemical reactions in AAS [23] (more details on the CNASH_ss model can be referred to
Section 2.4). The simulation results showed that the calculated C-(N-)A-S-H gel densities
and molar volumes agreed with their corresponding experimental values reported in the
literature [24]. With the CNASH_ss model, the solid phase assemblage of AAS was
simulated and a good consistency was found between the simulation results and the
experimental data [25]. Based on the thermodynamic modelling results, Myers et al.
determined the phase diagrams of AAS [26]. In another study, the CNASH_ss model was

employed to simulate the solid phase composition and chemical shrinkage of AAS [27].

So far, however, there is a dearth of information on the numerical models that are capable of
simulating the reaction process and microstructure formation of AAS. Nowadays it is still a big
subject and problem for researchers to have a numerical model with which it is possible to
numerically investigate the microstructure development of AAS. Due to the lack of a numerical
model to obtain the microstructure, the researchers find it very difficult to numerically
investigate many microstructure-related-physical-properties of AAS, such as tensile strength,

permeability and diffusivity of chloride.
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In this background, a novel numerical model, i.e. GeoMicro3D abbreviated from Geopolymer
Microstructure 3 Dimensions, was developed for the first time in this study to simulate the
reaction process and microstructure formation of AAS. The GeoMicro3D model was developed
by strictly following the simulations of the initial spatial distribution of real-shape slag particles
in alkaline activator, dissolution of slag, diffusion of ions, chemical reactions of ions and
nucleation and growth of reaction products in AAS. After build-up of the GeoMicro3D model,
it was implemented and then verified by the relevant experimental data and thermodynamic
calculation results using GEMS. The GeoMicro3D model proposed in this study may serve as
a numerical simulation tool, with which it is possible for researchers to numerically study and

forecast many microstructure-related-physical-properties of AAS.

2. Methodology

The GeoMicro3D model consists of four modules as displayed in Fig. 1. The first module (D)
generates the initial spatial distribution of real-shape slag particles in alkaline activator prior to
the onset of reactions. The second module (@) simulates the dissolution of slag. The third
module (®) simulates the spatial distribution of reaction products, in which a novel strategy is
proposed to improve the computation efficiency. In the last module (@) the chemical reactions

are described and the amounts of reaction products are determined via the thermodynamic
modelling. The modules (2), 3) and (4) make up a loop in which the lattice Boltzmann method

(LBM) is applied to describe the diffusion of ions.
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@ initial spatial distribution of]
slag particles(Section 2.1)

§

@ Dissolution of slag
(Section 2.2)

7@\

@ Thermodynamic ® Nucleation and
modelling SSection 2.4 ‘j rowth (Section 2.3)

Fig. 1. Modules of the GeoMicro3D model. LBM represents lattice Boltzmann method.

2.1. Simulation of the initial spatial distribution of slag particles in alkaline activator

The initial spatial distribution of slag particles in alkaline activator is the starting point for
performing numerical simulations of the reaction process and microstructure formation of AAS.
Here the initial spatial distribution of slag particles in alkaline activator solution is defined as
the state of slag particles in alkaline activator before the onset of reactions. In this study, a
geometrical model, named Anm material model [28], was employed to simulate the initial

spatial distribution of slag particles in alkaline activator using real-shape particles of slag.

In the Anm material model, particle shapes are described with spherical harmonic expansion

coefficients amm, as expressed with Eq. (1) in a 3D spherical polar coordinate system.

(0, ‘P) = Z%):O xn =-n aannm(B' QD) (D

(2n+1)(n—-m)! i
Vom0, 9) = /%Pm(cosmem 2
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where:

® (0, p) —the distance from the particle center of mass to the surface point

® Y..(6, ) — the spherical harmonic function

® () —the polar angle

® ¢ —the azimuthal angle

® 5, m—the indices (-n<m<n)

® Pu(cos 6) — the associated Legendre polynomial [29]

® | — the square root of -1

The spherical harmonic expansion coefficients, i.e. amm, can be determined analytically from

digital micro X-ray computed tomography images of slag particles [30]. Once anx is determined,

then the particle shape can be described with Egs. (1) and (2). As an example, Fig. 2 shows a

real-shape particle of slag that is described by aum. The spherical harmonic expansion

coefficients of different slag particles make up the particle shape database for slag.
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Fig. 2. A real-shape particle of slag described by the spherical harmonic coefficients. The particle width is 15.56

pm. (In this study, the particle width was used as the measure of particle size, see details in the text)

Once the spherical harmonic coefficients are known, many geometric properties can be
calculated, such as the particle volume, surface area, length, width, and thickness [31]. Length
is the longest surface-surface distance in the particle; width is the longest surface-surface
distance in the particle such that width is perpendicular to length; and thickness is the longest
surface-surface distance in the particle such that thickness is perpendicular to both length and
width [31]. Since the particle width is thought to match best with the usual standard
experimental sieve classification of particles [32, 33], it is preferentially used for computational

sieve analysis [30]. In this study, the particle width was used as the measure of particle size.

In the simulation process, the particles are placed one after another into the cubic box. The
cubic box, also noted as simulation box, represents the representative elementary volume (REV)
for simulation and its size should not be smaller than 2.5 times of the largest slag particle [34].
The larger particles are processed before the smaller ones. So before the simulation, the particles
are grouped into different particle size ranges. The particles within a larger particle size range
are processed before the ones within a smaller particle size range. For placing the particles from

a certain particle size range into the simulation box, the particle size is picked up stochastically
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within this particle size range and the particle shape is taken from the shape database of slag.
In order to avoid overlapping with the particles that are already placed in the simulation box,
stochastic trials are usually needed to look for the particle position and orientation. Full details
on the modelling procedures and algorithms can be found in [28, 34, 35]. Fig. 3 shows one
example of the simulated initial spatial distribution of real-shape slag particles in sodium
hydroxide solution using the Anm material model. Ref. [36] provides more information about
using the Anm material model to simulate the initial spatial distribution of real-shape slag

particles in sodium hydroxide solution.

Fig. 3. Simulated initial spatial distribution of real-shape slag particles in sodium hydroxide solution using the
Anm material model. The size of the simulation box was 125 um x 125 pm x 125 um. The liquid to binder ratio

was 0.59. More information can be found in [36].

2.2. Simulation of the dissolution of slag

When slag is brought into contact with the alkaline activator solution, the dissolution of element
constituents in slag starts and the transport of the released ions starts by diffusion. In this study,

therefore, the simulation of the dissolution of slag can be divided into two main aspects: one is
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to simulate the dissolution of the element constituents in slag by using the transition state theory
(see the following subsection 2.2.1), and the other is to simulate the diffusion of the released
ions by using the lattice Boltzmann (LB) method (see the following subsection 2.2.2). Based
on these two steps, the dissolved amount of element at each LB simulation step can be obtained
(see the following subsection 2.2.3). The amount of the dissolved elements then serve as source
terms and participate in the LB simulation in the next LB simulation step. As a demonstration
example, Fig. 4 shows the simulated progressing dissolution of one real-shape slag particle in

alkaline solution by the dissolution module.

3D
0 LBS step 10 LBS steps
VoxelPhase
',:H‘
" 0.6
04
=0.2
0.00055798
cross sections in 2D
S LBS steps 10 LBS steps 12 LBS steps
VoxelPhasc VoxelPhase
.
goon i(m
(.4
096 =
0.94369298 00182089

Fig. 4. Progressing dissolution of one real-shape slag particle in alkaline solution. LBS refers to lattice Boltzmann

simulation.

2.2.1. Simulation of the dissolution of the element constituents in slag

In aluminosilicate materials including slag, Si and Al build up the framework while alkali and
alkali-earth metals like Ca and Mg modify the framework [37, 38]. So the alkali and alkali-earth
metals are also called modifying elements. The framework refers to the glass network in

aluminosilicate materials. In the framework Si and Al are tetrahedrally coordinated. As

10
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schematically shown in Fig. 5, the dissolution of slag can be described via the following four

consecutive steps [39-41].

H,0 H,0 solution solution
H* H,0 Haf
: H,0 3
Eaty — H,0
‘[0' H,0
framework .. | Na*
Si Si
/ / H*
g O~ H.0 H,0
(A) (B) ¥
.. H,0 solution - H,0 solution
O~.. .. OH AI{OH),~ O~,.. T OH Ca*
S~ 0 i Sl=g Tp
] \Si o OH Caz+ i | \Si /OH H,0
et N AlOH), gt . Al(OH),”
| N : “H,0
: = i - | — - b °
Eframework ? , S'(OH)a? ;framework ? )\\JW
Si 1 Na* | Si Si—
| / | | -
L o .. . RO e e SR P oNat
(D) ©)

Fig. 5. Schematic illustration of the dissolution of slag (after [41]). For clarity, additional bonds between Si and O

as well as between Al and O are not shown.

(i) First, the modifying elements are initially released through the metal/proton exchange

reactions, as shown in Fig. 5(A).

(i1) Then, hydrolysis of the bonds between Al and O starts, as shown in Fig. 5(B).

(ii1) Afterwards, the bonds between Si and O start to break, as shown in Fig. 5(C).

(iv)Finally, Al and Si are released, as a result of which the framework is gradually dissolved,

as shown in Fig. 5(D).

Due to the smaller bonding energy of Al-O than Si-O, Al dissolves more easily than Si in the

11
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dissolution of slag [47]. The initially dissolved Al changes the adjoined Si coordination
condition from fully coordinated to partially coordinated (Fig. 5(C)). Compared with the fully
coordinated Si, the partially coordinated Si dissolves faster. So the dissolution of framework
can be divided into the following two steps: initial dissolution of a small amount of Al (Fig.
5(B)) and then followed by the dissolution of Si that coordinates to the initially dissolved Al

through O (Fig. 5(C)).

It is reported that the relative dissolution rate of each oxide within a multioxide phase equals to
the dissolution rate of the single oxide [42, 43]. This is mostly due to the fact that the dissolution
of glass is actually through the break of bonds between oxygen and other elements, such as Si-
0, Al-O and Ca-O bonds, as shown in Fig. 5. That is to say, the simulation of the dissolution of
the element constituents in slag can be carried out by simulating the dissolution of single
element oxide. It should be noted that simulating the dissolution of glass in view of its
individual oxide component is based on the assumption that the effect of mixing of multioxide
on the Gibbs energy is negligible. How the mixing affects the Gibbs energy and how much the
effect are in need of further research. The dissolution reactions of silica, aluminum and calcium

oxide in alkaline solution can be described as follows:

Si0, + 20H™ = H,0 + Si0;*~ 3)
Al,03 + 20H™ - H,0 + 2A10,"~ “4)
Ca0 + H,0 — 20H™ + Ca?* (5)

According to the transition state theory, the dissolution rates of silica, aluminum and calcium

12
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oxide, i.e. s, 47 and rca, can be obtained as expressed in the following equations. More details

on the transition state theory and derivation of the following equations can be found in

Appendix A.

Tsi = Tysi <1 - (%)Vty) (0)
Tar = Ty a1 (1 — (%)1/6> (7)
Tea = Th.ca (1 - (,’;L)l/) ®)

where 7 x, Ky x, and IAPy are forward dissolution rate, solubility product and ion activity
product of X, respectively. X can be silica, alumina or calcium oxide. /4Px can be determined

as follows according to Egs. (3-5):

a.. - * a
APy = Stos”” ™20 )

AoH~ * AQH~

aalo,~ * Aal0,~ * QHZ0
IAP, = =22 2 2 (10)
AoH~ * AOH~

IAP, = Zcat * ZOH” T ROMT (11)

aH,0

where a; represents the ion activity. i can be SiOs*, AlO2", Ca®*, H>O or OH".

13
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According to the stoichiometric dissolution of Al and Si in aluminosilicate materials [44, 45],

the log forward dissolution rates of Si and Al can be correlated as follows:

Log Tya = Log (1, ) = Log (Z—;”) +Log Ty (12)

Si

where vs; and v are the molar fractions of Si and Al in slag, respectively.

In slag the contents of Mg, Na, K and S are small. Similar to Ca, these modifying elements also
dissolve relatively fast in comparison with the tetrahedrally coordinated Si and Al in the
framework. Therefore, the dissolution rates of Mg, Na, K and S can be determined as follows,

by taking rc. as the reference.

Tg = fug ool Tea (13)
"™a = fva % "Tca (14)
Tie = fie 5o Tea (1)
5= fsr o Tea (16)

where rug, v, Fx and rs are the dissolution rates of Mg, Na, K and S, respectively. fize, fva, fx
and fs are ratios of g, rna, 7k and rs relative to rcq, respectively. vea, Vg, Ve, vk and vs are

molar fractions of Ca, Mg, Na, K and S in slag, respectively.

14
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2.2.2. Simulation of the diffusion of ions

As originated from the lattice gas automata, LB method is considered as a simplified version of
molecular dynamics method, utilizing a discrete space, discrete time and discrete velocities [46].
It has been found that the LB method is a powerful method for solving fluid dynamics and ionic
transport problems [46-48]. In this study, the LB method was employed to describe the diffusion
of ions. The ions that are accounted for in the GeoMicro3D model are SiOs*~, AlO;~, Ca?', Mg?*,
K*, Na*, S~ and OH". For modelling the mass transport in 3D, the D3Q19 model is commonly
applied. DdQq refers to a lattice structure with ¢ lattice directions in d dimensions. The lattice
structure defines the path for streaming of distribution function from current lattice cell to the
neighboring lattice cell. When simulating the entirely diffusive mass transport, however, it is
possible to decrease the velocity directions from 19 (D3Q19) to 7 (D3Q7) without affecting the
simulation quality very much [49]. It is known that there is no convection in the reaction process
of cement-based materials. So the transport of ions can be described as entirely diffusive mass
transport [46]. For the purpose of decreasing the computation efforts and increasing the
computation efficiency, the D3Q7 model was applied in the GeoMicro3D model to describe the
diffusion of ions in AAS. The LB equation below describes the development of particle

distribution function [47]:

fil + et +80) = i, ) = 2[£,000) — f9900 D] + ;8,5 (17)

where:

® f;—the non-equilibrium particle distribution function

15
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® f/—the equilibrium particle distribution function

® x —the location

® {—the time

® | —the velocity i (in this study i =0, 1, 2, 3,4, 5, 6)

® 71— the relaxation time

® ,— the time step

® ¢;—the microscopic velocity

® w, —the weighting factor

® S —the source term

Without convection, ¢ can be determined via the equation below, in which F is the ion

concentration in the lattice cell:

fi%9(x, t) = w;F(x,t) (18)

F(x + ei6t, t+ 6t) = i6=0fi (x + ei6t, t+ 6t) (19)

16
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333  Fig. 6 shows a flow diagram of the LB simulation. After initialization, the LB simulation begins
334  with the determination of £/ using Eq. (18). Then the source term () is determined according
335 to Eq. (21). With £ and S, the collision process is executed to obtain (fi(x+eid:, t+0:)) by using
336 Eq. (17). Then fi(x+eio:, t+o;) streams in each direction of velocity. Afterwards, periodic
337  boundary conditions are applied to determine the fi(x+eid;, t+0:) of the lattice cells on the
338  boundaries of the simulation box. Finally, ion concentrations are renewed according to Eq. (19).
339  If the current time (7) exceeds the target reaction period (7iuge) Or the source terms are zero
340  (8=0), then the data are quantified as output and the loop will stop; otherwise, the loop goes to

341  the next LB simulation iteration.

T = 0: initialization (F(x, t)), f{x, t)) ‘

M T=T+T,

1 calculate ££7(Eg. (18)) |

l dissolution of precursor: calculate S (Eg. (21)) |

| collision process: calculate f(x+e6t, t+6t) (Eq. (17)) ‘

.

‘ streaming process: ions transport \

bpply periodic boundary conditions ‘

‘ update concentration of ions (Eq. (19)) |

No %TWQEK Yes >| o }_>| end |

orS=0

Fig. 6. Flow diagram of LB simulation of the dissolution of slag.

342
343  2.2.3. Dissolved amount of elements at each LB simulation step
344

345  Inthe digitization process, the voxels that are outside the slag particles are regarded as alkaline

17
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activator voxels and the rest voxels are taken as slag voxels. After digitization the simulation
box becomes a box of voxels (or lattice cells). Therefore, the slag particles in the digitized
simulation box actually consist of voxels. Due to the amorphous nature of slag, it is reasonable
to assume an even distribution of element constituents in slag. That is to say, the element
constituents in each slag voxel can be supposed identical to the chemical composition of slag.
To simulate the dissolution of slag is actually to simulate the dissolution of element constituents

in slag voxels.

For each slag voxel, there are six interfaces on which dissolution may take place. On each
interface, the amount of elements that are released at one LB time step can be determined
according to Eq. (20). The parameter fuissoming-area tepresents the area fraction of the interface
that is being dissolved. In determining the dissolution rates using Eqgs. (6-8) for the dissolving
interface, the /4P is obtained based on the contacting neighbor voxel. With the amount of
elements that are released on each interface, the total released amount of elements on six
interfaces can be determined via Eq. (21). The dissolved amount of elements at one LB time
step will participate in the collision step through the source term in Eq. (17) in the next LB

simulation step.

AnY,i = fdissolving—area Tyt to lOZ (20)
ANy = 5., Any, @)
where:

® Any;—the released amount of element Y on interface i
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® ANy—the released amount of element Y on six interfaces

® {p—one LB step time

® Y —an element that can be Si, Al, Ca, Mg, S or K

® ry;— the dissolution rate of element Y on the interface i

® /[y —the side length of voxel

2.3. Simulation of the nucleation and growth of reaction products

With dissolution of slag, the concentrations of ions in the solution increase continuously. When
the pore solution of AAS reaches saturation or oversaturation, reaction products are likely to
precipitate. Whether the precipitation will occur or not depends on the nucleation condition in
the pore solution. Nucleation is the statistical process of appearance of nanoscopically small
clusters of molecules of a new phase in a supersaturated solution [50], which is the key step for
the growth of reaction products. Eq. (22) is used to calculate the probability P(¢) that at least
one critical nucleus exists in the solution [51]. Once at least one critical nucleus exists in the

solution, the reaction product of this kind of nucleus begins to deposit and grow.

P(At) =1 —exp(—] -V - At) (22)

where V' is the solution volume, A is the time interval and J is the nucleation rate that can be
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determined as follows [50, 51]:

J(S) =4S exp(—12) (23)

where A and S are the kinetic parameter and supersaturation ratio, respectively, and B is the

thermodynamic parameter that can be obtained for heterogeneous nucleation, as follows:

4 Avhye
B=s—ar 24
Where:

® ¢ —ashape factor ((36m)'"

for spheres and 6 for cubes)

® v —the molecular volume of the phase

® [ — the Boltzmann constant

® T —the absolute temperature

® y.— the effective interfacial energy, where y.r= yy with interfacial energy y and activity

factor 0 <y <1, and w = 1 for homogeneous nucleation

The y can be determined with Eq. (25) below [50, 51]:
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1
Ngv-c*

y=Bnkp T == InGc——) (25)

where Sy is a numerical factor (fv = 0.514 for spherical nuclei), N, is Avogadro’s number and

¢’ (mol/L) is the molar solubility.

In a voxel without reaction products, it is possible for each reaction product to precipitate. In
other words the nucleation probability should be calculated for each reaction product via Eq.
(22) and the corresponding reaction should be simulated if the reaction product is predicted to
precipitate. This, however, would result in a huge rise of the computation efforts and inevitably
and dramatically reduce the computation efficiency. In fact the reaction products are actually
finely mixed up with each other at the micro level according to experimental observation from
the scanning electron microscopy (SEM) images [52-54]. Therefore it is not wise and necessary
to simulate the precipitation and reaction of each reaction product separately at the micro level.
For the purpose of limiting the computational load and respecting the experimental insights, a
novel strategy was conceived and implemented in this study. The details of this novel strategy

are described as follows.

The reaction products in AAS are classified into primary reaction products (C-(N-)A-S-H gel)
and secondary reaction products (see details in Section 2.4). The deposit of reaction products is
controlled to take place only when at least one of the eight CNASH_ss end-members and at
least one of secondary reaction products are simulated to precipitate. For the voxels where
reaction products will deposit, the thermodynamic modelling module is applied to simulate the
reactions and calculate the amount of reaction products. The full procedure consists of four

steps below and is displayed in Fig. 7.
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445  a. Calculate the nucleation probabilities, Px, Py and Pz for primary reaction products and Py,
446 Pg and Pc for secondary reaction products, using Eq. (22).

447

448  b. Generate a random probability 0 < Prandom < 1.

449

450  c. Calculate the numbers (i.e. N, and Nj) of primary reaction products and secondary reaction
451 products that are predicted to nucleate, respectively.

452

453  d.If N, > 1 and Ns > 1, then the thermodynamic modelling module (Section 2.4) is called.

; Yes
HeE 00 feagtioh Nucleation probability module
roducts
i I i
No P, P, P, P ! : a2 28 E

«—— P

| random

01— —»

v
Np = (Prandam< PX) + (Pmndam< PY)
+ (Prandom< PZ] i (Prandom< P)

v
Ns = (Pmndam< PX) + (Pmndorn< PY)
& (Prandom< PZ) i (Prandom< P)

. PV T N Yy

» Thermodynamic modelling module
Fig. 7. Flowchart of nucleation probability module.
454
455  For a voxel that already has reaction products, the thermodynamic modelling module is applied
456  directly without calling the nucleation probability module.

457
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2.4. Thermodynamic modelling module

This module is applied to model the chemical reactions and determine the amounts of reaction
products in AAS through thermodynamic modelling. The reaction products in AAS consist of
primary reaction products, i.e. C-(N-)A-S-H gels [18], and secondary reaction products, such
as hydrotalcite [55], tetracalcium aluminate hydrate (Cs4AHi3) [55], katoite (C3AHs) [25],
stratlingite (C2ASHs) [56] and portlandite (CH) [57] etc. Once the thermodynamic data of these
reaction products are known, thermodynamic modelling of the reactions can be performed by

using the thermodynamic program.

2.4.1. Thermodynamic data of the reaction products

(1) For the primary reaction products (C-(N-)A-S-H gels)

In this study the CNASH_ss model was used to describe the C-(N-)A-S-H gels. The CNASH_ss

model contains eight CNASH_ss end-members. The dissociation reactions and thermodynamic

data of these end-members are listed in Tables 2 and 3, respectively. More information on the

derivation of the CNASH_ss model can be referred to [23].
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483 Table 2 Dissociation reactions and solubility products (Log Ksp) for C-(N-)A-S-H and hydrotalcite-like phases at

484 25°C and 1 bar.

Solids Dissociation reactions Log Ky

CNASH ss model [23]

5CA (Ca0)1.25 (Al203)0.125'(Si02) (H20)1 625 -10.75
— 1.25Ca%* + Si02~ + 0.25Al05 + 0.250H + 1.5H,0

INFCA (Ca0)-(Al203)0.15625'(Si02)1.1875' (H20)1.65625 +0.68750H~ -8.90
— Ca?" + 1.1875Si0%~ + 0.3125A10; + 2H,0

S5CNA (CaO)1,25~(NazO)0 25'('A1203)0,125'(Si02)'('H20)1,25 -10.40
— 1.25Ca%* + Si0%~ + 0.25A107 + 0.5Na* + 0.750H~ + H,0

INFCNA (Ca0):(Na20)0.34375' (Al203)0 15625 (S102)1.1875' (H20)1 3 -10.00

< Ca?* + 1.1875Si0%™ + 0.3125A10; + 0.6875Na* + 1.3125H,0

INFCN (Ca0)-(Nax0)o3125'(Si02)15°(H20)1.1875 + 0.3750H™ -10.70
— Ca?* + 1.55i02™ + 0.625Na* + 1.375H,0

T2C* (Ca0);5:(Si02)-(H20)s <> 1.5Ca%* + Si02~ + OH™ + 2H,0 -11.60

T5C* (Ca0)125°(Si02)125°(H20)25 < 1.25Ca%* + 1.25510§_ + 2.5H20 -10.50

TobH* (Ca0)-(SiO2)15:(H20)2s +OH™ <> Ca?* + 1.5Si0%~ + 3H,0 -7.90

MA-OH-LDH_ss model [25]

MsAH1o (MgO)s-(A03)-(H20)10 <« 4Mg?* + 2A10; + 60H™ + 7H,0 -49.70

MsAH 2 (MgO)s'(A203)-(H20)12 <« 6Mg?* + 2A10; + 100H™ + 7H,0 -72.02

MsAH s (Mg0)s-(AL03) (H,0)14 < 8Mg?* + 2A10; + 140H™ + 7H,0 -94.34

485

486 Table 3 Thermodynamic properties of the C(N)ASH_ss end-members at 25 °C and 1 bar.

Phase o AA° AG’ AN c’ Ref.
(cm’/mol) (kJ/mol) (kJ/mol) (J/mol.K) (J/mol.K)

5CA 57.3 -2491 -2293 163 177 [23]
INFCA 59.3 -2551 -2343 154 181 [23]
S5CNA 64.5 -2569 -2382 195 176 [23]
INFCNA 69.3 -2667 -2474 198 180 [23]
INFCN 71.1 -2642 -2452 186 184 [23]
T2C* 80.6 -2721 -2465 167 237 [23]
T5C* 79.3 -2780 -2517 160 234 [23]
TobH* 85.0 -2831 -2560 153 231 [23]

487

488 (2) For secondary reaction products

489

490 It is reported that the mackinawite (FeS) with unstable structure precipitates first and then it
491  transforms to the mackinawite with stable structure and finally to pyrite or pyrrhotite [58].
492  Compared with other Fe-based phases, such as Fe-ettringite or Fe(OH)s, mackinawite has
493  higher stability in AAS [59]. In this study, the stable mackinawite is accounted for in the
494  thermodynamic modelling of the reactions in AAS.

495
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It is noted that the Ky, of hydrotalcite in [60, 61] are not in line with the values in [62]. This
inconsistency has been found by Myers et al. [25]. In this situation, a thermodynamic model,
i.e. MA-OH-LDH_ss, was derived for the hydrotalcite-like phases [25]. The MA-OH-LDH_ss
model contains three solid phases (MsAHi0, MsAH12 and MsAHi4) and their dissociation

reactions are shown in Table 2.

Furthermore, CH, C3AHs, NAS3H> and C2ASHs are also accounted for in the thermodynamic
modelling of the reactions in AAS. The thermodynamic data of all the considered secondary

reaction products are presented in Table 4.

Table 4 Thermodynamic data of the considered secondary reaction products at 25 °C and 1 bar.

Phase o A’ AG? A\ G’ Ref.
(cm®/mol) (kJ/mol) (kJ/mol) (J/mol .K) (J/mol K)
Mackinawite, FeS 20.5 -92.0 -93.6 64.68 50.4 [63]
MsAHio 219 -7160 -6358 549 648 [25]
MsAH 2 305 -9007 -8023 675 803 [25]
MsAH 4 392 -10853 9687 801 958 [25]
Portlandite, CH 33.1 -984.7 -897.0 83.4 87.5 [23]
Katoite, C3AHs 150 -5537 -5008 422 446 [64]
Natrolite, NASs;H» 169 -5728 -5325.7 360 359 [65]
Stratlingite, C;:ASHs 216 -6360 -5705 546 603 [66]

2.4.2. Thermodynamic modelling program

Thermodynamic simulation was carried out using GEM-Selektor V3 (http://gems.web.psi.ch/)
[67, 68]. GEM-Selektor V3 is a popularly employed thermodynamic program for doing
thermodynamic calculations [23, 25, 26, 59, 61, 68-70]. The thermodynamic data used in this
study consists of the basis thermodynamic database, i.e. the CEMDATAQ7 database reported in
[70] and the thermodynamic data for reaction products reported in [23]. It is noted that the
thermodynamic data for the primary reaction products, i.e. the C-(N-)A-S-H gel, and secondary

reaction products in AAS are reproduced in Tables 3 and 4, respectively. The effectiveness of
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these thermodynamic data have been widely validated in the literature for CEMDATAO7 [59,

61, 70] and for reaction products in AAS [23, 25-27, 57, 69].

In order to determine the ion activity coefficients, the GEM-Selektor employed the extended

Debye-Huckel equation [67, 68].

—AyziNT X jw
Logyoy; = HZ—BJVW +b,I + log;o 2=

J
Xw
where:
® y;—the activity coefficient
® z;—the charge
® j —the aqueous species
® A, B,— the electrostatic parameters
® /—the ionic strength
® xj, — the mole quantity of water

® X, — the total mole amount of the aqueous phase

® a —the average ion size

(26)
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® ), —the parameter for common short-range interactions of the charged species

It is reported that the accuracy of the calculation results by the extended Debye-Huckel equation
depends on the ionic strength (/). The degree of accuracy is great when 7 is from ~1 to 2 mol/L
[71]. For the pore solutions in AAS, [ is about ~1-3 mol/L [72], slightly exceeding the range of
~1-2 mol/L. Although the ion activity coefficients can be determined via the Pitzer model for
solutions with high values of I [73], the Pitzer model is not applicable currently in
GEM-Selektor. This is because the database of GEM-Selektor only considers monomeric and
dimeric aqueous species [23]. In fact many researchers have employed GEM-Selektor to
simulate the reactions in AAS, and a good fit was found between the simulation results and the
experimental data [25, 26, 69]. So, a small increase of 7 (> 2 mol/L) is not supposed to affect

the thermodynamic modelling results very much.

In GeoMicro3D the quantified reaction products, via the thermodynamic modelling module,
were assumed to deposit directly into the lattice cell until it is totally full. The growth rate of
reaction products in the current GeoMicro3D was not considered. Regarding this issue further
research is needed in the future. In order to consider the influence of reactions of ions on the
diffusion of ions, the amount of the consumed ions are deducted from the source terms in the
dissolution module. In the meanwhile the solid phase and pore solution composition in each

lattice cell are renewed.

2.5. Influence of temperature

The diffusion of ions and the rate of dissolution are seriously affected by temperature. In
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GeoMicro3D the temperature effects are considered according to the Arrhenius equation.

Egi 1 1
Dnew = DTefexp [ def (ref - Tnew)] (27)
Eqf 1 1
Tpnew = Tp,ref€XP [? (Tref B Tnew)] @
where:

® D, —the new diffusion coefficient

® D, — the reference diffusion coefficient

®  7p.sew — the new rate of dissolution

® rpr— the reference rate of dissolution

® T —the new Kelvin temperature

® T, —the reference Kelvin temperature

® R —the gas constant

® Egy— the activation energy of diffusion
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® [F,—the activation energy

Besides the diffusion of ions and the rate of dissolution, temperature also affects the
thermodynamic data of phases in thermodynamic modelling. In the thermodynamic modelling
module, the thermodynamic data for phases other than 25 °C are obtained based on the data at
25 °C. Here 25 °C is the reference temperature. More information on this point can be referred

to [74].

2.6. Water retention of the C-(N-)A-S-H gel

The C(N)ASH_ss model is a thermodynamic model. The H>O content of the C(N)ASH_ss
end-members refers to the water content in the solid nano-scale C-S-H. It only considers
hydroxyl groups and the H>O retained in the interlayer space of the C-(N-)A-S-H gel. In other
words it does not include any adsorbed or gel pore water (see Fig. 8). In order to calculate the
capillary porosity of AAS, the amounts of absorbed water and gel pore water retained by
C-(N-)A-S-H must be determined additionally. In GeoMicro3D the adsorbed water and gel pore

water are considered via the methods below:

Adsorbed water

Gel pore water

Fig. 8. Schematic representation of the adsorbed water and gel pore water retained by the C-(N-)A-S-H gel.
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2.6.1 Adsorbed water

For considering the adsorbed water, 0.3 moles of water is added to each mole of C-(N-)A-S-H
gels in GeoMicro3D. The density of the added water is 1.1 g/cm?. It is noted that this method
has been already employed in calculation of the chemical shrinkage of alkali-activated slag [24].
The density of the absorbed water is slightly larger than that of the bulk water (1.0 g/cm?). This

is because the absorbed water increases its effective density during the reaction of AAS.

2.6.2 Gel pore water

In the literature there is a death of information regarding the amount of gel pore water retained
in C-(N-)A-S-H. To authors’ knowledge so far, the amount of gel pore water retained in
C-(N-)A-S-H is still unknown. On the contrary, Thomas et al. used H2O/SiO2 = 4 to consider
the water that is retained in the gel pores of C-S-H during the hydration of C3S or CoS [75]. In
the C(N)ASH_ss model, the molar H>O/SiO; ratio of the C(N)ASH_ss end-members in Table
2 varies from 0.792 to 2.5, which is much smaller than 4. In order to make the GeoMicro3D
model implementable, additional water is added to make the C-(N-)A-S-H gel meet the
condition H,O/SiO; = 4. The density of the added water is 1 g/cm>. This amount of additional
water represents the gel pore water retained by the C-(N-)A-S-H gel in GeoMicro3D. This
method is sensible because the C-(N-)A-S-H gel is structurally similar to the C-S-H gel [20],
indicating comparable amounts of gel pore water. In the future, the GeoMicro3D model can be
improved in view of the amount of gel pore water retained in the C-(N-)A-S-H gel, once more

information is known about the gel pore water in the C-(N-)A-S-H gel.

2.7. GeoMicro3D: the overall flowchart
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Fig. 9 displays the overall flowchart of the GeoMicro3D model. It contains three parts. The first

part is about the input data. The input data from slag are the chemical composition, particle size

distribution, amorphous content, and density of slag. Regarding the input data from alkaline

activator, the chemical composition as well as the density are required. Besides these input data,

the liquid-to-slag mass ratio and reaction temperature are also needed.

Input
Precursor Activator
+ chemical composition * Density * SiO, concentration
* Particlesize distribution * [Na] concentration
* Amorphous content * Density

Mixture
* Liquid/slag ratio
¢ Temperature

digitize

— Initial particle parking structure —

!

Main program

--------------------- Main loop - -,

I
| Dissolution module |<-—||_=l_+i'<—|—

A ,

Streaming process

Initialization

* Structure information

* Node information

* Particle distribution function
* Relaxation time

* Target time

e i=0

Apply boundary
condition

Collision
process

and bounce back
condition

I
I

I

I

I

I

I

Y !
Nucleation and :
growth module |
I

I

I

I

I

I

I

I

I

¢ .

Thermodynamic
modelling module

Update
* Pore solution composition
* Microstructure

=T

target

orS=0

Output

* Degree of reaction

* Pore solution composition
* Solid phase evolution

* Microstructure

Fig. 9. The overall flowchart of the GeoMicro3D model.
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The second part describes the simulation of the initial spatial distribution of real-shape slag
particles in alkaline activator before the onset of reactions. First the Anm material model
described in Section 2.1 is used to simulate the initial spatial distribution of slag particles in a
simulation box, within which the space other than the space occupied by slag particles are
regarded as alkaline activator solution. Then the simulation box is digitized into a box of voxels.
Afterwards the element composition in each voxel is determined based on the mixture
composition. The composition of alkaline activator is used to initialize the element constituents
in the voxels that contain alkaline activator solution. In the same way, the element constituents

in each slag voxel is determined based on the element composition of slag.

The main part of the GeoMicro3D model is described in the third part. The main program
includes the dissolution module, nucleation and growth module and thermodynamic modelling
module. These three modules make up the main loop in which the LB method is used to simulate
the diffusion of ions. In the dissolution module, the dissolution of slag is simulated via the
transit state theory and the diffusion of ions is described by the LB method (see Section 2.2).
The LB method in simulating the diffusion of ions includes three steps: collision process,
streaming process and applying boundary condition. After simulating the diffusion of ions, the
element composition in each voxel are renewed. Then the voxels within which reaction products
will deposit are determined via the nucleation and growth module. Once the voxels where
reaction products will deposit are known, the thermodynamic modelling module is called to
model the reactions and determine the amount of reaction products in these voxels. Afterwards,
the solid phase and liquid phase are renewed. The consumed ions (minus) and the ones released
from slag (plus) will make up the source terms for the next LB simulation iteration. Whether

moving to the next iteration step or not is determined by one judgement. If the current reaction
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time exceeds the target reaction time or the source terms () are zero, then the main loop will
stop and simulation results are output. Otherwise another iteration will start. The output data
comprise but not limited to the solid phase assemblage and 3D microstructure evolution. Since
the dissolution of slag and reactions of ions are fundamentally described in the unit of voxel,

the interactions between different slag particles can be intrinsically dealt with.

3. Implementation and verification of the GeoMicro3D model

3.1. Materials and mixtures

Three mixtures of AAS were used in the simulation. In these mixtures sodium hydroxide
solution and sodium silicate solution were the alkaline activators. The mix compositions of
these mixtures are given in Table 5. In the codes for these samples, N and S mean the mass
percentages of NaxO and SiO; relative to slag, respectively. The chemical composition and
particle size distribution of slag can be found in [54]. The density of slag was determined as
2.97 g/cm? by pycnometer. The surface area of slag was measured as 2.38 m?/g by BET-nitrogen

adsorption.

Table 5 Mix composition of the alkali-activated slag for simulation

Mixture Slag (g) NaxO (g) SiO» (g) Water (g)
N4S0 100 4 0 40
N6S0 100 6 0 40
N6S5.4 100 6 5.4 40

3.2. Simulation parameters

With the Anm material model (see Section 2.1) and mixture composition in Table 5, the initial
spatial distribution of slag particles in alkaline activator was generated and the simulation box
was digitized as shown in Fig. 10. Since the maximum particle size of slag is 45 um, the
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dimension size of REV in this study was selected as 125 pm. It should be noted that this selected
dimension size of REV is larger than that usually used in the numerical studies of OPC based
materials, for instance in HYMOSTRUC (100 um) [12, 15]. The digitized simulation box was
initialized in terms of element compositions for liquid voxels and slag voxels. Then the
simulation box was used as the input for simulating the reaction process and microstructure
formation of AAS with GeoMicro3D. It should be pointed out that the current GeoMicro3D
model does not consider the effect of chemical shrinkage on the diffusion of ions and
precipitation of reaction products. Instead additional water with density of 1 g/cm? is assumed

to automatically fill up the empty space that is caused by chemical shrinkage.

Fig. 10. Simulated initial spatial distribution of slag in alkaline activator using the Anm model in Section 2.1. In
the graph, blue and gray represent activator and slag, respectively. The size of the simulation box is

125 pm x 125 pm x 125 pm. The digitization resolution is 1 um x 1 um x 1 pm per voxel.

In accord with [76, 77], the E, of Si and Al for dissolution are taken as 8.3x10* J/mol and
8.0x10* J/mol, respectively. The E, of Ca for dissolution is 1.36x10* J/mol [78]. The parameters
fug, fs, fx and fyg are 1.1, 1.1, 1.2 and 1.2, respectively. In consistent with [79], = 1. In order
to account for the effect of precipitation of reaction products on dissolution, the Ky, of SiOz,

AlLO; and CaO are 1.89x103, 2.47x10* and 5.31x107, respectively. The log forward
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dissolution rates of silica and calcium oxide are calculated according to [80]. The parameter
Jaissotving-area 15 assumed to be 1.1 times of the volume fraction of solution phase in the voxel that
is in contact with the dissolving interface. The diffusion coefficients and the activation energy

of diffusion of ions are presented in Table 6.

Table 6 Diffusivities of aqueous ions at 25 °C [81, 82]

Tons Si0s*  AlOy Ca** Mg?* S* K* Na* OH-
Drer (X107 m?%s) 0.7 0.6° 0.72 0.71 1.01¢ 1.96 1.33 5.28
Eaigr (x10*J/mol) 2.46 2.04 2.32 1.26 1.43 1.60 1.67 1.80

a. This value was taken from the diffusivity of H,SiO4*;

b. This value was taken from the diffusivity of Al**;

c. This value was taken from the diffusivity of SO4>;

d. The activation energy of diffusion of aqueous ions were calculated based on [83-85].

Table 7 presents the kinetic parameter A. It is noted that this parameter was determined through
the parameter study in the current GeoMicro3D. This is because the kinetic parameter (A) of
nucleation for reaction products have not been reported in the current literature. In the future
this parameter is recommended to be determined by other techniques, for example by
experimental techniques [51]. The activity factor y is 0.27. The thermodynamic data presented
in Section 2.4 for thermodynamic modelling of the chemical reactions in AAS are also used in

GeoMicro3D.

Table 7 Kinetic parameter A

C(N)ASH_SS M4AH10 MsAH;1» MsgAHi4 CsAHs C,ASHgs CH Natrolite

A@m3sh)  4.24x107 5.01x102°  4.71x10°5"  2.51x107"  27.6 0.101 4.71x10°  9.62x10°

3.3. Simulation results

In the following sections the modelling output from GeoMicro3D are reported and examined
mainly in terms of the volume evolution of phases, 3D microstructure evolution, pore structure

and in particular of the output data for sample N4S0 at an age of 28 days. In the meantime,
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relevant experimental data and calculation results with GEMS are also presented to verify the
GeoMicro3D model.

3.3.1 Volume evolution of phases

Fig. 11 presents the simulated volume proportion of phases with GeoMicro3D as a function of
time, in comparison with the calculated results using GEMS. It is noted that Fe is not included
in GeoMicro3D. This is because the amount of Fe in slag is very small and also for the purpose
of decreasing the computation load. Furthermore the calculated results by GEMS (see Fig.
11(right column)) show that AAS did not produce much mackinawite (FeS) and brucite
(Mg(OH)2). Therefore, the GeoMicro3D model did not take mackinawite and brucite into
account.

An overall fit can be found between the simulated phase assemblage by GeoMicro3D and the
calculated results by GEMS. The C-(N-)A-S-H gel by GeoMicro3D, including the adsorbed
water and gel pore water accounted for more than 60 % of the total volume of reaction products.
On the contrary, the C-(N-)A-S-H gel alone accounted for more than 60 % of the total volume
of reaction products as calculated using GEMS. This is because the adsorbed water and gel pore
water were not considered in the thermodynamic modelling using GEMS. Other than the
C-(N-)A-S-H gel, the hydrotalcite-like phase (MA-OH-LDH) accounted for the largest volume
proportion. Fig. 11(left column) shows the formation of natrolite in all samples and the sample
with a higher Na,O content had a larger amount of natrolite. According to Fig. 11(right column),
however, natrolite only appeared in sample N6S5.4. This difference may result from the fact
that concurrent dissolution of slag was assumed in the calculations with GEMS. Fig. 11(left
column) also reveals that portlandite appeared in all samples. The sample with a higher Na>O
content had a larger amount of portlandite, while the sample with an addition of SiO> had a
lower amount of portlandite. This simulation result by GeoMicro3D agrees well with the

calculated volume proportion by GEMS. In addition to the solid reaction products, the volume
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753  proportion of the adsorbed water and gel pore water were also obtained as a function of time

754 by GeoMicro3D.
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Fig. 11. Simulated volume proportion of phases with GeoMicro3D in comparison with the calculation results using

GEMS.
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3.3.2. Microstructure development

Fig. 12 displays the simulated microstructure for sample N4S0 at four different reaction periods.
The results for samples N6S0 and N6S5.4 can be found in Appendix B (see Figs. B.1 and B.2).
The blue and gray voxels refer to liquid and slag, respectively. The yellow voxels are the
reaction front where the dissolution of element constituents in slag may take place and in the
meantime reaction products may also deposit. The red and green voxels indicate partially and
completely filled with reaction products, respectively. The graphs in Fig.12 show the

continuous growth of reaction products with elapse of time.

(B) 3 hours

(C) 1 day (D) 7 days

B Liquid Slag Reaction front I /T Partially/completely filled products
Fig. 12. Simulated 3D microstructures of sample N4S0O at 0, 3 hours, 1 day and 7 days. The simulated
microstructures for samples N6S0 and N6S5.4 can be found in Appendix B (see Figs. B.1 and B.2). The size of

the simulation box is 125 pm x 125 pm x 125 pum. The digitization resolution is 1 um X 1 pm x 1 um per voxel.
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It is reported that SiO- in the alkaline activator obviously altered the microstructure formation
of AAS [27, 52, 53]. For the purpose of convenient comparisons, the cross sections of the
simulated 3D microstructures are presented for the samples N6S5.4 and N6SO in Fig. 13. These
two samples had similar degrees of reaction of slag, i.e. a = 0.335 for N6S5.4 and o = 0.317 for
N6S0. Compared with the sample with no SiO2 (N6S0), the reaction products were more evenly
dispersed in the sample with SiO, (N6S5.4). This result agrees well with the SEM-image based

observations in the literature [27, 52, 53].

(A)N6S0, 0.=0.317 (B)N6S5.4,0=0.335

Bl Liquid Slag Reaction front I /0 Partially/completely filled products

Fig. 13. Cross sections of samples N6S0 and N6S5.4 at similar degrees of reaction of slag.

Furthermore the GeoMicro3D model is also able to output the spatial distribution of reaction
products in the sample. Fig. 14 displays the spatial distributions of primary reaction products
for N4S0 at three different reaction periods. It is noted that the adsorbed water and gel pore
water are also contained in the primary reaction products. The simulated spatial distributions of
the primary reaction products for samples N6S0 and N6S5.4 can be found in Appendix B (see
Figs. B.3 and B.4). It can be seen that the primary reaction products were more likely to grow

on the surface of slag particles in the samples without SiO», i.e. N4S0 and N6SO0. In contrast,
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the primary reaction products were evenly dispersed — not only around the slag particles but
also in the interspace in the sample with SiO», i.e. N6S5.4. These results are in line with the

observations found from the SEM-images [27, 52, 53].

volume fraction of nodes volume fraction of nodes
%8%0488

800488
0.8

-0.6 -0.6
Fos \%0.4
» »
| i
0 0

(A) 3 hours (B) 1 day

volume fraction of nodes
,800488
;O.8

-0.6

Fo4

0.2

ommm

(C) 7 days

Fig. 14. Spatial distribution of the primary reaction products (including adsorbed water and gel pore water) for
sample N4S0 at 3 hours, 1 day and 7 days. Volume fraction of nodes means the volume fraction of the primary
reaction products in the node voxel. The results for samples N6SO and N6S5.4 can be found in Appendix B (see
Figs. C.3 and C.4). The size of the simulation box is 125 pm x 125 pm x 125 pm. The digitization resolution is

1l pm x 1 um X 1 ym per voxel.

3.3.3. Porosity and pore size distribution

Fig. 15 displays the simulated capillary porosity. In GeoMicro3D, the volume fraction of liquid

voxels was calculated as the capillary porosity. The capillary porosity decreased when the Na,O
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content in the sample increased. For the samples at the same content of NaxO, i.e. N6SO and
N6S5.4, the sample N6S5.4 with SiO> had a smaller capillary porosity than the sample N6S0
without SiO». The reduction of porosity due to the increase of Na>O and SiO> contents are in
line with the observations in [52-54]. Since the porosity data determined by SEM image
analysis (SEM-IA) and mercury intrusion porosimetry (MIP) in [52-54] are not exactly
corresponding to the capillary porosity simulated by GeoMicro3D, it is not very sensible to
directly compare the simulation results and experimental data. Therefore, these experimental

data are not presented here.

60

U
o

oY
(]

w
o

N
o

Capillary Porosity (%)

=
o
|

0 50 100 150 200
Time (hours)

Fig. 15. Simulated capillary porosity with GeoMicro3D.

The calculated pore size distribution curve is presented in Fig. 16. It can be seen that a longer
reaction time resulted in a smaller porosity and a left shift of the distribution curve. The decrease
of porosity and left shift of distribution curve were also found for the samples with higher Na>O
content and SiO> content. The decrease of porosity and left shift of distribution curve indicate
that the microstructure became denser with increasing contents of Na;O and SiO; in the sample
and with a longer reaction time. These simulation findings agree with the SEM observations

reported in [52, 53].
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Fig. 16. Calculated pore size distribution from the simulated 3D microstructure with GeoMicro3D.

3.3.4 Simulation results of sample N4S0 at an age of 28 days

The simulation output by GeoMicro3D and the corresponding measured data are listed in Table
8 for sample N4S0 at 28 days. Overall a reasonable fit was found between the simulation output
and the corresponding measured data. Compared with the measured data, the degree of reaction
of slag and capillary porosity of AAS were a little underestimated and overestimated,
respectively, by GeoMicro3D. This difference may be due to the assumption that water is
supposed to automatically fill up the empty space that is caused by the chemical shrinkage. As
a result the OH™ ions around slag particles was diluted, which decreased the alkalinity and thus
retarded the dissolution of element constituents in slag. Due to the retarded dissolution of

element constituents in slag, the degree of reaction of slag became smaller as opposed to the
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measured data. A smaller degree of reaction of slag then led to a smaller amount of reaction
products. This, consequently, caused the simulated capillary porosity to be larger than the
measured data. Compared with the measured element concentrations, the data output from
GeoMicro3D were found to be within + 1 order of magnitude. This discrepancy is close to the

error of the measured data by experimental techniques [23].

Table 8 Simulation results of sample N4S0 at an age of 28 days in comparison with experimental results

Item GeoMicro3D Experiment
Degree of reaction 0.485 0.573(0.051)?
Capillary porosity 0.274 0.194%
Element concentration [Si] 11.6 3.73¢
(mmol/L) [Al] 16.3 7.46

[Ca] 6.93 0.756

K] 61.8 81.2

[Na] 1.52x10° 1.75%103

[OH] 1.21x103 1.29x103

a. Obtained by SEM-image analysis. The number in the bracket is the deviation [54].
Obtained by MIP [54].

The measured concentrations of Si, Al, Ca, K and Na were obtained by inductively coupled plasma optical
emission spectroscopy (ICP-OES), while the measured concentration of OH" was obtained by titration against
hydrochloride acid (0.1 mol/L) [86].

4. Conclusions and perspectives

For the first time the GeoMicro3D model was developed to simulate the reaction process and
microstructure formation of AAS in this study. The GeoMicro3D model was built up based on
four modules: (i) the simulation of the initial spatial distribution of real-shape slag particles in
alkaline activator; (ii) the simulation of the dissolution of element constituents in slag and the
diffusion of ions; (iii) the simulation of the spatial distribution of reaction products, in which an
innovative strategy was proposed to improve the computation efficiency; and (iv)
thermodynamic modelling of the chemical reactions. The GeoMicro3D model was
implemented and verified by relevant experimental data and calculation results using GEMS.
The solid phase assemblage output from GeoMicro3D agreed with the results obtained by

GEMS. The modelling results demonstrated a decrease of porosity and a left shift of the pore
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size distribution curve for the sample with higher contents of Na>O and SiO> and with a longer
reaction time. Particularly the modelling output for sample N4S0 at an age of 28 days indicated

a good fit with the experimental data in the literature [54, 86].

The developed GeoMicro3D in this study shows promising potentials for studying AAS. In
future more mixtures with different sources of slag and alkaline activator composition are going
to be used to further verify the GeoMicro3D model. Particularly the simulation parameters and
their effects would be considered in deep details. The GeoMicro3D model may serve as a
numerical simulation tool, based on which it could be feasible for researchers to numerically

study and predict many microstructure-related-physical-properties of AAS.
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Appendix A

Transition state theory is the theory that explains the reaction rate of elementary chemical
reactions. Within the framework of transition state theory, the overall dissolution rate can be
written as Eq. (A.1) [87]. This equation is capable of accurately describing different dissolution
behaviors of glass [38-40, 42, 79]. Since slag is a kind of aluminosilicate glass [41], transition
state theory should be also applicable to describe the dissolution of slag. This point has been

confirmed in the literature [44].

r=r, (1 — exp (— ai*r)) (A.1)

where:
® 7 —the overall dissolution rate
® . —the forward dissolution rate

® ¢ — the ratio of the rate of dissolution of the activated complex relative to the overall

reaction rate
® R —the gas constant

® T —the absolute temperature
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® 4*—the chemical affinity that can be calculated as:

A* = —RTin (ﬂ> (A.2)

Ksp

where /AP and K, are the ion activity product and solubility product, respectively. With Eqgs.

(A.2) and (A.1) the equation below can be obtained:

et (1—(£)1/"> (A3)
(1 (2 |

Based on Eq. (A.3), the dissolution rates of silica, aluminum and calcium oxides can be obtained

as expressed by Egs. (6), (7) and (8), respectively, in Section 2.2.
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915 Appendix B

916
917
(B) 3 hours
(C) 1 day (D) 7 days

B Liquid Slag Reaction front I /I Partially/completely filled products
Fig. B.1. Simulated 3D microstructures of sample N6SO0 at 0, 3 hours, 1 day and 7 days. The size of the simulation
box is 125 pm X 125 pm x 125 pm. The digitization resolution is 1 pm x 1 um x 1 pm per voxel.
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(B) 3 hours

(C) 1 day (D) 7 days

B Liquid Slag Reaction front I /I Partially/completely filled products
Fig. B.2. Simulated 3D microstructures of sample N6S5.4 at 0, 3 hours, 1 day and 7 days. The size of the

simulation box is 125 ym x 125 pm X 125 pm. The digitization resolution is 1 pm % 1 um x 1 um per voxel.
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Fig. B.3. Distribution of the C-(N-)A-S-H gel (including adsorbed water and gel pore water) for sample N6SO at
3 hours, 1 day and 7 days. Volume fraction of nodes means the volume fraction of the C-(N-)A-S-H gel in the
node voxel. The size of the simulation box is 125 pm x 125 pm x 125 pm. The digitization resolution is
1 um x 1 um x 1 pm per voxel.
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Fig. B.4. Distribution of the C-(N-)A-S-H gel (including adsorbed water and gel pore water) for sample N6S5.4
at 3 hours, 1 day and 7 days. Volume fraction of nodes means the volume fraction of the C-(N-)A-S-H gel in the
node voxel. The size of the simulation box is 125 pm x 125 pym x 125 pm. The digitization resolution is

1 um x 1 um x 1 pm per voxel.
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