Effect of curing temperature on hydration, microstructure and ionic diffusivity of fly ash
blended cement paste: A modelling study
Cheng Liu, Mingzhong Zhang”
Department of Civil, Environmental and Geomatic Engineering, University College London,
London WC1E 6BT, UK
Abstract: This paper presents an integrated modelling framework to investigate the effect of curing
temperature on hydration, microstructure and ionic diffusivity of fly ash blended cement. A 3D
cement hydration model, i.e. CEMHYD3D, was modified by incorporating the parameters
representing the temperature-dependent dissolution of Portland cement and fly ash and then used to
simulate the hydration and microstructural evolution of blended cement with different fly ash
replacement ratios and types and water-to-binder ratios cured at various temperatures. Based on the
generated 3D microstructure, a lattice Boltzmann model for diffusion was employed to simulate the
ionic diffusivity and estimate the relationship between ionic diffusivity and microstructure in
hydrating fly ash blended cement paste. Results indicate the simulated hydration process of blended
cement cured at various temperatures agrees well with experimental data. The elevated curing
temperature leads to a lower capillary porosity and connectivity, less diffusible C-S-H and lower ionic
diffusivity at early ages but higher ionic diffusivity later due to the denser hydration products in fly
ash blended cement paste.
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1. Introduction
Fly ash (FA) an industrial by-product from the coal combustion, which has been widely utilised to
partially substitute cement clinkers for promoting the sustainability of cementitious materials via
reducing CO2 emissions and energy consumption. It was reported that 30% FA substitution for
cement clinkers can reduce CO2 emissions and energy demand by 23% and 21%, respectively [1]. In
addition, the proper replacement of cement clinkers with FA can help improve the mechanical
performance, transport properties and long-term durability of cementitious materials [2, 3], which can
be attributed to the pozzolanic reaction between FA and calcium hydroxide (CH) produced during
Portland cement (PC) hydration. As the pozzolanic reaction product, calcium silicate hydrate (C-S-
H) further fills the capillary pores and leads to a denser microstructure in comparison with the pure
PC-based materials [4]. Meanwhile, due to the reduction of gel porosity [5] and the transformation of
chemical composition [6] for C-S-H as a result of the pozzolanic reaction, the intrinsic mechanical
and transport properties of pozzolanic C-S-H seem to become better compared to that in pure PC

systems [6, 7]. The reaction rates of binders in FA blended cement paste and its microstructural
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formation are highly associated with curing temperature [8]. As the rate of pozzolanic reaction is very
slow, high-temperature curing, e.g. steam curing [9] and microwave curing [10], is required for high-
volume FA concrete to accelerate the reaction of binders and improve the early mechanical properties
of concrete. Because of the scientific interest and practical importance, it is vital to gain a
comprehensive understanding of the effect of curing temperature on hydration and microstructure of
FA blended cement paste.

In the past few decades, some efforts including experimental and modelling studies [11] have
been made to explore the effect of curing temperature on hydration and microstructure of FA blended
cement paste. Regarding experimental work, Escalante-Garcia and Sharp [12] measured the hydration
degree of PC in FA blended cement paste cured at different temperatures between 10 <C and 60 <C
using XRD-Rietveld analysis and reported that FA can slightly promote cement hydration at low
curing temperatures but has a detrimental effect at elevated temperatures. Narmluk and Nawa [11]
characterised the hydration degree of PC and reaction degree of FA in blended system cured at 20,
35 and 50 <C using XRD-Rietveld analysis and selective dissolution method. They observed that the
addition of FA promotes the cement clinker hydration at the temperature lower than 35 <C due to the
dilution effect of FA, while the PC hydration is impeded at a higher curing temperature (50 <C) due
to the large amounts of pozzolanic C-S-H resulting from the FA pozzolanic reaction at the early age,
which counteracts the dilution effect. Weerdt et al. [13] studied the hydration and microstructure of
FA blended cement paste cured at various temperatures using image analysis techniques. They found
that the rising curing temperature can significantly boost the early reaction degrees of PC and FA,
while the pore structure of paste becomes looser in the later period due to the presence of denser C-
S-H containing less water and the generation of less high-volumetric ettringite at high temperatures.
Although these experimental studies can provide some valuable insights into the reaction mechanisms
and microstructure evolution of FA blended cement system at different temperatures, there exists a
large discrepancy between the measured data due to the use of different methods [14]. Morevoer, it
is still time-consuming to obtain the quantitative information about reaction and microstructure
through laboratory experiments considering the variable attributes of local FA for engineering
applications.

Modelling is an alternative approach to study the influence of curing temperature on hydration
and microstructure of FA blended cement paste. The hydration kinetics of blended cement with
various FA mix proportions at different curing temperatures was explored by Wang and Lee [15] and
Narmluk and Nawa [11] using the kinetic models based on the shrinking-core theory that was initially
applied to PC [16]. Recently, Wang and Ishida [17] proposed a multiphase pozzolanic reaction model
by modifying the DUCOM model developed by Maekawa et al. [18] to predict the reaction degree of
FA in hydrating binary blended paste considering the effects of curing temperature and FA type. For
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FA blended cement paste, the simulated temperature-dependent hydration process agrees well with
experimental results. However, the effect of curing temperature on microstructure has not been
addressed, which plays a crucial role in deterimining the properties of FA blended cementitious
materials. In the past few years, some attempts have been made to simulate the 3D microstructure of
FA blended cement paste by incorporating FA pozzolanic reaction into the hydration models of PC.
For instance, taking pore solution evolution and CH distribution in blended paste into account, Gao
[19] modified the analogical kinetic formulas originally used for PC in the vector-based
HYMOSTRUC3D model [20] to simulate the microstructural development of FA binary cement
paste. Similarly, Bishnoi et al. [21] introduced the FA pozzolanic reaction by simplifying it as the
amorphous silica into pic model [22] for investigating the effect of FA on the microstructural
evolution of cement paste. Recently, Liu et al. [23] extended the voxel-based CEMHYD3D model
[24] to mimic the hydration and microstructural development of FA blended cement paste by
adjusting the initial cellular-automation rules for PC. Nevertheless, to the best of authors’ knowledege,
the curing temperature-dependent microstructural evolution of FA blended cement paste has not been
reflected in any of these models. Thus, it is necessary to develop a suitable hydration model for FA
blended cement systems, which can consider the effect of curing temperature on 3D microstructure.

lonic diffusivity is a critical transport property for evaluating the durability of FA blended
cementitious materials and estimating the service life of FA blended concrete structures [25]. The
ionic diffusivity of FA blended cementitious materials is highly dependent on the microstructure of
cement paste in relation to the curing temperature. The natural diffusion cell test conducted by
Cabrera et al. [26] indicated that for the mature FA blended cement paste with a uniform mix ratio,
the elevated temperature can lead to an increase in ionic diffusivity as a result of the increasing
porosity in the microstructure. Nevertheless, the accurate measurement of ionic diffusivity in cement
paste remains a challenge due to the dense microstructure and low penetration of paste, particularly
for the FA blended cement system with much denser pore structure. In addition, it is challenging to
estimate the effect of each specific influencing parameter on the overall diffusivity of FA blended
cement paste from experiments, as their effects are inter-related to each other [27]. To tackle these
issues, the authors recently developed a new computational framework for modelling the
microstructural development and ionic diffusivity of FA blended cement paste, where the effect of
curing temperature has not been considered.

The main purpose of this study is to extend the recently developed computational framework for
FA blended cement systems by taking into account the effect of curing temperature on PC hydration
and FA pozzolanic reaction, and to estimate the influences of curing temperature, FA content, FA
type and water-to-binder (w/b) ratio on microstructure development and ionic diffusivity of cement
paste. First, the 3D cement hydration model CEMHYD3D [23] was modified for FA blended cement
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system by incorporating the parameters representing the temperature-dependent dissolution of PC
and amorphous phases in FA into the model, which were validated with experimental data.
Subsequently, the hydration and microstructural development of blended cement paste with different
FA contents, FA types and w/b ratios cured at various temperatures were simulated using this
modified hydration model. A comparison between the predicted results and the available measured
values in terms of reaction degree of FA and hydration degree of PC was carried out for estimating
the effect of each variable. Finally, based on the simulated 3D microstructure of FA blended cement
pastes cured at various temperatures, a lattice Boltzmann model was employed to simulate the ionic
diffusion through the microstructure and investigate the relationship between ionic diffusivity and
microstructure in FA blended cement paste in a quantitative manner.

2. Hydration model of blended cement

2.1. Chemical reactions of fly ash blended cement

To simulate the hydration process and microstructural evolution of FA blended cement paste
accounting for hydration kinetics, many assumptions and simplifications are required to address such
a complex problem in practice [28]. One of the basic simplifications is the use of classic chemical
reactions with fixed stoichiometric numbers to represent the thermodynamics of FA blended cement
hydration. Therefore, due to lack of thermodynamics information in the simulations, the hydration
products obtained from the simulations may deviate from the real ones, in terms of the type of
hydration products and stoichiometric numbers. However, this simplification has been widely
adopted in the simulations of microstructural evolution and the simulation results of basic hydration
indicators agree well with experimental data, especially for Portland cement systems [22, 29]. Hence,
the classical chemical reactions [24, 30] were employed to simulate the hydration process and
microstructural evolution of FA blended cement paste in this study.

FA blended cement is composed of three components, i.e., cement clinker, gypsum (CSH,), and
FA, where cement clinker consists of tricalcium silicate (C3S), dicalcium silicate (C.S), tricalcium
aluminate (C3A), and tetracalcium aluminoferrite (C4AF). As PC is mixed with water, C3S and C,S
react with water to form C-S-H and CH, while C3A and C4AF react with water and CSH,, leading to
the formation of Fe(OH)s (FHs), CH, and ettringite (C;AS;H3,) or AFm (C,ASH;,), depending on
the content of CSH,. Regarding the pozzolanic reactions, FA particles are made up of amorphous and
crystalline components, where the amorphous phases normally consist of silicate (S), aluminate-
silicate (AS), and calcium-aluminate-silicate (CAS2) clusters [31, 32]. As illustrated in [24], the
amorphous phases in FA particles are composed of S, AS and CAS; clusters with fixed stoichiometric
numbers, which can react with CH and water to form pozzolanic C-S-H with a lower Ca/Si ratio,
stratlingite (C2AHsg), and FH3 [24]. The classical chemical reactions of FA blended cement cured at

room temperature can be described as follows [24, 30]:
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C3S + 5.3H - C; ;SHs 6 + 1.3CH 1)

C,S +4.3H - C,,SH;4 + 0.3CH (2)
C3A + 3CSH, + 26H — C4AS3Hs, (3)
2C3A + C4AS3Hs, + 4H — 3C,ASH,, (4)
C4AF + 2CSH, + 30H — C;AS3;H;, + CH + FH, (5)
2C4AF + CcAS3H3, + 12H — 3C,ASH,, + 2CH + 2FH, (6)
S+ 1.1CH + 2.8H - C,,SH;3, (7)
AS + 2CH + 6H — C,ASHg (8)
CAS, + C3A + 16H — 2C,ASHg 9)
CAS, + C,AF + 20H — 2C,ASHg + CH + FH, (10)

2.2. Modelling of temperature-dependent hydration of blended cement
In our previous study [23], the voxel-based CEMHYD3D hydration model has been modified to
mimic the hydration and microstructure of FA blended cement paste cured at room temperature. The
entire modelling procedure can be briefly described as follows. First, according to the w/b ratio,
binder powder size, and FA replacement level, the packing of blended cement was established by
randomly throwing binder particles into a cubic representative volume element (RVE) from the large
particles to the small ones. For the blended cement system, the size of the cubic system was set as
200 x 200 x 200 pm? with a default resolution of 1 pm/voxel. Afterwards, based on the content and
distribution of mineral phases in binders (PC and FA), the voxels of cement clinkers in the generated
packing were segmented into CsS, CS, C3A and C4AF, while those of FA were divided into reactive
phases (S, AS, and CAS») and inert phases (mullite, quartz, etc.). Finally, the computational cycles
consisting of dissolution, diffusion and reaction iteration manipulated by the cellular automaton-
based evolution rules along with various empirical dissolution and reaction probabilities were
employed to simulate the aforementioned chemical reactions of FA blended cement, i.e. Egs. (1)-(10),
and 3D microstructural development. Using a conversion factor () that is mainly dependent on the
resolution in the modified CEMHYD3D, the real-time (t) can be correlated with computational cycles
(n) as:
t = pn? (12)
The change of curing temperature has a twofold effect on the hydration and microstructure of FA
blended cement. The higher curing temperature can promote the reaction rates of binders, while the
precipitating hydration products at higher temperatures are heterogeneously distributed, leading to
denser C-S-H gels and coarser capillary pores. In the modified CEMHYD3D model, the influences
of curing temperature on the rates of PC hydration and FA pozzolanic reaction were respectively
reflected by introducing a temperature-dependent conversion factor (see Eq. (11)) and dissolution
probability of FA. Note that although the dissolution probabilities of mineral phases in PC are kept

5



constant in the simulations, the conversion factor extended as a function of curing temperature can
equivalently describe the temperature-dependent dissolution probability of PC [30]. The relationship
between conversion factor (5) and curing temperature (T) can be expressed as:

B = Bags/kc (12)

ke = exp [- 22 (o - )] (13)
where k. is a factor based on the Arrhenius equation, S,4g IS the basic conversion factor at 25 <C,
normally set as 0.00035 h/cycle? for the resolution of 1 pm/voxel [30, 33], E; is the PC activation
energy (40 kd/mol [30]), and R is the gas constant.

The dissolution probabilities of amorphous phases in FA affected by the curing temperature can

be described as:
k
Ppai = Pio kL: (14)

1000Ep, , 1 1

kea = exp [~ G = 59| (15)

T+273

where Pg,; denotes the dissolution probability of amorphous phase i, P the pre-defined basic
dissolution probability of amorphous phase i at 25 <C, kg, is a factor determined using the Arrhenius
equation, and Er, is the FA activation energy that is 80 kJ/mol [30].

To simulate the denser hydration products in blended cement paste cured at a higher temperature,
the intrinsic C-S-H porosity and C-S-H distribution in microstructure were respectively expressed to
be temperature-dependent. In FA blended cement paste, it is assumed that there exist two kinds of C-
S-H gels, i.e. C; ;SH; 4 from PC hydration and C; SH; 4 from pozzolanic reaction. For the C-S-H
from PC hydration (C; ;SH3 ), its stoichiometry can be expressed as a function of temperature, at

which the reactions occur [30]:

Vo, —8x—22 T <80°C
Vesy = { CSH 80—20 (16)
V&, —8 T >80°C
0 _13x-22 T <80°C
Ny, = {nW 8020 (17)
nd —1.3 T >80°C

where V._gs_y represents the molar volume of C-S-H, V2__j, stands for the basic molar volume of
C-S-H at 20 <T that is equal to 108 cm®mol, n,, denotes the H/S ratio in C-S-H, and nY, is the basic
H/S ratio in C-S-H at 20 <C that is equal to 3.9.

Regarding the C-S-H from the pozzolanic reaction (C;;SH34), the molar volume and
stoichiometry are considered to be not temperature-dependent as the intrinsic gel porosity of
pozzolanic C-S-H with 0.19 [5] is much lower than that of C-S-H from PC with 0.28 [34] at 20 <C
[7]. For the C-S-H gels, they are normally regarded as a fractional structure composed of a larger
number of basic spherical building blocks with a diameter of 2.2 nm [35]. As the volume of the basic



building block is not affected by curing temperature [36], the intrinsic gel porosity of C-S-H produced

from PC (¢sy) related to curing temperature can be expressed as:

0
1 — 072V¢sn (18)

VesH

Regarding the C-S-H distribution in microstructure, a temperature-dependent cubic box is

bcsn =

introduced, which can affect the distance of dissolved C-S-H voxels from the dissolution surface of
cement particles. When the voxel of C3S or C>S is determined for dissolution, this dissolved voxel is
removed and a dissolved C-S-H voxel is generated at a capillary pore voxel beside this dissolution
point. Meanwhile, to keep the correct volume stoichiometry of the chemical reactions, an extra
dissolved C-S-H voxel is statistically created and placed at a random capillary pore voxel near this
dissolution point within a 2b <2b %2b cubic box centred at the dissolution point. The dissolved C-
S-H voxels can randomly walk in the effective pores until precipitating on the solid surface. A denser
C-S-H layer formed around the unhydrated cement can be achieved by decreasing b, which results in
the coarser capillary pores and a decrease in the ultimate reaction degree of cement at the later curing
ages. The value of b as a function curing temperature can be expressed as:

b =Max|1,int {3 +5x "] (19)

where Max and int denote the maximum and integer functions, respectively.
2.3. Determination of input parameters
To determine the pre-defined input parameters, e.g. dissolution probabilities of mineral phases in PC
and amorphous phases in FA, the simulated hydration process was compared with the experimental
data. Here, the reaction degree of FA in binary cement paste measured using the selective dissolution
method was employed to calibrate the pre-defined parameters. The PC employed is a Chinese
standard cement named P.1. 52.5, the Blain fineness and density of which are 369 m?/kg and 3.15
g/cm?, respectively. The mass fractions of mineral phases are 56.00% C3S, 25.66% C2S, 7.49% C3A,
and 10.85% C4AF (see Table 1). A low-calcium FA with the Blain fineness of 469 m?/kg and density
of 2.24 g/cm?® was utilised, which is composed of 64.59% amorphous phase and 35.41% inert phase,
including 11.77% mullite and 23.64% quartz. To determine the content of specific amorphous phases,
the following assumptions were made for the FA clusters: (1) The CAS, completely takes up the CaO
in the amorphous phases. (2) The amorphous Al.O3 prefers to exist in the CAS, while the remaining
Al>03 constitutes the amorphous AS. (3) Except for the SiO2 in CAS; and AS, the residual amorphous
SiO; directly forms the silicate cluster. As shown in Table 2, the obtained volume fractions of phases
in FA are 19.3% CAS>, 20.9% AS, 22.4% S, and 37.4% inert phase.

In the simulation, the pre-defined dissolution probabilities of mineral phases in PC in the binary
system were kept unchanged since the simulated results using these parameters can give a good

estimation of the hydration and pore structure of the pure PC system [30]. A comparison between the

7



simulated and experimental reaction degree of FA in the blended paste with w/b = 0.50 and FA
contents of 10%, 30% and 50% (see Fig. 1) indicates that the basic dissolution probabilities for
amorphous phase clusters can be all treated to be 0.08, i.e. P = 0.08 in Eq. (14). Here, it is worth
noting that the reaction degree of FA in the blended cement paste was measured using the selective
dissolution method as per the Chinese standard GB/T 12960-2007. More details about this can be
found in a previous publication [23]. Although the dissolution rates of amorphous phases with
different chemical compositions in FA would vary in reality [32], which can be also implemented in
the simulation. However, it is far from trivial to accurately characterise the reaction rates of different
amorphous phases through experiments. Meanwhile, the other simulated indicators of hydration
process for FA blended paste, e.g. hydration heat and CH content, also agree well with experimental
data when using the same basic dissolution probability for all amorphous phases [23]. Therefore, the
dissolution rates of amorphous phases with different chemical compositions in FA are assumed to be
identical in the simulation. Taking the blended cement paste with w/b = 0.50 and FA content of 30%
as an example, Fig. 2 displays the simulated volume fractions of solid phases and capillary pore cured
at 20 <C against curing age. It can be found that the PC hydration mainly occurs within the first few
days, while the FA pozzolanic reaction is not significant but can last for a long period, which is
confirmed by the increasing content of C2ASHg and C-S-H during the entire reaction process.

3. Effect of curing temperature on hydration process

Based on the pre-defined parameters determined in Section 2.3, the curing temperature-dependent
hydration process of FA blended cement paste can be simulated. Here, the specific raw materials
studied in [13, 17, 37] in terms of mineral phases and fineness of binders (see Table 1) were selected
for simulation and the emphasis was placed on the influences of FA content, FA type, and w/b ratio
on hydration process of cement paste at various curing temperatures. According to the chemical
information and crystal phases of FA provided in [13, 17, 37] (see Table 1), the volume fractions of
various amorphous phases and inert phase in the simulation were calculated and presented in Table
2. A comparison between the simulation results and experimental data adopted from literature [13,
17, 37] was carried out for validation.

3.1. Blended cement paste with different fly ash contents

The effect of FA content on the reaction degree of FA and hydration degree of PC in blended cement
paste cured at different temperatures was investigated by Weerdt et al. [13] using image analysis
techniques. In their study, the used PC is composed of 58.70% CsS, 20.65% C,S, 11.95% C3A, and
8.70% C4AF by mass and has a Blain fineness and density of 450 m?/kg and 3.15 g/cm?, respectively.
A class F siliceous FA was utilised, the chemical composition and physical properties of which are
presented in Table 1. According to the XRD-Rietveld analysis, FA consists of 64.59% amorphous
phase, 11.77% mullite and 23.64% quartz by mass. The Blain fineness and density of FA are 450
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m2/kg and 2.74 g/cm?, respectively. The volume fractions of different amorphous phases as inputs in
the simulation are 36.06% CAS>, 1.43% AS, 30.09% S, and 32.42% inert phase. The blended cement
paste specimens with w/b = 0.50 and FA contents of 30% and 35% were prepared and cured in CH
saturated solution at 5, 20 and 40 <C until the ages for testing.

Fig. 3 shows the simulated and measured results of reaction degree of FA and hydration degree
of PC in the FA blended cement system. It can be seen that the reaction degree of FA and hydration
degree of PC both increase with the increasing curing age but exhibit different rising trends. The
reaction degree of FA continuously increases during the entire reaction process, while the hydration
degree of PC is mainly increased in the early period, i.e. within 10 d. Moreover, for all blended cement
pastes, the ultimate hydration degree of PC is much higher than the reaction degree of FA. For
instance, the ultimate hydration degree of PC and reaction degree of FA in blended cement paste at
200 d are around 90% and less than 35%, respectively. The difference in changing trend and ultimate
reaction degree between FA and cement can be attributed to the discrepancy of their chemical
reactivity [38]. Regarding the effect of curing temperature, for the blended cement paste with the
same FA content, the elevated curing temperature can promote the reaction of FA during the entire
reaction process, which leads to a higher ultimate reaction degree of FA. For instance, as the curing
temperature increases from 5 <C to 40 <C, the relation degree of FA is doubled to 35% after 200 d of
curing. Nevertheless, the PC hydration is only significantly accelerated by the elevated curing
temperature within the first few days. The hydration degree of PC at a low curing temperature can
approach or even surpass that at a higher curing temperature, also indicated in Fig. 4b. This can be
explained by the fact that the denser hydration products produced at elevated temperatures around
unhydrated cement particles are detrimental to the further cement hydration in the later period [39],
which offsets the contribution resulting from the increasing temperature. Regarding the effect of FA
content, for the blended cement paste cured at the same temperature, the higher FA content is
beneficial to the increase in hydration degree of PC due to the increasing dilute and nucleation effects
[40]. However, the pozzolanic reaction is retarded for a higher FA content because of the weaker
activated ability of pore solution for FA as a result of lower pH and Ca®" concentration [4].
Additionally, the difference of reaction degree of FA between 30% and 35% replacement ratios
becomes more significant when the cement paste is cured at a higher curing temperature, e.g. 40 <C.
In comparison with the experimental data obtained by Weerdt et al. [13], the simulated reaction
degree of FA at later curing ages and hydration degree of PC at early curing ages are smaller. The
difference can be attributed to the following aspects: (i) during the image processing, the filtration
would lead to the loss of the superfine binders including PC and fly ash particles and thus result in an
overestimation of the reaction degree at early curing ages [41]; (ii)) some assumptions and

simplifications were made for the cement hydration models. For instance, the potential influences of
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chemistry and synthesis conditions on reaction of FA in the system were ignored, which would
inevitably lead to the discrepancy as compared with experimental data. In general, there exhibits an
acceptable level of agreement between simulations and experiments in terms of the coupled effect of
FA content and curing temperature.

3.2. Blended cement paste with different fly ash types

Fig. 4 shows the effect of FA type on temperature-dependent hydration process of blended cement
system with w/b = 0.40 and FA content of 30%, in terms of reaction degree of FA and hydration
degree of PC, where the experimental results obtained by Wang and Ishida [17, 42] using the selective
dissolution method and XRD-Rietveld analysis were selected for comparison. Two types of FA (FA
I and FA 11) and two curing temperatures (20 and 60 <C) were considered for simulation. In the
simulation, all inputs were kept identical to those used in experiments. In detail: the PC used is
composed of 65.50% CsS, 15.90% C.S, 8.07% Cs3A, and 8.77% C4AF by mass, the Blain fineness
and density of which are 335 m?/kg and 3.15 g/cm?, respectively. Two types of low-calcium FA (FA
I and FA 11) with a similar fineness (around 400 m?/kg) were employed, the detailed information of
which regarding chemical composition and physical properties are summarised in Table 1. The
calculated volume fractions of FA | and FA Il are presented in Table 2.

As seen in Fig. 4, the simulated and experimental hydration process both indicate that the
chemical composition and mineral phase of FA significantly influence the FA pozzolanic reaction.
For instance, in the FA blended cement paste cured at 60 <C for 182 d, the reaction degree of FA 1l
(17.5%) is only 78% that of FA | (22.5%). This finding is expected because the reaction activity of
FA is increased with the increasing content of amorphous phase [43], which leads to a higher reaction
degree of FA | compared to FA Il. However, as shown in Fig. 4b, the PC hydration in the blended
paste is not obviously affected by the FA type, which is identical to the findings by Sofi et al. [44],
who reported that the FA with different chemical compositions but similar fineness displays a slight
influence on the measured hydration degree of PC. The comparison between simulations and
experiments indicates that there exists an obvious difference in the simulated and experimental results
of reaction degree of FA Il at 20 <T in the early period. Apart from the limitations of the hydration
models, it can be explained by the fact that the selective dissolution method used in [17, 42] may lead
to the underestimation of the reaction degree of fly ash due to the incomplete dissolution of cement
and hydration products [41]. However, the simulations and experiments are in good agreement in
terms of changing trend and the reaction degree of FA and hydration degree of PC for the other
blended cement paste specimens. It suggests that the modified CEMHYD3D model can provide a
good estimation of the temperature-dependent hydration of blended cement paste with different types
of FA.

3.3. Blended cement paste with different w/b ratios
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Fig. 5 displays the predicted reaction degree of FA in blended cement pastes with various w/b ratios
(0.30 and 0.50) and FA content of 40% at curing temperatures of 20 and 40 <C as a function of curing
age along with the corresponding experimental data acquired by Hanehara et al. [37] using the
selective dissolution method. From this figure, the coupled effect of w/b ratio and curing temperature
on the hydration process of FA blended cement system can be estimated. In their experiments, PC
with a density of 3.13 g/cm? and Blaine fineness of 337 m?/kg, and low-calcium FA with a density of
2.33 g/cm® and Blaine fineness of 400 m?/kg were used to prepare the specimens. The well-mixed
FA blended specimens with w/b = 0.30 and 0.50 and FA content of 40% were cured in plastic vessels
at 20 and 40 T, respectively. Since the information about chemical compositions and mineral phases
in PC and FA were not provided in [37], the PC used in Wang and Ishida [17] was adopted in the
simulation because of the similar fineness and the same country of manufacture. Regarding FA, the
volume fractions of mineral phases used in [23] were employed in the simulation here considering
the similar chemical compositions of FA studied.

It can be found from Fig. 5 that for the blended pastes cured at the same age, the increasing w/b
ratio can lead to a higher reaction degree of FA. For instance, when w/b ratio increases from 0.30 to
0.50, the reaction degree of FA in the paste cured at 20 <T for 365 d is increased by 43% from 17.4%
to 25.6%. Such increase can be ascribed to the fact that for the blended paste with a higher w/b ratio
the more water for the reaction and more space for the reaction products to form are available in the
microstructure [2]. For the blended paste cured at 20 <C, the simulated reaction degree of FA before
100 d of curing seems to be higher than the experimental data, which can be attributed to the
discrepancy of mineral phases in raw materials. However, for the remaining FA blended cement
pastes cured at 40 <C or in the later period, the simulated results are in good agreement with the
experimental data, which suggests that the effect of w/b ratio on temperature-dependent hydration
process of FA blended cement paste can be predicted with acceptable accuracy using this modified
CEMHYD3D model.

4, Effect of curing temperature on microstructural evolution

After the validation of the modified CEMHYD3D model with experiments in terms of hydration
process, the model was used to simulate the microstructural evolution of FA blended cement paste at
different curing temperatures. Here, the raw materials and mix proportions used in the experiments
carried out by Wang and Ishida [17] were selected and incorporated into the model for simulating the
temperature-dependent microstructure development of FA blended cement paste as different types of
FA can be considered. Figs. 6 and 7 show the evolution of solid phases and capillary pores in the
paste microstructure with w/b = 0.40 and FA | content of 30% cured at 20 and 60 <C, respectively.
As seen in Fig. 6, with the increasing curing age, the binders reactions with water gradually occur,
the hydration products of which bring about a reduction in the capillary pore space. Moreover, the
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rate of FA pozzolanic reaction is far slower than the PC hydration rate. For example, compared to the
vague outline of PC particles after 28 d of curing, the intact large FA particles can be clearly
differentiated from the hydrating blended paste cured after 180 d. This finding is confirmed by
Durdzinski et al. [45] who demonstrated that for the binary blended cement paste cured after 90 d,
the experimental pozzolanic degree of FA is still less than 30%. In terms of the influence of curing
temperature on the paste microstructure, it can be found that the elevated curing temperature from
20 T to 60 T promotes the PC hydration and surface erosion of FA particles before 3 d of curing.
After 28 d of curing, the hydration degree of PC cured at 20 <T is close to that cured at 60 <C, but the
erosion degree of FA particle in paste cured at 60 <T is still more significant compared to the paste
cured at 20 <C. These findings are consistent with those of the hydration process indicated in Fig. 4.
The evolution of capillary pores including connected and unconnected pores against curing age is
plotted in Fig. 7. The decreasing capillary porosity due to the expanding hydration products results
in a more tortuous capillary pore structure and brings about the decreasing connectivity of capillary
pore determined using the burning algorithm [46]. Furthermore, the evolution of capillary pores in
FA blended cement paste is also correlated with the curing temperature. It can be observed that the
increasing curing temperature before 28 d of curing is beneficial to the decrease in the connectivity
of capillary pore due to the promotion of reactions of PC and FA. Nevertheless, after 28 d of curing,
the elevated curing temperature is detrimental to the decreasing volume fraction of connected
capillary pore, which can be ascribed to the higher overall reaction degree of FA blended cement and
the denser hydration products that will be discussed later.

To quantify the effect of curing temperature on capillary pore structure, the evolution of capillary
porosity and connectivity of capillary pore is indicated and discussed in detail. Fig. 8 shows the
capillary porosity with curing age in blended pastes with FA | and FA |1 cured at 20, 40, and 60 <C.
It can be observed that for the blended cement paste cured at the same age, the increasing curing
temperature can lead to a lower capillary porosity in the early period for both FA I and FA Il. However,
the capillary porosity of cement paste cured at a lower temperature gradually tends to be close to and
finally lower than that cured at a higher temperature in the later period. This simulated changing trend
is similar to the experimental findings by Escalante-Garcia and Sharp [39] based on the analysis of
backscattered scanning images of FA blended cement paste after 1-year curing that the porosity of
paste cured at 60 <T is higher than that cured at 10 <C. In addition, it can be found that the evolution
of capillary porosity is also dependent on the FA type. Compared to the FA 11 with lower chemical
reactivity, the capillary porosity of blended cement paste with more reactive FA | is consistently
lower, when the curing temperature is kept the same. This is expected as the chemical composition
and mineral phase in FA are crucial to the hydration process of blended cement paste [8], and the FA

pozzolanic reaction with higher reactive activity is more sensitive to the elevated curing temperature
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(see Fig. 4a). The overall reaction degree of FA blended cement (PC and FA) against curing age is
also displayed in Fig. 8. It can be seen that with the increase of curing age, the increasing overall
reaction degree is consistent with the decreasing capillary porosity for all cement pastes. This implies
that the effect of curing temperature on capillary porosity in microstructure can be ascribed to the
change of overall reaction degree of binders as a result of curing temperature change.

Fig. 9a shows the evolution of connectivity of capillary pore with curing age in FA blended
cement paste with w/b = 0.40 and FA content of 30% at 20, 40 and 60 <C. It is indicated that there
exists a similar decreasing trend between the connectivity and volume fraction of capillary pore in
cement paste against curing age, while the lower capillary porosity does not strictly correspond to the
lower connectivity of capillary pore for blended cement pastes cured at different temperatures. The
relationship between connectivity of capillary pore and capillary porosity in FA blended cement paste
is depicted in Fig. 9b. It can be observed that for the cement paste with the same capillary porosity
prior to capillary depercolation, the elevated curing temperature results in larger connectivity of
capillary pore, which can be ascribed to the coarser pore size as a result of the increasing curing
temperature. This can be confirmed by the 3D connected capillary pores of FA blended cement paste
cured at 20 and 60 <C with a porosity of 0.23 shown in Fig. 9b. It suggests that the modifications
mentioned in Section 2.2 for simulating the coarser pores in microstructure cured at a higher
temperature are effective. As the capillary porosity approaches the depercolation threshold, the
elevated curing temperature yet results in lower connectivity of capillary porosity in FA blended
cement paste. Moreover, with the increase of curing temperature, the depercolation threshold of
capillary porosity is decreased. These changing trends of connectivity of capillary pore related to
capillary pore size are similar to those of connectivity of inclusion with inclusion size in a two-phase
composite medium presented in [47]. A comparison between the results for FA 1 and FA Il indicates
that the FA type has an obvious influence on the development of capillary porosity with curing age
(see Fig. 8), while the relationship between connectivity of capillary pore and capillary porosity is
not significantly changed when the curing temperature is kept the same (see Fig. 9b). This can be
explained by the fact that the distribution of reaction products in the microstructure of blended cement
paste is not affected by the FA type.

5. Effect of curing temperature on ionic diffusivity

According to the generated 3D paste microstructure cured at various temperatures, a lattice
Boltzmann model [48] was employed to mimic the ionic diffusion through the paste microstructure
and estimate the ionic diffusivity of cement paste. First, the voxel-based microstructure simulated
using the modified CEMHYD3D model was converted into a four-phase composite medium
comprised of capillary pores, two C-S-H gels respectively produced from the PC hydration and FA
pozzolanic reaction, and non-diffusive solid phases including unreacted binders (cement and FA) and
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other hydration products. After that, the ionic diffusivities of pore water in capillary pores and C-S-
H as inputs need to be determined for the lattice Boltzmann simulation. For the pore water of capillary
pore, its ionic diffusivity (D,) is set as 2.03 x 10~° m?/s [49], while the ionic diffusivity of C-S-H
(Dcsy) can be expressed using the following equation [50]:

Dcsy = Dgpl0.059¢¢sy + 0.226(dcsy)>*°] (20)
where ¢ sy denotes the C-S-H porosity, and Dgp is the ionic diffusivity of pore water in gel pore,
normally set as 10*° m%/s [51], which is lower than D, because of the incremental viscosity of pore
water [51] and electrical double layer effect [52] in gel pore with nanometers.

As mentioned in Section 2.2, it is assumed that there exist two kinds of C-S-H gel in FA blended
cement paste. The gel porosity of C-S-H produced from PC hydration is temperature-dependent,
following Egs. (16) and (18), while the gel porosity of pozzolanic C-S-H produced from FA
pozzolanic reaction is not affected by the curing temperature that is equal to 0.19. Accordingly, the
ionic diffusivities of C-S-H produced from PC hydration at curing temperatures of 20, 40 and 60 <C
can be calculated as 1.86 <102 m?/s, 1.71 %102 m?/s and 1.55 x107*? m?/s, and the ionic diffusivity
of pozzolanic C-S-H is 1.17 <1012 m?/s. Afterwards, the lattice Boltzmann simulation was applied
to the FA blended cement paste for simulating the ionic diffusion. The modelling procedure including
the collision step and streaming step was iterated until the steady-state diffusion was reached. As the
ionic concentration distribution under the steady-state in cement paste is acquired, its ionic diffusivity
can be quantified according to Fick's first law. Taking the FA blended cement paste with w/b = 0.4
and FA content of 30% as an example, the simulated steady-state ionic diffusion in the paste
microstructure cured at 20 <C and 60 <C for 28 d is shown in Fig. 10. It is indicated that the ionic
distribution in blended cement paste is non-uniform due to the heterogeneously distributed diffusible
phases in the microstructure.

Fig. 11a displays the ionic diffusivity versus curing age in FA blended cement paste cured at 20,
40 and 60 <C. It can be observed that with the increase of curing age, the ionic diffusivity is decreased
in blended paste, which can be mainly attributed to the decreasing fraction and connectivity of
capillary pore as a result of the continuous chemical reaction. For the FA blended cement paste with
the same replacement level, the elevated temperature can bring about a lower ionic diffusivity in the
early period but a higher one in the later period, which agrees well with the experimental findings
indicated by Ramezanianpour and Malhotra [53]. In their experiments, the resistance of FA blended
cement concrete cured at 38 <C to chloride penetration is better than that cured at a standard curing
temperature before 28 d of curing but the result is opposite after that. For the cement paste, its ionic
diffusivity is directly associated with the capillary porosity and connectivity of capillary pore in the
microstructure [54]. As can be seen, the change of ionic diffusivity with curing age shows a similar

trend with that of capillary porosity against curing age discussed in Section 4. In addition, the elevated
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curing temperature results in higher connectivity of capillary pore due to the coarser pore structure
and the ionic diffusivity is accordingly increased for the blended cement paste cured at a higher
temperature. Fig. 11b shows the ionic diffusivity as a function of capillary porosity in blended cement
paste, which indicates that the elevated curing temperature is detrimental to the decrease of ionic
diffusivity. The ionic diffusivity of blended cement paste with different FA types can also be seen in
Fig. 11b that the FA with higher reactive activity (FA I) results in a lower ionic diffusivity. This is
expected because the FA with higher reactivity can promote the pozzolanic reaction, leading to a
smaller capillary porosity (see Fig. 8).

Fig. 12 shows the ionic diffusivity against accessible capillary porosity in FA blended cement
paste cured at various temperatures. It can be observed that for the cement paste with accessible
capillary porosity larger than O (prior to the capillary depercolation), the logarithmic ionic diffusivity
linearly increases with the accessible capillary porosity, regardless of curing temperature and FA type.
After the accessible capillary porosity is equal to O (i.e. capillary depercolation), the ionic diffusivity
decreases slightly with the decrease of capillary porosity (see Fig. 11b), which can be attributed to
the smaller diffusivity of diffusible C-S-H gels that act as the dominant diffusion paths. Despite not
being shown here, it can be expected that the less diffusable C-S-H gels in blended cement paste
cured at a higher temperature are likely to be beneficial to the decrease in its ionic diffusivity after
the capillary depercolation is reached [7]. This finding can be confirmed by the decreasing ionic
diffusivity with the elevated curing temperature for the FA blended cementitious materials with a
lower w/b ratio or cured in the later period. For instance, Li et al. [55] demonstrated that the measured
ionic diffusivity of FA blended concrete with a lower w/b ratio (0.35) decreases with the increase of
curing temperature between 10 <C and 40 <TC in the later period.

6. Conclusions

In this study, an integrated modelling framework was developed to investigate the influence of curing
temperature on hydration process, microstructural evolution and ionic diffusivity of fly ash blended
cement system. CEMHYD3D model was further modified to mimic the temperature-dependent
hydration and microstructural development of blended cement system with different fly ash contents
(between 10% and 50%), fly ash types and water-to-binder ratios (ranging from 0.30 to 0.50).
According to the simulated 3D microstructure, a lattice Boltzmann model was employed to estimate
the ionic diffusivity of blended paste cured at different temperatures (20, 40 and 60 <C), which
provides comprehensive insights into the relationship between ionic diffusivity and paste
microstructure cured at various temperatures. The main conclusions can be drawn as follows:

* The Arrhenius law and temperature-dependent pore size were successfully introduced into the

CEMHYD3D model for simulating the influence of curing temperature on hydration and

microstructure of fly ash blended cement system. The simulated temperature-dependent hydration
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process of blended cement system with different fly ash contents, fly ash types, and water-to-

binder ratios agrees well with experimental data obtained from the literature.

* The elevated curing temperature can accelerate the pozzolanic reaction of fly ash during the entire
reaction process, while the Portland cement hydration is only promoted within the first few days.
The hydration degree of Portland cement at a lower curing temperature can surpass that at a higher
curing temperature in the later period, which can be ascribed to the denser C-S-H gels produced
at elevated temperatures around unhydrated cement particles, leading to a detrimental effect on
the further hydration of Portland cement.

* The elevated curing temperature contributes to the decrease in the connectivity of capillary pore
at the early curing ages (before 28 d) because of the promotion of reactions of Portland cement
and fly ash. Nevertheless, in the later period (after 28 d), the higher curing temperature has a
detrimental effect on the decreasing volume fraction of connected capillary pores as a result of
the lower overall reaction degree of fly ash blended cement and the denser C-S-H gels.

* Owing to the decreasing capillary porosity as a result of the promotion of binder reactions and the
higher connectivity of capillary pore resulting from the coarser pore structure, the increase of
curing temperature can lead to a lower ionic diffusivity of blended cement paste in the early period
but a higher one in the later period. Before the capillary depercolation, a unique linear increase of
the logarithmic diffusivity with the accessible capillary porosity can be observed, regardless of
curing temperature and fly ash type. The less diffusable C-S-H gels in fly ash blended cement
paste cured at a higher temperature are beneficial to the decrease of its ionic diffusivity after the
capillary depercolation is reached.

Although this model can well estimate the hydration, microstructure and transport property of fly
ash blended system cured at various temperatures, the following aspects still need to be further
addressed: (1) In the present model, the decomposition of solid phases cured at an elevated
temperature (over 60 <C), e.g. decomposition of ettringite [56], is ignored. (2) The real phase
assemblage of temperature-dependent hydration products of fly ash blended system needs to be
considered, possibly in combination with thermodynamic modelling [57]. (3) The relationship
between the ionic diffusivity in C-S-H and its composite can be investigated in a quantitative manner
[58].
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Fig. 4. Reaction degree of fly ash (a) and hydration degree of Portland cement (b) in blended
cement pastes with w/b = 0.40 and fly ash content of 30% at 20 <C and 60 <C as a function of
curing age after Wang and Ishida [17, 42].
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Fig. 5. Reaction degree of fly ash in blended cement pastes with w/b = 0.30 and 0.50 and fly ash

content of 40% at 20 <C and 40 <TC as a function of curing age after Hanehara et al. [37].
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Fig. 6. Evolution of solid phases in microstructure of fly ash blended cement pastes with w/b = 0.40
and fly ash (FA 1) content of 30% at (a) 0 d, (b) 3 d, (c) 28 d, and (d) 180 d (top row — 20 C,

bottom row — 60 <C).
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Fig. 7. Evolution of capillary pore structure of fly ash blended cement paste with w/b = 0.40 and fly
ash (FA 1) content of 30% at (a) 0 d, (b) 3d, (c) 28 d, and (d) 180 d (top row — 20 <C, bottom row —

60 <T).
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Fig. 8. Capillary porosity and reactive degree of fly ash blended cement in paste with w/b = 0.40
and fly ash content of 30% at 20 <C, 40 <C and 60 <T as a function of curing age.

26



I ¢ - g

084 ", e S R R I I

=
=
I

Connectivity of capillary pore
=]
1

00 T T T T T T
0 50 100 150 200 250 300 350

Curing age (d)

(b)

[}
—
15}
=9
2
'(_3. M
— |
2.0.6 | B
IS
S |
G
= |
g |
£'04 | '
E 1 20 °C 60 °C
3 | —— w040F AI30%-20°C
= I —O— WO40F AI30%-40°C
S 0.2 ! —— w040FAI130%-60°C |
&} : — & - WO40FAI130%-20°C
: — & -WO040FAII30%-40°C
— <+ - wO040FAII30%-60°C
0.0 — 1 T T
0.15 0.20 0.25 0.30 0.35

Capillary porosity
Fig. 9. Connectivity of capillary pore in fly ash blended cement paste with w/b = 0.40 and fly ash
content of 30% at 20 <C, 40<C and 60 T as a function of curing age (a) and capillary porosity (b).
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Fig. 10. Steady-state ionic concentration distribution in blended cement paste with w/b = 0.40 and
fly ash (FA 1) content of 30% cured at 20 <T (a) and 60 <C (b) for 28 d.
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Fig. 11. lonic diffusivity of fly ash blended cement paste with w/b = 0.40 and fly ash content of
30% at 20 C, 40 T and 60 T as a function of curing age (a) and capillary porosity (b).
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Fig. 12. lonic diffusivity of fly ash blended cement paste with w/b = 0.40 and fly ash content of

30% at 20 T, 40 T and 60 T as a function of accessible capillary porosity.
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Table 1. Chemical composition and physical properties of Portland cement and fly ash.

Chemical composition This study \[/llgierdt et al. \[/l/?]ng and Ishida I;:ér[l?e);]]ara et
Iphysical properties =5 -2, " b FA PC FAI FAlIl PC FA
SiO; (%) - 47.86 - 50.00 - 84'1 63.78 - 54.40
Al;03 (%) - 3250 - 2390 - 50'2 19.78 - 31.1
Ca0 (%) - 409 - 632 - 219 465 - 450
MgO (%) . 105 - 212 - 070 069 - 0.80
Na:0 (%) - 055 - 063 - 058 054 - 0.60
K20 (%) - 162 - 142 - 124 107 - 0.80
Fe»0s (%) . 452 - 603 - 417 412 - 4.60
CsS (%) 56.00 - 5870 - 85'5 S i i
C2S (%) 2566 - 2065 - IR i i
C3A (%) 749 - 1195 - 807 - - i i
C4AF (%) 1085 - 870 - 877 - - i i
('\l‘::gsom ) 1177 - 1830 - %0'9 1418 - -
Quartz (Si0z, %) - 2364 - 1230 - 721 1028 - i
Amorphous (%) . 6459 - 6940 - o't 7400 - i
Fineness (m?/kg) 369 454 450 450 335 394 407 337 400
Density (g/cm®) 315 224 315 249 315 228 234 314 233

Table 2. Volume fractions of mineral phases of fly ash used in the simulation.

Wang and Ishida [17]

Mineral phase (vol%)  This study Weerdt et al. [13]

FA | FA I
CAS; 19.30 36.06 11.20 23.38
AS 20.90 1.43 12.71 2.22
S 22.40 30.09 58.76 49.93
Inert 37.40 32.42 17.33 24.47
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