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Abstract: Accurate prediction of microstructural evolution and ionic diffusivity in fly ash blended 

cement paste is significant for practical application and durability design of blended cementitious 

materials. This paper presents an integrated modelling framework for simulating 3D microstructure 

and effective ionic diffusivity of blended cement paste with various fly ash replacement levels and 

w/b ratios. A voxel-based hydration model using cellular automaton-like evolution rules was 

developed to simulate 3D microstructural development of fly ash blended cement, based on which 

the effective diffusivity was simulated using a lattice Boltzmann (LB) model for diffusion considering 

the contributions of both capillary pores and gel pores in C-S-H gels to ionic diffusion. A series of 

experiments were conducted to characterise the morphology of Portland cement and fly ash, hydration 

process and pore structure of fly ash blended cement paste and measure the effective ionic diffusivity. 

The simulation results agree well with experimental data in terms of hydration heat, calcium 

hydroxide content, degree of hydration of fly ash, porosity, and effective diffusivity, which suggests 

that the developed microstructure-based LB model for diffusion can predict the ionic diffusivity of 

fly ash blended cement paste with high accuracy. The addition of fly ash can help reduce the ionic 

diffusivity of cement paste particularly after the capillary porosity depercolation occurs due to the 

more tortuous diffusion paths in the pozzolanic C-S-H gels. 

Keywords: Fly ash; Hydration model; Lattice Boltzmann method; Pore structure; Percolation; 

Diffusivity 

1. Introduction 

Fly ash is an industrial byproduct from the coal combustion at thermal power plants. If properly used, 

partial replacement of Portland cement clinkers with fly ash can not only promote the sustainability 

of cementitious materials via significant reduction of CO2 emissions, but also improve the properties 

of cementitious materials, e.g., rheological, mechanical and transport properties [1-3]. Fly ash is much 

less reactive than Portland cement clinker but would accelerate the rate of hydration of cement clinker 

in blended cement due to the dilution effect [4], heterogeneous nucleation effect [5] and surface 

absorption effect [6]. Fly ash particles with spherical geometry acting as “ball-bearing” can enhance 

the rheological properties of fresh paste [7]. More importantly, because of the presence of amorphous 
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silicate and aluminate phases, fly ash possesses potential pozzolanic effect [7-9]: during the hydration 

process of cement, the glass phases react with calcium hydroxide (CH) to form calcium silicate 

hydrate (C-S-H) and calcium aluminate hydrate (C-A-H). Accordingly, the microstructure of 

hardened cement paste is modified with the continuous formation of pozzolanic hydration products, 

transition of C-S-H gel, and refinement of pore structure. 

To acquire the 3D microstructure of fly ash blended cement paste, some advanced characterization 

techniques including X-ray computed tomography (XCT) [10] and laser scanning confocal 

microscopy (LSCM) [11] were used. Lu et al. [10] applied XCT to obtain the microstructure of fly 

ash blended cement paste with a resolution of 4 μm/voxel and found that the porosity and connectivity 

of pore structure of fly ash blended cement paste are lower than those of plain cement paste. 

Nevertheless, the microstructural information obtained from XCT is highly restricted by the spatial 

resolution. The phases with a size smaller than the used resolution (e.g. small capillary pores and gel 

pores) cannot be accurately detected. Yio et al. [11] acquired the 3D pore structure of fly ash blended 

cement paste using LSCM with a resolution of 0.105 μm/voxel and observed that the incorporation 

of fly ash can help reduce the volume, size and connectivity of accessible pore network and increase 

the pore tortuosity and formation factor of hardened cement paste. However, apart from the 

microstructural change induced by the sample preparation, the imaging depth of LSCM is very small, 

which limits its ability to accurately acquire a representative microstructure of fly ash blended cement 

paste [12]. Moreover, XCT and LSCM tests are usually time-consuming and expensive. It is still a 

great challenge to accurately capture the 3D microstructure of fly ash blended cement paste through 

experiments. To tackle these drawbacks, several computer-based models have been developed to 

simulate the hydration process and microstructural development of fly ash blended cement paste on 

the basis of hydration models for pure Portland cement system, such as CEMHYD3D [13], 

HYMOSTRUC3D [14], μic [15] and DuCOM [16]. For instance, Bentz [17] incorporated fly ash into 

the pixel-based CEMHYD3D model to simulate the hydration and microstructure evolution of fly ash 

blended cement paste using a cellular automaton-like evolution rule. However, this model has not yet 

been validated by experiments and some parameters in the model were not well considered and in 

need of further improvement [18]. Following the similar kinetic equations suitable for Portland 

cement, Gao [19] extended the HYMOSTRUC3D model for fly ash blended cement considering the 

features of pore solution and the distribution of CH phase in the microstructure. Nevertheless, the 

extended model neglects the interaction between fly ash and CH. Bishnoi et al. [20] used the μic 

model to simulate the microstructure of fly ash blended cement paste and investigated the effect of 

fly ash on its strength without any verifications of hydration process with experimental data. Wang 

et al. [21] modified the DuCOM model to simulate the hydration process of fly ash blended cement 

considering the contribution of cement hydration and reactions of fly ash to the heat release rate. The 
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simulation results showed good agreement with experimental data. However, the proposed model 

was only focused on the simulation of hydration process and the microstructure development has not 

been presented. Therefore, it is necessary and vital to investigate the 3D microstructure of fly ash 

blended cement pate using a suitable hydration model. 

The diffusivity of fly ash blended cement paste is highly associated with its microstructure and is 

a critical parameter for the assessment of durability and prediction of service life of concrete 

infrastructure made of fly ash blended cementitious materials [22]. The diffusivity of cementitious 

materials can be measured using natural diffusion tests or electrically accelerated methods [23]. 

However, it was found that there is significant difference in the measured diffusivity values through 

different methods and there is still no agreement on the standardized measurement of diffusivity [24]. 

In addition, due to the dense pore structure and less penetration, it is very difficult to accurately 

measure the diffusivity of fly ash blended cement paste, particularly at later ages. In the past few 

years, some empirical equations as well as analytical and numerical models have been proposed to 

predict the diffusivity of fly ash blended cement paste. Through fitting of experimental data, empirical 

equations were generally established to describe the relationship between diffusivity and porosity of 

fly ash blended cement paste. For example, Ampadu et al. [25] reported that there is a linear 

correlation between diffusivity on a log scale and porosity and the correlation is better for fly ash 

blended cement paste compared to Portland cement paste. Nokken and Hooton [26] demonstrated 

that the quantitative relationship between diffusivity and porosity conforms to the Archie’s law 

(exponential function) but the constants of the Archie’s law for Portland and fly ash blended cement 

pastes vary over a wide range. Despite the simplicity and ease application, the detailed microstructure 

characteristics including morphology, connectivity and tortuosity of the pore structure were not taken 

into consideration in the established empirical models. Moreover, the fitting parameters in the 

empirical equations merely denote optimal values for best fits and have no physical meaning. 

In terms of analytical models, the relationship was established considering the morphology of 

pore structure in fly ash blended cement paste that was conceptualized into the geometrical 

configurations. Many analytical methods have been successfully employed to predict diffusivity of 

fly ash blended cement paste. Oh and Jang [27] proposed a general effective medium model to 

estimate the effective diffusivity in fly ash blended cement paste, which can well predict the 

diffusivity near the percolation threshold of capillary porosity. Similarly, Zhou et al. [28] presented 

an effective medium model to evaluate the effective diffusivity in fly ash blended cement paste based 

on the characteristic parameters of pore structure. The diffusivity in fly ash blended cement paste 

with various curing ages, water-to-binder (w/b) ratios and fly ash replacement ratios was predicted 

using this model, which agrees well with experimental results. Different from the empirical models, 

some influencing parameters can be considered in the analytical models. Nevertheless, the analytical 
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models may fail in some situations, e.g., the dramatically varying diffusivity of different phases and 

the very high content of diffusive phases in microstructure [29-31]. In contrast to empirical equations 

and analytical models, numerical models for predicting effective diffusivity show a great potential in 

terms of taking the complex microstructure of cement paste into consideration. Among the existing 

numerical models, the model for predicting diffusivity based on the virtual cement paste is more 

popular because the influences of different factors can be easily incorporated into the model. Based 

on the Nernst-Einstein equation, Garboczi and Bentz [32] simulated the diffusivity of virtual 

hydrating Portland cement paste with various water-to-cement (w/c) ratios generated by 

CEMHYD3D using finite difference and finite element methods. Zhang et al. [33,34], Liu et al. [35], 

and Ukrainczyk and Koenders [36] respectively developed the in-house lattice Boltzmann, random 

walk, and finite difference codes to simulate the ionic diffusivity of Portland cement paste at various 

curing ages, w/c ratios, and water saturation levels obtained using HYMOSTRUC3D. The simulated 

results of diffusivity showed good agreement with experimental data. However, to the best of the 

authors’ knowledge, the existing numerical models were only applied to Portland cement paste and 

the numerical simulations of effective diffusivity in fly ash blended cement paste have been rarely 

conducted. Therefore, it is vital to propose a suitable numerical model to fill this gap. 

To this end, the main purpose of this study is to simulate the hydration process and microstructural 

development of fly ash blended cement paste as well as the ionic diffusivity based on the generated 

virtual 3D microstructure. Firstly, a modified version of the hydration model CEMHYD3D along 

with cellular automaton-like evolution rules was developed to simulate the evolution of 3D 

microstructure of fly ash blended cement paste, which was validated with experimental data in terms 

of hydration heat, CH content, degree of hydration of fly ash, and porosity. Afterwards, the diffusion 

of ions through the generated fly ash blended cement paste was simulated using lattice Boltzmann 

(LB) method. The effective ionic diffusivity was then predicted and compared with experimental data. 

Finally, the effects of different factors including fly ash content, curing ages and w/b ratios were 

estimated in a quantitative manner. 

2. Modelling of 3D microstructure of fly ash blended cement paste 

2.1. Theory of hydration of fly ash blended cement system  

Portland cement is composed of four mineral phases, i.e., C3S, C2S, C3A and C4AF. When cement is 

mixed with water, C3S and C2S react with water to form hydration products, i.e. C-S-H and CH, while 

C3A and C4AF contribute to the generation of C3AH6 and FH3. To control the setting rate of cement 

paste, the cement clinker is normally grounded with 4-6% gypsum (CS̅H2). In this situation, the 

hydration products related to C3A and C4AF become more complicated, because the reactions of C3A 

and C4AF depend on the content of gypsum. C3A and C4AF can react with CS̅H2 and water to form 

ettringite (C6AS̅3H32). If CS̅H2 is consumed up, C3A and C4AF will further react with C6AS̅3H32 and 
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water to form AFm (C4AS̅H12). The classical chemical reactions (i.e. hydration) of Portland cement 

can be summarized as follows [37,38]: 

𝐶3𝑆 + 5.3𝐻 → 𝐶1.7𝑆𝐻3.9 + 1.3𝐶𝐻                                                    (1) 

𝐶2𝑆 + 4.3𝐻 → 𝐶1.7𝑆𝐻3.9 + 0.3𝐶𝐻                                                    (2) 

If there is no 𝐶𝑆̅𝐻2, 

𝐶3𝐴 + 6𝐻 → 𝐶3𝐴𝐻6                                                      (3) 

𝐶4𝐴𝐹 + 10𝐻 → 𝐶3𝐴𝐻6 + 𝐶𝐻 + 𝐹𝐻3                                                    (4) 

If 𝐶𝑆̅𝐻2 is present, 

𝐶3𝐴 + 3𝐶𝑆̅𝐻2 + 26𝐻 → 𝐶6𝐴𝑆3̅𝐻32                                                    (5) 

2𝐶3𝐴 + 𝐶6𝐴𝑆3̅𝐻32 + 4𝐻 → 3𝐶4𝐴𝑆̅𝐻12                                                   (6) 

𝐶4𝐴𝐹 + 2𝐶𝑆̅𝐻2 + 30𝐻 → 𝐶6𝐴𝑆3̅𝐻32 + 𝐶𝐻 + 𝐹𝐻3                                                  (7) 

2𝐶4𝐴𝐹 + 𝐶6𝐴𝑆3̅𝐻32 + 12𝐻 → 3𝐶4𝐴𝑆̅𝐻12 + 2𝐶𝐻 + 2𝐹𝐻3                                                 (8) 

In the presence of fly ash, the amorphous silicate and aluminate phases in fly ash can react with 

the hydration product, i.e. CH, to form C-S-H with a low Ca/Si ratio and C-A-H. Although the 

pozzolanic effect has been widely confirmed, the hydration products and their specific compositions 

are not unified [17,39,40]. For example, Helmuth [39] proposed the following chemical reactions of 

fly ash in Portland cement system: 

𝑎𝐶𝐻 + 𝑏𝑆 + 𝑐𝐻 → 𝐶𝑎𝑆𝑏𝐻𝑐                                                     (9) 

𝐴𝑆2 + 𝐶𝐻 + 𝑐𝐻 → 𝐶𝑆𝐻𝑐−5 + 𝐶2𝐴𝑆𝐻8                                                            (10) 

𝐴 + 3𝐶𝐻 + 𝐶𝑆̅𝐻2 + 7𝐻 → 𝐶4𝐴𝑆̅𝐻12                                                             (11) 

Afterwards, Bentz et al. [17] investigated the chemical composition of fly ash and recommended 

the following chemical reaction equations for fly ash blended cement system: 

𝑆 + 1.1𝐶𝐻 + 2.8𝐻 → 𝐶1.1𝑆𝐻3.9                                                             (12) 

𝐴𝑆 + 2𝐶𝐻 + 6𝐻 → 𝐶2𝐴𝑆𝐻8                                                              (13) 

𝐶𝐴𝑆2 + 𝐶3𝐴 + 16𝐻 → 2𝐶2𝐴𝑆𝐻8                                                             (14) 

𝐶𝐴𝑆2 + 𝐶4𝐴𝐹 + 20𝐻 → 2𝐶2𝐴𝑆𝐻8 + 𝐶𝐻 + 𝐹𝐻3                                                           (15) 

𝐶𝑆̅ + 2𝐻 → 𝐶𝑆̅𝐻2                                                               (16) 

According to research presented by Papadakis [40], the reaction products resulted from pozzolanic 

reaction of fly ash are composed of C-S-H, C4AH13 and C4AS̅H12, the detailed chemical reactions of 

which can be expressed as: 

𝑆 + 1.5𝐶𝐻 + 1.5𝐻 → 𝐶1.5𝑆𝐻1.5                                                             (17) 

𝐴 + 3𝐶𝐻 + 𝐶𝑆̅𝐻2 + 7𝐻 → 𝐶4𝐴𝑆̅𝐻12                                                             (18) 

𝐴 + 4𝐶𝐻 + 9𝐻 → 𝐶4𝐴𝐻13                                                              (19) 

The Ca/Si ratio of C-S-H was found to be different in different studies. In addition, Helmuth [39] 
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and Bentz et al. [17] assumed that strätlingite (C2ASH8) can be produced, while Papadakis [40] 

thought that aluminate hydrate (C4AH13) can be produced. The different pozzolanic reaction products 

can be attributed to the difference in chemical composition of fly ash investigated in their studies. In 

this study, the chemical reactions proposed by Bentz et al. [17] were used to develop a hydration 

model for fly ash blended cement system, because the hydration products given in [17] have specific 

composition and fly ash particles consisting of multiple phases that are close to the real situation [41]. 

2.2. Modelling of hydration of fly ash blended cement 

In the past few decades, numerous hydration models for Portland cement system have been proposed 

and widely used. To build a hydration model for fly ash blended cement system, the optimal way 

would be the extension of these existing models suitable for Portland cement as they have been well 

validated. In this study, the CEMHYD3D hydration model based on cellular automaton-like evolution 

rules with open-source code was selected and modified by considering the influence of fly ash on 

cement hydration according to the theory introduced in Section 2.1. The details about the simulation 

of hydration and microstructure development of Portland cement using CEMHYD3D can be found 

in [13]. 

The entire module for simulating hydration process and microstructure evolution of fly ash 

blended cement paste consists of three main parts, i.e., cement packing, phase segmentation, and 

hydration, as illustrated in Fig. 1. Regarding cement packing, the digital representative volume 

element (RVE) with size of 200×200×200 μm3 (rather than 100×100×100 μm3 that was widely 

applied for Portland cement systems [20,42-44]) and a resolution of 1 μm/voxel is used to avoid the 

potential size effect. Based on the inputs, e.g., particle size distribution, w/b ratio and fly ash 

replacement ratio, the packing of cement and fly ash particles was achieved using Monte Carlo 

simulation. Here, the particles cannot overlap with each other and the packing sequence is from the 

largest particles to the smallest ones. It should be mentioned that the shape of Portland cement can be 

set as irregular shape [45,46]. However, to control the number of variables in this study, the shapes 

of cement and fly ash were regarded as sphere for simplification, as it has been found that the initial 

shape of cement powders has negligible effects on the microstructural characteristics [45-47] and 

properties of hardened cement paste, e.g. diffusivity [48]. 

After obtaining the 3D packed structure, the cement and fly ash particles were segmented into 

various mineral phases. Cement particles were divided into pixels of C3S, C2S, C3A and C4AF using 

a sintering algorithm according to the bulk phase composition and auto-correlation functions of the 

mineral phases [13], while fly ash particles are composed of multi-phases, i.e., amorphous phases (S, 

A-S and C-A-S) and crystalline phases (mullite, quartz and other non-reactive phases). Following 

Bentz’s assumption [17], fly ash particles were regarded as a combination of S, AS, CAS2 and inert 

phase. This assumption has been confirmed by Chancey et al. [49] and Durdziński et al. [50], who 
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found that fly ash consists of basic glass phases, i.e., glass silicate, aluminate-silicate and calcium-

aluminate-silicate. To place each phase on the fly ash particles, two different ways were proposed 

based on the characteristics of fly ash: One is to use the sintering algorithm, similar to the 

segmentation of cement clinkers; The other one is to divide fly ash particles into individual phases 

according to the volume fraction of each phase. A typical example of the segmented fly ash particles 

using the second segmentation method is shown in Fig. 1. 

After the pre-hydrated cement paste was reconstructed, the cellular automaton-like evolution rules 

were applied to simulate the hydration process using CEMHYD3D considering the pre-defined 

dissolution and reaction probabilities as well as the volume stoichiometry and physical and chemical 

characteristics of Portland cement and fly ash, according to Eqs. (1)-(8) and Eqs. (12)-(16), 

respectively. It is defined in CEMHYD3D that the cement phase voxels can dissolve, diffuse within 

capillary pores, and react to produce solid hydration products through a series of dissolution, diffusion 

and reaction cycles according to Eqs. (1)-(8). To correlate the real time (t) with computational cycles 

(n), a Knudsen diffusion-based equation given below was used: 

𝑡 = 𝛽𝑛2                                                                           (20) 

where β is a conversion factor that is normally set to 0.00035 [13,18,51]. 

The reactions of Portland cement can be well simulated using cellular automaton-like evolution 

rules incorporated into the original CEMHYD3D model, which are directly followed for simulating 

cement hydration in this study. With respect to fly ash, three new diffusing species were introduced, 

i.e., diffusing S, diffusing AS and diffusing CAS2. Similar to the cellular automaton-like evolution 

rules for Portland cement [13], the interactions between these new diffusing species and the phases 

of Portland cement are defined as follows: (1) when the diffusing S species collide with either solid 

or diffusing CH, C1.1SH3.9 is formed; (2) when the diffusing AS species collide with either solid or 

diffusing CH, C2ASH8 is formed; (3) when the diffusing CAS2 species collide with either solid or 

diffusing C3A, C2ASH8 is formed; if they collide with solid C4AF, C2ASH8, CH and FH3 are formed. 

To capture the released heat, the normalised released heat of reacted fly ash was used to calculate the 

released heat of fly ash blended cement paste, which is found to be 210 J/g for fly ash [21,52]. 

The pozzolanic reaction of fly ash is highly dependent on pH and temperature. To reflect the 

effects of pH and temperature on the reaction rate of fly ash, the empirical equations applied to cement 

clinkers in original CEMHYD3D [13] were extended for fly ash reaction. The following equation 

was introduced to adjust the dissolution probability of fly ash. 

𝑃𝑖𝐹𝐴 = 𝑃𝑖𝐹𝐴
0 1

1+𝑓𝑝𝐻
                                                               (21) 

where 𝑃𝑖𝐹𝐴  is the dissolution probability of glass phase i in fly ash, 𝑃𝑖𝐹𝐴
0  is the basic dissolution 

probability at the initial state that is a pre-defined value, and 𝑓𝑝𝐻 is a factor related to pH as follows: 
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𝑓𝑝𝐻 =

{
 
 

 
 
1.0         𝑝𝐻 < 12.75
0.667     𝑝𝐻 ≥ 12.75 
0.333     𝑝𝐻 ≥ 13.00
0             𝑝𝐻 ≥ 13.25
−0.25    𝑝𝐻 ≥ 13.75

                                                             (22) 

The effect of temperature on the reaction rate of fly ash was introduced using the following 

equations: 

𝑃𝑖𝐹𝐴 = 𝑃𝑖𝐹𝐴
0 𝑘𝐹𝐴

𝑘𝐶
                                                              (23) 

𝑘𝐶 = 𝑒𝑥𝑝 [−
1000𝐸𝐶

𝑅
(

1

𝑇+273.15
−

1

298.15
)]                                                           (24) 

𝑘𝐹𝐴 = 𝑒𝑥𝑝 [−
1000𝐸𝐹𝐴

𝑅
(

1

𝑇+273.15
−

1

298.15
)]                                                           (25) 

where 𝑘𝐶 and 𝑘𝐹𝐴 are the factors of Portland cement and fly ash associated with temperature, 𝐸𝐶 and 

𝐸𝐹𝐴 are the activation energies for Portland cement (40 kJ/mol) and fly ash (80 kJ/mol) [13], and T is 

temperature. 

The pre-defined basic dissolution probabilities for S, AS and CAS2 were all set as 0.08 that was 

determined by fitting the experimental data (see Section 5.1) and found to be far smaller than that for 

cement clinkers, e.g., 0.7 for C3S. 

3. Modelling of effective diffusivity of fly ash blended cement paste 

3.1. Lattice Boltzmann simulation of effective diffusivity 

LB method originates from the kinetic Boltzmann equation, which treats the fluid as an assemble of 

artificial particles and explores the microscopic features of the fluid considering collisions between 

particles. It has already achieved considerable success in simulating fluid flow and ionic transport in 

porous media because of its easy implementation of multiple interparticle interactions and complex 

geometry and boundary conditions. In this study, a LB model for diffusion was proposed to simulate 

the effective diffusivity in fly ash blended cement paste, the basic theory of which is briefly 

introduced here. In addition, the benchmark tests were carried out to validate the LB diffusion model. 

For the pure diffusion in porous media without advection or chemical reaction, the discretized 

Boltzmann equation can be expressed as: 

𝑓𝛼(𝐱 + 𝐞𝛼𝛿𝑡, 𝑡 + 𝛿𝑡) − 𝑓𝛼(𝐱, 𝑡) = −
1

𝜏𝑖
[𝑓𝛼(𝐱, 𝑡) − 𝑓𝛼

𝑒𝑞(𝐱, 𝑡)]                                                         (26) 

where 𝑓𝛼 is the particle distribution function at lattice location 𝐱 and time 𝑡, 𝛿𝑡 is the time step, 𝜏𝑖 is 

the non-dimensional relaxation time for diffusive phase 𝑖 , 𝐞𝛼  is the discrete lattice velocity, the 

subscript 𝛼 = 0, 1, … (b-1) denotes the velocity direction where b is the number of the discrete lattice 

velocity directions, and 𝑓𝛼
𝑒𝑞

 is the equilibrium particle distribution function that is expressed as: 

𝑓𝛼
𝑒𝑞(𝐱, 𝑡) =

1

𝑏
𝑐(𝐱, 𝑡)                                                                (27) 

where 𝑐(𝐱, 𝑡)  is the ionic concentration, accounting for the number of particles, i.e. 𝑐(𝐱, 𝑡) =
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∑ 𝑓𝛼(𝐱, 𝑡)𝛼 . 

In general, the LB simulation of transport phenomena in 3D porous media requires a cubic lattice 

model with 19 discrete velocity directions, i.e. D3Q19. However, it has been demonstrated that when 

the discrete velocity directions decrease from 19 to 7, i.e. from D3Q19 to D3Q7, it can still provide 

high accuracy for the simulation of the pure diffusion without advection or chemical reaction [53]. 

The reduction of the discrete velocity directions can significantly increase the computational 

efficiency and reduce the required computational cost. Thus, the D3Q7 cubic lattice model shown in 

Fig. 2 is used in this study. The corresponding lattice velocity vector of the D3Q7 model is: 

𝐞𝛼 = [
0 𝑣 −𝑣 0 0 0 0
0 0 0 𝑣 −𝑣 0 0
0 0 0 0 0 𝑣 −𝑣

]                                                            (28) 

where 𝑣 is the diffusion lattice speed, equal to 𝛿𝑥 𝛿𝑡⁄ , and 𝛿𝑥 represents the lattice spacing. 

𝑣 can be set to any positive value as long as 𝜏𝑖 ∈ (0.5, 2) [54]. For the D3Q7 model, the non-

dimensional relaxation time 𝜏𝑖  for pure diffusion is associated with the diffusivity of the 

corresponding phase (�̃�𝑖) in lattice units as: 

�̃�𝑖 =
2

7
(𝜏𝑖 −

1

2
)
(𝛿𝑥)2

𝛿𝑡
                                                               (29) 

Regarding the LB simulation of pure diffusion, the entire process involved in Eq. (26) contains 

two steps, including collision step and streaming step, which can be described by Eq. (30) and Eq. 

(31), respectively. 

𝑓�̅�(𝐱, 𝑡) − 𝑓𝛼(𝐱, 𝑡) = −
1

𝜏𝑖
[𝑓𝛼(𝐱, 𝑡) − 𝑓𝛼

𝑒𝑞(𝐱, 𝑡)]                                                                              (30) 

𝑓𝛼(𝐱 + 𝐞𝛼𝛿𝑡, 𝑡 + 𝛿𝑡) = 𝑓�̅�(𝐱, 𝑡)                                                                                                      (31) 

where 𝑓𝛼 and 𝑓�̅� represent the pre- and post-collision states of the particle distribution function. 

After reaching the steady state (based on the given criterion in Eq. (34)), the diffusive flux across 

the porous medium (𝐽) can be calculated from the particle distribution function: 

𝐽 = ∑ 𝐞𝛼𝑓𝛼
𝜏𝑖−0.5

𝜏𝑖
𝛼                                                                (32) 

The diffusivity of porous medium (�̃�𝑒) in lattice units can be subsequently calculated according 

to the following statistical equation proposed by Xuan et al. [55]: 

�̃�𝑒 = �̃�0
𝐽

𝐽0
                                                                (33) 

where �̃�0 is the ionic diffusivity in bulk water in lattice units, 𝐽0
̃  is diffusive flux across a water-

saturated pore space with the same size as the porous medium. 

In this study, the dimensional lattice length and time were set as 𝛿𝑥 = 1 and 𝛿𝑡 = 1, and the 

relaxation time of water-saturated pore was regarded as 1, i.e. 𝜏0 = 1. According to Eq. (29), �̃�0 =
1

7
. 

It should be mentioned that the lattice units were used in LB method and it is necessary to establish 
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a mapping between the lattice units and real physical units. The lattice coordinates (𝐱, 𝑡) are related 

to the physical coordinates (𝐗, 𝑇) by 𝐗 = 𝐿0𝐱 and 𝑇 = 𝑇0𝑡, where 𝐿0  and 𝑇0  are length and time 

mapping, respectively. For example, since the digital resolution of simulated cement paste is 1 

μm/voxel, i.e. 𝐿0𝛿𝑥 = 1 μm = 10−6 m, 𝐿0 is equal to 10−6 m. The ionic diffusivity in bulk water 

(𝐷0) is 2.03×10-9 m2/s [56] with dimensions [𝐿]2[𝑇]−1, so the relationship between �̃�0  and 𝐷0  is 

𝐷0 = �̃�0𝐿0
2𝑇0

−1. Thus, we can get 𝑇0 = 7.037×10-5 s, and the conversion between the simulated results 

in lattice units and the corresponding quantities in real physical units can be established. 

Cement paste is a complex heterogeneous material, consisting of two diffusive phases, i.e., 

capillary pore and C-S-H containing gel pore, and multiple non-diffusive phases, i.e., unreacted 

binders, gypsum, and crystalline hydration products [32-36]. To validate the feasibility of LB 

diffusion model for cement paste, the benchmark tests on ionic diffusion in a dual-component medium 

with two basic structures, including parallel structure and series structure were carried out. Fig. 3 

shows a schematic diagram of the ionic diffusion in X-direction of parallel structure and series 

structure. The size of 3D dual-component medium is 100×100×100 lattices, and the diffusivities of 

components 1 and 2 were set as D1 and D2 (D1>D2 and D1 = 1 m2/s). The theoretical solutions of the 

ionic diffusivity in such dual-component medium can be expressed as (𝐷1 + 𝐷2) 2⁄  for parallel 

structure and 1 (1 2𝐷1 +⁄ 1 2𝐷2⁄ )⁄  for series structure [54]. 

For LB simulation, the relaxation time of component 1 (𝜏1) and component 2 (𝜏2) as inputs should 

be determined in advance that are related to the relative diffusivity, i.e. 𝐷2 𝐷1⁄ = (𝜏2 −
1

2
) (𝜏1 −

1

2
)⁄ . 

For example, supposing 𝜏1 = 1 , 𝜏2  is calculated to be 0.505 for 𝐷2 𝐷1⁄ = 0.01. In terms of the 

boundary condition, the periodic boundary condition was adopted in the diffusion direction, i.e. X-

direction (see Fig. 3). The ionic concentrations on the inlet and outlet surfaces were set as 1.0 mol/L 

and 0 mol/L, respectively. Regarding the other four surfaces, it was assumed that there is no diffusive 

flux through them, and the half-way bounce-back condition was applied to the interface between 

diffusive and non-diffusive phases. The steady-state diffusion criterion is defined based on the ionic 

concentration at the position i at two consecutive time steps (i.e. 𝑐𝑖
𝑛+1 and 𝑐𝑖

𝑛) as follows: 

∑ |𝑐𝑖
𝑛+1−𝑐𝑖

𝑛|𝑖

∑ |𝑐𝑖
𝑛+1|𝑖

< 10−8                                                               (34) 

This criterion is found to not only guarantee the accuracy of computational accuracy but also save 

the computational time and memory requirements. After reaching the steady state, the overall 

diffusive flux through the medium as well as the ionic diffusivity can be calculated using Eqs. (32) 

and (33). A typical example of the steady-state distribution of ionic concentration in the dual-

component medium with 𝐷2 𝐷1⁄ =0.01 is shown Fig. 4. The comparison between simulated results 

and theoretical results for various 𝐷2 𝐷1⁄  ratios ranging from 0.0001 to 0.5 is presented in Table 1. 

The maximum discrepancy between simulation and theoretical results is less than 0.015% for the 
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parallel mode and 0.5% for the series mode, respectively, suggesting that the proposed LB diffusion 

model can provide a good prediction for the effective diffusivity in the heterogeneous medium. 

3.2. Determination of input parameters 

As mentioned above, there are two diffusive phases in the heterogeneous cement paste, i.e., capillary 

pore and porous C-S-H gels containing gel pores [32-36]. It is necessary to quantify their diffusivities 

as inputs for LB simulation of ionic diffusivity in cement paste. The ionic diffusivity of capillary pore 

(𝐷0) is equal to 2.03 × 10−9 m2/s [56]. Porous C-S-H is composed of basic colloidal particles and 

gel pores [57], and its ionic diffusivity is highly dependent on the gel porosity of C-S-H. According 

to the colloidal structure of C-S-H [57], the relationship between the tortuosity of C-S-H (𝜇𝐷) and the 

gel porosity of C-S-H (𝜙𝐶𝑆𝐻) can be described by [58]: 

1

𝜇𝐷
= 0.059 + 0.226(𝜙𝐶𝑆𝐻)

2.68                                                  (35) 

And, the diffusivity of C-S-H (𝐷𝐶𝑆𝐻) relative to that of pore solution in gel pore of C-S-H (𝐷𝐺𝑃) 

can be expressed as [46]: 

𝐷𝐶𝑆𝐻

𝐷𝐺𝑃
=

1

𝜇𝐷
𝜙𝐶𝑆𝐻                                                    (36) 

Combined with Eq. (35), Eq. (36) is converted into 

𝐷𝐶𝑆𝐻

𝐷𝐺𝑃
=

1

𝜇𝐷
𝜙𝐶𝑆𝐻 = 0.059𝜙𝐶𝑆𝐻 + 0.226(𝜙𝐶𝑆𝐻)

3.68                                                           (37) 

Gel pores in C-S-H are generally of nano-meter size and 𝐷𝐺𝑃  is smaller than 𝐷0  due to the 

increasing viscosity of pore solution in nanopores [59,60] and the surface effect, i.e. electrical double 

layer effect [61-63]. The average value of 𝐷𝐺𝑃 is normally regarded as around 10-10 m2/s [60]. Thus, 

𝐷𝐺𝑃 was set as 1.0×10-10 m2/s in this study [48]. 

As indicated in Eq. (37), the ionic diffusivity of C-S-H is a function of gel porosity of C-S-H. The 

average gel porosity of C-S-H was found to be relatively stable in the same type of cement paste. 

Powers [64] indicated that the average gel porosity of C-S-H for Portland cement paste is around 0.3. 

Regarding fly ash blended cement paste, the gel porosity of C-S-H is lower than that for Portland 

cement paste [21,52]. Bentz [13] reported that the average gel porosity of C-S-H for fly ash blended 

cement paste is 0.2. As per these findings, in this work, the average gel porosities of C-S-H for 

Portland cement paste and fly ash blended cement paste were set as 0.3 and 0.2, respectively, and 

correspondingly the relative diffusivities of C-S-H to 𝐷0 (i.e. 
𝐷𝐶𝑆𝐻

𝐷0
) for Portland cement paste and fly 

ash blended cement paste were calculated to be 0.00102 and 0.00062 using Eq. (37), which are close 

to those deduced using measured data of ionic diffusivity, i.e., 0.0025 for Portland cement paste [32] 

and 0.0005 for blended cement paste [65]. Accordingly, based on the relationship between relaxation 

time and ionic relative diffusivity (see benchmark tests in Section 3.1), the relaxation time of C-S-H 

for Portland and fly ash blended cement pastes is 0.50051 and 0.50031, respectively. 
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4. Experimental program 

To determine the input parameters required for hydration model and validate the simulations, the 

characteristics of raw materials (e.g., particle size distribution, mineral phase content, and mineral 

phase distribution of binder particles), hydration process (e.g., released hydration heat, CH content, 

and degree of hydration of fly ash) and pore structure (e.g. porosity) of hydrated cement paste, and 

effective ionic diffusivity of hardened cement paste were measured. 

4.1. Raw materials 

The Portland cement used is Portland cement P.I. 52.5 (Chinese standard), similar to ASTM C150 

Type I cement, the measured particle size distribution of which with a median diameter of 10.3 μm 

is shown in Fig. 5. The 28-d compressive strength of Portland cement paste with a water requirement 

of normal consistency of 0.274 is 59.6 MPa. Table 2 presents the main chemical composition and 

other physical properties of Portland cement, the estimated Bogue phase composition (volume 

fraction) of which is: 53.72% C3S, 24.09% C2S, 7.61% C3A, 8.98% C4AF and 5.6% CaSO4·2H2O. 

Scanning electron microscopy (SEM) along with energy dispersive spectroscopy (EDS) was adopted 

to obtain the distribution of main mineral phases of cement particles. The detailed sample preparation 

and imaging process can be found in a previous publication [45]. Fig. 6 displays a segmented image 

of real cement powders at 800× magnification level. Based on imaging processing, the volume 

fractions of mineral phases can be calculated as 52.36% C3S, 29.75% C2S, 4.77% C3A and 13.12% 

C4AF, which are in consistence with the Bogue ones, suggesting that the segmented image is 

representative for the real Portland cement powder. In order to determine the distribution of mineral 

phases of cement powders, the autocorrelation function known to be a two-point correlation function 

was used [13], which is defined as the probability that two arbitrary points are in the same phase as 

the function of the distance between them. For an image with 𝑀 ×𝑁 pixel2, the summation 𝑆(𝑥, 𝑦) 

can be calculated using the following equation: 

𝑆(𝑥, 𝑦) = ∑ ∑
𝐼(𝑖,𝑗)×𝐼(𝑖+𝑥,𝑗+𝑦)

(𝑀−𝑥)(𝑁−𝑦)

𝑁−𝑦
𝑗=1

𝑀−𝑥
𝑖=1                             (38) 

where 𝐼(𝑥, 𝑦) is 1 if the pixel at location (𝑥, 𝑦) contains the phase of interest, otherwise 𝐼(𝑥, 𝑦) is 0. 

𝑆(𝑥, 𝑦) was then converted into the function of 𝑆(𝑟) for the distance 𝑟 in pixels using bilinear 

interpolation on the 𝑆(𝑥, 𝑦) values as follows: 

𝑆(𝑟) =
1

2𝑟+1
∑ 𝑆(𝑟,

𝜋𝑙

4𝑟
)2𝑟

𝑙=0                              (39) 

The calculated autocorrelation functions of silicate (C3S+ C2S), C3S, and C3A in Portland cement 

powders as inputs are shown in Fig. 7. 

Regarding fly ash, a low-calcium fly ash produced in China was used, the chemical composition 

and physical properties of which are presented in Table 2. Fig. 5 shows the measured particle size 

distribution of fly ash, indicating that fly ash with a median diameter of 6.8 μm is much finer than 
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Portland cement. As mentioned in Section 2.2, the content of inert phases and amorphous phases of 

fly ash, i.e., CAS2, S, and AS, are important inputs for the hydration model of fly ash blended cement. 

In order to quantify the content of mineral phases, the Rietveld refinement method with pure 

corundum as an internal standard was performed on the fly ash powders, which were carefully mixed 

with 10% pure corundum relative to the weight of fly ash powders and then examined by means of 

D8 discovery diffraction (Bruker Co, Germany). The X-ray diffraction (XRD) pattern was recorded 

ranging from 10° to 70° with the testing parameters of: 40 kV, 30 mA, Cu target Kα radiation, 0.3 

s/step scanning speed and 0.02° step width. The quantitative XRD analysis was subsequently 

implemented using the software, X-Pert HighScore Plus. The composition was determined via 

Rietveld refinement using the fundamental parameter approach and the G-factor method [66]. The 

detailed XRD pattern of fly ash mixture is shown in Fig. 8. It can be observed that besides glass 

phases the fly ash powders are composed of quartz, mullite, maghemite and periclase. These 

crystalline phases are regarded as inert phases. The quantitative characterization indicates that fly ash 

is composed of 63% glass phase and 37% inert phase that consists of 23.1% quartz, 11.5% mullite 

and 2.3% periclase. In order to classify the glass phases of fly ash into basic phases (i.e., CAS2, S and 

AS), the following assumptions were made: (1) Regarding the source of CaO, it is produced from 

CaSO4 and glass CAS2, and the content of CaSO4 can be calculated based on the detectable content 

of SO3. (2) The amorphous Al2O3 exists in CAS2 and AS, and CAS2 has the priority. (3) The 

remaining amorphous SiO2 individually exists apart from that in AS and CAS2. Based on these 

assumptions, the glass phases of fly ash can be grouped into 19.3% CAS2, 22.4% S, 20.9% AS, and 

0.4% CaSO4. The content of different phases in fly ash is presented in Table 3. 

Another input parameter of fly ash is the distribution of different phases on fly ash, which was 

measured following a similar procedure for obtaining the distribution of mineral phases on cement 

powders. Fig. 9 shows the backscattered electron (BSE) image, element mapping images, and Al-Si-

Ca multispectral overlay image, which indicate that fly ash powders consist of the clusters of S, A-S 

and C-A-S, while most fly ash particles are composed of individual phases. Therefore, the fly ash 

particles are regarded as individual phases in the simulation. 

4.2. Hydration and pore structure 

The released hydration heat, CH content, degree of hydration of fly ash, and porosity of hardened 

cement paste were measured for validating the simulated hydration process and microstructure. In 

this study, cement pastes with w/b ratios of 0.3, 0.4 and 0.5, and 0, 10%, 30% and 50% replacement 

ratios of fly ash were investigated. Regarding the sample preparation of hardened cement paste, the 

cement powders were carefully mixed with fly ash and deionized water, and the mixtures were then 

cast into cylinder plastic containers with an inner diameter of 20 mm and height of 50 mm for 

microscopic characterization, followed by curing of specimens under standard curing conditions (20 
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± 2 °C, relative humidity > 95%). 

4.2.1. Hydration heat 

The hydration heat was measured using a TAM Air 8 channel isothermal calorimeter at 20 °C. Cement, 

fly ash and deionized water were weighted and equilibrated at 20±2 °C in an air-conditioned room. 

The cement pastes were evenly mixed for 2 min in a container. Approximate 10 g cement paste was 

poured into a plastic bottle that was then placed into the channel of the TAM Air isothermal 

calorimeter. The specific heat of cement paste (Hpaste) can be calculated as: 

𝐻𝑝𝑎𝑠𝑡𝑒 = 𝐻𝐶𝑥𝐶 + 𝐻𝐹𝐴𝑥𝐹𝐴 + 𝐻𝑤𝑎𝑡𝑒𝑟𝑥𝑤𝑎𝑡𝑒𝑟                                                            (40) 

where HC, HFA and Hwater present the specific heat values of Portland cement, fly ash and water, xC, 

xFA and xwater denote the mass fractions of them. Herein, HC = 0.76 J/(g·K), HFA = 0.72 J/(g·K) and 

Hwater = 4.18 J/(g·K) [67]. 

The data was automatically recorded using a computer program until 72 h. It should be noted that 

due to the disturbance of the signal resulted from the unbalance of temperature in the calorimeter, the 

first few minutes were not considered. 

4.2.2. Degree of hydration of fly ash 

The degree of hydration of fly ash in blended cement paste can be measured using BSE image 

processing techniques and selective dissolution method [17,42]. In this study, the selective dissolution 

method was used, which is based on the principle that fly ash in blended cement paste can react with 

CH to form acid-soluble hydration products, and the hydration products and unhydrated cement can 

dissolve in acid solution, leaving undissolved fly ash [68]. To dissolve hydration products and 

unhydrated cement for pure Portland cement and fly ash blended systems, different acids can be used, 

such as hydrochloric acid (HCl) [68], salicylic-acid + methanol [68], picric-acid + methanol [7], and 

HCl + salicylic-acid + methanol [69]. As the use of HCl has been included in the Chinese standard 

GB/T 12960-2007, it was adopted here following a similar procedure given in [70]. 

The entire experimental procedure includes: (1) The cement paste samples at various time points 

were crushed into small fragments. The coarse particles in the interior of samples were selected and 

immersed into isopropanol to stop hydration. The samples were soaked for 10 d and the solvent was 

changed three times during this process. (2) The fragments were grounded into finer particles using 

an agate mortar and were passed through a sieve with a 200-mesh size. The ground sample was stored 

in a vacuum drying oven for further analysis. One 150 ml beaker with 50 ml water was placed into 

the water bath on the electromagnetic stirrer in advance. The temperature was controlled at 20±2 °C. 

0.5 g ground and sieved paste powder sample was added into the beaker and blended for 5 min to 

disperse homogeneously. (3) 40 ml HCl stored at 20±2 °C was added into the beaker and mixed for 

25 min. The HCl was prepared using 1.95 g/ml concentrated HCl as the HCl-to-water volume ratio 

of 1:2. (4) The mixture was vacuum filtered on the pre-dried glass fibre filters and the residual 
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material was washed for 8 times using water and one time using ethanol. The whole process of 

washing and filtering was completed in 20 min. The filter paper and the dissolution residues were 

then transferred into a porcelain crucible. The crucible was ignited in an electric furnace at 300 °C, 

450 °C and 950 °C, each for 1 h. The crucible was cooled down to room temperature and weighed. 

The degree of hydration of fly ash (𝛼𝐹𝐴) was determined by: 

𝛼𝐹𝐴 =

𝑅𝐹𝐶
1−𝑤𝑁𝐸

−𝑥𝐶𝑅𝐶

𝑥𝐹𝐴𝑅𝐹𝐴
                                                     (41) 

where 𝑅𝐹𝐶  is the residue per gram of fly ash blended cement paste, 𝑅𝐶 and 𝑅𝐹𝐴 are the residue per 

gram of plain cement paste and the residue per gram of fly ash, and 𝑤𝑁𝐸 is the non-evaporable water 

content of fly ash blended cement paste. 

4.2.3. Calcium hydroxide content 

The CH content was determined through the thermal gravimetry analysis (TGA). Around 300 mg 

ground sample was weighed into alumina crucibles. The sample was heated at a step rate of 10 °C/min 

from room temperature to 105 °C and was kept at 105 °C for 30 min under N2-purging in the TGA 

equipment. Afterwards, the sample was heated to 900 °C at the same heating rate. Since CH was 

decomposed between 400 °C and 550 °C, a sharp weight loss step can be observed. The tangential 

method [71] was used to determine the CH content (𝑤𝐶𝐻) that was calculated using the ignited weight 

of the cement paste sample. 

𝑤𝐶𝐻 =
4.115∆𝐺1

∆𝐺0
                                                    (42) 

where ∆𝐺1 is the weight loss between 400 °C and 500 °C, and ∆𝐺0 is the remaining weight at 900 °C 

that is regarded as the weight of binder. 

4.2.4. Porosity 

The porosity in hardened cement paste was measured using mercury intrusion porosimetry (MIP). 

The measurement was performed with Micrometrics AutoPore IV 9500, for which the measuring 

range of pore sizes is between 3 nm and 360 μm. Before the MIP test, the crushed cement paste 

particles ranged from 1.25 to 2.5 mm for measurement were controlled by a square hole sieve and 

then dried at 60 °C for 48 h in a vacuum drying oven. Subsequently, the measurement was conducted 

in two stages: a manual low pressure running from 0.003 MPa to 0.21 MPa, and an automated high 

pressure running from 0.21 MPa to 242 MPa. The data was collected and addressed by a computer 

acting as a control module. After the low-pressure testing, the penetrometer was removed and 

weighted, followed by the high-pressure testing. MIP experiment was conducted with a 30 s pressure 

equilibration time and the contact angle was set as 130°. 

4.3. Effective ionic diffusivity 

To validate the simulated ionic diffusivity of hardened cement paste, the steady-state accelerated 

chloride diffusion tests as per NT build 355 were carried out. The experimental procedure refers to 

https://www.sciencedirect.com/topics/engineering/equilibration
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that presented in [72]. Regarding sample preparation for chloride diffusion tests, the well-mixed 

cement paste specimens were cast in the 100-mm diameter and 300-mm high cylinders and 

demoulded after 24 h. The mixtures with w/b (w/c) ratios of 0.23, 0.35 and 0.53 for Portland cement 

paste and w/b ratio of 0.35 with fly ash replacement ratios of 10% 30% and 50% for fly ash blended 

cement paste were used. The samples were then cured under the standard curing conditions for 28, 

60, and 120 d. 

Before the test, the columned specimens (100 mm in diameter and 30 mm in height) were vacuum-

saturated for 48 h, and the lateral surface was coated with epoxy. Subsequently, the specimen was 

placed between two upstream and downstream cells. Two mesh electrodes were placed on two sides 

of the specimen in such a way that the electrical field was applied primarily across the test specimen. 

One of the cells is called anode that was filled with 0.3 mol/L NaOH, while the other cell is called 

cathode that was filled with 3.0% NaCl. The cell was forced by a 30 V DC regulated power supply. 

During the test, the chloride ion concentration was determined from the solution in the anode cell, 

titrated with a 0.01 mol/L AgNO3 solution. When the change of the cumulative chloride concentration 

reaches the steady state, the chloride diffusivity (𝐷𝐶𝑙) in the specimen can be calculated as: 

𝐷𝐶𝑙 =
𝑅𝐾𝐿𝑉𝑑

𝑐𝑢𝑝𝐹𝐸𝐴
∙
Δ𝑐

∆𝑡
                                                               (43) 

where 𝑐𝑢𝑝 is the chloride concentration in the upstream cell, 𝐸 is the electrical field, R is the universal 

gas constant, F is the Faraday constant, K is the temperature, Δt is the interval time measured, 𝑉𝑑 is 

the solution volume of downstream cell, Δc is the change of the chloride ion concentration, 𝐴 is the 

surface area exposed to chloride ions, and 𝐿 is the thickness of the specimen. 

5. Validation and discussion 

5.1. Hydration process and microstructural evolution 

Based on the above-mentioned input parameters, the procedure for modelling hydration process and 

microstructural development including cement packing, phase segmentation, and hydration (see Fig. 

1) was implemented. For cement packing, it should be mentioned that the spherical binder particles 

are represented in digital form and the radius of simulated binder particle is not continuous but the 

integral multiple of the resolution. As seen in Fig. 5, the simulated particle size distribution of 

Portland cement and fly ash shows good agreement with experimental data. In the simulation of 

hydration process, the microstructure of cement paste at any specific time point can be obtained. 

Taking fly ash blended cement paste with w/b ratio of 0.5 and 30% fly ash replacement ratio as an 

example, the 3D microstructure and pore structure at 0, 28 and 120 d are obtained and shown in Fig. 

10. It is indicated that with the increase of curing age the binders are gradually consumed, and the 

corresponding hydration products produced fill the capillary pores, leading to the decrease in capillary 

porosity. Compared to the clinkers, the reaction rate of fly ash is much slower. As shown in Fig. 10, 
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the clinker particles cannot be distinguished in the paste at 28 d, while fly ash particles still clearly 

exist at 28 d, and some medium and large fly ash particles can even be found at 120 d. The low 

reaction rate for fly ash was also observed by Durdziński et al. [69], who reported that the 

experimental degree of hydration of fly ash is less than 30% even after 90 d of curing. 

To quantitatively validate the simulations of hydration of fly ash blended cement, the simulated 

released heat, CH content, degree of hydration of fly ash and porosity in fly ash blended cement paste 

were compared with experimental data. Fig. 11 shows the simulated and experimental hydration heat 

of cement paste with w/b ratios of 0.3 and 0.5, and 0, 10%, 30%, and 50% replacement ratios. It is 

indicated that the simulated released heat in the early period (before 25 h) is higher than the measured 

heat. This can be explained by the fact that the early hydration process (e.g. induction period) is not 

explicitly considered in CEMHYD3D model due to lack of incorporation of hydration kinetics into 

the model [13] and the early cement hydration is still an open question. Moreover, the early hydration 

process of cement is determined by the small cement particles [47] but the particles smaller than the 

resolution cannot be well reflected in the model, which may lead to the larger dissolution probabilities 

of cement clinkers when fitting the experimental data. Therefore, the simulated hydration heat tends 

to be higher than the measured one, but it agrees well with the measured value after 30 h. Regarding 

the effect of fly ash on hydration heat, it can be found that the incorporation of fly ash significantly 

reduces the total released heat. As the fly ash replacement ratio increases, the reduction in total 

hydration heat within 72 h is more significant. For instance, the hydration heat of w/b = 0.3 fly ash 

blended cement with 50% fly ash is only 57% that of pure Portland cement paste. 

Fig. 12 shows the simulated and experimental CH content in fly ash blended cement paste against 

curing age. The CH content increases dramatically in the early 3 d but tends to be stable and even 

slightly decreases with time in the paste with a high fly ash replacement ratio, which has a low CH 

content. For instance, 0.24 g/g binder is observed in the mature Portland cement paste by contrast to 

only 0.03 g/g binder in fly ash blended cement paste with 50% replacement ratio. This can be ascribed 

to the fact that the higher fly ash replacement ratio leads to the less CH produced in cement paste and 

more fly ash, in turn, needs more CH to react [4]. Overall, the simulated CH content shows good 

agreement with experimental data. The slight decreasing tendency for high fly ash replacement ratio, 

e.g. 50%, is also well simulated. 

The simulated degree of hydration of fly ash against time together with experimental data is 

plotted in Fig. 13. The degree of hydration of fly ash increases with curing age, as demonstrated in 

Fig. 14 for the paste with w/b = 0.5 and 30% fly ash replacement ratio that the amorphous phases in 

fly ash are gradually consumed due to hydration. At the early curing age (e.g. 7 d), the degree of 

hydration of fly ash is low and only the surface of fly ash is consumed. By contrast, at the later curing 

age (e.g. 90 d), the quick consumption of the small and medium fly ash particles occurs, but the large 
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particles can still be identified. The higher fly ash replacement ratio of paste results in a lower degree 

of hydration of fly ash. For example, the degree of hydration of fly ash in paste with 10% fly ash 

replacement ratio is about 33% higher than that with 50% fly ash replacement ratio at 90 d. This can 

be attributed to the lower activated ability of pore solution with lower pH and concentration of Ca2+ 

as a consequence of the higher fly ash replacement ratio [7]. Overall, the simulated and experimental 

degrees of hydration of fly ash are in good agreement. 

Regarding porosity of fly ash blended cement paste, the simulated and measured values of cement 

pastes with 50% replacement ratio are shown in Fig. 15. Herein, the simulated porosities of cement 

paste include capillary porosity, gel porosity and total porosity. Based on the assumed gel porosity of 

C-S-H, i.e., 0.3 for Portland cement paste and 0.2 for fly ash blended cement paste, the simulated 

total porosity (𝜙𝑡) can be calculated as: 

𝜙𝑡 = 𝜙𝐶𝑃 + 𝜑𝐶𝑆𝐻𝜙𝐶𝑆𝐻                                                   (44) 

where 𝜙𝐶𝑃 and 𝜑𝐶𝑆𝐻 are the volume fractions of capillary pores and C-S-H in cement paste. 

It can be observed that the capillary porosity of fly ash blended cement paste dramatically 

decreases in the first few days and then tends to be stable. On contrary, the gel porosity of paste shows 

an opposite changing tendency, i.e. a significant increase at the early stage and becoming stable after 

that. The evolution of capillary porosity and gel porosity with curing age corresponds to the formation 

process of solid skeleton as a result of hydration with time [9]. In cement paste, the gel porosity is 

much smaller than capillary porosity and thus the total porosity shows a similar changing trend to 

capillary porosity. It can be also found that the capillary porosity of paste is strongly affected by w/b 

ratio, while the gel porosity of paste is not sensitive to w/b ratio. However, the contribution of the gel 

porosity to the total porosity is increased with decreasing w/b ratio. For example, as the w/b ratio 

reduces from 0.5 to 0.3, the volume fraction of gel pores in total porosity increases from 16.8% to 

34.1%. It is worth mentioning that it is difficult to experimentally distinguish the capillary porosity 

and gel porosity, as there is still no uniform criterion for distinguishing pore space in cement paste 

[73]. In this study, the porosity measured by MIP was regarded as the total porosity, including 

capillary porosity and gel porosity. As seen in Fig. 15, the simulated total porosity and measured data 

are in good agreement. 

5.2. Effective ionic diffusivity 

After obtaining the virtual 3D microstructures of fly ash blended cement paste, the microstructure-

based modelling of ionic diffusivity using LB diffusion model was carried out. The contribution of 

different phases in cement paste, i.e. capillary pores and porous C-S-H gels, to the overall ionic 

diffusion was estimated. In addition, the effects of various factors including curing age, fly ash 

replacement ratio and w/b ratio on ionic diffusivity of cement paste were investigated, which were 

validated using experimental results. Finally, the relationship between ionic diffusivity and pore 
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structure characteristics of fly ash blended cement was studied in a quantitative manner. 

5.2.1. Contribution of capillary pore and C-S-H gel to overall ionic diffusion 

In the microstructure of fly ash blended cement paste, both capillary pore and porous C-S-H can 

contribute to ionic diffusion and 𝐷0 is much higher than 𝐷𝐶𝑆𝐻. To evaluate the contribution of C-S-

H to the total ionic diffusion, the fly ash blended cement paste was regarded as a composite material 

of capillary pores and solid phases, and capillary pores, porous C-S-H gel and other solid phases, 

respectively. Here, fly ash blended cement pastes with w/b of 0.5 and fly ash replacement ratios of 

0% and 20% at 120 d were investigated and compared. Fig. 16 shows the steady-state concentration 

distribution of ions in capillary pore network and whole microstructure including capillary pore and 

C-S-H of cement pastes. It can be observed that the diffusion paths for considering only capillary 

pores are obviously less compared to that for considering both capillary pores and gel pores in C-S-

H. The simulated ionic diffusivity values for reference cement paste without fly ash are 9.8×10-13 

m2/s and 5.5×10-12 m2/s respectively if considering only capillary pores and both capillary pores and 

C-S-H, while for cement paste with 20% fly ash replacement ratio they are found to be 1.04×10-12 

m2/s and 4.22×10-12 m2/s. These indicate that the predicted ionic diffusivity considering the 

contribution of C-S-H is 4-6 times that only considering the ionic diffusion through capillary pores 

in cement paste and neglecting the contribution of gel pores in C-S-H. This can be ascribed to the fact 

that part of capillary pores are isolated or dead-ended which are not effective channels for ionic 

diffusion [62]. For example, the volume fractions of connected capillary pore in virtual cement pastes 

with fly ash replacement ratios of 0% and 20% calculated using the burning algorithm [46] are only 

0.44 and 0.40, respectively. As the capillary porosity decreases, the connectivity of capillary pore 

network significantly decreases and capillary porosity depercolation would occur [74]. However, 

because of gel pores in C-S-H, the isolated or dead-ended capillary pores can become connected with 

the other part of capillary pores by C-S-H. Although the ionic diffusivity in C-S-H is much smaller 

than that in capillary pore, C-S-H has a significant contribution to the increase in connectivity of pore 

network and thus to the ionic diffusivity in cement paste, which is consistent with the findings 

reported in [33]. In addition, the ionic diffusivity through capillary pore only for the paste without fly 

ash is larger than that with the fly ash replacement ratio of 20%, while the ionic diffusivity through 

microstructure (i.e. capillary pore along with C-S-H) is opposite, which implies that the incorporation 

of fly ash results in an increase in the ionic diffusivity through capillary pores only but a significant 

decrease in the ionic diffusivity in paste due to the produced C-S-H by pozzolanic reaction of fly ash. 

5.2.2. Validation of ionic diffusivity 

Fig. 17 shows a comparison of the simulated and measured ionic diffusivity of fly ash blended cement 

pastes with w/b ratio of 0.35 and fly ash replacement ratios of 0%, 10%, 30% and 50% against curing 

age. The ionic diffusivity of cement pastes decreases from 10-10 m2/s to 10-13 m2/s with increasing 
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curing age from 1 d to 365 d. In the early period (before 28 d), there is a sharp reduction in ionic 

diffusivity due to the hydration process of Portland cement. With the increase of fly ash replacement 

ratio, this reduction trend is extended further to several tens of days or even a few hundred days (see 

Fig. 16c and d), which can be attributed to the pozzolanic effect of fly ash with a lower reaction rate 

that plays an important role in the later stage of hydration of blended system. In LB simulations, the 

natural ionic diffusion was studied, while the experimental data were obtained from steady-state 

accelerated chloride diffusion tests, which were found to be 1.5 to 6 times that measured by natural 

diffusion cell tests, depending on the difference in ion concentration between upstream and 

downstream [75]. In this study, the chloride concentration difference used is 0.53 mol/L and the 

corresponding contrast ratio is approximately 2 [75]. Accordingly, the measured ionic diffusivity of 

cement pastes with and without fly ash through steady-state accelerated chloride diffusion tests is 

shown in Fig. 17 as well for comparison, which indicates a good agreement between LB simulation 

results and experimental data. 

To further investigate the effect of w/b ratio, the ionic diffusivity of fly ash cement pastes with 

six replacement ratios, i.e., 0%, 10%, 20%, 30%, 40% and 50%, was simulated, the results of which 

are compared with the experimental data obtained from literature [25, 28, 76-79], as shown in Fig. 

18. The details of tests and specimens used in the literature were summarized in Table 4. It can be 

observed that the simulated ionic diffusivity increases with the increase of w/b ratio for all cement 

pastes with various fly ash replacement ratios. In addition, the incorporation of fly ash affects the 

ionic diffusivity of cement paste but this effect is dependent on the replacement ratio and w/b ratio. 

When the fly ash replacement ratio is no higher than 30%, the addition of fly ash can help to decrease 

the ionic diffusivity of cement paste even at w/b = 0.6. For the higher replacement ratio, i.e., 40% and 

50%, the ionic diffusivity of fly ash blended cement paste is higher than that of cement paste without 

fly ash, except for w/b ratio less than 0.3. The LB simulation results agree well with experimental 

data, particularly for cement pastes with replacement ratios of 0-30% and 50%. However, the 

discrepancy between simulated and experimental data is increased with increasing w/b ratio for 

cement paste with fly ash replacement ratio of 40%. This can be ascribed to the difference in raw 

materials used in this study and the experiments by Ampadu et al. [25], which would affect the 

microstructure as well as the ionic diffusivity of fly ash blended cement paste [7]. 

5.2.3. Relationship between ionic diffusivity and pore structure 

To better understand the effect of fly ash on ionic diffusivity of cement paste, it is necessary to 

correlate the ionic diffusivity with pore structure of fly ash blended cement paste. Taking the fly ash 

blended cement pastes with w/b = 0.4 and replacement ratios of 0%, 10%, 30% and 50% as examples, 

the ionic diffusivity as a function of capillary porosity is displayed in Fig. 19. There does not exist a 

unique relationship between ionic diffusivity and capillary porosity for fly ash blended cement pastes 
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with various replacement ratios. It is different from the finding for pure Portland cement paste that 

the ionic diffusivity of Portland cement paste against capillary porosity follows an exponential 

relationship, independent on w/b ratio [80], but is consistent with the finding by Nokken and Hooton 

[26] that although an exponential equation can be used to describe the relationship between ionic 

diffusivity and capillary porosity, the constants in the exponential equation for different fly ash 

blended cement pastes vary over a wide range. This implies that compared to Portland cement paste 

the pore space accessible for diffusion and the connectivity of capillary porosity are dramatically 

changed with fly ash replacement ratio, which are discussed in detail below. 

It can be seen from Fig. 19 that when the capillary porosity is higher than 0.2 the ionic diffusivity 

against capillary porosity for cement pastes with different fly ash content is close to each other and 

shows a similar increasing trend. However, the ionic diffusivity of cement pastes containing fly ash 

at the capillary porosity values of lower than 0.2 tends to be smaller than that of pure Portland cement 

paste, which can be attributed to the depercolation of capillary porosity [74]. Before depercolation of 

capillary porosity occurs, the capillary pores are the dominant diffusion paths in cement paste. 

However, after depercolation of capillary porosity, the gel pores in C-S-H play a key role in ionic 

diffusion through cement paste, as illustrated in Fig. 16, although the ionic diffusivity in C-S-H is 

much smaller than that in capillary pore. Since the ionic diffusivity in pozzolanic C-S-H gels in 

cement paste with fly ash is yet smaller than that in C-S-H gels produced in pure Portland cement 

paste, fly ash blended cement paste exhibits a smaller effective ionic diffusivity compared to cement 

paste without fly ash after capillary porosity depercolation. 

In order to further estimate the effect of capillary porosity depercolation on ionic diffusivity of fly 

ash blended cement paste, the connectivity of capillary pores against capillary porosity was obtained 

and plotted in Fig. 19, which indicates a capillary porosity depercolation threshold around 0.2 

capillary porosity in all cement pastes. This is consistent with the value reported in [81] based on 

image-based Portland cement paste with a resolution of 1 μm/voxel. The connectivity of capillary 

pores of cement paste as a function of capillary porosity slightly increases with increasing fly ash 

content and follows a similar changing trend until the depercolation threshold of capillary porosity 

(i.e. 0.2), suggesting that the incorporation of fly ash has no significant effect on the capillary pore 

structure of fly ash blended cement paste and the decrease in ionic diffusivity of fly ash blended 

cement paste is not ascribed to the change of capillary porosity and connectivity of capillary pore. 

This aspect can be further confirmed by the relationship between ionic diffusivity and accessible 

capillary porosity (i.e. capillary porosity multiplied by connectivity of capillary pores), as shown in 

Fig. 20, which indicates a perfect linear relationship between the logarithmic value of ionic diffusivity 

and the accessible capillary porosity of cement paste regardless of fly ash replacement ratio, before 

the percolation of capillary pores occurs (i.e. accessible capillary porosity > 0). However, after 
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capillary porosity depercolation (i.e. accessible capillary porosity = 0), the fly ash replacement ratio 

has a significant influence on ionic diffusivity of cement paste (see Figs. 19 and 20), where the gel 

pores in C-S-H gels act as the dominant diffusion paths. This further suggests that after capillary 

porosity depercolation the difference in ionic diffusivity of fly ash blended cement paste is a result of 

the difference in ionic diffusivity in the pozzolanic C-S-H gels due to different volume fractions gel 

pores and different tortuosity of gel pores in C-S-H gels. 

6. Conclusions 

In this paper, an integrated modelling framework consisting of hydration model and lattice Boltzmann 

diffusion model is presented to investigate the 3D microstructure and ionic diffusivity of fly ash 

blended cement paste. Firstly, a voxel-based hydration model of fly ash blended cement is developed 

to simulate the hydration process and microstructural development considering different factors 

including types of fly ash, temperature and pH of pore solution, which is validated with experimental 

data. Subsequently, a lattice Boltzmann model for diffusion is developed taking into consideration of 

the contributions of both capillary pores and gel pores in C-S-H gels to overall ionic diffusion through 

cement paste. Finally, the effects of various factors including curing age, fly ash replacement ratio 

and w/b ratio on ionic diffusivity of fly ash blended cement paste are estimated. Based on the findings 

of this study, the following conclusions can be drawn: 

 The backscattered electron image and element mapping images indicate that fly ash is comprised 

of the clusters of S, A-S and C-A-S, while most fly ash particles consist of the individual phases. 

 The simulated hydration process and pore structure of fly ash blended cement system using the 

developed hydration model agree well with experimental data in terms of hydration heat, calcium 

hydroxide content, degree of hydration of fly ash, and porosity.The experimental and simulated 

results both indicate that the hydration process and pore structure of fly ash blended cement 

system are highly associated with w/b ratio, fly ash replacement rato, and curing age. 

 The simulation results show that the contribution of C-S-H to overall ionic diffusion through 

cement paste cannot be ignored since the isolated or dead-ended capillary pores can be connected 

by the gel pores in C-S-H gels in cement paste. The ionic diffusivity of cement paste with w/b = 

0.5 considering the contribution of C-S-H gels is 4-6 times that only accounting for the ionic 

diffusion through capillary pore in cement paste and neglecting the contribution of C-S-H gels. 

 As observed in experiments and simulations that there is a sharp reduction in ioinc diffusivity 

before 28 d due to the hydration process of Portland cement. With the increase of fly ash 

replacement ratio, this reduction trend is extended further to several tens of days or even a few 

hundred days, which can be attributed to the pozzolanic effect of fly ash with a lower reaction rate 

that plays an important role in the later stage of hydration of blended cement system. 

 The effect of fly ash on ionic diffusivity of fly ash blended cement paste is associated with the fly 
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ash replacement ratio and w/b ratio. The addition of fly ash up to 30% as a partial replacement of 

cement can help reduce the ionic diffusivity of cement paste, while the further increase of fly ash 

replacement level results in a higher ionic diffusivity of blended cement paste compared to 

reference Portland cement paste specimen, except for the specimens with w/c ratio lower than 0.3. 

 There exists a perfect linear relationship between the ionic diffusivity of fly ash blended cement 

paste and the accessible capillary porosity before depercolation of capillary pores. After the 

depercolation of capillary pores occurs, the effect of fly ash on ionic diffusivity of blended cement 

paste becomes more significant and the reduction in ionic diffusivity of fly ash blended cement 

paste with the increase of fly ash content can be attributed to lower ionic diffusivity in the 

pozzolanic C-S-H gels compared to normal C-S-H gels in Portland cement paste. 
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Fig. 1. Flowchart for the generation of hydrated fly ash blended cement paste. 

 

 

 

 

 

 

 

 

 

Fig. 2. D3Q7 cubic lattice model. 
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(a) (b) 

Fig. 3. Basic structure of dual-component medium: (a) parallel mode, and (b) series mode. 

 

 

 

 

 

 

 

 

 

     

(a) (b) 

Fig. 4. Distribution of ionic concentration under steady-state condition (D2/D1=0.01): (a) parallel 

mode, and (b) series mode. 
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Fig. 5. Experimental and simulated particle size distribution of Portland cement and fly ash. 

 

 

 

 

 

 

 

 

 

 

Fig. 6. A segmented SEM image of real cement powder with 512×400 pixels. 
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Fig. 7. Normalized autocorrelation functions of silicate (C3S+ C2S), C3S and C3A. 

 

 

 

 

 

 

 

 

 

 

Fig. 8. XRD pattern of fly ash mixture with 10% pure corundum powder. 
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Fig. 9. (a) Backscatter electron image of fly ash; (b) ternary Al-Si-Ca distribution on fly ash; and (c) 

element mapping images of fly ash. 

 

 

 

 

 

 

 

 

 

 

 

 



6 
 

 

 

 

 

Fig. 10. Microstructure of fly ash blended cement pastes with w/b = 0.5 and 30% fly ash 

replacement ratio at (a) 0 d, (b) 28 d, and (c) 120 d (top row – solid, bottom row – capillary pore). 

 

 

 

 

 

 

 

 

 

 

Fig. 11. Experimental and simulated hydration heat of fly ash blended cement pastes with w/b ratios 

of (a) 0.3, and (b) 0.5. 
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Fig. 12. Experimental and simulated calcium hydroxide content of fly ash blended cement pastes 

against curing age. 

 

 

 

 

 

 

 

 

 

 

Fig. 13. Experimental and simulated degree of hydration of fly ash in pastes against curing age. 
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Fig. 14. Evolution of amorphous phases in fly ash in paste with w/b = 0.5 and 30% fly ash 

replacement ratio at (a) 0 d, (b) 7 d, and (c) 90 d. 

 

 

 

 

 

 

 

 

 

 

Fig. 15. Experimental and simulated porosity of fly ash blended cement pastes against curing age. 
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Fig. 16. Ionic concentration distribution at steady state in capillary pore network and microstructure 

including capillary pore and C-S-H of cement pastes at 120 d with fly ash replacement ratios of (a) 

0%, and (b) 20%. 
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Fig. 17. Effective diffusivity of fly ash blended cement pastes with fly ash replacement ratios of (a) 

0%, (b) 10%, (c) 30%, and (d) 50%. 
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Fig. 18. Effect of w/b ratios on effective diffusivity of fly ash blended cement pastes with various 

fly ash replacement ratios. 
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Fig. 19. Effective diffusivity and connectivity of capillary pore in fly ash blended cement pastes 

against capillary porosity. 

 

 

 

 

 

 

 

 

 

 

Fig. 20. Relationship between effective ionic diffusivity and accessible capillary porosity of fly ash 

blended cement pastes. 
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Table 1 Comparison of predicted results and theoretical solutions 

D2/D1 

Parallel mode 

 

Series mode 

Predicted 

value 

(m2/s) 

Theoretical 

value 

(m2/s) 

Relative 

deviation 

(%) 

Predicted 

value 

(m2/s) 

Theoretical 

value 

(m2/s) 

Relative 

deviation 

(%) 

0.5 0.75006 0.75 0.000 0.66728 0.66667 0.091 

0.1 0.55004 0.55 0.007 0.18141 0.18182 0.225 

0.01 0.50507 0.505 0.014 0.01987 0.01980 0.354 

0.001 0.50052 0.5005 0.004 0.00201 0.00200 0.500 

0.0001 0.50003 0.50005 0.006 0.00020 0.00020 0 

 

 

 

 

Table 2 Chemical compositions and physical properties of Portland cement and fly ash 

Chemical composition/physical properties Cement Fly ash 

Calcium oxide (CaO, %) 64.47 4.09 

Silicon dioxide (SiO2, %) 21.37 47.86 

Aluminum oxide (Al2O3, %) 4.87 32.50 

Iron oxide (Fe2O3, %) 3.59 4.52 

Magnesium oxide (MgO, %) 2.13 1.05 

Sulfur trioxide (SO3, %) 2.25 0.20 

Sodium oxide (Na2O, %) 0.11 0.55 

Potassium oxide (K2O, %) 0.35 1.62 

Loss on ignition (LOI, %) 0.95 3.10 

Blain fineness (m2/kg) 369 454 

Density (g/cm3) 3.15 2.21 

 

 

 

 

 

Table 3 Volume fractions of different phases in fly ash 

Phase 

Crystalline phase 

 

Amorphous phase 

Quartz 

(SiO2) 

Mullite 

(Al6Si2O13) 

Periclase 

(MgO) 

Maghemite 

(Fe2O3) 

Anhydrite 

(CaSO4) 
CAS2 S AS 

Content 

(vol%) 
23.1 11.5 0 2.4 0.4 19.3 22.4 20.9 
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Table 4 Summary of experimental studies on ionic diffusivity in hardened cement pastes 

Ref. Binder Specimen w/b ratio Curing conditions Test 

This study 
PC, PC+10%FA, 

PC+30%FA, PC+50%FA 
Paste 

0.23, 0.35, 

0.53 
20 ± 2 °C, relative humidity>95% for 120 d 

Electro-migration 

(Steady-state) 

Page et al. [76] PC, PC+30% FA Paste 0.4, 0.5,0.6 
Saturated Ca(OH)2 solution at 22 °C for 60 d with 

a three-week period of measurement 
Diffusion cell 

Goto and Roy 

[77] 
PC Paste 

0.3, 0.35, 

0.4, 0.45, 

Saturated Ca(OH)2 solution at 27 °C for three 

months 
Diffusion cell 

Yu and Page 

[78] 
PC, PC+20%FA Paste 

0.35, 0.5, 

0.6 
Saturated Ca(OH)2 solution at 22 °C for 3 months Diffusion cell 

Tang and 

Nilsson [79] 
PC Paste 0.4, 0.6 Saturated Ca(OH)2 solution at 22 °C for 90 d Diffusion cell 

Ampadu et al. 

[25] 

PC, PC+20%FA, 

PC+40%FA 
Paste 

0.35, 0.45, 

0.55 
Water at 20 °C for 91 d 

Electro-migration 

(Steady-state) 

Zhou et al. 

[28] 

PC, PC+10%FA, 

PC+20%FA, PC+30%FA 
Paste 0.4, 0.5, 0.6 20 ± 1 °C, relative humidity>95± 1% 120 d 

Electro-accelerated 

test 

Note: PC-Portland cement; FA-fly ash. 


