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Abstract: This paper investigates the mechanisms of microstructure evolution of interfacial transition 

zone (ITZ) in alkali-activated fly ash-slag (AAFS) concrete using scanning electron microscope. 

Results indicate that the formation of original ITZ depends on the so-called “wall effect”, leading to 

a deficit of large grains and a higher effective alkaline activator/precursor ratio compared to paste 

matrix. The alkaline reaction process is correspondingly accelerated, which promotes the formation 

of low Ca C-(N)-A-S-H gels and reduces the porosity in the ITZ. Afterwards, the high Ca C-(N)-A-

S-H gels are generated due to the release of more Ca from slag, resulting in the continuous refinement 

of pores. The C-(N)-A-S-H gels with rich Si and Al are then produced at 7 d, attributing to the species 

diffusion from paste matrix to ITZ. Consequently, a compact and dense microstructure is formed in 

the ITZ at 28 d, which would be beneficial to the long-term performance of concrete. 

Keywords: Alkali-activated materials (D); Microstructure (B); Pore size distribution (B); 

Backscattered electron imaging (B); X-ray mapping (B) 

1. Introduction 

The interfacial transition zone (ITZ) between aggregates and paste matrix is typically regarded as 

one of the most important features affecting the overall performance of concrete [1-3]. It has long 

been a key area of research in Portland cement (PC) concrete [4-7]. It is generally agreed that the ITZ 

lies on the so-called “wall effect”, where the packing of cement grains would be disrupted through 

the surface of aggregates [1, 2]. This is the response for the key feature of ITZ which is primarily 

related to the deficit of large cement grains, leading to a higher local water-to-cement (w/c) ratio in 

the ITZ than that in the paste matrix [2]. It would accordingly result in the difference in chemical and 

physical properties between the ITZ and paste matrix, where a higher proportion of pores, calcium 

hydroxide (CH) crystals and ettringite can be found in the ITZ [8, 9]. Therefore, the ITZ is often 

regarded as the “weak link” in concrete due to its nature. The relatively high porosity presented in the 

ITZ would provide an easier pathway for the aggressive ions to penetrate into concrete [10], and the 

higher content of CH crystals in the ITZ would lower the resistance of concrete to ionic penetration 

and facilitate the leaching of CH [11]. Additionally, the relationships between ITZ’s features and 

transport properties of concrete have been investigated by several researchers [12-14]. Winslow et al. 

[12] applied a hard core/soft shell computer model to simulate the percolation of ITZ in mortar and 

concrete specimens and reported that the probability of ITZ percolation can be decreased by reducing 
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the ITZ thickness or the porosity in the ITZ. Wong et al. [13] estimated the effects of ITZ and 

microcracking on the transport properties of cement-based materials after drying. It was found that 

the net effect of ITZ on overall transport properties is less significant, whereas the effects of total 

porosity, tortuosity and microcracks on transport properties are much more significant, especially 

permeability. Furthermore, the effects of different factors on the ITZ’s features and transport 

properties of cement-based materials have also been systematically investigated [15-17]. Scrivener et 

al. [15] observed that the particle size distribution of cement would determine the ITZ width, while 

the presence of aggregate may affect the gradients of microstructure in the ITZ. Leemann et al. [17] 

found that compaction has notable effects on the porosity and width of ITZ, where the ITZ in 

conventionally vibrated concrete has a higher porosity and width than self-compacting concrete, 

leading to a higher oxygen permeability and water conductivity. Different types of cement have minor 

effects on the porosity and width of ITZ in self-compacting concrete, while the cement types have a 

strong influence on its permeability [16]. Zhang et al. [18] proved that the lightweight aggregates 

with a porous outer layer would contribute to the formation of a dense ITZ microstructure, as opposed 

to the porous ITZ formed around the normal-weight aggregates. Based on this finding, Bentz [19], 

used lightweight aggregates as internal curing agents for mortar, the results of which indicated that 

the internal curing using lightweight aggregates can help reduce the ITZ percolation and enhance the 

resistance to the penetration of chloride ions. 

However, the ITZ formed in alkali-activated concrete has totally different features compared to 

that in PC concrete [20, 21]. A few studies have discussed the microstructure and properties of ITZ 

in alkali-activated fly ash (AAF) concrete and alkali-activated slag (AAS) concrete [21-23]. It was 

found that in AAF concrete there is no apparent weak ITZ near the aggregates due to the formation 

of sodium aluminosilicate gels (N-A-S-H gels) rather than CH crystals in this region [22]. The N-A-

S-H gels are the major binding phase in AAF concrete, which would promote the interparticle bonding 

and the macroscopic strength in the ITZ. Additionally, the existence of soluble silicates in the initial 

alkaline solution would also effectively improve the interfacial bonding between aggregates and 

pastes in AAF concrete [22]. In AAS concrete, it was observed that the ITZ between aggregates and 

paste matrix is condensed and uniform, which is attributed to the refinement of pore structure as a 

result of the filling of reaction products [21, 24]. This is because this zone is mainly composed of N-

C-A-S-H or C-A-S-H gels with lower Ca/Si ratio rather than the expansive (Al-free) gels [23]. 

In recent years, alkali-activated fly ash-slag (AAFS) concrete as a blended alkali-activated 

concrete system has been attracted increasing attention because of its potential to provide a good 

synergy between mechanical properties and durability under ambient curing condition, which cannot 

be achieved by the sole alkali-activated concrete, e.g. AAF and AAS concrete [25-30]. Although the 

investigations on ITZ in the sole alkali-activated concrete have been made, the existing knowledge 
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of ITZ in AAFS concrete is limited to the simple analysis of local morphology [31]. Therefore, it is 

vital to conduct more comprehensive studies for a better understanding of the microstructure and 

properties of ITZ in AAFS concrete, particularly the microstructure formation and development of 

ITZ that have not been explored. It is known that the microstructure of ITZ can be changed over 

curing time due to the ongoing chemical reaction, which may affect the performance development of 

AAFS concrete. Hence, it is necessary to monitor the evolution of ITZ’s microstructure over time, 

starting from a very early age. Furthermore, the mechanism behind its microstructure evolution is still 

unknown. Thus, the lack of consent related to the microstructure of ITZ in AAFS concrete would lead 

to open issues regarding its engineering applications, as it might provide with a positive or negative 

influence on the mechanical and transport properties of concrete. 

To this end, the main purpose of this research is to conduct a systematic analysis of the 

microstructure evolution of ITZ in AAFS concrete, providing needed insight into the mechanisms, by 

which it evolves over time. A series of tests were carried out with the assistance of scanning electron 

microscope (SEM) equipment along with backscattered electron (BSE) and energy dispersive X-ray 

spectrometer (EDS) to investigate the microstructural characteristics as a function of curing ages from 

the very early age (3 h) to the later curing age (28 d). Firstly, the interfacial features between 

aggregates and paste were characterised to identify the ITZ in AAFS concrete. Afterwards, the 

formation and development of ITZ were studied through the quantitative analysis of physical packing 

of fly ash and slag grains against aggregates, reaction process, and pore structure evolution. Finally, 

the mechanisms of ITZ’s evolution were discussed in detail based on the experimental results. 

2. Experimental program 

2.1. Materials 

Low calcium fly ash (FA) and ground granulated blast-furnace slag (GGBS) were used as 

precursors (P) in this study, the chemical compositions of which are presented in Table 1. The particle 

size distribution and the average particle size of FA and GGBS are listed in Table 2. The commonly 

used alkaline solutions including sodium silicate (SS) solution and sodium hydroxide (SH) solution 

were used as alkaline activators (AL). The modulus (molar ratio of [SiO2]/[Na2O]) of SS solution was 

2.0, while the molarity of SH solution was set as 10 M. The 10M SH solution was prepared by mixing 

SH solid powder (>98% purity) with tap water, in which 400 g SH solid powder was dissolved into 

tap water to prepare 1 litre SH solution. It is worth mentioning that the SH solution should be prepared 

24 h before specimen preparation to ensure that it is cooled down to room temperature. The modified 

polycarboxylate-based superplasticizer (SP) was used as the admixture to improve the workability of 

AAFS as per previous research [32, 33]. It was reported that the workability of AAFS concrete 

without SP is not acceptable for engineering applications and the addition of SP is necessary to ensure 

that the AAFS concrete are workable for casting [33]. It should be noted that the addition of SP would 



4 

 

also decrease the total porosity of AAFS concrete and consequently improve its compressive strength 

[33], which might have some effects on the evolution of ITZ. However, since this research mainly 

aims to investigate the features of ITZ in AAFS that should fulfil the requirement for engineering 

applications in terms of fresh and hardened properties. Thus, SP was used to improve the workability 

of AAFS. Limestone aggregates with size of 5-10 mm were chosen as coarse aggregates, while the 

standard sands with size of 0.08-2.00 mm manufactured according to EN196-1 [34] were used as fine 

aggregates. 

2.2. Mix proportion 

The mix proportion of AAFS mixture used in this study was determined according to the authors’ 

previous research [29] and the literature [35-37], which can meet the performance criteria in terms of 

workability, setting time and compressive strength, such as high workability (i.e. achieving a slump 

value of 90 mm or over according to Talha Junaid et al.’s research [38]), suitable setting time (i.e. 

minimum initial setting time of 60 min according to BS EN 197-1:2011 [39]) and high compressive 

strength (i.e. minimum 28-d compressive strength of 35 MPa according to ACI M318-05 [40]). Here, 

the unit volume of AAFS concrete was set as 1 m3, in which the total precursor content was kept 

constant as 400 kg/m3. Regarding the binding materials, the relevant mixture proportions (by mass) 

were set as follows: FA/GGBS ratio = 3, AL/P ratio = 0.45, SS/SH ratio = 2.0, and SP/P = 0.01. 

Considering the aggregates, the total volume of aggregates was the residual volume except for the 

volume of binding materials, which can be calculated based on the mass and specific density of 

binding materials (see Table 3). Here, the fine and coarse aggregates were set as 35% and 65% by the 

volume of total aggregates respectively, in order to achieve an adequate consolidation of concrete 

[41].The mass of fine and coarse aggregates was then obtained using their specific density. 

Accordingly, the mixture of AAFS concrete was determined, as shown in Table 4. 

2.3. Sample preparation 

The mixing process of AAFS concrete is described as follows. Firstly, FA, GGBS, fine and coarse 

aggregates were dry mixed for 2 min. SS, SH and SP were then added into the mixture and mixed for 

another 3 min. Afterwards, as shown in Fig. 1a, the fresh concrete was prepared and cast into the 

plastic cylinder moulds with Φ25 × 100 mm from the bottom to the top. The moulds were placed on 

the vibrating machine for around 2 min and then sealed with the plastic covers. Finally, the samples 

(with plastic moulds) were placed in the curing room (20 ± 2 °C, 95% RH) until the testing ages of 3 

h, 12 h, 24 h, 3 d, 7 d and 28 d were achieved. It should be noted that the earliest testing age was set 

near the final setting time (~ 3h) to make sure it is practical to prepare a polished section. 

At each curing age, the small cylinder specimen with Φ25 × 3 mm in the centre of the sample was 

cut using a low-speed diamond saw which is equipped with a wet-cutting system (see Fig. 1b). As 

shown in Fig. 1c, the top surface of the cylinder specimen was used for the test. It should be ensured 
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that the location of the cylinder specimens cut from each sample is the same, since the ITZ’s feature 

can be changed in different locations due to its anisotropic nature. After cutting, two different methods 

were applied to stop the hydration of testing samples according to their curing age. For the samples 

in the early few hours after casting (3 h), the freeze-drying method was used to stop their hydration. 

The indication is that this method is regarded as an effective method to instantly preserve the 

composition and microstructure at a specific time [42], which is crucial for the sample at the very 

early ages. Considering the experimental procedure, the specimens were immersed in the liquid 

nitrogen (-195 °C) for 5 min to freeze up, followed by the step that the specimens were transferred to 

the freeze-dryer system (-10 ± 1 °C) for 24-h drying. For the samples at the later curing ages (12 h, 

24 h, 3 d, 7 d and 28 d), the solvent exchange method was applied to stop the hydration of testing 

samples. This method is commonly used to remove the free water inside the hardened sample without 

significant influences on its microstructure [42]. Herein, the isopropanol solution was used as an 

organic solvent, which is regarded as the best-known solvent to minimize the effects on 

microstructure and component in cement [42].The samples were stored in the isopropanol solution 

for 2 d and then stored in the vacuum drying dish (20 ± 2 °C) for another 2 d. 

Finally, the sample surface should be well-polished in order to provide a smooth and flat surface 

for the SEM-BSE test. Firstly, the sample was put inside a cylinder plastic mould (with a diameter of 

30 mm) and impregnated by epoxy solution (mass of epoxy resin: mass of hardening agent = 25: 3). 

The epoxy used here belongs to the low viscosity epoxy resin (EPO-TEK® 301-2, Epoxy Technology 

Inc., USA). The plastic mould was then put inside the vacuum mosaic to increase the impregnation 

depth of epoxy and remove the bubbles within the epoxy solution. The vacuum impregnation is 

essential to fill the pores of the specimen with epoxy solution prior to grinding and polishing, which 

would stabilize the microstructure and serve to withstand the stresses of grinding and polishing 

without alteration [43].  When the impregnation was finished, the plastic mould was put inside the 

vacuum drying dish under ambient condition (20 ± 2 °C) for the hardening of epoxy. After around 24 

h, the sample with epoxy was demould and prepared for grinding and polishing. The automatic 

pressure polishing machine (BUEHLER, EcoMetTM 250, USA) was used to polish the sample. The 

rotation speed was set as 30 r/min while the loading increment was 5 N to minimize the damage on 

the sample during grinding and polishing. Herein, the ethyl alcohol was used as a cooling medium 

and lubricant. The sample was initially ground on the paper disks with a gradation of grits 400 (37 

µm), 800 (19 µm), and 1200 (15.3 µm), respectively. Each grinding time was about 5 min. The sample 

was then polished on the polishing disks with grits of 2500 (5.5 µm), 3000 (5 µm), 5000 (2.7 µm) 

and 7000 (1.25 µm) with a size from large to small. Each polishing step lasted approximately 15 min. 

After polishing, the samples were stored in a small vacuum bag to avoid potential carbonation (see 

Fig. 2). 
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2.4. Testing methods 

A field emission SEM equipment (ZEISS, GeminiSEM, Germany) equipped with BSE and EDS 

was used for microstructure examination. Before testing, the samples were sputter-coated with a layer 

of carbon under vacuum to increase conductivity. The BSE tests were operated at 10 kV voltages with 

a working distance of 8.9 mm. Thirty images (1024×768 pixels, pixel size of 0.25 µm) with a 

magnification of 500× were captured at a constant brightness (53.9%) and contrast (54.3%) for 

reproducibility. To diminish the effects of local variation, a random sampling procedure was adopted, 

where the images dispersed over different aggregates were randomly obtained. The EDS tests were 

performed under the “map scanning mode” and the “spot scanning mode”, where the electron beam 

was scanned point by point across the interface between aggregates and paste matrix. The EDS 

analysis was performed at the beam energy of 15 keV with the probe current of 600 pA and the beam 

spot size of roughly 450 nm. The working distance of 8.5 mm and a take-off angle of 35° were used 

in this study. The counting rate of 50000 counts per analysis with dead times of about 30% and the 

acquisition time of 50 s were chosen. Here, the EDS map display type is weight percentage, while the 

EDS spot display type is atomic percentage.  

2.5. Image analysis 

After the BSE images were obtained, a series of image analysis was carried out, which can be 

divided into four steps, including aggregate boundary delineation, phases identification, strip 

delineation, and quantitative analysis. 

2.5.1. Aggregate boundary delineation 

A typical BSE image of AAFS concrete after 24 h of curing is shown in Fig. 3. To specify the 

interface between aggregates and paste matrix, it is essential to delineate the boundary of aggregates. 

However, it is not possible to automatically specify the aggregate boundary due to the close grey scale 

between aggregates and reaction products in the BSE images and the irregular shape of aggregates 

(see Fig. 3a). Therefore, an artificial method is required to accurately specify the boundary of 

aggregates. The aggregate boundary delineation mainly includes three steps: (i) detecting the 

boundary of aggregate, (ii) labelling the edge of aggregate, and (iii) getting rid of aggregate area. In 

the first step, the original BSEM image was magnified to make sure that the boundary between 

aggregates and paste matrix can be clearly recognized (see Fig. 3b). The triple magnification was 

used in this study. As shown in Fig. 3c, the boundary of aggregates can be clearly recognized. 

Afterwards, the irregular curve was used to label the boundary of aggregates, where the distance 

between two points was controlled under 3 µm to ensure the accuracy of labelling (see Fig. 3d). Next, 

the labelled aggregate area was cut (see Fig. 3e). Finally, as shown in Fig. 3f, the boundary of 

aggregate in the whole image was clearly specified. Here, an in-house MATLAB code along with the 

image processing software called ImageJ was used. 
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2.5.2. Phases identification 

To characterise the interfacial properties of AAFS concrete, it is vital to identify different phases 

including pores, reaction products and unreacted particles. It should be noted that the term ‘pores’ 

used here is regarded as a general term for epoxy-filled voids in the sample, which includes capillary 

pores, cracks and hollow reaction shells, referring to previous research [44]. Fig. 4 shows a typical 

greyscale histogram subtracted from a 24-h cured AAFS concrete. The histogram was deconvolved 

into three Gaussian curves using a statistical analysis software called PeakFit, in which the Gaussian 

line model was applied. The first Gaussian curve corresponds to the pores, and the second Gaussian 

curve is attributed to the reaction products while the third Gaussian curve is assigned to the unreacted 

particles. The threshold value defining the frontier between pores and reaction products was set as 

the point of intersection between Gauss 1 (pores) and Gauss 2 (reaction products). Similarity, the 

intersection between Gauss 2 (reaction products) and Gauss 3 (unreacted particles) was defined as 

the threshold value to specify the boundary between reaction products and unreacted particles. 

Accordingly, the threshold values of 25 and 132 were determined to distinguish pores, reaction 

products and unreacted particles, which are shown in Fig. 4. With this method, the threshold values 

of all testing samples were obtained as listed in Table 5. It is worth mentioning that the determination 

of threshold values should be adjusted according to each sample, since there is a deviation of this 

value between different samples. Although all the testing parameters are set as constant values, some 

deviations between different samples are difficult to be avoided. More details about the phase 

segmentation for different samples are presented in Appendix A. 

2.5.3. Strip delineation 

In order to characterise the interfacial properties along the distance from the aggregate surface, 

some successive strips with specified distance were delineated based on the strip delineation method 

called “concentric expansion” [45]. Therefore, 20 successive strips of 5-µm width were delineated 

per image and repeated on 30 images for each specimen. A typical example is shown in Fig. 5a. It 

should be noted that the ITZ width below 5 µm cannot be detected. 

2.5.4. Quantitative analysis 

The properties of each strip can then be quantified with the assistance of phase identification 

mentioned above. Fig. 5b shows the volume fractions of different phases, i.e., pores, reaction products 

and unreacted particles. It should be noted that the segmented pores here are assigned to the porous 

patches with the greyscale below the threshold defined for pores instead of the single pores. The 

porous patches mainly consist of interconnected capillary pores, microcracks and hollow shells [46]. 

This is mainly due to the size limitation of the BSEM images [47]. In this study, the BSEM images 

with a resolution of 0.25 µm cannot provide the direct information of the single pores, because the 

pore size in AAFS system (typically < 0.1 µm [33, 48]) is smaller than 0.25 µm. Therefore, in BSEM 
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analysis, a cluster of interconnected pores is generally classified as a single pore during the 

characterisation of pore structures, as it cannot further segment individual pore chambers and throats 

[49]. Thus, the porosity obtained here is only referred to the pores larger than 0.25 µm. 

In addition, a further statistical analysis of the volume fractions of different phases was performed 

using one-way analysis of variance (ANOVA) method that is a type of statistical method used to 

determine whether there are any statistically significant differences between the means of two or more 

groups of data [50]. Two parameters including F-value and p-value were obtained to evaluate the 

statistical significance. The F-value represents the ratio of the variation between group means to the 

variation within the groups, while the p-value is the probability value associated with the F-value, 

which is used to evaluate whether the result of F-value between different groups is statistically 

significant. The p-value is compared with the significance level to determine whether the observed 

groups have significant difference [50]. Here, the significance level was set to 0.05 that is commonly 

used [51]. If the p-value is higher than 0.05, there is no significant difference between the observed 

groups. Otherwise, if the p-value is lower than 0.05, the observed groups have a significant difference. 

Furthermore, a p-value of lower than 0.01 means there is a strong significant difference between the 

observed groups. The results of ANOVA tests are shown in Appendix D. 

3. Results and discussion 

3.1. Characterisation of the interfacial features between aggregate and paste 

The characterisation of interfacial features between aggregates and paste was performed based on 

the statistical analysis, where multiple regions (at 30 regions in each sample) have been imaged and 

analysed to ensure that the results obtained can possibly represent the whole specimen. In the analysis, 

the volume percentage corresponding to each of the identified phases (i.e., pores, unreacted particles 

and reaction products) was compiled for the strip (with 20 successive 5-µm strips). The mean values 

of percentage volume calculated from 30 different locations were used to characterise the variation 

of phases with distance from the aggregate surface. Fig. 6 shows the mean values of volume fraction 

of different phases against distance from the aggregate surface at different curing ages. As shown in 

Fig. 6a, the microstructural gradients between the region close to the surface of aggregate and the 

region far away can be observed at 3 h, which are less distinct than those in the case of PC system 

[2]. At 12 h, the similar microstructural gradients are observed in comparison with 3 h. Nevertheless, 

the content of reaction products at 12 h is increased dramatically regardless of the distance from 

aggregate. This can be attributed to the significant reaction process taken place at this very early age, 

and consequently the volume fraction of pores is decreased dramatically (see Fig. 6b). During the 

curing ages from 24 h to 7 d, the content of reaction products is increased slightly regardless of the 

distance from aggregate, while the content of unreacted particles and pores is decreased slightly (see 

Fig. 6c to 6e). Similarly, the less distinct microstructural gradients are also identified during these 
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curing ages. However, at 28 d, the gradients of reaction products and unreacted particles become 

conspicuous (see Fig. 6f). The content of reaction products close to the surface of aggregate is higher 

than the region far away, while the relative low content of unreacted particles can be found in the 

region close to the aggregate surface. Simultaneously, the content of reaction products is much higher 

than that at 7 d, while the content of unreacted particles is obviously lower than that at 7 d. 

In addition, it is desirable to statistically evaluate the degree of lateral variation for successive 

narrow strips at a fixed distance from aggregate surface. The lateral variation is normally expressed 

in terms of standard deviation or the coefficient of variation, which helps to better understand the 

statistical analysis of mean values [52]. The coefficient of variation was used in this study. Fig. 7 

shows the coefficient of variation for the mean volume fraction of different phases against distance 

from aggregate surface at different curing ages. It can be observed that the coefficient of variation for 

unreacted particles and reaction products ranges approximately from 10% to 30%, indicating a 

relatively low degree of variability from different locations taken at the same distance from aggregate. 

With this acceptable variation between individual locations, a mean value does adequately describe 

the situation at the fixed distance from aggregate. Meanwhile, the change in volume fractions of 

unreacted particles and reaction products corresponds to the key feature of ITZ, as demonstrated in 

PC system [2] and AAM system [23]. Therefore, the mean values of unreacted particles and reaction 

products content are used to identify the region of ITZ in this study. In addition, the coefficient of 

variation for pores ranges widely from 20% to 100%, implying a large degree of non-uniformity in 

terms of pore content. This is due to their relatively low concentration and the complicated 

components including capillary pores, cracks and reaction hollow shells, which would induce great 

uncertainty between different locations even at the same distance from aggregate. Thus, the change 

in mean value of pores is superimposed on a complex pattern of irregular variations, which is a normal 

and inescapable characteristic in the microstructure of cementitious materials [52]. 

Furthermore, a detailed statistical analysis of the mean values is also crucial to investigate the 

variation of composition with distance from the aggregate. According to the lateral variation analysis 

mentioned above, the mean values of unreacted particles and reaction products content were used to 

define the boundary between ITZ and paste matrix. In order to statistically characterise the variation 

of composition (i.e. difference of the adjacent data), the coefficients of difference for unreacted 

particles (Du) and reaction products (Dr) were introduced as: 

Du=
|Ui-U0|

U0
×100%  (1) 

Dr=
|Ri-R0|

R0
×100%  (2) 

where U0 is the volume fraction of unreacted particles in the first strip (5 µm far from aggregate 

surface), Ui is the volume fraction of unreacted particles in the ith strip (up to 20 strips with 5 µm), R0 
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is the volume fraction of reaction products in the first strip, and Ri is the volume fraction of reaction 

products in the ith strip. 

Fig. 8 shows the coefficients of difference for unreacted particles and reaction products against 

distance from aggregate surface at different curing ages. At 3 h, the coefficients of difference for 

unreacted particles and reaction products are increased steadily from 0% to 23% and from 0% to 41% 

respectively with increasing distance from 0 µm to 45 µm, and then fluctuate at around 20% and 35% 

respectively between the distance of 45 µm and 95 µm (see Fig. 8a). This might suggest that the 

microstructure close to the aggregate surface is different compared to the region far away. This 

microstructurally distinct region that is different from the paste matrix can be regarded as the ITZ. As 

the curing age increases to 12 h, the boundary between unreacted particles and reaction products 

becomes fuzzy, which is found to be at 40 µm from the aggregate surface (see Fig. 8b). Similar 

phenomena can be observed for the curing ages between 24 h and 7 d (see Fig. 8c to 8e), where the 

boundaries are defined at 50 µm, 40 µm and 40 µm, respectively. However, the boundary becomes 

obvious again at 28 d (see Fig. 8f), where the coefficients of different for unreacted particles and 

reaction products are increased dramatically within the distance between 0 µm and 45 µm and become 

relatively stable at 45 µm from the aggregate surface. 

Microcracking induced by shrinkage is another key interfacial feature between aggregates and 

paste, which would initiate and propagate preferentially in the ITZ. As seen in the BSEM images in 

Fig. 9, the microcracks existing in ITZ can be divided into two types, including bond cracks and 

matrix cracks [13]. The bond cracks appear at the interface between aggregates and paste, while the 

matrix cracks exist across from aggregate surface to paste matrix. As shown in Fig. 9a, a clear bond 

crack exists near the interface between aggregate and paste at 3 h. At 12 h, although the interfacial 

debonding area can be observed, the paste starts to adhere closely to the aggregate at this stage (see 

Fig. 9b). With the further curing at 24 h, the bond cracks become finer than that at 12 h, while some 

matrix cracks initiate in the interphase region (see Fig. 9c). As shown in Fig. 9d, a tight bonding 

between aggregate and paste can be clearly observed at 3 d, where the bond cracks almost disappear. 

At 7 d, both bond cracks and matrix cracks are difficult to be identified (see Fig. 9e). Finally, the tight 

bonding between aggregate and paste can also be observed at 28 d, whereas the matrix cracks reappear 

and propagate from aggregate surface across the paste matrix (see Fig. 9f). 

3.2. Formation and development of ITZ 

In the aforementioned literature, the original ITZ is found to be highly dependent on the packing 

of raw particles, e.g. cement, FA and GGBS, against the flat surface of aggregates [2]. This 

phenomenon is called “wall effect”, which is responsible for the feature of ITZ, since it would directly 

affect the grading of unreacted particles, the reaction process and thus the microstructure revolution 

(especially pore structure). Accordingly, the formation and development of ITZ are discussed from 
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three points of view, including physical packing of unreacted particles, reaction process and pore 

structure evolution. 

3.2.1. Physical packing of fly ash and slag grains in the ITZ 

Fig. 10 presents the grain distribution of FA and GGBS near the surface of aggregate. It can be 

seen from Fig. 10a that the small particles play a dominant role in the region close to the surface of 

aggregate, while the large particles can be found further out of the aggregate surface. This 

phenomenon can be attributed to the obvious difference in size between precursors (FA and GGBS) 

grains and aggregates. Normally, the size of FA and GGBS is in the range between 0.1 µm and 100 

µm, while the size of aggregate is several orders of magnitude larger than that of fly ash and slag. 

Thus, each aggregate exists like a mini “wall” in concrete. During the mixing process, the packing of 

grains through the surface of aggregate would be disrupted, leading to the so-called “wall effect” [2]. 

Accordingly, the zone with a deficit of large grains that cannot physically pack adjacent to the 

aggregate is generated, which is the origin of ITZ (see Fig. 10b). The particle size distribution of 

precursors in ITZ and paste matrix was calculated and shown in Fig. 10c. It can be observed that the 

diameter of grains in ITZ is much smaller than that in paste matrix.  The particle size of precursors in 

ITZ ranges from 0.5 µm to 11.5 µm, while that in paste matrix covers a larger range between 2.5 µm 

and 62.5 µm. Nevertheless, it should be mentioned that the particle size distribution would be slightly 

different due to the random packing of grains even in the same sample (see Appendix B). 

In addition, the physical packing of precursors would lead to a deficit of large particles that cannot 

physically pack close to the aggregate, and consequently results in a relatively low content of 

precursors in the ITZ. Such features would bring a higher effective alkaline activator/precursor ratio 

in the ITZ than that in the paste matrix, and eventually induce the differences in physical and chemical 

properties. As seen in Fig. 11, the mean content of unreacted particles in the ITZ is 51.88% which is 

lower than that in the paste matrix (i.e. 53.75%) at 3 h. The statistical analysis also indicates a strong 

significant difference (p-value < 0.01) between the content of unreacted particles in the ITZ and that 

in the paste matrix at this curing age (see Table A-1 in Appendix D). As the curing age increases from 

3 h to 7 d, the contents of unreacted particles in the ITZ and paste matrix are decreased slightly due 

to the alkaline reaction, followed by a dramatic drop at 28 d, where the contents of unreacted particles 

in the ITZ and paste matrix are decreased to 32.30% and 36.21%, respectively. 

3.2.2. Reaction process in the ITZ 

The origin of ITZ lies in the “wall effect” of packing of precursors against the aggregate surface, 

but its microstructure is also associated with the chemical reactions occurred in this region. Fig. 12 

shows the volume fraction of reaction products in the ITZ and paste matrix at different curing ages. 

At the beginning (3 h), the mean value of volume fraction of reaction products in the ITZ (37.5%) is 

slightly higher than that in the paste matrix (36%). With the increase of curing age from 3 h to 12 h, 
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the contents of reaction products in the ITZ and paste matrix are increased significantly from 37.5% 

to 46% and from 36% to 45.5%, respectively. As the reaction continues from 12 h to 7 d, the contents 

of reaction products in the ITZ and paste matrix become stable, with a slight increase from 46% to 

48% and from 45.5% to 49%, respectively. However, as the curing age changes from 7 d to 28 d, the 

volume fractions of reaction products in the ITZ and paste matrix are increased dramatically again 

from 48% to 66% and from 49% to 62%, respectively. There are more reaction products in the ITZ 

than in the paste matrix at this stage. Accordingly, the difference of reaction products content in the 

ITZ and paste matrix becomes obvious at 28 d, with a p-value < 0.01 (see Table A-2 in Appendix D). 

These results are mainly ascribed to the different reaction process happened in the ITZ and paste 

matrix, which is discussed in detail below. 

Fig. 13 presents the local elemental maps of key elements (Na, Ca, Si and Al) near the interface 

between aggregates and paste at different curing ages. In the element maps of Na, the distinction 

between the region close to the aggregate and the region far away from the aggregate is not obvious 

at all curing ages. This is confirmed by the EDS spot analysis shown in Fig. 14a, where the difference 

in the mean value of Na percentage between ITZ and paste matrix is smaller than 1% for all the AAFS 

samples. The ANOVA test results also suggest that there is no significant difference of Na content in 

the ITZ and paste matrix (see Table A-3 in Appendix D). The uniform distribution of Na implies that 

the content of Na within the reaction products in the ITZ and paste matrix is similar regardless of 

curing age. 

In the element maps of Ca, the homogeneous intensity can be observed in the interface between 

aggregate and paste matrix at all curing ages, while the overall intensity of Ca seems to increase with 

increasing curing ages. These are consistent with the statistical analysis of the Ca percentages in the 

ITZ and paste matrix (Fig. 14b). The difference in the Ca percentage ranges from 0.13% to 1.52%, 

which suggests that the gradient of Ca between ITZ and paste matrix is not obvious. The p-values are 

found to be higher than 0.05, indicating there is no significant difference (see Table A-4 in Appendix 

D). This can be attributed to the relatively low content of Ca in the unreacted particles, where CaO 

only occupies 9.7% of total binding materials according to the chemical composition of CaO in FA 

and GGBS. 

In the element maps of Si, the intensity of Si in the region close to the aggregate is lower than that 

in the region further out at 3 h. As the reaction proceeds, the difference between these two regions 

becomes less especially at later curing ages. It can be observed from the EDS spot analysis in Fig. 

14c, in which the mean value of Si content in the ITZ is obviously lower than that in paste matrix at 

3-h curing. A significant difference (p-value < 0.05) of the Si content in the ITZ and paste matrix at 

this curing age can also be found in the ANOVA test (see Table A-5 in Appendix D). This is consistent 

with the finding of less fly ash and slag close to the interface of aggregate (see Fig. 11). As the curing 
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age increases from 3 h to 12 h, the content of Si in the ITZ increases significantly from 6.5% to 8.43%, 

whereas the content of Si in the paste matrix only slightly increases from 11.25% to 11.5%. This 

indicates that the reaction process in the ITZ is faster than that in the paste matrix because of the 

higher content of AL/P ratio in this zone, as confirmed by the relatively low content of unreacted 

particles in the ITZ (Fig. 11). In addition, the difference in the size of gains would also affect the 

reaction process in the ITZ, where the particle size in the ITZ is smaller than that in the paste matrix 

due to the “wall effect” (Fig. 10). The smaller particles would be reacted quickly and completely, 

while the larger particles would be reacted relatively slowly due to the existence of a core of unreacted 

grains. As a result, the increasing rate of the mobile ions such as Si in the ITZ is higher than that in 

the paste matrix, and thus the reaction process is fast in this zone. With the increase of curing age 

from 12 h to 24 h, the content of Si in the ITZ increases from 8.43% to 10.77%, while that in the paste 

matrix only increases slightly from 11.5% to 11.75%. For the curing ages between 3 d and 7 d, the 

percentage of Si in both ITZ and paste matrix becomes stable. However, at 28 d, the content of Si is 

increased dramatically again, where the Si percentages in ITZ and paste matrix are increased from 

10.5% to 18% and from 10% to 16.5%, respectively. The Si content in the ITZ is higher than that in 

paste matrix in this stage, suggesting that the reaction products formed in the ITZ at 28 d are rich with 

Si than the rest of paste, which is consistent with the development of reaction products shown in Fig. 

12. Given that the quantity of initial particle of FA and GGBS in the ITZ is lower than that in the 

paste matrix, some of the mobile ions might come from the dissolution of FA and GGBS outside the 

ITZ due to the concentration gradient developed with the progress of chemical reactions. 

In the element maps of Al, a relatively low intensity adjacent to the surface of aggregate is found 

at 3 h. As can be seen in Fig. 14d that the mean value of Al content in the ITZ is obviously lower than 

that in paste matrix at this age. This is further confirmed by the ANOVA test results given in Table A-

6 that the Al content in the ITZ and paste matrix has a strong significant difference (p-value < 0.01). 

As the curing age increases, the homogeneous intensity of Al can be observed regardless of the 

distance from aggregate. The percentage of Al in the ITZ is increased dramatically during the curing 

age from 3 h to 12 h, while in paste matrix it is changed slightly in this period (see Fig. 14d). After 

that, it is increased steadily with the increase of curing age regardless of ITZ and paste matrix because 

of the ongoing reaction in AAFS paste (from 12 h to 3 d). During these curing ages, there is no 

significant difference (p-value > 0.05) of the Al content in the ITZ and paste matrix (see Table A-6 in 

Appendix D). Besides, the content of Al in the ITZ is lower than that in paste matrix at early 7 d but 

it is higher than that in paste matrix at 28 d, which is consistent with the development of reaction 

products shown in Fig. 12 and the release process of Si (see Fig. 14c). The p-value is found to be 

lower than 0.05, further suggesting that there is a significant difference of the Al content in the ITZ 

and paste matrix at 28 d (see Table A-6 in Appendix D). A relatively high Al content in the ITZ at a 
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later curing age (28 d) was also reported in previous research [31], where the Si/Al ratio in the ITZ 

was found to be around 1.51 which is lower than that in the paste matrix (i.e. ~ 2.39). Here, the low 

Al content in the ITZ at early ages (< 7 d) indicates that the reaction products with low Al are 

generated, while Al-rich reaction products are expected to be formed in the ITZ at later curing ages, 

e.g. 28 d. 

To further investigate the reaction process in ITZ, the development of different types of reaction 

products was discussed based on the ternary CaO-Al2O3-SiO2 diagram plotted in Fig. 15, which was 

normalised by the content of these oxides by neglecting any other constituents. The chemistry of ITZ 

at a very early age (3 h ~ 12 h) mainly lies within the region commonly associated with low Ca C-

(N)-A-S-H gels, clustered along with the boundary of the region with high Ca C-(N)-A-S-H gels [53]. 

Nevertheless, it is difficult to find the pure N-A-S-H gels in the ITZ due to the presence of Ca which 

would hinder the formation of this product [53, 54]. As the reaction continues (24 h to 7 d), the 

chemistry of ITZ is mainly within the region assigned with high Ca C-(N)-A-S-H gels. This is mainly 

because of the further dissolution of Ca from GGBS. Some data points lie in the region containing C-

A-S-H gels [54], suggesting that some of the Na in C-(N)-A-S-H gels have been fully replaced by the 

Ca. With the curing age increases from 7 d to 28 d, the chemistry of ITZ mainly lies in a stable region 

of high Ca C-(N)-A-S-H gels with rich Si and Al, which is in a good agreement with the release 

process of Si and Al shown in Fig. 14c and 14d. This would contribute to the continuous dissolution 

of FA and GGBS. Given that the content of FA is much higher than that of slag, the higher amount of 

Si and Al can be supplied for producing the well-densified and thermodynamically stable reaction 

products with rich Si and Al (C-(N)-A-S-H gels) [55, 56], which might contribute to increasing 

strength and interfacial binding [23]. 

3.2.3. Pore structure evolution in the ITZ 

The pore structure of ITZ is another key feature that would strongly determine the properties in 

this region, such as mechanical properties and transport properties. Fig. 16 shows the porosity of ITZ 

and paste matrix at different curing ages. The difference in porosity between ITZ and paste matrix in 

the AAFS system is not obvious, which is in contrast to that in PC system [6, 9]. At 3 h, the porosity 

of ITZ (11.45%) is higher than that of paste matrix (10.20%) due to the initial packing of fly ash and 

slag grains and the presence of bond cracks at the interface between aggregate and paste (see Fig. 9a). 

The ANOVA test result also indicates that there is a strong significant difference (p-value < 0.01) of 

the porosity in the ITZ and paste matrix at 3 h (see Table A-7 in Appendix D). Afterwards, there is a 

sharp decrease in porosity with the increase of curing age due to the redistribution of reaction products. 

At 12 h, the porosity of ITZ and paste matrix is decreased significantly to 2.22% and 2.45%, 

respectively. This is the result of the vigorous reaction during the very early age between 3 h and 12 

h, where the space-filling products, i.e. C-(N)-A-S-H gels, are formed in this region, instead of the 
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distinct large crystallites, i.e. calcium hydroxide (CH), formed in the PC system. CH crystallites are 

commonly formed close to the aggregate surface in the PC system, which would lead to a relatively 

high porosity in ITZ [2]. Afterwards, the porosities of ITZ and paste matrix are increased slightly 

from 2.22% to 2.45% and from 2.45% to 2.74% respectively during the curing age increasing from 

12 h to 24 h, which can be attributed to the presence of matrix cracks (see Fig. 9c). As the curing 

continues from 24 h to 7 d, the porosities of ITZ and paste matrix are decreased steadily from 2.45% 

to 1.05% and from 2.74% to 0.96%, respectively. This can be ascribed to the continue chemical 

reaction which would generate the space-filling products (i.e. C-(N)-A-S-H gels) to modify the 

microstructure and lead to the continuous refinement of pores as well as the improvement of 

interfacial bonding between aggregate and paste. During these curing ages, the bond cracks and the 

matrix cracks become finer, and these cracks are almost disappeared at 7 d (see Fig. 9e). Finally, the 

porosity of ITZ increases slightly from 1.05% to 1.35% as the curing age increases from 7 d to 28 d, 

while the porosity of paste matrix increases from 0.96% to 1.40%. This is probably because of the 

reappearance of matrix cracks, as shown in Fig. 9f. 

To further understand the pore structure evolution, the size distribution of pores in ITZ and paste 

matrix was analysed. As shown in Fig. 17, the typical images in each sample were used to illustrate 

the distribution of pore size. The pore size was measured as the circle-equivalent diameter using Fiji 

(an open source image processing package) with the “Analyze Particles” function [57], in which a 

cluster of interconnected pores was regarded as a single pore for calculation [49]. A similar trend 

regarding pore size distribution for ITZ and paste matrix in different images can be recognized (see 

Appendix C). As seen in Fig. 17a, most pores in the ITZ are larger than those in paste matrix at 3 h 

(1~17 µm for ITZ and 0.5~17.5 µm for paste matrix), which can be attributed to the deficit of large 

grains in the ITZ due to the packing of FA and GGBS particles against aggregates. This would induce 

a relatively high AL/P ratio in ITZ and lead to the presence of larger pores. A sharp decrease in the 

size of pores in ITZ and paste matrix (0.25~6.75 µm for ITZ and 0.3~4.1 µm for paste matrix) can be 

found at 12 h (see Fig. 17b), which can be ascribed to the quick alkaline activation of FA and GGBS. 

This finding is consistent with the EDS analysis shown in Fig. 14. In this stage, although similar small 

pores (0.25~4.1 µm) can be found in ITZ and paste matrix, the large pores with size from 4.1 µm to 

6.75 µm only exist in the ITZ, which can be attributed to the fewer precursors remaining in the ITZ 

and thus the newly formed reaction products are not enough to fill the large pores in this region. 

Nevertheless, as the curing age increases from 24 h to 7 d, the distribution of pore size in the ITZ is 

found to be similar to that in the paste matrix due to the redistribution of reaction products (see Fig. 

17c~17e). As the reaction proceeds at 28 d, the pore size in ITZ becomes smaller than that in paste 

matrix (see Fig. 17f) due to the further redistribution of reaction products through the migration of 

ions from the dissolution of particles outside the ITZ, which can also be observed from the EDS 
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analysis shown in Fig. 14. As seen in Fig. 17g and 17h, the pore size in ITZ is decreased steadily with 

the increase of curing age, while the pore size development in paste matrix is not obvious after 12 h 

due to the presence of large fly ash and slag grains in paste matrix. This suggests that ITZ might not 

be the weak link providing a preferred pathway for aggressive species to pass through the AAFS 

materials. 

3.3. Mechanism of ITZ evolution 

The formation of ITZ in AAFS concrete is started from the so-called “wall effect”, where the FA 

and GGBS grains are disrupted when they pack through the flat surface of aggregate. This effect 

would induce the formation of a special region close to aggregate (i.e. the origin of ITZ), where the 

large grains are deficient in this region (see Fig. 10), leading to a higher effective AL/P ratio than that 

in paste matrix. 

Initially, the precursors in the ITZ and paste matrix are dissolved upon the alkaline activation, 

generating a variety of dissolved species such as Si, Al and Ca. As the quantity of precursors in ITZ 

is lower than that in paste matrix, the content of dissolved species in ITZ would be lower than that in 

paste matrix, especially in the initial stage. This explains why the content of Ca, Si and Al in ITZ is 

lower than that in paste matrix at 3 h (near final setting time), confirmed by the EDS atomic 

percentage shown in Fig. 14. 

As the reaction continues, much more species are dissolved from precursors and reacted together 

to form low Ca C-(N)-A-S-H gels at the very early ages from 3 h to 12 h (see Fig. 15). In this stage, 

the dissolved rate in the ITZ is higher than that in the paste matrix due to the higher effective AL/P 

ratio and the smaller precursor grains in this region. This is consistent with the higher dissolution of 

Si and Al in the ITZ at 12 h, as shown in Fig. 14. The relatively high dissolution rate would help 

accelerate the formation of reaction products (see Fig. 12) and reduce the porosity (see Fig. 16). 

Additionally, it would also modify the pore structure in ITZ, where the pore size in ITZ at 12 h is 

smaller than that at 3 h (see Fig. 17). 

As a result of the further reaction, the content of dissolved species in ITZ increases steadily along 

with the formation of high Ca C-(N)-A-S-H gels and C-A-S-H gels due to the release of more Ca 

from slag, during the curing ages between 12 h and 7 d (see Fig. 14 and 15). Consequently, the 

porosity and pore size are decreased steadily in these curing ages (see Figs. 16 and 17). 

Finally, at a later age, the amount of dissolved species in ITZ is increased significantly and 

becomes higher than that in paste matrix (see Fig. 14). Given that the quantity of initial particle of fly 

ash and slag in ITZ is lower than that in paste matrix, some species (e.g. Si and Al) might come from 

the dissolution of precursors in paste matrix rather than ITZ. The relatively high amount of dissolved 

species would contribute to generating more reaction products (see Fig. 12), refining the pore 

structure (see Fig. 17) and consequently bringing a more compact and mature microstructure in the 
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ITZ. This is similar to the ITZ formed in AAS or AAF concrete [20, 22], but it is different from the 

ITZ formed in PC concrete [2]. Normally, the ITZ in PC concrete is regarded as the “weak link” due 

to the higher proportions of pores and CH crystals in this region [8, 9]. Nevertheless, there is no 

distinct large crystallites (CH crystals) formed in the ITZ of AAFS concrete but rather the C-(N)-A-

S-H gels which would improve the strength and interfacial binding [23],which is potentially important 

for the long-term performance of concrete. 

According to the discussion above, the microstructure evolution of ITZ can be primarily divided 

into three stages: (i) formation of reaction products via quick alkaline activation at very early curing 

ages (< 12 h); (ii) modification of microstructure via the redistribution of reaction products at early 

curing ages (12 h~7 d); (iii) reorganisation of microstructure via further redistribution of reaction 

products at later curing ages (7 d~28 d). 

4. Conclusions 

In this study, the microstructure evolution of interfacial transition zone (ITZ) in alkali-activated 

fly ash-slag (AAFS) concrete is systematically investigated with the assistance of scanning electron 

microscope (SEM) equipped with backscattered electron (BSE) and energy dispersive X-ray 

spectrometer (EDS). Based on the experimental results, the main conclusions can be drawn as follows: 

• The ITZ in AAFS system originates from the so-called “wall effect”, where the packing of FA and 

GGBS grains would be disrupted through the flat surface of aggregate, leading to the deficit of 

large grains adjacent to aggregate and a higher effective AL/P ratio in the ITZ than that in the 

paste matrix. 

• At a very early curing age (< 12 h), a quicker alkaline activation process can be found in the ITZ 

due to the higher effective AL/P ratio and smaller precursor grains in this region, resulting in a 

significant increase in the quantity of reaction products (low Ca C-(N)-A-S-H gels) and a sharp 

reduction in porosity. 

• At an early curing age (12 h ~ 7 d), the content of dissolved species in the ITZ increases steadily 

along with the formation of high Ca C-(N)-A-S-H gels and C-A-S-H gels due to the release of 

more Ca, leading to the continuous refinement of pores in this region. 

• At a later curing age (7 d ~ 28 d), the amount of dissolved species in the ITZ increases significantly 

along with the formation of more stable C-(N)-A-S-H gels with rich Si and Al resulting from the 

diffusion of species from paste matrix to ITZ due to the concentration gradient developed. 

Consequently, a more compact and denser microstructure is formed in the ITZ, which is 

potentially important for the long-term performance of concrete. 

• The microstructure evolution of ITZ can be mainly divided into three stages: (i) formation of 

reaction products via quick alkaline activation at very early curing ages (< 12 h); (ii) modification 

of microstructure via the redistribution of reaction products at early curing ages (12 h ~ 7 d); (iii) 
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reorganisation of microstructure via further redistribution of reaction products at later curing ages 

(7 d ~ 28 d). 
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Figures 

 

 
Fig. 1. A schematic diagram for the sample casting and cutting 

 
 
 
 
 
 
 
 
 

  

Fig. 2. AAFS concrete samples after grinding and polishing 

 

 

 

 

 

 



 

 
 

 

Fig. 3. A schematic diagram for the aggregate boundary delineation (t = 24 h) 

 

 

 
 

 
 

 
Fig. 4. A typical polychromatic greyscale histogram of different phases in AAFS concrete (t = 24 h) 

 



 

 

 

 

 

   

Fig. 5. An example of strip lineation (a) and quantitative analysis using concentric expansion method (t = 24 

h) (b) 

 

 

 

 

 

 

 

 

 

 
Fig. 6. Volume fractions of different phases against distance from aggregate surface at different curing ages 

 



 
Fig. 7. Coefficients of variation for the volume fractions of different phases against distance from the 

aggregate surface at different curing ages 
 
 

 
 

 
Fig. 8. Coefficients of difference for the volume fractions of unreacted particles and reaction products 

against distance from the aggregate surface at different curing ages 
 

 



 

 
Fig. 9. BSEM images of interface between aggregate and paste at different curing ages 

 
 
 
 
 
 
 

 

 

Fig. 10. Particle distribution of fly ash and slag near the surface of aggregate 

 

 

 

 



 
Fig. 11. Volume fractions of unreacted particles in ITZ and paste matrix at different curing ages 

 

 

 

 

 

 

 

 

Fig. 12. Volume fractions of reaction products in ITZ and paste matrix at different curing ages 
 



 
 
 

 
 

 

 

 

 

 

 
Fig. 13. Element maps (Na, Ca, Si and Al) of the interface between aggregate and paste at different curing 

ages (based on weight percentages) 

 

 

 
 



  

 

Fig. 14. Atomic percentages (Na, Ca, Si and Al) in ITZ and paste matrix at different curing ages 

 

 

 

 

 
Fig. 15. Ternary CaO-Al2O3-SiO2 diagram of ITZ at different curing ages (based on molar ratios)  

 
 
 



 
 
 

 
Fig. 16. Porosity of ITZ and paste matrix at different curing ages



   

 

  

  
Fig. 17. Pore size distribution in ITZ and paste matrix at different curing ages (Note: a cluster of 

interconnected pores is classified as a single pore in the characterization of pore structure) 



 

 

 

Tables 

 

 

Table 1. Chemical composition (wt. %) of FA and GGBS 

Oxide SiO2 Al2O3 Fe2O3 CaO K2O MgO TiO2 Na2O SO3 P2O5 

FA 55.76 30.22 3.56 2.33 0.91 0.46 1.72 0.40 0.79 0.27 

GGBS 33.22 13.49 0.40 41.57 0.64 7.04 0.50 0.34 2.14 - 

 

Table 2. Particle size (µm) of FA and GGBS  

Cumulative distribution C1 (10%) C2 (50%) C3 (90%) Average particle size Median particle size 

FA 2 10 32.86 19.06 11.48 

GGBS 3.08 14.50 36.07 18.98 15.78 

 

Table 3. Specific density (g/cm3) of different ingredients in AAFS concrete 

 FA GGBS SS SH SPs Fine aggregate Coase aggregate 

Specific gravity 2.25 2.90 1.38 1.21 1.08 2.57 2.62 

 

 

Table 4. Mixture quantity (kg/m3) of AAFS concrete 

 FA GGBS SS SH SPs Fine aggregate Coase aggregate 

Mixture quantity 300 100 120 60 4 622 1178 

 
 

Table 5. Threshold values for identifying different phases in AAFS concrete 

Mix no. Pores Reaction products Unreacted particles 

3-h 0~27 27~134 134~255 

12-h 0~27 27~135 135~255 

24-h 0~25 25~132 132~255 

3-d 0~27 27~137 137~255 

7-d 0~27 27~145 145~255 

28-d 0~30 30~140 140~255 

 

  



 

 

Appendix A. Phase segmentation for different samples 

Additional information about the phase identification for testing samples at different curing ages is 

shown in Fig. A-1. 

 

 

 

  

Fig. A-1. Determination of threshold values for testing samples at different curing ages 
 
 

  



 

 

Appendix B. Particle size distribution of fly ash and slag in ITZ and paste matrix 

As shown in Fig. A-2, the particle size distribution of grains (i.e. fly ash and slag) obtained from two 

different images for the same sample is slightly different due to the random packing of grains. Nevertheless, 

the overall trend of particle size distribution in ITZ and paste matrix is similar. The particle size in ITZ is 

much smaller than that in paste matrix: the size of grains in ITZ and paste matrix ranges from 0.5 µm to 11.5 

µm (14.5 µm for Image II) and 2.5 µm to 62.5 µm, respectively. 

 

 

Fig. A-2. Particle size distribution of fly ash and slag obtained from two different images for the same 

sample 
 

  



 

 

Appendix C. Pore size distribution in ITZ and paste matrix 

A similar trend of pore size distribution in ITZ and paste matrix can be observed in Fig. A-3, indicating 

that the most pores in ITZ are larger than those in paste matrix. The size of pores in ITZ and paste matrix 

ranges from 1 µm to 17 µm and 0.5 µm to 17.5 µm (16.5 µm for Image II), respectively. 

 

 

Fig. A-3. Pore size distribution in ITZ and paste matrix obtained from two different images for the same 

sample (t = 3 h) 

 



 

 

Appendix D. Statistical analysis using the one-way analysis of variance (ANOVA) method 

The one-way analysis of variance (ANOVA) tests were performed on the data on volume fractions of 

different phases (pores, reaction products and unreacted particles), atomic percentages (Na, Ca, Si and Al) 

and porosity, the results of which are shown in Tables A-1 and A-2, Tables A-3 to A-6, and Table A-7, 

respectively.  

 

 

 

Table A-1 Statistical significance of the volume fractions of unreacted particles 

  F-value p-value Significance 

3-h 
ITZ 

8.4499 0.0038 ** 
Paste matrix 

12-h 
ITZ 

0.7188 0.3970 - 
Paste matrix 

24-h 
ITZ 

0.0346 0.8526 - 
Paste matrix 

3-d 
ITZ 

5.0210 0.0255 * 
Paste matrix 

7-d 
ITZ 

3.8475 0.0512 - 
Paste matrix 

28-d 
ITZ 

16.9626 0.4558×10-4 ** 
Paste matrix 

-    No significant difference; *   Significant difference; ** Strong significant difference. 

 

 

 

 

Table A-2 Statistical significance of the volume fractions of reaction products 

  F-value p-value Significance 

3-h 
ITZ 

1.7427 0.1875 - 
Paste matrix 

12-h 
ITZ 

0.1563 0.6928 - 
Paste matrix 

24-h 
ITZ 

0.5743 0.4490 - 
Paste matrix 

3-d 
ITZ 

4.8685 0.0278 * 
Paste matrix 

7-d 
ITZ 

0.3387 0.5610 - 
Paste matrix 

28-d 
ITZ 

14.9629 1.2553×10-4 ** 
Paste matrix 

-    No significant difference; *   Significant difference; ** Strong significant difference. 

 

 

 

 



 

 

Table A-3 Statistical significance of the atomic percentage of Na 

  F-value p-value Significance 

3-h 
ITZ 

0.5348 0.4752 - 
Paste matrix 

12-h 
ITZ 

0.8341 0.3826 - 
Paste matrix 

24-h 
ITZ 

0.0085 0.9278 - 
Paste matrix 

3-d 
ITZ 

0.3540 0.5597 - 
Paste matrix 

7-d 
ITZ 

0.0747 0.7881 - 
Paste matrix 

28-d 
ITZ 

0.0585 0.8124 - 
Paste matrix 

-    No significant difference. 

 

 

 

Table A-4 Statistical significance of the atomic percentage of Ca 

  F-value p-value Significance 

3-h 
ITZ 

0.1291 0.7241 - 
Paste matrix 

12-h 
ITZ 

0.0056 0.9420 - 
Paste matrix 

24-h 
ITZ 

5.7108×10-4 0.9813 - 
Paste matrix 

3-d 
ITZ 

1.7122 0.2104 - 
Paste matrix 

7-d 
ITZ 

0.1378 0.7157 - 
Paste matrix 

28-d 
ITZ 

0.0041 0.9502 - 
Paste matrix 

-    No significant difference. 

 

 

 

Table A-5 Statistical significance of the atomic percentage of Si 

  F-value p-value Significance 

3-h 
ITZ 

5.6218 0.0316 * 
Paste matrix 

12-h 
ITZ 

1.3289 0.2758 - 
Paste matrix 

24-h 
ITZ 

0.0470 0.8318 - 
Paste matrix 

3-d 
ITZ 

0.0530 0.8207 - 
Paste matrix 

7-d 
ITZ 

0.0162 0.9005 - 
Paste matrix 

28-d 
ITZ 

0.6095 0.4480 - 
Paste matrix 

-    No significant difference; *   Significant difference. 



 

 

 

 

Table A-6 Statistical significance of the atomic percentage of Al 

  F-value p-value Significance 

3-h 
ITZ 

9.1735 0.0085 ** 
Paste matrix 

12-h 
ITZ 

0.3230 0.5824 - 
Paste matrix 

24-h 
ITZ 

0.0567 0.8155 - 
Paste matrix 

3-d 
ITZ 

3.4518 0.0817 - 
Paste matrix 

7-d 
ITZ 

0.2571 0.6190 - 
Paste matrix 

28-d 
ITZ 

5.9474 0.0287 * 
Paste matrix 

-    No significant difference; *   Significant difference; ** Strong significant difference. 

 

 

 

Table A-7 Statistical significance of the porosity 

  F-value p-value Significance 

3-h 
ITZ 

9.7708 0.0019 ** 
Paste matrix 

12-h 
ITZ 

1.7168 0.1908 - 
Paste matrix 

24-h 
ITZ 

28.5291 1.4863×10-7 ** 
Paste matrix 

3-d 
ITZ 

0.8043 0.3702 - 
Paste matrix 

7-d 
ITZ 

1.4140 0.2353 - 
Paste matrix 

28-d 
ITZ 

0.1893 0.6637 - 
Paste matrix 

-    No significant difference; ** Strong significant difference. 


