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Abstract: Based on X-CT, MIP, and SEM tests, the micro/meso scales evolutions of alkali-activated 12 

fly ash-slag (AAFS) concrete under sustained high temperatures are studied. The results show that 13 

the water loss of the C-S-H and C-A-S-H gel phases at 60℃ is continuous (about 60d). The variation 14 

law of meso-scale pore volume based on the X-CT test is consistent with that of micro-scale pore 15 

volume obtained by the MIP test. The 2D fractal dimension can be used to qualitatively evaluate the 16 

internal micro-cracks and microstructure complexity of AAFS concrete after sustained high-17 

temperature action. The mass loss rate can reach stability within 3d-7d under the action of 100℃, 18 

150℃, and 200℃, and there is no cumulative effect of micro-cracks and pores caused by initial 19 

water loss. Under sustained high-temperatures, the internal pore structure, micro-cracks, and 20 

microstructure changes of AAFS concrete are persistent, and these persistent changes lead to a 21 

significant change in the mechanical properties of AAFS concrete. 22 
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1. Introduction 25 

Cement production is a recognized source of carbon emissions from building materials, 26 

accounting for about 8% of the total carbon emissions [1,2]. With the global consensus on carbon 27 

reduction, carbon reduction, researchers are trying to find building materials and preparation 28 

processes to reduce carbon footprint [3,4]. Alkali-activated materials are a mixture of solid waste 29 

with potential pozzolanic activity and alkaline activators [5], which can completely replace cement 30 

and have become the most promising cement substitutes, and have produced a lot of positive results 31 

in the academic community [6-8]. Compared with cement, alkali-activated cementitious materials 32 

can reduce CO2 emissions by 60%⁓80% [9,10], and the production cost can be reduced by 7.6%⁓27% 33 

[11]. Alkali-activated materials have obvious advantages such as early strength, chemical attack 34 

resistance, and high-temperature resistance [12,13]. However, due to the lack of research on the 35 

structural engineering level, the technical standards and specifications of alkali-activated concrete 36 

are hindered, resulting in great difficulties in the promotion and application of alkali-activated 37 

materials in structural engineering.  38 

The high-temperature effect is one of the working conditions of concrete. At present, the high-39 

temperature effect of alkali-activated materials/concrete is mostly focused on short-term high-40 

temperature action, simulating fire or explosion environment, and the maximum temperature can 41 

reach 800°C⁓1200°C, and the action time is generally 1h⁓3h [14-16]. However, the operating 42 

temperature of many high-temperature workshops, high geothermal tunnels, high-temperature well 43 

cementing cement pastes, and concrete spent fuel storage tanks is generally up to 60°C⁓200°C. The 44 



high-temperature duration in such working conditions is very long, which may lead to the concrete 45 

entire life cycle remaining in a sustained high-temperature environment. The research group has 46 

conducted a preliminary study on the hydration products and pore structure characteristics of alkali-47 

activated cementitious materials under 60°C⁓250°C [17]. The entire study lasted for 28d at high 48 

temperatures, and the duration is relatively short, without considering the heterogeneity of concrete. 49 

In addition, there are few related academic achievements. Slag and fly ash are common precursor 50 

materials, and there is the most research on alkali-activated fly ash, slag, and fly ash-slag systems 51 

[18-20]. C-(A)-S-H gel and N-A-S-H gel are the main hydration products of the alkali-activated fly 52 

ash-slag (AAFS) system, and the water loss and morphological changes of hydration products under 53 

high temperatures directly affect the macroscopic properties. The free water loss of C-(A)-S-H gel 54 

occurs at 60°C⁓100°C. With the increase of temperature (100°C⁓300°C), the interlayer water and 55 

bound water gradually lose, transform into anhydrous calcium silicate, and part of the gel phase 56 

decomposes [21]. The structure of N-A-S-H gel is relatively stable at high temperatures and 57 

generally does not decompose [22]. However, under sustained high temperatures, the interaction 58 

between various components inside concrete becomes more intense and lasting, and short-term 59 

high-temperature effects are difficult to reflect this accumulation effect. 60 

Due to the violent crushing, high-pressure mercury intrusion, and the "ink bottle" effect, the 61 

pore data tested by mercury intrusion porosimetry (MIP) deviated from the actual pore structure 62 

[23,24]. X-ray computed tomography (X-CT) is a three-dimensional non-destructive imaging 63 

technique for observing the interior of an object. A series of X-ray images are obtained through slice 64 

scanning, and the images are reconstructed based on threshold and binarization processes. Due to 65 

the gray value of each concrete component changing greatly, the pore characteristics, micro-cracks, 66 



and interfacial transition zone (ITZ) can be quantified by digital image processing to segment pores, 67 

mortar, and aggregates. The microscopic volume obtained by the MIP test can be used to represent 68 

the pores [25]. Dong et al. [26] found that the pores (>10μm) detected by MIP test and X-CT are 69 

equivalent. Xue et al. [27] found that the voxel size of X-CT affects the details of the microstructure. 70 

When the voxel size is 1.5μm3, the fractal dimensions of micro-scale pores and cracks measured by 71 

MIP data are close to those based on X-CT images. X-CT technology can effectively evaluate the 72 

meso-scale pore structure characteristics and crack evolution process of concrete [28,29]. 73 

This study focuses on AAFS concrete, with fly ash-slag mass ratios (1:0, 1:3, 1:1, 3:1, and 0:1), 74 

activator modulus (0.5, 1.0, 1.5, and 2.0), and Na2O concentration (4%, 6%, and 8%) as research 75 

variables. Temperature levels are set at 60℃, 100℃, 150℃, and 200℃, and the duration of high 76 

temperature is set at 0d, 3d, 7d, 28d, 60d, and 90d. The compressive strength and mass loss rate of 77 

concrete are tested, and the micro/meso scales evolution mechanisms of AAFS concrete are 78 

characterized based on X-CT, MIP, and scanning electron microscope (SEM). 79 

2. Materials and methods 80 

2.1. Raw materials 81 

    The raw materials used in the test are Class F fly ash and S95 slag, and the chemical 82 

compositions of the raw materials obtained by X-ray fluorescence spectroscopy are shown in Table 83 

1. The particle size distribution curves of fly ash and slag are shown in Fig.1, and the median particle 84 

size d50 is 19.064μm and 10.529μm, respectively. XRD patterns of fly ash and slag tested by X-ray 85 

diffractometer (XRD) are shown in Fig.2. The main components of fly ash are SiO2 and Al2O3, and 86 

the mineral components of slag are melilite containing silicon, aluminum, calcium, and magnesium 87 

elements. The microscopic morphology of the two raw materials is tested by SEM, as shown in 88 



Fig.3. It can be seen that most of the fly ash is in the form of microspheres with different particles, 89 

and the slag is amorphous and does not contain regular crystals. Standard river sand with a fineness 90 

modulus of 2.70 is selected as fine aggregate, and ordinary gravel with a continuous gradation of 91 

5mm and 12mm is selected as coarse aggregate. Solid sodium hydroxide (NH, ≥96%) and liquid 92 

sodium water glass (NS, 8.5% Na2O, 26.5% SiO2 and 65% H2O) are used as alkali activators. 93 

Isopropanol chemical pure is used for the termination hydration of the sample. 94 

Table 1. Chemical compositions of the raw materials (wt%) [30] 95 

Materials CaO MgO Al2O3 SiO2 Fe2O3 SO3 LOI 
Fly ash 0.85 5.17 32.7 56.11 3.01 0.65 1.51 

Slag 35.58 7.16 16.32 36.10 0.23 1.71 2.9 

 96 

Fig.1. The size distribution of fly ash and slag 97 
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 98 

Fig.2. XRD patterns of fly ash and slag 99 

    
(a) Fly ash (b) River sand  (c) Slag (d) Gravel 

  

Fig.3. Raw materials and its SEM images 100 

2.2 Mix design and sustained high temperature test 101 

Considering the fly ash-slag mass ratios (1:0, 3:1, 1:1, 1:3, and 0:1), alkali activator modulus 102 

(0.5, 1.0, 1.5, and 2.0, molar ratio of SiO2/Na2O), and Na2O concentration (4%, 6% and 8%, the 103 

mass ratio of Na2O to the total mass of precursor) factors, ten groups of tests are designed, and the 104 

specific mix proportions are shown in Table 2. The number S0-1.5-6 indicates that the slag content 105 

is 0% (fly ash-slag mass ratio is 1:0), the activator modulus is 1.5, and the Na2O concentration is 106 

6%. Fig.4 is the schematic diagram of the preparation process of AAFS concrete. According to the 107 

!" #" A" %" C" '" ("

! !"

"

F*+,

#θ-°.

!
"
!
"

!
"

!" #" A" %" C" '" ("

"F/M#
!1*#MA

"O+#1*F/M(
!O+#3,F/#M(

4*5S+78



alkali activator parameters in Table 2, prepare the alkali activator solution 24 hours prior to use to 108 

ensure it cools to room temperature by the time of application, adjusting the water addition to 109 

achieve a liquid-to-solid (L/S) ratio of 0.4. In accordance with the GB/T 50080 standard, dry-mix 110 

fly ash, slag, sand, and ordinary crushed stone for 3 minutes until thoroughly blended. Once mixed 111 

evenly, pour the mixture into the alkali activator solution and stir for an additional 3 minutes. Pour 112 

the freshly prepared concrete paste into 50mm x 50mm x 50mm cubes, and vibrate on a shaking 113 

table for 1 minute to ensure thorough compaction of the concrete, minimizing pore formation and 114 

reducing the risk of cracks due to shrinkage and internal stresses. Subsequently, cover the cubes 115 

with plastic wrap and transfer them to a standard curing room (temperature = 20±2°C, relative 116 

humidity = 95%±1%) for 1d. After this initial curing period, remove the molds and continue to store 117 

the samples in the standard curing room until the designated test age, to prevent drying cracks caused 118 

by excessive evaporation of moisture. 119 

The sample with standard curing for 27d is taken out and dried at room temperature (RT) for 120 

1d to accelerate the evaporation of apparent macropore free-water and weaken the effect of heating 121 

on accelerating vapor hydration. The sustained high-temperature tests are carried out in a high-122 

temperature drying oven. The temperature levels are set at 60°C, 100°C, 150°C and 200°C 123 

respectively, and the duration is set to 3d, 7d, 28d, 60d, and 90d. The sustained high-temperature 124 

samples are 80 test blocks in each group. 125 



 126 

Fig.4 Schematic diagram of the preparation process of AAFS concrete 127 

Table 2. Special mix proportions of AAFS concrete  kg/m3 128 

Sample No. Fly 
ash 

Slag Sand Crushed 
stone 

Alkali activator 
modulus 

Na2O 
concentration 

L/S 
ratio 

S0-1.5-6 560 0 565 1050 1.5 6% 0.4 
S25-1.5-6 420 140 565 1050 1.5 6% 0.4 
S50-1.5-6 280 280 565 1050 1.5 6% 0.4 
S75-1.5-6 140 420 565 1050 1.5 6% 0.4 
S100-1.5-6 0 560 565 1050 1.5 6% 0.4 
S50-1.5-4 280 280 565 1050 1.5 4% 0.4 
S50-1.5-8 280 280 565 1050 1.5 8% 0.4 
S50-0.5-6 280 280 565 1050 0.5 6% 0.4 
S50-1.0-6 280 280 565 1050 1.0 6% 0.4 
S50-2.0-6 280 280 565 1050 2.0 6% 0.4 

2.3 Characterization methods 129 

2.3.1. Compressive strength tests 130 

    The WDW 300 micro-controlled electronic universal testing machine is used to test the 131 

compressive strength, and the test speed is 0.5kN/s. Three samples are tested in each group, and the 132 

average value of the three samples is used as the final compressive strength value. 133 

2.3.2. Mass loss rate 134 

The high-precision electronic scale (accurate value 0.001g) is selected for the mass-loss tests, 135 

each group tests three samples. Before the high-temperature tests, the sample is numbered and 136 

weighed as the initial mass, which is recorded as M0; Subsequently, the sample was subjected to 137 



high-temperature treatment and was cured at temperatures such as 60℃, 100℃, 150℃, and 200℃ 138 

for durations of 3d, 7d, 28d, 60d, and 90d.The quality of the sample after high-temperature treatment 139 

was examined is recorded as Mt. The mass loss rate W is calculated as: 140 

W=(Mt-M0)/M0×100%                                  (1) 141 

2.3.3. X-CT tests 142 

    Bruker SKYSCAN1272 high-resolution micro-CT scanner is selected, and the X-ray source is 143 

the high-intensity microfocal spotlight source. The sample size for the X-CT test is 144 

50mm×50mm×50mm cube. The acceleration voltage is 250kV, and the acceleration current is 145 

150μA. About 1300 projections are scanned in each sample, and the acquisition time of each 146 

projection is about 0.14s. The cross-section slice of AAFS concrete is shown in Fig.5. According to 147 

the different gray values of each phase, the material with higher density appears brighter in the 148 

image, and the cracks and pores are the darkest areas. The detector is a flat panel detector with a 149 

2000×2000 pixel array. Voxel size of 39.8μm×39.8μm×39.8μm, horizontal and axial voxel sizes are 150 

equal. The derived format is "16-bit tiff ", and the grayscale range is 0⁓65535. 151 

 152 

Fig.5. AAFS concrete cross-section slice diagram based on X-CT scanning 153 

2.3.4. X-CT image pre-processing 154 

In X-CT images, the gray data value is calculated based on the X-ray attenuation function, X-155 

ray energy, and the density and composition of the imaged material. In general, the gray-scale data 156 



value in the periphery of the CT image is higher than the center, which is caused by the difference 157 

in X-ray energy absorption. This phenomenon is called "beam hardening" [31], which interferes 158 

with the distinction between pixels representing mesoscopic pores and cracks. Each image pixel is 159 

assigned a 16-bit gray value, in which the low value represents the hole and crack phases, and the 160 

high value represents the dense solid phases [32]. To separate low-value pixels (pores and cracks) 161 

from high-value pixels (solid mortar and coarse aggregate), Otsu-thresholding is used for image 162 

segmentation [33]. The threshold method of Otsu-thresholding gray histogram can automatically 163 

determine the appropriate threshold, convert the gray image to the threshold of binary image, and 164 

determine the optimal threshold pixel value according to the variance minimization of the two types 165 

of pixel groups. Once the threshold T is determined, the pixel value less than T is assumed to be air 166 

space, and the pixel value greater than T is entities. Due to the gray value of X-CT noise points 167 

being close to the sample pores and cracks, when the threshold is given by Otsu-thresholding, a 168 

small air space of several pixels is observed in the aggregate, which may be caused by X-CT noise 169 

points. If the threshold is adjusted, the error of pore analysis will increase, so appropriate median 170 

filtering or algorithm is used to eliminate noise points [34,35] to obtain better local and global 171 

features. 172 

Based on the X-CT images, the meso-structure of AAFS concrete is reconstructed using the 173 

visualization image analysis software Avizo. The preprocessing process is shown in Fig.6. Part (I) 174 

shows the three-dimensional reconstruction model of AASF concrete. To more effectively analyze 175 

the internal phase distribution of concrete and avoid the edge effect caused by demoulding during 176 

sample preparation [36], Volumes of interest (VOI, 36mm×36mm×36mm) excluding sample 177 

boundaries are extracted from the 50mm×50mm×50mm cube of the original X-CT image. Part (II) 178 



shows the preprocessing of VOI slices. Firstly, the Avizo colormap module is used to improve the 179 

brightness of the original X-CT image, so that the cracks, aggregates, pores, and ITZ on the slice 180 

can be clearly observed. Secondly, the Otsu-threshold method is used for image segmentation. After 181 

setting the threshold, the darker pixels are opened to highlight the air phase, while other pixels are 182 

closed to represent the solid phase, and the effect of noise points is removed by median filtering 3×3 183 

pixels and Avizo Non-local means algorithm. At the meso-scale, pores, cracks, aggregates, and ITZ 184 

are regarded as anisotropy. Finally, the visual three-dimensional models of each phase are 185 

reconstructed according to the Otsu-thresholding and deep learning module. 186 

 187 

Fig.6. X-CT images preprocessing process 188 

2.3.5. MIP tests 189 

    The AAFS concrete is broken and cored, and the coarse aggregate is removed. The granular 190 
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sample of about 1cm is selected to terminate hydration with isopropanol for 48h, then low-191 

temperature vacuum drying for 24h. AutoPore V9500 Automatic mercury porosimeter is selected, 192 

the maximum mercury pressure is 228MPa, and the continuous test is carried out in the range of 193 

5nm⁓275μm. The cumulative pore volume and incremental pore volume curves of the samples are 194 

obtained. 195 

2.3.6. SEM tests 196 

    The AAFS concrete is broken and cored, and the granular sample containing aggregate is 197 

selected to terminate the hydration with isopropanol for 48h, then low-temperature vacuum drying 198 

for 24h. The Japanese S-4800 field emission scanning electron microscope is selected, the 199 

acceleration power supply is 20kV, the current is 10nA, and the magnification is 2000 times. The 200 

morphologies of the mortar and ITZ region are tested. Gold spraying is performed before the test. 201 

3. Results and discussions 202 

3.1. Compressive strength analysis 203 

Compressive strength is the most important index to evaluate the macroscopic mechanical 204 

properties of concrete. Fig.7 shows the compressive strength of AAFS concrete. Fig.7(a)⁓(e) is the 205 

fly ash-slag mass ratio factors. S0-1.5-6 shows different changes from other groups. The 206 

compressive strength of different temperature levels and duration are higher than that of 28 days of 207 

standard curing (0d in Fig.7). With the increase of duration, the compressive strength of AAFS 208 

concrete at each temperature level increases first and then decreases, and has the maximum 209 

compressive strength at sustained high temperature 28d. With the increase in temperature levels, the 210 

compressive strength of 3d, 7d, 28d, and 60d increase. However, its 90d compressive strength 211 

reaches the maximum at 150℃. After adding slag (Fig.7(b)⁓(e)), the 3d compressive strength 212 



decreases at all temperature levels. The maximum decrease in compressive strength is observed at 213 

60℃, mainly due to internal micro-cracks caused by water loss (see Fig.11(b) and Fig.24(b)). 214 

Subsequently, with the increase in duration, the compressive strength of AAFS concrete increases 215 

first and then decreases at each temperature level. With the increase in temperature levels, the 216 

compressive strength of S25-1.5-6 and S50-1.5-6 samples increase at 3d, 7d, and 28d, and the 217 

maximum compressive strength is obtained at 200°C. The maximum compressive strength for the 218 

duration of 60d and 90d is obtained at 150℃. The compressive strength of S75-1.5-6 and S100-1.5-219 

6 samples increases first and then decreases. The maximum compressive strength is obtained at 150℃ 220 

for the duration of 3d, 7d, and 28d, and at 100°C for 90d. Overall, with the increase of slag content 221 

and duration, the temperature level of obtaining the maximum compressive strength decreases. The 222 

compressive strength of the S0-1.5-6 sample after the duration of 90d is still higher than that of RT, 223 

showing excellent sustained high-temperature resistance, but the compressive strength is low. 224 

Fig.7(c), (f) and (g) is the Na2O concentration factors. The compressive strength of the three 225 

groups of samples decreases first, then increases, and then decreases. The compressive strength 226 

decreases at duration for 3d, and the maximum compressive strength is obtained at 28d. The samples 227 

with 4% and 6% Na2O concentration obtained the maximum compressive strength at 150℃, and 228 

the samples with 8% Na2O concentration obtained the maximum value at 100℃. That is, the higher 229 

the Na2O concentration, the lower the temperature level to obtain the maximum compressive 230 

strength, and the Na2O concentration should be reduced when the AAFS concrete is used in a long-231 

term thermal environment. 232 

Fig.7(c) and (h)⁓(j) is the alkali activator modulus factors. The compressive strength of S50-233 

0.5-6 and S50-1.0-6 samples increases first and then decreases at each temperature level, which is 234 



higher than that of 0d, showing excellent long-term high-temperature resistance. The compressive 235 

strength of the S50-2.0-6 sample shows a similar change rule to that of the S50-1.5-6 sample. The 236 

compressive strength of S50-2.0-6 samples after sustained high temperature is lower than that of 0d. 237 

That is, the alkali-activator modulus should be reduced when AAFS concrete is used in a long-term 238 

thermal environment. 239 

 240 

(a) S0-1.5-6                             (b) S25-1.5-6 241 

 242 

(c) S50-1.5-6                             (d) S75-1.5-6 243 
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 244 

(e) S100-1.5-6                             (f) S50-1.5-4 245 

 246 

(g) S50-1.5-8                              (h) S50-0.5-6 247 

 248 

(I) S50-1.0-6                             (J) S50-2.0-6 249 

Fig.7. Compressive strength results of AAFS sample 250 
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3.2 Mass loss rate analysis 251 

    Under sustained high temperatures, free water loss, interphase water loss, phase recombination, 252 

and internal damage accumulation occur in AAFS concrete, and the crystal morphology of hydration 253 

products is greatly affected. It is of great significance to obtain the mass change of AAFS concrete 254 

after sustained high temperatures for analyzing the mechanism of performance evolution. Fig.8 255 

shows the mass loss rate of AAFS concrete. Fig.8(a)⁓(e) is the fly ash-slag mass ratio factors. The 256 

mass loss rate of the five groups of samples at 150°C and 200°C show the same trend, and all 257 

reached a constant at duration for 3d. The mass loss rates at 200°C for 90d are 8.99%, 8.94%, 8.88%, 258 

8.87%, and 9.04%, respectively, and there was no significant difference. When the temperature level 259 

is 100℃, the mass loss rate of the five groups of samples is constant at 7d, and the mass loss rates 260 

at 90d are 8.27%, 7.72%, 7.49%, 7.02%, and 6.95%, respectively. With the increase of slag content, 261 

the mass loss rate decreases at the same duration. The mass loss rate curves of the five groups of 262 

samples at 60°C show significant differences. With the increase in slag content, the time for the 263 

mass loss rate to reach a constant increases, and the final mass loss rate decreases. The main 264 

hydration product of the S0-1.5-6 sample is the N-A-S-H gel, and there is almost no calcium-265 

containing gel phase. The mass loss rate is constant in the 3d⁓7d, and the mass loss rate difference 266 

at four temperature levels is less than 1% (see Fig.8(a)), indicating that the water loss of N-A-S-H 267 

gel is rapid. With the increase in slag content, the amount of C-S-H and C-A-S-H gels formation 268 

and the proportion increase [37]. The mass loss rate of 90d at 100℃ decreases with the increase of 269 

slag content, which indicates that some C-S-H and C-A-S-H gels bound water is stable at 100℃. 270 

The mass loss rate at 60℃ tends to be constant at 60d (see Fig.7(d) and (e)), indicating that the 271 

water loss of C-S-H and C-A-S-H gel phases at 60℃ is continuous. With the increase in slag content, 272 



the greater the difference between the mass loss rate at 60℃ and 100℃ and the mass loss rate at 273 

200℃ (the greater the distance between the curves), which can be clearly explained that the bound 274 

water of the calcium-containing gel phase is more stable than the sodium-containing gel phase at 275 

60℃ and 100℃. This is an interesting result. 276 

    Fig.8(c), (f) and (g) is the Na2O concentration factors. The three groups of samples show the 277 

same change rule at 100°C, 150°C, and 200°C, and there is no significant difference in mass loss 278 

rate. At 60℃, when Na2O concentration is 4% and 8%, the mass loss rate tends to be stable for 7d. 279 

According to the compressive strength test results, the maximum compressive strength is obtained 280 

at 6% Na2O concentration, and more C-A-H and C-A-S-H gels may be generated. Fig.8(c) and 281 

(h)⁓(j) is the alkali activator modulus factors. The S50-2.0-6 sample shows a large difference from 282 

the other three groups at 60°C, which may be related to its low compressive strength. 283 

284 

(a) S0-1.5-6                               (b) S25-1.5-6 285 
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 286 

(c) S50-1.5-6                             (d) S75-1.5-6 287 

 288 

(e) S100-1.5-6                               (f) S50-1.5-4 289 

 290 

(g) S50-1.5-8                              (h) S50-0.5-6 291 
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 292 

(i) S50-1.0-6                              (j) S50-2.0-6 293 

Fig.8. Mass loss rates of AAFS concrete 294 

3.3 X-CT result analysis 295 

3.3.1 Initial scan and crack segmentation 296 

Fig.9 shows the X-CT images of AAFS concrete with different fly ash-slag ratios at 200℃ for 297 

28d. No obvious micro-cracks are observed in the S0-1.5-6 sample; with the increase in slag content, 298 

different micro-cracks begin to appear between the mortar and the aggregate. S25-1.5-6 sample can 299 

see a small number of vertical surface cracks and radial cracks between adjacent aggregates; 300 

Tangential cracks are observed in the ITZ in the S50-1.5-6 and S75-1.5-6 samples, and the number 301 

of radial cracks increases and the crack width increases. Long cracks are observed in the S100-1.5-302 

6 sample, the number of radial micro-cracks increases significantly, and ITZ tangential cracks are 303 

observed. With the increase in slag content, the number and length of radial cracks increase 304 

significantly, tangential cracks appear, and the crack width is about 0.1mm⁓0.6mm. 305 

Fig.10 shows the X-CT images of S50-1.5-6 samples with different duration at 150℃. The 306 

morphology of mortar becomes rough after continuous high temperatures, which is related to the 307 

deformation of the gel phases. No obvious micro-cracks are observed in the samples with sustained 308 
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high temperatures for 0d. Large slender radial cracks appear in the AAFS concrete with sustained 309 

high temperature for 3d, and the number of micro-cracks decreases when the duration is 7d. The 310 

number and length of micro-cracks in the sample are reduced at duration for 28d, and the internal 311 

structure is dense. After that, with the increase in duration, the number and width of cracks increase. 312 

Especially when the duration is 90d, the cracks are all over the surface of the whole sample, and 313 

tangential cracks appear at the ITZ, and the number and width of cracks increase significantly. 314 

Fig.11 shows the X-CT images of S50-1.5-6 samples with different temperature level at 28d. At 315 

60℃, vertical surface cracks appear inside the sample, and obvious radial cracks occur between 316 

aggregates. At 100℃, 150℃, and 200℃, the internal cracks of the sample decrease significantly, 317 

and only a few cracks occur in the ITZ and around the pores, and the length and width of the cracks 318 

decrease significantly. 319 

   
(a) S0-1.5-6 (b) S25-1.5-6 (c) S50-1.5-6 

  
(d) S75-1.5-6 (e) S100-1.5-6 

Fig.9. The X-CT images of AAFS concrete with different fly ash-slag ratios at 200℃ for 28d  320 



   

(a) 0d (b) 3d (c) 7d 

   

(d) 28d (e) 60d (f) 90d 

Fig.10. The X-CT images of S50-1.5-6 samples with different duration at 150℃ 321 

   

(a) 0d (b) 60℃ (c) 100℃ 

  
(d) 150℃ (e) 200℃ 

Fig.11. The X-CT images of S50-1.5-6 sample with different temperature levels for 28d 322 



3.3.2 Three-dimensional geometry and distribution of pores 323 

The mechanical properties of AAFS concrete depend on pore characteristics, which are closely 324 

related to the size, geometry, and volume distribution of pore defects [38,39]. Due to the small size 325 

of the sample used in this study, the results of compressive strength and mass loss rate analysis 326 

found that the steam curing environment created by water evaporation can be ignored. In Fig.9-327 

Fig.11, the changes in micro-cracks are related to the pore structure. The rapid loss of water in the 328 

early stage, the increase of internal pore tension and micro-cracks. With the rearrangement of the 329 

gel phase, the micro-cracks and the pore structure change.  330 

The visualization three-dimensional pore model of AAFS concrete is established based on 331 

Avizo. According to the pore geometry or volume, it is divided into four pore types: <0.3mm3, 332 

0.3⁓0.7mm3, 0.7⁓1.0mm3, and >1.0mm3. Fig.12 shows the pores volume distributions three-333 

dimensional visualization reconstruction of AAFS concrete with different fly ash-slag ratios at 200℃ 334 

for 28d. The pore shapes are circular, elliptical, and irregular, most of which are circular and 335 

independent of each other. It can be seen that with the increase in slag content, all kinds of pore 336 

density decrease, and most of the pores of samples are concentrated in <0.3mm3 and >1.0mm3. Table 337 

3 shows the pore characteristics of AAFS concrete were obtained by X-CT, and Fig.15 shows the 338 

pore volume proportion of AAFS concrete by X-CT. With the increase in slag content, the proportion 339 

of pores in different volumes increases. When the slag content is 0%, 25%, 50%, 75%, and 100%, 340 

the pore volume ratio of the concrete samples is 2.276%, 1.567%, 1.282%, 1.010%, and 0.546%, 341 

respectively, and the pore volume decreases continuously. 342 

Fig.13 shows the pores volume distributions three-dimensional visualization reconstruction of 343 

S50-1.5-6 samples with different duration at 150℃. After high temperatures, the pore volume 344 



increases. With the increase in duration, the total pore volume increases first, then decreases, and 345 

then increases, which is consistent with the change law of compressive strength. The pore volume 346 

change is mainly caused by <0.3mm3 pores. Fig.14 shows the pores volume distributions three-347 

dimensional visualization reconstruction of S50-1.5-6 sample with different temperature levels for 348 

28d. The pore volume after high temperature is higher than that of room temperature curing samples. 349 

With the increase in temperature, the total porosity of the samples is 350 

RT<150°C<60°C<100°C<200°C. There is no significant difference in pore volume at 60℃, 100℃, 351 

and 150℃, however, the pore volume of >1.0mm3 continues to increase, and that of <0.3mm3 352 

continues to decrease. At 200°C, the pore volume increase significantly, the pore volume of >1mm3 353 

is improved, and that of <0.3mm3 increase. 354 



355 

Fig.12. Pores volume distributions three-dimensional visualization reconstruction of AAFS 356 

concrete with different fly ash-slag ratios at 200℃ for 28d 357 
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 358 

Fig.13. Pores volume distributions three-dimensional visualization reconstruction of S50-1.5-6 359 

samples with different duration at 150℃ 360 
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 361 

Fig.14. Pores volume distributions three-dimensional visualization reconstruction of S50-1.5-6 362 

sample with different temperature levels for 28d 363 

Table 3. The pore characteristics of AAFS concrete were obtained by X-CT 364 

Sample No. Pore distribution (%) Pore 
volume  

/% 
<0.3mm3 0.3-0.7mm3 0.7-1.0mm3 >1.0mm3 

S0-1.5-6, 28d, 200℃ 1.120 0.140 0.058 0.959 2.276 

S25-1.5-6, 28d, 200℃ 0.848 0.139 0.070 0.510 1.567 
S50-1.5-6, 28d, 200℃ 0.678 0.094 0.045 0.465 1.282 
S75-1.5-6, 28d, 200℃ 0.349 0.075 0.039 0.546 1.010 
S100-1.5-6, 28d, 200℃ 0.185 0.053 0.031 0.278 0.546 
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S50-1.5-6, 0d, 150℃ 0.205 0.059 0.031 0.513 0.807 
S50-1.5-6, 3d, 150℃ 0.388 0.084 0.038 0.524 1.034 
S50-1.5-6, 7d, 150℃ 0.427 0.071 0.028 0.460 0.987 
S50-1.5-6, 28d, 150℃ 0.192 0.068 0.038 0.617 0.915 
S50-1.5-6, 60d, 150℃ 0.617 0.097 0.028 0.423 1.165 
S50-1.5-6, 90d, 150℃ 0.495 0.078 0.025 0.697 1.295 
S50-1.5-6, 28d, 60℃ 0.523 0.106 0.031 0.420 1.080 
S50-1.5-6, 28d, 100℃ 0.453 0.080 0.0417 0.526 1.101 

 365 

        (a) Fly ash-slag ratios                   (b) Duration, S50-1.5-6, 150℃ 366 

 367 

(c) Temperature levels, S50-1.5-6, 28d 368 

Fig.15. The pore volume proportion of AAFS concrete by X-CT 369 

3.4 MIP analysis 370 

The voxel size used in the X-CT test is 39.8μm×39.8μm×39.8μm, and the tested pores are 371 

micron scale (diameter>39.8μm), which characterize the meso-scale pore structure. High-precision 372 
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characterization of nano-scale pore changes requires MIP testing [40]. Using Hodot's pore 373 

classification method, micro-scale pore sizes are divided into gel pore(<10nm), transition 374 

pore(10nm⁓100nm), capillary pore(100nm⁓1000nm), and large pore(>1000nm) [41]. Fig.16 shows 375 

the pore size distribution of AAFS concrete with different fly ash-slag ratios at 200℃ for 28d. The 376 

cumulative pore volumes of AAFS concrete with slag content of 0%, 25%, 50%, 75%, and 100% 377 

are 0.208mL/g, 0.157mL/g, 0.092mL/g, 0.067mL/g and 0.038mL/g, respectively (see Fig.16(a)). 378 

With the increase in slag content, the cumulative pore volume decreases significantly, among which 379 

the large pore volume has no significant difference, and the capillary pore volume decreases 380 

gradually. The transition pore volume reaches its maximum when the fly ash-slag mass ratio is 3:1, 381 

and then gradually decreases. The gel pore volume is very small. The pure fly ash system has a large 382 

volume of capillary pore, and the transition pore volume of the system increases after adding slag. 383 

With the increase in total pore volume, the volume of all pore types decreases. 384 

Fig.17 shows the pore size distribution of S50-1.5-6 samples with different duration at 150℃. 385 

The cumulative pore volume increases first, then decreases, and then increases with the increase of 386 

duration, especially at 60d and 90d, the cumulative pore volume increases significantly. The gel 387 

pore and transition pore volume increase significantly at durations of 60d and 90d. There is no 388 

significant difference in capillary pore volume under different durations. The large pore volume 389 

shows the same change as the cumulative pore volume. Fig.18 shows the pore size distribution of 390 

S50-1.5-6 sample with different temperature levels for 28d. With the increase in temperature level, 391 

the cumulative pore volume first increases and then decreases, which is higher than that of RT. At 392 

150℃, the cumulative pore volume decreases, which is consistent with the microscopic pore results 393 

of the X-CT test, indicating that the internal structure of AAFS concrete is denser than that of other 394 



temperatures after 28d at 150℃. Compared with RT samples, the capillary pore and large pore 395 

volume of AAFS concrete increase significantly under high temperatures, and there is no significant 396 

difference in the capillary pore and large pore volume among the four groups of samples at 397 

60°C⁓200°C. At 60°C, part of the gel phases bound water is lost and increases the transition pore 398 

volume; At 100°C, the loss of gel phases bound water is large, which further increases the transition 399 

pore volume; At 150°C, the gel phases bound water is completely lost, with the accelerated 400 

recombination of the gel phases, the transition pore volume decreases. There is no gel pore in AAFS 401 

concrete due to the loss of gel phases bound water. At 200°C, the unstable gel phases decompose, 402 

resulting in the increase of transition pore and the appearance of gel pore. The transition pore volume 403 

first increases, then decreases, and then increases, showing the same change rule as the cumulative 404 

pore volume. 405 

  406 

(a) Cumulative pore volume              (b) Incremental pore volume 407 
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 408 

(c) Proportion of different size pores 409 

Fig.16. The pore size distribution of AAFS concrete with different fly ash-slag ratios at 200℃ for 410 

28d 411 

  412 

(a) Cumulative pore volume                (b) Incremental pore volume 413 
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 414 

(c) Different sub-high temperature duration 415 

Fig.17. The pore size distribution of S50-1.5-6 samples with different duration at 150℃  416 

  417 

(a) Cumulative pore volume                (b) Incremental pore volume 418 

 419 

(c) Different sub-high temperature levels 420 
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Fig.18. The pore size distribution of S50-1.5-6 sample with different temperature levels for 28d 421 

3.5 SEM analysis 422 

3.5.1 SEM images of AAFS mortars 423 

    SEM tests are carried out on AAFS concrete, including AAFS mortar and ITZ. Fig.19 shows 424 

the SEM images of AAFS mortars with different fly ash-slag mass ratios. With the increase in slag 425 

content, the compactness of AAFS mortar increases significantly. Micro-cracks and unreacted "glass 426 

microsphere" fly ash particles are clearly seen in S0-1.5-6 and S25-1.5-6 samples, and the 427 

microstructure is loose. The unhydrated fly ash particles have a filling effect on the matrix, and the 428 

matrix is relatively continuous. The loose microstructure indicates that N-A-S-H gel phase 429 

recombination performance is poor after sustained high-temperature dehydration [17]. With the 430 

increase in slag content, due to high-temperature water loss, the real morphology of hydration 431 

products cannot be seen. Flocculent or granular hydration products agglomerate with unhydrated 432 

raw materials to form blocks, and the microstructure is obviously dense. Fig.20 shows the SEM 433 

images of AAFS mortars with different duration at 150℃. When sustained high temperatures for 3d 434 

and 7d, the surface of the sample is relatively loose, and the large polymer is decomposed into small 435 

blocks. There are many micro-cracks in the 3d sample, and the width of the micro-cracks is smaller. 436 

When the duration is 28d, 60d, and 90d, the microstructure becomes dense, the hydration products 437 

are combined into one piece, and the matrix becomes dense, which is related to the restructuring of 438 

the hydration products of the gel phases. Fig.21 shows the SEM images of AAFS mortars with 439 

different temperature levels. The flocculent C-(A)-S-H and N-A-S-H gels are observed in AAFS 440 

mortars cured at RT, 60°C, and 100°C. At 60°C and 100°C, there are many obvious microcracks. At 441 

150℃ and 200℃, the microstructure of the sample is dense, which is related to the rapid 442 



restructuring of the gel phases. 443 

   
(a) S0-1.5-6, 200℃, 28d (b) S25-1.5-6, 200℃, 28d (c) S50-1.5-6, 200℃, 28d 

  
(d) S75-1.5-6, 200℃, 28d (e) S100-1.5-6, 200℃, 28d 

Fig.19. SEM images of AAFS mortars with different fly ash-slag mass ratios 444 

   
(a) S50-1.5-6, 150°C, 0d (b) S50-1.5-6, 150°C, 3d (c) S50-1.5-6, 150°C, 7d 

   
(d) S50-1.5-6, 150°C, 28d (e) S50-1.5-6, 150°C, 60d (f) S50-1.5-6, 150°C, 90d 

Fig.20. SEM images of AAFS mortars with different duration 445 

Micro-cracks 
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Fig.21. SEM images of AAFS mortars with different temperature levels 446 

3.5.2 ITZ microstructure 447 

The heterogeneity of concrete considers matrix, aggregate, and ITZ as anisotropy. Due to the 448 

"wall effect", the composition distribution and properties of ITZ are different from those of the 449 

matrix [42], and the heterogeneity of ITZ is a key factor affecting the performance of AAFS concrete. 450 

The X-CT test results show that the ITZ of AAFS concrete appears tangential or radial cracks after 451 

sustained high temperatures. The ITZ width of alkali-activated concrete is about 15-50μm [3,42], 452 

and the ITZ of AAFS concrete can be more clearly seen by SEM test. Fig.22 shows the ITZ 453 

microstructure of AAFS concrete with different fly ash-slag mass ratios by SEM tests. Due to the 454 

loose structure of the mortar, the ITZ of the S0-1.5-6 sample did not show obvious micro-cracks. 455 

After adding slag, obvious tangential and radial cracks appear in the ITZ region. With the increase 456 

in slag content, the mortar matrix in the ITZ region is more and more dense, and the tangential crack 457 

is more obvious. The radial crack of the S75-1.5-6 sample is the widest, about 1.8μm. 458 

C-(A)-S-H 
N-A-S-H 

C-(A)-S-H 
N-A-S-H 



Fig.23 shows the ITZ microstructure of S50-1.5-6 concrete sample with different duration. The 459 

ITZ of S50-1.5-6 concrete samples at RT is relatively dense, and there are no obvious micro-cracks. 460 

After the high-temperature action of 3d and 7d, ITZ has obvious cracks, and the mortar matrix in 461 

the nearby area has cracks, which are mainly caused by the rapid water loss of the matrix. There is 462 

no obvious radial crack in the ITZ region of the sample after duration for 28d, and there are small 463 

tangential cracks in the mortar matrix, and the matrix is obviously dense. After the duration of 60d 464 

and 90d, the length and width of the radial micro-cracks in the ITZ region increase with the increase 465 

of duration, and the maximum width of the micro-cracks in the sample with sustained high 466 

temperature for 90d is about 2.6μm. The number and width of tangential micro-cracks are more than 467 

those of duration for 28d. Fig.24 shows the ITZ microstructure of S50-1.5-6 concrete sample with 468 

different temperature levels. At 60℃ and 100℃, the matrix restructuring speed is slow and the 469 

mortar matrix is relatively loose, resulting in obvious radial cracks in ITZ. At 150℃ and 200℃, the 470 

density of the ITZ matrix increases, radial cracks are not significant, and tangential cracks appear 471 

in the ITZ matrix. 472 

   
(a) S0-1.5-6, 200℃, 28d (b) S25-1.5-6, 200℃, 28d (c) S50-1.5-6, 200℃, 28d 



  

(d) S75-1.5-6, 200℃, 28d (e) S100-1.5-6, 200℃, 28d 

Fig.22. ITZ microstructure of AAFS concrete with different fly ash-slag mass ratios 473 

   

(a) S50-1.5-6, RT (b) S50-1.5-6, 150°C, 3d (c) S50-1.5-6, 150°C, 7d 

   
(d) S50-1.5-6, 150°C, 28d (e) S50-1.5-6, 150°C, 60d (f) S50-1.5-6, 150°C, 90d 

Fig.23. ITZ microstructure of S50-1.5-6 concrete sample with different duration 474 

   
(a) S50-1.5-6, RT (b) S50-1.5-6, 60℃, 28d (c) S50-1.5-6, 100℃, 28d 



  
(d) S50-1.5-6, 150℃, 28d (e) S50-1.5-6, 200℃, 28d 

Fig.24. ITZ microstructure of S50-1.5-6 concrete sample with different temperature levels 475 

4 Discussion on the performance evolution mechanism of AAFS concrete under sustained high 476 

temperatures 477 

4.1 Variation of 2D fractal dimension of X-CT images 478 

    Based on X-CT images, it can be seen that the internal structure and morphology of AAFS 479 

concrete are random and disordered, and fractal theory can characterize the complexity of concrete 480 

structure. The fractal dimension can express the texture information of X-CT images, and the larger 481 

the fractal dimension, the more complex the microstructure [27]. Based on the box dimension 482 

method [43], the 2D fractal dimension of X-CT slices is calculated. According to the slice number 483 

obtained by X-CT, a slice photo is extracted every 25, and 45 X-CT slice photos are extracted from 484 

each group of samples for fractal dimension calculation. Fig.25 shows the 2D fractal dimensions of 485 

AAFS concrete by X-CT. With the increase of slag content, the 2D fractal dimension decreases first 486 

and then increases, which is consistent with the law of micro-crack change in Fig.9. The less the 487 

number and connectivity of micro-cracks, the smaller the fractal dimension. At 150℃, the 2D fractal 488 

dimension decreases first and then increases with the increase in duration, and the fractal dimension 489 

is the smallest at 28d. At RT, AAFS concrete contains a large number of flocculent, rod-like C-(A)-490 

S-H and N-A-S-H gels, as well as unreacted fly ash particles. The microstructure is more complex, 491 

and the fractal dimension is the largest. When the concrete is exposed to high temperatures for 3d 492 



and 7d, the internal water loss of the concrete is rapid, the morphology of the gel phases changes 493 

from flocculent to block (see Fig.20), and the tensile stress of the capillary pore induces a large 494 

number of micro-cracks in the mortar. There are more cracks in the ITZ region (see Fig.23(b) and 495 

(c)), and the fractal dimension is large. When the duration reaches 28d, the small blocks are 496 

reorganized into large blocks, the number of micro-cracks decreases, and the fractal dimension 497 

decreases. As the duration increases to 60d and 90d, the continuous restructuring of hydration 498 

products induces an increase in internal micro-cracks (see Fig.10(e) and (f)), the tangential cracks 499 

in the ITZ region become wider, the radial cracks increase (see Fig.23(e) and (f)), and the fractal 500 

dimension increases. As shown in Fig.25 (c), the fractal dimensions at four temperature levels show 501 

a significant decrease and then increase, but the difference is not significant, ranging from 502 

1.805⁓1.820. The fractal dimensions at the four temperature levels are significantly reduced 503 

compared to the RT environment. The 2D fractal dimension can be used to qualitatively evaluate 504 

the internal micro-cracks and microstructure morphology of AAFS concrete after continuous high 505 

temperatures. 506 

 507 
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 509 

(c) Temperature levels, S50-1.5-6, 28d 510 

Fig.25. 2D fractal dimensions of AAFS concrete by X-CT 511 

4.2 Evolution mechanism of AAFS concrete properties  512 

    Sustained high temperatures lead to physical and chemical changes in the internal phases of 513 

alkali-activated concrete [44]. The presence of water between the gel phase layers makes the gel 514 

phase layers a weak area. After the interlayer water loss, a large tensile stress appears between the 515 

gel phases, and the rearrangement degree of the silicon chains in the gel phase is enhanced under 516 

the tensile stress. The differential thermal expansion between alkali-activated pastes, aggregates, 517 

and water can produce micro-cracks [45-47], especially damage to ITZ. Based on X-CT and SEM 518 

tests, it is found that there are two obvious cracks, including tangential cracks in ITZ and radial 519 

cracks in the mortar matrix. The ITZ region is not a completely weak area, and there are penetrating 520 

micro-cracks in the mortar matrix between the aggregates. Based on the X-CT images, the radial 521 

cracks of the matrix are mainly observed, and the SEM images can observe the obvious crack 522 

distribution in the ITZ region. With the increase in slag content, the AAFS mortar matrix strength 523 

increases, the observed ITZ tangential cracks increase, and the length and width of radial cracks 524 

increase. With the increase in duration, the number of cracks decreases first and then increases, and 525 

dense microstructure is observed at 28d. The duration for 3d and 7d are mainly radial cracks, which 526 
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are related to water loss. When the duration is 60d or 90d, wide and long tangential crack appears, 527 

mainly due to the reorganization and shrinkage of the matrix, resulting in a large tensile stress in the 528 

ITZ region. 60°C is the lower temperature (generally 50°C⁓120°C) for gel phases bound water 529 

decomposition [48]. The stable gel phases do not lose water for a short or even a long time. Due to 530 

the slow water loss, the water-filled pores form planum semilunar to generate capillary pressure, 531 

and the number of micro-cracks is greater. At 100℃, the unstable gel phases bound water 532 

completely loses water at 3d (see Fig.8(c)), and there is still a stable gel phase containing bound 533 

water in the system, increasing the volume of transition pore and decreasing the number of micro-534 

cracks. At 150 °C, the gel phases bound water loss and restructuring process accelerates, and the 535 

matrix micro-cracks increase. However, due to the restructuring of the matrix into a block, the 536 

cumulative porosity and pore volume of each part are the lowest. The mass loss rate at 200 °C is 537 

larger, which may be related to the decomposition of the gel phases. The number of micro-cracks 538 

increases, and only the volume of transition pore increases significantly. With the appearance of gel 539 

pore, the effect of 200°C increases the proportion of pore volume <0.1μm and refines the pore size. 540 

At 100°C, 150°C, and 200°C, the mass loss rate can be stable in 3d-7d (see Fig.8), and cause a large 541 

number of micro-cracks. When the duration is 28d, the micro-cracks of the sample are the least and 542 

the cumulative pore volume is the smallest, which indicates that there is no cumulative effect of 543 

internal micro-cracks and pores caused by the early high-temperature effect. Internal damage of 544 

duration for 28d, 60d, and 90d has a cumulative effect. 545 

Except for S0-1.5-6, S50-0.5-6, and S50-1.0-6 samples, the compressive strength of other 546 

samples decreases significantly after the duration for 3d, which is different from the changes of 547 

AAFS paste samples tested by the previous research group [17]. The decrease in compressive 548 



strength is related to the increase of micro-cracks and pore volume caused by water loss, especially 549 

the increase significantly of large pore volume. When the duration is 7d and 28d, the compressive 550 

strength increases. It is mainly related to the restructuring of hydration products, and the internal 551 

structure of the matrix is agglomerated into blocks. Based on X-CT images, the number of micro-552 

cracks decreases at 28d, and the SEM test shows that the number of tangential and radial cracks in 553 

ITZ decreases.Based on the MIP test, the large pore volume and cumulative porosity decrease 554 

obviously. When the duration is 60d and 90d, the compressive strength decreases, which has nothing 555 

to do with the mass loss at this time, mainly related to the change of internal pore structure and 556 

micro-cracks. During the restructuring of hydration products, the volume of capillary and large 557 

pores increases significantly, the number of micro-cracks increases, and there are obvious tangential 558 

wide cracks in the ITZ region.  559 

Based on X-CT and MIP, we tested the pore volumes at two distinct scales in AAFS concrete. 560 

The X-CT results demonstrated that incorporating slag effectively reduced the pore volumes of 561 

pores smaller than 0.3 mm³ and larger than 1 mm³, resulting in a continuous decline in total porosity. 562 

Notably, changes in the pore volume of pores smaller than 0.3 mm³ emerged as a significant factor 563 

influencing the mesoscale pore volume, with the lowest porosity observed at 150°C and under 564 

sustained high temperatures for 28d. Meanwhile, the MIP test results indicated that variations in the 565 

volumes of transition pores and capillary pores were crucial in affecting the microscale pore volume. 566 

Specifically, the increase in slag content effectively decreased the volume of capillary pores, while 567 

the reduction in the volume of transition pores at 150°C and under sustained high temperatures for 568 

28d was the primary reason for the decrease in cumulative pore volume. Comparing the data from 569 

Figs. 15, 16(c), 17(c), and 18(c), it was evident that the patterns of total pore volume variation at 570 



the mesoscale were fully aligned with those at the microscale, indicating that AAFS concrete 571 

exhibits heterogeneity and that its internal pore structure undergoes intense and prolonged changes 572 

under sustained high temperatures, yet these changes at both scales are synergistic. 573 

5 Conclusions 574 

This paper studied the meso-scale and micro-scale pore structure and micro-cracks evolution 575 

of AAFS concrete under sustained high temperatures to explain the evolution mechanism of macro-576 

scale mechanical properties. The specific conclusions are as follows: 577 

(1) The compressive strength of most AAFS concrete decreases significantly after 3d of 578 

sustained high temperature, then increases first and then decreases with the increase of duration. 579 

Except for S0-1.5-6, S50-0.5-6, and S50-1.0-6 samples, the compressive strength of other AAFS 580 

concrete after the duration for 90d is lower than that of the RT environment.  581 

(2) The dehydration of N-A-S-H gel is rapid at 60°C⁓200°C. The mass loss of C-S-H and C-582 

A-S-H gel phases at 60°C is continuous, and the duration is about 60d. Based on the mass loss rate 583 

results under different fly ash-slag mass ratios, the bound water of the calcium-containing gel phase 584 

is more stable than the sodium-containing gel phase at 60°C and 100°C. 585 

(3) With the increase in slag content, the number and length of radial cracks increase 586 

significantly, tangential cracks appear, and the crack width is about 0.1mm⁓0.6mm. A large number 587 

of slender radial cracks appeared in the AAFS concrete after sustained high temperatures for 3d. 588 

The number and length of micro-cracks are reduced after the duration is 28d, and the internal 589 

structure is dense. After 90d, the micro-cracks spread all over the sample surface, tangential cracks 590 

appear at the ITZ, and the number and width of cracks increase significantly. 591 

(4) With the increase of slag content and duration, the 2D fractal dimension decreases first and 592 



then increases, and the less the number and connectivity of micro-cracks, the smaller the fractal 593 

dimension. The four temperature levels have no significant effect on the 2D fractal dimension. The 594 

2D fractal dimension can qualitatively evaluate the internal micro-cracks and microstructure 595 

morphology of AAFS concrete after sustained high temperatures. 596 

(5) Under sustained high temperatures, the internal pore structure changes of AAFS concrete 597 

become severe and lasting, and there is no cumulative effect of internal micro-cracks and pores 598 

caused by early high temperatures. The variation law of pore volume obtained at the meso-scale is 599 

completely consistent with the micro-scale. 600 
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