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ABSTRACT 7 

This study aims to evaluate the influence of microstructural properties on the chloride diffusion 8 

resistance of alkali activated materials (AAMs) based on blast furnace slag and/or fly ash, with 9 

variable activator doses (represented as Na2O%). Resistance to chloride penetration was tested 10 

using ponding (NT BUILD 443) and chloride migration (NT BUILD 496) tests. Addition of slag 11 

to alkali activated mortars mainly based on fly ash reduced porosity and chloride permeability. 12 

Chloride permeability decreased with increasing Na2O%, but porosity and pore structure did not 13 

follow the same trend. The threshold (dth) and critical pore radius (rcrit) determined by mercury 14 

intrusion porosimetry had a good correlation with the chloride diffusion coefficient. The 15 

correlation between the quantification of reaction products and pore surface area indicated that 16 

physical chloride adsorption on the C-A-S-H/N-A-S-H gel surfaces predominated over chemical 17 

chloride binding. 18 

Keywords: Alkali-activated materials; chloride diffusion; chloride migration; microstructure; 19 

porosity; chloride binding capacity 20 
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1. INTRODUCTION 21 

Chloride ingress into reinforced concrete is a key parameter that determines the service life of 22 

concrete structures. In marine environments and/or when de-icing salts are used, chloride anions 23 

can penetrate by capillary absorption, hydrostatic pressure, migration, and/or diffusion. Chloride 24 

anions generally have little effect on concrete stability in terms of their interactions with hydrate 25 

products. However, when the anions penetrate to the embedded reinforcement, their 26 

accumulation can lead to steel corrosion. As a consequence of this corrosion, the pitting and loss 27 

of cross-section leads to weakening of the reinforcement, formation of expansive corrosion 28 

products can induce cracks in the concrete due to the higher volume of rust compared to non-29 

corroded steel, and the combination of these modes of damage may lead to a premature end of 30 

the service life of a reinforced concrete structure [1], as described by Tuuti [2]. Preventing and 31 

mitigating premature deterioration and repairing and maintaining infrastructure currently account 32 

for 3.4% of global GDP, especially in developed countries. These costs could increase 3-6 times 33 

by 2060 and represent a significant economic challenge [3].  34 

Chloride diffusion is the first parameter to be evaluated for corrosion protection and simulation 35 

of reinforced concrete service life [4]. It is well known that chloride diffusion depends on the 36 

permeability and chloride binding capacity (Pcb) of concrete. Chloride binding capacity is the 37 

ability of cement to remove Cl- anions from the pore solution and: i) chemically bind them by 38 

forming chloride-containing phases including Friedel’s and Kuzel’s salts, and ii) partially adsorb 39 

them physically on the outer surface of the high-surface area binding gel phases (e.g. calcium 40 

silicate hydrate (C-S-H) in the case of Portland cement), thus hindering diffusion deeper into the 41 

concrete [5,6]. In conventional cementitious binders, these parameters are mainly influenced by 42 
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the water-binder ratio, the chemical composition of the cement, and the presence of any 43 

supplementary cementitious materials (SCMs) [4,7]. 44 

The demand for durable building materials has become a compelling environmental issue due to 45 

the CO2 emissions associated with the production of ordinary Portland cement (OPC) for repair 46 

or replacement of damaged infrastructure. Alkali-activated materials (AAMs) based on fly ash 47 

and/or blast furnace slag can provide high durability properties at an emissions reduction level of 48 

up to 60% compared to Portland cement [8]. However, the knowledge of Cl- anion diffusion in 49 

AAMs is still limited, with various conflicting results existing in the literature, and findings from 50 

studies of OPC or even blended cements cannot be directly applied to AAMs because of the 51 

differences and complexity of this system. One of the main differences is the subordinate role of 52 

the water/binder ratio in defining chloride diffusion in AAMs compared to OPC, which has been 53 

demonstrated in several studies of AAMs [9–11].  54 

The type of aluminosilicate powder used as precursor is the most important parameter 55 

controlling the properties of AAMs. On this basis, AAMs can be divided into: i) high Ca 56 

systems, usually alkali-activated slag, in which the main reaction product is a calcium 57 

aluminosilicate hydrate (C-A-S-H) type gel, and ii) low Ca systems, usually alkali-activated fly 58 

ash or metakaolin, in which the main reaction product is a three-dimensional alkali 59 

aluminosilicate hydrate (N-A-S-H) type gel [12]. Alkali-activated slags have shown similar or 60 

lower chloride diffusion compared to OPC, mainly due to their finer porosity [10,11,13] and high 61 

tortuosity, which mainly comes from the C-A-S-H gel [14]. Moreover, hydrotalcite-type and 62 

zeolite-type phases that form within AAMs were identified as crucial hosts for the chemical 63 

incorporation of Cl- anions from the pore solution into the crystal lattice, analogous to the role of 64 
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Friedel's salt in OPC [15–18]. This chemical binding was found to provide a higher chloride 65 

binding capacity than could be provided by physical adsorption on C-A-S-H gel [19].  66 

Alkali activated fly ash has shown lower resistance to chloride diffusion compared to alkali 67 

activated slag due to its higher porosity [17,20,21]. Nevertheless, the three-dimensional structure 68 

of the N-A-S-H gel provides a higher binding capacity than the C-A-S-H gel due to its larger 69 

surface area [22–24]. In some studies, blended systems containing both alkali-activated fly ash 70 

and slag have shown higher chloride binding capacity [17], in addition to lower porosity [25].  71 

Another parameter of crucial importance in defining chloride transport in AAMs is the 72 

composition and concentration of alkali activators used, as they drastically affect the degree of 73 

reaction, and thus pore refinement and hydration products [26,27], which can lead to an increase 74 

in binding capacity [22,23]. Ye et al. [15] have shown that the use of a solid alkali activator 75 

based on 𝐶𝑂3
2− can yield a higher chloride binding capacity despite its relatively low reactivity. 76 

On the other hand, Na-silicate activation provides lower porosity and a more homogeneous 77 

paste, resulting in a lower chloride diffusion coefficient [28–30].  78 

One parameter that is still insufficiently studied is the microstructure of AAMs, especially the 79 

pore structure, and its influence on chloride transport in AAMs. The objective of this study is to 80 

evaluate the influence of the microstructure and chloride binding capacity (Pcb) of alkali-81 

activated mortars on their chloride transport properties. Three different AAM mortars were 82 

prepared with differing Ca contents by varying the blend of precursors (siliceous fly ash and 83 

ground granulated blast furnace slag), and for all three types of precursors mixes with three 84 

different doses of activator were prepared. Chloride diffusion was evaluated using standard 85 

methods of bulk diffusion (according to NT BUILD 443) and accelerated migration (according 86 

to NT BUILD 492). Microstructure of mortars was investigated using mercury intrusion 87 
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porosimetry (MIP), scanning electron microscopy (SEM), X-ray computed microtomography (μ-88 

CT), and X-ray powder diffraction (XRD). The results provide an overview of the predominant 89 

mechanisms affecting chloride diffusion, and insight into the reliability of the techniques 90 

developed for OPC when applied to testing chloride transport in alkali-activated materials. 91 

 92 

2. MATERIALS AND METHODS 93 

2.1. Materials 94 

A commercial ground granulated blast-furnace slag (BFS_E) supplied by Ecocem (Moerdijk, 95 

Netherlands), and a siliceous fly ash (FA_P) from coal-fired power plant supplied by Holcim 96 

(Plomin, Croatia) were used as solid precursors for mortar preparation. Table 1 shows the 97 

chemical compositions of the precursors (expressed as oxides), obtained by X-ray fluorescence 98 

spectroscopy. Figure 1 shows the X-ray diffraction pattern of the precursors, with 10% ZnO as 99 

internal standard. The amorphous content of the blast-furnace slag was 100%, while the fly ash 100 

contains 67.9% amorphous phases, 16.4% mullite (approximately Al2.17O4.89Si0.78), 14.6% quartz 101 

(SiO2), 2.4% anhydrite (CaSO4) and 1% magnetite (Fe3O4). The reactivity of these precursors 102 

obtained by the R3 test from RILEM TC 267-TRM is 824 J/g for BFE_E, and 300 J/g for FA_P 103 

[31].  104 

Table 1 Chemical composition of the precursor materials from XRF. 105 

Oxide 

composition 

(mass %) 

SiO2 Al2O3 Fe2O3 MnO TiO2 CaO MgO K2O Na2O SO3 

BFS_E 31.1 13.7 0.4 0.3 1.3 40.9 9.2 0.7 0 2.3 

FA_P 57.2 25.1 5.8 0.1 0.9 4.8 1.7 1.5 1.1 0.8 
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  106 

 107 

Figure 1 XRD patterns of the precursor materials. 108 

The particle size distribution (PSD) was determined using a Mastersizer 2000 instrument 109 

(Malvern Panalytical, Malvern, United Kingdom) with a wet laser diffraction procedure by 110 

dispersing the particles in isopropanol [32]. Table 2 shows the density, characteristic values of 111 

particle size distribution and pH of precursors obtained through a leaching method [33]. Figure 2 112 

shows the cumulative particle size distributions of the precursors. Fly ash shows a bimodal 113 

distribution with the majority of particles around 20-30 μm, while blast-furnace slag has finer 114 

particles, and the bulk of particles around 10 μm in size. Figure 3 shows examples of the particle 115 

morphologies from SEM-SE imaging. The blast-furnace slag shows angular and irregular 116 

particles, while the fly ash particles are characterized by a typically spherical shape.  117 

 118 
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 119 

Figure 2 Particle size distribution (PSD) of the precursor materials from laser diffraction. 120 

Table 2 Characteristic particle sizes, density and pH of the precursor materials. 121 

 
Dv,0.1, μm Dv,0.5, μm Dv,0.9, μm Density, g/cm3 pH 

BFS_E 1.32 4.90 10.61 2.89 11.03 

FA_P 0.63 11.50 54.22 2.40 12.24 

 122 

 123 

Figure 3 Micrographs (SEM-SE) of the precursor materials used. 124 
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The precursors were activated with sodium silicate Geosil 34417 supplied by Woellner 125 

(Ludwigshafen am Rhein, Germany), with Ms (molar ratio SiO2/Na2O) = 1.68, blended with 126 

12.5 M NaOH solution to reach the desired activator compositions. Technical grade sodium 127 

hydroxide pellets supplied by Grammol (Zagreb, Croatia) were dissolved in distilled water and 128 

mixed to prepare the NaOH solutions, which were allowed to cool for 24 h before mortar 129 

preparation. 130 

2.2. Sample preparation 131 

Table 3 summarizes the mix designs of the developed AAMs. Mixes are divided into three 132 

categories based on the precursors, to represent high-Ca (labelled SN, based on BFS_E), low-Ca 133 

(labelled FN, based on FA_P) and blended system (labelled BN, based on 50:50 BSF:FA). SN 134 

and FN systems are pure systems based respectively on blast furnace slag and fly ash, inspired 135 

by the mix designs of RILEM TC 247-DTA [34]; while BN is a blended system similar to SN 136 

with 50% blast furnace slag and 50% fly ash. For each category three mixes were developed with 137 

different Na2O%, maintaining a constant waterglass/NaOH ratio. Water/binder ratio was kept 138 

constant at 0.45 to achieve a suitable workability for sample casting. The study was performed at 139 

mortar scale. The aggregate was local dolomite sand with a particle size range of 0-4 mm. The 140 

aluminosilicate powder/aggregate ratio used was 0.33, and was kept constant in all mixes. 141 

AAMs were prepared according to the RILEM TC 247-DTA [34] recommendation: 142 

aluminosilicate powder and aggregate were mixed for 60 sec, and then again for 6 min while 143 

continuously adding activators and water (from the denser solution to the less dense); the mixing 144 

was paused for 60 s and then the mixture was mixed faster for 2 min. Samples were demolded 145 

after one day of covered curing and were then sealed cured until the time of testing, by tightly 146 
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wrapping them with plastic film to prevent carbonation, efflorescence formation and moisture 147 

loss. 148 

Table 3 Mix designs of the mortars developed in this study.  149 

Mass 

(%) 
SN3 SN5 SN7 BN3 BN5 BN7 FN5 FN7 FN9 

BFS_E 87.7 81.9 76.5 41.1 38.4 35.8 - - - 

FA_P - - - 46.6 43.5 40.6 79.3 73.2 68.7 

NaOH* 7 10.3 13.5 7 10.3 13.5 5.1 6.6 7.7 

WG* 5.3 7.7 10.1 5.2 7.7 10.1 15.5 20.1 23.5 

SS/SH 0.66 0.66 0.66 0.66 0.66 0.66 2.71 2.71 2.71 

*The activator content refers to the sum of liquid and solid components 

 150 

2.3. Methods  151 

2.3.1. Mortar characterization  152 

The consistence of mortars was measured by a flow table test according to the standard EN 153 

1015-3 [35]. The air content was measured by pressure methods according to the standard EN 154 

1015-7 [36]. The consistence and the air content tests were conducted immediately after mixing 155 

at 20°C. Compressive strength was determined on three 4 × 4 × 16 cm prisms per mix after 7 and 156 

28 days with a loading rate of 2400 N/s, according to the protocols described in EN 196-1 157 

adapted to the analysis of the mortar specimens described in section 2.2 [37]. 158 

2.3.2. Chloride diffusion and pH 159 

The resistance of alkali-activated mortar against chloride ingress was measured according to NT 160 

BUILD 497 [38] and NT BUILD 443 [39]. The fresh mortar was cast into ∅100 × 200 mm 161 

cylinders. After 28 days of sealed curing, the electrical resistivity of the mortar was measured on 162 

the side surface of the cylinder using the Wenner probe, after which the samples were cut into 3 163 

discs of ∅100 × 50 mm, eliminating the top and bottom sections of each cylinder.  164 
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The non-steady-state chloride migration testing was conducted on three specimens per mix after 165 

vacuum treatment with saturated Ca(OH)2 solution, using a PROOVE’it instrument (Germann 166 

Instruments, Copenhagen, Denmark) with 0.3 N NaOH as anolyte solution and 2 N NaCl as 167 

catholyte solution. the specimens were exposed to a constant voltage of 30 V for few seconds to 168 

adjust the voltage and exposure time base on mortar resistivity. The test was carried out applying 169 

a constant voltage of 40 V for BN3 and SN3 for 24h and 10 V in FN9 for 6h, as described in NT 170 

BUILD 497. At the end of the test duration, the specimens were axially split and 0.1 M AgNO3 171 

solution was sprayed on the fresh surface. The chloride penetration depth was measured from the 172 

visible white silver chloride precipitation (AgCl) when chloride is present in sufficient quantities 173 

(otherwise there is the precipitation of brown Ag2O), after which the standard defines that the 174 

chloride migration coefficient can be calculated using an integrated form of the Nernst–Planck 175 

equation: 176 

𝐷𝑛𝑠𝑠𝑚 =
0.0239 ∙ (273 + 𝑇 ∙ 𝐿)

(𝑈 − 2) ∙ 𝑡
∙ (𝑥𝑑 − 0.0238 ∙ √

(237 + 𝑇) ∙ 𝐿 ∙ 𝑥𝑑
𝑈 − 2

) (1) 

where Dnssm is the chloride migration coefficient in ×10−12 m2/s, U is the applied voltage in V, T 177 

is the average of the initial and final temperature in °C, L is the thickness of the sample in mm, xd 178 

is the average penetration depth in mm, and t is the test duration in h.  179 

An important parameter for this test is the chloride concentration at which the colour changes 180 

(cd). The NT BUILD 492 recommends a value of 0.07 N as cd for OPC concretes. However, for 181 

AAMs cd = 0.21 was applied [40] to take into account the higher concentration of hydroxide ions 182 

(i.e., higher pH value) usually present in these systems, which changes the reaction equilibria 183 

that result in formation of AgCl or Ag2O, and thus also influences the concentration of chloride 184 
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ions at the critical point (visible penetration front) which is taken as cd. Thus, the fact that alkali-185 

activated materials have a different chemistry of pore solution, which is not considered in the NT 186 

BUILD 492 method, is accommodated by a difference in the cd parameter. 187 

The accelerated chloride penetration testing according to NT BUILD 443 was performed on 188 

three specimens per mix by immersing them in 165 g/L NaCl solution. Before exposure to 189 

chloride solution, samples were vacuum treated in saturated Ca(OH)2 solution and coated with 190 

thin epoxy layer leaving one face free to allow unidimensional chloride ingress. At the end of 35 191 

days of exposure, the grinding was performed with a Germann Instruments Profile Grinder 192 

(Copenhagen, Denmark). The total (acid-soluble) and the free chloride (water-soluble) were 193 

calculated from the powder extracted at different depths, to estimate the apparent chloride 194 

diffusion coefficient (Da) as average of two specimens per mix. Additionally, pH was measured 195 

to evaluate the leaching effect.   196 

The total chloride was measured according to EN 14629 [41]: 5 g of powder were dissolved into 197 

100 mL of distilled water and stirred to remove any lumps. Then, 10 mL of 5 M HNO3 acid 198 

solution and 4 drops of H2O2 (to avoid contributions from reduced sulfur species) were added 199 

and continuously stirred and heated until boiling. Total chloride content was measured by 0.1 M 200 

AgNO3 titration using a TitroLine 5000 (SI Analytics) with the equivalent point method. The 201 

chloride content was calculated using Eq. 2: 202 

𝐶𝑙,% =
3.545 ∙ [(𝑉1 − 𝑉2) ∙ 𝑁]

𝑊
 (2) 

where V1 is the volume (mL) of 0.1 N AgNO3 solution used for sample titration, V2 is the volume 203 

(mL) of 0.1 N AgNO3 solution used for blank titration, N is the exact normality of the 0.1 N 204 
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AgNO3 solution used, and W is the mass of sample in g. The chloride profile of each sample was 205 

then plotted, to be used for apparent chloride diffusion coefficient determination.  206 

For determination of water soluble chloride, 3 g of powder were dispersed into 30 mL of distilled 207 

water and stirred and heated until boiling. After boiling, the samples were stored at 20 ± 1 °C for 208 

24 h and then vacuum filtered using Ahlstrom-Munksjö (Helsinki, Finland) filter papers with a 209 

pore size of 3-2 μm in a Buchner funnel and suctioned filtration flask. The filter paper, funnel 210 

and flask were rinsed with distilled water. The final solution was dissolved into 80 mL of 211 

distilled water, 2 mL of 5 M HNO3 solution and 1 mL of H2O2, while it was continuously stirred. 212 

Then, the chloride content of solution was measured according to the protocols of EN 14629 213 

[41]. 214 

The apparent chloride diffusion was obtained by fitting Eq. (3) to the plotted acid-soluble 215 

chloride profiles by means of a non-linear regression analysis using the method of least squares.  216 

where C (x,t) is the chloride concentration measured at depth x and exposure time t in mass %, Cs 217 

is the chloride concentration in mass % at the exposure surface (boundary condition) that is 218 

determined by the regression analysis, Ci is the initial chloride concentration of the concrete 219 

sample at time t = 0 in mass %, x is the depth below the exposed surface in m, t is the exposure 220 

time in seconds, Da is the apparent diffusion coefficient in m2/s, and erf denotes the error 221 

function described in Eq. (4). 222 

𝑒𝑟𝑓(𝑧) =
2

𝜋
∫ 𝑒𝑥𝑝(−𝑢2)𝑑𝑢
𝑧

0

 (4) 

𝐶(𝑥, 𝑡) = 𝐶𝑠 − (𝐶𝑠 − 𝐶𝑖) ∙ 𝑒𝑟𝑓 (
𝑥

√4 ∙ 𝐷𝑎 ∙ 𝑡
) (3) 
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The pH was measured through the ex-situ leaching by dissolving 3 g of powdered mortar in 30 223 

mL of distilled water. The solution was stirred during the first 5 min and then stored at 20 ± 1 °C 224 

for 24 h and then vacuum filtered using Ahlstrom-Munksjö (Helsinki, Finland) filter papers with 225 

a pore size of 3-2 μm in a Buchner funnel and suctioned filtration flask. The pH was measured 226 

with Lab 850 SCHOOTT Instrument (Hattenbergstr, Germany). The pH of the obtained leachate 227 

solution was deemed to be an approximation of the pH of the mortar pore solution, based on the 228 

experience of Räsänen and Penttala [33]. However, leaching of powder likely underestimates 229 

hydroxide ion concentration because of the dilution effect and the absence of buffer effect from 230 

the absence of Ca(OH)2 in AAMs [42]. Nevertheless, in the present study this approximated 231 

value was used as a relative, rather than absolute value, to follow the trend of pH between 232 

different systems and during exposure to chlorides. 233 

2.3.3. Microstructural characterization 234 

X-ray diffraction (XRD) analysis was applied to paste specimens with same binder mix design as 235 

the mortars, and exposed to the same environmental conditions. The paste was finely ground in 236 

an agate mortar. The powder was mixed with ZnO used as internal standard for amorphous phase 237 

quantification with a ratio of 9:1, and placed in a front-loading sample holder. Data were 238 

collected using a Bruker D8 DISCOVER diffractometer (Billerica, USA) with Cu-Kα radiation 239 

generated at 40 mA and 45 kV. Specimens were scanned from 5 to 55° 2θ at a step size of 0.2° 240 

2θ. The scan results were interpreted using the software Highscore Plus for phase identification. 241 

Phase quantification was carried out with the Rietveld method using ZnO as internal standard.  242 

Mercury Intrusion Porosimetry (MIP) was used to provide information regarding the pore size 243 

distribution and pore volume of the mortars and surface area, in the pore size range from 360 to 244 

0.006 µm [43]. MIP tests were performed on samples of approximately 1.5 cm3. The specimens 245 
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were crushed in small pieces and immersed in isopropanol, and after 7 days they were vacuum 246 

dried. An Autopore IV 9505 instrument was used for the MIP measurement, with a maximum 247 

pressure of 208 MPa. The pore diameter was derived using Washburn’s law (Eq. 5): 248 

where D is the pore diameter (µm), θ is the contact angle between the fluid and the pore mouth 249 

(130°) [44], γ is the surface tension of the fluid (485 mN/m) [32], and P is the applied pressure to 250 

fill up the pore with mercury (MPa). The data obtained from MIP were used to determinate total 251 

porosity, effective porosity, critical pore radius entry (rcrit) and threshold pore entry radius (dth), 252 

Figure 3. 253 

The total porosity is quantified from the maximum intrusion, and the effective porosity was 254 

determined by the difference between the total intruded and extruded Hg to avoid the "ink-255 

bottle" effect and  overestimation of finer pores [45,46].  256 

The threshold pore entry radius (rth) was obtained through the tangent method, where rth is the 257 

minimum radius that is geometrically continuous throughout the whole sample, graphically 258 

obtained as the intersection between the two tangents drawn to the cumulative curve [32]. 259 

According to the cumulative curve shape obtained in most of the samples, it is possible to use the 260 

tangent method to identify two different rth values: a primary rth indicated as rth,1, which 261 

represents the first percolation process; and a secondary rth indicated as rth,2, which represents the 262 

virtual size after the second percolation process has been reached. This secondary threshold 263 

diameter provides information about the presence of choke points [47]. However, the critical 264 

pore radius entry (rcrit) is preferred to rth because it is mathematically calculated by the inflection 265 

𝐷 =
(−4 cos 𝜃) ∙ 𝛾

𝑃
 (5) 
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point of the main intrusion step and it is the pore size where the steepest slope of the cumulative 266 

intrusion curve is recorded [32].  267 

 268 

Figure 3 Graphical representation of total porosity, ink-bottle porosity, effective porosity, and 269 

critical pore radius. The line connecting points A-C is the Hg intrusion curve, and the line 270 

connecting points C-D is the Hg extrusion curve.  271 

Microstructural analysis was performed using a Mira II LMU scanning electron microscope 272 

(SEM). The specimens were cold mounted in resin EpoFix under vacuum. After 24h, specimens 273 

were manually ground with 400, 600, 800 and 1200 grit papers. The resulting surfaces were then 274 

polished using 9, 3 and 1 μm diamond suspensions. The polished samples were Cr-coated ot 275 

prevent charging. 276 

X-ray computed microtomography analysis was performed using an Xradia MicroXCT-400 277 

(Xradia, Pleasanton, California, U.S.), on a randomly selected fragment of material representing 278 

the bulk mortar sample. The X-rays were generated at 60 kV and 100 μA, for all the samples. 279 

Using a high precision rotating stage, 986 projection images were taken from different points of 280 

view (recorded at different angles during stepwise rotation between 0° and 360° around the 281 

vertical axis) with an exposure time of 5 s per projection. Beam hardening was reduced by the 282 
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presence of an LE#1 filter (removing low-energy X-rays) between the source and the detector. 283 

The transmitted images were then detected by an X-ray image detector which consisted of a 284 

CCD camera equipped with a 10× magnification optical objective. The pixel resolution under 285 

these conditions was between 1.79 and 2.35 μm, depending on the sample. The tomographic 286 

reconstruction was performed using XMReconstructor software. Using the stack of slices 287 

obtained in this way it was possible to define the reconstructed volumetric data of the scanned 288 

object. Avizo Inspect 3D (version 2019.1) analysis software was used for pore segmentation, 289 

quantification, distribution, and visualization of the internal structure. ImageJ 3D was used for 290 

pore segmentation, and surface area quantification.  291 

The porosity determination was performed on 3D slice views (planes, XZ, XY and YZ). With 292 

appropriate image segmentation, which was based on hysteresis thresholding, the specimen was 293 

segmented from the voxel intensity histogram of the greyscale image. The white and grey voxels 294 

represent the reaction products, anhydrous aluminosilicate powder and aggregate, and the black 295 

voxels are the pores and cracks [48]. The samples were analyzed using two different software 296 

platforms for 3D analysis. Firstly, AVIZO 3D was used to segment the picture base on the grey 297 

level, applying a watershed to the binary images in order to separate visually the pores from the 298 

matrix and aggregate. The term ‘‘watershed’’ comes from the analogy in which the grayscale 299 

image is treated as a topographic surface, i.e. the pixel (or voxel) intensity corresponds to the 300 

height of the point map [49]. Secondly, the binary images were filtered using a median filter to 301 

flatten the picture and remove discoloration, using ImageJ 3D. After this, the pores were 302 

separated from the matrix and the aggregates, using thresholding based on the grey level [50]. 303 

 304 
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3. RESULTS  305 

3.1. Mortar characterization 306 

Table 4 shows the fresh and mechanical properties of the mortars. These alkali-activated mortars 307 

exhibited a consistency greater than 115 mm in the flow table test, and the consistency increased 308 

proportionally with the activator content, since the higher pH of the solution leads to an increase 309 

in the initial dissolution and the silicate constituent of the activator also has a plasticizing effect 310 

[10,51]. For systems containing fly ash (BN and FN), the air content also increased with 311 

increasing activator content, while for slag-based systems (SN), the air content decreased with 312 

increasing activator content. Compressive strength increased with increasing curing time and 313 

activator content in SN and FN systems, while blended systems showed no evident differences 314 

with different activator contents, contrary to the results in the literature [10,52]. When moving 315 

from a high Ca system to a low Ca system, the overall compressive strength decreased, as has 316 

already been shown [53], due to the lower reactivity of fly ash than slag. 317 

Table 4 The fresh and mechanical properties of the mortars tested.  318 

Mix Consistency 

(mm) 

Wet density 

(kg/m3) 
Air (%) 

Compressive strength (MPa) 

7 Days 28 Days 

SN3 165 2299 2.8 36.0 ±1.3 47.7 ±0.8 

SN5 198 2310 2.4 33.2 ±2.0 49.0 ±2.0 

SN7 253 2323 2.0 45.0 ±0.5 54.9 ±1.4 

BN3 115 2257 2.1 24.5 ±0.1 38.0 ±0.9 

BN5 175 2260 2.4 24.6 ±0.1 38.4 ±1.5 

BN7 245 2251 2.5 26.5 ±0.5 39.9 ±0.4 

FN5 228 2221 2.4 0.2 ±0.2 6.0 ±0.6 

FN7 265 2200 2.6 0.3 ±0 15.4 ±0.3 

FN9 300 2149 2.8 5.3 ±2.5 25.9 ±3.0 

3.2. Chloride diffusion, chloride and pH profiles 319 

Figure 4 shows the profiles of total chloride content after 35 days of exposure to a 16.5% NaCl 320 

solution. SN and BN samples showed a similar trend, where chloride decreased dramatically in 321 
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the first 10 mm depth after a high chloride concentration was calculated at the surface (Cs). In 322 

contrast, the low Ca FN systems showed a more homogeneous and uniform chloride distribution 323 

across the profile to 20-25 mm and a smaller difference between the chloride content at the 324 

surface (Cs) and the deeper layers. The free chloride content profiles showed a similar trend to 325 

the total chloride content, but with visibly lower concentrations. The chloride concentration 326 

reaches 0% at 5 mm depth in almost all mortars containing slags. 327 

Figure 4 also shows the pH profiles of the mortar samples tested after chloride exposure, as well 328 

as the initial pH after 28 days of curing before chloride exposure (indicated by a green dot 329 

symbol). The pH provides information on the leaching of the pore fluid and/or binder 330 

constituents from the mortar under the exposure conditions. Despite the short exposure period 331 

(only 5 weeks) and the pretreatment of the mortar (saturation with Ca(OH)2 solution), all systems 332 

showed a pH drop at the surface after exposure to chlorides, which can be attributed to loss of 333 

pore solution alkalinity due to the aqueous exposure [10,54]. The depth of the leached zone was 334 

between 5 and 7 mm for SN and BN samples. At depths beyond this, the pH stabilized and 335 

reached a value comparable to the pH before aqueous exposure, or even higher for some of the 336 

SN samples. In FN samples, no distinct leached zone was apparent from the pH profiles in 337 

Figure 4 within the first 25 mm, but it is entirely possible (considering the relatively low 338 

measured pH values) that this entire region has in fact been partially leached during the test.  339 

Overall, the pH before and after aqueous exposure increased with increasing Na2O%. However, 340 

FN samples showed a greater pH decrease after the ponding time compared to SNs and BNs, 341 

indicating a greater sensitivity of the low Ca systems to the leaching of the pore solution. 342 
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 343 

Figure 4 Total (red dots) and free (blue crosses) chloride profiles with fitting curve, pH profiles 344 

(yellow squares) of alkali-activated mortars after ponding and pH at 28 days before ponding 345 

(green dots and dotted line). 346 

The accelerated chloride diffusion coefficient (Da) was determined by measuring total chloride 347 

(acid soluble method). Table 5 summarizes the results of fitting Eq. 3 to the data shown in Figure 348 

4 by means of a non-linear regression analysis using the method of least squares, omitting the 349 

chloride content determined from the exposure surface layer in the regression analysis. The 350 

results show that the activator content and the type of precursor affected the resistance to 351 

chloride ingress. Increasing the activator content hindered chloride ingress, samples containing 352 

blast furnace slag behave similarly while the low Ca systems resulted in low resistance to 353 

chloride ingress, consistent with previously reported results for blended slag-fly ash AAMs at 354 

different ratios [53]. The apparent chloride diffusion coefficient for high- and moderate-calcium 355 
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AAMs was low compared to a conventional OPC concrete with similar water-solid ratio [11,55]. 356 

The high diffusion coefficient of FNs is mainly due to the low amorphous content of FA_P and 357 

the consequent lower reactivity, as well as the lack of space-filling character of the N-A-S-H gel 358 

that forms as a reaction product, resulting in a more permeable system [56]. 359 

Table 5 Surface resistivity and chloride diffusion coefficient according to NT BUILD 443 and 360 

492 after 28 days.  361 

Mix 

NT BUILD 443 NT BUILD 492 
Surface 

resistivity 

Da
 

Cs (%) 
Dnssm 

(kΩ·cm) 
(10-12 m2/s) (10-12 m2/s) 

SN3 7.2 1.51 1.6 ± 0.3 57.6 

SN5 3.0 0.98 1.3 ± 0.2 36.6 

SN7 2.5 0.82 0.6 ± 0.2 27.6 

BN3 8.2 1.3 2.2 ± 0.5 76.6 

BN5 7.0 0.93 1.4 ± 0.4 57 

BN7 6.0 1.08 0.7 ± 0.07 37.3 

FN5 53 1.58 - 5.8 

FN7 40 0.75 176 ± 25 5.1 

FN9 23 0.73 174 ± 9 2.9 

 362 

Figure 5a shows the correlations between the apparent chloride diffusion coefficient and the non-363 

steady-state migration coefficient for alkali-activated mortars studied. Although the results 364 

indicate a similar trend, it is not possible to define a precise correlation between these two tests 365 

applied to AAMs with different precursors, as previously shown [53,56,57]. The data from the 366 

accelerated NT BUILD 492 test underestimated chloride diffusion for high and medium- Ca 367 

systems and overestimated it for low- Ca systems, compared to the ponding test. This 368 

underestimation is in contrast to literature results for OPC and other cementitious systems, where 369 

NT BUILD 492 generally overestimated chloride diffusion compared to ponding [7]. In any 370 

case, RILEM TC 247-DTA [56] has already reported unclear correlation for alkali-activated 371 
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materials between diffusion coefficient obtained according to the NT BUILD 443 and migration 372 

coefficient obtained according to the NT BUILD 492.  373 

Figure 5b shows the correlations between the apparent chloride diffusion coefficient and surface 374 

resistivity. Surface resistivity has already shown good correlation with sorptivity of the alkali-375 

activated mortar [53], and the more highly permeable FN samples do show a low resistivity as 376 

expected. However, for the Ca-richer samples (SN and BN series), increased Na2O content 377 

reduced surface resistivity in all systems, while also reducing the Da. This trend may be 378 

connected to the different chemical composition of the pore solution in AAMs. Indeed, Lloyd et 379 

al. [58] demonstrated that the pore solution of AAMs showed higher concentrations of alkali 380 

(Na+ , K+) and OH- anions than OPC, which depends on activator content. The higher content of 381 

alkali and OH- anions (visible in this study through the higher pH values presented in Figure 4) 382 

may increase the conductivity of the pore solution. In fact, low Ca systems showed lower 383 

resistivity compared to high Ca systems due to the faster consumption of alkali in the reaction 384 

process at lower calcium content [59]. Thus, the trend in resistivity is contrary to the accepted 385 

correlation for OPC and blended systems from the literature [7,60], suggesting that in the case of 386 

AAMs, porosity, pore interconnectivity, and chloride binding capacity have a greater effect on 387 

preventing chloride diffusion than the chemical composition of the pore solution [7]. Moreover, 388 

the results show that a clear correlation between Ca content and surface resistivity is not 389 

possible.  390 
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 391 

Figure 5 Correlations between measured transport parameters: (A) non-steady state migration 392 

coefficient vs. apparent chloride diffusion coefficient; (B) surface resistivity vs apparent chloride 393 

diffusion coefficient. 394 

3.3. Microstructural characterization 395 

Figures 6A-F show the cumulative and differential curves of alkali-activated mortars after 28 396 

days of curing, as determined by MIP. From the cumulative curve, it is possible to divide the 397 

porosity into three different groups based on the pore size distribution, based on previous 398 

observation in AAMs [20,46]: gel pores below 0.015 µm (which have no effect on permeability), 399 

capillary pores between 0.015 and 1 µm (which affect fluid permeability and mechanical 400 

properties [61]), and macropores with a radius ≥1 µm, which mainly affect mechanical properties 401 

[62]. The content of each pore group is summarized in Table 6, while Table 7 shows the 402 

threshold pore radius (rth) and the critical pore radius entry (rcrit).  403 
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 404 

Figure 6 Pore size distribution cumulative curve and pore size distribution differential curve at 405 

28 days of mortar samples tested: alkali-activated slag (A and B), alkali-activated slag-fly ash (C 406 

and D) andand alkali-activated fly ash (E and F). Note that for alkali-activated fly ash, the scale 407 

of y-axis is bigger because of the bigger porosity in these systems.  408 
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Table 6 Porosity and pore size distribution parameters calculated from MIP data for alkali-410 

activated mortars at 28 days. 411 

Mix 

Total 

Porosity 

(%) 

Effective 

Porosity 

(%) 

Surface 

area  

(m2/g) 

Gel pores  

≤15 nm 

(%) 

Capillary pores  

0.015-1 μm 

(%) 

Macropores 

≥1 µm 

(%) 

SN3 4.6 1.4 7.9 0.7 1 2.9 

SN5 6 1.8 13.9 1.0 2.6 2.4 

SN7 5.9 1.2 9.1 0.5 1.6 3.7 

BN3 18.2 1.3 34.2 2.7 8.9 6.6 

BN5 16.5 1.6 29.3 2.0 10.9 3.6 

BN7 14.8 1.8 26.4 1.8 10.1 2.9 

FN5 29.2 5 1.5 0.0 7.2 22 

FN7 18.9 2.6 12.6 6.6 10.5 1.8 

FN9 14 3.1 12.5 1.2 4.5 8.3 

 412 

The alkali-activated slags (SN series) always had a measured porosity of less than 6%, and most 413 

pores are in the capillary and macropore range, as confirmed by Figure 6A-B. Moreover, the SN 414 

series show no evident correlation between activator content and porosity. In fact, SN3 has a 415 

lower porosity than SN5 and SN7. In SN3 and SN7, almost 50% of the pores are in the 416 

macropore range, while SN5 has fewer macropores and more capillary pores. The porosity trend 417 

was also confirmed by the rth values in Table 7, while rcrit decreases with increasing Na2O 418 

content.  419 

  420 
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Table 7 The critical pore entry radius and threshold pores of the gel and the capillary pores in 421 

alkali-activated mortars at 28 days. 422 

Mix 

Critical pore entry radius, 

rcrit (nm) 

Threshold pore radius,  

rth (nm) 

Gel pores Capillary pores Gel pores Capillary pores 

SN3 29.4 - 18 - 

SN5 23.7 - 28 - 

SN7 10.8 - 10 - 

BN3 45.4 2322.9 50 2350 

BN5 56.6 494.6 80 1050 

BN7 57.1 393 90 760 

FN5 - 2894.9 - 2500 

FN7 45.4 3440.1 61 2850 

FN9 19.1 3427.4 24 3600 

 423 

Alkali-activated fly ash and blended slag-fly ash systems show double peaks in the differential 424 

curves in Figure 6d and 6f. This curve shape indicates the presence of a ‘choke point’, where 425 

flattening of the differential curve followed by a steep rise indicates that a relatively high 426 

pressure rise was needed to fill a certain pore size range, while alkali-activated slag systems 427 

showed only one peak from where it was possible to calculate rth and rcrit [47]. For this reason, 428 

Table 7 shows only one rcrit and rdt for AAS, individuated int the range of gel pores. After the 429 

pressure rise, some large pores with narrow throats may be filled and mistakenly estimated to be 430 

finer due to the non-homogeneous pore connections. Indeed, pores in cementitious binders are 431 

heterogeneous and irregularly connected: mercury reaches the pores in the interior of the sample 432 

through a sequence of intermediate pores of different sizes and shapes, which can lead to 433 

underestimation of the pore size distribution [63]. This behavior is also described as the ‘ink-434 

bottle effect’ and represents a biggest limitation of MIP in cementitious materials. In any case, 435 

the first peak was located between 0.3 and 3 μm, the second one below 0.1 μm (Figures 6C-F).  436 
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In the BN series of samples, the peak depth, representing the amount of pores, increased with 437 

increasing Na2O content, and the width reduced. Indeed, the position of first peak was moved to 438 

smaller pore size with higher Na2O%, while the second peak showed the opposite behavior 439 

(Figure 6C-D). This variation is additionally confirmed by the threshold pore radius (Table 7). In 440 

the FN samples, the first and the second peaks have more similar trend to the blended systems 441 

(Figure 6E-F). In both systems, increasing Na2O% content caused the reduction in porosity, as 442 

expected due to the higher extent of reaction of the fly ash. However, the effective porosity 443 

revealed the opposite behavior due to the high ‘ink-bottle effect’ produced by fly ash particle 444 

dissolution. The low rise in porosity after 1 μm in FN5 may be connected to the fracture of 445 

sample during mercury intrusion because of the low strength of mortar. 446 

Porosity was additionally analyzed by µCT on 3D slice views (planes, XZ, XY, and YZ) with 447 

appropriate image segmentation, Table 8 (images shown in Appendix A). Here it needs to be 448 

highlighted that the data presented were obtained from a single sample per specimen, which 449 

induces approximation because of the heterogeneity of materials and the variability of resolution 450 

(in particular for BN7). It is therefore that the results presented in Table 8 are given as a first 451 

approximation of the porosity detectable by used experimental setup. Only pores with sizes well 452 

in excess of 1 m are measurable by this setup of the technique. In any case, despite their high 453 

compressive strengths, SN samples exhibited cracks throughout the specimens (data shown in 454 

Appendix A), developed probably during the sample extraction through wire cutters, similar to 455 

FN9 (FN9 is shown in Figure 7). Porosity was identified below 0.06% and 0.002%, excluding 456 

cracks. The pores identified in SN5 and SN7 were isolated pores. BN showed isolated pores with 457 

spherical shape and circularity level higher than 0.84, considered as air bubbles incorporated 458 

during the first steps of reaction. Moving from BN3 to BN7, the total porosity increased due to 459 
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the higher degree of reaction of the more alkaline system. In fact, the higher pH of BN7 460 

dissolved a larger amount of fly ash, leaving empty pores from the spherical shape. However, 461 

many pores from fly ash may be unreacted empty fly ash particles, and this may justify the high 462 

level of circularity. The majority of the pores were either isolated, or communicate with the 463 

external surface only via smaller pores that are not detected by µ-CT. Therefore, the results from 464 

µCT could be used in part to explain the results of MIP and provide information about the 'ink 465 

bottle effect'.  466 

Table 8 Microstructural properties extracted from samples scanned by micro-CT.  467 

Mix 
Resolution 

(μm) 

Measured Pore 

volume (%) 

Total Cracks 

(%) 

Pore 

perimeter 

(μm) 

Circularity 

(-) 

SN3 1.79 - 0.06 6.5 0.7 ± 0.05 

SN5 1.76 0.002 0.048 2.8 0.8 ± 0.03 

SN7 1.76 0.002 0.048 3.9 0.78 ± 0.02 

BN3 1.73 1.5 - 22.3 0.93 ± 0.01 

BN5 1.66 1.9 - 20.9 0.92 ± 0.02 

BN7 2.35 3.8 - 9.9 0.84 ± 0.02 

FN9 1.76 0.9 0.45 24.1 0.81 ± 0.02 

 468 

Figure 7 shows the pore size distributions of the pores observable in BN3 and BN7 systems.. As 469 

the Na2O% content in BNs increased, the average pore size became larger as the higher Na2O% 470 

concentration increased the dissolution rate of the cenosphere particles. The results from µCT 471 

analysis show the opposite trend compared to MIP results in the same range of pores, but the 472 

overall porosity was coherent with the effective porosity of MIP.  473 
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 474 

 475 

Figure 7 Total scanned mortar volume by micro-CT and model of pores for BN3 with resolution 476 

3.61 µm (top images) and total scanned mortar volume by micro-CT and model of pores for BN7 477 

with resolution 2.35 µm (bottom images) 478 

Microstructural characterization was also performed using SEM/EDS after 28 days of curing. 479 

The microscopic images in Figure 8 show a comparison of the mortars made from alkali-480 

activated slag-fly ash blends BN3 and BN7 (top images A-D) and alkali-activated slag SN3 an 481 

SN7 (bottom images E-H). The BN systems (Figure 8 A-D) are characterized by a matrix based 482 

on C-A-S-H and N-A-S-H gel surrounded by irregular angular particles of unreacted slag, ~20-483 

30 µm in size, and spherical particles of fly ash: smaller particles with a diameter of < 10 µm and 484 

BN3 

BN7 
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larger particles with a diameter of > 20 µm. The pores are largely located within partially porous 485 

fly ash particles including cenospheres, which can be recognized by their spherical shape, and for 486 

this reason are considered as isolated or without connection to the outer surface.  487 

In the alkali-activated slag SN samples, the only visible particles in the binder regions of Figure 488 

8 (E-H) are the angular, irregular, unreacted slag grains surrounded by a matrix based on C-A-S-489 

H gel. The alkali-activated slag has a higher density than the fly ash-slag (BN) binder, and the 490 

only visible pores were caused by the air entrapped during mixing. The interfacial transition zone 491 

(ITZ) between the aggregate and the paste, as seen in Figure 8 (B, D, F, H) appears 492 

homogeneous and generally has no evident large pores or cracks. 493 

 494 

Figure 8 Micrographs of alkali-activated mortars based on slag and fly ash-slag blend: BN3 (A, 495 

B), BN7 (C, D), SN3 (E, F) and SN7 (G, H). 496 

Figure 9 and Table 9 show the XRD patterns and mineralogical compositions of the alkali-497 

activated pastes after 28 days of curing and 35 days of ponding. The amorphous fraction 498 
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represented the major component in all systems and increased with Na2O% increase. The FN 499 

samples consisted of quartz, mullite, and magnetite as unreacted components of the fly ash, 500 

while the amorphous phase content increased during curing due to the reaction of the 501 

aluminosilicate powder and precipitation of N-A-S-H gel, the main component responsible for 502 

both mechanical performance and chloride binding in these samples. On the other hand, systems 503 

with high and medium Ca content showed a higher amorphous fraction originating from the blast 504 

furnace slag and a weak peak of hydrotalcite, which together with the strength-giving C-A-S-H 505 

gel, plays a crucial role in the chemical binding of chlorides [16,17,64]. These results are 506 

consistent with the body of literature indicating that chemical binding of chlorides in high-Ca 507 

AAM systems is linked to hydrotalcite precipitation [16,29], while low-Ca AAMs were only 508 

characterized by chloride adsorption at the N-A-S-H gel surface [17]. 509 

Table 9 Mineralogical composition of alkali-activated paste after 35 days of ponding in 16.5% 510 

NaCl solution.  511 

Reaction 

products (%wt.) 
SN3 SN5 SN7 BN3 BN5 BN7 FN5 FN7 FN9 

Calcite 10.4 8.7 8.1 11.2 9.5 7 - - - 

Hydrotalcite 3.3 5.1 5.3 <1 1 1 - - - 

Mullite - - - 9.3 10.6 9.5 17.3 15 11. 

Quartz - - - 6.4 6.3 5.3 9.3 9.5 9 

Magnetite - - - <1 <1 <1 <1 <1 <1 

Amorphous 84.7 84.3 84.4 72.4 72.9 77.5 72.4 73.5 78.5 
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 512 

Figure 9 XRD pattern alkali-activated paste after 35 days of ponding in 16.5% NaCl solution 513 

with 10% of ZnO as internal standard. 514 

4. DISCUSSION 515 

4.1. Impact of Na2O concentration on microstructure and chloride binding capacity of 516 

AAMs 517 

Alkali concentration (Na2O%) affects C-A-S-H/N-A-S-H gel precipitation and composition. All 518 

mortars studied in this research showed a decrease in chloride diffusion coefficient with 519 

increasing Na2O content. With increasing sodium content, the dissolution rate of the 520 

aluminosilicate powder is facilitated and the precipitation of the reaction products is accelerated, 521 

leading to a refinement of the pores [65,66]. Consequently, the density of fresh AAMs increases 522 

[67] and the chloride diffusion coefficient decreases [68–70]. Moreover, the chloride binding 523 

capacity increases with the increase of Na2O content, because this increase in the dose of the 524 

activator leads to an increase in the longer-term degree of reaction, and thus in the gel content, 525 

giving opportunities for greater surface adsorption [22].  526 
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In support of this line of reasoning, Figure 10a shows the percentage of bound chlorides (Clb) in 527 

each mortar sample tested here, calculated as the difference between total (Cltot) and free 528 

chlorides (Clfree) per total chloride content. The data show a visible increase in bound chloride 529 

with an increase in Na2O% content. The systems with medium Ca content (BN) showed a higher 530 

capacity to bind chlorides, which can be attributed to the high chemical binding effect of the 531 

slag-derived hydrotalcite, and the coexistence of C-A-S-H and N-A-S-H gel in blended systems 532 

[71], which provide a larger surface area for physical chloride adsorption [17]. However, the 533 

effect of Na2O content on chloride diffusion is not entirely clear, since the higher concentration 534 

of OH- in the pore solution causes a decrease in binding capacity [17] due to competition for the 535 

anion binding sites. The results for slag-based systems have shown the importance of chloride 536 

binding capacity in preventing chloride penetration: although SN3 had lower porosity, the 537 

diffusion coefficients of SN7 and SN5 were lower compared to SN3, due to their increased 538 

binding capacity. 539 

Figure 10b shows the relationship between bound chloride (Clb) and mortar pH after 35 days in 540 

16.5% NaCl. The low Ca systems have a visible correlation between pH and Clb; with a decrease 541 

in pH, the bound chloride content increases. This could be related to the higher exposure of the 542 

shallow layer to the leaching of the pore solution, but it also depends on OH- replacement by Cl- 543 

anions. Systems with high and medium Ca content show similar behavior but have poorer 544 

correlation due to the low pH drop in the deeper layer and lower chloride concentrations. 545 
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 546 

Figure 10 (a) Percentage of bound chloride from total chloride in AAMs vs. the Na2O% 547 

concentration and (b) the correlation between the bound chloride from bulk mortar and pH from 548 

leaching after 35 days of exposition in 16.5% NaCl solution. 549 

4.2. Influence of physical and chemical properties of aluminosilicate precursors on pore 550 

microstructure and chloride penetration 551 

The chemical and physical properties of the aluminosilicate precursors have a strong influence 552 

on the chloride diffusion coefficient. In this study, the particle size of BFS_E and FA _P is 553 

similar (Figure 2), but BFS has lower crystallinity and higher reactivity degree than FA. For 554 

these reasons, fly ash takes longer than slag to develop a microstructure and precipitate reaction 555 

products [72,73]. This behavior justifies the insufficient strength of fly ash-based system after 7 556 

days of curing and affects its resistance to chloride diffusion. The spherical shape of the fly ash 557 

particles (Figure 3) affects the microstructure and crosslinking within the matrix of the AAMs. 558 

Indeed, the fly ash particles leaves empty spherical pores with a diameter of 10-20 μm, visible 559 

from the µ-CT, connected to the outer surface by pores smaller than 5 μm, which leads to a 560 
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misleading pore size distribution in MIP [46], these pores are due to both the dissolution of 561 

spherical particles and  hollow particles with no connection to the outside [30]. 562 

Particle shape has an important influence on microstructure, especially pore connectivity and 563 

surface area. However, the chemical composition is the main aspect affecting the behavior of the 564 

aluminosilicate precursor in AAMs. Slag-based systems are indeed Ca-rich binders with C-A-S-565 

H gel as the main reaction product, while low Ca fly ash is rich in Al and Si and N-A-S-H gel as 566 

the main reaction product. The reaction products affect the microstructure and binding capacity 567 

of the systems. C-A-S-H gel leads to pore refinement and increases tortuosity, resulting in a 568 

decrease in chloride diffusion [11,14,53,74]. N-A-S-H gel, on the other hand, has a larger surface 569 

area that allows higher physical adsorption of chloride anions [6,17]. In addition, the Mg content 570 

of the slag favors the precipitation of hydrotalcite as a reaction product that takes up chlorides 571 

from the pore solution and combines them with its mineralogical lattice [16,28,75]. Blended 572 

systems based on fly ash and slag have a higher chloride binding capacity because the 573 

coexistence of C-A-S-H and N-A-S-H gel leads to high physical chloride adsorption on the N-A-574 

S-H gel surface and to pore refinement and high tortuosity of C-A-S-H gel, while the Mg content 575 

leads to a negligible amount of hydrotalcite. Despite the small amount of hydrotalcite formed in 576 

the BN binders which contain 50% fly ash, the blended systems showed similar chloride 577 

diffusion resistance to pure slag systems regardless of the double porosity. This indicates the 578 

importance of pore connectivity and the influence of physical adsorption in addition to chemical 579 

binding, in defining chloride binding capacity in AAMs. 580 

4.3. Impact of pore microstructure on chloride penetration 581 

Sui et al. [76] have demonstrated the importance of microstructure to prevent chloride transport 582 

in cementitious materials. In AAMs, porosity and pore structures have a strong influence on the 583 



35 

chloride ingress. However, the total porosity does not show any visible correlation with the 584 

chloride diffusion coefficient, even if only the region of capillary pores is considered, in contrast 585 

to the results in the literature [74]. This behavior is evident when AAMs based on different 586 

precursors are compared. The porosity and pore size distribution from MIP may be miscalculated 587 

because the connectivity and shape of the pores are not considered. Micro-CT data reveal the 588 

complex structure of systems containing fly ash. They are characterized by macropores 589 

connected to the outer surface by finer pores, which may be partially presented as a 'choke point' 590 

in the differential curve of MIP. The double peaks in the differential curve of the pores indicate 591 

the penetration of mercury into macropores through gel and capillary pores. This phenomenon is 592 

known as the 'ink bottle effect' and has major implications for fly ash-based materials [20,45]. 593 

Slag-based systems showed extremely fine porosity due to C-A-S-H gel precipitation, which is 594 

confirmed by SEM micrographs, where slag-based systems are denser than others and the 595 

majority of pores are isolated or poorly connected. In addition, Provis et al. [14] have shown that 596 

as the slag content increases, the tortuosity increases, leading to a decrease in diffusion 597 

properties.  598 

From the MIP diagrams, the threshold value (dth) and the critical pore radius (rcrit) can be 599 

obtained, and Figure 11 shows a comparison between these and the Da values for the samples 600 

studied. These parameters show a good Spearman correlation with the chloride diffusion 601 

coefficient: 0.9 for rcrit and 0.88 for dth.  602 
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.  603 

Figure 11 Correlation between chloride diffusion coefficient (Da) and microstructure properties 604 

from MIP critical pore radius entry in nm and threshold pre radius in nm. 605 

Guo et al [6] have demonstrated the correlation between binding capacity and the surface area, 606 

especially when physical adsorption is important. Figure 12 shows the correlation between the 607 

pore surface area and the amount of chloride bound, expressed in mg/g, with a strong coefficient 608 

of correlation (0.9). The systems FN5 and FN7 are excluded from the linear correlation because 609 

they show out-of-range data due to their lower reactivity, resulting in a very low strength and 610 

potential cracking of the sample during MIP testing. This correlation shows the crucial role of 611 

physical adsorption at the C-A-S-H/N-A-S-H gel surface. However, the surface area is extracted 612 

from MIP measurements, which is an unconventional technique for this purpose because 613 

mercury does not penetrate gel pores finer than 6 nm and its high surface tension does not allow 614 

the surface area to be measured near small corners [32]. For these reasons, the surface area will 615 

be underestimated. 616 
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  617 

Figure 12 Correlation between pore surface area from MIP and bound chloride in mg/g.  618 

CONCLUSION 619 

Comparing methods used in this study for evaluating chloride penetration originally designed for 620 

OPC systems and here used for AAMs, it can be concluded that chloride migration method 621 

slightly underestimates the penetration of chlorides in a well-designed system based on slag and 622 

slag-fly ash. On the other side, for a poor performing system based on fly ash, chloride migration 623 

method significantly overestimates the penetration of chlorides. Furthermore, it is not possible to 624 

define a correlation between the surface resistivity and chloride diffusion that is valid for all 625 

systems. The difference in the relationship between accelerated diffusion and migration has 626 

highlighted the importance of the chemical and physical properties of the precursors used. 627 

Alkali-activated slag showed better resistance to chloride diffusion due to the high degree of C-628 

A-S-H gel polymerization and fine porosity, resulting in a relatively dense microstructure and 629 

complex pore interconnectivity. Alkali-activated fly ash, on the other hand, showed poor 630 
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protection against chloride penetration and high porosity due to low reactivity and the limited 631 

space-filling character of N-A-S-H gel. The low connectivity of large pores originating from the 632 

fly ash to the outer surface, and the combined effect of the chloride binding capacity of C-A-S-H 633 

and N-A-S-H gel, make fly ash-slag blended systems a good way to reduce the dependence on 634 

blast furnace slag by using less reactive materials, even at low activator levels. 635 

The activator dose, represented as Na2O%, plays a crucial role in the development of fresh and 636 

mechanical properties and chloride resistance. However, it has limited effects on microstructural 637 

properties, especially in terms of overall porosity. There are also important limitations associated 638 

with using MIP and µCT when studying AAMs. Nevertheless, the microstructural study here 639 

showed a visible correlation between the chloride diffusion coefficient and the critical pore 640 

radius, rcrit, obtained from MIP. This correlation has shown some limitations in previous studies 641 

when used for different binders, while in the present research it showed a strong correlation 642 

regardless of the type of precursor used. The critical pore radius represents the point of highest 643 

pore connectivity and path continuity in the binder matrix and, therefore, can be considered a key 644 

microstructural parameter that influences chloride diffusion.  645 

Finally, the chloride profiles showed a visible binding capacity in AAMs. The amount of bound 646 

chlorides showed a positive correlation to pore surface area. Moreover, the low amount of AFm 647 

phases indicated the main contribution of the C-A-S-H/N-A-S-H gel to the chloride binding 648 

capacity. 649 

Future research is clearly needed to understand the behavior of a wider range of precursors in 650 

terms of chloride penetration resistance and the influence of microstructure. 651 
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