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Abstract 31 

This study concerns the corrosion behaviour of steel in different room temperature cured 32 

alkali-activated fly ash mortars exposed to chloride solution. The corrosion process was 33 

monitored by polarization resistance and corrosion potential measurements and the results 34 

were interpreted in the light of a complete microstructural, mechanical and chemical 35 

characterization of the mortars. The most compact alkali-activated mortars have higher 36 

porosity and lower mechanical properties than a cement-based mortar (CEM), but the 37 

protectiveness afforded to the rebars is slightly higher than that obtained in CEM. The reason 38 

for this discrepancy is connected to a lower chloride content accumulated in the former mortar 39 

type and to a specific inhibition of the rebar corrosion afforded by the pore electrolyte in 40 

alkali-activated mortars. 41 

 42 

1. Introduction 43 

Reinforced concrete (RC) is the most commonly used construction material worldwide, but 44 

several problems can affect its matrix, in terms of durability and even sustainability. 45 

As far as durability is concerned, the main factors that cause deterioration of RC are mostly 46 

linked to corrosion of the reinforcements, with consequent fatal decrease in terms of 47 

construction service life, loading capacities and seismic resistance, so that preventing 48 

corrosion is one of the most important goals to avoid RC deterioration. Normally, pH of the 49 

pore electrolyte in Ordinary Portland cement (OPC) is strongly alkaline (around 13 or even 50 



higher), aiding the formation of a passive film which can prevent corrosion. This film can be 51 

damaged due to chloride attack [1-3] or due to carbonation, which causes a reduction of the 52 

pH of the pore electrolyte and undermines the stability of the passive film [4]. The binder 53 

plays a fundamental role in preventing or accelerating chloride penetration and concrete 54 

carbonation, because it affects the nature of the binder hydration products and the concrete 55 

porous microstructure. 56 

Nowadays, worldwide commitments aim at achieving a more sustainable development by 57 

promoting a gradual replacement of Ordinary Portland Cement by binders with production 58 

systems at low-CO2 emission [5]. In these terms, various studies have highlighted alkali-59 

activated materials (AAM) as a potential competitive alternative to OPC [6,7]. This class of 60 

inorganic amorphous materials derives from the alkali-activation of aluminosilicate powders 61 

with suitable amorphous content. The final products have binding properties and engineering 62 

performances very similar to cement-based products and even superior in case of high 63 

temperature applications [8,9]. Many aluminosilicate precursors are suitable for activation and 64 

when the raw material has a high content of SiO2+Al2O3 (generally >80%) and a low CaO 65 

content, like class F fly ash (FA), the final product is referred to as geopolymer [10]. The 66 

chance to use industrial by-products as precursors, such as FA or slags [11-13], along with a 67 

room or slightly higher curing temperature, makes AAM low-polluting products and, 68 

consequently, promising green building materials. 69 

Many features of geopolymers obtained with different types of precursors have already been 70 

investigated, such as chemistry activation processes [14], gel-phase analysis [15], 71 

microstructure and mechanical properties [16,17]. As far as geopolymer durability is 72 

concerned, encouraging results have been obtained about their resistance to sulphate attack 73 

and alkali-silica reactions and about the high stability in the presence of fire or freeze-thaw 74 

cycles, beside an excellent adhesion to steel reinforcement [18]. Only a few studies focus on 75 



room temperature (RT) activation [13,19,20], long-term performances and corrosion 76 

resistance of reinforcing bars in the presence of these alternative binding materials [18,21-25], 77 

which are key factors to permit the industrial application of these new mortar and/or concrete 78 

systems. 79 

Early studies in this field show that, during 1-year exposure to a 95% R.H. atmosphere in the 80 

presence of 0 or 0.4% admixed chlorides, alkali activated FA mortar (cured at 85 °C) and a 81 

RT cured mortar with an alkali activated 70 FA/30 OPC binder mix afforded an excellent 82 

corrosion protection to the reinforcing bars. Protection was comparable to that obtained by 83 

traditional OPC mortar. On the contrary, with a 2% admixed chlorides, passive conditions 84 

were maintained for 200 days only in the mortar with the alkali-activated 70 FA/30 OPC 85 

binder mix, due to its lowest porosity [26]. After accelerated carbonation, FA mortars 86 

partially immersed in 0.2 M NaCl solutions afforded a higher corrosion protection to steel 87 

rebars than traditional mortar exposed to the same aggressive environment [27,28]. The 88 

reason was connected to the higher concentration of carbonate/bicarbonate ions in Na-89 

containing pore electrolyte of FA mortars than in Ca-containing pore electrolyte of traditional 90 

OPC mortar. A high concentration of these ions is the consequence of the higher solubility of 91 

sodium carbonate/bicarbonate salts in comparison to calcium salts. Therefore, an effective pH 92 

buffer forms in carbonated FA mortars capable to hinder local pH variations induced by 93 

electrochemical activity of the rebars, connected to corrosion. This would hinder the 94 

formation of local galvanic cells and would inhibit corrosion [27]. 95 

Even the type of FA activator is expected to affect the corrosion behavior of reinforcing bars. 96 

In fact, the addition of sodium silicate to sodium hydroxide in the binder activating solution 97 

was found to induce lower porosity and higher mechanical properties in geopolymers 98 

[13,16,29-33]. As a consequence, an improvement of the corrosion resistance of the 99 

embedded rebars was measured [34]. 100 



The aim of this paper was to study the corrosion behavior of RT-cured steel-reinforced class F 101 

fly ash geopolymer mortars by an integrated approach based on mechanical, physical, 102 

microstructural and electrochemical tests. In particular, different formulations were prepared 103 

by changing the relative amounts of the activators in order to evaluate their effect on 104 

mechanical strength, porosity distribution and rebar corrosion behavior in a chloride-rich 105 

environment (NaCl 3.5 wt%). During the exposure, the chloride content in close proximity of 106 

the rebars and the initial and final pH values were also assessed. A comparison was made 107 

between geopolymer performances and those characterizing a cement-based mortar and the 108 

different behavior observed was justified on the basis of tests carried out in leachate solutions 109 

obtained from the different mortar types in contact with water. 110 

 111 

2. Experimental 112 

2.1. Raw materials 113 

Class F FA used as raw material for the geopolymer matrices was sourced from Enel 114 

Produzione S.p.A., Torrevaldaliga Nord power station (Civitavecchia, Roma, Italy), and was 115 

supplied by General Admixtures S.p.A. (Ponzano Veneto, Treviso, Italy). It exhibited a 116 

d50=22 µm, while its mineralogical composition was found to have 650.8 wt% amorphous 117 

phase and crystalline phases of quartz, mullite and maghemite. The main oxide composition 118 

of FA is reported in Tab. 1. Detailed particle size distribution and mineralogical phase 119 

analysis are reported elsewhere [13]. Sodium silicate (SiO2/Na2O=1.99, density at 20 120 

°C=1.5±0.2 g/cm
3
, Ingessil, Verona, Italy) and 8 M NaOH were used as activating solutions 121 

and were mixed together and stirred 24 h before samples casting. 122 

Reference mortar was prepared using CEM II/A-LL 42.5 R. For both geopolymer and 123 

cement-based mortars, natural calcareous sand (dmax=4 mm) was used as fine aggregate. 124 

 125 



2.2. Preparation of mortar specimens 126 

Three different geopolymer mortar mixes and a reference cement-based one were prepared. 127 

Their mix design is shown in Tab. 2. All geopolymers were activated by adjusting the relative 128 

amount of 8 M NaOH and sodium silicate solutions in order to achieve Na2O/SiO2 molar 129 

ratios of 0.12, 0.14 and 0.16. The liquid/binder weight ratio (L/B) was fixed at 0.52. 130 

The selected Na2O/SiO2 ratios were chosen on the basis of the results of a previous research 131 

[13] where Na2O/SiO2 ratios ranging from 0.12 to 0.20 were investigated. Lower molar ratios 132 

were not used as the determined loss of workability was found to critically affect mortar 133 

samples preparation. 134 

The geopolymer acronyms (FA12, FA14 and FA16) refer to the precursor name (FA) and the 135 

Na2O/SiO2 molar ratio (e.g., FA16 indicates the FA-based mortar with a Na2O/SiO2 molar 136 

ratio of 0.16). The reference mortar (CEM) was prepared with the same sand/binder and L/B 137 

ratios adopted for geopolymer mortars (Tab. 2). 138 

Microstructural and mechanical characterizations were performed on prismatic samples 139 

(40x40x160 mm
3
), mechanically compacted and de-molded after 1 day curing at T=25 °C and 140 

R.H.=35%. Then, the specimens were kept at the laboratory atmosphere (R.H.≈35%) and tests 141 

were performed in due time. These exposure conditions aim at reproducing those often 142 

adopted at the construction sites. 143 

Electrochemical tests and analyses of penetrated chloride content were carried out on slabs 144 

with dimensions 200x250x50 mm
3
. Three manually compacted slabs were prepared for each 145 

formulation: two reinforced slabs with embedded steel bars (Fig. 1a) and one unreinforced 146 

slab for chloride concentration analysis (Fig. 1b). Each reinforced slab contained two 147 

sandblasted degreased ribbed carbon steel rods acting as working electrodes (W, φ=10 mm), 148 

with ends masked with epoxy resin and isolated by thermo-shrinking adhesive tape to leave 149 

an exposed surface area of 7400 mm
2
. In close proximity to these bars, two activated titanium 150 



wires and three symmetrically arranged stainless steel bars acted as reference (R) and counter 151 

(C) electrodes, respectively, during the electrochemical tests. 152 

Slabs were cured in the molds at T=25 °C and R.H.=35% for a week, then they were de-153 

molded and cured at the laboratory atmosphere (R.H.≈35%) for further 3 weeks, again to 154 

simulate practices often adopted in field applications. Finally, the lower side of each slab was 155 

ground so reducing the slab thickness by 2 mm, in order to avoid the skin effect and 156 

accelerate the ingress of chlorides. The ground side was finally exposed to the aqueous 157 

chloride solution, without slab pre-saturation (Fig. 2). 158 

 159 

2.3. Characterization 160 

2.3.1. Microstructure and mechanical characterization 161 

Compressive strength (σc) was measured by an Amsler-Wolpert machine (maximum load: 162 

100 kN) at a constant displacement rate of 50 mm/min. The results are reported as average 163 

values of 5 measurements, respectively. Flexural strength measurements were also carried out 164 

and the results are reported in [25]. 165 

Two different tests were performed to determine water absorption properties by capillarity. 166 

The first test was accomplished with a procedure similar to the one described in UNI EN 167 

1015-18 [35] on prismatic samples after flexural test. The capillary coefficient was 168 

determined according to the formula C=0.1·(W2-W1) kg/m
2
·min

0.5 
and the height of water 169 

capillary penetration was measured at the end of the test by longitudinally splitting the 170 

samples. The second test was performed according to UNI EN 15801 [36]: the weight gain of 171 

pre-dried regular form samples, partially immersed in a constant 5 mm water head, was 172 

monitored over 8 days.  The amount of water absorbed per unit area was plotted as a function 173 

of √t for the determination of the capillary absorption curve.  174 



Pore size distribution measurements were carried out on mortar samples of about 1 cm
3
. The 175 

tests were carried out by a mercury intrusion porosimetry (MIP) (Carlo Erba 2000) equipped 176 

by a macropore unit (Model 120, Fison Instruments). A mercury surface tension of 0.48 N/m 177 

and a contact angle of 141.3° were assumed [37]. 178 

 179 

2.3.2. Tests under partial immersion conditions 180 

After 28 days of curing, reinforced and unreinforced slabs were exposed without any water 181 

pre-saturation to a 3.5% NaCl solution for 90 days with a constant water head of 1 mm. A 182 

controlled dripping device with an associated spillway ensured this level (Fig. 2). Two 183 

reinforced and one unreinforced slab for each mortar type were tested. The adopted exposure 184 

condition is particularly severe because it produces capillary suction of the aggressive 185 

solution and continuous evaporation from the upper slab surface in contact with the low R.H. 186 

atmosphere of the lab (R.H.≈35%). Consequently, salt concentration and crystallization inside 187 

the mortar in regions close to the upper evaporation surface occurs, as already described by 188 

other authors [38]. 189 

In order to avoid significant variations of the concentration of the chloride solution in contact 190 

with the slabs, the solution was renewed each month. 191 

Electrochemical tests were performed by a 273A PAR instrument and consisted in corrosion 192 

potential (Ecor) and polarization resistance (Rp) measurements, always carried out on all the 193 

embedded rebars (4 repetitions). Before each potentiostatic test, Ecor was measured both 194 

versus the inner Ti quasi-reference electrode and versus an external saturated calomel 195 

electrode (SCE), applied on the mortar surface in correspondence of the rebar. An interlaying 196 

wet pad minimized the ohmic drop. 197 

The polarization resistance values were obtained by a potentiostatic method, that is by 198 

applying an anodic 20 mV potentiostatic step lasting 300 s and by measuring the obtained 199 



final constant anodic current. Corrections for ohmic drop were not necessary because, as 200 

assessed by preliminary EIS (Electrochemical Impedance Spectroscopy) tests, the ohmic drop 201 

between the working and quasi-reference electrodes was always negligible with respect to the 202 

obtained Rp values. 203 

In order to evidence the tendency to carbonation under partial immersion conditions, at the 204 

end of the exposure to 3.5% NaCl solution the reinforced slabs were longitudinally sectioned 205 

and the pH value of the pore electrolyte in the mortar portions close to the rebars was 206 

measured by a leaching method. In particular, 5 g ground mortar samples were mixed with 5 207 

cm
3
 distilled water, at room temperature. The pH of the obtained leachate solution was 208 

deemed an acceptable approximation of the pH of the mortar pore electrolyte [27,39]. 209 

On unreinforced slabs exposed to 3.5% NaCl solution, the distribution of total chloride 210 

content was evaluated on core drills (φ=2 cm, h=5 cm, Fig. 1b), extracted at specific time 211 

intervals (10, 30, 60 and 90 days). In order to maintain unaltered the chloride transport into 212 

the slabs, after core extraction an epoxy varnish sealed the surfaces of the holes left in the 213 

slabs. The cores were transversally cut in 5 slices (φ=20 mm, h=7 mm) and the 4
th

 slice, 214 

characterized by the same distance from the solution level as that of the rebars in reinforced 215 

slabs, was powdered (5 g) and analyzed for total chloride content by potentiometric titration, 216 

according to ASTM C1152/C1152M [40] and ASTM C114 [41]. Therein, the chloride 217 

contents were considered equal to those in the mortar regions surrounding the reinforcing 218 

bars. 219 

 220 

2.3.3. Rebar surface analyses 221 

After the electrochemical tests, cross-sections of the rebars in reinforced slabs were obtained 222 

and analyzed through Optical Microscopy (OM) Zeiss and a Variable Pressure Scanning 223 

Electron Microscope (VP-SEM) Zeiss EP EVO 50 with secondary and back scattered 224 



electrons detectors. The images from VP-SEM were collected in Variable Pressure mode 225 

(80Pa). The accelerating voltage used for analyses was 20 keV. At the end of the exposures to 226 

3.5% NaCl solution the corrosion products formed on the rebars embedded in reinforced slabs 227 

were analyzed through Raman measurements by a Renishaw Raman Invia instrument. The 228 

experimental conditions were defined as following and checked in order to avoid thermal 229 

degradation of iron corrosion products: the laser  was a Ar+ laser (514.5nm), the integration 230 

time (t) was 10 s, the number of accumulations (n) was 4 and the laser power (Pout) was 3 231 

mW).  232 

 233 

2.3.4. Tests in leachate solutions 234 

In an attempt to investigate more deeply the corrosion behavior of the rebars in the different 235 

mortars, one prismatic specimen (about 500 g) of each mortar type was finely ground after 28 236 

days curing and mixed with water according to a 1:0.5 ratio, to extract the soluble species 237 

present in the pore electrolyte. After 2 min stirring, the leachate solution was filtered and its 238 

elemental analysis was accomplished by Inductively Coupled Plasma-Optical Emission 239 

Spectroscopy (ICP-OES, Serie Optima 3200 XL, Perkin Elmer). Finally, the solution was 240 

used as electrolyte in a three-electrode cell for recording the polarization curves on steel. With 241 

this aim, flat steel electrodes with an exposed area of about 80 mm
2
 were prepared from the 242 

corrugated bars. They were ground and polished by 1 µm diamond paste. After 1 h 243 

immersion, polarization curves were recorded, at a potential scan rate of 0.167 mV/s. 244 

Cathodic and anodic polarization curves were recorded on different electrodes starting from 245 

Ecor. Tests were performed in duplicate. All the potentials are referred to SCE. 246 

 247 

3. Results and discussion 248 

3.1. Microstructure and mechanical characterization 249 



Geopolymer and cement mortars showed similar values of bulk density (i.e., 2.04±0.01 g/cm
3
 250 

for geopolymers and 2.07±0.01 g/cm
3 

for CEM). 251 

The compressive strength values of the investigated mortars at different curing times are 252 

reported in Fig. 3. Fig. 3a shows that the compressive strength values of geopolymers 253 

increased with curing time for up to 28 days of curing, as occurs in traditional mortars. As a 254 

consequence, 28 days can be considered as a representative curing time for estimating 255 

geopolymer strength, similarly to cement standard compressive strength determined according 256 

to EN 196-1 [42]. After 28 days, the compressive strength values (σc28) increased for 257 

geopolymers following this order: σc28FA16<σc28FA14<σc28FA12 (i.e., 258 

17.2±0.9<18.9±0.6<23.3±0.3 MPa) and were similar to those obtained by other authors on 259 

similar materials cured at room temperature or by mild heating [19,20]. 260 

At decreasing Na2O/SiO2 molar ratio, compressive strength increased linearly (Fig. 3b). The 261 

increase of σc values at higher silicate contents was more evident at early curing time, 262 

suggesting that a high silicate concentration stimulated the rate of geopolymerization [29]. 263 

The effect of sodium silicate in promoting the geopolymeric net formation and in reducing the 264 

total porosity (at least in specific Na2O/SiO2 ranges) is also elsewhere highlighted 265 

[13,16,29,30]. In particular, in a research carried out on geopolymers with a constant Na/Al 266 

ratio, an increase in Si/Al (and therefore Si/Na) ratio induced an increase in gel volume, 267 

homogeneity and strength and, likely, also an increase in the intrinsic binder strength, because 268 

the stronger Si-O-Si linkages substituted the weaker Si-O-Al and Al-O-Al bonds [33]. 269 

Conversely, a too high Si/Al ratio produced a high unreacted phase fraction and induced a 270 

decrease of mechanical performances [33]. CEM exhibited a compressive strength of 271 

34.4±0.5 MPa at 28 days of curing (Fig. 3a), which was higher than that of geopolymers. This 272 

value, quite low for a CEM 42.5 R, was due to factors such as the relatively high L/B ratio, 273 

the use of non-standard sand and curing conditions (R.H.=35%). 274 



The sample microstructure was investigated by means of water absorption and MIP 275 

measurements. After 90 min (short test), the absorbed water reached penetration heights of 276 

about 45 mm in all geopolymers, while a lower height of 25 mm was measured for CEM. The 277 

capillary water absorption coefficients, reported in Fig. 4a, were quite similar for all 278 

geopolymers (with a maximum value of 0.43 kg/m
2
·min

0.5
 for FA16), while a lower value 279 

was registered for CEM (0.36 kg/m
2
·min

0.5
). These results suggest that the latter mortar has a 280 

refined and perhaps more tortuous pore structure than that of FA mortars [43]. 281 

In spite of the slow water uptake rate detected on CEM at short exposure times, the longer 282 

lasting water absorption tests (Fig. 4b) evidenced that the final water uptake of CEM was 283 

comparable or even higher than that exhibited by geopolymers (Qi=7.2 kg/m
2 

in CEM and 284 

Qi=6.7 kg/m
2
 in FA16). In fact, after 8 days the water uptake of CEM was twice that obtained 285 

after 90 min, while that achieved by geopolymers did not increase much. These data indicated 286 

that in both mortar types a significant water absorption occurred, which was faster in 287 

geopolymer materials. 288 

The pore size distributions of all mortars were assessed by MIP analysis after 28 days of 289 

curing and the results are reported in Fig. 5a. In this plot, three different pore size regions can 290 

be distinguished: gel pores below 0.015 µm (which do not affect permeability [44]), capillary 291 

pores ranging between 0.015-0.5 µm (affecting fluid permeability and mechanical properties 292 

[45,46]) and macropores with radius ≥ 0.5 µm, mainly influencing mechanical properties [47]. 293 

The Figure shows that the main observable difference between geopolymer and cement-based 294 

mortars was the large presence of macropores in geopolymers and the predominance of 295 

capillary pores in CEM. Among geopolymers, FA16 exhibited the most porous 296 

microstructure, while similar pore size distributions were observed for FA12 and FA14. Other 297 

important information can be drawn by the comparison of the r50% values, which are the pore 298 

radii at which 50% of the pore volume is intruded in the different matrices. Fig. 5b reports the 299 



normalized pore size distributions for all the investigated mortar types and shows that the r50% 300 

of CEM mortar was 0.19 µm, much lower than that obtained for geopolymers (around 1 µm 301 

for all mixes), in agreement with the slower observed water uptake detected during absorption 302 

tests in CEM mortar. Among geopolymers, a slightly higher r50% value was found in FA16 303 

(i.e., FA12=1.23 µm; FA14=1.27 µm and FA16=1.36 µm).), suggesting that this mortar is 304 

more vulnerable to the penetration of aggressive species from aqueous solutions. 305 

 306 

3.3. Tests under partial immersion conditions 307 

During the 90 day exposure to 3.5% NaCl solution, chlorides penetrated through the mortars 308 

by a combination of capillary suction and diffusion. Capillary suction is the fastest process 309 

and, on the basis of absorption tests, the chloride solution is expected to reach the reinforcing 310 

bars (at a height of 33 mm, Fig. 2) in less than 1 day in all mortars. 311 

Fig. 6 shows the average Ecor (Fig. 6a) and Rp (Fig.6b) trends obtained in all mortars, while 312 

the shadowed regions define the interval Ecor±σE (Ecor standard deviation) and Rp±σR (Rp 313 

standard deviation). Within 2 days of exposure, the average Ecor values of rebars in CEM 314 

underwent a fast drop from about -0.1 VSCE down to values more negative than -0.276 VSCE 315 

(Fig. 6a) that is the limit that, according to ASTM C876 [48], indicated a high probability of 316 

active corrosion. The same occurred within about 6 days of exposure in FA12 and FA14 and 317 

after only 1 day in FA16 mortars. Later, values around -0.55 VSCE on average were obtained 318 

in CEM and even more negative in FA12 and FA14 and particularly in FA16 (on average -319 

0.60÷-0.65 VSCE, Fig. 6a). 320 

On the basis of a generally accepted Stern and Geary constant of 26 mV, the icor limit for 321 

active corrosion (icor of 0.2∙10
-6

 A cm
-2

, according to [49]) is reached in correspondence of a 322 

Rp value of 1.3∙10
5
 ohm·cm

2
. Fig. 6b shows that the average Rp values of the rebars decreased 323 

from initial values close to 3∙10
6
 ohm·cm

2
 to values lower than about 10

5
 ohm·cm

2
 within 1-2 324 



days of exposure in CEM and FA16 and after about 40 days, in the case of FA12 and FA14. 325 

At the end of the exposure period, low and comparable average Rp values (3∙10
4
÷4∙10

4
 326 

ohm·cm
2
) were recorded in all mortar types. 327 

These findings suggested that a corrosion attack developed in all mortars, but a less severe 328 

one occurred in FA12 and FA14 formulations. These mortars exhibited a lower porosity than 329 

FA16 (Fig. 5a), so justifying their better protectiveness towards the rebars. However, their 330 

cumulative porosity was similar to that of CEM, which was characterized by finer pores. So 331 

the worse behavior of CEM towards degradation was unexpected. 332 

In order to elucidate this apparent inconsistency, further tests were performed, starting with 333 

the measurement of the pH and the chloride content of the pore electrolytes in contact with 334 

the rebars. 335 

The pH values of the mortar pore electrolyte at the rebar level were measured at the end of the 336 

90 day exposure to the NaCl solution. In Tab. 3, these pH values are compared to the initial 337 

values, measured after 1 day curing. A negligible pH decrease was detected in CEM and a pH 338 

reduction of about 0.5 pH unit was found in FA mortars. Anyway, all pH values remained 339 

higher than 12, suggesting that significant carbonation was not experienced and did not affect 340 

the corrosion behavior. 341 

The total Cl- content (% vs binder) again at the rebar level in the different mortars was 342 

determined after different exposure times (Fig. 7). In all mortars, the chloride amounts 343 

increased for up to 60 days and then remained more or less constant until the end of the test. 344 

Higher chloride contents were detected in CEM (5% vs binder at the end of the test) than in 345 

geopolymers (1.4-1.8% vs binder at the end of the test). This was caused by the lower 346 

solubility of calcium-containing chloride salts formed in CEM (e.g., Friedel salts), in 347 

comparison to the sodium-containing chloride salts present in FA mortars. In the latter case, 348 

the salts were leached away by the contact solution, ensuring the maintenance of a lower 349 



chloride concentration. Chloride concentrations in AAMs similar to those reported in Fig. 7 350 

were achieved after 7 days of exposure to saturated NaCl solution by [50]. Moreover, 351 

analyses carried out after 300 days of full or partial immersion of traditional mortar (obtained 352 

with water/cement ratio of 0.65 and moist curing) in 3.5% NaCl solution revealed chloride 353 

concentrations (expressed as of mass fraction of chloride ions in cement mortar) close to those 354 

here reported in CEM at saturation [38]. In that research, the authors stressed that during 355 

partial immersion exposures much higher chloride amounts penetrated inside the mortars with 356 

respect to full immersion conditions because of the concomitant effect of continuous capillary 357 

penetration and water evaporation [38]. 358 

After only 10 days of exposure in 3.5% NaCl solution, the Cl
- 
content in CEM and FA 359 

mortars was quite high: about 0.7 and 0.5% vs binder, respectively. The achieved chloride 360 

concentrations are higher than the commonly accepted critical chloride content capable to 361 

initiate corrosion in traditional concrete [1] and were actually found to be sufficient to start 362 

corrosion in CEM and FA16. On the contrary, a significant corrosion rate in FA12 and FA14 363 

was measured only after 40-50 days when the chloride content was in the range 1-1.7 % vs 364 

binder. A higher critical content is likely to characterize the more compact geopolymers. The 365 

reason for this different behavior was unclear and was elucidated by recording polarization 366 

curves on steel in leachate solutions (paragraph 3.5). 367 

 368 

3.4. Rebar surface analyses 369 

Fig. 8a shows the surface aspect of the rebars after the partial immersion in chloride solution. 370 

In agreement with the active Ecor values and relatively low Rp measured by the 371 

electrochemical tests, significant corrosion attacks were detected in all rebars. In particular, a 372 

significant localized corrosion attack was present in CEM mortar, with pit depths around 300 373 

µm (Fig. 8b), while a widespread general non-uniform corrosion attack occurred in FA 374 



mortars and particularly in FA16. As an example, Fig. 9 reports a SEM image showing a 375 

uniform corrosion layer (200-400 µm thick), which covered part of the reinforcing bar in 376 

FA16 (as shown in Fig. 8a). 377 

The Raman analysis of the corrosion products formed in the different mortar types (Tab. 4) 378 

revealed the presence of Maghemite (γ-Fe2O3) and δ-FeOOH in all samples, while Akaganeite 379 

(β-FeOOH) was found only in the geopolymer matrices. This latter corrosion product, usually 380 

connected to chloride-contaminated environments [51], is characterized by a low 381 

protectiveness and justifies the occurrence of a general corrosion attack in geopolymer 382 

mortars, instead of a localized attack, as detected in CEM. 383 

 384 

3.5. Tests in leachate solutions 385 

Fig. 10 collects the polarization curves recorded in the leachate solutions obtained from the 386 

different mortars. It clearly shows that in all cases steel exhibits a passive behavior at Ecor, 387 

which is close to -0.38 VSCE, independently of the mortar type. Passivity persists up to a 388 

potential of about 0.6-0.7 VSCE, where oxygen evolution occurs [52] and it is slightly stronger 389 

in solutions obtained from geopolymers. In fact, passive currents are smaller than in solutions 390 

extracted from CEM. Also cathodic polarization curves recorded in geopolymer leachate 391 

solutions are shifted to lower currents. Consequently, icor values in solutions extracted from 392 

geopolymers are about one half of that obtained in CEM extracts (2.4∙10
-8

 A cm
-2

 towards 393 

5.1∙10
-8

 A cm
-2

 on average). 394 

This means that, in spite of the presence of a pH value slightly lower than that detected in 395 

CEM, a corrosion inhibitor is present in the FA mortar pores electrolyte, which hinders steel 396 

corrosion. 397 

ICP-OES analyses reported in Tab. 5 show that leachate solutions deriving from FA mortars 398 

differ from those extracted from CEM essentially for the presence of relevant amounts of 399 



silicates in the former case ([Si]=0.02-0.03 M in FA mortars, absent in CEM). Silicates are 400 

known to be corrosion inhibitors for iron and steel [53,54] and are reputed the origin of the 401 

observed slightly better corrosion behavior of steel in geopolymers. 402 

 403 

4. Conclusions 404 

In this work reinforced and unreinforced FA-based mortar samples were prepared at RT with 405 

a constant L/B ratio of 0.52 and decreasing Na2O/SiO2 ratios in the activating solutions. Their 406 

microstructure and mechanical behavior, along with their corrosion and chloride penetration 407 

resistance, were analyzed and compared to those exhibited by a cement-based mortar with the 408 

same L/B ratio. The multiple characterization techniques used in this work permitted to draw 409 

the following conclusions: 410 

• The mechanical properties of FA mortars were found to be inversely proportional to the 411 

Na2O/SiO2 molar ratio. In particular, a high silicate content appears to stimulate the rate of 412 

geopolymerization and densification. All geopolymers showed higher porosity and lower 413 

mechanical performances than CEM mortar; 414 

• During exposure to NaCl solution, no carbonation was detected at the rebar level. Chloride 415 

concentrations were higher in CEM than in geopolymers, due to the formation of scarcely 416 

soluble calcium-containing chloride salts; 417 

• Electrochemical tests showed that the most compact geopolymers (FA12 and FA14) were 418 

more protective than FA16 and CEM towards steel rebars. The lower chloride contents 419 

generally present in geopolymers with respect to CEM can help to justify these differences. 420 

The lower protectiveness of FA16 was due to its higher porosity; 421 

• FA12 and FA14 showed a higher critical chloride content for corrosion onset (about 1-1.7% 422 

vs binder), than CEM (around 0.5%). The better performance of these denser geopolymers 423 



was connected to the presence of soluble silicate ions in geopolymer pore electrolytes which 424 

exerted a specific inhibition of rebar corrosion; 425 

• At the end of the partial immersion test, a corrosion attack started on all rebars, 426 

independently of the mortar type. In geopolymers, the surface film contained akaganeite , 427 

which induced a general non-uniform corrosion attack. In CEM, different surface conditions 428 

occurred which caused the localization of the attack in deep pits. 429 
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 571 

Figure Captions 572 

Figure 1. Geometric scheme of the slabs (dimensions are expressed in mm): a) reinforced 573 

slab: W= working electrodes, C=stainless steel counter electrodes, R=activated Ti reference 574 

electrodes; b) unreinforced slab: core drills for Cl
-
 analysis are highlighted in dashed line 575 

 576 

Figure 2. Geometric section of the reinforced slab and set-up for tests under partial 577 

immersion conditions (dimensions in mm). The 3.5% NaCl solution head in contact with the 578 

specimen is 1 mm high 579 

 580 

Figure 3. a) Compressive strength values (σc) of the investigated mortar samples at different 581 

curing times (2, 7, 28, 60 and 90 days); b) Compressive strength values (σc) of geopolymer 582 

mortars at different times of curing (7, 28 and 90 days) as a function of the Na2O/SiO2 molar 583 

ratio 584 

 585 

Figure 4. a) Capillary water absorption coefficients according to UNI EN 1015-18 [35]; b) 586 

Amount of water absorbed per unit area according to UNI EN 15801 [36] 587 

 588 

Figure 5. a) Pore size distribution curves of the investigated samples at 28 days of curing; b) 589 

Normalized pore size distribution curves of the investigated samples at 28 days of curing. 590 

Mean pore radius values (r50%) are highlighted by dashed lines 591 

 592 

Figure 6. Average Ecor (a) and Rp (b) values recorded in the different mortar types during 593 

partial immersion in 3.5% NaCl solution. The hatched regions evidence the variability of Rp 594 

and Ecor values (average±standard deviation) within rebars embedded in the same mortar type. 595 



For the sake of simplicity, the variability region for FA14 is omitted, because it more or less 596 

overlaps that of FA12 597 

 598 

Figure 7. Total Cl
- 
content (% vs binder) at the rebar section for the investigated samples 599 

 600 

Figure 8. a) Reinforcing bars extracted from the slab at the end of the corrosion tests; b) 601 

Cross-section optical micrograph of rebar in reinforced CEM slab at the end of the corrosion 602 

tests 603 

 604 

Figure 9. Cross-section SEM micrograph of rebar in reinforced FA16 slab at the end of the 605 

corrosion tests 606 

 607 

Figure 10. Polarization curves recorded in the leachate solutions obtained from the different 608 

mortar types 609 

610 



 611 

Table 1. Main oxide composition of FA and LOI (Loss On Ignition) 612 

Components (wt% as oxides) 

SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O LOI 

49.37 29.23 2.71 6.63 1.05 0.33 0.05 0.60 3.28 

613 



 614 

Table 2. Mix design of the investigated mortar samples 615 

Sample 
Sand 

wt% 

FA 

wt% 

Cement 

wt% 

8M 

NaOH 

wt% 

Na-

silicate 

solution 

wt% 

Water 

wt% 

Na2O/SiO2 

molar ratio
 a
 

L/B 
b
 

wt/wt 

ratio 

W/B 
c
 

wt/wt 

ratio 

FA12 64.00 23.70 - 1.80 8.90 1.60 0.12 0.52 0.33 

FA14 64.00 23.70 - 3.80 6.90 1.60 0.14 0.52 0.34 

FA16 64.00 23.70 - 5.35 5.35 1.60 0.16 0.52 0.35 

CEM 64.00 - 23.70 - - 12.30 - 0.52 0.52 

a 
Molar ratio determined by the total content of sodium hydroxide and silica present in the 616 

mix, without considering silica content of sand 617 
b
 L/B=liquid/binder ratio. L is calculated considering the total content of 8 M NaOH+sodium 618 

silicate solution+water 619 
c 

W/B=water/binder ratio. W is calculated considering the water contained in the alkaline 620 

solutions+the added water621 



 622 

Table 3. Core pH values of the mortar specimens after 1 day curing and after 90 days of 623 

partial immersion in 3.5% NaCl solution  624 

Sample 

After 1 d 

curing 

 

After 90 d 

of partial 

immersion 

in chloride 

solution 

FA12 12.73 12.38 

FA14 12.74 12.36 

FA16 12.73 12.17  

CEM 12.99 12.88  

625 



 626 

Table 4. Raman quantitative analysis for corrosion products formed on rebars in reinforced 627 

slabs exposed to 3.5% NaCl solution; + = small values detected; ++ = high values detected; 628 

Fluor. = fluorescence 629 

Sample Akaganeite Hematite Maghemite 

δ-

FeOOH 

Fluor. 

FA12 +  + + ++ 

FA14 + + + + ++ 

FA16 + + + + ++ 

CEM   + + ++ 

 630 

631 



 632 

Table 5. Elemental analysis (in ppm) of leachate solutions provided by ICP-OES 633 

            Sample 

Element 
FA12 FA14 FA16 CEM 

Si 540 840 500 < 0.5 

Al 0.3 1.4 0.7 1.1 

Ca < 0.1 < 0.1 < 0.1 60 

K 110 130 130 430 

Na 3900 5460 5300 420 

 634 

 635 
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