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Abstract 11 

 12 

Various durability tests require a drying step to remove free water without altering the chemistry or 13 

microstructure of the materials. However, little is known about the effects of drying on alkali-14 

activated materials (AAMs). This study focusses on the drying stage to assess the behaviour of four 15 

alkali-activated binders compared with conventional binders: a metakaolin-based geopolymer, 16 

ground granulated blast-furnace slag (GGBS) activated by sodium silicate or by sodium carbonate, 17 

and a mixture of metakaolin-GGBS activated by sodium silicate. After a 28-day autogenous cure, 18 

mortar and paste samples were dried at temperatures ranging between 20°C and 125°C. Micro-19 

structural damage was observed in metakaolin-based AAMs dried at temperatures above 40°C, but 20 

occurred only between 40 and 60°C for GGBS-based AAM. SEM observations and MIP porosimetry 21 

coupled with mineralogical analyses, allowed AAMs drying mechanisms to be better understood, and 22 

recommendations to be made for the preconditioning of these materials. 23 

 24 
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1. Introduction 30 

 31 

Alkali-activated binders are produced from a source of aluminosilicates (precursor) mixed with a 32 

highly alkaline solution (most of the time either sodium (Na) or potassium (K) silicate solutions, but 33 

sometimes hydroxide, carbonate or lithium alkali solutions) called the activating solution [1,2]. There 34 

are two main types of alkali-activated binders, differentiated by their precursors’ calcium contents, 35 

the chemical mechanisms that take place upon hydration and eventually the reaction products. For 36 

precursors with low calcium content, such as metakaolins and type F fly ashes, the term geopolymer 37 

is used [1]. The chemical reactions contribute to a dissolution/polycondensation process, leading to a 38 

3D-aluminosilicate network [3]. For precursors rich in calcium, such as ground granulated blast-39 

furnace slag (GGBS), the reaction process consists of dissolution/precipitation reactions. The main 40 

reaction products are C(-A)-S-H type phases (CaO-Al2O3-SiO2-H2O) [4].  41 

 42 

Abundant literature is available regarding AAMs formulation, but only a few studies deal with their 43 

durability (see reviews by [5–9]). Until recently, to test the durability of AAM matrices, protocols 44 

defined for “conventional” binders have often been used, without focusing on protocol impact (in 45 

particular of pre-conditioning or drying on the binder structure) or analyses representativeness 46 

[10,11]. However, appropriate preconditioning procedures must be selected to avoid potentially 47 

misleading conclusions regarding general indicators as well as long-term in-service performance [10–48 

12]. Tests proposed in the literature (see, for example, RILEM framework publications [13,14]) usually 49 

require a preconditioning of the specimens, especially a drying step at temperatures ranging from 50 

45°C (e.g. accelerated carbonation XP-P-18-458, 2008), to 80°C (e.g. gas permeability XP-P-18-463, 51 

2011), or even to 105°C (e.g. porosity NF-P-18-459, 2010). Associated with temperature, the relative 52 



humidity can also be fixed for sample preconditioning, e.g. at 57 ± 3% (SIA 262-1, 2013) and higher 53 

than 95% (NF EN 12390-2, 2019). Testing procedures should be reviewed considering the chemical 54 

and microstructural properties of the AAM, in order to separate microstructural changes caused by 55 

preconditioning (drying) from inherent characteristics (properties and specific microstructural 56 

development mechanism) of the material [5,7,8,13,15–17]. 57 

 58 

Drying is thus useful to empty the porosity, as well as to stop ongoing hydration of hardened cement 59 

paste [18]. The difficulty of drying is to remove as much free water from the pore space as possible 60 

(otherwise known as pore water or capillary water) and, at the same time, as little interlayer water 61 

(also known as gel water) and as little chemically bound water as possible [18,19]. Desaturation, 62 

desorption, and dehydration phenomena associated with drying may generate damage like 63 

microcracking, capillary porosity evolution, collapse of fine pores, or mineralogical transformations 64 

[20]. The water should thus be removed without damaging the pore structure by capillary hydrostatic 65 

stresses due to receding water menisci [19], and without creating any modification of the porosity-66 

mineralogical phases organization.  67 

Drying can distort chemical and microstructural interpretations [21,22] so the pre-processing 68 

technique used must be considered [23]. Unfortunately, the ideal drying technique, which would 69 

preserve the microstructure and remove only the non-bound water, does not exist. All 70 

conventionally used drying techniques (e.g. oven, microwave, vacuum drying, D-drying, P-drying, 71 

freeze drying and solvent exchange methods) affect the microstructure in their own ways 72 

[20,22,24,25]. Removing water without changing the specimen's microstructure and chemical 73 

composition is extremely difficult or impossible to accomplish [23]; therefore, a choice has to be 74 

made according to the drying objectives [22,26,27]. Finally, all the direct drying methods remove only 75 

water without the ions dissolved in the pore solution, which can lead to artefacts, such as the 76 

formation of salts during drying [28]. 77 

 78 



Many studies have compared the effect of different drying methods on OPC-based cements 79 

[12,19,22,23,29,30], but very few have been carried out on alkali-activated binders (e.g. [12,17]). 80 

Zhang et al. [12] showed that the porosity of an AAM (based on metakaolin, fly ash and slag activated 81 

with sodium silicate solution) can be affected by drying at 65°C under vacuum, and by drying at 82 

105°C in an oven. For these authors, low-calcium precursors (geopolymers) are less sensitive to the 83 

drying than the higher-calcium one (with GGBS). Their hypothesis is that the thermal stability of the 84 

geopolymeric gel is higher than that of C(-A)-S-H, but it can also be added that a smaller proportion 85 

of the mixing water is chemically bound in geopolymer than in GGBS-binder, and that the pore 86 

networks of these two types of materials differ considerably. Regarding the activator, based on a few 87 

precursors, Kovtun [17] showed that sodium metasilicate alkali-activated concrete appears to be 88 

more sensitive to drying than a sodium hydroxide-based one. However, due to the great variability of 89 

alkali-activated mixtures, as well as the singular behaviour of each of them, it seems delicate to make 90 

general remarks on the best method to use to dry all alkali-activated binders. It appears more 91 

appropriate to continue the investigations and give recommendations relating to precursor-activator 92 

couples. 93 

 94 

The aim of this study is to evaluate the impact of drying on alkali-activated binders for temperatures 95 

ranging from 20°C to 125°C. The effect of drying time, primary vacuum and relative humidity content 96 

was also evaluated for some samples. For this study, four alkali-activated binders were compared 97 

with conventional binders based on OPC (CEM I) and OPC-GGBS (CEM III/B): a geopolymer (sodium-98 

silicate activated metakaolin), a sodium-carbonate activated GGBS, a sodium-silicate activated GGBS, 99 

and a sodium-silicate activated mixture of 50 % metakaolin and 50 % GGBS. Pastes and mortar 100 

samples were first cured in autogenous conditions at 20°C for 28 days, and then dried in an oven 101 

until their mass stabilized. 102 

First, the masses of the mortars were monitored during drying in order to assess the water loss of the 103 

materials. On these samples, non-destructive testing (NDT) was carried out before and at the end of 104 



drying, as acoustic wave propagation velocity and electrical resistivity measurements. Then, 105 

destructive analyses (compressive strength and mercury intrusion porosimetry (MIP)) were 106 

performed on dried samples and on autogenous ones having the same age. Finally, to better 107 

understand a possible evolution of the phase assemblage generated by drying, X-ray diffraction, 108 

infrared spectroscopy and thermogravimetric analysis were performed on dried paste samples. All 109 

these data allow us to evaluate the effect of drying on the mechanical and microstructural properties 110 

of AAMs, and to discuss AAM drying recommendations for durability testing. 111 

 112 

 113 

2. Material and methods 114 

 115 

2.1. Raw materials 116 

 117 

Six mixtures were prepared in this study, two conventional binders based on OPC (CEM I) and OPC-118 

GGBS (CEM III/B) and four alkali-activated binders. The choice of the two OPC-based references was 119 

justified by the fact that AAMs are potentially intended for the same applications as OPC-based 120 

materials, and that there is much more data available on their drying (e.g. [12,19,22,23]).  121 

The reference binders used in this study were, following European standard nomenclature (NF EN 122 

197-1, 2012), a CEM I (CEM I 52.5 R CE CP2 NF) cement from Lafarge-Holcim (Le Teil, France) and a 123 

CEM III/B (42.5 N – LH/SR CE PM NF) cement from Lafarge-Holcim (La Malle, France), which 124 

contained 71% of GGBS. Chemical composition was measured by ICP-OES (Perkin Elmer) (Table 1; 125 

[31]).  126 

For alkali-activated materials, metakaolin (Mk) precursor was manufactured by Argeco 127 

Développement (Fumel, France) by flash calcination of kaolinite, i.e. a few seconds at a temperature 128 

close to 700°C (see calcination details for this metakolin in San Nicolas et al. [32]). It contained mainly 129 

an amorphous metakaolinite phase and crystalline quartz, together with minor mineral phases such 130 



as calcite, kaolinite, illite, mullite hematite and rutile (Table 2). The fact that there is more than 40 % 131 

of quartz in the metakaolin, of size less than 100 µm, makes the sample of geopolymer paste not 132 

really a paste but more like a 'mortar' with quartz fines. Chemically, metakaolin was composed of 133 

approximately two-thirds of SiO2 and one-third of Al2O3, with a few percent of Fe2O3 (Table 1). Its 134 

density was 2.59 g/cm3 and its specific surface area was 17 m²/g (BET analysis carried out at the 135 

CIRIMAT laboratory, using a Micromeritics Tristar 3020 apparatus with a degassing temperature of 136 

350°C).   137 

GGBS precursor was manufactured by Ecocem (Fos-sur-Mer, France). It was >95% amorphous slag 138 

with a basicity index CaO/SiO2 of 1.2 (Table 1), a density of 2.93 g/cm3, a Blaine specific surface area 139 

of 4633 cm2/g and a 28-day activity index of 98% (NF EN 196-1, 2016). 140 

 141 

Alkali-activated materials were prepared from a mixture of metakaolin and/or GGBS with sodium 142 

silicate solution or sodium carbonate powder. The sodium silicate was a commercial activation 143 

solution (Betol® 47T), from Woellner. It contained 55.5% by weight of water and 44.5 % of activator 144 

with an SiO2/Na2O ratio of 1.7, i.e. 27.5 % of SiO2 and 16.9 % of Na2O. Sodium carbonate was a >99% 145 

pure Na2CO3 powder with a density of 2.53 g/cm3 from Solvay. Finally, tap water and standard quartz 146 

sand (0-2 mm) were used to prepare mortars according to the NF EN 196-1 (2016) mixing protocol.  147 

 148 

2.2. Sample preparation 149 

 150 

Four alkali-activated mortars with a water/binder (w/b) ratio of 0.4 were studied (see Table 3). W/b 151 

ratio was calculated from the sum of both the added water (tap) and the water of the activation 152 

solution, all divided by the sum of the activators’ and precursors’ dry masses. The first mixture was a 153 

metakaolin-based geopolymer developed by the LMDC laboratory. This mixture has been the subject 154 

of several publications, for example about formulation and performance [33,34] or robustness [35]. 155 

Two mixtures of activated GGBS were prepared, one with sodium carbonate activating solution and 156 



one with sodium silicate (GGBS-carbonate and GGBS-silicate). Finally, a mixture of 50% metakaolin 157 

with 50% GGBS activated by sodium silicate was assessed in this study (Mk-GGBS-silicate) to evaluate 158 

the coupling of the two precursors. In order to better identify the crystalline phases in the mortars, 159 

four paste mixtures were made, respecting the same raw material and water/binder ratios. 160 

Practically, the mixtures were the same as those described for the mortars (Table 3) but without the 161 

sand. OPC-based references were composed of mortars made from one CEM I cement and one CEM 162 

III/B cement with a water/binder ratio of 0.5 (see Table 3) to obtain a similar consistency as assessed 163 

by slump test with a small Abrams cone (height: 15 cm, diameters: 5 cm and 10 cm).  164 

 165 

The mortar mixtures were made in a standardized mixer (Automix Control®) according to standard 166 

protocol (i.e. 60 seconds at 140 ± 5 rpm with sand addition after 30 seconds, 30 seconds at 285 ± 10 167 

rpm, 90 second pause, 60 seconds at 285 ± 10 rpm, NF EN 196-1, 2016). The activator was first 168 

homogenized with water, then the precursor was introduced at the start of mixing, 30 seconds 169 

before the addition of sand. Mortars were cast at 20°C into 4x4x16 cm3 polystyrene moulds, 170 

protected by films to prevent drying. The test pieces were cast in two steps followed by 10 seconds 171 

of vibration on a vibrating table. Most of the samples were demoulded 24 hours after casting, with 172 

the exception of the GGBS-carbonate mixture, which was demoulded at 48 hours because of its low 173 

mechanical properties at early age. The specimens were then autogenously cured (wrapped in plastic 174 

film and sealed in humidified plastic bags) for 28 days at 20°C. After this cure, some samples were 175 

kept in autogenous conditions, others were dried at 20°C with several relative humidity values (0% in 176 

vacuum dryer in air-conditioned room, 50% in air-conditioned room or 95% in wet room with 177 

permanent showers), and the last samples were dried in an oven at 40°C, 50°C, 60°C, 80°C, 105°C or 178 

125°C with no control of relative humidity. Note that the temperature in the wet room may have 179 

varied between 14 and 25°C. Pastes were made with a KENWOOD kitchen mixer according to the 180 

following protocol in five steps: liquid mixing for 2 min at slow speed, addition of powder, mixing for 181 

1 min at slow speed and 1 min at fast speed, pause for 30 s, and mixing for 1 min at fast speed. The 182 



pastes were cast into 4.5x7.5x2.5 cm3 airtight plastic boxes for an autogenous cure of 28 days, then 183 

dried or kept in autogenous conditions. 184 

 185 

2.3. Methods 186 

 187 

2.3.1. Drying kinetics 188 

 189 

The mortar bars were weighed at a precision of 0.01 g immediately after unmoulding (one or two 190 

days after casting), at the end of the 28-day autogenous cure, and several times a week during 191 

drying. When the mass had been stable for more than one week (mass loss less than 0.05 % in 7 192 

consecutive days), the specimens were considered dry (large dots in Figure 1) and were then 193 

analysed using the methods described below. As drying at 125°C was faster than at 80°C, and drying 194 

at 80°C was faster than at 40°C, the test samples having undergone these treatments were not 195 

analysed at the same age (ages will be systematically specified). Due to the very long drying, it was 196 

decided to stop the drying step of samples stored at 20°C - 50 %RH after 7 weeks, and thus before 197 

mass stabilization. For the evaluation of drying kinetics, at least 4 samples were analysed for each 198 

condition and for each AAM material, but only two samples were analysed per condition for the 199 

reference OPC-based cement mortars.  200 

 201 

2.3.2. Ultrasonic pulse velocity (UPV) 202 

 203 

A non-destructive method was used to measure the ultrasonic pulse velocity (UPV), i.e. the 204 

propagation velocity of an electro-acoustic longitudinal wave (ultrasonic) in the mortars (EN 12504-4, 205 

2005; ISO 1920-7, 2004). The machine used was a PUNDIT (Portable Ultrasonic Non-destructive 206 

Digital Indicating Tester), from Controlab Proceq, equipped with two P-wave transducers (54 kHz Ø 207 



50 mm x 46 mm). Grease was used to make the contacts between the transducers and the 4x4x16 208 

cm3 mortar sample.  209 

The ultrasonic pulse propagates through the gaseous, liquid and solid phases at 330 m.s-1, 1480 m.s-1 210 

and from 2000 to 8000 m.s-1, respectively (e.g. 5500 to 6000 m.s-1 in quartz; [36,37]). In mortar, the 211 

UPV depends on several parameters ([38] and reference therein), such as the density and porosity of 212 

material [39–42], the degree of saturation of the porosity [43–46], the mechanical strength 213 

[41,47,48], microcrack formation [49,50], and temperature [51]. According to the mix design, the 214 

UPV of cementitious material lies globally in the 3000 and 5000 m.s-1 range [46,52,53]. 215 

The UPV analyses carried out in this study were intended to follow the evolution of the mortars 216 

under autogenous conditions as well as to non-destructively characterize the evolution of mortar 217 

properties caused by drying. In order to limit the amount of data and associated figures, the UPV 218 

results are not displayed in the main text but are presented in Supplementary data BS2. 219 

 220 

2.3.3. Electrical resistivity (r) 221 

 222 

The resistivity / electrical conductivity of a mortar, which may be related to porosity and water 223 

content [54–56], was also measured by a non-destructive, method. According to availability, two 224 

machines were used: the first was an Ohmega resistivity meter, from Allied Associates Geophysical 225 

Ltd, working in resistance mode at I = 0.5 mA; the second was an assembly consisting of an AC 226 

generator operating at 1488 Hz, a voltmeter and an ammeter. The contact between the 4x4x16 cm3 227 

mortar specimen and the two electrodes fixed on metal grids was made with a wet sponge, the 228 

resistance of which (without sample) was also measured. Mortar bar resistivity (r) is given by 229 

Equation 1. 230 

 231 

� =  � × � / �        	
�       � =  � / 
 (1) 232 



with resistance R = Rmortar - Rsponge (resistance of mortar and sponge, respectively); U: voltage in volts; 233 

I: intensity in amperes; S: contact surface area in square metres and L: length of the sample in 234 

metres. 235 

 236 

2.3.4. Compressive strength (fc) 237 

 238 

A standardized 3R press was used for the mortar 4x4x16 cm3 bar compression tests based on 239 

standard NF EN 196-1 (2016). Three tests in compression were performed for each sample instead of 240 

one test in bending and two tests in compression. All data are reported in Supplementary data A but 241 

only the average of these three results is shown in the figures of this article. Measurements were 242 

carried out on dry specimens and on control specimens stored under autogenous conditions for the 243 

same duration. In order to evaluate the dispersion of data, at least two specimens were analysed per 244 

drying condition for each mortar mixture (i.e. ≥ 6 measurements). 245 

 246 

This destructive test method was coupled with non-destructive testing: acoustic wave propagation 247 

velocity and electrical resistivity (Supplementary data A; BS2). All these methods were carried out 248 

periodically on mixtures stored in autogenous conditions and on dried samples at the end of drying. 249 

The results are intended to complement the data on kinetics and efficiency of drying in order to 250 

specify the impact of drying on the materials concretely, and also to refine our hypotheses 251 

concerning the mechanisms involved. 252 

 253 

2.3.5. Bulk density (ρ) 254 

 255 

Autogenous and dried samples were placed in a desiccator under vacuum for 4 hours. Water was 256 

then injected into the desiccator to fully immerse the samples for 24 hours (with the vacuum 257 

maintained). Each soaked sample was then weighed under water (hydrostatic weighing Mwater) and in 258 



the air after being wiped (Mair). The samples were next dried for one week at 105°C to remove all 259 

water then weighed (Mdry). This protocol is described in more detail in the standard AFPC-AFREM 260 

(1997).  261 

The apparent bulk density (ρ) was expressed in g·cm-3 following Equation 2, where ρwater is the 262 

density of water, equal to 0.998 g·cm-3 at 20°C.  263 

 264 

� =  
����

������ �������
∗ �����  (2) 265 

 266 

 267 

2.3.6. Mercury injection porosimetry (MIP) 268 

 269 

An AutoPore IV 9500 Porosimeter from Micromeritics was used up to a maximum mercury pressure 270 

of 400 MPa following the ISO 15901-1 (2005) standard. This allows information to be obtained on 271 

pore access diameters (throat-sizes) from 300 µm down to 3 nm, following Washburn’s law with a 272 

mercury contact angle of 130° and a surface tension of 0.485 N.m-1 [57]. The samples were not dried 273 

again for the MIP analysis, in contrast to what is often recommended but is not mandatory [58]. 274 

Pieces of mortar of about 1 to 3 g per test were thus put directly into the penetrometer, and then 275 

dehydrated during the evacuation step in the porosimeter. Autogenous samples containing water 276 

were therefore dried during the evacuation step in the porosimeter, with a risk of this evacuation 277 

step inducing an additional modification of the pore network. The test did not start until the exhaust 278 

pressure was ≤ 50 μmHg (6.666 x 10-5 Bar) assuming complete evaporation of the free water. A test 279 

carried out on two geopolymer mortar samples removed from the penetrometer at the end of the 280 

vacuum, then placed at 105°C for 24 hours, confirmed that 80-90% of the mixing water had already 281 

been removed during vacuuming. Moreover, if a little free water, defined as that being linked to the 282 

rigid skeleton only by weak capillary forces, were to remain, the weakness of the capillary forces 283 



should not hinder the passage of mercury [59]. For autogenous samples, the evacuation step could 284 

therefore last several hours. It was much quicker for previously dried samples. 285 

 286 

It has been demonstrated that, if large pores are accessible by small throats, the mercury forced into 287 

the pore remains in it after the mercury pressure is decreased to atmospheric pressure [60]. This 288 

phenomenon, called trapping, was exploited by performing MIP analyses in two phases on our 289 

samples: intrusion and extrusion. MIP porosity φ and the pore size distribution, or more exactly pore 290 

access diameter distribution, were also evaluated. For that, in each analysis the intrusion volume was 291 

divided into several pressure groups, corresponding to pore size accesses of < 10 nm, 10-100 nm, 0.1-292 

1 µm, 1-10 µm, 10-100 µm and > 100 µm as in [61]. Finally, the pore diameter that we noted dHm1, 293 

corresponding to half the volume intruded in the main intrusion peak (in nm) was evaluated. The 294 

objective of this indicator is to observe the evolution of the size of the finest pores (in the main 295 

intrusion peak), without being influenced by microcracking. 296 

 297 

The notion of free and trapped porosities is not often used in civil engineering publications [62,63]. 298 

To summarize, the mercury intrusion allows the total connected porosity to be calculated. When the 299 

pressure returns to atmospheric pressure, part of the mercury remains trapped in the sample 300 

corresponds to the trapped porosity, it is represented by pore–throat arrangements with low throat-301 

to-pore-size ratio. Analogously, voids with high throat-to-pore-size ratios, including cracks, are free of 302 

mercury at this stage since they do not entrap it [60]. By carrying out different cycles of intrusions 303 

and extrusions, Portsmouth and Gladden [64] and Mata et al. [65,66] saw that the volume of 304 

mercury looped on the same hysteresis cycle, which characterized the possibilities of privileged 305 

transfers within the porous system. The percentage of trapped mercury can be qualitatively 306 

correlated with the degree of porous network connectivity (!) (equation 3): the weaker ! is, the 307 

more the material will be connected. Permeability is a complex notion determined by the ink-bottle 308 

effect, the size of the different pore families, and also the tortuosity and connectivity of the material. 309 



Knowing the degree of connectivity of the pores (equal to the ratio of volume of mercury extruded to 310 

volume of intruded mercury) therefore makes it possible to understand some of the permeability 311 

properties of the material. 312 

 313 

! =  
"#$%&' #( ')*+%,', &'+-%+. 

"#$%&' #( /0*+%,', &'+-%+. 
  (3) 314 

 315 

Due to the toxic and polluting characteristics of mercury and the complex management required for 316 

the contaminated samples after testing, only one analysis was conducted for each binder, drying and 317 

age. However, to verify the repeatability, several duplicates were analysed on some samples. In this 318 

case only the average and the confidence interval are displayed in the graphs. 319 

 320 

2.3.7. Scanning Electron Microscopy (SEM) 321 

 322 

Paste materials were observed with a JEOL JSM 3680 on polished surface. Cubic 1x1x1 cm3 SEM 323 

samples were broken or cut from the paste samples with a circular saw. Samples were polished with 324 

ethanol using carbide polishing disks (Presi) (polishing discs and grain size: ESCIL, P800–22 μm, 325 

P1200–15 μm and P4000–5 μm). Then samples were coated with graphite and placed in the SEM 326 

chamber until a vacuum of 2.10-5 mBar was reached. Mineralogical phases and cracks were observed 327 

in backscattered electron detection mode.  328 

 329 

2.3.8. X-Ray Diffraction (XRD) 330 

 331 

Alkali-activated pastes were crushed manually in an agate mortar until a powder with particles < 40 332 

μm (sieve control) was obtained. The diffractometer was a Bruker D8 Advance using a copper X-ray 333 

tube, equipped with a vertical theta / theta goniometer and a LynxEye XE-TTM high-speed linear 334 

detector. A motorized anti-scattering knife was used. The acquisition of the diffractograms was 335 



carried out at 40 kV and 40 mA, from 7° to 70° 2θ with an interval of 0.02° 2θ and a total acquisition 336 

time of 2h30 per sample. Minerals were identified using the Bruker-AXS DIFFRACplus Eva v4 software 337 

and the 2015 ICDD PDF database. Metakaolin mineralogical quantification was performed by Rietveld 338 

calculation with DIFFRACplus Topas v5 following rules described in Trincal et al. [67]. 339 

 340 

2.3.9. Fourier-transform infrared spectroscopy (FTIR) 341 

 342 

FTIR analyses were performed using a Perkin Elmer Frontier FTIR spectrometer. The analyses were 343 

made on a layer of crushed paste (< 80 µm) directly deposed on the diamond cell after measurement 344 

of the background in the air. The transmittance spectrum obtained was an accumulation of 12 345 

measurements made between 4000 cm-1
 and 600 cm-1.  346 

 347 

2.3.10. Thermogravimetric analysis (TGA) 348 

 349 

The TGA method quantified the mass losses of a sample undergoing a temperature increase in a 350 

controlled atmosphere, in order to identify the chemical reactions or the phase changes that possibly 351 

occurred in the sample under heating [68,69]. Analyses were carried out using a Mettler Toledo TGA2 352 

STARe system. For each sample, approximately 0.5 g of paste powders (< 80 µm) was heated in a 150 353 

µL crucible, from 25 or 30°C to 1050°C with a ramp of 10°C/min under 50 mL/min of Argon. 354 

 355 

3. Mortar characterization results 356 

 357 

3.1. Water loss kinetics 358 

 359 

Figure 1 shows the mass variations recorded during the different drying processes for the six 360 

mixtures, and Figure 2 reports the water content (Vw) of the mortars at the end of drying. For both 361 



figures, dot and histogram colours are related to the temperature used for drying. It can be seen 362 

that, for both alkali-activated and OPC-based mixtures, the higher the temperature, the faster and 363 

more effective the drying process. These results follow exponential decrease laws and are consistent 364 

with the literature [23]. For instance, at 105°C and 125°C, 4x4x16 cm3 mortar bars were considered 365 

fully dried after 2 or 3 days, while it was necessary to wait for about two or three weeks at 40°C to 366 

obtain mass stabilization, and almost two months at 20°C - 50 %RH (Figure 1). According to Kelvin’s 367 

law at 20°C [70], the lower the relative humidity, the smaller the Kelvin radius (rk) [71]. When the 368 

radius of a pore is higher than the rk, it desaturates. In the case of the geopolymer [72], rk = 51.97 nm 369 

for RH = 98%, 1.7 nm for RH = 54% and 0.95 nm for RH = 33%. The relative humidity was not 370 

controlled during oven drying. However, the geopolymer pore size was larger overall than in CEM- or 371 

slag-based mixtures, suggesting that, for a fixed humidity, the geopolymer will desaturate more 372 

quickly. It is therefore likely that temperature, relative humidity and pore size have a combined 373 

effect on drying kinetics. 374 

 375 

Whatever the conditions, geopolymer and Mk-GGBS-silicate masses stabilized faster than those of 376 

the other four mixtures, suggesting higher water transfer properties. This is supported by the facts 377 

that the pore size varies according to the mixture, and that free water is more easily removed than 378 

chemically bound water. In geopolymer, there is mostly free water [3,73], while in CEM- or slag-379 

based binders a large proportion of the water is physically absorbed and chemically bound in 380 

hydrates. To go further, the nature of hydrates is not the same in cement-based mortars as in those 381 

based on slag, and GGBS-OPC binders are known to have smaller pore size distributions than pure 382 

OPC. The chemical bonds between water and hydrates are therefore not the same, which can 383 

contribute to different drying kinetics. At the end of the autogenous cure, depending on the amount 384 

of air bubbles trapped during mixing, the degree of saturation of geopolymer porosity is close to 95-385 

100% [72], while it is much lower in the other binders (water was emptied from the pores during 386 



hydration). This is confirmed by the mass increase of cementitious and slag mortars when they are 387 

placed in the wet room, corresponding to a re-saturation of the porosity (Figure 2).  388 

 389 

3.2. Strength properties 390 

 391 

Figure 3 shows the compressive strength (fc) of the four alkali-activated and the two CEM-based 392 

mixtures. In this figure, the dot colour is related to the temperature (as in previous figures); the 393 

vertical axis corresponds to the duration of drying (after 28 days under autogenous conditions) and 394 

the horizontal axis to mechanical strengths in MPa.  395 

 396 

- Geopolymer stored in autogenous conditions had similar fc values from 28 to 150 days (Figure 3A; 397 

Supplementary data A). Without water exchange, the geopolymer strength no longer evolved once 398 

the geopolymerization reactions were completed. Both ultrasonic pulse velocity (UPV) and resistivity 399 

results were also constant between 28 and 88 days (Supplementary data B), confirming that there 400 

was no material damage or evolution during this period. All these results are consistent with the 401 

literature, since most geopolymerization reactions take place in the first few days after casting 402 

[33,74]. 403 

 404 

After 28 days of autogenous cure, geopolymer dried at a temperature ≥ 50°C, and especially between 405 

80°C and 125°C, induced a large fc loss (of as much as 37 %; Figure 3A; Supplementary data A). This 406 

loss persisted with an extension of drying for several weeks (e.g. same fc for samples dried for 14 or 407 

60 days at 105°C). For drying at T ≤ 40°C, the dried geopolymer samples showed similar fc to those 408 

stored in autogenous conditions. The UPV values of the geopolymer seemed to be modified in 409 

proportion to the intensity of drying. Samples cured in a wet room had identical results to 410 

autogenous samples of the same age. Samples dried at temperature T ≤ 40°C showed a very slight 411 



decrease in UPV, and in those dried at T ≥ 60°C UPV dropped by about a quarter (Supplementary 412 

data A; BS2).  413 

 414 

Significant similarities observed between the UPV and fc trends suggest a relationship between them, 415 

and the possibility of evaluating geopolymer fc with non-destructive UPV measurements. However, 416 

this implies a calibration step to assess the contribution of each parameter: the porosity and its 417 

degree of saturation, the microcrack occurrence, the mineralogical assemblage, etc. (see part 1.4. 418 

Methods). 419 

 420 

- GGBS-silicate and GGBS-carbonate conserved in autogenous conditions underwent a slow strength 421 

increase from 28 to 88 days, and seemed stabilized beyond 6 months (Figures 3B and 3C; 422 

Supplementary data A). Resistivity was 10 times higher than in the geopolymer and this value 423 

increased over time (Supplementary data BS4). The resistivity of a material depends, among other 424 

things, on its water content (open porosity and degree of saturation of the pores) and the 425 

concentration of salts in the porous solution [56]. Resistivity increase in autogenous conditions can 426 

thus be related to the continuation of hydration reactions over time through the consumption of 427 

water or ions by the pores, also leading to strength increase. For these two mixtures, ultrasonic pulse 428 

velocity values were stable over time, as for geopolymer but with higher values. The speed of 429 

propagation of an electro-acoustic longitudinal wave depends on the properties of the medium it 430 

crosses, which suggests that the two GGBS-based mixtures were denser and more rigid/less porous 431 

than the geopolymer [38]. The geopolymer bulk density of 2.01 g.cm-3 was indeed lower than those 432 

of GGBS-silicate and GGBS-carbonate, with 2.16 g.cm-3 and 2.11 g.cm-3, respectively (Table 3).  433 

 434 

For both mixtures, drying at T ≥ 80°C or at 20°C (whatever the humidity), did not decrease the fcs, 435 

which were similar to those of samples stored under autogenous conditions (Figures 3B and 3C). 436 

However, drying at 60°C or, more significantly, at 40°C decreased the fc by as much as 36 % and 24 % 437 



for GGBS-silicate and GGBS-carbonate, respectively. This was not due to the time spent in the oven 438 

since the samples kept in the oven for 2 months showed results similar to those analysed at the end 439 

of regular drying. Further drying at 40°C - 80% RH was carried out on the GGBS-silicate. The results 440 

were similar to those of autogenous samples, i.e. almost no water flow or strength modification, 441 

suggesting that the temperature of 40°C affects the fc only when humidity is low.  442 

 443 

- Mk-GGBS-silicate stored in autogenous conditions showed a marked fc increase between 28 and 88 444 

days (Figure 3D; Supplementary data A). Ultrasonic pulse velocity results revealed an augmentation 445 

over time in autogenous conditions while resistivity remained constant (Supplementary data A, BS2). 446 

This suggests an increase in the density or rigidity of the material, without any drastic modification of 447 

the pore solution. However, the bulk density remained constant at 2.08 g.cm-3 (Supplementary data 448 

BS1). These results suggest a combination of several reactions over time, such as hydration reactions 449 

in the unreacted slag and recrystallization/restructuration of the geopolymeric gel. 450 

 451 

Surprisingly, whatever the temperature used, the Mk-GGBS-silicate drying considerably reduced both 452 

fc (by between 30% and 45%) and UPV (by 25%) (Figure 3D; Supplementary data A, BS2). Only 453 

samples cured in the wet room (20°C - 95% RH) presented results similar to those of autogenous 454 

samples. Once dry, samples no longer showed fc increases – unlike the autogenous one, in which the 455 

fc difference increased over time. This suggests that even the smallest loss of water caused by drying 456 

at 20°C - 50 %RH, is enough to stop the chemical reactions, an observation that is probably related to 457 

a humidity drop in the mortar. Other possibilities are development of cracking or even structure 458 

degradation due to removal of water from the skeleton. This mixture thus seems very sensitive to the 459 

evaporation of its water, more than geopolymer, despite very close water contents. 460 

 461 

- The fcs of CEM I and CEM III/B mortars were very stable over time between 28 and 88 days in 462 

autogenous conditions (Figures 3E and 3F). Furthermore, neither of these two mixtures showed an fc 463 



drop due to drying. In contrast, CEM III/B showed an fc increase of about a third for a drying 464 

temperature ≥ 80°C, which was probably related to an acceleration of hydration reactions by the 465 

thermal curing [75,76]. On CEM III/B concrete samples, Azar et al. [77] observed an fc increase of 15 466 

% with drying at 40°C. 467 

 468 

3.3. Porosity 469 

 470 

Mercury intrusion porosimetry (MIP) data are reported in Table 4 and illustrated Figure 4. For each 471 

AAM, Table 4 gives three parameters: the connected total porosity (φ) in %, the degree of pore 472 

connectivity (!) in %, and the pore diameter (dHm1) in nm corresponding to half of the mercury 473 

volume intruded in the main intrusion peak. According to the pore size distribution (supplementary 474 

data BS5), the main intrusion peak was bounded between 3 and 1000 nm for geopolymer, and 475 

between 3 and 225 nm for all other AAMs. All the larger pores (i.e. > 1000 nm or > 225 nm, 476 

respectively) appear to have been formed by microcracking due to preconditioning and were not 477 

integrated in the dHm1 parameter. All φ, ! and dHm1 data are given according to drying and time (0 478 

corresponds to the end of the cure, i.e. after 28 days in autogenous conditions, when samples were 479 

placed in drying or maintained in autogenous conditions). The reason why there is no confidence 480 

interval given in Table 4 is that only one sample was analysed, as good repeatability had been shown 481 

for other samples. 482 

 483 

Figure 4 shows the evolution of the pore access diameter distribution, called pore size distribution, of 484 

the four AAM mixtures dried or stored in autogenous conditions. For each mortar analysed, intrusion 485 

volume was divided into six pore size groups: < 10 nm, 10-100 nm, 0.1-1 µm, 1-10 µm, 10-100 µm 486 

and > 100 µm. To achieve this, the intrusion volume was calculated between the pressure stages 487 

corresponding to the sizes of intruded pores as performed in Ortega et al. [61]. We recall that, if it is 488 

necessary for the mercury to pass through smaller capillaries to fill large pores (ink bottle effect), 489 



then the measurement made by MIP will give a pore access diameter equal to the size of the smallest 490 

capillaries [78]. 491 

 492 

Geopolymer mortar stored in autogenous conditions has an MIP porosity close to 18 %, which might 493 

decrease slightly over time but, due to the accuracy of the measurements, more analyses would be 494 

necessary to confirm this trend (Table 4). The pore access sizes distribution is monomodal, centred 495 

around 7 nm (Table 4; Supplementary data BS5). Most of the mercury is introduced into samples for 496 

pore access sizes between 5 and 20 nm, which corresponds to two categories in Figure 4 (< 10 nm 497 

and 10-100 nm). In autogenous conditions, the geopolymer pore size distribution seems to remain 498 

stable over time, as confirmed by dHm1 (Table 4). Between 3 and 1000 nm (main intrusion peak), half 499 

of the intruded mercury volume corresponds to a pore size dHm1 = 9 nm, whatever the autogenous 500 

cure duration. These results are consistent with literature data, according to which the pore volume 501 

is stable over time and there are two pore families: first, a mean pore size generally close to 5-10 nm 502 

depending on the water content, and second a porosity visible at microscale by microscopy but 503 

invisible in MIP due to the ink-bottle effect [34,79]. Finally, for these autogenous samples, there is as 504 

much free as trapped porosity; the connectivity of the porous network is high (! close to 50%; Table 505 

4). 506 

 507 

The more intense the drying, the greater the MIP porosity (up to 23.5 % for drying at 105°C), and the 508 

greater the size of the pore accesses (Table 4; Figure 4B). Whatever the conditioning, with the 509 

exception of the humid room (at 20°C-95 %RH), which is not a desiccant condition, drying induces an 510 

increase in the dHm1 which can be associated to drying shrinkage and formation of microcracks (Table 511 

4; Supplementary data BS5). The dHm1 doubles with drying at 20°C, quadruples at 40°C, and is 512 

multiplied by ten for a temperature ≥ 80°C. This results in a change of the pore size categories in 513 

Figure 4B, where, above 40°C, there are no more pores < 10 nm and, above 80°C, the 0.1-1 µm pore 514 

category becomes the most abundant. These variations could be the consequence of material micro-515 



cracking and/or the collapse of the walls between the smaller pores. This seems to be confirmed by a 516 

slight decrease in ! to 44.5 at 125°C (Table 4), suggesting a higher connectivity of the porous 517 

network. 518 

 519 

GGBS-silicate and GGBS-carbonate mortars stored in autogenous conditions for more than 28 days 520 

were less porous than geopolymer, with total accessible porosities around 12% and 15% respectively 521 

(Table 4; Figures 4C; 4E). However, the reproducibility of the analyses was not very good (in 522 

particular for GGBS-carbonate with porosity differences of up to 4% between two samples) and the 523 

intrusion curves show that these samples were not saturated with mercury. This last point indicates 524 

that, unlike in the geopolymer, there were pores smaller than 3 nm. With a different liquid surface 525 

tension, the water porosity measurements confirmed MIP data, with GGBS-based mortars having a 526 

porosity close to 17 %, compared with 21 % for the geopolymer (Supplementary data BS5). The pore 527 

size distribution was monomodal < 30 nm for the GGBS-silicate, with an average dHm1 of 6.5 nm and ! 528 

close to 67 % (Table 4; Figures 4C). For GGBS-carbonate, the pore size distribution was monomodal < 529 

50 nm with an average dHm1 of 9.2 nm and ! close to 60 % (Table 4; Figures 4E). Note that, for this 530 

last binder, both dHm1 and ! seem to have decreased during the autogenous cure. The connectivity of 531 

the porous network in GGBS-binder is thus lower than in geopolymer, the pore size is different, as is 532 

probably the case for the ink-bottle effect and the tortuosity, so the permeability is very likely to be 533 

different between the metakaolin and slag-based binders. This can have repercussions on water 534 

transfers and drying kinetics (Figure 1). 535 

 536 

With drying, no mixtures stored at 20°C (at relative humidity of 0 %, 50 % or 95 %) appear to have 537 

been significantly affected. The φ, ! and dHm1 have similar values (Table 4), and the pore size 538 

distribution also appears to be identical (Figures 4D; 4F). In contrast, GGBS-binders dried at 40°C or 539 

more show a significant increase of the dHm1, to the extent of being quadrupled. This results in a drop 540 

of the pore access category < 10 nm in favour of the 10-100 nm and > 1 µm ones (Figures 4D; 4F). 541 



Regarding the MIP porosity, for GGBS-silicate, φ is higher for samples dried at 40°C than for those 542 

stored under autogenous conditions, but lower than those dried at T ≥ 60°C (Table 4). For GGBS-543 

silicate, φ is higher for samples dried at T ≥ 60°C than for all the others. The connectivity of the pores 544 

appears to be maximum for the GGBS-silicate dried at 40°C; while it appears minimum for GGBS-545 

carbonate dried at T ≥ 60°C. For these two AAMs, drying at 40°C seems to have different effects from 546 

drying at T > 60°C, suggesting micro-cracking formation (as for geopolymer) or assemblage phase 547 

transformation.  548 

 549 

Mk-GGBS-silicate mortar stored in autogenous conditions showed a MIP porosity content lying 550 

between those of the geopolymer and the GGBS-silicate and decreasing over time (Table 4). The dHm1 551 

was close to 6.8 nm, smaller than the geopolymer value, and the pore access diameter distribution 552 

was below 20 nm. According to the intrusion curves, these samples were not saturated with mercury, 553 

suggesting a pore size population below 3 nm. By grouping the pore access diameters by classes, half 554 

the Mk-GGBS-silicate samples were found to have porosities of < 10 nm at the end of the cure, while 555 

this value reached three quarters 6 months later (Figure 4G). Like φ, the connectivity of the porous 556 

network of GGBS-binder seems to be between those of the geopolymer and the GGBS-silicate. 557 

 558 

With drying, all tested conditions resulted in φ, dHm1 and pore connectivity increases (! decrease) 559 

(Table 4). This led the pore access diameters category < 10 nm to be replaced by the 10-100 nm one 560 

(Figure 4H). This material thus behaves similarly to the geopolymer, despite the fact that the use of 561 

slag has reduced its porosity. 562 

 563 

4. Paste characterization results 564 

 565 

According to previous results on mortar, AAM pastes may also be affected by drying. Note that for 566 

geopolymer and Mk-GGBS-Silicate pastes, the use of a pure metakaolin as raw materials (the used 567 



one contains more than 40% of quartz, Table 2) could induce different behaviors. Depending on the 568 

mixtures and the temperatures used, several phenomena can come into play: microcracking, phase 569 

dehydration, degradation or recrystallization, etc. In order to clarify these hypotheses, paste samples 570 

were cast, stored in autogenous conditions then dried before microscopic observations and 571 

mineralogical identifications.  572 

 573 

4.1. Scanning Electron Microscopy (SEM) observations 574 

 575 

Geopolymer paste stored in autogenous conditions or dried at 40°C showed a network of reticulated 576 

cracks, i.e. with primary large cracks (5-10 µm wide) that could be followed over several mm, as well 577 

as secondary and tertiary finer cracks (Figure 5A; Supplementary data BS6). These cracks were 578 

probably produced by the SEM vacuum [80] and/or by drying shrinkage.  579 

Most cracks occurred preferentially at the interface between the geopolymer and quartz grains 580 

which were initially present in the metakaolin. On the other hand, only a few cracks appeared 581 

between the remaining undissolved metakaolin grains and the geopolymer paste. The geopolymer 582 

paste seemed generally unaltered by drying at T ≤ 40°C. 583 

 584 

With drying at 60°C (Supplementary data BS6) or 105°C (Figure 5B), the geopolymer microstructure 585 

was different. Fewer large cracks were visible, most likely because most of the drying shrinkage had 586 

already taken place before SEM sample preparation, during the oven step. The cracks were narrower 587 

than in autogenous samples and did not have a reticulated network. The geopolymer paste seemed 588 

less dense and less homogeneous (looking more cavernous, corroded, with grain detachment), 589 

suggesting that drying at 60°C or more induced a textural modification of the geopolymeric gel, 590 

possibly micro-cracking, and an increase of visible porosity.  591 

 592 



GGBS-silicate and GGBS-carbonate pastes seemed to have the same behaviour. In autogenous 593 

conditions, as the paste dried for 60 days at 20°C-65% RH, they showed a mosaic of small cracks 594 

(Figures 5C) that seemed to form preferentially at the slag/grain interface and were probably caused 595 

by desiccation induced by slag hydration (autogenous shrinkage) or desiccation in the vacuum 596 

chamber of the microscope [81]. Supplementary, bigger cracks were observed for GGBS-carbonate 597 

compared to GGBS-silicate, possibly explained by a greater autogenous shrinkage coupled with the 598 

slightly lower strength of the material. 599 

With drying at 40°C, 60°C or 105°C, desiccation shrinkage induced large cracks (Figures 5D; 5E; 5F; 600 

Supplementary data BS6). A network of secondary cracks was also observable for samples dried at 601 

40°C and 60°C (Figures 5D; 5E) but not for the one dried at 105°C (Figure 5F). Drying at 105°C 602 

therefore appears to be less damageable than drying at 40-60°C, suggesting that drying intensity and 603 

speed have an effect on the GGBS-binder microstructure. Similarly to geopolymer, the paste seemed 604 

less dense and less homogeneous after drying. 605 

 606 

Mk-GGBS-silicate paste cured in autogenous conditions presented a network of cracks intermediate 607 

between that of the geopolymer and that of GGBS-silicate (Figures 5G; Supplementary data BS6). The 608 

micro-cracks crossed the matrix and ran along the grains of quartz and slag, which seems to indicate 609 

good grain-matrix cohesion. 610 

Whatever the drying temperature (40°C, 60°C or 105°C), the texture of the paste seemed to be 611 

affected (Figure 5H) and looked like geopolymer dried above 40°C or the GGBS-silicate at 40°C or 612 

60°C. The behaviour of Mk-GGBS-silicate therefore seems to be intermediate between those of the 613 

geopolymer and the GGBS-silicate.  614 

  615 

4.2. Mineralogical analyses 616 

 617 



X-ray diffractograms of geopolymer kept in autogenous conditions showed a mainly amorphous 618 

material with crystallized phases, mainly quartz (SiO2), and minor phases such calcite (CaCO3), 619 

hematite (Fe2O3), mullite (3Al2O3.2SiO2), anatase and rutile (TiO2) and other phyllosilicates (kaolinite 620 

(Al2Si2O5(OH)4) and illite/muscovite probably (K(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,(H2O)]) (Figure 6A). The 621 

FTIR spectrum (Figure 7A) exhibited the asymmetric stretching vibration of Si-O-T bonds (where T is 622 

tetrahedral silicon or aluminium related to geopolymeric gel) close to 985 cm-1 [82,83], and Si-O out-623 

of-plane bending vibration at 693 cm-1 [84]. It also confirmed the presence of carbonate since 624 

vibration of O-C-O bonds between 1430 and 1390 cm-1 was observed [85]. The TGA spectrum (Figure 625 

8A) pointed out three weight losses: a first, main one generally attributed to the loss of water within 626 

the porosity of the materials from 80°C to 250°C, a small second one between 300°C and 600°C 627 

attributed to the release of water by condensation/polymerization of Si–OH and Al–OH groups, and a 628 

third one between 600°C and 800°C related to the decomposition of carbonate species [86]. 629 

 630 

Whatever the drying temperature, no mineralogical changes were observed on X-ray diffractograms 631 

for geopolymers kept at 40°C, 60°C, and 105°C (Figure 6A). However, the hotter the drying was, the 632 

less marked was the amorphous hump. This may have been due to porous solution crystallization 633 

during drying or a change in the structure of the amorphous gel as suggested by SEM observations 634 

(Figures 5A; 5B). TGA analyses and FTIR spectrum (H-OH peak close to 1646 cm-1) exhibited a 635 

decrease of water within the materials, which became greater with temperature (Figures 7A; 8A). 636 

Water loss with drying up to 105°C did not seem to change the mineralogy of the geopolymer, as 637 

mainly free water in the porosity seemed to be removed. In the TGA spectrum, the decrease in the 638 

signal of free water (80-120°C) in the porosity revealed the presence of a second signal attributed to 639 

physically bound water (150-200°C). It might be water bound in the hydration shell of the sodium 640 

counter ions [87,88]. 641 

 642 



GGBS-silicate autogenous paste diffractograms showed broad peaks (at 20-38° and 49-51°) assigned 643 

to amorphous phases and C-S-H / C-A-S-H (PDF file 33-0306; Figure 6B). These identifications were 644 

confirmed by Si-O-T bond peaks in FTIR spectra (Figure 7B), and also by weight loss between 105°C 645 

(loosely bound water) and 500°C (tightly bound water) on TGA spectra, corresponding to the 646 

evaporation of free water and interlayer water, and then the dehydroxylation of C-S-H / C-A-S-H 647 

close to 700°C (Figure 8B, [89–91]). Tobermorite ((CaO)x-SiO2-zH2O, PDF file 06-0010) and 648 

hydrotalcite (Mg6,Al2CO3(OH)16-4H2O, PDF file 14-0191) (Figure 6B) were observed in our autogenous 649 

samples, as cited in the literature [12]. On X-ray diffractograms, we observed that carbonation 650 

creating calcite and vaterite (CaCO3) easily occurred when GGBS-silicate pastes came into contact 651 

with air. 652 

 653 

After drying at 40°C for 35 days, 60°C for 24 days or 105°C for 14 days, GGBS-silicate pastes did not 654 

show mineralogical changes on X-ray diffractograms. Only a very slight decrease of the main 655 

amorphous hump was observed in X-ray diffractogram for 105°C drying (Figure 6B), probably due to 656 

dehydration of some C-S-H / C-A-S-H [90,91]. FTIR spectra and TGA thermograms also confirmed that 657 

there was no mineralogical modification due to drying, except for a different water loss (Figures 7B 658 

and 8B). With drying, less loosely bound water was noticed (up to 200°C) and a little more bound 659 

water (up to 500°C), that might be explained by the ongoing hydration of GGBS-silicate pastes over 660 

time, and potentially more C-S-H / C-A-S-H phases formed. 661 

 662 

GGBS-carbonate pastes kept in autogenous conditions showed, as for GGBS-silicate samples, the 663 

presence of an amorphous hump on X-ray diffractograms, probably related to C-S-H / C-A-S-H phase 664 

(Figure 6C). Calcite, gaylussite (Na2Ca(CO3)2·5H2O, PDF file 21-0343) and hydrotalcite 665 

((Mg0.667,Al0.333)(OH)2(CO3)0.167(H2O)0.5, PDF file 89-0460) were also detected. In FTIR spectra, the 666 

1350-1550 cm−1 band and the shoulder at 871 cm−1 refer to the carbonation products in the paste 667 

(Figure 7C; [92]). 668 



 669 

X-ray diffractograms on GGBS-carbonate revealed mineralogical variations after drying, (Figure 6C). 670 

With drying at 40°C, gaylussite peaks decreased in intensity and calcite peaks increased, while at 671 

60°C and 105°C, there was no more gaylussite and the calcite appeared even more abundant (Figure 672 

6C). The increase in calcite, however, was not confirmed by TGA, where the mass loss at around 673 

700°C remained similar (Figure 8C). Calcite and hydrotalcite were present in all samples and seemed 674 

not to be affected by drying. An evolution of the carbonate compound structures of GGBS-carbonate 675 

paste thus seemed to be observed by X-ray diffraction. Like GGBS-silicate, GGBS-carbonate drying led 676 

to less loosely bound water being found in TGA analyses, and a little more bound water (Figure 8C). 677 

FTIR spectra also attested to the carbonate evolution, where O-C-O bound peaks had very different 678 

shapes depending on the drying, especially for drying at temperatures up to 60°C (Figure 7C). 679 

 680 

Mk-GGBS-silicate pastes were a combination of minerals found in geopolymer and in GGBS-silicate 681 

pastes. On the X-ray diffractogram, autogenous samples showed an amorphous hump (probably 682 

combining geopolymer matrix and C-S-H / C-A-S-H phases), quartz, calcite, hematite, mullite, anatase 683 

and other phyllosilicates (kaolinite, illite/muscovite) (Figure 6D). The FTIR spectrum was consistent 684 

with the suggested mix of geopolymer matrix and GGBS-silicate matrix, since Si-O-T bands (960 – 967 685 

cm-1) were observed between 985 cm-1 (geopolymer) and 950 cm-1 (GGBS-silicate) (Figure 7D). The 686 

TGA spectrum was similar to the geopolymer one but with slightly more water loss between 200°C 687 

and 500°C confirming the presence of C-S-H / C-A-S-H phases (Figure 8D).  688 

 689 

Few mineralogical changes were visible after drying. There was a slight decrease in the amorphous 690 

hump on XRD diffractograms at 40°C, 60°C or, more significantly, at 105°C, suggesting an evolution of 691 

geopolymer matrix and C-S-H / C-A-S-H phases (Figure 6D). Then, FTIR spectra showed slight 692 

variations in the O-C-O bond related to carbonates (Figure 7D), which were confirmed by slight 693 

variations in the TGA weight loss around 660-680°C (Figure 8D). 694 



 695 

5. Discussion 696 

 697 

5.1. Summary of behaviour of alkali-activated materials under drying 698 

 699 

Most of the data in this article are summarized in Figure 9. They showed that CEM I and CEM III/B 700 

mortars were not mechanically damaged whatever the drying temperature (20°C to 105°C). The 701 

compressive strengths at each maturity time were equal to the ones of the reference sample kept in 702 

autogenous conditions (Figure 3E), and even increased for CEM III/B after drying at 80°C and 105°C 703 

(Figure 3F). This was probably related to an acceleration of hydration of slag by thermal curing 704 

[75,76]. However, different behaviours were observed for alkali-activated materials (Figure 9). 705 

 706 

For the four alkali-activated materials, the higher the drying temperature was, the faster and the 707 

more effective was the drying (Figures 1, 2). Drying the geopolymer and MK-GGBS-silicate at 20°C, 708 

40°C and 105°C, removed respectively 50 %, 65 to 68 %, and 80 % of mixing water, while drying the 709 

GGBS-silicate and GGBS-carbonate at the same temperature removed 10 to 20 %, 48 to 58 % and 72 710 

% of mixing water, respectively (Figure 9A). This lower evaporation rate for slag and cement-based 711 

systems can be explained by the smaller pores, which remain saturated and the presence of hydrated 712 

phases. In addition, damage in AAMs could be observed to depend on the drying (Figures 9B and 9C):  713 

- Geopolymer dried at a temperature ≥ 50°C, and especially between 80°C and 125°C, induced 714 

a significant compressive strength loss (of up to 37 %). This correlated well with a drop of 715 

about a quarter in the ultrasonic pulse velocity, which is a technique commonly used to 716 

follow the damage evolution in materials [41,47,48]. 717 

- GGBS-silicate and GGBS-carbonate strengths were not affected by drying at T ≥ 80°C or at 718 

20°C (whatever the humidity). However, an fc loss was observed with drying at intermediate 719 

temperatures: 40°C and 60°C with low relative humidity. In the meantime, all samples dried 720 



at T ≥ 40°C had a large UPV decrease. It is therefore not currently conceivable to assess the 721 

strength of GGBS-silicate (unlike geopolymer) materials with this NDT method, but rather to 722 

detect the formation of microcracks. 723 

- MK-GGBS-silicate was damaged whatever the drying temperature (30% to 45% strength 724 

loss), combining the weak points of both geopolymer and GGBS-silicate materials. 725 

 726 

 727 

5.2. Mechanisms 728 

 729 

5.2.1. Geopolymer  730 

 731 

No mineralogical changes able to explain the compressive strength losses were detected by visual 732 

observation of XRD (Figure 6A), FTIR (Figure 7A), or TGA (Figure 8A), although a decrease in water 733 

content was demonstrated with all these methods. A detailed statistical analysis of these spectra 734 

could, however, refute this overall interpretation. As it dries, the pore solution should precipitate 735 

phases that were not detected in XRD, possibly because they occurred in too small a quantity, or had 736 

a composition similar to the gel. SEM observations also showed microstructural modification (Figure 737 

5), with a less dense geopolymer paste and the apparition of porous zones. The decrease in strength 738 

and the modification of microstructure is consistent with Llyod’s work [93] comparing metakaolin-739 

based geopolymer before and after a heat treatment at 95°C. However, contrary to this study, no 740 

zeolite was formed in our case after the heat treatment – or the amount formed was too low to be 741 

detected by XRD even at 105°C or 125°C. The abundance of quartz in metakaolin could also have an 742 

influence on the modification of the microstructure, which could possibly be avoided by using a purer 743 

metakaolin as raw material. 744 

Nevertheless, SEM observations (Figure 5) showed that drying at 40°C or less induced no visible 745 

textural modification of the geopolymeric gel. These observations could be explained by a drying 746 



shrinkage which increases as more free water is removed from 20 to 125°C [73,94]. Kuenzel et al. 747 

[94] attributed this shrinkage event to capillary strains in the sample following the loss of free water 748 

and concluded that the hydration spheres of Na+ cations play a significant role in maintaining the 749 

structural stability of the paste. 750 

 751 

5.2.2. GGBS-silicate and GGBS-carbonate 752 

 753 

For both slag-based AAMs, drying at T ≥ 80°C induced an increase in the pore size (Figure 9E), but did 754 

not cause mineralogical change (Figures 6; 7; 8), additional cracking (Figure 5) or significant 755 

mechanical strength damage (Figure 9B). Conversely, drying at 40°C and 60°C (with low RH) induced 756 

significant compressive strength losses (Figure 3). This time, strength loss can probably be attributed 757 

to carbonates and C-(A)-S-H reactions, possibly due to intercrystallite pores desaturation, dissolution-758 

precipitation, recrystallization or carbonation which may affect the porosity of the binder. This is 759 

supported by changes in the structure of the hydrated products observed in GGBS-silicate dried at 760 

60°C by Ismail et al. [10]. However, the results of our study do not allow us to conclude on a 761 

mineralogical change due to drying (Figures 6; 7; 8). The kinetics of these reactions should be studied 762 

in detail with the support of thermodynamic data. Since GGBS-silicate MIP porosity seemed to 763 

increase for drying at 40°C (Table 4; Figure 4B) and SEM observations showed that the texture of the 764 

gel was affected and looked like geopolymer paste dried at 60°C or 105°C (Figure 5), shrinkage and 765 

micro/nano-cracking might occur, reducing mechanical strengths and creating voids.  766 

 767 

Many authors have shown that, for a fixed temperature, relative humidity has a strong effect on the 768 

material during drying [95]. Ye et al. [96] and Jia et al. [97] showed that the lower the relative 769 

humidity and drying rate, the higher the shrinkage for alkali-activated slag materials, and so the 770 

higher the chance of crack appearance. Drying at 40°C with a relative humidity of 80 % did not impact 771 

the compressive strength of GGBS-silicate (Figure 3B). In Europe, a relative humidity of 50-65 % is 772 



very common, but the temperature rarely stays at 40°C for long. In contrast, in arid deserts (e.g. 773 

Sahara, Atacama, Namib), it is common to have 40°C with a very low RH. Inversely, in a humid 774 

tropical environment it is common to have 40°C with a humidity close to 100 %. Depending on the 775 

country, the temperature/relative humidity pair will vary and therefore play an important role during 776 

drying, which can potentially affect the mortars differently.  777 

Using Kelvin’s law, it is possible to calculate the Kelvin radius (rk) for mortar exposed at 40°C and both 778 

20 and 80 %RH. According to Kelvin’s law, with 40°C-20 %RH, the pores that are desaturated are 779 

larger than 0.4 nm while, with 40°C-80 %RH it is only pores larger than 2.8 nm that are desaturated, 780 

limiting the drying shrinkage. With a humidity rate of 80%, C-(A)-S-H intracrystallite pores were 781 

desaturated (0.6 ≤ r ≤ 1.6 nm) while, with a humidity rate of 20% there were also intercrystallite 782 

pores (r ≤ 0.6 nm) [98,99]. It would therefore seem that the loss of mechanical resistance of a binder 783 

is linked to the emptying of the intercrystallite C-(A)-S-H pores, inducing coarsening of pore structure, 784 

probably attributable to the polymerization of silicate anion chains and the development of a 785 

cohesive structure [100]. Some AAM are sensitive to moisture and may undergo a continuous 786 

sequence of irreversible decomposition reactions during drying [11]. GGBS-silicate stored at 40°C 787 

under autogenous conditions, or dried at 40°C – 80% RH, desaturated C-(A)-S-H intracrystallite pores 788 

but not intercrystallite ones, which do not lead to a mechanical strength drop (Figure 3, 789 

Supplementary data A). Nevertheless, this invites further investigation of the role of humidity and its 790 

coupling with temperature. 791 

 792 

One hypothesis to explain why the effect of desaturation at temperatures higher than 60°C did not 793 

affect the compressive strength is that the kinetics of the drying is also of importance. At 60°C or 794 

more, the material may be subjected to a shorter period of mechanical stress, limiting 795 

microstructural damage. Ye et al. [96] and Hojati et al. [101] reported that their fine pore structure 796 

and high degree of saturation found upon drying increased the effective capillary pressure, and slag 797 

mixtures also showed a significant time dependent response (creep), where the pastes continued to 798 



shrink after their maximum mass loss had been reached. Investigations by  Ye and Radlińska [102] 799 

and Ye et al. [103] have explained the high drying shrinkage of AAS by providing an understanding of 800 

the behaviour of hydration products during the drying process. According to their research, the 801 

structural incorporation of alkali cations in C-A-S-H reduces the stacking regularity of C-A-S-H layers 802 

and facilitates their collapse and redistribution upon drying. The high drying shrinkage of AAS can be 803 

attributed to the relatively low creep modulus of the hydration products in AAS. 804 

 805 

5.2.3. Mk-GGBS-silicate 806 

 807 

Intense micro-cracking was observed for mortar stored under autogenous conditions (Figure 5), and 808 

was probably linked to a significant autogenous shrinkage favoured by the hydration of the slag. 809 

Whatever the drying condition is, an increase in the pore size was observed (Figure 4), which could 810 

be associated with nano-cracking and creation of porosity caused by drying shrinkage. As for the 811 

geopolymer, the microstructure evolution could also be linked to the presence of quartz in the 812 

metakaolin. As observed in another ternary mixture, a GGBS/fly ash geopolymer, the loss of water 813 

related to drying is possibly related to the gel moving toward a less ordered and more cross-linked 814 

structure [10]. Thus, both autogenous and drying shrinkage would probably be at the origin of the 815 

drop in mechanical strength (Figure 9B), without there being any apparent mineralogical variation 816 

(Figure 6). 817 

 818 

Whatever the nature of the AAM, increasing the drying temperature (20°C to 125°C) induced no 819 

mineralogical change but did lead to microstructural modifications due to autogenous and drying 820 

shrinkage: disappearance of the smallest pores (< 10 nm) in favour of larger ones (10-100 nm, and 821 

even 0.1-1 µm for geopolymer) that can be observed in SEM pictures and suggests the collapse of 822 

fine pores with reorganization of the paste, and micro-cracking. 823 

 824 



5.3. AAM drying recommendations 825 

 826 

Experimental results in this manuscript refer to only four mixtures, without evaluation of their 827 

robustness or the variability of raw materials. Starting with a different precursor or activator, in 828 

terms of fineness, mineralogical or chemical composition, degree of crystallinity, etc., might lead to 829 

significant differences in the experimental results. For example, the density and purity of metakaolin 830 

governs its reactivity, as well as its autogenous deformation, which can be shrinkage or expansion 831 

[104]. Likewise, the chemical composition of slag will determine its reactivity [105,106]. As shown in 832 

numerous studies, activator dosage, water content and molar ratios will also influence the properties 833 

of the alkali-activated material [94]. So, it should be kept in mind that the recommendations listed 834 

below are valid for the raw materials and mixtures that we have tested, and should only be 835 

generalized with caution. 836 

 837 

Geopolymer (metakaolin rich in quartz activated with sodium silicate) showed a drop in mechanical 838 

strength with oven drying at temperatures of 50°C to 125°C (Figure 3). This damage was correlated 839 

with an increase in both MIP porosity and pore size (Table 4; Figure 4A) but, counterintuitively, fewer 840 

large cracks were observed under SEM (Figure 5). It is likely that drying at over 50°C induced nano- to 841 

micro-cracking, which damped the stresses generated by drying shrinkage and/or when the sample 842 

was vacuumed in the SEM chamber, and thus prevented the formation of large fissures. 843 

Oven drying at 40°C or less reduced the efficiency of drying, but retained mechanical properties (at 844 

least 90% of strength of autogenous samples, Figure 9B). It did not seem to generate supplementary 845 

micro-cracks, even though the pore size distribution began to be affected (Figures 4; 9D; 9E). No 846 

mineralogical variation of the crystallized phases was observed between autogenous samples and 847 

those dried at 40°C or 105°C (Figures 6; 7; 8). Oven drying at a temperature of 40°C appears to 848 

provide a good compromise between quite efficient drying and little resulting damage, even if not all 849 

free water is removed. This implies that standard methods requiring drying at 100-110°C should be 850 



used with caution with metakaolin geopolymer (e.g. ASTM 642, 2006; Australian Standard AS1012, 851 

1999; [107]). Finally, it seems that the only method found to preserve very small pores is freeze-852 

drying (Zhang et al. [12]; Supplementary data BS7). These findings are consistent with a study on OPC 853 

by Konecny and Naqvi [108]. However, the method is not technically feasible with big samples, such 854 

as on samples of 4x4x16 cm3or bigger concrete samples. 855 

 856 

GGBS-silicate and GGBS-carbonate mixtures have very different mineralogical compositions (Figure 857 

7) but show globally similar behaviour during oven drying. For temperatures from 80°C to 125°C, 858 

drying is fast and efficient (Figures 1; 2), strength properties do not appear to be affected (Figure 3) 859 

and it seems that there are no new micro-cracks (Figure 5). In contrast, for both mixtures, oven 860 

drying at 40°C to 60°C (at low relative humidity) induces a large compressive strength loss (Figure 3), 861 

affects porosity (Table 4, Figures 4, 9), and generates micro-cracks (Figure 5). Compressive strength 862 

loss was also observed on GGBS-carbonate concretes oven dried at 40°C [77]. Considering the 863 

results, GGBS-based binder preconditioning should not include drying at 40-60°C but use a 864 

temperature of at least 80°C to ensure quick drying. This is contrary to what is recommended in 865 

some standard methods (e.g. ASTM C1585, 2011; EN 13057, 2002) or AAM studies [11]. As a 866 

precautionary measure, it would be advisable to systematically assess the influence of 867 

preconditioning by mechanical strength measurement before continuing with the durability tests. 868 

 869 

Mk-GGBS-silicate was designed to combine the advantages of geopolymer and GGBS-silicate 870 

systems. This seems to have been the case in view of the properties of the samples stored under 871 

autogenous conditions. Unfortunately, during drying, Mk-GGBS-silicate mixture rather seems to 872 

accumulate the disadvantages of both. Whatever the temperature used in the 20°C to 125°C range, a 873 

significant drop in mechanical strength is observed after drying (Figure 3). This damage is correlated 874 

with porosity and pore size increase (Table 4; Figures 4; 9), micro-crack formations (Figure 5) and 875 

mineralogical variations (Figures 6; 7; 8). For this mixture, it is not possible to recommend a drying 876 



temperature and other solutions may need to be considered, such as freeze drying, solvent 877 

replacement drying [10,12,109] or supercritical drying [110,111]. However, these methods are more 878 

costly and less practical. Vacuum drying is an often-used technique, tested here on geopolymer and 879 

GGBS-silicate, but appears to be quite inefficient (Figure 1). Although the 50-50 metakaolin-slag 880 

mixture results in an uninviting finding, requiring special precautions for durability tests, other 881 

mixtures with one precursor more abundant than the other have shown much more encouraging 882 

behaviour (not presented in this study) and deserve to be studied further. 883 

 884 

6. Conclusions 885 

 886 

Effects of drying with several temperatures from 20 to 125°C have been evaluated on four alkali-887 

activated mixture binders: a geopolymer (sodium silicate activated metakaolin), a sodium carbonate 888 

activated GGBS, a sodium silicate activated GGBS and a sodium silicate activated mixture of 50 % 889 

metakaolin with 50 % GGBS. Mixture robustness and variability of the raw materials were not 890 

evaluated (as the influence of quartz in metakaolin), so the conclusions of this article cannot be 891 

generalized to all alkali-activated binders without precautions being taken. 892 

 893 

This study reveals that each mixture tested had different behaviour depending on the drying 894 

temperature. The synthesis in Table 5 allows the optimal drying to be chosen according to the 895 

characterization or durability test to be carried out. 896 

For geopolymer, the microstructure is damaged for drying temperatures above 40°C but mineralogy 897 

does not appear to be affected with our formula. This is linked to an increase in pore size and nano- 898 

to microcracking, which is probably linked with shrinkage and a reorganization of the geopolymer 899 

paste. For a test linked to the microstructure (e.g. strength, permeability, chloride migration, 900 

carbonation) drying at 40°C will therefore be chosen, accepting that part of the water will still be 901 



present in the porosity. On the other hand, for a test related to chemistry or mineralogy, a drying 902 

temperature of 105°C will be a good option as it enables more water to be removed. 903 

GGBS activated by silicate or carbonate should be dried at 105°C for most tests, with the exception of 904 

those related to porosity, which require inefficient drying at 20°C. Note that drying at 40-60°C in a 905 

low humidity environment considerably affects the mechanical strength. This is probably related to 906 

desaturation of C-(A)-S-H intercrystallite pores in addition to drying shrinkage. The higher drying rate 907 

at higher temperatures might limit the internal mechanical stress and preserve the material. 908 

Finally, Mk-GGBS-silicate combines the drawbacks of geopolymer and GGBS-silicate and both 909 

microstructure and mineralogical assemblage seem to be affected regardless of the drying 910 

temperature used. However, by using other proportions between the two precursors, more 911 

encouraging results can be obtained. 912 

 913 

According to the data highlighted in this article, it is not possible to conclude on an optimal drying 914 

temperature for all AAMs and all sustainability analyses. To ensure that the preconditioning step has 915 

not been too harmful for a sample, it would be wise to always compare mechanical strength (or 916 

ultrasonic pulse velocity for geopolymer) on dried and non-dried samples. If a significant difference is 917 

observed between the two, it would then be necessary to distinguish the properties inherent in the 918 

materials from those induced by preconditioning.  919 

 920 
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Figure captions 1287 

 1288 

Figure 1: Mortar mass monitoring during drying at different temperatures of the geopolymer (a), 1289 

GGBS-silicate (b), GGBS-carbonate (c), Mk-GGBS-silicate (d), CEM I (e) and CEM III/B (f). For each 1290 

temperature, data from at least four AAM specimens are superimposed on the figure, while there 1291 



are only two samples for Portland cement-based binders. Large dots correspond to the end of drying 1292 

(including an additional safety margin of one week) and therefore the age used for the 1293 

physicochemical analyses. 1294 

 1295 

Figure 2: Water content Vw (wt%) of mortars at the end of drying, obtained by subtracting the mass 1296 

change due to conditioning (assumed to be water only) from the mixing water.  1297 

 1298 

Figure 3: Compressive strengths (fc) of mortars cured in autogenous conditions (black spots) or dried 1299 

at different temperatures (after autogenous treatment of 28 days). Geopolymer (a), GGBS-silicate 1300 

(b), GGBS-carbonate (c), Mk-GGBS-silicate (d), CEM I (e) and CEM III/B (f). Each point corresponds to 1301 

the average of three analyses carried out on a 4x4x16 cm3 sample and given in Supplementary data 1302 

A.  1303 

 1304 

Figure 4: Mortars pore size distribution for autogenous and dried of geopolymer (a-b), GGBS-silicate 1305 

(c-d), GGBS-carbonate (e-f) and Mk-GGBS-silicate (g-h). Autogenous column in dried conditions 1306 

graphs represents the average of the samples stored under autogenous conditions and analysed at 1307 

different ages (28 to 88 days).  1308 

 1309 

Figure 5: SEM backscattered observation of autogenous and dried AAM. Geopolymer dried for 14 1310 

days at 40°C (a) or at 105°C (b); GGBS-silicate cured 88 days in autogenous conditions (c) or dried for 1311 

35 days at 40°C (d); GGBS-carbonate dried for 35 days at 40°C (e) or 14 days at 105°C (f); Mk-GGBS-1312 

silicate cured for 88 days in autogenous conditions (g) or dried for 24 days at 60°C. More SEM 1313 

pictures are given in Supplementary data BS6. 1314 



 1315 

Figure 6: X-ray diffractograms obtained on crushed pastes of geopolymer (A), GGBS-silicate (B), 1316 

GGBS-carbonate (C) and Mk-GGBS-silicate (D). 1317 

 1318 

Figure 7: Representative FTIR normalized spectra obtained on crushed pastes of geopolymer (a), 1319 

GGBS-silicate (b), GGBS-carbonate (c) and Mk-GGBS-silicate (d) cured at 20°C in autogenous 1320 

conditions then dried at different temperatures. 1321 

 1322 

Figure 8: Thermogravimetric analyses measured from room temperature to 1050°C performed on 1323 

crushed pastes of geopolymer (a), GGBS-silicate (b), GGBS-carbonate (c) and Mk-GGBS-silicate (d). 1324 

 1325 

Figure 9: Drying impact versus temperature for different AAM mixtures, evaluated on (a) Evaporated 1326 

water, (b) Compressive strength, (c) Ultrasonic pulse velocity, (d) MIP porosity and (e) Pore diameter 1327 

at half of the main intrusion peak intruded volume (dHm1). The legend is given in a), 20°C corresponds 1328 

to 20°C – 50%RH. Removed water was calculated by comparing the loss of mass with the quantity of 1329 

mixing water. Relative strength and velocity were calculated by comparing samples after drying with 1330 

the sample of the same age cured in autogenous conditions. The abscissa Endo in φ and dHm1 graphs 1331 

corresponds to the mean of all autogenous samples. The error bars were calculated with a 95% 1332 

confidence interval. 1333 

 1334 

Table captions 1335 

 1336 

Table 1: Chemical composition in wt% of raw materials obtained with ICP-OES. LOI = loss on ignition. 1337 



 1338 

Table 2: Mineralogical composition of the metakaolin, estimated by Rietveld calculation on X-ray 1339 

diffractograms following rules described in Trincal et al. [67]. 1340 

 1341 

Table 3: Mix-designs of the alkali-activated mortars. Units: masses in grams, w/b in %, density in 1342 

g.cm-3. 1343 

 1344 

Table 4: MIP porosity (φ) in %, degree of pore connectivity (!) in %, and pore diameter (dHm1) in nm, 1345 

corresponding to half of the mercury volume intruded in the main intrusion peak; obtained by MIP 1346 

measurements for geopolymer, GGBS-silicate, GGBS-carbonate and Mk-GGBS-silicate after 1347 

preconditioning. 1348 

 1349 

Table 5: Drying synthesis. 1350 

 1351 

 1352 



























Raw materials SiO2 Al2O3 CaO Fe2O3 Na2O K2O TiO2 MgO Mn2O3 SO3 P2O5 Cr2O3 LOI Total

CEM I 20.6 4.3 65.5 2.4 0.1 0.2 0.2 0.7 0.1 3.1 0.1 <0.1 2.6 100.0

CEM III/B 30.0 9.5 48.8 2.8 0.5 0.0 0.5 2.7 0.1 2.9 0.2 1.9 100.0

Metakaolin 69.8 22.8 1.2 2.8 0.1 0.3 1.1 0.2 <0.1 <0.1 <0.1 <0.1 1.5 100.0

GGBS 37.5 11.2 42.7 0.4 0.3 0.4 0.7 6.3 0.2 <0.1 <0.1 <0.1 0.0 100.0



Amorphous 47.1 ± 2.5

Quartz 42.3 ± 1.6

Illite 3.5 ± 0.5

Mullite 3.1 ± 0.4

Anatase 1.5 ± 0.1

Calcite 1.0 ± 0.1

Hematite 0.9 ± 0.1

Rutile 0.3 ± 0.1



Metakaolin GGBS CEM I CEM III/B Sodium silicate
Sodium 

carbonate
Water Sand W/B Bulk density

Geopolymer 450.0 354.9 46.2 1350 0.4 2.01

GGBS-silicate 450.0 101.3 141.8 1350 0.4 2.16

GGBS-

carbonate
450.0 45.0 198.0 1350 0.4 2.11

Mk-GGBS-

silicate
225.0 225.0 228.1 94.0 1350 0.4 2.07

CEM I 450.0 225.0 1350 0.5 -

CEM III/B 450.0 225.0 1350 0.5 -



φ (%) α (%) dHm1 (nm) φ (%) α (%) dHm1 (nm) φ (%) α (%) dHm1 (nm) φ (%) α (%) dHm1 (nm)

0d 18.6 ± 1.2 53.2 ± 1.8 9.1 ± 0.6 13.0 71.3 7.1 16 ± 1.1 60.6 ± 1.5 10.2 ± 0.7 17.3 52.8 8.4

12d 18.1 49.6 9.1

14d 18.7 49.8 8.9 14.5 67.7 6.8 15.4 ± 1.5 60 ± 0.4 9.9 ± 2 16.9 52.4 7.2

16d 14.5 71.1 6.6

18±1d 20.7 50.8 9.7 15.7 58.1 9.4 14.8 53.8 7.5

20d 20.7 50.0 9.4

28±1d 11.3 62.5 6.8 15.1 ± 3.2 61.9 ± 0.3 8.9 ± 2.8 16.0 59.4 6.8

35d 17.6 53.7 9.5 13.8 ± 2.3 68.6 ± 5 6.4 ± 0.3 15.2 62.4 9.6 14.9 53.3 6.8

48±1d 16.7 48.3 8.6 10.1 66.2 6.6 14.4 59.7 7.6 14.3 57.6 6.8

52d 18.8 56.0 9

60±1d 16.5 48.5 8.7 10.6 ± 1 62.2 ± 2 6.5 ± 0.3 13.9 60.6 9.1 13.8 54.3 5.7

158±11d 16.1 52.1 9 12.0 63.4 5.9 13.0 60.3 7.7 15.5 47.5 5.0

125°C 13±1d 21.0 44.5 111.8 9.6 58.0 16.8 14.1 66.1 38.3 17.9 46.5 30.7

14d 23.5 47.0 142.8 11.5 65.4 7.5 12.5 59.4 28.1 17.5 44.6 42.3

58d 13.7 68.8 29.8

18±2d 19.4 ± 1.2 46.7 ± 2 127.3 ± 39.1 9.2 59.2 12.0 12.5 63.0 21.6 16.5 ± 0.8 55.5 ± 2.5 43.8 ± 13.8

58±1d 19.8 ± 2.1 46.7 ± 1.2 143.3 ± 0.1 12.5 74.0 28.4

20d 20.1 ± 3.1 45 ± 1.6 74.2 ± 7.8

28d 10.4 55.1 14.7 13.0 64.2 23.8 18.2 46.5 41.4

59d 18.7 44.7 87.9 10.0 60.3 18.4 12.5 72.2 24.2

34±1d 18.8 48.7 38 15.9 51.0 6.6 14.6 57.5 23.8 18.5 50.5 25.6

59d 17.5 46.6 37.5 12.0 51.4 13.5 14.1 68.0 32.3 17.0 51.5 32.4

49d 17.5 47.8 22.9 15.2 61.0 6.3 14.0 59.8 10.6 17.5 51.7 17.2

59d 17.3 ± 0.2 49.3 ± 1.1 22.8 ± 3 14.4 58.5 6.8

Vacuum 60d 17.0 49.5 12.1 12.7 ± 1 59.9 ± 4 5.9 ± 0.2

59d 13.9 59.4 8.0

70d 19.0 53.3 8.7 11.6 73.4 5.9

Mk-GGBS-Silicate
Condition Duration

Geopolymer GGBS-Silicate GGBS-Carbonate

20°C 95%RH

A
u

to
ge

n
o

u
s

105°C

80°C

60°C

40°C

20°C-50%RH



Drying condition Geopolymer GGBS-silicate GGBS-carbonate Mk-GGBS-silicate

20°C

50%RH

Very slow (>2 months), inefficient (<25%) 

drying; no strength damage; porosity not 

changed; no mineralogical transformation

Very slow (>2 months), inefficient (<30%) 

drying; no strength damage; porosity not 

changed; no mineralogical transformation

40°C 

(low RH)

60°C

80°C

105°C

125°C

Slow (2-4 weeks), efficient (50-60%) 

drying; no strength damage; porosity little 

changed; no mineralogical transformation

Slow (2-3 weeks), efficient (50-67%) 

drying; strength damage; porosity 

changed; mineralogical transformations

Slow (2-4 weeks), efficient (50-67%) 

drying; strength damage; porosity little 

changed; no mineralogical transformation

Slow (1-4 weeks), efficient (60-67%) 

drying; strength damage; porosity little 

changed; mineralogical transformations

Fast (<1 week), efficient (65-85%) drying; 

strength damage; pore size changed 

significantly; no mineralogical 

transformation

Fast (<1 week), efficient (65-85%) drying; 

strength damage; pore size changed 

significantly; mineralogical 

transformations
Fast (<1 week), efficient (70-80%) drying; 

no strength damage; pore size little 

changed; no mineralogical transformation

Fast (<1 week), efficient (70-80%) drying; 

no strength damage; pore size little 

changed; mineralogical transformations




