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Abstract 40 
 41 
The durability performance of blended cementitious systems with calcined clays is reviewed 42 
in this paper by the RILEM TC 282-CCL on calcined clays as supplementary cementititous 43 
materials (SCMs) (working group on durability). The impact of metakaolin and other calcined 44 
clays on the porosity and pore structure of cementitious systems is discussed, followed by its 45 
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impact on transport properties such as moisture ingress. The durability performance of binary 46 
and ternary cementitious systems with calcined clay is then reported with respect to chloride 47 
ingress, carbonation, sulphate attack, freeze-thaw and alkali-silica reaction. The role of unique 48 
microstructural alterations in concretes with calcined clay-limestone combinations due to the 49 
formation of CO3-AFm and their impact on different durability exposures is emphasised. While 50 
a large majority of studies agree that the chloride resistance of concretes with calcined clays is 51 
significantly improved, such concretes seem to be more susceptible to carbonation than those 52 
produced with plain Portland cement or other SCMs used at lower replacement levels. Also, 53 
several studies are focused on metakaolin and lower grade kaolinite clay, while there are 54 
limited studies on calcined smectite/ illite or mixed clays, which could also play a crucial role 55 
to the improved adoption of large reserves of clay sources to produce sustainable binders.  56 
 57 
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1. Introduction 85 

Calcined clays belong to the aluminosilicate group of mineral additives for concrete [1]. The 86 
rapid pozzolanic reaction of calcined clays contributes to early microstructural development 87 
and improves mechanical performance from an early age [2]. Pure forms of calcined clay, 88 
commonly referred to as metakaolin (MK), are used at lower substitution levels in high-89 
performance concrete to enhance concrete performance [1, 3–8]. Calcined clay is an 90 
acknowledged pozzolanic admixture in several international cement standards [9–14]. Lower-91 
grade kaolinitic calcined clays with a range of kaolinite content (as low as 20% kaolinite 92 
content) have been widely explored in recent years, due to their availability and potential to 93 
increase substitution levels in blended cement [5, 15–20]. Several clay forms such as kaolinite, 94 
illite, montmorillonite, bentonite and smectite are available in pure and mixed forms [15, 16, 95 
21]. There is another white paper prepared by working group-1 of TC-CCL on the different 96 
clay mineralogy for cement and concrete adoption. The information on the calcination 97 
conditions and the quality of clay have been addressed over the last two decades to optimise 98 
the calcined clay's reactivity potential for Portland cement substitution [1, 5, 22]. Studies have 99 
shown that 1:1 kaolinite clays possess excellent pozzolanic behaviour after dehydroxylation by 100 
thermal activation [15]. Calcined clay with only 40% kaolinite content was found sufficient to 101 
produce strengths similar to plain portland cement by 7 days in the presence of limestone [23, 102 
24]. The presence of reactive aluminates in calcined clay makes it an ideal constituent for co-103 
substitution with limestone. Increasingly, ternary formulations of calcined clay-limestone 104 
systems, widely known as Limestone Calcined Clay Cement (LC3) binder systems, are being 105 
explored due to synergistic interaction of aluminates in calcined clay with carbonates from 106 
limestone [23–25].  107 

The addition of calcined clays to Portland cement is expected to alter the hydration 108 
products and directly influence the durability of concrete prepared with such cements [26–30]. 109 
During the reaction of the calcined clays, a significant amount of portlandite is consumed [2, 110 
15], and additional calcium aluminosilicate hydrate (C-A-S-H) is formed. The additional 111 
availability of aluminates in the clays increases alumina uptake in C-A-S-H type gels [31] and 112 
the formation of aluminate hydration products such as ettringite and AFm (Al2O3–Fe2O3-113 
mono) phases [23, 32–34]. The simultaneous addition of carbonates and calcined clays 114 
prevents the conversion of ettringite to monosulphoaluminate and leads to the formation of 115 
monocarboaluminate and hemicarboaluminate phases [25, 35]. Often, the synergetic effect in 116 
compressive strength is reported to occur with several forms of carbonate sources such as 117 
limestone, dolomite, and marble stone [36–38]. Whether the synergistic performance in 118 
mechanical properties translates into synergistic performance in transport properties and 119 
durability performance is still an open debate [39]. Long term durability performance is 120 
complex, with several conflicting factors involved depending on the different exposure 121 
environments.  122 

Both kaolinitic and non-kaolinitic clays have been used to produce binary blends [40] 123 
and ternary blends with limestone [41]. While the pozzolanic reaction, controlled by clay type 124 
and calcination, improves the pore structure and transport properties, the reduction in the 125 
portlandite content reduces the capacity of the concrete to react with CO2 [42]. This leads to a 126 
higher carbonation rate in concretes prepared with calcined clay. In addition to the portlandite 127 
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content, there is a significant difference in the amount of C-A-S-H phase formed, with the Ca/Si 128 
ratio also decreasing with an increasing amount of calcined clay added [34]. Ternary systems 129 
with calcined clay-limestone combinations are expected to form a higher amount of ettringite 130 
and CO3-AFm [25]. These phases are known to be water-rich with a low density, reducing the 131 
porosity and pore-connectivity in the microstructure [35, 43]. The formation of the 132 
carboaluminate phases also leads to a consumption of portlandite content, which could interfere 133 
with carbonation resistance [25]. Also, carboaluminates themselves are prone to conversion 134 
under chloride and CO2 exposure [42, 44]. The conversion of CO3-AFm to Cl-AFm could be 135 
beneficial in binding chloride in marine exposure. Hemicarboaluminate could act as CO2 sink, 136 
as reported in [45], which could modify the carbonation resistance of the calcined clay-137 
limestone binders. On the other hand, sulphate exposure is expected to lead to a conversion of 138 
the carboaluminate phases to ettringite; unlike mono-sulphate conversion, this is not expected 139 
to lead to a significant increase in solid volume. However, these phases are also known to be 140 
vulnerable to carbonation, resulting in a significant porosity increase [45].  141 

The combination of chemical alterations between pozzolanic reaction and carboaluminate 142 
formation and the resulting microstructural alteration produces interesting performance 143 
characteristics in concrete containing calcined clay, either as a single substitution or in 144 
combination with limestone. This paper presents an overview on the durability performance of 145 
calcined clay systems in different exposure environments. More focus is laid on the calcined 146 
kaolinite clays while alternative clays are also discussed based on the available resources. The 147 
paper describes the pore structure features in calcined clay binder and its impact on transport 148 
properties such as resistivity and capillary absorption, and further explores the durability 149 
performance when exposed to different environmental threats such as chlorides, carbonation, 150 
sulphate, alkalis silica and freeze-thaw. It must be noted that the coverage on chloride exposure 151 
is only brief here, as the RILEM TC-CCL intends to explore chloride-induced corrosion as a 152 
separate subject. This paper also attempts to capture the role of binary and ternary formulations 153 
with calcined clay-limestone combinations. 154 
 155 

2. Porosity and pore structure of calcined clay systems  156 

Pores are generally classified as air voids (~few mm - 100 µm), capillary pores (~10 µm - 10 157 
nm), gel pores ( ~10 nm – 2.5 nm) and interlayer spaces (< ~1 nm) [46]. Porosity and pore 158 
structure plays a crucial role in hardened concrete characteristics, including mechanical and 159 
durability properties. Several studies have proven that the change in pore size parameters 160 
correlates with the macroscopic performance parameters such as water accessible porosity and 161 
water absorption rate [4, 47–49]. The most widely used pore size parameters in cementitious 162 
materials are the critical pore size and threshold pore size that can be obtained from mercury 163 
intrusion porosimetry (MIP) technique. The technique provides information on the total pore 164 
volume, threshold pore size, and critical pore size (typically in 10-100 nanometer range in 165 
cementitious materials). The differential pore volume curve indicates the size corresponding to 166 
the maximum volume intrusion, which is the critical pore entry size of the system. In some 167 
instances, the minimum continuous pore size for the sample obtained from the cumulative 168 
volume intrusion curve is represented as the threshold pore size or breakthrough pore size to 169 
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draw comparisons of the pore refinement. The ingress of an external agent, including moisture 170 
and ions, is expected to be governed by the distribution of the different size fractions in the 171 
capillary pore space and its connectivity which is expected to be modified significantly with 172 
calcined clay (both with metakaolin and lower grade calcined clays) and calcined clay-173 
limestone combinations.  174 
 175 
2.1. Analysis of alterations in porosity   176 

The effect of calcined clay on the “measured” porosity varies in the literature, consistent with 177 
the differences in techniques used for their determination, concrete mix design and intrinsic 178 
properties of raw materials used. Figure 1 shows the relative porosity (porosity/porosity of 179 
reference Portland cement) at different replacement levels measured using mercury intrusion 180 
porosimetry (MIP), vacuum saturation and 1H NMR. The data was compiled from [15, 23, 24, 181 
32, 40, 45, 50–63]. The figure distinguishes binary blends with calcined clay (triangles) and 182 
ternary blends with calcined clay-limestone combination (shaded squares).  183 
 184 

 185 
Figure 1: Relative porosity of cementitious systems for varying levels of calcined clay + 186 

limestone. Triangles are binary systems with PC and calcined clay, and squares are ternary 187 
systems with PC, calcined clay and limestone.  188 

  189 
From Figure 1, no clear trend can be deduced for replacement levels of calcined clay and 190 
limestone. It is evident that there are conflicting results in the literature since articles have 191 
reported lower porosity (Relative porosity <1) while many others have reported higher porosity 192 
(Relative porosity >1) with the addition of calcined clays compared to reference PC. Therefore, 193 
the significant impact of calcined clay on the microstructure related to transport properties and 194 
durability performance of the hydrated cement matrix cannot be captured from the total 195 
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porosity alone. A more dominant impact of the calcined clay is found to be on the alteration of 196 
the pore structure, in terms of pore refinement, of the cementitious matrix, which is explored 197 
in detail below section.  198 

 199 
2.2. Pore structure refinement 200 

The absolute value of the porosity assessed using porosimetry should be carefully used to infer 201 
durability performance since concrete is a complex material containing pores and voids at 202 
several length scales. The technique selected has a strong influence on the quantitative value 203 
of porosity, including voids, interface porosity, capillary and gel pores captured in the 204 
measurement. Techniques such as MIP and nitrogen sorption cannot resolve the entire pore 205 
structure, which spans sizes over 6 orders of magnitude. While 1H NMR relaxometry can 206 
provide a broader picture, only limited studies are reported with calcined clay inclusion [32]. 207 
For calcined clay binder systems, the total pore volume measured on cement paste was higher 208 
with equivalent volume of gel pores with respect to the reference portland cement [32]. Several 209 
studies using MIP have consistently shown a significant pore refinement with the addition of 210 
calcined kaolinitic clays, which is also indicated by a lower threshold and critical pore entry 211 
radius. Studies reported significantly finer pore structure for the MK systems compared to 212 
reference portland cement for MK replacement from 0 to 15% in [64], and 10 to 25% in [65]. 213 
Pore refinement was found to occur despite different water to binder (w/b) ratios of 0.35 and 214 
0.55 in [63] for 10% and 20% MK, respectively.  A study evaluating pore structure in samples 215 
extracted from cement mortar containing three different kaolinite content (31, 36 and 41%) 216 
found pore refinement irrespective of MK content, even at 40% PC replacement [51]. This was 217 
further affirmed in [23], where all calcined clay paste (w/b = 0.45) systems with >30% kaolinite 218 
showed similar critical pore size at 28 days (see Figure 2).  219 

Compared to MK in binary systems at lower replacement levels, the use of MK and 220 
limestone combinations at higher replacement levels up to 45% could produce similar 221 
refinement of pore structure. A combination of calcined clay and limestone showed similar 222 
pore structure refinement as 30% calcined clay systems [25, 66]. The high reactivity of calcined 223 
clay could contribute to the refinement of the pore structure even with calcined clay containing 224 
50% kaolinite content [23], as shown in Figure 2. Pore structure assessment of concrete 225 
prepared with MK/calcined clay was also found to show that critical entry pore sizes were 226 
reduced to the 10-30 nm range [24, 67–69]. Porosimetry studies on several small pieces (total 227 
mass <1 gram) containing cementitious paste extracted from concrete were also found to have 228 
similar refined pore sizes to those identified in cement paste made of calcined clay [27, 70]. 229 
There aren’t any detailed studies that assess the porosity of calcined clay systems in mortar and 230 
concrete and evaluate the role of calcined clay in interfacial transition zone (ITZ) densification 231 
in concrete systems.  232 
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 233 
Figure 2: Influence of kaolinite content on the pore structure of cement paste (w/b = 0.45) 234 

[23] measured as a funcation of curing time using MIP (contact angle of 120o) 235 

Pore structure features using two illite based calcined shales (about 50-56% amorphous 236 
content) were studied in [71]. The results showed a limited difference in pore size refinement 237 
in calcined shale systems with respect to OPC. Additionally, an increase in pore volume was 238 
also found due to the lower reactivity of these clays compared with kaolinite clays and dilution 239 
effect caused due to reduced reactive content in the binder. Fernandez et al. [15] studied the 240 
effect of kaolinite, illite and montmorillonite clays and quartz on the capillary porosity of 241 
cement mortar after calcining clays at 600 °C with 30% replacement of OPC. They found that 242 
compared to reference OPC and calcined kaolinite, there was a significant increase in the 243 
capillary porosity for both calcined illite and montmorillonite, and they had similar porosity as 244 
the system with quartz. In [15], calcination temperature of 800 oC was also attempted for the 245 
clays but capillary porosity was not reported for this case. A study on the pore structure of 246 
binder containing kaolinite (calcined at 750 °C) and illite clay (calcined at 950 °C) at 25 wt. % 247 
replacement level showed that only the kaolinite clay systems were found to show significantly 248 
refined pore size at 28 and 90 days, despite having similar total pore volume to illite systems 249 
[40]. Illite clay systems could not reach the refined pore structure state of 28 days cured 250 
kaolinite clay systems despite extended curing up to 90 days. This work showcases that 251 
kaolinite clay has a dominant impact on pore refinement compared to other forms of calcined 252 
clay. However, it is important to explore all forms of clay for potential substitution. A more 253 
useful approach would be to produce a combination of more reactive kaolinite clay with other 254 
forms of clay (calcined illite and montmorillonite) and explore low-grade mixed clay. Studies 255 
on such combined use of clay could be explored to facilitate the adoption of a range of lower 256 
grade clay for substitution in cement production. 257 

 258 
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2.3. Implications of pore structure development on durability performance  259 

Porosity and pore structure play a crucial role in hardened concrete characteristics such as 260 
mechanical and durability properties. It was found that the change in pore entry diameter 261 
correlated well to the macroscopic performance parameter such as water accessible porosity in 262 
calcined clay systems [48] and water absorption rate in MK systems [4]. The presence of 263 
calcined clay is shown to significantly reduce the pores > 100 nm by 3 days compared to OPC 264 
and fly ash systems – this explains the significant reduction in the concrete pore connectivity 265 
factor (typically estimated using electrical conductivity approach [27, 49, 72]) at an early age 266 
[48]. In calcined clay-limestone combination, the volume of pores corresponding to 50 nm to 267 
15 µm had the strongest correlation with compressive strength across all ages [66]. Similarly, 268 
the ingress of external agents, including moisture and ions, is expected to be governed by the 269 
distribution of the different pore size fractions in the capillary pore space, and its connectivity. 270 
Studies have shown that several factors, such as porosity, pore size, pore solution, and chloride 271 
binding capacity will influence the chloride ingress in calcined clay systems [27, 73, 74].  272 

One of the most significant impacts of early pore refinement of calcined clay systems is the 273 
early rise in concrete resistivity in saturated concrete, which is often directly linked to pore 274 
refinement [27, 48, 75]. A significantly higher resistivity of concrete prepared with calcined 275 
clay and the calcined clay-limestone combination compared to OPC concretes was reported in 276 
several works [24, 75, 76]. The resistivity of concretes prepared with calcined clay was found 277 
to show a consistent rise between 3-7 days as shown in [48, 77]. Thus, the early resistivity 278 
development in several concrete mixtures was found to clearly demonstrated the impact of 279 
early pore refinement of the paste matrix.  280 

3. Moisture ingress 281 

Ingress of moisture plays a crucial role in the transport of deleterious ions in concrete, which 282 
governs durability performance. The major transport mechanisms associated with moisture 283 
movement in concrete are absorption, permeability and diffusion [78, 79]. Absorption is the 284 
dominant transport mechanism in a concrete structure whose surfaces are saturated infrequently 285 
during exposure. The positive impact on the pore structure with calcined clays is expected to 286 
lower the absorption rate in concrete. Resistance to moisture uptake improved with MK dosage 287 
from 0 to 20% for concretes cured at different ages such as 1, 7, 14, 28 and 90 days [4]. At 288 
initial curing ages up to 14 days, there was a significant reduction in absorption rate with the 289 
increase in MK dosage. There was a limited difference by 90 days of curing due to MK dosage 290 
on moisture absorption rate [4]. The influence of concrete mixture proportioning on MK 291 
concrete's water sorptivity index was studied at three w/b (0.4, 0.5 and 0.6) and MK dosage 292 
was varied as 0, 10, 15, 20% [80]. The sorptivity index (a measure of resistance to moisture 293 
uptake as per [81]) reduced with an increase in MK dosage even for concrete prepared at a 294 
higher w/b of 0.6 [80], in line with pore refinement across w/b observed in [63]. Similarly 295 
improved performance was found for ternary mixture with lower grade calcined clay-limestone 296 
in [24].  297 

The pore refinement due to the high reactivity of calcined clay could reduce the curing 298 
requirement to produce the required transport indices to meet performance specifications. The 299 
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effect of curing conditions (i.e., water and air curing) on moisture ingress rate for concrete 300 
prepared with MK showed that sorptivity rate reduced with MK dosage (10% and 20%) in both 301 
air and water curing [82]. Any increase in water cured duration further improves the 302 
performance of calcined clay systems. Even concretes with calcined clay with 50% kaolinite 303 
content showed improved performance water-related transport indicators [77]. Gonçalves et al. 304 
(2009) [83] studied the effect of the sorptivity on commercial and lab calcined MK. The 305 
commercial MK1 had lower surface area, Al2O3 content and amorphous fraction compared to 306 
lab calcined MK2. The study found that the high grade MK2 was more effective in reducing 307 
the sorptivity at low replacement levels (up to 20%), while the opposite was true for higher 308 
replacement levels (30-40%) for MK1. The use of purer forms of MK with higher fineness 309 
showed poorer performance at high volume substitution, possibly due to lack of microstructural 310 
evolution once portlandite deficit condition is attained in the concrete with fine MK.  311 

 312 
Figure 3: Influence of clay mineralogy and curing duration on the performance of calcined 313 

clay concrete [40].  314 

Note: HPC corresponds to- plain cement concrete and HKC and HIC are concretes containing 25% kaolinite and 315 
illitic shale, respectively. All concretes were prepared with 350 kg/m3 and w/b = 0.5.  316 

 317 
The role of clay mineralogy on the water sorptivity of mortar and concrete was reported 318 

in [15] and [40], respectively. In both instances, calcined kaolinite clays were found to be more 319 
effective in reducing the water sorptivity than calcined illite or montmorillonite clay (see Figure 320 
3). Both studies show that the performance of concrete with illite and montmorillonite clays 321 
was poorer, with respect to moisture uptake rate, than OPC concrete by 28 days due to dilution 322 
of hydrated phases. The role of kaolinite content was studied in four calcined clays with 38 – 323 
54 % kaolinite content in comparison with a pure MK. The results showed a consistent 324 
reduction in water sorptivity with higher replacement level and limited difference was observed 325 
when varying the calcined clay's kaolinite content [21]. Limestone calcined clay combinations 326 
were found to reduce the water absorption rate by 40% compared to OPC in [77]. An increase 327 
in the replacement level of limestone-calcined clay mixture as pozzolan was studied at 10, 15 328 
and 20% [55]. The sorption rate was consistently reduced with an increased replacement level 329 
due to improved microstructure. Similarly, the moisture ingress variation was studied at 330 
different calcined clay-limestone ratios for a ternary mixture containing up to 20% limestone 331 
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[84]. The results showed that limestone addition as filler does not further increase the 332 
absorption rate like in PLC systems, as the refined pore structure formed due to the presence 333 
of calcined clay positively improves the performance of calcined clay-limestone combination.  334 

Figure 4 compiles the relative sorptivity (sorptivity rate normalized with respect to OPC 335 
value as reference) of MK, calcined clays binary blends and ternary blends with limestone in 336 
mortar and concrete. Differentiation between MK and CC was made based on Al2O3/SiO2 ratio 337 
calculated from published data. Purer form of MK was assumed for Al2O3/SiO2 > 0.7. The data 338 
seems to be scattered a lot, as one would expect, due to the differences in clay mineralogies, 339 
w/b ratios used, reference cement type, clay calcination procedures etc. However, the trend 340 
suggests a reduction in relative sorptivity until 30% replacement in binary systems, although 341 
scatter is higher. All MK, calcined clay and calcined clay-limestone systems were found to 342 
have between 30-50% reduction in absorption rate compared to the reference concrete in most 343 
studies.  344 

 345 

 346 
 347 
Figure 4: Influence of calcined clay replacement level on the absorption rate [15, 24, 55, 60, 348 

82, 85–89], where Circles: metakaolin, squares: calcined clays (Al2O3/SiO2 > 0.7) and 349 
triangles: PC-limestone calcined clay systems 350 
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4. Durability characteristics  352 

4.1. Chloride ingress 353 

Resistance to ingress of chlorides is governed by both pore structure and chloride binding. The 354 
ingress of an external agent, including moisture and ions, is expected to be governed by the 355 
distribution of the different pore size fractions in the capillary pore space and its connectivity. 356 
Studies have shown that several factors, such as porosity, pore size, pore solution, and chloride 357 
binding, influence the chloride ingress in calcined clay systems [27, 73]. Chloride binding was 358 
also reported to be increased due to higher reactive alumina in metakaolin/calcined clay [26, 359 
44, 74, 90]. The early refinement of pore structure in calcined clays systems is expected to 360 
induce a significantly lower chloride penetrability rate in concrete at an early curing period [21, 361 
91–93]. Attempts to study the role of calcined kaolinite content on chloride transport in cement 362 
based systems showed that the chloride diffusion coefficient in calcined clay systems varies 363 
consistently with alterations in the critical pore sizes rather than the chloride binding capacity 364 
[74]. Another study on chloride transport using non-steady-state migration coefficient for 365 
concrete prepared with calcined clay-limestone systems also found a similar reduction in 366 
chloride ingress rate with critical pore size [27]. However, in the study, chloride penetrability 367 
in calcined clay systems was rationalised with an increase in pore tortuosity, which was found 368 
to occur along with pore structure refinement. Such an observation has been reported for MK 369 
systems in [67] and calcined clay-limestone systems [27]. The lower chloride penetrability rate 370 
was found to enhance the predicted corrosion initiation time in calcined clay concrete despite 371 
lower pH and lower chloride threshold value [94]. Chloride-induced corrosion is one of the 372 
major durability concerns in reinforced concrete structures. The performance of calcined clay 373 
concretes in a chloride environment will be discussed in a separate white paper with focus on 374 
the physicochemical aspect of chloride transport and corrosion of reinforced concrete systems.  375 
 376 
4.2 Carbonation 377 

Carbonation of cementitious systems with SCMs is one of the most relevant topics when 378 
evaluating durability of these materials, as concentrations of CO2 in the air are higher currently 379 
than at any point in human history. It has been extensively reported that concretes with SCMs 380 
are more susceptible to carbonation compared with those produced with plain OPC [95]. The 381 
mechanism of carbonation in these systems can be quite complex due to the differences in 382 
phase assemblage and pore water evolution when using different SCMs; hence, many open 383 
questions remain regarding what are the key factors controlling performance of concretes with 384 
SCMs when exposed to CO2 [95]. 385 

There is a significant number of studies reporting carbonation of blended cementitious 386 
systems (including systems with calcined clays) determined by applying accelerated test 387 
methods [42, 54, 96]. In contrast, there is very limited data on long term natural carbonation of 388 
calcined clays contining concretes, and even more limited data and understanding of the 389 
process of carbonation-induced corrosion in reinforced concrete. A detailed review on the 390 
carbonation performance of blended cements as covered by RILEM TC 281-CCC can be found 391 
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in [95].  For the purpose of this study, only reported results of the carbonation performance of 392 
MK and calcined clay systems will be discussed.  393 

In concrete, the extent of carbonation is measured as the depth until which the reaction 394 
of dissolved CO2 with alkalis has led to a reduction in pH, which is often measured by 395 
colorimetry method using pH indicator. At the same time, the measurement serves to identify 396 
the visual depth of pH change based on the choice of the indicator. The carbonation extent is 397 
far from ideal to explain the complex chemical alteration during the carbonation process [97] 398 
and variation in the chemical interaction for binary and ternary formulations with calcined clay 399 
[42]. The carbonation rate depends on several factors, including the reserve alkalinity, 400 
permeability, relative humidity, temperature, among others. It has been reported that mixes 401 
with calcined clay have a higher tendency to carbonate due to the lower portlandite content and 402 
a higher content of aluminate products [42, 98].  403 

Carbonation under atmospheric conditions can be an extremely slow process, which 404 
takes decades to progress through the concrete cover. Accelerated tests have been established 405 
to characterize the carbonation resistance of concrete in a laboratory setting where the 406 
concentration of CO2 is significantly higher (~25 to 2500 times) compared to natural 407 
concentration [99]. A common depiction of the carbonation performance is through the use of 408 
carbonation rate/coefficient (mm/ √time) which is the slope of the plot between carbonation 409 
depth (mm) and the square root of time (day or year). Despite the fact that accelerated 410 
carbonation testing, and particularly the sample pre-conditioning, can induce drying and 411 
microcracking, as well as modify the phase assemblages and porosity [100, 101], in the case 412 
of MK containing cementitious systems there seems to be a good correlation between natural 413 
and accelerated carbonation rates (Figure 5) considering the existing data available in the 414 
literature. Note that accelerated carbonation rate was corrected considering the CO2 415 
concentration as described in [102]. 416 
 417 
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Figure 5: Comparison of carbonation rate from natural and accelerated tests for calcined clays 419 
[45, 96, 98, 103]; accelerated carbonation rate was corrected considering the CO2 420 

concentration as described in [102]  421 
Note: Line marked on the figure is mainly to show linearity and is not modelled relationship 422 

 423 
4.2.1 Influence of clay mineralogy and replacement level on carbonation potential  424 

Figure 6 summarizes the carbonation coefficient of calcined clay concretes in binary and 425 
ternary systems from literature along with the reference OPC system. In ternary systems, the 426 
clay: limestone ratio was 2:1, in most instances. The carbonation coefficient plotted is 427 
determined from both natural and accelerated carbonation tests, and further corrections for CO2 428 
concentration were applied based on [102]. If carbonation depths at different ages reported in 429 
the literature, carbonation coefficient were calculated based on the carbonation depth values. 430 
The increase in carbonation coefficient with increasing calcined clay replacement level is 431 
visible.  432 

Increasing the replacement level of calcined clay has been found to increase 433 
carbonation rate compared to reference Portland cement in both binary and ternary systems  434 
[42, 45, 96, 98, 103–106]. However, lower carbonation rates were reported with an increase in 435 
MK replacement up to 20% in [80]. This improved performance was attributed to lower 436 
permeability due to pore refinement. Apart from the replacement level, the reactivity of the 437 
clay could also influence the carbonation rate as this is directly linked to the degree of hydration 438 
achieved in the system. Calcined clays with higher kaolinite content are also reported to have 439 
higher carbonation due to the higher calcium hydroxide consumption compared with calcined 440 
clays with reduced kaolinite content [96, 103].  441 

From Figure 6, it can be seen that there is a trend of increasing carbonation coefficient 442 
with increasing cement replacement with calcined clay and limestone. Several alternative 443 
forms of clays sources are identified in several research programs across the world. More 444 
specifically, co-substitution of calcined clay with other substitute materials, including 445 
limestone, marble dust and fly ashes is gaining interest. There are not many detailed studies on 446 
the carbonation of systems with different clay mineralogy apart from metakaolin and calcined 447 
kaolinite clays. These trends warrant more focus on carbonation performance of such systems.  448 
 449 
 450 
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 451 
Figure 6: Carbonation coefficient – effect of replacement level [42, 45, 96, 98, 103–106] 452 

Triangles: PC, circle: binary systems with PC and calcined clay, square: ternary systems with 453 
calcined clay and limestone.  454 

 455 
 456 
4.2.2 Microstructural alteration due to carbonation 457 

Carbonation modifies the microstructure of cements, which has a notable effect on the 458 
macroscopic properties of concretes. The increase in porosity as a result of carbonation in 459 
blended cementious systems, which is unlike the reduction in porosity in OPC systems, is 460 
further reported to increase carbonation depths [107]. Shah et al. [54] reported the presence of 461 
aragonite and vaterite along with calcite upon the accelerated carbonation of calcined clay-462 
limestone system in accelerated conditions at 3% CO2 and 60% RH. Shi et al. [42] studied the 463 
effect of accelerated carbonation (1% CO2) on a binary system (31.9% MK replacement) and 464 
ternary cement (25.5% MK and 6.4% limestone) replacement, and PLC (Portland Limestone 465 
Cement with 31.9% limestone) and compared it with reference OPC. They reported a 466 
considerable increase in pore threshold radius, attributing to coarsening of pore structure upon 467 
carbonation for all systems. No particular change was seen in the overall porosity [54] in the 468 
OPC system. It was reported [96] that, upon both natural and accelerated carbonation, the 469 
overall porosity measured from MIP increased for LC3, while it reduced for reference OPC. 470 
On the other hand, with respect to the pore structure, carbonation consistently contributed to 471 

0

2

4

6

8

10

12

0 10 20 30 40 50

C
ar

bo
na

tio
n 

C
oe

ff
ic

ie
nt

 (m
m

/√
ye

ar
)

Cement replacement (%)



Accepted version  https://doi.org/10.1617/s11527-022-01974-0 
 

   
 

the coarsening of pore structure for all samples. Upon longer exposure to carbonation, a 472 
significant increase in the water absorption rate was also reported for LC3 systems compared 473 
to marginal increase in OPC systems [108]. It has been speculated that a portion of the pore 474 
structure coarsening in carbonation exposure occurs due to drying along with carbonation at 475 
lower RH (<70%) during carbonation studies [107]. It is not clear whether calcined clay binders 476 
have a varied potential for desiccation and microcracking upon carbonation, specifically in 477 
accelerated conditions.  478 

Based on thermodynamic modelling, it has been predicted that for binary or ternary 479 
blends with calcined clay, there is an increase in the porosity at a lower carbonation extent 480 
compared to OPC systems [42, 54]. This has been explained by the lower portlandite content 481 
in blended systems, which is rapidly consumed by the hydration reaction of calcined clay and 482 
MK in particular. In plain OPC systems the presence of calcium hydroxide during carbonation 483 
leads to a reduction in porosity due to the volume difference between portlandite and calcium 484 
carbonate. With lower portlandite content, there would be increased C-(A)-S-H carbonation, 485 
leading to decalcification and transformation to silica gel [109], which increases the porosity 486 
and may lead to carbonation shrinkage [110]. Shah et al. [54] reported higher decalcification 487 
of C-(A)-S-H based on EDX analysis upon carbonation for LC3 compared to reference OPC 488 
at the same exposure condition.  489 

In addition to decalcification, the reduction in calcium hydroxide content of blended 490 
cements dominates over the pore refinement. The rate of carbonation is inversely proportional 491 
to the alkalinity of the system as identified in [96] for different blended binders containing slag, 492 
fly ash and calcined clays. Ternary systems containing 15% limestone and 31% calcined clay 493 
were studied at two water to cement ratios (0.35 and 0.45) and two different clays were tested 494 
[96]. The reserve alkalinity of cement paste cast at the same water to cement ratio as of concrete 495 
was measured by titrating the suspension of cement paste in the water against sulfuric acid. 496 
The pH of the uncarbonated cement paste samples was measured by a suspension method on 497 
the powdered cement paste sample. A linear relation was seen between the accelerated 498 
carbonation rate (at 3% CO2) and reserve alkalinity, which is governed by the Ca2+ buffer 499 
present in the system. The correlation between carbonation rate and pH of the system which is 500 
primarily governed by the Na+ and K+ is less clear [96].  501 

An increase in w/b ratio leads to an increased rate of carbonation owing to increased 502 
porosity [80, 96, 111]. Independent of the duration of wet curing (28 days or 365 days), 503 
increasing the substitution rate of calcined clay increases the carbonation rate compared with 504 
plain OPC systems. A more extended period of curing was found to be beneficial to the calcined 505 
clay concretes with an optimum OPC replacement of up to 20% to limit carbonation [80]. An 506 
increase in the carbonation coefficient with an increased exposure temperature from 27 °C to 507 
45 °C has been reported [96]. This is possibly due to faster evaporation of pore water, including 508 
the water formed due to carbonation reaction.  509 

From what is reported in the literature, the understanding of carbonation of cementitious 510 
systems with calcined clays is scattered with several inconsistencies. More studies are required 511 
to understand the carbonation performance which will enable identifying the best mitigation 512 
strategies. Some key factors identified for future studies are alkali enrichment in high volume 513 
calcined clay replacement mixes to account for the significant alkali binding in calcined clay 514 
systems, as a potential measure to alter carbonation performance. Due consideration to curing 515 
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duration, replacement level, alkali content and w/b should be accounted for to effectively 516 
control the carbonation rate in calcined clay systems from a holistic perspective.  517 
  518 
4.2.4 Carbonation induced corrosion  519 

While there is a clear understanding that the reactive SCMs such as calcined clay would lead 520 
to an increased carbonation rate, the resultant implication on corrosion has not been studied 521 
extensively. There is an interplay of the carbonation depth and the moisture availability for 522 
corrosion, making the simulation of the actual scenario very difficult. As shown in Figure 7, 523 
for different ratios of calcined clay/limestone, the corrosion rate is very similar; however, 524 
corrosion rate increases with the increase in w/b ratio [112]. These corrosion rates are still on 525 
the lower side compared to the widely reported range of corrosion rates for chloride attacked 526 
concretes, which are as high as 10 µA/cm2 [113]. 527 
 528 

 529 
Figure 7: Corrosion rates of LC3 mortar with different calcined clay/limestone and w/b ratios 530 

measured by Linear Polarization Resistance (LPR) technique [112] 531 
Note: LC3_65 and 50% denotes 35% and 50% replacement respectively. 1:1 and 2:1 is the ratio of 532 

calcined clay:limestone in the blends and 0,5 and 0,6 are w/b of the concrete mixture used in the study 533 
 534 
A more recent study showed that corrosion rate should be carefully assessed due to the high 535 
resistivity in the calcined clay binder systems. As per the recent investigations of [114], the 536 
performance of reinforced LC3 concrete specimens was comparable to traditional OPC 537 
concrete in corrosion propagation phase, despite the higher resistivity. The evolution of both 538 
Ecorr and polarization resistance of OPC and LC3 concretes exhibited a similar decreasing trend 539 
over the entire testing period of 500 days. However, there was significant dissimilarity in Tafel 540 
constants from the results obtained on LC3 concrete and suggested values for OPC corroded 541 
systems. Tafel “B”  constants are used to calculate corrosion rates from polarization resistance. 542 
For LC3 concrete corrosion active samples, insignificant fluctuation of parameter B was 543 
recorded with an average value of 47 mV, which is noticeably higher than the suggested 544 
B of 26 mV in Portland cement concrete. A good agreement between gravimetric and 545 
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electrochemical mass loss was observed when considering a B value of 47 mV in the 546 
electrochemical mass loss calculation. 547 
Due to the combined effects of lower ionic concentration in the pore solution and a refined 548 
porosity in LC3 concrete, the bulk resistivity measured was about 3 times higher than that of 549 
reference concrete, which could reduce the ionic current. Moreover, the refined porosity of 550 
LC3 concrete may delay oxygen renewal at the steel-concrete interface leading to further 551 
reduction of cathodic reactions and ionic currents. This can explain the reduction of the Tafel 552 
slopes observed, justifying the higher “B” constant for LC3 concrete. However, carbonation 553 
induced corrosion in calcined clay systems is still a subject of debate, and more studies should 554 
focus on the interplay between concrete microstructure in carbonated concrete, resistivity and 555 
corrosion potential.  556 
 557 
4.2.5 Service life and role of the concrete cover requirement for calcined clay binder in 558 
carbonation exposure 559 

The carbonation rates are expected to be higher in calcined clay systems due to combinations 560 
of factors (discussed earlier in Figure 6). The rates could increase in ternary systems due to 561 
lower lime reserve from the high replacement level in ternary systems such as LC3. A more 562 
conventional option to improve service life in such cases would be to provide an additional 563 
cover depth. Attempts have been made to model carbonation depth and identify the excess 564 
depth required for calcined clay/MK binders. Figure 8 shows that an addition of 10-15 mm 565 
cover depth could ensure a service life of 50 years for MK systems [45]. In order to identify 566 
the excess cover depth requirement, it is necessary to predict the natural carbonation rate using 567 
accelerated data. A study found that the inclusion of reserve alkali content in the pore solution 568 
could improve the prediction of carbonation for concretes containing calcined clay at three 569 
different RH (40, 60 and 80%) conditions  [96]. However, there is a critical need to develop 570 
and validate carbonation performance using long term data of natural carbonation for calcined 571 
clay systems. More studies on modelling approach for predicting natural carbonation rates and 572 
necessary modification for probabilistic assessment of service life as per model code [109] are 573 
necessary to facilitate the adoption of calcined clay in carbonation governing environments.  574 
 575 

 576 
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Figure 8: A comparison of predicted carbonation depth for MK systems vs commercial CEM 577 
I, CEM II/A-LL and CEM III, as presented in [45]. The MK systems are denoted with the 578 

MK replacement levels; for instance, CEM I 15 contains 15% MK. 579 
 580 

4.2.6 Case of study on carbonation exposure 581 
 582 
While the previous sections focused on accelerated carbonation, this section presents a 24-583 
month assessment of concrete specimens subjected to carbonation under natural conditions in 584 
three exposure classes according to Cuban Standards. The limestone calcined clay cement 585 
(LC3) formulation with 50:30:15:5: clinker:calcined clay:limestone:gypsum was used for the 586 
study. A reference concrete was cast using a Type I Portland Cement (i.e., CEM I) , with 90 587 
wt.% clinker, 5 wt.% limestone and 5 wt.% gypsum. Three series were cast with cement content 588 
and water to cement ratio established following the prescriptive specifications of the Cuban 589 
standard NC 120:2014 [115]: (i) H1, less than 500 m from the seashore (high relative humidity 590 
and high chloride concentration), (ii) H2, between 500 m and 1500 m from the seashore (high 591 
relative humidity and mid chloride concentration), and (iii) H4, more than 20 km from the 592 
seashore (mid relative humidity and low chloride concentration). The binder content and 593 
aggregate proportion were the same for all concretes in the study. Table 1 presents the mix 594 
design. 595 
 596 

Table 1: Mix design for concrete specimens produced for carbonation studies 597 
Mix 
type 

Exposure 
class 

NC 120: 
2014 

Strength 
(MPa) 

w/b Cement 
(kg/m3) 

SP 
(kg/m3) 

Sand 
(kg/m3) 

Medium 
aggr. 

(kg/m3) 

Coarse 
aggr. 

(kg/m3) 

Water 
(kg/m3) 

H1 Very high 35.0 0.40 430 3.87 634 352 775 172 
H2 High 30.0 0.45 405 3.65 651 362 796 182 
H4 Low 20.0 0.55 345 3.10 690 384 844 190 

Note: Cement refer to cementitious materials that is OPC and LC3 (55% OPC + 30% Calcined clay + 598 
15% Limestone) 599 
 600 

The study was carried out in a condition that is expected to generate poor carbonation 601 
performance (60-70% RH and sheltered conditions). Initial properties of concrete (H1 series), 602 
carbonation performance of concrete (in realistic condition for 24 months) and integrity (in 603 
terms of strength and resistivity) of concrete after 24 months carbonation are presented.  604 

Figure 9 a) presents the effective porosity (vacuum saturation) of the concretes studied 605 
for carbonation, which were cured for 1, 3 and 28 days. While in the series produced with OPC, 606 
curing does not seem to greatly influence the effective porosity, in the series produced with 607 
LC3, curing produces a reduction in effective porosity, even to levels below those of the series 608 
with OPC. This fact shows the importance of curing in calcined clay blended cements. 609 
Figure 9 b) presents the results of surface resistivity in specimens with 6 months of exposure 610 
to carbonation under the conditions in which the specimens were stored. The resistivity values 611 
in the LC3 series are higher even in the case of 1 day of curing, and the difference increases as 612 
the curing time increases; with only 3 days of curing, the surface resistivity of the LC3 series 613 
exceeds 4 times that of the OPC series, indicating that this concrete has a less connected pore 614 
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system [24, 116]. This means that, despite having a higher porosity produced by the curing 615 
deficit, the series produced with LC3 has a less connected pore structure, as discussed in section 616 
2.3, which is a crucial aspect of durability. Such differences in porosity and performance have 617 
been identified in slag-limestone combinations in [117]. It is important to note that surface 618 
resistivity can be affected by degree of saturation and pore solution compostion, despite the 619 
usefulness of the measurement to estimate the quality of the surface concrete.   620 
 621 

 
(a) Porosity 

 
b) Surface resistivity 

Figure 9: Influence of wet curing time on (a) porosity and 
(b) surface resistivity on field concretes  

 622 
Figure 10 shows the depths of carbonation for the H1, H2 and H4 series at 6, 18 and 24 623 

months. The trend of higher carbonation in the systems produced with LC3 is confirmed, when 624 
compared with the values of the series with OPC. As the total cement content decreases and 625 
the w/b ratio increases, the carbonation depth increase rapidly over time. However, the values 626 
measured at 24 months are not significantly high, especially in the H1 series, because the 627 
exposure conditions have an average relative humidity greater than 70%, and the pore system 628 
of the concrete are expected to be saturated; hence, the entry and dissolution of CO2 in the 629 
matrix is difficult [118, 119]. These conditions are typical of marine environments, where 630 
concretes produced with calcined clay show excellent behaviour against chlorides, the primary 631 
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source of aggression in these environments [27, 73, 74]. The properties of the pore network of 632 
the matrix appear to impact these results [23, 27]. 633 

 634 

 635 
Figure 10: Carbonation vs. time (months0.5) for all series studied 636 

 637 

  638 
Figure 11: Influence of water-binder ratio and cement content on concrete resistivity 639 

 640 
Figure 11 presents the combined effect of reducing water-binder ratio and cement 641 

content on the compressive strength and surface resistivity of concrete specimens produced. 642 
The reduction of the cement content and the increase of the water-binder ratio in both series 643 
have a similar impact on the compressive strength. An increase in surface resistivity is seen in 644 
the series produced with LC3 for all water-binder ratios and cement contents, compared to the 645 
reference concrete made with OPC. This confirms that under the exposure conditions of this 646 
study, the integrity of concretes upon natural carbonation exposure induced negligible changes 647 
in strength and surface pore structure after 24 months of carbonation in natural exposure 648 
environment.  649 
 650 
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4.3 Sulphate exposure 651 

External Sulphate Attack (ESA) is caused by the reaction between SO4
2- and AFm phases or 652 

portlandite forming secondary ettringite or gypsum, and sometimes thaumasite (when 653 
carbonates are present) inducing expansion, cracking, strength loss and spalling of paste, 654 
mortar or concrete [120–125]. This results in damage of cementitious binders and may 655 
jeopardize the engineering properties. 656 

The extent of ESA depends on the physical (porosity, pore size, connectivity and 657 
tortuosity) and chemical (AFm, CH, alkalis) factors of the cementitious matrix. The physical 658 
resistance is determined by the pore structure, while the chemical resistance is governed by the 659 
availability of calcium and aluminium ions to form ettringite and portlandite to form gypsum. 660 
The classical zone-wise degradation profile of Portland cement mortars is confirmed by [120, 661 
124, 126] : a) the outer sulphate deteriorated zone, b) the second zone with high sulphate 662 
concentration and generally with the formation of gypsum veins, and c) the gradual decrease 663 
in sulphate concentration to the bulk material where the formation of ettringite promotes the 664 
cracking of matrix. For sulphate resistant concrete, the use of less permeable concrete is the 665 
necessary to resist external sulphate attack [126–128]. In Portland cement systems, sulphate 666 
resistance is achieved mainly by reducing the water to cement (w/c) ratio and cement content. 667 
Changes in cement minerology can also improve the sulphate resistance by reducing the C3A 668 
content in the OPC, reducing the AFm content and lowering portlandite precipitation by 669 
reducing C3S content or using an active pozzolan. 670 

The replacement of portland cement by SCM generally leads to improved resistance to 671 
sulphate attack by: 672 

 the dilution effect that causes reduction of the C3A content in the cement and reduces 673 
the amount of ettringite formation 674 

 the filler effect caused by its relative fineness to the OPC that contributes to accelerating 675 
the hydration of OPC and refining the pore structure by the solid packing of the 676 
cementing particles 677 

 the reduction of calcium hydroxide content in the cement paste, due to the pozzolanic 678 
reaction, preventing the secondary formation of calcium-rich phases such as ettringite 679 
while reducing the supersaturation of the pore solution with respect to ettringite and 680 
gypsum and thus crystallization pressures [129–131]  681 

 enhancing the uptake of aluminium and thereby increasing the Al/Si ratios in C-(A-)S-682 
H. This aluminium is mostly unavailable for secondary ettringite formation [23, 31, 683 
132]. The presence of limestone along with calcined clay is expected to consume the 684 
alumina and produce carboaluminate phases, which otherwise would go C-(A-)S-H [23, 685 
32] 686 

The literature on sulphate attack in relation to cements utilizing calcined clays have the 687 
same challenges as discussed previously in this paper. The following sections explore the 688 
influence of the use of calcined clay and its combinations with limestone on the resistance to 689 
sulphate attack.  690 
  691 
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4.3.1. Studies using calcined clays 692 

Various researchers have explored the performance of cementitious systems with MK after 693 
exposure to sulphate solutions, and a summary of the studies is presented in Table 2. The 694 
information presented in the table indicates that in laboratory studies with MK, cementitious 695 
mortars with high replacement levels of MK (> 10 – 15%) lead to improved performance in 696 
sodium sulphate exposure and more unsatisfactory performance in magnesium sulphate 697 
exposure. The reasons in both cases are tied to the higher consumption of CH. A reduction in 698 
gypsum and ettringite formation in sodium sulphate, leading to lower expansion in sodium 699 
sulphate solution. In MgSO4, CH would be converted to brucite.  The lack of buffering capacity 700 
of CH due to the pozzolanic reaction of MK causes a direct attack on C-(A-)S-H in the case of 701 
magnesium sulphate and favours the conversion of C-(A-)S-H into the M-S-H and gypsum, as 702 
is known from other SCM binders such as high slag content cements exposed to MgSO4 [121, 703 
133]. MgSO4 leads to the formation of secondary gypsum and non-cementitious magnesium 704 
silicate hydrates (M-S-H) [121, 125, 133]. The formation of these phase are associated with 705 
disintegration of the cementitious nature and mass loss of the specimens. It is also seen that 706 
there are limited studies with lower grade calcined clay and ternary combination of calcined 707 
clay with limestone/dolomite in MgSO4. Specific focus on additional phases formed in calcined 708 
clay binders such as CO3-AFm and stratlingite and their interaction with MgSO4 needs more 709 
focus in further studies.  710 
 711 
  712 



Accepted version  https://doi.org/10.1617/s11527-022-01974-0 
 

   
 

Table 2: Studies exploring the performance of MK and calcined clay blended systems upon sulphate exposure 

Reference Experimental variables Major findings Implications 

Calcined Kaolinite clay 
Khatib and Wild, 
1998  
[134] 

C3A content of 7.8% and 11.7% 
MK replacement between 5 and 25% 
5% Sodium Sulphate solution 

Expansion reduced with increasing MK replacement 
At least 15% replacement of MK needed to enhance 
resistance 

At higher replacement levels of MK, there 
is a significant reduction in CH, leading to 
lesser gypsum and ettringite formation. 

Ramlochan and 
Thomas, 2000 
[135] 

ASTM C1012 protocol with three cements, 
having C3A contents of 0, 6.3, and 10.1% 
5 – 25% replacement by MK 

Irrespective of replacement level, showed moderate 
sulphate resistance. 
For high C3A content, at least 10% MK substitution 
required to cause good sulphate resistance. 

MK replacement of more than 10 – 15% 
can lead to improved performance even in 
high C3A systems. 

Courard et al. 
2003 
[136] 

CEM I 
MK replacements at 5 – 20% 
16.1 g/l sodium sulphate solution 
0.5 w/b; 1:3 cement:sand, cured for 28 days 
initially and then subjected to exposure. 

Sulphate expansion inhibited in systems with more than 
10% MK replacement. 
CH consumption attributed to causing the positive effect. 

Same as previous 

Yazici et al. 2014 
[137] 

9.8% C3A content in cement 
Exposure to sodium sulphate solution 

MK replacement of 10 – 20% led to very good resistance 
to expansion 

Same as previous 

Vu et al. 2001 
[138] 

8.8% C3A, 0.48 – 0.53 w/b, 1:3 cement:sand 
MK replacement 10 – 30%  
Exposed to 0.2M MgSO4 solution 

When MK replacement was high (30%), a significant 
reduction in exposed mortars' compressive strength of 
exposed mortars, when w/b was varied to attain the same 
flow as reference. 
When SP was used at same w/b as a reference, the damage 
was not seen. 

At high w/b, systems with the large 
replacement of MK show significant 
damage to MgSO4 solutions; this could be 
due to increased attack of C-S-H, due to 
the complete consumption of CH because 
of pozzolanic reaction  

Lee et al. 2005 
[139] 

10.3% C3A in cement 
MK replacement 0 – 15% 
Controlled w/b in all systems using SP 
MgSO4 solutions of 0.42, 1.27 and 4.24% 
concentration used for exposure after 7 days 
of initial curing 

No damage at low concentration (0.42%) in the MK 
systems. But for high concentration solution (4.24%), 15% 
of replacement systems showed high degree of 
deterioration – more gypsum seen in XRD 

Consumption of CH due to highly 
pozzolanic MK can lead to direct attack of 
C-S-H and conversion to M-S-H 
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Kakali et al. 2003 
[140] 
(then reconfirmed 
by [141]) 

Mortar (w/b 0.5 and 1:2.50) of Portland 
Limestone Cement (C3A of clinker = 6.3%, 
15% LF) with and without MK (10%) 
exposed to 1.8% MgSO4 solution at 5 and 
25°C during 12 months 

Combination of PLC and MK was able to inhibit 
thaumasite form of sulphate attack 

Thaumasite formation inhibited due to the 
altered chemistry brought about by the use 
of reactive MK and finely ground 
limestone 

Hossack & 
Thomas (2015) 
[142] 

 Sulphate resistance of mortar bars with MK appears to 
increase at lower temperatures. 

Attributed to early hydration caused by 
fine MK particles and the better hydration 
progress at low temperature for the mortars 
containing MK. 

Calcined Non-Kaolinite clay 
Trumer and 
Ludwig (2018), 
Trumer et al. 
(2019) 
[143, 144]  

Used calcined illite, montmorillonite and 
kaolinite – 30% replacement. 
German mortar flat prims (10 mm thick) 
0.44% Na2SO4 solution at 5 and 20 oC 

At 20 oC, OPC and blends with illitic (I) and 
montmorillonite (M) clays exceeded 0.1% expansion by 42 
days, but overall expansion at 180 days lower for blended 
systems – these combinations had a practically same 
performance at 5 oC; Calcined kaolin (K) suppressed 
attack at both temperatures. M based systems better than 
control  

Illitic clays may not show sufficient 
resistance to sulphates in the early stages; 
but long term performance may be better 
than OPC 

Cordoba et al. 
2018 
[145] 

ASTM C1012 tests on blends with white 
OPC (11% C3A) and sulphate resistant OPC 
(3.5% C3A) – 20 and 40% mass replacement 
by illite clays calcined to 950 oC and ground 

High C3A cement – expansion less than 0.1% even at 365 
days; low C3A – expansion less than 0.05% 

Reduction in gypsum and ettringite 
formation in the mortar 
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Both increase in replacement level [146] and the reduction in water-binder ratio [147] 706 
has been shown to have a remarkable effect to improve the sulphate resistance of concrete 707 
containing MK . For calcined clays, results of blended sulphate solutions (different cations, or 708 
blends with chlorides or carbonates) have not been published so far, but based on the 709 
experiences with other SCMs, one would expect that expansion and deterioration would be less 710 
compared to pure sodium or magnesium sulphate solutions of high concentrations [130, 133]. 711 
Also, the role of sulphate in the natural environment like seawater and the impact of physical 712 
damage like salt crystallization due to fine pore structure in calcined clay systems and its role 713 
on sulphate ingress is not explored and warrants more studies.  714 

Several studies have also worked with calcined clays based on illitic or montmorillonite 715 
clays (both 2:1 clays) or other clayey formations that may also include shale. The observations 716 
from these studies are also included in Table 2. As the reactivity of illlitic or montmorillonite 717 
clays is typically lower than the kaolinitic ones, the calcination conditions of these alternative 718 
clay types affect the concrete microstructure, phase assemblage and engineering properties. 719 
One example of this is illustrated for a lower Oxford clay calcined at different temperatures 720 
(600-1100°C) [148]. The OPC (C3A = 7.7%) was replaced by 10 and 20% by mass of calcined 721 
clay and the expansion of mortar (w/b= 0.485; 1:2.5) bars (25x25x285 mm) was measured in 722 
an exposure to 5% Na2SO4 up to 720 days. Results show that mortars containing clay calcined 723 
at a temperature higher than 900 °C show superior sulphate resistance to those containing clay 724 
calcined at temperatures below 900 °C – this is attributed to the correct proper thermal 725 
activation temperature this type of clay. Hence, proper calcination of clay could improve the 726 
sulphate resistance of the binders.  727 
 728 
4.3.2. Influence of blends of calcined clay with limestone 729 

In blended systems with calcined clay, additional ettringite is formed until complete depletion 730 
of gypsum, sourcing alumina from MK and calcium from portlandite after depletion of C3A 731 
[35, 149]. Even though cements containing limestone alone have been shown to be prone to 732 
thaumasite formation [141, 150–152], MK has been reported to have a beneficial effect on 733 
thaumasite formation (reduced) [140, 141, 153]. MK was also seen to reduce the thaumasite 734 
form of sulphate attack in concretes made with PLC or containing calcareous aggregate [150]. 735 
Hence, the calcined clay-limestone combination is not expected to have expansion due to 736 
thaumasite formation at low temperature like PLC systems. This was confirmed in [154], where 737 
PLC showed higher expansion at 5 oC than 20 oC while MK-limestone combination did not 738 
show any significant expansion up to 400 days.  739 

Shi et al. [154] studied a white cement (C3A = 9%) against sulphate attack with 35% 740 
replacement of SCM (limestone and MK). The results showed that mortars containing MK or 741 
calcined montmorillonite and limestone (35 % w/w replacement) with CC/(CC + L) ≥ 0.5 742 
exhibit excellent sulphate resistance. Rossetti et al. [155] showed results on sulphate 743 
performance of blended cement with limestone filler (LF) and lower grade illitic calcined clay 744 
(C3A> 8%; 15%LF; 15%CC) that were exposed immediately to the aggressive environment. 745 
The study showed that monocarboaluminates in the OPC+LF systems were unstable in a 746 
sulphate environment. They rapidly formed ettringite causing cracking and massive penetration 747 
of sulphate ions promoting the gypsum formation, expansion and compressive strength 748 
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reduction. On the contrary, the pozzolanic reaction of illitic calcined clay in mortars consumed 749 
the CH and blocked the sulphate ingress due to pore size refinement. Although CO3-AFm 750 
phases formed during hydration were converted to ettringite in exposed pastes, the mortar 751 
showed no expansion and retained the compressive strength at 6 months in these ternary 752 
systems. Finally, the studies identified that calcined clay to limestone ratios of more than 1:1 753 
lead to a suitable performance. 754 

The severity of damage could increase for alternate soaking and drying exposure due 755 
to the salt crystallization phenomenon, which could cause harmful effect due to physical 756 
damage. However, there are only limited studies in this regard. While there are several 757 
examples of standard laboratory tests with paste or mortar exposed to sulphate solution, 758 
concrete performance results are not available aplenty as concrete studies are typically 759 
inconclusive for the short periods of laboratory investigations. Since calcined clay and calcined 760 
clay-limestone combinations are currently gaining interest in several countries, it is essential 761 
to document the field performance of calcined clay concrete in the sulphate rich environment. 762 
The initial premise from laboratory assessment suggests that performance of calcined clay 763 
systems would be satisfactory in most sulphate exposure.  764 
 765 
4.4 Alkali Silica Reaction 766 

Alkali silica reaction is the chemical reaction between reactive silica phases in aggregates and 767 
the hydroxyl ions present in the pore solution of concrete. The occurrence of ASR was reported 768 
and investigated all around the world in many different types of structures [156–160]. Many 769 
types of siliceous aggregates have a potential reactivity of ASR and are thus disregarded, 770 
limiting the concrete sustainability in locations where the availability of non-reactive aggregate 771 
is limited [160]. Therefore, numerous studies have been conducted to develop effective 772 
methods to mitigate ASR in concrete structures, which allow for using the reactive aggregates 773 
in concrete structures. Most ASR mitigation methods have focused on preventing and/or 774 
reducing the amount of ASR gels formed by modifying the chemical environment in concrete. 775 
These include i) usage of the low-alkali cement, ii) usage of SCMs and ii) usage of chemical 776 
admixtures such as lithium-based admixtures [161–167].  777 

In a relatively recent review [144], recommendations were given for the use of calcined 778 
clays for ASR mitigation. It was identified that the amount of aluminium and amorphous phase 779 
in calcined clay should be quantified before using them for ASR mitigation. The amount of 780 
aluminium can control reactive silica dissolution and form hydrates with higher alkali-binding 781 
ability. Additionally, it was suggested that the quantification of the impurities in calcined clays 782 
could also be useful in evaluating the effectiveness of calcined clays towards ASR mitigation, 783 
as such impurities in calcined clays are usually not pozzolanic. Concrete prism tests (ASTM 784 
C1293 [168]) were performed using the high-reactivity MK (HRM) as a SCM in [6]. This study 785 
suggested that 15% HRM concrete can effectively prevent the ASR expansion – the results 786 
showing that the ASR expansion was less than 0.04% after 2 years, as shown in Figure 12.  787 
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 788 

Figure 12: Effect of high-reactivity MK on the ASR expansion of concrete prisms, tested 789 
using two highly-reactive aggregates [6]  790 

 791 
To date, there are only limited studies available for alkali-silica reaction (ASR) in LC3 792 

concrete [169–171]. In [169], the modified accelerated mortar bar tests for ASR were 793 
conducted. In their tests, three types of mortar bars were prepared using the highly reactive 794 
Jobe sand: i) 100% Portland cement (OPC), ii) 50 wt.% replacement of PC with limestone and 795 
calcined clay, and (iii) 65 wt.% replacement of OPC with limestone and calcined clay. The clay 796 
used had a calcined kaolinite content of 50%. The mortar bars prepared in the study were cured 797 
for 28 days in a fog room and then immersed in 0.32M NaOH solution. The results clearly 798 
showed that the replacement of OPC by the limestone – calcined clay blend significantly 799 
reduces the ASR expansion.  800 

Recently, the ASR mitigation potential of by LC3 was reported in [170] using the 801 
standard accelerated mortar bar tests (ASTM 1567 that is equivalent to AS 1141.60.1). A low-802 
quality flash-calcined clay composed of 49.1% of quartz and 50.9% of amorphous phases was 803 
selected to make the LC3 blends. As shown in Figure 13, both mortar bars had less expansion 804 
than the expansion limits specified in AS 1141.60.1 and ASTM C1567. In addition to the LC3 805 
benefits similar to the other SCMs for ASR mitigation, the results showed that, in the initial 806 
stage of ASR, the calcium-rich phases such as C-S-H, C-A-S-H, monocarboaluminate and 807 
katoite were produced near the ASR reaction sites. These calcium-rich phases delayed the 808 
formation of ASR gel, and also the resulting ASR gels had a high Ca/Si ratio that is less 809 
expansive [170].  810 
 811 
 812 



Accepted version  https://doi.org/10.1617/s11527-022-01974-0 
 

   
 

 813 

Figure 13: ASR expansion of mortar bars in accelerated mortar bar [170].  814 
Note: Two different mortar bars were prepared, including i) 20 wt.% replacement of OPC with limestone and 815 

calcined clay (LC3-20) and ii) 30 wt.% replacement of OPC with limestone and calcined clay (LC3-30). 816 
 817 

The exact mechanisms of mitigation of ASR expansion in LC3 systems are not fully 818 
understood. However, considering the pozzolanic reaction of calcined kaolinite (MK), one can 819 
expect that LC3 would have similar effects to typical SCMs (such as fly ash and slag) on the 820 
mitigation of ASR expansion. These include i) reducing the alkali content in the binder due to 821 
the dilution effect, ii) reducing the alkali concentrations in the pore solution due to the alkali 822 
fixation by supplementary hydration products, iii) producing a denser paste matrix to slow 823 
down the diffusion or migration of ions involved in ASR reaction, and iv) limiting the silica 824 
dissolution due to the effect of aluminium [145, 161–163, 170, 172–175].  825 

 826 
4.5  Durability against acid attack 827 

The resistance of concretes containing calcined kaolinite clays to acids has been investigated 828 
on several occasions. In the vast majority of the studies, the addition of MK in concrete proved 829 
beneficial in terms of acid resistance. Even a 10% cement replacement with MK improved the 830 
acid resistance by 10% compared to a neat Portland cement mix [133], whilst greater 831 
replacements, e.g., 20 and 30% did not significantly improve the acid resistance. Similar 832 
improvement in acid resistance was found for 10% MK replacement in [177]; the acid 833 
resistance was reportedly improved by approximately 30% compared to a pure Portland cement 834 
mix. In another study, even better acid resistance was reported where a 15% MK containing 835 
mix immersed in sulphuric acid exhibited 38% less reduction in compressive strength 836 
compared to a 50E cement (65% Portland cement, 35% slag) mix after 61 days of immersion 837 
[178]. Similar results confirming MK addition's beneficial effect in acid resistance have been 838 
reported elsewhere [179, 180]. However, the identified literature focused mainly on highly 839 
kaolinitic clays (in the form of MK), highlighting the need to investigate the performance of 840 
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lower grade clays. Additionally, the interaction of carboaluminate phases formed in LC3 like 841 
systems in an acidic environment and its impact is not well reported in the existing literature. 842 
 843 
4.6. Durability against freeze-thaw cycles 844 

MK addition also increases the resistance of concrete to freeze-thaw related damage. The 845 
resistance of MK containing concrete on freeze-thaw exposure was investigated by [106], 846 
where it was reported that the MK containing mixes with 5 and 10% MK content exhibited 847 
similar or even better freeze-thaw performance compared to neat cement mixes. Another study 848 
[68] demonstrated excellent frost performance of MK mixes with no effect on compressive and 849 
bending strength after 100 cycles. Such improvement is possibly observed due to the pore 850 
refinement resulting from the pozzolanic activity [181]. Similar observations regarding the 851 
efficiency of adding MK on the frost resistance of concrete were reported by [182], where 852 
mixes containing MK up to 25% were investigated, with 20% being the most efficient 853 
replacement level. There are currently limited studies identified with low grade/non-kaolinitic 854 
clays and LC3 systems, which can be focused in future research. Since calcined clay addition 855 
makes fresh concrete cohesive, the control of air content in calcined clay concrete needs to be 856 
studied in detail as it is key to improving the freeze-thaw resistance in concrete systems.  857 
 858 

5. Conclusion and perspectives  859 

This paper explores the impact of calcined clays on the durability performance of concrete in 860 
binary and ternary blended cementitious systems. The role of the pore structure alteration due 861 
to the replacement of cement by calcined clays is explicitly highlighted as the main contributor 862 
to the observed transport properties of such systems, which improves the performance of 863 
concrete systems in several durability exposure conditions. Major highlights on the role of 864 
calcined clay on durability performance of concrete systems are summarized below:  865 
i. Calcined clay modifies the pore structure by the refinement of sizes rather than reducing 866 

the total pore volume. Hence, total pore volume, per se, is not a reliable indicator of the 867 
durability performance for binary and ternary binders containing calcined clays. Due to 868 
pore refinement, durability indices such as resistivity and absorption rate are improved 869 
significantly in calcined clay concretes, more specifically in concretes prepared with 870 
kaolinite clay. Less information exists on pore structure and transport properties using non-871 
kaolinitc clays. Moisture uptake was consistently lower by 30% for calcined clay 872 
replacement >20%. More research should focus on understanding the role of porosity and 873 
pore sizes on transport properties in calcined clay systems. When kaolinite content in the 874 
raw clay was above 40%, there is no significant difference in pore structure obtained using 875 
MIP. The role of clay reactivity on physical structure development, specifically at later 876 
ages, is not well reported. While it is believed that the pore structure parameter controls 877 
the transport properties, there are limited studies to link the structure-property relationship 878 
with respect to transport properties; unlike structure-property relationships established to 879 
explain mechanical properties in cementitious systems.  880 
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ii. The carbonation rate in calcined clay concrete is expected to increase with clay 881 
replacement level. A statistical analysis of existing data showed that the carbonation rate 882 
could be 3-4 times higher than plain cement concrete. Due to the limited portlandite 883 
reserve, decalcification of C-(A-)S-H and other AFt and AFm phases is the primary 884 
interaction with atmospheric CO2 in calcined clay systems. Incorporation of factors such 885 
as reserve alkalis were found to be necessary for calcined clay systems. Carbonation of 886 
low Ca/Si ratio C-A-S-H formed in calcined clay systems leads to coarsening of pore 887 
structure, which was found to reduce transport indices. Still, there are limited 888 
investigations of transport properties of carbonated calcined clay concrete which is close 889 
to concrete in realistic conditions. Studies on carbonation induced corrosion in calcined 890 
clay are limited and suggest conflicting results, which needs to be investigated further. 891 
Detailed investigations exploring service life prediction models are limited to analysing 892 
the impact of higher carbonation rate found on calcined clay on the service life of 893 
infrastructure systems.  894 

iii. Sulphate resistance improved for calcined clay systems in sodium sulphate exposure for 895 
both kaolinite and non-kaolinite clays. The addition of limestone with calcined clay did 896 
not lead to any thaumasite attack as in PLC. Limited studies exist on seawater exposure, 897 
physical sulphate attack, magnesium sulphate attack for calcined clay systems, which 898 
could be explored in further research on leaching and decalcification of alumina rich low 899 
Ca/Si ratio C-S-A-H expected to form in calcined clay systems.  900 

iv. The tendencies for ASR were effectively reduced by calcined clay addition with 901 
metakaolin (at lower replacement level of 10-15%) and calcined clay-limestone 902 
combination. The use of non-kaolinite clay for ASR reduction is not well reported.  903 

While the refined pore structure is seen to have a significant impact on most durability 904 
properties, it is seen that certain phenomena such as carbonation and magnesium sulphate 905 
attack result in reduced performance compared with plain OPC systems, owing to the lack of 906 
the calcium hydroxide buffer that is typically present in plain cement systems. While calcined 907 
kaolinite clays have been explored in the recent past, there are very limited studies on durability 908 
with marine dredging clays, mixed clays and other clay types. More studies can focus on 909 
understanding these alternative clays forms for substituting energy-intensive Portland clinker. 910 
The paper highlights the need for additional studies to be carried out in several domains, given 911 
the growing interest in calcined clays – both kaolinitic and non-kaolinitic – all over the world.  912 
 913 
  914 
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