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ABSTRACT  

The durability performance of Alkali-Activated Cements (AAC) i.e., metakaolin (AAMK), 
slag (AAH), fly ash (AAB), and their hybrids (AAMK/H, AAMK/B) were carried out by a 
carbonation test and degradation test in sulfuric acid pH 0.5. The effect of carbonation was 
followed by IR absorption spectroscopy, KBr method. Ordinary Portland Cement (OPC), 
modified-OPC, and AAC were monitored for 11 weeks. Series of AAMK, AAH, AAB, and their 
hybrids were prepared using 2 types of alkaline activator (K0.5 and K0.64) and their deterioration 
were monitored for 9 weeks. Any accelerated carbonation could be ruled out in the case of AAMK, 
while it occurred the more the higher the CaO content of the raw material. In those materials 
carbonation occurred with the possible formation of vaterite which split in the IR bands at about 
1420 and 1490 cm-1 before exposure. Further reaction was detected by increasing the intensity of 
vaterite phase after being exposed to CO2 of 3 vol%. For the sulfuric acid, the AAC revealed much 
better compared to OPC. A comparison between 2 types of alkaline activator revealed that higher 
alkaline content yielded more deterioration. As compared between sources of starting materials, 
AAB tended to resist acid attack better than did AAMK. However, the AAB showed significant 
formation of cracks. The results are also discussed with respect to their long term mechanical 
properties followed over 5 years.
 
INTRODUCTION 
 The most important aspects of materials used in the cement and concrete industry are not 
only the mechanical strengths, but also that of the probability of enhanced durability. The 
equivalent performance to OPC is one target for AAC, but, in many cases, the properties of AAC 
actually are superior [1]. This binder is promoted to the industry with its outstanding properties in 
various fields of applications [2].  

This material was originally developed from local soils and compounds of the alkali metals, 
i.e., sodium or potassium, so-called Soil Silicates [3, 4]. The soil-silicate concretes are highly 
impervious have high ratings of wear ability approaching that of granite, good cohesion with the 
steel reinforcement, and also resistance in waters with low bicarbonate hardness and in mineralized 
magnesium sulfate waters as well as sea water. This concrete has been applied for hydraulic and 
irrigation structures by the Ministry of Land Reclamation and Water Economy of Ukraine SSR 
since 1962 [4].  

Based on the same theory of this binding system with further variation of starting materials 
used, the slag-alkaline cement was promoted by its high strength and economical aspects for an 
application as building materials [5, 6]. Regarding the durability performance, the slag-alkaline 
concrete were used with the best advantage in structures under cold temperature conditions at -15  
to -30 , and resisted exceeding 1,000 cycles with no expansion as a result of sudden freezing of 
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the undercooled water. Frost destruction of the slag-alkaline stone occurred, mainly, upon cooling 
down to -40  and below.  

The other materials in this family based on aluminosilicate binders termed polysialate or 
so-called geopolymer, were introduced and first patented in 1972 [7]. This binder was manufactured 
for various types of industrial products, e.g., a new class of special cements and blended cements: 
PYRAMENT® cements, TROLIT® and WILLIT® binders, GEOPOLYMITE® resin binders, and 
ceramic composites GEOPOLYCERAM®. These industrial products could be applied in a wide 
range of applications due to their excellent properties, e.g., ceramic-type materials under low 
temperature manufacturing, toxic waste management, hard surfaces, and thermal stability [2, 8].  

Recently, MC-Bauchemie Müller GmbH & Co. KG, Germany [9] launched a new product 
named Konusit™ claimed to be a mineral based, polymer silicate bond coat. It is available in both 
powder and liquid forms consisting of: Konusit HB, Konusit KK 10, Konusit KK 20, Konusit KK 
30 and Konusit NB as a curing agent. These products are advertised as a cement-free, 
environmentally friendly, very high chemical resistant against numerous acids and solvents in the 
range of pH = 0 to pH = 8 (but not hydrofluoric acid), impermeable to liquids, very good adhesion 
on mineral-based substrates (concrete, brickwork), high resistance against mechanical impact, 
abrasion and high temperatures, and easy application with brush or paint-brush, hand- and spray 
applications. In Australia, Zeobond Pty Ltd. [10] was founded by Prof. Jannie S. J. van Deventer 
launched a new product named E-Crete™ for construction applications. This material provides 
significant environmental savings with technical superiority in terms of fire and chemical 
resistance.  

It is important for assuring long-term durability to characterize more fully the complex 
solid phases, including determining the combined state of alkali in the solid hydration products, 
and of the residual soluble species in the pore fluids as a function of time [1]. As a consequence 
of those excellent properties and potential candidates for applications under extreme conditions of 
this material, a series of AAC in paste and mortar was subjected to accelerated carbonation testing 
and degradation testing in sulfuric acid (pH 0.5). This pilot study was taken to assess durability 
and performance of the specimens in this series of starting materials. 
 
EXPERIMENTAL PROCEDURES 

Fly ash (Brown coal fly ash ‘B’: Mae-Moh Power Plant, Thailand), ground granulated blast 
furnace slag (Hüttensand ‘H’: Holcim GmbH, Germany) and metakaolin (‘MK’: MC-Bauchemie 
Müller GmbH & Co., Germany) were used as aluminosilicate source materials. The chemical 
composition of the solid materials is given in Table 1. In order to make the K-based alkaline 
activator, KOH pellets (Carl Roth GmbH, Germany) were dissolved in distilled water to 8M 
concentration and mixed with potassium silicate solution (SiO2:K2O ≈ 2.5, molar ratio: Woellner 
GmbH & Co. KG, Germany) in 3 series using K2O/SiO2 = 0.5, 0.6 and 0.64  molar ratio, i.e. K0.5, 
K0.6 and K0.64, respectively. The mixture of alkaline activator was prepared 1 day before 
mixing. The fly ash (B) and slag (H) were partially replaced with 0, 10, 30 and 50 wt% metakaolin 
(MK), mixed and then alkali-activated in portions as given in Table 2. 
 
Table 1. Chemical composition of solid materials (wt%). 
 

Oxide 
component SiO2 Al2O3 CaO Fe2O3 TiO2 Mn2O3 MgO K2O Na2O SO3 LOI 

B 45.89 24.58 10 10.67 0.46 0.08 2.44 2.65 1.32 1.76 1.11 
H 36.52 10.17 41.61 0.32 0.51 0.15 5.43 1.06 0.64 0.38 0.81 
MK 49.92 41.45 0.03 0.32 0.47 0 0.01 0.14 0.26 0.06 0.52 

CESP vol 37 no 7 a_grid.qxd  11/1/2016  6:08 PM  Page 4



Developments in Strategic Ceramic Materials II · 5

Durability Performance of Alkali-Activated Metakaolin, Slag, Fly Ash, and Hybrids

The AAC specimens were divided in 2 types: cement paste (for chemical analysis) and 
cement mortar (mixture of cement paste with standard sand) for mechanical investigation and 
corrosion observation. The alkaline solution to aluminosilicate source materials ratio was 
maintained at 0.5 for K0.5, K0.6 and K0.64 series of fly ash, slag and hybrids. For the pure 
metakaolin (AAMK) series, the mixture contained a higher content of alkaline solution of 1 as 
shown in Table 2. The K-based alkaline activator was diluted with distilled water for improving 
the workability of the matrix.  

 
Table 2. Mixture proportion of alkali-activated metakaolin (AAMK), fly ash (AAB), slag (AAH) 
and hybrids in weight ratio. 
 

Mixture  Solid materials  K-based 
activator 

Distilled 
water 

  B or H MK     
AAMK - 1 1 0.25 
AAB or AAH 1  0.5 0.25 
Hybrids :  
AAMK/B Fly ash based 
or  
AAMK/H Slag-based 

0.9 0.1 0.5 0.25 
0.7 0.3 0.5 0.25 
0.5 0.5 0.5 0.25 

 
 For chemical analysis, i.e. FTIR absorption spectroscopy (KBr method), the cement 
mixtures were prepared separately in the same proportion as described in Table 2. The specimens 
were cast in a closed plastic box and then cured at room temperature (20±2°C) with a relative 
humidity of not less than 50% until they were tested at specified times. 
 
Table 3. Mixture proportions of OPC, modified-OPC, and AAC mortar prisms. 
 

  Symbol 
CEM I 
42.5R B H MK K0.5 Water Standard 

sand 
(g) (g) (g) (g) (g) (g) (g) 

OPC C1 450 -    225 1350 

Modified 
OPC 

M1 270 90 90  - 157.5† 1350 
M2 270 90 - 90 - 157.5† 1350 
M3 180 90 90 90 - 157.5† 1350 

AAC 

G1 - 270 90 90 225 45 1350 
G2 - 180 90 180 247.5 67.5 1350 
G3 - 135 90 225 270 67.5 1350 
G4  90 90 270 292.5 67.5 1350 
G5§  45 90 315 292.5 67.5 900‡ 

Remark: All data in this Table corresponds to the specimens in Figure 2. 
Age of specimens: C1 = 9 months, the others = 2 weeks immersed in water at 20  before corrosion testing. 
§ G5: a coating layer, was applied for all specimens in Figures 2(b) and 2(c). 
† Superplasticizer: Worement FM265 was added 2 wt% of binder. 
‡ River sand: Washed river sand (0.5–2 mm). 

CESP vol 37 no 7 a_grid.qxd  11/1/2016  6:08 PM  Page 5



6 · Developments in Strategic Ceramic Materials II

Durability Performance of Alkali-Activated Metakaolin, Slag, Fly Ash, and Hybrids

The mixture proportion of OPC, modified-OPC, and AAC mortar prisms is presented in 
Table 3. The procedures of mixing and moulding mortar specimen were prepared conforming to 
the European standard EN 196 Part 1 into 4 cm x 4 cm x 16 cm standard prism. The proportion by 
mass of mortar composed of one portion of solid materials, three portions of sand, and varied ratio 
of alkaline activator, which is described in Table 2 and 3. The mixture after preparation was 
immediately transferred to determine workability, then moulded and placed in a moist air room 
for 24 h. The mortar specimens were then demoulded and cured at room temperature (20±2 ) 
under a moisture controlled system. In addition, the mortar prisms for the corrosion test were 
immersed in water at room temperature (20±2 ) for 2 weeks before testing. That is to say, the 
development of alkaline activation showed less alteration after 14 days, and thus could be an 
optimum curing period for this observation. At the end of the curing period, the specimens were 
immersed in H2SO4 solution with pH 0.5, and monitored for the deterioration for 11 weeks. 
 
RESULTS & DISCUSSION 
 
Accelerated carbonation test 
 In this part of the study, a series of AAC (K0.6 series) exposed to CO2 concentration of  
3 vol% for 9 days, was observed. The cement paste specimens of AAH, AAB, AAMK and hybrids 
were subjected to accelerated carbonation testing after curing for 4 weeks at room temperature 
(20±2 ) under a moisture controlled system. The effect of the carbonation process on the AAC 
was accomplished by the Fourier Transform Infrared Spectrometer (FTIR) technique. The FTIR 
spectra were compared between the specimens before and after accelerated carbonation testing as 
shown in Figure 1.  
 

 
Figure 1. Comparison between FTIR spectra of AAC (K0.6 series) before and after the accelerated 
carbonation test, exposed to CO2 concentration of 3 vol% for 9 days. 
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The mid-infrared spectrum of vaterite was measured by [11]. The presence of vaterite was 
indicated by the asymmetric stretch, ν3, which is split off as obviously seen in the bands at about 
1420 cm−1 and 1490 cm−1 in Figure 1(a) (before exposure). The further reaction is detected by 
increasing of the intensity of the vaterite phase in Figure 1(b) after exposed to CO2. A similar effect 
was also detected in Figures 1(d) and 1(f), while only small intensity could be detected in Figure 
1(h). An intense band in the 1450 cm−1 region, is also reported as characteristic of alkaline 
carbonates [12], where the lowering of pH due to system carbonation reduced the ash activation 
rate but did not interrupt it altogether. The finding also demonstrates that this effect corresponded 
to CaO content of starting materials used as a comparison between AAH and AAB. These kinds 
of carbonation reactions did not appear in Figures 1(i) and 1(j) of AAMK series. The results are 
further evidence by FTIR, as given in Figures 1(a) to 1(h). The vibrational bands at about 875 cm-1 
could be attributed to the modes of calcite formation [13], which was noticed as the appearance a 
weak shoulder in the series of specimens before carbonation. Moreover, Figures 1(e) to 1(h) of 
AAB and AAMK/B series indicated the characteristic bands of CO32- cancrinite formation, which 
consisted of the characteristic fingerprint peak occurring at approximately 619 cm-1 (bending 
vibrations of SiO42- ions and tetrahedral framework), and the asymmetric stretch for SiO42-

stretching vibrations of the tetrahedral framework at about 1110 and 1120 cm-1 [14-16]. These 
findings were confirmed by the previous work [12], indicating that sodium bicarbonate formed in 
a number of AAB series. 

As a consequence of CaO content from the starting materials, a diversity of carbonate phase 
formations, i.e., vaterite, calcite, and cancrinite, was detected. This finding was similar to the effect 
observed in the previous studies. Bakharev et al. [17] found that the resistance of AAH concrete to 
carbonation was lower than that of OPC concrete, and AAH concrete had higher strength loss and
depth of carbonation than AAH concrete in both tests, i.e., exposure to carbonated solution and 
atmosphere containing high CO2 In addition, the hybrid binder of AAH-OPC revealed that the 
carbonation of Calcium Silicate Hydrate (C–S–H) was extensive [18]. 
 
Corrosion testing in sulfuric acid (pH 0.5) 

The corrosion of concrete structures in sewage environments is a major problem in most 
areas around the world. The deterioration process is, namely, Microbiologically Induced Corrosion 
(MIC), which also known as H2S sewer corrosion. The microbes oxidise the sulfur present in H2S
to H2SO4 which causes corrosion of sewer crowns, especially, in areas of extensive corrosion having 
 

 
Figure 2. A comparison between OPC and AAC mortars immersed in H2SO4 with pH 0.5: 
(a) OPC and AAC mortars at 2 weeks, (b) Modified-OPC mortars with AAC coating layer at 11 
weeks, and (c) AAC mortars with AAC coating layer at 11 weeks. 
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low pH values of 1 to 2 [19]. In order to prevent this kind of corrosion, high-performance corrosion 
resistant material is still in needed for improvement to reach a satisfactory level. A possible 
solution for this problem could be achieved through a new type of AAC binders.  

This part of the study, AAC mortars containing slag (H), brown-coal fly ash (B), and 
metakaolin (MK), were synthesized with K-based alkaline activator K0.5. After 14 days of 
immersion (Figure 2(a)), the AAC mortar (G1) revealed much better corrosion resistance against 
sulfuric acid compared to OPC mortar (C1), though C1 had a much longer curing period for 9
months. The reduction of w/c ratio from 0.5 to 0.35 as well as the OPC content in binder, showed 
better performance of modified-OPC (M1, M2, and M3). The decrease of OPC content of M3 
resulted in a slower corrosion rate (Figure 2(b)). However, the AAC mortars (G2, G3, and G4)
obviously demonstrated superior performance against corrosion in sulfuric acid compared to the 
OPC-based mortars (Figure 2(c)). In the results of corrosion studies between AAC and modified 
OPC mortars against the H2SO4 attack under the same conditions, the AAC mortar possessed 
potential for acid resistance compared to that of the conventional cement-based mortar. Therefore, 
a series of AAMK, AAB, and AAH with systematic MK replacement were taken for further 
observation.  

In the following series of corrosion observations (shown in Figures 3 to 6), the AAC mortar 
specimens were prepared in the same mixture proportions as used for mechanical strength 
investigation published last year [20]. Whereas both flexural and compressive strengths have 
proven a tendency to increase with increasing time over 5 years. The specimens were preserved in 
a closed container under room temperature for 7 weeks before corrosion testing. During the test 
period of 9 weeks, the specimens were immersed only a half in H2SO4 with pH 0.5, and stored in 
the closed container under room temperature control. The H2SO4 acid solution was changed once 
every two days to control pH level. At the specified period of testing time, specimens were taken 
to observe. Each Figure represents a comparison between 2 types of alkaline activator (K0.5 and 
K0.64) with that of the same source of starting materials. Figure 3(a) shows the degradation of 
AAMK and AAB mortars after being immersed in H2SO4 acid for 2 days. A comparison between 
2 types of alkaline activator revealed that the higher content of alkali (K0.64) was a factor 
influencing deterioration. 

 

           
Figure 3. AAMK and AAFA mortars (K0.5 and K0.64) immersed in H2SO4 with pH 0.5:  
(a) after 2 days, (b) after 9 weeks. 
 

With increasing immersion time (Figure 3(b)), the deterioration exhibited less change for 
these two types of AAC mortars. As compared between sources of starting materials, AAB mortar 
tended to resist acid attack better than did AAMK mortar. However, the AAB mortar (K0.5)
experienced cracks as a result of expansion in microstructure. 

((a)  ((b)  
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Figure 4. AAMK and AAH mortars (K0.5 and K0.64) immersed in H2SO4 with pH 0.5:  
(a) after 2 days, (b) after 9 weeks. 
 

The corrosion reaction of AAH mortars in Figure 4(a) and 4(b) was far different compared 
to AAMK and AAB mortars as shown in Figure 3. The degradation of AAH mortars had an even 
greater detrimental effect as a consequence of CaO content, which resulted expansion of mortar 
specimens. Between the two types of alkaline activator, it was difficult to compare the difference
in long-term specimens. 

Degradation effects with particular consideration of MK replacement in AAB and AAH 
series are presented in Figures 5 and 6, respectively. For the AAB series, the influence of MK 
replacement on degradation effect cannot be seen clearly compared to the role of alkaline content 
(K0.5 and K0.64), which exhibited the similar effects as found in AAMK and AAB mortars. 
Contrary to the AAH series in Figure 6, CaO content in slag played an important role in the 
corrosion mechanism, and led to total damage in pure slag mortar. The degradation effect 
significantly decreased with increasing MK replacement. That is to say, the corrosion resistance 
increased with decreasing CaO content. The results were not satisfactory for durability performance, 
however, they occurred exactly as expected. 

 
 

           
Figure 5. AAB and AAB/MK mortars (K0.5 and K0.64) immersed in H2SO4 with pH 0.5:  
(a) after 2 days, (b) after 9 weeks. 
 

The results of the investigation reported by ref. [21] show that AAH concrete had a high 
resistance in acetic acid solution of pH = 4, superior to the durability of OPC concrete. Contrary to 
the results of the investigation in sulfuric acid solution [22], the introduction of KOH in AAB 

((a)  ((b)  

((a)  ((b)  
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samples caused an increase in the average pore diameter and reduced its durability. This could be 
explained by the depolymerization of aluminosilicate polymers and liberation of silicic acid, 
replacement of Na and K cations by hydrogen or hydronium ions, and dealumination of the 
aluminosilicate structure. It was also connected to condensation of siliceous polymers and zeolites, 
which in some cases led to a significant loss of strength. 
 

     
Figure 6. AAH and AAH/MK mortars (K0.5 and K0.64) immersed in H2SO4 with pH 0.5: 
(a) after 2 days, (b) after 9 weeks. 
 
SUMMARY AND CONCLUSION 

The identification and observation in this study were focused mainly on application in the 
cement and concrete industry. These results are very encouraging and fulfilled the objectives of 
this study. Moreover, the observations tended to confirm the findings of several previous studies 
on durability performance of AAC binders. 

One of the most important findings from this study was that the relationship between 
flexural and compressive strengths of AAC mortars could be characterized into two trends based 
on well-known empirical formulae, i.e., the Alkaline-alkaline-earth binding system and the 
Alkaline binding system or polysialate network [20]. This relationship can identify and classify the 
chemical components of starting materials into fundamental engineering properties, i.e., flexural 
and compressive strengths. This finding has been proven to be true from the data gathered in this
study. Investigations were carried out using different starting materials and mixture proportions, 
and also under various concentrations of alkali activators. 

According to the observations on durability performance, the AAC binders provide a 
superior solution for the application under aggressive environments compared to OPC binders. 
Despite the fact that the CaO content in starting materials and concentration of alkaline solution 
play an important role in the durability aspects of this material, these parameters are under control 
and reveal potential for further development. 
 
ACKNOWLEDGEMENTS 
 FJ is deeply indebted to Prof. Joseph Davidovits for his valuable discussions at the 
beginning of this research. FJ also thanks to Rajamangala University of Technology Lanna 
(RMUTL), Thailand, for supporting her stay abroad at Department for Building Materials, and 
Department of Mineralogy, both at University of Hannover, Germany. Special thanks to German 
Academic Exchange Service (DAAD) for funding the scholarship ‘Research Stays for University 
Academics and Scientists, 2015’ and also the travel grant by Leibniz Universität Hannover for my 
research visit to the Research Centre for Solid State Chemistry and New Materials (ZFM) at 
Leibniz Universität Hannover in June and July 2015. The University of Hannover is thanked for 

((a)  ((b)  

CESP vol 37 no 7 a_grid.qxd  11/1/2016  6:08 PM  Page 10



Developments in Strategic Ceramic Materials II · 11

Durability Performance of Alkali-Activated Metakaolin, Slag, Fly Ash, and Hybrids

allowance of being a guest scientist for this study. Special thanks to the Mae-Moh Power Plant, 
Thailand, for kindly supplying materials.  
 
REFERENCES 
 
[1] Roy, D. M., Alkali-activated cements: Opportunities and challenges. Cement and Concrete 
Research, 229 (2), 249–254, (1999). 
[2] Davidovits, J., 30 years of successes and failures in geopolymer applications. Market trends 
and potential breakthroughs. In G. C. Lukey (Ed.), International conference geopolymer, October 
28–29, 2002, Melbourne, Australia: Institut Géopolymère, pp. 1–16, (2002). 
[3] Glukhovsky, V. D., Gruntosilikaty (Soil Silicates). Kiev, Ukraine: State publishing house of 
literature on building and architecture of Ukrainian SSR, (1959). 
[4] Glukhovsky, V. D., Pashkov, I. A., Starchevskaya, E. A., and Rostovskaya, G. S., Soil-silicate 
concrete for hydraulic and irrigation structures. Power Technology and Engineering (formerly 
Hydrotechnical Construction), 11 (2), 120–124, (1967). 
[5] Glukhovsky, V. D., Rostovskaya, G. S., and Rumyna, G. V., High strength slag-alkaline 
cements. In 7th International Congress on the Chemistry of Cements (ICCC) (Vol. III, pp. V-164–
168). Paris, France, (1980). 
[6] Glukhovsky, V. D., Zaitsev, Y., and Pakhomov, V., Slag-alkaline cements and concretes-
structure, properties, technological and economical aspects of the use. Silicates Industrials, 448 (10), 
197–200, (1983). 
[7] Davidovits, J., Chemistry of geopolymeric systems, Terminology. In The 2nd Geopolymer 
International Conference: Géopolymère ’99 (pp. 9–40). at INSSET, Université de Picardie, Saint-
Quentin, France, (1999). 
[8] Davidovits, J., Geopolymers: Inorganic polymeric new materials. Journal of Thermal Analysis, 
37, 1633–1656, (1991). 
[9] MC-Bauchemie Müller GmbH & Co. KG., Technical data sheet: Konusit™. (Retrieved 
February 11, 2010, from http://www.mc-bauchemie.com/401.aspx), (2005). 
[10] Zeobond Pty Ltd., E-crete™. (Retrieved February 11, 2010, from http://www.zeobond.com/com.htm), 
(2009). 
[11] Sato, M., and Matsuda, S., Structure of vaterite and infrared spectra. Zeitschrift für 
Kristallographie, 1129, 405–410, (1969). 
(Criado et al., 2005) 
[12] Criado, M., Palomo, Á., and Fernández-Jiménez, A. M., Alkali activation of fly ashes. Part 1: 
Effect of curing conditions on the carbonation of the reaction products. Fuel, 884 (16), 2048–2054, 
(2005). 
[13] Nan, Z., Yan, B., Wang, X., Guo, R., and Hou, W., Fabrication of calcite aggregates and 
aragonite rods in a water/pyridine solution. Crystal Growth and Design, 88 (11), 4026–4030, (2008) 
(doi:10.1021/cg800282j). 
[14] Barnes, M. C., Addai-Mensah, J., and Gerson, A. R., A methodology for quantifying sodalite 
and cancrinite phase mixtures and the kinetics of the sodalite to cancrinite phase transformation. 
Microporous and Mesoporous Materials, 331 (3), 303–319, (1999) (doi:10.1016/S1387-
1811(99)00080-3). 
[15] Mashal, K., Harsh, J. B., and Flury, M., Clay mineralogical transformations over time in 
hanford sediments reacted with simulated tank waste. Soil Science Society of America Journal, 669 
(2), 531–538, (2005). 
[16] Chukanov, N., Rastsvetaeva, R., Pekov, I., and Zadov, A., Al-loriite, Na5K1.5Ca(Si6Al6O24) 
(SiO4)(OH)0.5 · H2O, a new mineral species of the cancrinite group. Geology of Ore Deposits, 449 (8), 
752–757, (2007) (doi:10.1134/S1075701507080090). 

CESP vol 37 no 7 a_grid.qxd  11/1/2016  6:08 PM  Page 11



12 · Developments in Strategic Ceramic Materials II

Durability Performance of Alkali-Activated Metakaolin, Slag, Fly Ash, and Hybrids

[17] Bakharev, T., Sanjayan, J. G., and Cheng, Y. B., Resistance of alkali-activated slag concrete 
to carbonation. Cement and Concrete Research, 331 (9), 1277–1283, (2001) (doi:10.1016/S0008-
8846(01)00574-9). 
[18] Borges, P. H. R., Costa, J. O., Milestone, N. B., Lynsdale, C. J., and Streatfield, R. E., 
Carbonation of CH and CS-H in composite cement pastes containing high amounts of BFS. 
Cement and Concrete Research, 440 (2), 284–292, (2010) (doi:10.1016/ j.cemconres.2009.10.020) 
[19] Milde, K., Sand, W., Wolff, W., and Bock, E., Thiobacilli of the corroded concrete walls of 
the hamburg sewer system. Journal of General Microbiology, 1129 (5), 1327–1333, (1983). 
[20] Jirasit, F., Rüscher, C. H., Lohaus, L. and Chindaprasirt, P., Long-Term Development of 
Mechanical Strengths of Alkali-Activated Metakaolin, Slag, Fly Ash, and Blends, In 39th 
International Conference and Expo on Advanced Ceramics and Composites (ICACC), January 25–
31, 2015, 336 (8), pp. 77-87, Daytona beach, Florida, USA, (2015). 
[21] Bakharev, T., Sanjayan, J. G., and Cheng, Y. B., Resistance of alkali-activated slag concrete 
to acid attack. Cement and Concrete Research, 333 (10), 1607–1611, (2003) (doi:10.1016/S0008-
8846(03)00125-X). 
[22] Bakharev, T., Resistance of geopolymer materials to acid attack. Cement and Concrete 
Research, 335 (4), 658–670, (2005) (doi:10.1016/j.cemconres.2004.06.005). 

CESP vol 37 no 7 a_grid.qxd  11/1/2016  6:08 PM  Page 12




