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Abstract. Alkali-activated cements, including 'geopolymer' materials, are now reaching commercial 

uptake in various parts of the world, providing the opportunity to produce concretes of good 

performance and with reduced environmental footprint compared to established technologies. The 

development of performance-based specifications for alkali-activated cements and concretes is 

ongoing in several jurisdictions. However, the technical rigour, and thus practical value, of a 

performance-based approach to specification of novel cements and concretes will inevitably depend 

on the availability of appropriate, reliable testing methods, particularly regarding key aspects of 

durability where degradation mechanisms may be complex and depend on the chemistry and 

microstructure of the binder. This paper will briefly discuss the activities of RILEM Technical 

Committee 247-DTA in working to validate durability testing standards for alkali-activated 

materials, bringing scientific insight into the development of appropriate specifications for these 

materials. 

1 Introduction 

Concrete is the world’s most widely used material. The 
production of Portland cement, the main binder of 

concrete nowadays, amounted to 4.6 Gt in 2016 [1] and 

contributes approximately 8% of all anthropogenic CO2 

emissions [2, 3]. The global average of CO2 emissions 

for the manufacture of Portland cement clinker is 

estimated to be 866 kg/t [4], with about 60% originating 

from the decarbonation of limestone while the major part 

of the remaining 40% is due to the combustion of 

carbon-rich fuels. To make Portland cement, the clinker 

is blended with calcium sulfate set regulator and 

generally other mineral constituents, i.e. (limestone) 

fillers and supplementary cementitious materials such as 

blast furnace slag or fly ash. Because such materials 

have lower CO2 footprints that the Portland cement 

clinker, the global average CO2 footprint of Portland 

cement is estimated to be 660 kg/t [4]. By increasing the 

use of supplementary cementitious materials this value 

can be potentially reduced further, however values below 

500 kg/t, assuming a realistic target for the clinker factor 

of approximately 60%, appear to be unlikely [5]. 

When the 660 kg CO2 per t of Portland cement are 

recalculated to an average concrete mix design, the CO2 

footprint of 1 t of concrete can be calculated to 

approximately 80-90 kg CO2. This value appears quite 

low compared to e.g. steel, which is associated to a CO2 

footprint between 600 and 2200 kg/t (the lower value 

refers to recycled steel) [6]. However, in the case of 

Portland cement-based concrete, the vast amounts 

produced worldwide, which are estimated to increase 

strongly in coming years [7], are responsible for the high 

overall share of the anthropogenic CO2 emissions. 

Because of this, the reduction of CO2 emissions 

associated with the manufacturing of concrete has been 

the main driver of research and innovation in the field of 

cementitious materials in the recent years. The activities 

include blended Portland cements [8, 9], cements based 

on innovative clinker types [10], as well as non-clinker 

based cements such as alkali-activated materials 

(“AAM”) [11], which will be the main focus of this 
paper. 

It is essential not only to use better cements, but also 

to use cements better: concretes must be designed for 

durability [12] and without excessively high cement 

content [13, 14]. Nonetheless, it is essential to improve 

efficiency at every step in the cement and concrete value 

chain, and this requires that new and innovative cements 

are developed, tested and validated. In order to meet CO2 

emission targets, many different solutions based on 

locally available materials and technologies will be 

required, rather than a global new technology of cement 

production. Portland cement-based concrete will, due to 

the global availability of its raw materials, be the 

dominant technology also in the future, using cements 

containing increasing amounts of supplementary 

cementitious materials [9, 15, 16]. 

AAM are, along with other cementitious materials 

such as supersulfated slag cements or calcium 

sulfoaluminate cements [17], potential alternatives to 

Portland cement. They combine potentially high CO2 

savings of 60-90% compared to plain Portland cements 

[18] and use of industrial by-products, with good 
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performance in engineering properties such as high 

compressive strength and the possibility to achieve high 

durability [11]. On a local basis, the availability of 

suitable precursors for alkali-activated cements (e.g. fly 

ash in countries which use coal for electricity generation, 

or clays or metallurgical slags in other locations) is often 

high [19, 20], and activators can in most regions be 

sourced in sufficient volumes to enable AAM to be 

produced and used in a meaningful way. 

2 Towards standardization of AAM 

In order to foster further application of concrete based on 

alternative cements such as AAM, it is essential to 

undertake research and development related to a deeper 

understanding of suitable raw materials, mix design, 

hydration mechanisms, mechanical properties, durability 

etc., which form the basis of standardization [21-25]. 

Early progress in standardization of AAM was made 

in the former Soviet Union, where numerous standards 

had been developed in the past decades [26, 27]. 

However, the majority of these are prescriptive in nature 

and this is an approach which is very difficult to scale to 

a diverse set of raw materials for deployment of AAM 

technology in different regions and scenarios. To achieve 

this, performance-based specifications are essential. 

As a world-leading step in this direction, the British 

Standards Institute has released a Publicly Available 

Specification, PAS 8820:2016 [28], which defines a 

performance-based testing approach to enable the use of 

innovative materials without imposing detailed 

restrictions on cement selection or mix design. This 

contrasts with the very prescriptive approach embodied 

in the current British Standards for concrete, e.g. BS 

8500 [29]. The PAS 8820 protocol parallels to some 

degree the Equivalent Durability Procedure [30] which is 

applied in many European nations alongside the EN 206 

concrete standard [31]; more details are given in [32]. 

In Switzerland the National Guideline SIA MB 2049 

[33] gives a procedure for the national approval of 

alternative cements for structural concrete, which are not 

covered by the EN 197-1 cement standard [34]. The 

approach is also based on an equivalent performance 

approach using reference concretes. Besides blended 

Portland cements outside the specifications of EN 197-1, 

activated slag cements (AAM and supersulfated cement) 

are also covered by this Guideline for use in Switzerland. 

However, the reference concrete method is based on 

the assumption that a performance level measured in a 

given laboratory test will correspond to a similar level of 

field performance, when comparing concretes of 

different chemistry and thus microstructure (e.g. 

Portland-based and alkali-activated concretes). This may 

not be wholly true, particularly for accelerated tests in 

which the test conditions differ significantly from those 

found in a natural exposure environment, e.g. accelerated 

carbonation at high CO2 concentrations [35], or 

estimation of chloride transport from measurements of 

the electrical properties of the concrete [36]. 

Ongoing work in RILEM Technical Committee 247-

DTA, including a recently-concluded round robin testing 

programme which assessed the validity of different 

durability testing methods as applied to alkali-activated 

concretes, is intended to support and enable engineers to 

select the most appropriate tests for such specifications. 

3 Round robin tests of RILEM TC DTA 

3.1. Overview 

Through a round-robin testing programme conducted by 

RILEM Technical Committee 247-DTA since 2012, an 

interlaboratory comparison of various accelerated and 

non-accelerated durability tests applied to AAM 

concretes has been undertaken. This has involved 

investigation of various available methods to determine 

chloride ingress, sulfate attack, carbonation, alkali-silica 

reaction, and freeze-thaw/frost-salt processes. 

The selected test methods were applied to concretes 

produced by alkali-activation of ground granulated blast 

furnace slag (GGBFS), siliceous fly ash (FA), or flash-

calcined metakaolin (MK). Each of these precursors was 

activated by blending it with sodium silicate solution 

(mixed to the same composition from locally-obtained 

constituents), and each precursor powder was sourced 

from a single supplier and shipped to all test participants. 

Each participant used local aggregates and established 

laboratory practice for mixing and casting concretes. For 

the slag-based and fly ash-based mixes, concretes were 

designed to achieve ‘high’ and ‘moderate’ performance 
levels for each precursor, with the concept that the 

round-robin test would enable TC members to define 

whether the testing methods were able to distinguish 

between the performance levels of these different mixes. 

Table 1 summarizes the concrete mix designs used. 

Table 1. Mix designs of the AAM concretes used 

 S3a S1b FA2 FA8 MK1 

GGBFS 

kg/m3 
375 357    

FA 

kg/m3 
  425 425  

MK 

kg/m3 
    350 

Na-silicate 

% 1 
6 3 16.5 16.5 35 

NaOH 

% 2 
4 3 5.9 5.9  

w/b 3 0.382 0.420 0.223 0.253 0.393 

aggregates 
all with aggregates 40% 0.4 mm sand, 

60% 4-16 mm gravel 

air content 1.9-4%, not air entrained 
1 commercial solution, modulus (molar SiO2/Na2O) = 2.0; 

dosage refers to g activator solids per 100 g precursor.  
2 dosage refers to g NaOH per 100 g precursor 
3 water/binder refers to total water per total precursor + 

activator solids 

The focus of the work of this TC was not to identify 

which of the alkali-activated materials shows higher 

performance under given conditions, or to prove 

anything in particular about the durability of AAM in 

general. Rather, the focus is to ‘test the tests’, and to 
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understand whether the established methodologies 

designed for accelerated durability testing of Portland 

cement-based concretes can actually give meaningful 

outcomes when applied to these non-Portland materials. 

The round-robin work of RILEM TC 247-DTA is 

nearing its conclusion. In total 19 labs from 12 different 

countries have returned results. The following sections 

present selected findings from the preliminary evaluation 

of the test results. 

3.2. Strength and workability 

Fig. 1 shows that the round robin test participants 

identified significant variability in strength (and also in 

workability; data not shown) between alkali-activated 

concrete mixes produced in different laboratories using 

the same binder but different aggregates. However, the 

within-laboratory reproducibility of these characteristics 

was in general very good. A small number of 

laboratories found some of the mixes to be unworkable 

for casting and so reported zero or very low strengths; 

these results are not shown, as all other laboratories 

observed acceptable rheology. 

3.3 Chloride penetration 

For testing chloride penetration, NordTest NT Build 443 

(ponding test) [37], NordTest NT Build 492 (electrically 

accelerated migration test) [38] and ASTM C1202 

(RCPT – charge passed test) [39] were selected. 

The differences in strength results between 

laboratories are not paralleled by the differences in 

performance levels in durability tests. Durability 

performance appears to relate more closely to basic mix 

design parameters than to strength. Fig. 2 highlights this 

observation using the accelerated chloride migration 

coefficients determined for the two alkali-activated blast 

furnace slag concretes from Table 1 (S3a of high 

designed performance, S1b of moderate designed 

performance); the chloride migration coefficients clearly 

do not correlate to the compressive strengths obtained 

for the same concrete mixes in the same laboratories. 

In fact, for the slag-based mixes in this test 

programme, mix S1b designed for ‘moderate’ 
performance on average outperformed the higher-

strength mix S3a in both chloride diffusion and 

migration tests, possibly because its higher strength was 

achieved in part via a higher paste volume. Most 

prescriptive standards and codes assume that 

compressive strength and durability performance should 

correlate directly, although this has long been known to 

be incorrect and misleading [40]. Neville [40] noted that 

the correlation between 28-day compressive strength and 

durability was probably acceptable for concretes 

produced up to 1970, but not since then as concrete 

technology and cement chemistry (including the use of 

blended cements) have improved. The extension of the 

definition of ‘concrete’ (in the context of 

standardization) to include alternative binders, including 

but not limited to AAM, means that the relationships for 

these materials will deviate even further from the 

historical assumption of correspondence between 

strength and durability across a broad range of materials, 

and this is supported by the results of this RILEM round-

robin test. 

 

 

 

Fig. 1. Compressive strength test results from participating 

laboratories in the round-robin test: (a) concrete mix S3a based 

on ground granulated blast furnace slag; (b) concrete mix FA2 

based on fly ash. In each case, each individual point represents 

a single sample, colour-coded by the identity of the lab that 

conducted the test. All concretes in each set have the same 

binder composition and mix design, but were produced with 

locally available aggregates, targeting as similar a grading 

curve as was feasible. The dashed line represents the mean of 

all results received, with error bars showing one standard 

deviation either side of this mean. 
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Fig. 2. Comparison between 28-day compressive strength and 

28-day effective chloride migration coefficients obtained from 

the NordTest NT Build 492 electrically accelerated method 

[38], for the high- and moderate-performing alkali-activated 

concretes based on ground granulated blast furnace slag (S3a 

and S1b, respectively), in four different laboratories. 

 

The chloride diffusion and migration tests examined 

in this round-robin test (NordTest methods 443 and 492, 

respectively) generally rank the various concretes in 

Table 1 in the same order from both tests. There is some 

interlaboratory scatter between the actual diffusion or 

migration coefficients determined, but within-laboratory 

reproducibility of both tests appears acceptable. 

However, the ASTM C1202 “rapid chloride penetration 
test” did not give such favourable outcomes; this method 

is not at all recommended for testing of AAM as it gives 

scattered and unreliable results, as shown in in Fig. 3. 

 

 

Fig. 3. ASTM C1202 [39] charge passed results obtained in 

three different laboratories for multiple replicate samples of the 

two different alkali-activated concretes based on alkali-

activated slag in Table 1, designed for ‘high’ (S3a) and 
‘moderate’ (S1b) performance levels, measured at different 
ages. 

 

Fig. 3 does not show any consistent trend or alignment 

of test results between participating laboratories. The 

only apparent point of similarity between laboratories 

was that in the majority of cases (but not uniformly), the 

‘high performance’ alkali-activated slag concrete mix 

S3a, which has both a high paste volume and a high 

activator dose (Table 1), allowed more charge to pass 

(which would be taken to indicate a higher chloride 

permeability) than did the concrete of moderate 

performance. This is consistent with the results in Fig. 2 

from accelerated migration testing, and shows that the 

higher alkali content of the pore solution of the high-

performing concrete influences the conductivity of these 

concretes.  

Other than this, it is not possible to extract useable 

information in the data presented in Fig. 3, as both the 

within-laboratory and interlaboratory comparisons are 

too scattered to be meaningful, and the pore refinement 

that is known to take place by extended curing of alkali-

activated slag paste [41] is not reflected in the charge-

passed data. Thus, the validity of application of the 

ASTM C1202 test to alkali-activated concretes appears 

questionable. 

3.4 Carbonation 

Fig. 4 shows the carbonation depths measured in alkali-

activated slag concrete S1b, under both natural and 

accelerated (1% CO2) carbonation exposure. It should be 

noted that, all samples tested for carbonation were cured 

sealed in polymeric film or bags for 28 d before the start 

of carbonation exposure. 

The reproducibility of the results shown in Fig. 4 is 

very good considering that: (a) the concretes produced in 

different laboratories differed significantly in 

compressive strength, as discussed above (Fig. 2); and 

(b) Fig. 4a includes data for natural carbonation that 

were collected both indoors and under sheltered outdoor 

conditions. For comparison, Aït-Mokhtar et al. 

determined coefficients of variation of 12-37% in the 

rates of accelerated (50% CO2) carbonation of 

industrially-produced blended Portland cement concretes 

sourced from a single batch [42]. 

Accelerated carbonation testing at a concentration of 

1% CO2 appears to provide an acceptable compromise 

between maintaining realistic chemical effects (and thus 

trends in the ranking of samples) in alkali-activated 

concretes, and the need to obtain a useful test result 

(readily measurable carbonation depth) in a sensible 

timeframe. The trends in carbonation rates at 1% CO2 

between AAM concretes produced with the same 

precursor and high vs. moderate design performance 

levels were consistent with these design performance 

levels, and also matched the rankings based on natural 

carbonation data.  
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Fig. 4. Carbonation depths measured for the alkali-activated 

slag concrete designed for ‘moderate’ performance (S1b), 
under (a) natural and (b) accelerated (1% CO2) conditions. As 

in Figure 1, each colour represents results reported from a 

particular laboratory. 
 

The natural carbonation data may also show an initial 

‘skin’ of carbonated material, as a non-zero carbonation 

depth at the start of the carbonation exposure (i.e. some 

carbonation taking place during casting or curing). This 

must be taken into consideration when fitting 

mathematical relationships to these data for prediction of 

long-term carbonation depths. Fig. 5 shows that if a 

model is fitted from a zero initial carbonation depth, this 

would lead to prediction of a significantly greater 

carbonation depth after several years in service, than if a 

non-zero initial carbonation depth is used. In Fig. 5, the 

data from Figure 4a (up to 1 year of natural carbonation) 

are re-plotted along with two simple power law models 

(carbonation dependent on the square root of time; 

assuming pure diffusion control). One model is fitted 

from an assumption of zero initial carbonation depth, 

and the other with an initial carbonation depth of 2.5 

mm. After 10 years, this corresponds to a difference of 

~8 mm in the predicted carbonation depth, which is very 

significant if the model is then to be used to predict 

service life of elements or structures. Thus, it is essential 

to correctly describe this early time period when 

formulating any service life prediction models for AAM 

concretes. 

 

 
Fig. 5. Extrapolation of Fig. 4a to predict 10 years’ natural 
corrosion, based on different assumptions about initial 

carbonation depth as marked, and assuming diffusion control 

of carbonation rate. 

3.5 Other tested modes of degradation 

The other areas of testing in the RILEM round-robin test 

found fewer participants and not such a richness of 

directly comparable data, but some conclusions can be 

drawn from the results that were compiled, as follows: 

Immersion in sodium sulfate solution did not cause 

significant expansion or damage to any of the materials 

tested under any of the standardized testing regimes 

applied. Magnesium sulfate immersion caused some 

chemical degradation and loss of strength, but not 

expansion. In tests which measure dimensional stability 

of AAM concretes or mortars, the setting of the initial 

length (i.e. the zero point for expansion) needs detailed 

attention. 

In alkali-silica reaction testing, the presence of very 

high concentrations of alkalis in AAM did not appear to 

induce any dangerous expansive reaction of commonly 

used aggregates – i.e., aggregates of ‘normal’ reactivity 
were not induced to become problematically reactive 

when used in AAM. When aggregates that are known to 

be problematically reactive in Portland cement concretes 

(e.g. Spratt crushed limestone) were used, some 

expansion was observed, but this was not beyond the 

expansion expected for blended Portland cement-based 

materials containing the same aggregates under the same 

test conditions. 

Salt scaling tests applied to non-air entrained AAM 

concretes showed significant damage, as expected in the 

absence of air entrainment. Freeze-thaw testing without 

added salt gave less evident damage overall, but more 

investigation is needed to validate both materials and test 

methods in this area. 
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4 Conclusions 

The key outcome of the RILEM TC 247-DTA round-

robin testing programme is that further analysis and 

testing is required; it is not yet possible to provide 

definitive answers to the core questions posed, but the 

body of evidence and understanding in this area is 

rapidly growing in a direction that will support future 

standardisation efforts related to AAM. The selection 

and implementation of accelerated durability testing 

methods that are truly appropriate for modern concretes 

– whether alkali-activated, or high-volume blends with 

Portland cement – remains a work in progress. However, 

inter-laboratory testing is essential to validate methods 

so engineers can have confidence to use the testing 

results to underpin standardization. This is challenging 

and will not be achieved quickly, particularly when 

considering the multiple modes of attack and 

degradation that take place under truly realistic service 

environments [43], but is essential to the future 

development and uptake of sustainable, high-performing, 

durable infrastructure materials. 

Regarding the specific test outcomes: overall, the 

intra-laboratory reproducibility of many of the tests 

considered is excellent, but inter-laboratory comparisons 

remain problematic. Longer-term testing is generally 

better than highly accelerated testing in terms of giving 

comparable results across different laboratories, but is 

also more time-consuming, and this time can also be 

expensive. We do not yet have the level of knowledge of 

test methods, or of their application to alkali-activated 

concretes, to encode particular performance levels in 

these tests into standards and then design materials to 

meet them. However, it may be an acceptable alternative 

if candidate materials are tested in parallel with 

concretes of known acceptable performance under 

similar exposure conditions, as long as the equivalence 

of performance under test conditions can be sufficiently 

well linked to equivalent performance in the field. 

 
Some of the research leading to these results, in the laboratory 

of JLP, received funding from the European Research Council 

under the European Union's Seventh Framework Programme 

(FP/2007-2013) / ERC Grant Agreement #335928. The work 

and insight of all members of RILEM TC 247-DTA who 

contributed to the design and conduct of round-robin testing 

are very gratefully acknowledged. 
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