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Abstract 

From first principles, criteria for the EN12390-10 outside protected test have been developed and 

compared with existing practise. These criteria align well with the UK recommendations but are 

more conservative than the current French and Spanish requirements. 

The EN12390-10 outside protected test is unsuitable for classification as this would require anybody 

using the procedure with identical concrete to get the same result. Unfortunately, current tests that 

are suitable for classification, whilst safe, do not reflect the real performance of slowly-reacting 

cements. Improving the test for classification purposes will take time and meantime the use of the 

EN12390-10 outside protected test and the criteria given in this paper provides a procedure by 

which both sustainability and durability may be achieved. The downside of this test is its slowness 

and, therefore, it is only suitable for type testing or the determination of limiting values and other 

criteria to be used in specifications or production. 

Research significance 

This research has direct and immediate application in industry and specifiers and is important to 

underpin the real performance of concrete mixes with lower embodied CO2. It is also useful for 

researchers who want a reference for carbonation resistance of a concrete. 
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Introduction 

The cement and concrete industries are working hard to improve their sustainability and one of the 

key objectives is to reduce the Portland cement clinker content of cements and binders (cement plus 

an addition). In Europe the use of Portland cement (CEMI) is no longer the norm and while there 

may be a desire to increase the level of additions such as fly ash, the limit in EN206, 2013 for the k-

value concept for fly ash of: 

fly ash/cement ≤ 0.33 

which is the equivalent of 25% of the mass of binder, is not helpful. The current development in 

Europe of a testing approach for durability with respect to carbonation-induced corrosion of 

reinforcement has issues with the likely test methods, the EN12390-10 chamber test and EN12390-

12 accelerated carbonation test (Harrison, 2019). These test procedures do not reflect the 

performance of slowly reacting cements, e.g. concrete mixes with higher Portland cement clinker 

replacement with fly ash and/or GGBS, in the real environment. Work has started to address these 

issues with these test procedures at the University of Dundee and elsewhere, e.g. the French 

PERFDUB project, but it will take time to resolve these issues and then obtain consensus at the 

European level. 

Notwithstanding the technical issues with respect to testing , there are still significant problems for 

industry due to the excessive test time and resulting costs associated with long time period testing 

of normal carbonation. Consequently, many users and producers would like to continue with an 

approach based on limiting values, e.g. maximum w/c ratio and other requirements, e.g. strength, 

cement types. To quantify such an approach across different CEN Member Countries, clear and 

agreed end-of-design service life criteria are needed and a test method that is suitable for all types 

of cement and binder. 

This paper sets out end-of-life criteria carbonation-induced corrosion and criteria for using the 

EN12390-10 outside protected test for determining limiting values and other criteria. 

 

EN 12390-10: Outdoor protected option 

The word ‘protected’ means sheltered from direct rainfall. One way of achieving these conditions is 

to place the specimens within a ‘Stevenson’ type container. 

This test does not give a constant answer as the exposure conditions are not fixed and are 

dependent on the particular carbon dioxide level, relative humidity and temperature range local to 

the test. Nevertheless, it does measure the likely worse case depth of carbonation in that locale, 

where corrosion of reinforcement is a significant risk (Vu et al, 2019). From a political/commercial 

viewpoint, it is difficult to question the validity of such test data for assessing performance in the 

real environment as most structures will have parts of the structure that are outside but protected 

from direct rainfall.  

For environments where there are distinct seasons (wet/dry) then the start month of the testing 

period may influence the amount of measured carbonation. Exposure beginning at the start of the 

dry season is likely to give a worst-case result. 

As the standard recommends a depth of carbonation of at least 5mm to give a reliable result, this 

test is slow and consequently not suitable for concretes with high carbonation resistance, 

production control and conformity assessment.  
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European classes, where based on testing, use tightly defined exposure conditions, such as those 

defined in the EN12390-10 chamber and the EN12390-12 accelerated tests. The expectation is that 

in a laboratory anywhere in the world if testing an identical concrete, it will achieve the same 

classification. This means that the EN12390-10 outside protected test is unsuitable for classification.  

While full recognition is given to these limitations, the rest of this paper presents the case for using 

the EN 12390-10 outside protected test as a means of establishing limiting values and other criteria 

of normal strength concrete mixes with respect to their carbonation resistance (type testing) and 

identifying limiting values that may be used for production or inclusion in specifications or national 

provisions. 

 

End-of-design service life criteria for durability with respect to carbonation-induced corrosion 

The progression of corrosion is frequently set within the context of the Tuutti model (Tuutti, 1982). 

This is where an initiation period, in this case carbonation, is followed by a propagation period 

where the corrosion of the reinforcement progresses until it ultimately leads to structural collapse, 

Figure 1. 

 

Figure 1: Tuutti model for reinforcement corrosion 

In theory there should be a third phase between these two phases, the depassivation time, but as 

this is so short it is usually ignored. The fib model code for service life design (fib bulletin 34) 

encourages the user to use only the initiation period, in which case the design service life is equal to 

the initiation period. If this is adopted as the criterion for the end of life, concrete inside buildings 

would be the worst case as it may carbonate more rapidly than concrete either outside or outside 

and protected from direct rainfall. If the inside is dry, relative humidity less than about 50%, it may 

also not carbonate due to lack of water. This does not align with experience anywhere in Europe for 

the reason that while the concrete may carbonate more rapidly, the rate of corrosion is so slow that 

the normal design service life of 50 years is easily achieved with most concretes or cover determined 
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by other factors, such as bond requirements. Therefore, the end of the design service life should 

include part of the propagation period.  

The time to the initiation of corrosion is: 

tini = tSL - tprop     Equation [1] 

where tSL = design service life (e.g. 50 or 100 years) 

 tprop = time for initiation and (acceptable) propagation of corrosion 

As a structure has to be designed to be fit for purpose during its design service life, neither structural 

collapse or spalling are suitable criteria as end of life criteria for normal building structures. From a 

pragmatic viewpoint, the end of life could be defined as the time when the owner of the structure 

starts to get concerned, i.e. when cracks due to corrosion become visible. To cause fine visible cracks 

requires 100μm of corrosion on the rebar surface for the whole circumference of the bar (Concrete 

Society, 1996).  

Standardization is a combination of science, experience and pragmatism. Provided the tprop period 

does not lead to carbonation-induced corrosion of more than 100μm, the limit for the end of design 

service life is a judgemental value, based on committee consensus. Committees like to build in 

margins and the membership developing the European criteria appear to have settled on 50μm of 

corrosion as the end of the design service life for carbonation-induced corrosion. This limit is used in 

this paper. 

Andrade, 1991, has provided data on corrosion rates at different relative humidity (RH), Table 1. The 

corrosion rate at 100% RH is lower than at 98% RH is due to the lack of oxygen. Using these data, the 

propagation period based on a 50μm limit were added to the table, row 3, and a design propagation 

where a partial safety factor of 1.5 has been applied, row 4. This is the factor used in the Spanish 

Code (EHE-08). This partial safety factor is to allow for the differences between test specimens and 

the concrete in the structure plus other uncertainties relating to corrosion rates. 

Table 1: 10% fractile corrosion rates (Andrade, 1991) 

Relative humidity, % 60 70 80 90 95 98 100 

10% fractile corrosion rates, 
μm/year 

0.3 2 5 10 20 50 10 

Propagation period, years 166 25 10 5 2.5 1 5 

Propagation period/1.5, 
years 

110 17 7 3 2 1 3 

 

Using Equation [1], Table 2 gives the initiation periods for design service lives of at least 50 years and 

at least 100 years. The intermediate values of RH were obtained by plotting the relationship using 

the data in Table 1 and scaling the intermediate values. 

Table 2: Initiation periods, years 

Relative humidity, % 60 65 70 75 80 85 90 

Initiation period for at 
least 50 years 

a) a) 33 42 43 46 47 

Initiation period for at 
least 100 years 

a) 43 83 92 93 96 97 

a) The propagation period is longer than the design service life. 
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Table 2 shows that the initiation period is zero for indoor concrete (RH ≤ 65%) in normal building 

structures with a design service life of at least 50 years. Consequently testing the performance is 

unnecessary for indoor concrete with RH ≤ 65% and the concrete quality should be based on the 

compressive strength required for structural reasons and limiting values that fulfil the needs of the 

fresh concrete, e.g. cohesion, pumpability, or simply what is felt to be a reasonable minimum for 

reinforced concrete. 

 

Maximum carbonation rate 

According to Eurocode 2 (CEN, 2010) durability design for reinforcement corrosion is based on a 

minimum cover (cmin) provided this minimum cover is sufficient for the other requirements, e.g. 

bond, which in turn depends upon the upper aggregate size, stainless steel reinforcement. The 

minimum cover is the most onerous of the requirements, which in most cases is that for durability. 

To this minimum cover is added a margin to cover fixing tolerances, typically 10mm for in-situ 

construction, to give the nominal cover (cnom) , Figure 2. Spacers are based on the nominal cover. 

 

Figure 2: Terms used with respect to cover 

The use of carbonation to the minimum cover in the initiation period introduces two factors of 

safety. Firstly, the nominal cover should be greater than the minimum cover by, typically, 10mm for 

in-situ construction. EN13670, 2009 requires all the cover to be at least the minimum cover except 

where execution specification states that a statistical approach allowing a certain percentage of 

values with covers less than cmin is permitted. The second factor of safety is the use of the nearest 

point of the reinforcement bar to the surface and not, for example, to the bar diameter.  

This second factor is eroded to some extent by: 

 — the test result is the mean carbonation depth; 

 — the colour change indicated by a phenolphthalein solution or equivalent indicator is used 

as the depth of carbonation. 
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The permitted maximum carbonation rate should take account of factors not taken into account in 

the test procedure. With the EN 12390-10 outside protected test these are: 

 — differences between the concrete in the test specimens and the concrete in the structure; 

 — differences between the carbon dioxide concentration at the exposure site and where the 

limiting values will be applied; 

— estimated changes in the prevailing local carbon dioxide concentration over the life of the 

structure. 

The difference between the carbonation resistance of concrete in test specimens and the concrete 

in the structure is unknown. If the same allowance is used as for compressive strength (EN13791, 

2019), the maximum carbonation rates need to be reduced by a factor of 0.85. 

Adjustments for carbon dioxide (CO2) concentration may be determined from (Hunkeler, 2016): 

(Estimated CO2 concentration/Exposure site CO2 concentration)0.5  Equation [2] 

The maximum carbonation rate should be divided by this value, if the user believes that this 

difference has not been adequately covered by the other safety factors built into the system.  

Carbonation rates in mm/years0.5 is the normally applied power term. Swiss data (Hunkeler et al, 

2019) showed that this power term is only applicable for the XC1 conditions, Table 3. For the wet 

conditions (XC2 and XC4) their data indicate a power term is 0.4. For the intermediate exposure class 

a power term of 0.45 is taken. For the purposes of this paper, the moderate humidity is taken as the 

range 65% to 80% RH and the power term of 0.45 is applied. 

Table 3: European exposure classes for carbonation-resistance 

Exposure class Definition Informative examples 

XC1 Dry or permanently wet Concrete inside buildings with low air 
humidity; Concrete permanently submerged 
in water  
 

XC2 Wet, rarely dry Concrete surfaces subject to long-term water 
contact 
Many foundations 

XC3 Moderate humidity Concrete inside buildings with moderate or 
high air humidity; External concrete sheltered 
from rain 

XC4 Cyclic wet and dry Concrete surfaces subject to water contact, 
not within exposure class XC2 

 

Taking differences between the concrete in test specimens and the concrete in the structure into 

account, the maximum rates of carbonation are given in Table 4. The equation is: 

Maximum carbonation rate = 0.85(cmin/tini
0.45)  Equation [3] 

 

Table 4: Maximum carbonation rates, mm/years0.45 

Minimum 
cover, 

Design service life ≥ 50 years Design service life ≥ 100 years 

Average relative humidity at the exposure site, % 
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mm 65 70 75 80 65 70 75 80 

10 a) 1.8 1.6 1.6 1.6 1.2 1.1 1.1 

15 a) 2.6 2.4 2.3 2.3 1.7 1.7 1.7 

20 a) 3.5 3.2 3.1 3.1 2.3 2.2 2.2 

25 a) 4.4 4.0 3.9 3.9 2.9 2.8 2.8 

30 a) 5.3 4.7 4.7 4.7 3.5 3.3 3.3 

 35 a) 6.2 5.5 5.5 5.5 4.1 3.9 3.9 
a) The propagation period is longer than the design service life. 

 

Concrete aspects 

In Europe, all national specifications for carbonation resistance include a maximum w/c ratio and 

most, but not all, contain a minimum compressive strength class (CEN, 2018). Even when 

compressive strength is not part of the specification for durability, designed concretes will contain a 

specified compressive strength class. Consequently, the mix proportions are usually controlled by 

the maximum w/c ratio requirement or the compressive strength requirement, but rarely they may 

be controlled by the specified minimum cement or minimum fines content.  

If the maximum carbonation rate is controlled by the maximum w/c ratio, the target w/c ratio is 

likely to be 0.02 below the maximum value. For normal strength concretes this is equivalent to about 

a 2 MPa increase in strength. If the maximum carbonation rate is controlled by the characteristic 

compressive strength, the target strength is likely to be two standard deviations above this value 

(Harrison et al, 2001), say, at least 7 MPa above the characteristic value. This means that there is not 

equal reliability between these two factors that control the mix proportions. The author’s view is 

that the maximum carbonation rate should be achieved at the more onerous of: 

 — the maximum w/c ratio; or, 

 — the characteristic strength specified as part of the requirements for resistance to 

carbonation-induced corrosion. 

Nevertheless, if there is a marginal non-conformity where strength for carbonation resistance 

controls the mix proportions, this difference in reliability could be taken into account when deciding 

to accept or reject the concrete. 

 

Checking these requirements against existing practice 

Constituents of concrete of the same nominal type vary across Europe and, therefore, checking the 

validity of the approach can only be based on the provisions where the concrete was made and local 

constituents. 

UK: BS8500-1 

The UK have recommendations (BS 8500-1) for the XC3/XC4 exposure classes and 25mm minimum 

cover of C32/40, 0.55, 300 for cement types: CEMI, CEMII/A, CEMII/B, CEMIII/A and CEMIII/B. The 

more onerous requirements for C40/50, 0.45, 340 are required for CEMIV/B-P, CEMIV/B-Q and 

CEMIV/B-V. Carbonation depths have been published (Harrison et al, 2012) for concretes satisfying 

the C32/40,0.55, 300 criteria. Converting these data into carbonation rates and adding data from an 

outside protected exposure site in Denmark, the average and maximum rates of carbonation were 
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calculated for different cement types and w/c ratios, Table 5. A characteristic cube strength of 

40MPa was used as the strength criterion. 

 

Table 5: UK and Danish carbonation rates, mm/years0.45, for concretes satisfying C32/40, 0.55, 300 

Binder type Average rate, mm/years0.45 Maximum rate, mm/years0.45 

CEMI 0.6 1.6 

90% CEMI, 10% silica fume — 0 

80% CEMI, 20% fly ash 2.2 2.9 

70% CEMI, 30% fly ash 3.1 4.3 

60% CEMI, 40% GGBS 1.1 3.6 

30% CEMI, 70% GGBS 3.1 4.1 

 

While it is tempting to compare on the basis of average carbonation rates, this approach has risks. 

The aggregate types varied between the mixes and the data show that aggregate type has a 

significant impact on the carbonation rate of concrete with the same strength, due mainly to the 

different w/c ratios necessary to achieve 40MPa (Harrison et al, 2012). Most concrete produced in a 

specific location would use the same aggregate sources and, therefore, the safe approach is to check 

on the basis of the maximum rate of carbonation. 

Dundee has an average yearly relative humidity of around 80% and the nearest weather station to 

Ringwood (Southampton) has an average relative humidity of 82%. So for a minimum cover of 25mm 

and an average relative humidity of 80%, the maximum rate of carbonation from Table 4 is 

3.9mm/year0.45. 

The average for all cement types tested conform to the limit of 3.9mm/years0.45, but the maximum 

value for the 70% GGBS concrete failed to achieve this limit by 0.2 mm/years0.45 and the maximum 

value for the 30% fly ash concretes exceeded the limit by 0.4mm/years0.45. These data indicate that 

the maximum w/c ratio for the CEMI and CEMII/A-D could be relaxed to 0.60, as the cube strengths 

were well in excess of 40MPa. The carbonation rates for the 70% GGBS mixes were controlled by the 

strength criterion and with this marginal non-conformity such concretes could be regarded as being 

acceptable. 

These data confirm that the limits, derived from first principles given in Table 4, are appropriate. 

France: Lyon 

Table 6 is based on data from Lyon, France for the outside protected condition (Vu et al, 2019). It 

should be noted that the Lyon data were for 24 hours of standard curing, which is significantly less 

than that required by the EN12390-10 outside protected test procedure. The standard requires that 

after not more than 24 hours in the mould, the carbonation test specimens are transferred without 

delay into close-fitting, sealed polythene bags or similar storage material and stored at (20 ± 2)°C 

until they have reached 50 % of the reference strength. If the temperature range is from 15°C to 

25°C, 50 % of the reference strength may be assumed to have been achieved after 2 days for rapid, 4 

days for medium and 7 days for slow concrete strength development. 

The average yearly relative humidity in Lyon is 76%.  

Table 6: Carbonation rates, mm/years0.45, from outside protected data at Lyon, France 

Composition Water/binder ratio 
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Cement 
type 

0.65 0.60 0.55 0.50 0.45 

CEMI  5.8 
5.1 

 2.5 
2.9 

1.6 
2.2 

1.8 
1.4 

 
 
 

CEMII/A 

11% LS  5.9 4.3 
5.2 

4.3 
4.7 

3.4 
2.3 

15% S  6.7 6.2 
4.5 

4.2 
5.2 

2.6 

15% V  6.8 6.3 
4.8 

4.0 
3.7 

1.4 

15% PZ  7.1 6.2 4.5 
4.9 

 

 
 

CEMII/B 

30% LS 12.0     

30% S 10.1   5.1 2.9 

30% V 12.7 10.7  7.2 4.5 

30% PZ    7.6  

CEMV/A 20% S+20%V    8.7  

CEMV/A 20% S+20%PZ    7.4  

CEMIV/B 20% V+20%PZ    9.8  

CEMIII/A 50% S    9.9  

CEMIV/B 50% V    14.2  

Where: 
LS: Limestone 
S: Ground granulated blastfurnace slag 
V: Siliceous fly ash 
PZ: Pozzolana 

 

The minimum provisions in France for the XC3 exposure with a 25mm minimum cover for a design 

service life of 50 years are C20/25, w/c of 0.6 and a minimum cement content of 280kg/m3 for all 

cement types.  From Table 4 the maximum rate of carbonation for the XC3 exposure class is 

4.0mm/years0.45. Table 6 of the paper by Vu et al shows that the lowest 28 day cylinder strength is 

23.1 MPa for the 30% limestone mix. This indicates that they all satisfy the specified characteristic 

strength and that the maximum w/c ratio is the controlling factor if the concrete just achieves its 

characteristic strength. If target strength, i.e. the strength the producer targets to ensure the 

production achieves the specified characteristic strength, is deemed a more appropriate factor, 

some of the mixes would be controlled by the requirement for strength and consequently the w/c 

ratio would be lower than the maximum specified. All the concretes tested at a w/c ratio of 0.6 

failed to achieve a carbonation rate not exceeding 4.0mm/years0.45By respecting the French 

provisions based on experience, these data indicate that curing for one day and not in accordance 

with the requirements of the EN12390-10 outside protected test gives carbonation rates higher than 

the limits given in Table 4. 

Data are also given for the outside exposed condition. Lyon usually has some rain in every month. 

Assuming the propagation period is sufficiently short to be taken as zero, the maximum carbonation 

depth for 25mm minimum cover at five years is: 

0.85 x (25 x 50.4) /500.4 = 8.5mm 

All the concrete tested achieve this limit in the outside exposed condition except the 30% fly ash 

concrete at a w/c ratio of 0.65 and the 50% fly ash concrete at a w/c ratio of 0.5. These data show 
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the beneficial impact on carbonation resistance of rain during the service life even for concrete that 

was cured for only one day. 

 

South Africa 

Jacob (Jacob 2017) has given data for the outside protected exposure in a dry inland region of South 

Africa. The exposure conditions are given in Table 7. Two curing periods prior to exposure were 

reported and the 7 day curing was selected as this is closest to the EN12390-10 outside protected 

requirements. 

Table 7: Outside protected exposure conditions (Jacob, 2017) 

Period Relative humidity, % Temperature range, °C CO2 ppm 

April -September 35 -60 10 -19 300 -550 

October - March 70 - 80 16 -20 250 - 400 

 

For six months of the year the relative humidity is so low corrosion is unlikely to be significant and so 

the propagation period can be doubled. For 75% RH the propagation period becomes 16 years and 

the initiation period for a 50 year design service life is 34 years. The given temperature range seems 

of on the low side for South Africa. Using the minimum covers given in Table 8, the maximum rates 

of carbonation are calculated and included in Table 8 

Kessy JG, 2013 summarizes the South African requirements for resisting carbonation-induced 

corrosion. The exposure is classed as severe and the relationship between concrete quality given in 

terms of grade (characteristic cube strength) and minimum cover is given in Table 8.  

Table 8: South African provision for resisting carbonation-induced corrosion (Kessy JG, 2013) 

Grade of concrete 25 30 40 50 

Minimum cover, mm 50 45 40 35 

Proposed EN12390-10 outside 
protected criteria, 

mm/years0.45 

8.7 7.8 7.0 6.1 

 

Using the data from Jacob, Figure 3 gives the rate of carbonation in mm/years0.45.  
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Figure 3: Carbonation rates for five concretes exposed to South African outside protected conditions 

If for example the rate for a grade 25 concrete is 8.7mm/years0.5 based on the characteristic cube 

strength of 25MPa. Only one of these concretes meet this maximum rate of carbonation, indicating 

that this type of requirement may not be adequate. The same is true of the other grades of 

concrete. Since this research, South Africa has revised its provisions for resisting carbonation-

induced corrosion. 

Spain 

Galan et al, 2010 has published data on outside protected exposure. The curing was two days of wet 

curing followed by 26 days of exposure to laboratory air. For many of the concretes tested in this 

programme, the curing periods were less than those required by the EN12390-10 outside protected 

test. 

The outside protected exposure site was the Eduardo Torroja Institute in Madrid. The relative 

humidity varied from 27% to 97% with an average of 57%. The temperature varied from zero to 31°C 

with an average of 16°C. The carbon dioxide content was almost a constant at 500 ppm; this high 

value likely being due to the close proximity of a highway. 

Using data from the web, Madrid has 7 months where the relative humidity is less than 65% and as 

with South Africa, the propagation period can be doubled. Taking a conservative average relative 

humidity for the wet half of the year as 75% gives a propagation period of 16 years and the initiation 

period for a 50 year design service life is 34 years. 

The Spanish requirements for carbonation resistance are given in Table 9. Exposure class lla is 

described as high humidity and exposure class llb is described as average humidity. The outside 

protected situation falls within exposure class llb. To their requirements has been added the 

maximum rate of carbonation for the EN12390-10 outside protected test. 

 

Table 9: Spanish requirements expressed as maximum rates of carbonation in the EN12390-10 
outside protected test, mm/years0.45 

Exposure class Binder fck Minimum cover,  
mm 

Maximum rate of 
carbonationa),  
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mm/years0.45 

llb CEMI 25 ≤ fck < 40 20 3.5 

fck ≥ 40 15 2.6 

Other plus 
concrete with 

Type II additions 

25 ≤ fck < 40 25 5.1 

fck ≥ 40 20 4.1 

a) For a design service life of 50 years and including the factor of 0.85 to allow for differences 
between test specimens and the concrete in the structure. 

 

Andrade (2020) supplied the 2:1 cylinder strength data for the concretes given in Table 10. 

 

Table 10: Analysis of Spanish data for the outside protected condition (Galan et al, 2010) 

Cement type w/c ratio = 0.6 w/c ratio = 0.45 

 

2:1 cylinder  
strength, 

MPa 

Carbonation 
rate, 

mm/years0.45 

Criteria 2:1 cylinder 
strength, 

MPa 

Carbonation 
rate, 

mm/years0.45 

Criteria 

CEMI 42,5R 26.0a) 6.9 ≤ 3.5 46.7 4.1 ≤ 2.6 

CEMI 42,5R-
SR 

14.9a) 8.9 b) 41.5 4.8 ≤ 2.6 

CEMII/B-LL 
32,5N 

18.2 12.2 b) 43.3 5.0 ≤ 3.5 

CEMII/B-V 
32.5R 

19.6 10.8 b) 40.3a) 3.4 ≤ 4.3 

CEMII/B-P 
32,5N 

18.1 15.9 b) 35.4 7.8 ≤ 4.3 

CEMII/A-M 
42,5R 

22.9 8.5 b) 54.5 3.2 ≤ 2.6 

CEMII/B-M 
42,5N 

26.7 8.2 ≤ 4.3 32.2 3.4 ≤ 4.3 

CEMII/A-P 
42,5R 

20.6 11.1 b) 52.3 5.3 ≤ 3.5 

CEMII/A-V 
42,5R 

23.7 7.8 b) 54.1 2.7 ≤ 3.5 

CEMII/A-S 
52,5N 

29.8 5.9 ≤ 4.3 58.1 2.3 ≤ 3.5 

III/B 32,5N-SR 17.4 20.8 b) 46.4 6.3 ≤ 3.5 

III/C 32,5N-SR-
BC 

21.5a) 13.2 b) 43.5 7.2 ≤ 3.5 

CEMII/A-L 
42,5R 

   44.3 5.1 ≤ 3.5 

III/A 42,5N-SR    47.2 4.5 ≤ 3.5 

CEMIV/B 
32,5N 

   44.0 6.1 ≤ 3.5 

Concretes that conform to the requirements in Table 9 are in ‘bold’. 
a) The pairs of cube strengths differed by more than 15%. 
b) The mix did not meet the minimum strength requirement of 25 MPa. 
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Only three of the concretes met the minimum 2:1 cylinder strength requirement at a w/c = 0.60. 

None of the three concretes that satisfied the 25 MPa criteria satisfied the criteria in Table 9. When 

the carbonation rates are interpolated to 25 MPa, none of the concretes achieved the Table 9 

requirements. The concretes that conformed to the requirements in Table 9 are in ‘bold’. Only four 

of the 15 concretes satisfied the criteria at a w/c ratio =0.45.  

Galan et al also provided data for the outside exposed condition and the rates of carbonation were 

significantly slower, Table 10. As the yearly rainfall in Madrid is less than 600mm, exposure class llb 

still applies and the criteria are unchanged. 

These data show more of the expected pattern but even at a w/c ratio of 0.45 concretes made with 

the following cement types did not satisfy the criteria: 

 CEMII/B-LL 32,5N 

 III/B 32,5N-SR 

 III/C 32,5N-SR BC 

 CEM IV/B 32,5N 

These four cements are not those normally selected for carbonation resistance, but they illustrate 

the problem with only strength-based specification for carbonation resistance.  

Discussion 

When criteria developed from first principles are compared with existing practice, there is a mixed 

picture. The criteria are a good fit to UK practice but for France and Spain, the criteria are more 

onerous than their current requirements for the XC3 exposure class. In both of these cases the 

curing of the exposure specimens was generally less than that required by the EN 12390-10 outside 

protected test, but this in itself cannot account for the misalignment.  

The French and Spanish requirements have better alignment with outside exposed specimens except 

for concrete made with cement types that have in the past not normally been selected for 

carbonation resistance. The need to provide more sustainable solution may lead to an increase in 

the use of low carbon materials, but this cannot be at the expense of durability and consequently a 

lower w/c ratio or higher minimum cover is likely to be needed to satisfy the criteria given in this 

paper. 

While a reliability analysis has not been undertaken, the use of the minimum cover and not the 

nominal cover means that it is likely that at least 95% of the structure should achieve a reliability 

(Beta- value) of at least 1.5, which is the value recommended for serviceability in Eurocode 2 (CEN, 

2010). From the data available to the authors, it is doubtful that the French and Spanish provisions 

satisfy a Beta-value of at least 1.5 for the XC3 exposure. Whether the lower Beta-value has been a 

problem in practice is unknown to the authors, but they suspect that most of the problems will be 

due to low covers and not the concrete quality that conformed to their specifications. 

It is hoped that by setting out a clear and transparent method for setting criteria for the EN12390-10 

outside protected test, the criteria will be acceptable to both engineers and producers of concrete. 

As shown in the checks against national provisions some judgement is needed in applying these 

criteria. 
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Conclusions 

1. Safe and reasonable criteria have been developed for resistance to carbonation-induced corrosion 

based on the EN12390-10 outside protected test. 

2. The proposed criteria align well with current UK practice but are more conservative that current 

French and Spanish practice. 

3. For indoor concrete with a design service life of 50 years, the propagation period is longer than 

the design service life. 

4. Until the EN12390-10 chamber test and the EN12390-12 accelerated carbonation tests are 

modified, the criteria given in this paper for the EN12390-10 outside protected test provide a more 

suitable way of assessing concrete mixes, particularly those aiming to improve sustainability, in 

terms of the resistance of a concrete to carbonation-induced corrosion. 

5. When undertaking research on carbonation resistance such as new, faster tests, a good 

benchmark will be the EN12390-10 outside protected test and the criteria given in this paper.  

6. The EN12390-10 outside protected test is not a suitable test for classification in the European 

concrete standard. 
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