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Abstract 

In July 2013 a new Swiss standard SIA 262/1 prescribing performance tests for concrete 
(permeability, sorptivity, migration, freeze-thaw resistance etc.), including the evaluation of 
the carbonation resistance of concrete using an accelerated test came into effect. 
Simultaneously, new performance based specifications for concrete for the exposure classes 
XC3, XC4 and corresponding upper limits for the carbonation coefficient KN, used as the 
measure for the carbonation-induced corrosion resistance, have been defined in the Swiss 
application document SN EN 206-1. The new test method is based on prCEN/TS 12390-12: 
Testing hardened concrete – Part 12: Determination of the potential carbonation resistance of 
concrete: Accelerated carbonation method. 

An important quality of such a concrete test is its reliability to rate the performance of 
different concretes. For that, repeatability and reproducibility have been estimated in two 
interlaboratory studies. The results show that repeatability, reproducibility and sensitivity of 
the accelerated carbonation resistance method is well suited for the differentiation of different 
concretes. 

As expected, the introduction of this new performance based specification had some 
influence on the composition of the XC3 and XC4 concretes and mix proportions had to be 
adjusted accordingly. 
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1. INTRODUCTION 
Driven by the necessity to lower the CO2-footprint of concrete, the cement market is 

changing very rapidly. Especially with the increased use of supplementary cementitious 
materials (SCMs) it became apparent that the prescriptive approach used in today’s concrete 
standards to specify durability performance is insufficient, even improper. Therefore, there is 
a global trend to replace these prescriptive standards with performance-based specifications 
(PBS) in concrete. 

Based on ‘prCEN/TS 12390-12: Testing hardened concrete – Part 12: Determination of the 
potential carbonation resistance of concrete: Accelerated carbonation method’ a new test 
method [1] has been developed in Switzerland within the framework of a research project 
[2,3]. This procedure (SIA 262-1/Appendix I) is in use in Switzerland since August 2013 to 
determine the carbonation resistance and as a mean of the production control of concrete [4]. 

The object of this paper is to provide information on the repeatability and reproducibility 
of the test method, based on two round robin tests, as well as to present the results of 
production control of concretes for XC3 and XC4 exposure classes produced in Holcim plants 
in Switzerland. 

2. EXPERIMENTAL 

2.1 Materials 
Within the context of the regular quality control of 21 ready-mix concrete plants of Holcim 

in Switzerland, the carbonation resistance of concretes for exposure classes XC3 (moderate 
humidity) and XC4 (cyclic wet and dry) had to be measured. The concretes mixes were 
produced with commercial Holcim cements and without a separate addition of SCMs at the 
ready-mix plant, mainly with a CEM II/B-M (T-LL) 42,5 N (Optimo 4) but some also with 
CEM II/B-M (V-LL) 32,5 R (Bisolvo 3R), CEM II/A-LL 42,5 N (Fluvio 4), CEM I 42,5 N 
(Normo 4) or CEM II/B-M (S-T) 42,5 R (Robusto 4R). Cement contents used varied in the 
range of 305 -375 kg/m3 and for SCC 450 kg/m3, water-cement ratios in the range of 0.39 – 
0.60. 

2.2 Experimental 
The procedure according to SIA 262-1/Appendix I [1] was used. Prisms (120mm x 120mm 

x 360mm) were produced in the ready-mix plants according to SN EN 12390-2. After 
demoulding the prisms were stored under water up to an age of 72h ( ± 4h) * and were pre-
conditioned from day 10 up to day 28 at 20 ± 2°C, 57 ± 3% relative humidity and ≤ 0.15 
vol.% CO2. Between day 4-10 the specimens were stored for 7 days under sheltered, dry 
indoor conditions (<70% rh., 18-24°C).  

The intention is to approach job-site conditions and not allow an optimum curing as in 
many other (performance) tests. 

In a corrigendum of 2015 alternatively to the under water storage a ‘protected from drying’ 
condition (e.g. applying a plastic film) was allowed, mainly if samples produced on a job side 
could not be stored under water. Additionally the intermediate conditioning had to be refined. 

In the 2013 published original standard this intermediate conditioning phase was described 
without specifying humidity and temperature. It turned out that variations in this 
preconditioning could have a strong impact on the final carbonation resistance; therefore 
humidity and temperature were additionally specified in a corrigendum [5]. 
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This schedule causes a certain difficulties if the concrete is produced Wednesday or 
Thursday, resulting in a relocation during the week-end. 

At 28d the prisms were exposed to accelerated carbonation conditions (20 ±2 °C, 57 ± 3% 
rh. and 4.0 ± 0.1 vol% CO2) . After exposure periods of 0d, 7d, 28d and 63d an approximately 
50 mm thick slice was broken off the prism (Fig. 1). The remaining prism was then put back 
into the carbonation chamber. The depth of carbonation on the freshly broken surface of the 
split slice was determined using a 1% phenolphthalein solution. After applying the indicator 
solution and allowing for drying, the carbonation depth was determined with a ruler (N≥5 
points on each of the four sides of the slices) to 1mm resulting in an overall accuracy for the 
calculated mean carbonation depth of  ± 0.1mm. 

2.3 Calculation of the carbonation coefficients 
With the measured average carbonation depths dKM [mm] after 0d, 7d, 28d and 63d an 

accelerated carbonation coefficient KS is determined assuming a linear √time law: 

dKM = A +KS√t (1) 

 A: constant, [mm] 
 t: exposure period [day] 

 KS : accelerated carbonation coefficient [mm/√day] 

 

With this value of KS and assuming a natural CO2 content in the air of 0.04 vol.% CO2 a 
natural carbonation coefficient KN is estimated applying the following equation [1]: 

KN = a⋅b⋅c⋅KS = 2.6⋅KS (2) 

 KN: natural carbonation coefficient (0.04 Vol.% CO2) [mm/√year] 

 a: conversion 1day to 1 year    √(365/1)  = 19.10 

 b: conversion from 4.0 to 0.04 Vol.% CO2  √(0.04/4.0)  = 0.10 
 c: correction factor for accelerated carbonation   = 1.36 
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Figure 1: Testing procedure according to SIA 262-1/Appendix I [1] 

3. NEW PERFORMANCE BASED SPECIFICATIONS FOR CONCRETE FOR 
THE EXPOSURE CLASSES XC3, XC4 

With the introduction of the accelerated carbonation test method new limiting values for 
XC3 and XC4 concrete were defined. For an assumed service life of 50 years a limiting value 
of KN<5.0 mm/√year was defined for both exposure classes XC3 and XC4. Differing values 
for the exposure classes XC3 and XC4 were defined for an assumed service life of 100 years: 
KN<4.0 mm/√year for exposure class XC3, and KN<4.5 mm/√year for exposure class XC4. 

The defined limits are based on the carbonation progress being highest at dry humidities 
and lower under cycling drying-wetting, and corrosion progress requiring a certain high 
humidity level but slowed down considerably under saturation conditions due to lack of 
oxygen. Additionally, reinforcement cover requirements are less severe for XC3 than for XC4 
exposure classes and carbonation resistance takes this into account. 

Frequency of values within the tolerance (resp. limit+0.5 mm/y) is driven by table 19a of 
SN EN 206-1:2000), where the acceptance numbers for conformity criteria for properties 
other than strengthare listed. 

4. CHARACTERISTICS OF THE METHOD 

4.1 Repeatability and reproducibility 
So far two round robin tests were organized to determine characteristic properties of the 

carbonation test method according to SIA 262-1/Appendix I [1]. Results of the first limited 
round robin test organized in 2013 and involving 4 pilot laboratories and 8 concretes are 
reported in [6], the main results are shown in Table 1. 

Splitting of a slice Cleaning and spraying of indicator solution

Freezing color change Measuring carbonation depth

Photographic
documentation
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Table 1: Precision parameters for the natural carbonation coefficient KN in [mm/√year] 

Repeatability 
standard error 

σE 

Repeatability 
 
r 

Reproducibility 
standard error 

σR 

Reproducibility 
 

R 
0.292 0.825 0.356 1.008 

A second round robin organized by the VAB (association of accredited building-materials 
laboratories) and involving 18 laboratories and 4 concretes are reported in [7], the main 
results are shown in Table 2. 

Table 2: Precision parameters for the natural carbonation coefficient KN in [mm/√year] 
determined in [7].*In row 3 the precision parameters determined on all but one concrete 
having a very low carbonation coefficient is shown. 

Repeatability Reproducibility 
Repeat. 

standard error 
σE 

Repeat. 
CoV 
[%] 

Repeat. 
 
r 

Reprod. 
standard error 

σR 

Reprod. 
CoV 
[%] 

Reprod. 
 

R 
0.09 - 0.23 2.2 - 10.1 0.25 - 0.64 0.29 - 0.59 7.8 - 19.5 0.81 - 1.63 

0.09 - 0.23* 2.2 - 4.9* 0.25 - 0.64* 0.30 - 0.59* 7.8 - 8.8* 0.84 - 1.63* 

The determined carbonation resistance KN of one of the concretes was 1.49 mm/√year, a 
very low value. Correspondingly, the coefficient of variations so-determined are relatively 
high. It is related to the lower relative precision when measuring low carbonation depths and 
consequently carbonation coefficients. For common conformity assessment the values in row 
3 are more meaningful. The reproducibility CoV of 8.8% when compared to the CoV of other 
concrete performance test methods (e.g. chloride migration tests) is very low. The test method 
is therefore well suited for qualifying concretes. 

5. IMPLICATION FOR THE CONCRETE PRODUCER 
As expected, some of the concretes for exposure classes XC3 and XC4 conforming to the 

prescriptive standard used so far did not conform to the new performance-based requirements. 
Therefore, some measures had to be taken in order to meet the requirements. Surprisingly, 
regression analysis of the data presented in this paper showed that while the water-cement 
ratio had a significant impact on the resulting carbonation resistance, cement content was not 
significant. This conclusion is shown on the following two scatterplots (Fig. 2), where the 
measured carbonation coefficients are plotted versus water-cement ratio(left) and cement-
content(right). 

Due to the few concrete produced with other cements than CEM II/B-M (T-LL) 42,5 N the 
influence of the cement type cannot be conclusively derived from these data, but as reported 
also in [6] the choice of cement type significantly influences carbonation resistance. The 
mixes made with CEM I cement show generally a lower carbonation rate than those made 
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with the other cement types. In this case, the carbonation coefficients KN of all concretes 
produced with a CEM I 42,5 N are below 3 mm/√year.  

 
Figure 2: Measured carbonation coefficients KN versus water-cement ratio (left) and cement 

content (right) 

The duration of the carbonation test is 28d pre-conditioning + 63d test duration = 91 days. 
This long period of time between production and final verification delays any interventions if 
needed. 

This limits the effectiveness of the test for quality control purposes. But it has been 
established that the final carbonation resistance could be predicted with satisfactory precision 
using the measured carbonation depths after 0d and 7d accelerated carbonation exposure 
(figure 3). On one hand, the values calculated using the carbonation depths 0-7d are almost all 
higher than the carbonation coefficients obtained at the end of the test. The probability that 
concretes complying using the estimated carbonation coefficient using only 0-7d values, but 
not complying at the end of the test is very low. On the other hand, an even more precise 
prediction of the final carbonation coefficient is obtained by fitting a linear model using 0-7d 
carbonation coefficients and water-cement ratio. 

In this manner 35 days after production, just 7 days after determination of the 28d 
compressive strength, a reliable indication of the final carbonation resistance is obtained, 
allowing for corrective measures to be applied much earlier. 
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Figure 3: In the left figure the calculated carbonation resistances using 0-7d vs 0-63d values 
are shown. In the right figure the predicted carbonation coefficient KN (with a model using 

0-7d accelerated carbonation depth values and water-cement ratio) versus the standard 
carbonation coefficient KN (using as described 0d, 7d, 28d and 63d carbonation depth values) 

6. CONCLUSION 
Two years after its introduction the accelerated carbonation resistance test according to 

Swiss standard, the related limits for concretes for XC3 and XC4 exposure classes and the 
production control of concrete in the ready-mix plants for these concretes are established. In 
some cases concrete producer had to adapted their mix-design in order to meet the 
requirements. The test method has been shown to be reliable. 
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