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ABSTRACT 
Carbonation resistance of concrete is usually tested under accelerated conditions, i.e. by 
elevating the CO2 concentration compared to natural conditions and keeping the RH close to 
60%. However, it is not clear if these conditions mirror the natural process. Using SEM-EDS we 
investigated the composition of the reaction products of carbonated and non-carbonated concrete 
containing 0, 18 and 30% fly ash exposed to three different carbonation conditions. In non-
carbonated concrete the reaction products depended on the binder. However, in carbonated 
concrete the reaction products were similar in composition in all the concretes and exposure 
conditions tested. 

Key words: Carbonation, Supplementary Cementitious Materials (SCM), Testing 

1. INTRODUCTION
Carbonation is a spontaneous reaction of the cement paste with the CO2 present in the
atmosphere. It is a slow process under natural conditions (0.03% CO2) and is therefore
accelerated for testing purposes by controlling the relative humidity (50-65%) and using
increased CO2 concentration (e.g. 1 to 50%, see summary in [1]). Carbonation causes changes in
microstructure, phase composition and pH of the pore solution in the cement paste [2]. It is,
however, not clear if the accelerated exposure conditions cause similar changes compared to
natural carbonation.

85

mailto:andres.b.revert@ntnu.no
mailto:mette.geiker@ntnu.no
mailto:klaartje.d.weerdt@ntnu.no
mailto:uhj@teknologisk.dk


The investigation is part of a PhD study on carbonation-induced corrosion in fly ash concrete. In 
the project two different accelerated conditions were used in addition to natural conditions: one 
to accelerate carbonation (60% RH and 1% CO2) and one where also corrosion in carbonated 
concrete is facilitated (90% RH and 5% CO2). The aim of the investigation is to check if the 
tested accelerated conditions mirror the natural carbonation process. The phase composition, 
pore solution and other microstructural features in the carbonated concrete, especially in the 
vicinity of the reinforcement, will influence reinforcement corrosion. In this paper, we focus on 
the composition of the reaction products.  

2 EXPERIMENTAL 
Concretes containing three different cements water-to-binder ratio 0.54-0.56 and 370 kg/m3 
cement were prepared. The cements contained limestone addition (4%) and different amounts of 
fly ash CEM I (0%), CEM II/B-M (18%) and CEM II/B-V (30%), see Table 1. The concrete 
samples were kept in the mould for three days and when demoulded wrapped in plastic for 11 
days. After this period, they were carbonated for 20 weeks. Three exposure conditions were 
used: “N”: natural carbonation sheltered from rain, “1-60”: 60% RH and 1% CO2, and “5-90”: 
90% RH and 5% CO2. The temperature was in all cases close to 20ºC. Polished epoxy 
impregnated sections were prepared at the Danish Technological Institute (DTI). All polished 
sections were carbon coated before testing. A scanning electron microscope Quanta 400 ESEM 
from FEI operated at high vacuum mode, accelerating voltage of 15 kV, spot size 5 and working 
distance of around 10 mm was used. The data was Proza corrected. 50 points were manually 
taken selecting the outer reaction products in carbonated (”Carb”) and non-carbonated (”Non”) 
areas of each sample. 

3 RESULTS AND DISCUSSION 
Figure 1 presents the data obtained by SEM-EDS point analysis. The horizontal axis shows the 
Si/Ca molar ratio and the vertical the Al/Ca molar ratio. The ideal stoichiometry of the 
following phases is indicated: calcium hydroxide (CH) and calcium carbonate (CC) in the 
origin, and on the vertical axes ettringite (AFt) and monosulphate (AFm). The estimated 
composition of the C-S-H for the tested non-carbonated concretes is marked with large black 
squares. During the SEM-EDS point analysis a certain volume is analysed, which generally 
includes a mixture of phases and the resulting point lies in between the ideal stoichiometry of 
the phases in the mixture. The points taken in the non-carbonated areas indicate the presence of 
AFm, AFt, CH/CC and C-S-H. In the carbonated areas less AFm and AFt phases seem to be 
present as fewer points are found between the C-S-H and AFt or AFm compositions. The points 
associated with C-S-H in the carbonated concrete seem to gather mainly around a Si/Ca ratio 
from 0.15-0.35. This is opposite of what one would expect. Upon carbonation C-S-H decalcifies 
[3] and one would expect the data point to move to higher Si/Ca ratios. A possible reason for the
observation is that during SEM-EDS point analysis a volume comprising several phases is
analysed. The lower Si/Ca ratio may originate from fine intermixing of decalcified C-S-H and
CC. This is in line with recent TEM observations indicating the formation of finely dispersed
CC crystals in C-S-H upon carbonation [4].

Table 1 – Chemical composition of the cements determined by XRF [% by mass] 
 Cement Label SiO2 Al2O3 Fe2O3 CaO MgO SO3 P2O5 K2O Na2O 
CEM I A 20.4 4.8 3.4 61.7 2.2 3.5 0.2 0.9 0.5 
CEM II/B-M B 27.5 8.4 3.9 52.7 1.6 2.6 0.2 0.6 0.5 
CEM II/B-V C 29.5 10.8 4.5 44.6 2 3.2 0.4 1.1 0.5 
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Figure 1 – SEM-EDS point analysis, Si/Ca versus Al/Ca ratios. The ideal composition of 
ettringite (AFt), monosulphate (AFm), portlandite (CH) and calcium carbonate (CC), as well as 
the estimated compositions of C-S-H in the non-carbonated concretes with fly ash (Si/Ca=0.65) 
and without fly ash (Si/Ca=0.5) are marked. The shaded area indicates the data points in 
carbonated concrete (0.15-0.35 Si/Ca) where decalcified C-S-H is finely intermixed with CC. 
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The lowering of the Si/Ca ratio of C-S-H related points upon carbonation indicates that Ca 
redistributes in the system. For example, Ca originating from portlandite will dissolve and 
precipitate as very small CC crystals finely intermixed with the decalcified C-S-H. Note that a 
mass balance of the Ca cannot be performed as only few manually selected points were 
analysed. Similar observations using SEM-EDS point analysis on mortars containing similar 
binders exposed to 60% RH and 1% CO2 were reported earlier [5]. The results presented in this 
paper show that upon carbonation decalcified C-S-H is finely intermixed with CC independently 
of the binder as well as the exposure conditions. As the reaction products are in equilibrium with 
the pore solution, the results indicate that the composition of the pore solutions upon 
carbonation might not be that different either. Assuming similar pore structure, it could lead to 
comparable concrete resistivity in carbonated concrete. Further research is needed to confirm 
this.  

5 CONCLUSION 
Concretes with varying fly ash content were exposed to natural and accelerated carbonation and 
the reaction products were investigated using SEM-EDS. The data shows that the reaction 
products upon carbonation are similar for the tested concretes and exposures conditions even if 
the initial hydration products were different.  
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ABSTRACT 
The study presented has focus on the pore structure development in cement pastes containing 
ground granulated blast furnace slag and the effect of carbonation. The topic is relevant for 
better understanding, and for dealing with, the higher vulnerability of slag-containing concretes 
to carbonation and its impact on the freeze-thaw scaling. The issue of curing conditions prior to 
carbonation is approached. Prolonged sealed curing without carbonation leads to a pore 
refinement and lowered total pore volume in all blends, but exposure to carbonation from 28 
days has a different effect, depending on the slag content of the blend and on the curing regime. 

Key words: Cement, Carbonation, Supplementary Cementitious Materials (SCM), Granulated 
Blast furnace Slag (GBS), Porosity, Pore structure. 
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1. INTRODUCTION
With the growing volumes of concrete used in construction worldwide we also witness a
growing awareness for the environmental impact involved, in particular for the need to reduce
the emissions of CO2 associated to the cement production. However, while the use of
supplementary cementitious materials (SCM) has become rather widespread, we still do not
have sufficient knowledge to safely predict how concretes with the new blended binders will
behave in the long run. While we know that e.g. the use of ground granulated blast furnace slag
(GBS) leads to mitigation of alkali-silica reactions or increased resistance to sulphate attack, we
do not understand exactly why, or to what extent, nor do we know the exact cement substitution
level by slag that would place the concrete on the safe side for 25 years or more.

Slag is also known to make concrete vulnerable to carbonation and to freeze-thaw attack. While 
carbonation leads to reduced porosity and reduced scaling for concrete with OPC it has an 
opposite effect for a concrete with slag. Carbonation in binder blends with slag increases the 
porosity and leads to higher scaling upon frost attack. Information on how the porosity or 
microstructure develops at earlier hydration stages provides valuable guidance for durability 
estimations. The pore evolution in an aging concrete, however, will always depend on the 
precise aging conditions, which may differ from a zone closer to the surface, to a zone in the 
inner part of a large element. Laboratory results are also strictly related to the specific curing 
conditions adopted. The study below shows an attempt to approach the issue of curing and the 
effect on the pore structure in carbonating cement pastes. 

2 DESCRIPTION OF THE STUDY 
The study presented here focuses on the effect of carbonation on blends with slag. The pore 
structure was analysed by mercury intrusion porosimetry (MIP). It is part of a series of projects 
carried out at CBI on hydration and durability of concrete with SCM in binary or ternary blends.  

2.1 Materials and mixtures  
The binders are shown in Table 1. Experiments were carried out on cement pastes with water-
binder ratio 0.45, labelled after the binder code in Table 1. 

Table 1 – The blended binders used in the study (values in mass-% of total amount of binder). 

CEM I 42.5 RRa CEM II/B-M (S-LL) 42.5b GBS1b 

C (Ref) 100 

S 100c 

S1 70 30 

S2 50 50 
a) Norway  b) Sweden c) S-LL: 16% GBS1-6% Limestone

2.3 Experimental set-up 
Cement pastes were cast in polyethylene bottles (Ø ~ 63 mm, H ~125 mm), tightly sealed after 
casting. The experiments were carried out at 20 °C. Prior to the carbonation tests the pore 
structure has been analysed on non-carbonated pastes through hydration tests under continuous 
sealed conditions; see Fig. 1, left, (details are found in [1]). For the carbonation tests, specimens 
were produced by cutting the PE bottles in two halves, transversely to the height, and the cut 
surface was used as test surface in the carbonation tests (Fig. 1, right). The specimens were 
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exposed to accelerated carbonation from the age of 29 days: unidirectional diffusion, 1 % CO2 at 
65 % relative humidity (RH). Up to 28 days the specimens had been subjected to different 
curing: standard, as the conditions in most European standards for concrete testing, or sealed, to 
mimic a curing regime attained in protected inner parts of a concrete element.  

• Standard: 1 day in PE bottle then demoulded and cut, stored 6 days in water and 21 days at
65 % RH. Coated at day 28, using two-component epoxy resin, all sides except test surface.

• Sealed: 28 days in the bottles and then cut. Coated as above.

3 RESULTS AND DISCUSSION 

Figure 1 – Left: total pore volume (mm3/g) and distribution by pore radius intervals after 
hydration in sealed conditions to indicated age (from [1]). Right: sketch of the carbonation test. 

Figure 2 – Results from accelerated carbonation. Upper: total pore volume (mm3/g) and 
distribution by pore radius intervals. Lower: distribution as % of the total pore volume. Each 
bar shows smallest radii to the left, highest to the right. 
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Figure 1 shows that with continuous sealed curing (hydration) in all pastes the total pore volume 
decreased with curing/ hydration time. At the same age, from 28 days and on, the total pore 
volume in pastes with slag was lower (S1, S2 vs. C). However, even if S1 and S2 developed 
similar total pore volumes, a higher volume of small pores (radii 0.001-0.01 µm) could be 
observed in S2 (with higher slag content) compared to S1. With increasing curing time, C 
showed no pore refinement towards smaller pores but S1 and S2 did up to 91 days. After that 
the pore structure coarsened slightly at 365 days. The shift towards coarser pore sizes is more 
visible in S2, probably due to autogenous shrinkage and micro-cracking, observed also by [2].  

Figure 2 shows a summary from the carbonation test. Specimens were analysed after 32 weeks 
of carbonation. During the test a drying and carbonation shrinkage (micro-) cracking has been 
observed, in all pastes but more pronounced in S1 and S2. This has undoubtedly affected the 
progress of carbonation. Portlandite and the calcium silicate hydrates (C-S-H) are affected 
differently by the CO2; consequently the carbonation of the two will have a different effect on 
the developed pore system. By powder X-ray diffraction (XRD) the calcite polymorphs vaterite 
and aragonite were observed in the top carbonated layer of all pastes, indicating advanced stages 
of carbonation and start of the decalcification(-shrinkage) of C-S-H (see further [3],[4]). Higher 
slag content, hence more magnesium in S2, also promoted formation of more aragonite, a denser 
polymorph with smaller molar volume than that of calcite or vaterite. These comments explain 
briefly that if pore “clogging” can often occur in carbonated OPC pastes (mainly from calcite 
having higher molar volume than the portlandite) this is obviously less likely to occur in pastes 
with high slag content, with less portlandite and a C-S-H with lower Ca/Si ratio. The latter 
having a higher potential for decalcification shrinkage and cracking.  

The results show that C, S, and to a smaller extent also S1, acquired a lower total pore volume in 
the carbonated surface layer compared to the un-carbonated core. In C and S a higher fraction of 
fine pores (radius 0.001-0.01 µm), is seen. This is also true for S1 but here also the fraction of 
larger pores (radius 0.1-1 µm) increased at carbonation, particularly in S1-seal. For S2, the total 
pore volume seems to be more or less the same in the carbonated vs. un-carbonated zone, 
standard or sealed. In S2-seal, however, the total pore volume is almost equally divided between 
three intervals, 0.001-0.01, 0.01-0.1, 0.1-1 µm, even in the un-carbonated zone. The reason is 
still to be clarified; to this point we only know that in the un-carbonated zone more hydrotalcite 
has formed in S2-seal compared to S2-std (hence more slag had reacted), but also more 
portlandite. In S1-seal vs. S1-std this difference was less noticeable.  
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ABSTRACT 
This paper describes results of an investigation on the sulphate resistance of slag blended binder 
pastes and mortar specimens over a period of 1 year. The focus is on showing the importance of 
the chemistry of components when discussing sulphate resistance and the relation of that to the 
hydrate phase assemblage. Moreover the importance of the test method for evaluations is 
pointed out.  

Key words: Cement, Supplementary Cementitious Materials (SCM), Testing 
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1. INTRODUCTION

1.1 General 
This paper describes partial outcomes of a study which focuses on sulphate attack in blended 
binders, which can be important in subterranean environments and even under fresh and 
seawater conditions. Sulphate attack manifests in the field through decreased performances of 
the exposed structure, which is characterised by a loss in strength due to cracking, de-cohesion 
and softening of the cementitious matrix. The focus in this paper is the sulphate ingress and 
resistance of slag blended binder pastes and mortar specimens over a period of 1 year. 

2. MATERIALS AND METHODS
The materials, which were procured and used for the study are CEM I 42.5 RR (C), CEMII/B-M
42.5 (S) and slag from a Swedish producer. The blended binder systems are CEM I + 30 % slag
(S1) and CEM I + 50 % slag (S2). All the systems have w/b ratio of 0.5.

2.2 Sulphate ingress tests 
Sulphate ingress tests were performed in a 30 g/l sulphate solution. In the case of sulphate 
immersion tests for pastes, samples were prepared in a standard Hobart blender by mixing dry 
powder together with water. The fresh pastes were transferred to polyethylene (PE) bottles. The 
bottles were stored for 28 days in a climate-controlled chamber (20 °C, 50% RH). Afterwards, 
the specimens were cut into two equal pieces and placed in a 30 g/l solution, as shown in Figure 
1. In the case of mortar bars, dry powder was mixed together with water and standard sand (0/2)
for mortar preparation according to EN 196-1, and cast in a form especially made for
preparation of six flat prisms with a size 10 x 40 x 160 mm3, to be further used in expansion
measurements. The test was performed according to a German test method (SVA).

Figure 1 - Paste specimens’ preparation for immersion test. 

3. RESULTS

3.1 Paste specimens 
The frequent visual changes due to sulphate ingress in paste specimens after 6 and 12 month is 
presented in Figure 2. As shown, both reference (C) and Slag containing series (S, S1 and S2) 
are indicating extreme surface damage due to sulphate ingress. The surface damage in 1 year 
exposed slag containing samples was to the extent that further profiling was completely 
impossible. Sulphur profiles from elemental mapping, which was performed by micro X-ray 
fluorescence analysis, is presented in Figure 3. An approximate damage zone illustrates the lost 
parts of the ingress profiles due to extreme surface damage. It can be seen that the slag 
containing series are showing much higher sulphate intrusion compared to the reference 
samples. Furthermore, the X-Ray Diffraction (XRD) analysis results on the ingress zone of paste 
specimens after 6month of sulphate intrusion are presented in Figure 4 (left). As can be seen 
both Ettringite and Gypsum peaks are extremely high in Slag containing samples.  

250 ml Na2SO4
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Figure 2 - Paste specimens exposed to a 30 gr/L sulphate solution. The frequent damages after 
6 and 12 month are presented. 

Figure 3 - MXRF elemental mapping after 3, 6 and 9 month of exposure. 

Figure 4 - XRD analysis results on ingress zone of slag containing paste specimens after 6 
month of sulphate intrusion (left). Immersion test results for mortar flat prisms stored in a 30 g/l 
sulphate solution (right). 

3.2 Mortar bars 
The immersion test results for the mortar bars are presented in Figure 4 (right). The results are in 
accordance with the outcomes of the immersion test for paste specimens. As shown the 
expansion in slag containing samples are much higher than that of the reference samples.  

4 DISCUSSION 
There exists a general belief concerning slag containing binder systems, which indicates that due 
to a finer pore structure in these systems, a better resistivity towards sulphate ingress is 
expected. However, this study shows, that not only the pore structure plays a role but the 
chemistry of the components and the resulting hydrate phase assemblage are important 
parameters to be considered. In Figure 5, the hydrate phase assemblage of the slag containing 
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binder systems is presented for up to 1 year of hydration under sealed conditions (no sulphate 
ingress). As shown, all binders are indicating production of monosulphate while ettringite 
occurs in minor amounts. This can largely be due to low sulphate content in the system which 
can also be seen from the calorimetry curves presented in Figure 6, were the sulphate depletion 
point is marked. This has caused stability of monosulphate and massive production of ettringite 
when sources of sulphates were introduced to the system, which was confirmed with our study.  
The test method prescribes a threshold value of 0.5 ‰ of expansion after 91 days. Accordingly 
all binders would have passed the test. Figure 5 illustrates, however, that a drastic increase in 
expansion is possible just after 100 days. 

Figure 5 - X-Ray Diffraction analysis results for the S, S1 and S2 binder systems. 

Figure 6 - Thermal power curves of binders with slag. 

Sulphate depletion
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ABSTRACT 
Resistance to chloride ingress of ten different binders was investigated. Most of the binders were 
prepared with 35% substitution of a new clinker by limestone filler, calcined clay, burnt shale 
and/or siliceous fly ash. Mortar samples with similar design compressive strength after 90 days 
were exposed to artificial sea-water for 270 days. The results indicate that the use of alternative 
binders may lead to up to around 15% reduction in CO2 emission without compromising 90 
days compressive strength and resistance to chloride ingress in marine exposure.  

Key words: Cement, Chlorides, Supplementary Cementitious Materials (SCM)
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1. INTRODUCTION
It is well known that cement production is responsible for around 5% of the total anthropogenic
CO2 emissions. Reduced clinker content is generally associated with lower CO2 emission. The
purpose of this paper is to investigate the resistance to chloride ingress of low clinker binders in
similar strength mortars. Well hydrated mortars were exposed to seawater for 270 days and
chloride profiles were determined by profile grinding and titration.

2. EXPERIMENTAL
Total chloride profiles were measured on mortar samples which were cast, cured and analysed
according to procedures reported recently [2]. The chemical compositions of the binder
constituents determined by XRF are given in Table 1. The binder compositions are given in
Table 2. These binder compositions include hemihydrate, which is excluded when calculating
clinker replacement according to EN 197-1 [1]. A binder composition typical for a Danish
ready-mixed concrete for aggressive environments and strength class C35 was used as reference.
The mortar compositions are given in Table 3. The mortars were designed to have similar
compressive strength at 90 days; this led to variation in w/b. The mix design was based on 90
days compressive strength data according to EN 196-1 [3] (Table 2) and Bolomey’s equation
[4]. The paste volume was kept constant, and the SP content was adjusted to obtain fresh mortar
flow comparable to the reference (R1). The CO2 emissions per ton of binder (Table 3) were
estimated considering hemihydrate, fly ash and burnt shale as CO2 neutral, and assuming 0.85 t
CO2/t of clinker, 0.1 t CO2/t of limestone filler, and 0.27 t CO2/t of calcined clay. The CO2
reductions were calculated considering the CO2 emissions from each constituent and the w/b
variations. Mixing was undertaken according to EN 196-1 [3], except that the mixing procedure
was adjusted to include the delayed addition of a polycarboxylate ether based superplasticizer
(SP). The mortar was cast in 125 ml plastic bottles (ø 50.5 mm). A small amount of water was
added on top of the mortar to ensure saturated conditions. After 90 days curing, approximately 5
mm was cut from the bottom surface and the remaining surfaces were sealed by epoxy. The
samples were re-saturated and finally exposed to artificial seawater with a composition
according to ASTM D1141-3 [5]. Twelve samples were submerged in 2.5 L. The exposure
solution was exchanged after 14 and 28 days and thereafter every 30 days. After 270 days of
exposure, chloride ingress was determined by profile grinding and titration.

Table 1 - Chemical composition of binder constituents (main oxides) in [%] by mass. 

RAPID Clinker in 
RAPID 

New 
clinker 

Calcined 
clay 

Limestone 
filler 

Burnt 
Shale 

Fly 
ash 

SiO2 19.4 20.2 19.5 62.5 12.7 34.2 55.0 
Al2O3 5.4 5.5 6.1 16.6 3.6 8.2 19.9 
Fe2O3 3.8 4.0 3.3 9.4 1.8 4.8 5.5 
CaO 63.2 65.4 66.0 0.8 44.0 30.1 4.5 
MgO 0.94 0.80 0.92 2.95 0.60 5.59 1.81 
K2O 0.34 0.54 0.52 2.82 0.58 4.38 2.16 
Na2O 0.26 0.21 0.25 1.95 0.23 0.11 1.12 
SO3 3.4 1.5 1.6 0.4 0.4 5.6 0.4 
LOI 2.6 0.24 0.47 2.39 35 4.55 3.2 
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Table 2 - Binder compositions in [%] by mass and mean and standard deviation of compressive 
strength at 90 days [MPa] determined in mortar according to EN 196-1 (w/b=0.5), but 
normalized to 2% air content. 

id Fly 
ash 

New 
clinker 

Hemi-
hydrate RAPID Burnt

shale 
Calcined 

clay 
Limestone 

filler 
90 days 
strength 

R1 16.7 83.3 67.9 ± 0.9 
B1 16.7 76.5 2.8 4.0 67.2 ± 2.3 
B2 18.2 63.7 2.3 15.8 62.1 ± 1.5 
B3 18.2 63.7 2.3 15.8 64.5 ± 1.1 
B4 19.0 63.7 1.5 7.9 7.9 67.2 ± 0.7 
B5 19.4 63.7 1.1 11.9 4.0 66.3 ± 2.0 
B6 63.7 2.3 34.0 58.2 ± 1.4 
B7 63.7 2.3 25.5 8.5 79.3 ± 2.8 
B8 63.7 2.3 34.0 71.6 ± 0.9 
B9 7.5 58.9 2.2 15.7 15.7 72.0 ± 1.5 

Table 3 – Mortar compositions (adjusted to same compressive strength) and CO2 emission. The 
calculated CO2 reductions combine the impact of binder composition and w/b. 

id Binder 
[g] 

SP  
[g] 

Demineralized water 
[g] 

Sand 
[g] 

w/b 
[-] 

CO2
[t/t  binder] 

CO2 reduction  
[%] 

R1 450.0 225.0 1350 0.50 0.65 0 
B1 452.6 224.5 1350 0.50 0.65 0 
B2 464.2 1.02 216.3 1350 0.47 0.56 13 
B3 456.8 0.59 219.2 1350 0.48 0.56 14 
B4 448.8 0.83 222.0 1350 0.50 0.55 17 
B5 451.7 1.35 220.7 1350 0.49 0.55 17 
B6 482.9 1.79 213.3 1350 0.44 0.58 6.2 
B7 416.7 0.45 233.1 1350 0.56 0.62 13 
B8 434.2 2.37 224.2 1350 0.52 0.63 7.2 
B9 433.6 0.38 226.2 1350 0.52 0.56 18 

3. RESULTS AND DISCUSSION
Chloride ingress profiles after 270 days exposure to seawater of mortars with comparable design
compressive strength at 90 days are shown in Figure 1. The maximum total chloride
concentration is found at a depth of approximately 2-3 mm for all mortar samples, while a
decreased total chloride concentration is observed at the surface. The effect is explained by
leaching and other phase changes causing a reduced binding capacity, see e.g. [6,7]. The ingress
depths are comparable for all binders, expect for the binder with 34% limestone filler (B6),
which exhibited a very low ingress resistance. The alternative binders appear to exhibit a higher
total chloride content, indicating an increased binding capacity compared to the reference blend
(R1). Furthermore, the beneficial impact of calcined clay (B7-B9) is illustrated in Figure 1
(right). The binding capacity for these blends is increased while the ingress depth is decreased,
compared to the binder with only limestone filler (B6). The observations are in agreement with
earlier findings, see e.g. [8].
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Figure 1 – Chloride profiles after 270 days exposure to artificial sea water at 20oC. 

4. CONCLUSIONS
Based on the present investigation and assumptions, up to around 15% reduction in CO2
emission from binder production might be obtained for selected binders without compromising
the 90 days compressive strength and resistance to chloride ingress in marine exposure by using
alternative binders instead of a binder composition typical for a Danish ready-mixed concrete
for aggressive environments and strength class C35.  Due to varying degree of reaction at testing
the long-term chloride resistance needs to be documented. Other issues to be considered are e.g.
carbonation resistance and conditions for reinforcement corrosion.
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ABSTRACT 
This study investigated how mineral addition, fly ash and slag (GGBS), influences carbonation, 
and how carbonation affects chloride migration and transport properties in mortar. Accelerated 
carbonation, Rapid Chloride Migration (RCM), capillary absorption tests (NT Build 368) and 
compressive strength tests (SS-EN 196-1) were conducted in a comparative study of mortar 
mixtures with different levels of mineral addition and w/b ratios. Carbonation rate increased and 
compressive strength was reduced with increased amount of mineral addition. The results also 
showed an interdependence between different deteriorating processes. Carbonation reduced the 
porosity, rate of reaching saturation and connectivity of the pore structure. 

Key words: Carbonation, Supplementary Cementitious Materials (SCM), Testing. 

1. INTRODUCTION
Porosity affects the rate of deterioration, by influencing the diffusion of CO2 during carbonation
and the ingress of chlorides. Generally, reduced total porosity leads to less connectivity between
the capillary pores, which decrease permeability and penetration of chlorides and the rate of
CO2-diffusion. From a durability point of view, there is a critical value of capillary porosity
around 25%, above which the permeability increases significantly. The increase in permeability
consequently increases capillary absorption, through which water containing chlorides and CO2
can penetrate. Both the capillary porosity and the pore size decrease by decreased w/b ratio and
increased degree of hydration. According to Nagala & Page [1] carbonation reduces the total
porosity, in both PC concrete and concrete with mineral additions, but with a redistribution of
the pore size, showing a slight increase of the proportion of large capillary pores (diameters
above 30 nm) in PC concretes and a significant increase in blended concretes. This effect is
caused by the reduction of hydration products, e.g. calcium hydroxide, as a result of the larger
volume in the formation of CaCO3 (Dyer 2014). A study carried out by Wu & Ye [2] did
however show that cement pastes containing high levels of mineral additions increases porosity.
This is explained by an increase in porosity when C-S-H is carbonated, while carbonation of
Ca(OH)2 decreases porosity. As mineral additions contain less Ca(OH)2 compared to Portland
cement, which explains differences in porosity-change after carbonation between concretes with
high and low amount of mineral addition. This paper presents the result from a master thesis [3]
where the relative carbonation resistance of different binders (CEM I, fly ash and GGBS) was
investigated and how carbonation effect transport properties, capillary absorption and chloride
migration. The results for chloride migration is presented in [3].
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2. EXPERIMENTAL PROGRAMME
The test program is based on the test matrix presented in Table 1 showing the w/b ratios, type of
cement and amount of mineral addition. All tests were carried out on mortar specimens mixed
with sea sand from Denmark, sieved to sieve-size < 2 mm.

Table 1. Investigated binder mixes (GGBS and Fly ash amount of total binder content). 
Cement GGBS / Fly ash w/b 

CEM I 42.5 N SR 3 MH/LA 0 % 0.40, 0.50, 0.60 
CEM I 52.5 N 0 % 0.40, 0.50, 0.60 
CEM I 52.5 N 20 % & 35 % FA 0.40, 0.50, 0.60 
CEM I 52.5 N 35 %, 50 % & 65 % GGBS 0.40, 0.50, 0.60 

For all the investigated binder mixes in Table 1, the compressive strength and the carbonation 
depth and rate were determined. For the carbonation tests the specimens were water cured for 7 
days and then stored at 65 % RH (20°C) until 28 days age, where after they were placed in a 
CO2-chamber with 2.0 % CO2 and 65 % RH (20°C) and exposed for 7 weeks. Prior to CO2 
exposure, two side faces of the prisms (top and bottom) were coated to prevent carbonation. For 
the mixes with w/b 0.50 capillary absorption tests (NT Build 368) [4] and Rapid Chloride 
Migration tests (NT Build 492) [5] were conducted on un-carbonated and partially carbonated 
specimens (due to time limitations). Hence, the carbonated specimens were not homogenous in 
this respect which needs to be considered when comparing the results. 

3. RESULTS AND DISCUSSION
In Figure 1 the carbonation rate (calculated from 2.0% to 0.04% CO2) has been plotted against
the compressive strength for all binder mixes. What can be seen from Figure 1 is that at lower
amounts (20 % FA and 35 % GGBS) the effect on compressive strength and carbonation rate is
not that large, but at higher dosage rates the effect is more substantial and that the effect of 35 %
fly ash corresponds to 50 % GGBS.
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Figure 1.  Carbonation rate (calculated to a CO2 concentration of 0.04 %) versus compressive 
strength. 

In Table 2 the calculated k-values based on compressive strength and on carbonation rate is 
presented, the calculation is based on the principle introduced by Smith [6]. The calculated k-
values for strength is higher than for those based on carbonation. With respect to carbonation, all 
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mixes except the one with 35 % fly ash have a k-value higher than the prescribed value in EN 
206 [7]. It should be noted that the accelerated testing on the mixes with higher amounts of fly 
ash and slag are more negatively affected by an accelerated carbonation test due to the slower 
and lower degree of hydration when starting the test compared to a natural exposure. 

Table 2. Calculated k-values based on strength and carbonation resistance. 
Mix k-value strength k-value carbonation Prescribed k-value (EN 206)

20 % Fly ash 0.73 0.58 0.4 
35 % Fly ash i) 0.55 0.25 (0.4) 
35 % GGBS 0.96 0.81 0.6 
50 % GGBS 0.92 0.75 0.6 

65 % GGBS ii) 0.81 0.65 (0.6) 
i) In EN 206 the maximum amount of fly ash to be taken into account is 25 % (fly ash/cement ≤ 0.33).
ii) In EN 206 the maximum amount of GGBS to be taken into account is 50 % (GGBS/cement ≤ 1.0) 

In Figure 3 the results from the capillary absorption tests are presented, please not that these 
tests were conducted on un-carbonated and partially carbonated specimens (due to time 
limitations). The capillary absorption coefficient kcap (or inverse of this, 1/k) is shown in Figure 
3(a) and in Figure 3(b) the capillary absorption resistance mcap is presented. The coefficients are 
determined as: 

cap

cap
cap t

Q
k =  [kg/(m2√s)] (1) 

where Qcap is the absorbed water (kg/m2) and tcap is the time to completion of capillary 
absorption (s). 

2h
t

m cap
cap =   [s/m2] (2) 

where h is the thickness of the specimen (m). 

As can be seen in Figure 2, carbonation leads to a decreased capillary absorption coefficient 
(1/kcap increases) and increased capillary absorption resistance (mcap increases), the only 
exception is the mix with 65 % GGBS. The effect is more significant for the specimens with 
CEM I, and in particular the CEM I 42.5 N SR3 MH/LA). These changes, decreased kcap and 
increased mcap, indicate that the porosity is reduced as a result of carbonation. It was also found 
that all the carbonated mortars showed a reduction in total open porosity, see [3]. Fly ash 
mortars showed the greatest decrease in total open porosity, with increasing porosity-reduction 
by increasing amount of mineral addition. GGBS mortars, on the other hand, showed a peak in 
porosity-reduction at 50% GGBS. 
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Figure 2. Effect of carbonation on (a) the inverse capillary coefficient (1/k) and (b) the capillary 
resistance. For 65% GGBS* the fineness was increased from Blaine 420 m2/kg to 520 m2/kg.  

4. CONCLUSIONS
Based on the result of this study, the following conclusions can be made:

• In the accelerated carbonation tests (2.0 % CO2) the carbonation rate increased with mineral
additions. But at moderate amounts (up to 20 % fly ash and 50 % GGBS) the effect was
moderate and when comparing with the mixes made of CEM I 42.5 N SR MH/LA the
carbonation rate was only slightly higher.

• The calculated k-values based on compressive strength was higher when based on
carbonation. The calculated k-values were however higher than the ones prescribed in EN
206 [7], the only exception being the k-value for carbonation for the mix with 35 % fly ash.

• The capillary absorption tests on carbonated and un-carbonated specimens showed that the
porosity was reduced by carbonation, with the exception of the mix with 65 % GGBS.
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ABSTRACT 
In order to reach a specific service life of concrete structures a certain coverage thickness is 
needed. At present, this is regulated with national requirements which besides a minimum cover 
thickness also puts constrains on mineral addition in different environment exposures. Latest 
studies show, however, that this cover thickness does not match reality and that mineral addition 
should be taken into consideration as well. In this study a LCA was performed on a bridge 
where the climate impact is calculated according to the latest research on chloride induced 
corrosion. The concrete was mixed with different amounts of mineral addition and the results 
were compared with the national regulations. 

Key words: Corrosion, Supplementary Cementitious Materials (SCM), Sustainability, climate 
impact, bridge, chloride migration, durability, service life. 

1. INTRODUCTION
There is a need to reduce the climate impact of the built environment. Alongside with
international and national regulations Swedish Transport Administration (Trafikverket) has set a
vision to reduce the climate impact of infrastructures by 15 % until 2020, 30 % until 2025 and
zero emission by 2050, compared to levels from 2015. To reach this vision Trafikverket has
since 2016 put a demand that all infrastructure projects with an investment cost above 50 million
SEK (approximately 5 million euros) have to declare their climate impact [1]. Concrete is the
most common material used for construction of bridges in Sweden [2]. Due to that fact,
optimisation of concrete will have a big part in reducing the environmental impact.
One way to reduce the environmental impact of concrete structures is by resource efficiency.
Ordinary Portland cement (OPC) is the major contributor to the environmental impact and a
decrease can be achieved by minimizing the share of OPC through the use of supplementary
cementitious materials (SCM) from industrial by-products or by not using an overly strong
concrete. Another CO2 reducing action is by making the construction durable with a longer
service life and less maintenance.
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Chloride induced corrosion is one of the main durability problems in concrete structures in the 
world [3]. Due to the cold climate, the long costal line and the use of de-icing salts, the frost- 
and chloride attack are the most common durability problems of reinforced concrete (RC) 
structures in Sweden [4]. At present, the durability and service life of RC structures is mainly 
based on regulations which besides a minimum cover thickness also puts constrains on mineral 
addition in different environment exposures. Latest studies show, however, that this cover 
thickness does not match reality and that mineral addition should be taken into consideration as 
well [5]. Tang [5] suggests an overall higher cover thickness especially for concrete with OPC 
thus resulting in an increased volume of concrete. 
The aim of this research is to investigate the environmental consequence of recent studies of 
durability of different mineral additions compared to today’s regulations. It also aims to suggest 
an approach to implementing sustainability with durability. A life cycle assessment (LCA) of 
five mix designs with various amounts of mineral additions was performed and implemented on 
a bridge edge beam exposed to de-icing salt. The study does not only consider the climate 
impact of the materials but also the effect on the durability.  

2. METHOD

2.1  Life cycle assessment 
The climate impact of concrete exposed to chlorides was evaluated through a LCA approach 
which considers both the materials and the technical service life.  
The concrete was analysed in three steps:  
1. Calculation of global warming potential (GWP) per cubic meter of mix design.
2. Application of the concrete mixes in a bridge edge beam with a cover thickness according to

the regulations and the recent study. The bridge edge beam is 10 meter long with 4 wt%
reinforcement.

3. The durability aspects were considered where the service life is calculated according to two
models on chloride ingress.

2.2  Concrete mixes 
Five different concrete mix designs with a constant water-binder ratio at 0.40 are compared, 
Table 1. Mix 2 contains no mineral addition while the other mixes contain different amounts of 
mineral addition. While mixes 1-3 and 5 have mineral addition values that are acceptable for 
frost resistance according to SS 137003, the Swedish application of EN 206, mix 4 has a 
ground-granulated blast-furnace slag (GGBS) that exceeds the limit [6]. However, recent studies 
showed that a GGBS content of up to 40 % is reasonable with respect to the salt-frost scaling 
resistance [7]. Although this is outside the governing regulations this is still an interesting aspect 
to include. 

Table 1 – Mix design 

Mix w/b OPC Fly ash GGBS 

1 0.40 353 69 

2 0.40 425 
3 0.40 340 85 

4 0.40 302 123 

5 0.40 350 87.5 
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2.3 Service life prediction 
The service life of the bridge edge beam is based on figures from [5], which use the ClinConc 
model, and calculations using the simple ERFC model, which is based on Fick’s second law of 
diffusion. No age factor has been considered. The service life difference between concrete with 
two different cover thicknesses using the ERFC model is expressed in equation (1).  

𝑡𝑡1 = 𝑡𝑡2 ∗ �
𝑥𝑥1
𝑥𝑥2
�
2

(1) 
Where: 
𝑡𝑡1 𝑎𝑎𝑎𝑎𝑎𝑎 2 = service life of concrete 1 and 2 [year] 
𝑥𝑥1 𝑎𝑎𝑎𝑎𝑎𝑎 2 = cover depth of concrete 1 and 2 [mm] 

According to [5] concrete with OPC which is exposed to de-icing salt needs a concrete cover of 
70 mm to be able to reach a service life of 100 years. When adding mineral additions the 
concrete cover can be reduced to 45 mm. This can be compared with the regulations which have 
a minimum cover thickness of 45 mm regardless of mineral addition. 

3. RESULTS AND DISCUSSION
Following today’s standard on minimum cover thickness the results showed a decrease of 23 %
when comparing mix 2 with mix 4 during the material production stage, Figure 1. Adopting the
proposed cover thickness would in this case increase the GWP of OPC due to the extra volume
of material. Although the difference between the OPC concrete and the SCM concrete would be
bigger, a 38 % decrease could be made just by adding 16 % Fly ash (FA). When including the
durability aspect the results would be more dramatic. A small increase in concrete volume leads
to a significant decrease in GWP. Not only does FA and GGBS concrete have a lower chloride
migration, but many researches also demonstrated that the durability improves over time due to
the aging of the material [8].
These results are achieved with a concrete that has a water-binder ratio at 0.40. Similar results
would be achieved with a water-binder ratio at 0.45 but the amount of mineral addition and
cover thickness that is needed for a 100 year lifetime would be a bit different. This shows the
importance of including the durability aspects and the actual concrete performance when
optimizing the GWP of a concrete structure. The durability is not only important for the climate
impact but also for maintenance planning and life cycle cost analysis. The whole life cycle
should be included in the analysis when optimizing the concrete.

Figure 1 - GWP of the bridge edge beam during material production (left) and service life 
(right). Concrete cover in today’s standard is compared with proposed concrete cover. 
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4. CONCLUSIONS
Based on the research of [5] the consequence of adopting the proposed cover thicknesses into
the application standard EKS 10 [9] would lead to a decrease of GWP to least 50 % regarding
the bridge edge beam with OPC. Having cover thicknesses that depend on mineral addition
would push the industry towards a more sustainable development and an increased demand for
use of FA and GGBS.
In addition to including mineral addition in the application standard, Trafikverket should also,
with regard to this research, push the sustainable development forward by adding a limit for
minimum amount of mineral addition in concrete structures exposed to chlorides.
Durability and technical service life should be included when optimizing concrete structures
based on environmental impact. Performing a LCA based on the design service life today could
give misleading results.
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ABSTRACT 
Evaluation of a long-term field exposure of cracked steel fibre reinforced shotcrete samples 
show degradation of the load-bearing capacity due to corrosion on steel fibres in the cracks. 
Especially for samples exposed to de-icing salts. Crack width rules the time for initiation but 
only show a limited influence on the corrosion rate. Longer fibres corrode faster due to the 
larger cathode area. To conclude it can be stated that it is not realistic to expect a service-life of 
100 years with remained load-bearing capacity in the tested chloride exposed environments. 

Key words: Shotcrete, Cracking, Carbonation, Chlorides, Corrosion, Fibres, Reinforcement. 

1. INTRODUCTION

1.1 General 
Since the 1980s reinforcement of shotcrete with steel fibres has been common practice in rock 
support. Crack width distribution in service limit state and residual strength in ultimate limit 
state are the advantages from use of fibres. Civil structures with steel fibre reinforced shotcrete 
(SFRS) have service-life requirements beyond 100 years and thereby the risk for, and the effect 
on load bearing capacity from a potential steel fibre corrosion in cracked SFRS is of interest. 
Previous evaluations have been presented [1, 2, 3] and here an evaluation from 17 years of 
exposure. 

1.2 Scope and goal 
The scope of the field exposures is to study if, and under what circumstances, steel fibre 
corrosion is initiated in cracked shotcrete in common environments. The goal with the field 
exposures are: 

• Define time to initiation and corrosion rate after any initiation.
• Investigate influence from relevant parameters on the corrosion process.
• Study long term influence on residual strength capacity with ongoing corrosion

2 METHODOLOGY 
In the following section the set-up for the field exposures is described. 

2.1 Shotcrete types and mixes 
Both wet-mix and dry-mix shotcrete samples have been used in the field exposures. At the time 
when the exposures were designed the most commonly used accelerator for wet-mix shotcrete 
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was sodium silicate based ones (water glass). In addition, many civil structures have been 
constructed with shotcrete containing water glass. The dominating steel fibre types was a low 
carbon steel fibre with end-hook, commonly 30 or 40 mm long. The SFSR-samples were pre-
cracked to 0.1, 0.5 and 1.0 mm before exposure. 

2.2 Exposures sites 
The samples have been exposed in three different environments that is considered typical for 
SFRS (see table 1 below).  

Table 1 – Exposure environment. 

Exposure type Corresponding Structure 

Eugenia tunnel - Humid, sheltered from rain
- Chlorides from de-icing salts
- Exhausts
- Frost

- Rock support in tunnels

Motorway 
RV40 

- Humid and exposed for rain
- Chlorides from de-icing salts
- Exhausts
- Frost

- Rock support in open cuts
- Concrete repair

River Dalälven - Humid and exposed for rain
- Frost
- Flowing river water
- Ice erosion

- Intake channels & tunnels to
hydropower plants

2.3 Evaluation methods 
Corrosion attack 
Evaluation of the corrosion is done by measuring the fibre diameter in the part (corroded) 
crossing the crack. To decompose the SFSR and collect the fibres crossing the crack a five-step 
method was developed. Briefly the concrete samples were cut in 20 mm slices at three levels 
from the crack mouth. Thereafter the slices were dried before completely saturated with water 
by vacuum treatment. The saturated samples were exposed to a repeated freeze-thaw cycle until 
the concrete matrix is pulverized and the unaffected fibres were collected with a magnet. The 
amount of corrosion is expressed as loss of cross sectional area in comparison with the original 
area. 

Residual load-bearing capacity 
After exposure of the SFSR-samples (500*125*75 mm) they were exposed to reload in the 
laboratory. Two different approaches for evaluation of the change in load-bearing capacity was 
developed. 1. Direct comparison – Comparison of the end load level before exposure with the 
load level after exposure. 2. Statistical comparison - Comparison between the load level at 2 mm 
deformation after exposure with the statistically expected level before exposure (at 2 mm). 

Chloride content & Carbonation 
A chloride profile from the surface and at different depths along the crack surface was measured 
with the RCT-method. Carbonation was detected with phenolphthalein solution. 
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3 RESULTS 
Results from the evaluation of data after 17 years contains all exposure sites. The data from 
motorway Rv40 has been reprocessed with the new evaluation approach. (Data from 10 years). 

3.1 Corrosion attack 
The detection of corrosion is depending on the fact that a corroded sample must be found to be 
able to make the measurement. The process (sawing, decompose the concrete matrix etc.) gives 
a risk for rupture of corroded fibres. This is a major drawback with the methodology. A ruptured 
fibre will not be able to be detected. In figure 1 below an example of results is shown for the 
standard mix (wet-mix with 30 mm fibres, w= 0.5 mm, WA30) that is available on all exposure 
sites. The corrosion attack was initiated already after 1 year at the most severe exposure for de-
icing salts at RV40 and after 10 years also in mild exposure in the river Dal. Deeper down in the 
crack corrosion also initiates with time. In figure 2 the effect of fibre length can be seen. As can 
be seen the time for initiation is longer at river Dal but the attack is almost similar after time. At 
both RV40 and in river Dal the longer fibres in average corrode faster. For Rv40 the rate seems 
to decline at 10 years, but probably this is since the evaluation methodology will not make it 
possible to find very heavily corroded fibres. Therefore, the tests at Rv40 was finalized. 

Figure 1 – Corrosion attack for exposure sites motorway RV40 and river Dal. 

Figure 2 – Average corrosion attack (all levels), shorter (WA30) / longer (WA40) fibres at 
motorway RV40 and river Dal.  
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3.2 Residual load-bearing capacity 
The impact on the residual load-bearing capacity is obvious for samples with initiated corrosion, 
especially at deformations up to 2 mm. In figure 3 an example from motorway RV40 is shown. 

Figure 3 – Influence from corrosion on load-bearing capacity at 2 mm deformation for exposure 
sites motorway RV40, WA30 samples (Statistical evaluation). 

4 CONCLUSIONS 
All samples show steel fibre corrosion after 17 years of exposure. The attack is most severe at 
Rv40 that is an environment with a combination of high level of humidity and high exposure to 
de-icing salts. Most accentuated influence from mix-type was seen in samples with longer steel 
fibres that corroded much faster. It supports the importance of the ratio between anode and 
cathode area. The impact from the crack width seem to rule the time to initiation of corrosion, 
but after initiation the corrosion develops at the same rate. There is a clear correspondence 
between ongoing fibre corrosion and loss of residual strength especially on load-bearing 
capacity at large deformations (ultimate limit state). 

The chloride contents in the samples along Rv40 and in the Eugenia tunnel are high after 
exposure which also accelerate the initiated corrosion heavily. In the tunnel there is an 
accumulation of chlorides since the samples have been sheltered to precipitation. 

To conclude it can be stated that steel fibre corrosion in cracked concrete exposed to an 
environment with chlorides from de-icing salts must be expected to occur for the most 
commonly used fibre types. It is not realistic to expect a service-life of 100 years with remained 
load-bearing capacity in the tested chloride exposed environments. 
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ABSTRACT 
The service life design of reinforced concrete structures requires models capable of reliably 
describing both the mechanisms of damage and its progression over time. For concrete exposed 
to chlorides, service life design typically disregards the onset of damage, i.e. the progress of 
corrosion of the reinforcing steel. Common service life design practice typically considers the 
end of the initiation phase of the degradation process as the design limit state. A method is 
proposed where a model for estimating the time to corrosion initiation is coupled with a model 
for estimating the time to corrosion induced cracking into a single limit state determination. An 
example is provided of a structural element that has been designed for the serviceability limit 
state of corrosion induced concrete cover cracking. The results show that the corrosion rate is a 
major factor for the coupled service life determination. Where fast corrosion is expected, service 
life extension is insignificant, and where slow corrosion rates are expected, service life 
extension can be significant. 

Key words: Service life, limit state, design, modelling, deterioration, concrete cover, chloride 
ingress, corrosion, cracking, serviceability. 

1. INTRODUCTION
A method that combines the probabilistic determination of two limit states (corrosion initiation
and corrosion induced cracking) in a single calculation has been developed [1, 2]. If durability
design is performed considering the limit state of corrosion induce cracking, then this method
eliminates the need for an intermediate limit state, that of corrosion initiation. By combining a
model for corrosion initiation with a model for corrosion induced cracking, the coupled service
life covers the period from t = 0 to the appearance of the first reinforcement corrosion induced
crack with a minimum width of 0.05 mm on the surface of the concrete.
Assuming that corrosion is initiated at some time τ, for cracking to take place at time t, the
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corrosion process has a duration of t-τ. Consequently, the combined probability distribution of 
the time of cracking is 

ττττ difiTτpfτpif ∫
∞

∞−
=−= )()|()(, (1) 

where fi,p = probability of failure; fi(t) = probability distribution function of the initiation model; 
and fp(t) = probability distribution function of the propagation model. 

The start of corrosion propagation depends on the initiation of corrosion process, however, the 
mechanisms that describe each of these processes are independent of each other. Therefore the 
modelling and computation of the distribution in Eq. (1) can be simplified by replacing the 
conditional probability distribution function with corresponding marginal probability 
distribution,  

τττ difτpfτpif ∫
∞

∞−
−≈ )()()(, (2) 

The model assumes chloride ingress starts at the time of construction (t = 0), and that the 
corrosion process starts when chloride has reached a critical threshold value at the depth of the 
reinforcement. Consequently,  

00)()( <∀== ttiftpf (3) 
allowing the integration interval to be shortened. For t ≥ 0 

τττ d
τ

ifτpfτpif ∫ −≈
0

)()()(, (4) 

This method, by coupling the corrosion initiation with the corrosion propagation process, 
eliminates the need to define the limit state criteria for the initiation of corrosion process. There 
is no consensus yet as to what constitutes the correct criteria for assessing the corrosion 
initiation limit state [3]. Furthermore, the event that defines the corrosion initiation limit state 
cannot be observe visually. In contrast, the coupled method is defined by a limit state event that 
can be observed on the structure, i.e., the appearance of the first corrosion induced crack. 

2. SERVICE LIFE CALCULATION
The implementation of this method requires models for both corrosion initiation and for
corrosion induced cracking. The approach is based on the coupling of the probability
distribution function outcome for each model, so is not model specific. For the calculations
presented here, the following models have been used for corrosion initiation and corrosion
propagation [1, 2].

2.1 Brief example description 
To demonstrate the method, a hypothetical semi-infinite reinforced concrete wall located in a 
XS3 environment (tidal/splash zone) is considered. For this scenario, a 1-D analysis is 
conducted considering diffusion as the main form of chloride transport in the concrete 
(convection zone not considered in this study).  
Service life calculations were performed considering two distinct concrete qualities: a CEM I 
42.5 N with w/b ratio 0.50, and a CEM III/A 42.5 R with w/b ratio 0.55. Both concretes have 
similar mechanical performance, but differ significantly from a durability perspective 
considering chloride ingress, where CEM III outperforms CEM I. Details for the model 
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parameters, distribution types and values are given in [1]. For the corrosion propagation model, 
two corrosion rates were chosen to simulate varying speeds of corrosion: 5.0 µA/cm2 and 0.5 
µA/cm2. Corrosion rate is defined by a lognormal distribution (CoV = 0.3) with average values 
of 0.0525 mm/year and 0.00525 mm/year, respectively. 

2.2 Results 
The calculation of the limit states for both initiation and propagation models separately was 
performed with a direct Monte Carlo simulation based on 104 determinations for each time step. 
The probability density function in Eq. 4 was computed with trapezoidal numerical quadrature, 
as described by [4]. For the purpose of demonstrating this method, the coupled limit state 
criteria is assumed to be 10 %.  

Figure 1 – Probability of limit state failure for corrosion initiation, corrosion propagation, and 
coupled limit state for both (a) CEM III concrete and (b) CEM I concrete, and for varying 
corrosion rates: 0.0525 mm/year (“fast”) and 0.00525 mm/year (“slow”).  

The service life obtained by combining the two individual service life calculations depends on 
both the quality of concrete and the corrosion rate. However, it is clear that the quality of 
concrete, mostly determining the time to corrosion initiation, dominates the service life 
calculation as it is the precursor for the corrosion propagation phase. The results show that the 
corrosion rate has a significant influence in the extension of the service life. If the corrosion rate 
is “fast” then no significant increase in service life is obtained (< 2 years for both concretes). If 
the corrosion rate is “slow”, a significant increase in service life is obtained (> 10 years for both 
concrete). 

Table 2 – Time (years) until the criteria of 10% has been exceeded for the initiation, 
propagation and coupled limit state calculations.  
CEM I “Fast” “Slow” CEM III “Fast” “Slow” 

Initiation 4.1 4.1 Initiation 37.8 37.8 
Propagation 0.8 8.2 Propagation 0.9 8.8 
Coupled 5.6 15.9 Coupled 39.5 52.1 
SL extension 1.5 11.8 SL extension 1.7 14.3 

Cairns & Law [5] have suggested that the limit state for corrosion induced cracking should be 
considered in an identical manner as the corrosion initiation limit state because the appearance 
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of the first crack does not affect the mechanical performance of the reinforced concrete 
structures.  

3 CONCLUSIONS 
A probabilistic method that couples the calculation of two independent limit states for concrete 
deterioration: chloride induced corrosion initiation and corrosion induced cover cracking of 
concrete is briefly described. By combining these two limit states, the outcome of the service 
life calculation is the probability of time to corrosion induced cracking, at any time starting after 
construction. The method is demonstrated with two concrete qualities (CEM I and CEM III) and 
two corrosion rates (5.0 µA/cm2 and 0.5 µA/cm2).  
An immediate advantage of the coupling of both processes is that the limit state event that 
defines the coupled method can actually be observed on the structure, i.e., the appearance of the 
first corrosion induced crack. This eliminates the needs for the definition of the corrosion 
initiation limit state criteria, which cannot be observed in practice. 
The results show that the corrosion rate is a major factor to consider when determining the 
service life of a reinforced concrete structure. In situations where fast corrosion can be expected, 
due to either poor concrete quality and/or an aggressive environment, the propagation model, 
when coupled to the initiation model, does not extend the service life calculation significantly (< 
2 years for the cases studied). However, when slower corrosion rates are expected, this can 
affect positively the service life calculation by extending significantly the design service life (up 
to almost 15 years for the given examples).  
The crux of this approach, which is not intrinsic to this method, resides in the definition of the 
limit state requirement for the coupled method (reliability index or probability of limit state 
failure). There is currently insufficient information to understand the consequences of certain 
values, and while many values are being put forward based on those used in structural design, 
they do not necessarily represent adequately the complexity of the deterioration mechanism and 
the economic consequences of limit state failure. 

This study shows the benefit of using a coupled limit state analysis until the time to first 
corrosion induced crack to appear. The joint consideration of corrosion initiation and 
propagation describes the relationship between the damage mechanisms more realistically, 
enabling potential extension of the service life of the structures. Increased accuracy in 
assessment of the performance of the reinforced concrete structures enables optimised resource 
management. 
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ABSTRACT 
In this paper we illustrate the applicability of µ-XRF for investigations of chloride ingress 
and self-healing in cracked concrete. A cracked and an uncracked concrete core exposed to 
seawater for more than 30 years were investigated with µ-XRF. The cracked sample had 
higher chloride ingress in the outer part of the concrete core (first 20 mm). Parts of the 
investigated crack were self-healed with calcium and magnesium rich phases. It was 
concluded that µ-XRF is a powerful tool for fast and detailed characterization of elemental 
distribution; e.g. chloride ingress, as it is able to detect spatial irregularities caused by for 
example cracks. 

Key words: Cracking, Chlorides 

1 INTRODUCTION 
As part of the Norwegian Public Road Authorities (NPRA) Ferry-free coastal road E39 
project, NTNU is collecting long term data from field exposed reinforced concrete structures 
on chloride ingress and the extent of corrosion in the vicinity of cracks.  

There is agreement in literature that cracks in concrete increase the ingress of harmful species 
like chloride ions [1]. However, it is also expected that in the long term effects like self-
healing of cracks may reduce the later chloride ingress [1, 2]. In case of a self-healed crack 
the chloride ingress depends on the resistance to ingress of the “healing” phase. The most 
commonly used technique to analyse chloride ingress in concrete is profile grinding of 
extracted cores and subsequent chemical analysis for chlorides [3]. However, this method is 
destructive and time consuming. Furthermore, the collected powder is homogenized over the 
entire area; thus, the potential impact of cracks on ingress will be unclear. 2D characterization 
of chloride ingress might be obtained by spraying the surface with AgNO3, which reacts with 
available chlorides. The method was for example used by Michel et al. (2013) to illustrate the 
ingress through primary cracks and debonding between concrete and reinforcement [4]. The 
disadvantage of the method is that only the depth of penetration of a given threshold is 
determined. SEM and µ-XRF (µ-X-ray fluorescence) and other chemical imaging techniques, 
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on the other hand, can provide equivalent or better information to profile grinding and in 2D 
[5]. Similar to bulk XRF, µ-XRF uses X-ray excitation to induce characteristic X-ray 
fluorescence emission from the sample for elemental analysis. Compared to other chemical 
imaging techniques, µ-XRF has two major advantages. µ-XRF is less sensitive to surface 
roughness and there is no or only little sample preparation required [5]. Furthermore, big 
samples up to 20 x 15 cm with a weight up to 5 kg can be measured. Thus, µ-XRF can fast 
deliver results on large concrete samples. Besides chloride mapping other elements can be 
investigated and local abnormalities like cracks or other forms of chemical attack can be 
detected additionally [5]. 

The objective of this study is to illustrate the applicability of µ-XRF for characterization of 
chloride ingress and self-healing of cracks in concrete.  

2 MATERIALS AND METHODS 
A cracked and an uncracked concrete core exposed to seawater for more than 30 years were 
investigated. The cores had a length of 200 mm and a diameter of 100 mm. The cracks in the 
cracked concrete were measured with a crack-width ruler. The crack width varied 
unsystematically between 0.3-0.7 mm. The crack was perpendicular to the exposed surface 
and oriented transverse to the main reinforcement and parallel to the stirrups. The cores were 
cut perpendicularly to the surface with a water-cooled concrete saw in two halves. One half 
of each core was sprayed with a 0.1 M AgNO3 solution and the chloride ingress was 
measured with a slide gauge according to [6]. 

The other halves were without further preparation investigated with a M4 Tornado µ-XRF 
apparatus from Bruker. The instrument uses a silicon drift detector energy dispersive 
spectrometer (SDD-EDS). The µ-XRF is equipped with a silver X-ray tube and polycapillary 
lenses focusing the X-ray beam to a spot size of 25µm. For point analysis, a current of 200 
µA and a voltage of 50 kV were used. For line scans and elemental mapping the current was 
increased to 600 µA. The chamber pressure was 20 mbar at all times. The elemental mapping 
area was 150 x 50 mm.  

Preliminary results on the chloride ingress in a cracked (CC) and an uncracked concrete (UC) 
core and self-healing of cracks are presented.  

3 RESULTS AND DISCUSSION 
Figure 1 shows an elemental map of the cracked concrete core including Cl, Ca, Si, Al, Fe, 
Na, K, Mg and S. No sample preparation was required and the data acquisition took 2.5 h. 

Figure 1: Elemental mapping of cracked concrete core (CC) 
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Chloride maps of the cracked and the uncracked concrete cores are shown in Figure 2. In the 
maps, the chloride ingress depth measured with AgNO3 is indicated with the light grey area.  

Figure 2: Qualitative 2D-chloride map of cracked (‘CC’, above) and uncracked concrete 
cores (‘UC’, below), as well as normalized intensity of chloride line scans from the surface to 
the bulk of the cores (average of six line scans) 

Next to the chloride maps in Figure 2, the measured normalized intensity of chloride as a 
function of the depth from the surface is shown. The results show an average of six line 
scans, each with 250 measuring points.  

Figure 3: Calcium (A) and magnesium (B) map and close up picture (C) on self-healed crack 
in cracked core (red line indicating original crack width) 

µ-XRF showed that the cracked core has higher chloride levels in the outer 20 mm. However, 
the total depth of chloride penetration is comparable in the cracked and uncracked concrete. 
By spraying with silver nitrate the detected chloride penetration was slightly lower in the 
cracked concrete compared to the uncracked concrete (Figure 2). The reason for this is at 
present unknown.  

Figure 3 shows calcium and magnesium maps in addition to a close up picture of a self-
healed crack in the cracked core (CC). It appears that precipitated solids almost close the 
crack. The red arrow in Figure 3C is marking the original crack width of about 0.4 mm in the 
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shown area. Similar areas were found all over the sample where the crack was almost 
completely healed. Point analysis was performed on the phases precipitated in the crack. The 
results showed that the phases are rich in calcium and magnesium with a ratio of about 1/1, 
indicating the potential presence of e.g. dolomite.  

In other areas the crack appeared open or was filled with debris potentially from the cutting 
of the cores. Self-healing of the crack can explain why the total depth of chloride penetration 
was comparable in the cracked and uncracked cores, even with a crack width of up to 0.7 mm 
in some parts. 

4 PERSPECTIVES 
µ-XRF is shown to be a powerful tool for fast elemental analysis (e.g. chloride ingress) of 
large concrete samples with little effort. With a spatial resolution of 25 µm it is in addition 
feasible for detailed analysis of areas of specific interest. In this investigation self-healing of 
a crack was characterized.  
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ABSTRACT 
In this study, an experimental programme has been carried out to investigate the influence of 
fibres on the onset of corrosion-induced splitting cracks. Cylindrical lollipop specimens with a 
centrally positioned Ø16 mm bar and varying cover depths from 40 to 64 mm were subjected to 
accelerated corrosion. A constant current of 100 µA/cm2 was impressed through the specimens 
and the electrical resistance between each rebar and an external copper mesh acting as cathode 
was monitored. The fibres, due to their confining effect, contributed to delay crack initiation, 
improve the post-peak bond behaviour and retain the initial splitting strength for corrosion levels 
of up to 8%. 

Key words: Chlorides, Corrosion, Cracking, Fibres, Reinforcement. 

1. INTRODUCTION
The present study aimed at investigating two distinct phenomena which have been seldom
addressed in the past, namely: (1) the influence of steel fibres at low dosages on the onset of
splitting cracks induced by corroding conventional reinforcement; and (2) the bond behaviour of
corroded reinforcement bars embedded in steel fibre reinforced concrete (SFRC). These aspects
were addressed experimentally and the results include the corrosion level associated to crack
initiation, crack width measurements of corrosion-induced cracks, the evolution of the bond
strength with increasing corrosion and a comparison of the anchorage capacity based on the
local bond-slip relationship obtained. For a more detailed description of the results see [1].

2. EXPERIMENTAL PROGRAMME
The experimental programme involved 42 specimens and to assess the influence of fibres on the
bond capacity of corroded reinforcement bars pull-out tests were performed at three different
corrosion stages. Accordingly, the specimens were divided into three groups: group I,
uncorroded specimens used as reference samples; group II, specimens corroded up to the onset
of corrosion-induced cracking; and group III, specimens corroded beyond the onset of splitting
cracks. Furthermore, two different cover to bar diameter (Ø 16 mm) ratios, c/ Ø , were
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investigated for the bond-behaviour and a third one was included for the crack initiation stage. 
Table 1 summarizes the details of the experimental programme.  

Table 1. Experimental programme. 
Corrosion stages and concrete type 

Group I 
Uncorroded - Reference 

Group II 
Crack onset 

Group III 
High corrosion 

c / Ø  
ratio PC FRC PC FRC PC FRC 

2.5 x x x x x x 

3.25 - - x x - - 

4.0 x x x x x x 
Note: Three specimens were cast for each combination of c/ Ø  ratio and corrosion stage investigated. 

A self-compacting concrete mix with a water to cement ratio (w/c) of 0.47 was prepared to cast 
all the specimens using individual moulds. The same mix composition was used to prepare both 
the plain and the steel fibre reinforced concrete, except for minor variations in the aggregate 
content to incorporate the fibres. End-hooked Dramix steel fibres, 35 mm long with diameter 
0.55 mm, were used as fibre reinforcement at a dosage of 40 kg/m3. Sodium chloride was 
incorporated into the mix at 4% by weight of cement with the intention of preventing the 
formation of the passive layer on the steel bar. The accelerated corrosion and the pull-out setup 
is presented in Figure 1. 

Figure 1. Accelerated corrosion setup (a) and the pull-out test (b) (bonded length 70 mm). 

3. RESULTS AND DISCUSSION
The relation between corrosion level, defined as the steel loss assumed to be concentrated and
uniformly distributed along bonded length of the bar, and crack initiation is presented in Fig. 2.
The results clearly shows that, from the parameters investigated in this study, the c/∅ played the
most important role in delaying the initiation of corrosion-induced cracks, although its effect
was more pronounced in PC specimens. Increasing the c/∅ from 2.5 to 4.0, delayed crack
initiation by a factor of 2 and 1.5 for PC and FRC specimens in Group II, respectively, whereas
it delayed crack initiation by a factor of 4 and 1.75 for PC and FRC specimens in Group III,
respectively. Adding fibre reinforcement had likewise a positive effect in delaying crack
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initiation, although to a lesser degree compared to the c/∅, which was particularly noticeable in 
small c/∅  test specimens.  

Figure 2. Average corrosion levels at crack initiation. *FRC specimens with c/Ø=3.25 in Group 
II deviated from the general trend followed by the rest of specimens and were considered 
outliers. 

In order to compare the pull-out test results of the PC and FRC specimens for the different 
covers and corrosion stages in detail, the splitting strength from each experimental curve is 
presented in Figure 3(a) as a function of the corrosion level. As expected, for the reference 
group, there was not a significant difference between PC and FRC in terms of splitting strength 
since the fibres did not prevent cracking, whereas a small increase, attributable to the cover size, 
was apparent. Upon corrosion-induced cracking, PC specimens suffered a moderate reduction of 
the splitting strength whereas it slightly increased for FRC, an effect that may be attributed to a 
higher normal stress at the interface due to corrosion. Finally, at higher corrosion levels the 
remaining splitting strength of PC specimens was only a small fraction of the initial, with no 
apparent influence of the cover depth. Highly corroded FRC specimens, on the other hand, 
exhibited a nearly identical splitting strength as uncorroded ones.  

(a) (b) 
Figure 3. (a) Splitting strength determined experimentally as a function of the corrosion level at 
structural testing for PC and FRC (lines show the average behaviour). (b) Reduction in the 
needed bar length to anchor the yield strength of a Ø16 mm rebar with yield stress 550 MPa in 
FRC compared to PC, obtained using 1D numerical analysis and the experimental bond-slip as 
input. 
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Figure 3(b) shows the reduction of anchorage length in FRC compared to PC to fully anchor the 
yield strength of the rebar, expressed as the fraction of length needed. The addition of fibres 
resulted in an anchorage length reduction of 30% at an uncorroded stage, whereas that effect 
was not as evident for large specimens due to the higher confinement provided by the concrete 
cover. These results show that as the cover increases and approaches “well confined” conditions 
(c/Ø = 5 according to Model Code 2010 [2]), the beneficial effect of the fibres on the anchorage 
length decreases, which is in line with results reporting that low fibre contents will not 
significantly influence the behaviour of RC elements exhibiting pull-out failure. 

4. CONCLUSIONS
This paper briefly reports experimental results regarding the corrosion level associated to the
initiation of splitting cracks in PC and FRC, as well as results of pull-out tests with short-
embedment length carried out for both PC and FRC at various corrosion stages. Based on the
results of the study, the following conclusion may be drawn:

(1) The use of steel fibres at a 0.5% vol. dosage provided an additional source of passive
confinement that delayed corrosion-induced cracking. This effect was more noticeable in
specimens with a smaller c/Ø, whereas it became less apparent for larger c/Ø in which the cover
already provided a significant confinement to the rebar.

(2) As expected, for uncorroded specimens, the results from the pull-out tests showed no
significant difference between PC and FRC specimens regarding the splitting strength. For
increasing corrosion levels, however, the splitting strength of PC specimens exhibited a clear
degradation, particularly for specimens with a larger cover. Conversely, FRC specimens
retained their initial splitting strength at 8% corrosion and even showed a slight increase at
intermediate corrosion levels.

(3) The pull-out tests revealed a clear contribution of the fibres on the post-peak capacity
regardless of the size and corrosion level. Based on the 1D analyses, the anchorage length in
FRC specimens subjected to 8% corrosion was only increased by 10% compared to uncorroded
reference specimens, unlike for PC specimens in which the anchorage length at the same
corrosion level increased by a factor ranging from three to seven.

In addition to what has been presented in this paper, crack width measurements revealed that 
cracks in FRC were around half as wide at corrosion levels approaching 8%. Moreover, fibre 
reinforcement proved to be an effective means of preventing spalling of the concrete cover, 
understood as both its physical detachment and the loss of its mechanical contribution to the 
structure. 
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ABSTRACT 
A vast number of concrete buildings utilizing newly developed prefabrication techniques were 
built in Finland from 1960 to1979. Since then, the durability properties of this concrete building 
stock have been found to be poor. Corrosion of reinforcement in these structures is not easily 
predicted because a methodology for this does not exist. We studied the relevance of the active 
corrosion phase in the concrete service life by advanced statistical and experimental studies. It 
was confirmed that the active corrosion phase can provide a considerable extension to the 
residual service life of these structures in Nordic climate especially in certain conditions. 

Key words: Concrete, Carbonation, Corrosion, Facades, Service life, Modelling. 

1. INTRODUCTION
The majority of the existing concrete facades in Finland have been built in time when service
life design practice was not yet established. A widely accepted description of the corrosion
process of steel in concrete withholds the phases of initiation and propagation [1]. The
reinforcement service life is in Finnish practice defined as only corrosion initiation. Meaning
that the target service life should be achieved by carbonation resistance. In already aged existing
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buildings, the initiation phase has in many cases already passed. This forms two problems: (i) 
the residual service life is, by the definition, zero even though no damage at all has happened, 
(ii) there are no methods available to evaluate the residual service life. This study focuses on the
problematic behind service life design and maintenance of existing concrete facades in Finland.
The research objective was to study how significant the active corrosion phase is in these
structures’ service life. Statistical studies, complemented with laboratory studies, on the
corrosion probability and its effect on reinforced concrete service life are presented in this paper.

2. RESEARCH MATERIAL AND METHODS
Studies on the rate and extent of reinforcement corrosion in concrete facade panels were
conducted combining the analysis of specific experimental research material gathered from 12
visually corrosion damaged concrete buildings to statistical data gathered from standardized
condition investigation reports [2]. The realized service life of concrete facades in regard of
visual damage caused by reinforcement corrosion was studied statistically from a database of
947 buildings [3] based on the age of the concrete facades and visual damage
ratings/classification (no visual damage, incipient damage, wide spread damage).

Corrosion rate was studied as a combined effect of weather parameters on already carbonated 
concrete structures exposed to natural outdoor environment in both inland and coastal area 
locations [4]. Long term corrosion rate measurement data [5] was combined with weather data 
from the location of the measurements from the same time period. A linear regression model 
was formed on the basis of linear regressions between the individual weather parameters and the 
corrosion rate. From a relatively large number of analyses (525 analyses with different 
combinations of weather parameters, seasons, etc.) the best performing combinations were 
judged by the coefficient of de-termination (R2) of the model. 

3. RESULTS AND DISCUSSION

3.1. Statistical analysis on service life 
Service life monte carlo -analysis for varying facade structures is presented for initiation period 
and for propagation period (Fig. 1). The initiation period is, by 10 % fractile, 24 years for 
brushed and painted concrete, 21 years for exposed aggregate concrete, 11 years for the balcony 
side panels and 10 years for the balcony slab soffit surface. The target service life is therefore in 
these existing structures not achieved by the initiation phase alone. However, if the 
reinforcement is placed according to requirements with sufficient concrete cover, the target 
service life of 50 years can be easily achieved by initiation alone. 

Figure 1 – Left: The initiation phase in concrete facades and balconies based on a Monte Carlo 
simulation on statistical condition assessment data from buildings constructed in 1965–1990. 
Right: The propagation phase in concrete facades and balconies based on a Monte Carlo 
simulation. 
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With the same 10 % fractile, the propagation time can be expected to be very short from 1.5 to 3 
years (Fig. 1). This safety level relates to the most critical conditions for corrosion of 
reinforcement with extremely small cover depth or in very capillary concrete. However, this 
safety level may be too strict compared to empirical knowledge. As the effects of corrosion in 
this context are mainly visual defects, a safety level of 50% could be applied. In these cases the 
active corrosion period would be 6–12 years depending on the surface type. Even though 
corrosion is propagated quite fast in the both facade surfaces their initiation phase is quite long. 
Vice versa, balcony slab soffits and balcony side panels are shown to have a significantly 
shorter initiation phase but their propagation phase tends to be longer. It is shown by this 
statistical comparison that favourable parameters and conditions to initiation and propagation 
phases tend to at least to some extent be opposite to each other. In service life design the 
initiation phase is still the primary part in ensuring sufficient service life. 

3.2 The corrosion rate in Finnish climate 
Separate regression models for corrosion rate in regard of weather were produced from the time 
series data for the facades and balconies in both the inland and the coastal areas. A fairly good 
fit (R2 of 0.49–0.53) was found in the cross-checking (using the coastal area model inland and 
vice versa). Finally, a composite model was produced with inland and coastal data (R2 of 0.71-
0.55). The generated model intends that average corrosion rate levels in carbonated concrete 
caused by the prevailing weather are 0.7–1.4 µA/cm2 in inland and 1.0–1.8 µA/cm2 in the 
coastal area (Fig. 2). An average critical corrosion penetration limit of 67.5 µm [6] was utilized 
in the below figures (dashed line). 

Figure 2 – Modelled initiation and propagation of corrosion on concrete facade (XC4) and 
balcony slab soffit (XC3) given as the corrosion rate (Left) and corrosion penetration (Right). 
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Critical corrosion penetration is presented as a dashed horizontal line. NOTE! The different 
scale on the corrosion rate (y-axis). 

4. CONCLUSIONS
The research project confirmed that the active corrosion phase can provide a considerable
extension to the residual service life of concrete facade panels in a Nordic climate. Our
statistical analyses show that the length of this period can be from a few to up to 30 years. A
more in-depth analysis of the case-study buildings, however, showed that the service-life
extension for XC4 exposure conditions is, in practice, likely to be limited to well below ten
years. In structures which, for a variety of reasons, are more sheltered from wind-driven rain, the
extension in service life can be considerably higher. This is especially true for sheltered
structural surfaces, such as the soffit surfaces of the balcony slabs. It has to be noted that the
limit is based on the occurrence of visible corrosion damage on the structure surfaces. Even this
is therefore not the ultimate end of service life for these structures.
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ABSTRACT 
It is anticipated that design for service life and assessment of durability is becoming increasingly 
important for the concrete industry. This will apply to both design of new structures and 
assessment of existing structures. The corrosion of reinforcement embedded in concrete, caused 
by chloride ingress from marine exposure or from de-icing salts, is one of the most onerous 
degradation mechanisms that exist. The normal procedure to obtain sufficient durability is to 
ensure a minimum concrete quality combined with a minimum cover thickness. With the use of 
performance based material design it is possible to obtain better sustainability and to tailor-make 
the concrete structures to the actual use. This paper presents a novel design diagram that takes 
all the important exposure and material parameters into account. 

Key words: Chlorides, Corrosion, Service life, Performance based design, Sustainability. 

1. INTRODUCTION
There is an ongoing trend for performance based durability design of concrete structures, which
is dictated partly by the industry’s wish to increase its competitiveness and innovativeness and
partly by the general quest for increased sustainability in the construction sector. One of the
major buzz-words for the concrete industry is the excellent durability and the long service life of
concrete. In the coming revision of Eurocode 2, performance based durability design is to be
introduced instead of the current prescriptive deemed-to-satisfy-based concept. The author is
participating actively in this revision work together with other European experts.

The main purpose of this paper is to introduce a simple illustrative concept based on the fib 
service life design model for chloride ingress [2,3]. There is an urgent need to teach the basic 
durability concepts to the designers and engineers in order for them to be able to understand and 
implement the performance based design principles correctly. At present the normal durability 
design process is limited to prescribing appropriate exposure classes and prescribing the 
associated minimum cover thickness. All material related issues are normally left to the concrete 
manufacturer according to the deemed-to-satisfy requirements given in EN 206 [1] together with 
national provisions. In the performance based design concept it is expected that the concrete 
manufacturer documents and produces various concrete qualities complying with various 
material resistance classes. Each resistance class needs to be documented via standardised 
testing which is defined in the relevant concrete standards. This could include testing of chloride 
migration resistance, freeze-thaw scaling, carbonation rate, etc. For durability issues regarding 
reinforcement corrosion Fig. 1 shows the performance based principle where a trade-off 
between lower material resistance and higher cover thickness and vice versa is possible. 
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Figure 1 – Performance based durability design with respect to reinforcement corrosion. 

2 MODEL FOR CHLOIRIDE INGRESS 

2.1 Theoretical background 
The normal approach to model chloride ingress with time t is to use the error function solution 
to the Fick’s 2nd law for one-dimensional diffusion [2]:  

𝐶𝐶(𝑥𝑥, 𝑡𝑡) = 𝐶𝐶𝑠𝑠 − (𝐶𝐶𝑠𝑠 − 𝐶𝐶𝑖𝑖) ∙ erf{𝑍𝑍(𝑥𝑥, 𝑡𝑡)}, where  𝑍𝑍(𝑥𝑥, 𝑡𝑡) = 𝑥𝑥
�2�𝐷𝐷𝑎𝑎𝑎𝑎𝑎𝑎(𝑡𝑡) ∙ 𝑡𝑡�� (1) 

Where C denotes the chloride ion concentration at depth x from the exposed surface. Index i 
denotes initial concentration in the mix at time t=0 and index s denotes the constant surface 
concentration at x=0. Dapp is the apparent diffusion coefficient at time t. It is generally accepted 
that the diffusion coefficient decreases with the age of the concrete for several years. This is 
especially pronounced for binder combinations with supplementary cementitious materials such 
as PFA or GGBFS [2,3,4]. The diffusion coefficient is normally given in the unit 10-12 m2/sec = 
µm2/sec and sometimes the unit mm2/year = 31.7 µm2/sec is also used. Due to the limited 
number of pages it is not possible to describe the apparent diffusion coefficient further here. 

The limit state used to determine the anticipated design service life T is governed by the chloride 
concentration, at the depth of the reinforcement (x=c), reaching a critical level Ccrit. Hence, the 
limit state function C(x=c, t=T) ≤ Ccrit is inserted in (1), yielding: 

(𝐶𝐶𝑠𝑠 − 𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)
(𝐶𝐶𝑠𝑠 − 𝐶𝐶𝑖𝑖)
� ≤ erf{𝑍𝑍(𝑐𝑐,𝑇𝑇)} = erf � 𝑐𝑐

𝐷𝐷𝑎𝑎𝑎𝑎𝑎𝑎(𝑇𝑇)∙𝑇𝑇
� (2) 

The left hand side represents the load of the chloride exposure on a non-dimensional scale from 
0 to unity. The right hand side is the resistance function. By choosing proper partial factors on 
load and resistance the safety level may be calibrated to an acceptable probability of failure. 
Both the surface concentration Cs and the critical concentration Ccrit are subject to large scatter 
and many complicated models are proposed over the years [5-8] taking into account binder type 
and exposure conditions. It is outside the scope of this paper to describe these models.  

Exposure classes 
XC, XS, XD 

Design working 
life 

Eurocode 2 
Designer 

Low resistance 
class 

Moderate 
resistance class 

High resistance 
class 

 
Material 

performance 
classes 

Minimum cover 
thickness depends 

on the 
combination of 

exposure classes, 
working life and 

material resistance 
class. 

Eurocode 2 will 
contain tabulated 
values for these 
combinations. 
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2.2 Diagram for assessment of service life design 
Figure 2 contains a diagram that makes it fairly easy to assess the impact of a certain parameter 
in (2). The range of parameters shown in the diagram is valid for most scenarios. The diagram is 
used by following the dashed line from (a) to (f) according to the following scheme: 

a. Start by choosing the surface concentration Cs in weight-% of the concrete weight.
b. The critical threshold concentration of chlorides Ccrit (in weight-% of binder weight) is

found by the solid lines.
c. The corresponding value of the error function is found on the curve and the line continues

vertically into the lower part of the diagram.
d. The lower left part of the diagram contains the apparent diffusion coefficient Dapp at the time

of expected service life.
e. The desired service life curve is found in the lower right part of the diagram.
f. Finally the necessary minimum cover thickness is read on the horizontal axis to the right.

3 CONCLUSION 
The design of concrete structures is expected to be optimised with respect to durability and 
performance. Therefore, Eurocode 2 is being revised to deal with performance based durability 
design. However, in order to understand the concept of service life design and performance 
based material design it is important to educate the design engineers. This paper provides a 
fairly simple tool in order to do so. A novel easy to use diagram is presented, including the most 
important parameters used for design of cover thickness to meet a given service life under 
exposure conditions with chlorides. The large influence of the diffusion coefficient, the surface 
concentration of chlorides and the chloride threshold value is clearly seen from the diagram. 
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Figure 2 – Service life design diagram depicting equation (3). The initial chloride concentration 
Ci = 0.005 %B. The diagram is drawn for binder content of 400 kg/m3. 
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ABSTRACT 
The first half of this PhD project has analysed the effect various air void contents has on the 
mass of de-icing salt frost scaling (DISFS) of uncarbonated concrete containing siliceous fly ash 
or slag. This has been done by finding a combination of air entraining agent and superplasticizer 
for each binder combination that has been used to enable the creation of various air void 
contents. Then the concrete has been cured moisture sealed for 307 days hydrated before the 
DISFS test began. The results show that the DISFS resistance vary between the different binders 
and the air void content clearly has various impacts on the DISFS depending on the binder 
combination.  

Key words: Frost action, Supplementary Cementitious Materials (SCM), Testing, Admixtures, 
De-Icing Salt Frost Scaling 

1. INTRODUCTION
To lower the energy consumption and carbon dioxide (CO2) emissions from cement production
fractions of the binder can be replaced with supplementary cementitious materials (SCMs) such
as fly ash, slag and lime filler which has been used in this project. However, when adding these
SCMs the hydration products and therefore final microstructure of the concrete changes in
comparison to when only ordinary Portland cement is used [1]. This can affect the mass of de-
icing salt frost scaling (DISFS) resistance of various concrete surfaces.

Two other factors which affect the DISFS of concrete is the air void system [2, 3] and 
preconditioning; carbonation [4], temperature and moisture history of the concrete test surface 
[5]. According to the theories and observations regarding the mechanisms of the DISFS in 
concrete containing 100% CEM I is that when creating an air void system (e.g. by including an 
air entraining agent (AEA)) in the concrete the mass of DISFS will decrease [2, 3]. However, it 
is uncertain if the air void system has the same effect when the concrete contain siliceous fly ash 
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(SFA) or ground granulated blast furnace slag (GGBFS) since the microstructure will differ. 
Therefore this project have tested concrete containing various fractions of SFA or GGBFS and 
made each recipe with 4 different air void contents. In addition to this, the DISFS test is split in 
to two different series. The first series is finished, where the concrete had hydrated for 307 days 
and never dried before the DISFS test began. Since it had never dried it can be assumed that the 
surface is uncarbonated. In the second large series samples from the same casts will be tested. 
These samples have hydrated for the same time, however then they have dried and carbonated in 
20 °C and 60% RH for approximately 700 days before the test start. This study will therefore 
result in more information regarding how the mass of DISFS varies for concrete containing 
different binder combinations and how various air void systems affect these. The present article 
will present some of the results from the first series which have tested the never dried and 
therefore uncarbonated test surfaces.  

2. MATERIALS
One type of ordinary Portland cement (CEM I) is used in all recipes, one type of siliceous fly
ash is used and one type of ground granulated blast furnace slag is used. The name of the
cement, according to the European standards [6], is CEM I 42,5 N - SR 3 MH/LA. Table 1
present each binder combination that has been tested.

Table 1 – Binder combinations used in the studies. 
Binder Abbreviation 
100% CEM I 42,5 N - SR 3 MH/LA CEM I 
80+20 mass% CEM I + SFA F20 
65+35 mass% CEM I + SFA F35 
80+20 mass% CEM I + GGBFS S20 
65+35 mass% CEM I + GGBFS S35 
30+70 mass% CEM I + GGBFS S70 
65+25+10 mass % CEM I + GGBFS + LF K35 

The project also tested three air entraining agents and five superplasticizers to find one 
combination of AEA and SP which work well together with each binder combination. When one 
combination of AEA and SP had been found for each binder combination, four air void systems 
were created by varying the mass of AEA.  

3. RESULTS
To get an indication of the air void system inside the casts air void analysis was made on one
sample (100x150 mm²) per cast with linear traverse according to the standard [7]. When varying
the mass of AEA the air void analysis showed that the amount of small air voids increased
according to Table 2.
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Table 2 – Air voids <0.35 mm in the paste for each binder combination and each cast 
Air voids <0.35 mm in the paste [%] 

Cast CEM I F20 F35 S20 S35 S70 K35 
1 2,8 0,9 1,0 2,2 1,5 2,6 3,0 
2 2,8 2,6 2,2 3,0 3,9 3,2 3,5 
3 3,9 3,3 4,7 3,7 4,3 4,1 4,5 
4 5,7 5,9 5,8 6,1 6,7 3,5 4,9 

The increase in small air voids was expected when increasing the mass of added AEA. Other 
results from the air void analysis did not show the same consistency, e.g. spacing factor and 
specific surface presented in Table 3. These results would most likely show a clearer trend (e.g. 
smaller spacing factor with increasing AEA) if more samples, i.e. larger total surface area, had 
been analysed with linear traverse from the same casts.  

Table 3 – Air content in the concrete for each binder combination and each cast 
Specific surface [mm-1] 

Cast CEM I F20 F35 S20 S35 S70 K35 
1 16 6 15 9 8 13 14 
2 17 23 13 10 16 17 15 
3 20 15 30 22 22 14 20 
4 20 21 19 27 18 15 22 

Spacing factor [mm] 
Cast CEM I F20 F35 S20 S35 S70 K35 
1 0,43 1,00 0,53 0,66 0,75 0,52 0,45 
2 0,40 0,33 0,44 0,49 0,37 0,38 0,40 
3 0,33 0,41 0,20 0,32 0,29 0,39 0,29 
4 0,27 0,28 0,27 0,21 0,26 0,42 0,28 

Figure 1 and 2 present the accumulated scaling after 56 cycles for the different binder 
combinations. Each binder combination has four bars that present the different casts with 
different masses of AEA that created four different air void systems with an increased amount of 
small air voids. 

Figure 1. Each bar present the mean accumulated scaling together with the standard deviation 
for 6 samples after 56 cycles. Cast #1 contained 0 g AEA and cast #4 contained the largest mass 
of AEA. 
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Figure 2. Each bar present the mean accumulated scaling together with the standard deviation 
for 6 samples after 56 cycles. Cast #1 contained 0 g AEA and cast #4 contained the largest mass 
of AEA. 

4. CONCLUSIONS
Here are some of the conclusions drawn so far from the DISFS test results.

• The various binder combinations that have been tested produce various masses of DISFS
which mean that the differences in the structure and properties between them could
contribute to resisting the DISFS mechanism to various extents.

• An increased amount of small air voids in the hardened cement paste has various effects
on the mass of DISFS for the various binder combinations.

o There seems to be a consistent decrease in mass of DISFS with an increased
amount of small air voids for CEM I and CEM I + siliceous fly ash concrete.

o The concrete containing CEM I with GGBFS seems to generally have a lower
mass of scaling, however the recipes does not seem to gain the same consistent
effect as the concrete with SFA from the increased amount of small air voids.
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ABSTRACT 
Resistance to salt frost scaling is tested by accelerated methods such as CEN/TS 12390-9. 
However, it has been shown that ageing and coupled deterioration mechanisms, like carbonation 
or leaching, can alter the frost resistance e.g. for concrete with high amount of slag (GGBS). 
This paper presents results from a laboratory study of concrete which have been exposed to 
accelerated carbonation at 1% CO2-concentration at different ages. The results show that 
exposing the specimens to accelerated carbonation at a young age result in an increased scaling 
and a carbonation depth corresponding to 10 year natural exposure. By increasing the age before 
the accelerated carbonation exposure the scaling is significantly reduced and the salt frost 
scaling resistance correlates better with field observations. 

Key words: Frost action, Carbonation, Supplementary Cementitious Materials (SCM), Testing. 

1. INTRODUCTION
The resistance of concrete to salt frost scaling is tested by accelerated methods such as CEN/TS
12390-9 [1] and SS 137244 [2], which originally were developed based on the experience of
Portland cement concrete [3] [4]. The testing regime is being under review, partly due to that it
does not consider ageing effects, such as changes to pore structure, micro cracking, leaching and
the effect of carbonation [3] [4] [5]. With increasing use of mineral additions, such as slag
(GGBS) and fly ash (FA), for reducing the environmental footprint and improve resistance to
reinforcement corrosion this type of test methods need to be modified so that it can safely and
adequately be used for concrete with mineral additions. Moreover, the test results also need to
be correlated with the performance in field conditions [6] [7] [8].

2. EXPERIMENTAL PROGRAMME
The concrete mixture proportions are listed in Table 1. The aggregate was of granitic type, the
superplasticizer (SP) was polycarboxylate-based (PCE), and the air entraining agent was a
synthetic surfactant. The concrete had w/b ratio of 0.45 or 0.40 and had GGBS additions from
20 to 60 % of the total binder content. For additional mixes and results see [9].
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Table 1 - Investigated concrete mixes. 
Mix ID Cement GGBS w/b Air content 

CEM I 0% 0.45 CEM I 42,5 N SR3 MH LA 0 % 0.45 5.2 % 
CEM I 20% 0.45 CEM I 42,5 N SR3 MH LA 20 % 0.45 4.9 % 
CEM I 30% 0.45 CEM I 42,5 N SR3 MH LA 30 % 0.45 5.1 % 
CEM I 40% 0.45 CEM I 42,5 N SR3 MH LA 40 % 0.45 5.0 % 
CEM I 60% 0.45 CEM I 42,5 N SR3 MH LA 60 % 0.45 5.8 % 
CEM I 0% 0.40 CEM I 42,5 N SR3 MH LA 0 % 0.40 5.5 % 
CEM I 20% 0.40 CEM I +20%S 20 % 0.40 6.0 % 
CEM I 30% 0.40 CEM I +30%S 30 % 0.40 6.2 % 
CEM I 40% 0.40 CEM I +40%S 40 % 0.40 6.2 % 

The standard slab test procedure for freeze-thaw testing as described in CEN TS 12390-9 [1] 
and SS 137244 [2] were used to assess the salt-frost scaling resistance on a cut surface. Four 
different preconditioning regimes have been studied: 

• Standard procedure - 31d Std: From demoulding (24±2 h) the cube is stored in water
until the age of 7 days, and then stored in climate chamber (20±2°C and RH 65±5%)
until a 50 mm thick specimen is cut at an age of 21 days. The slab is placed in a climate
chamber (20±2°C and RH 65±5%) until it is 28 d old. At 28 d, 3 mm de-ionized water is
poured on the top surface and the specimen is saturated for 72±2 h. At the age 31 d the
freeze thaw cycles are started.

• Modified standard procedure – 31d C: As standard procedure, but from the age 21 d
until 28 d the cut specimen is placed in a climate chamber with 1.0 % CO2-concentration
(20±2°C and RH 65±5%). At 28 d, 3 mm de-ionized water is poured on the top surface
and the specimen is saturated for 72±2 h. At the age 31 d the freeze thaw cycles are
started.

• 45 d curing regime – 45d C: From demoulding (24±2 h) the cube is stored in water
until the age of 21 days. Then the cube is stored in a climate chamber (20±2°C and RH
65±5%) until specimen is cut at an age of 35 days. At the age 35 d the cut specimen is
placed in a climate chamber with 1.0 % CO2-concentration (20±2°C and RH 65±5%)
until it is 42 d old. At 42 d, 3 mm de-ionized water is poured on the top surface and the
specimen is saturated for 72±2 h. At the age 45 d the freeze thaw cycles are started.

• 87 d curing regime – 87d C: From demoulding (24±2 h) the cube is stored in water
until the age of 63 days. Then the cube is stored in a climate chamber (20±2°C and RH
65±5%) until specimen is cut at an age of 77 days. From the age 77 d until 84 d the cut
specimen is placed in a climate chamber with 1.0 % CO2-concentration (20±2°C and RH
65±5%). At 84 d, 3 mm de-ionized water is poured on the top surface and the specimen
is saturated for 72±2 h. At the age 87 d the freeze thaw cycles are started.

For all specimens, the weights were recorded immediately before and after the saturation with 
de-ionized water to determine the water uptake. Moreover, on accompanying specimens, cured 
in the same manner as the specimens for freeze-thaw testing, the carbonation depth was 
determined after 7, 14 and 28 d exposure to 1.0% CO2 by spraying a phenolphthalein solution 
on a freshly split concrete surface. In addition, the compressive strength of the concretes were 
determined at 28, 56, and 180 days, see [9]. 
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3. RESULTS AND DISCUSSION
The surface scaling after 56 cycles are presented in Figure 1. The acceptance criteria for “good”
frost resistance according to SS 137244 [2] is shown in the figure. As can be seen in the figures,
in all cases the scaling compared with the standard procedure increased for the carbonated
specimens independent of curing condition, with the exception of mix C+20%S 0.40 for 45d C
and 87d C curing. The increase in scaling is generally highest for 31d C, i.e. when carbonation
starts on specimens at an age of 21 d. In Figure 2 the carbonation depth for the different concrete
mixes and curing conditions are presented. The carbonation depths are, as expected, influenced
by the curing conditions and age at exposure and are lower for more mature specimens.
Moreover, with increasing GGBS content the carbonation depth increase and with decreased w/b
ratio it decreases and is considerably lower, especially for the more mature specimens (curing
condition 87d C). With respect to the measured carbonation depths for the accelerated
carbonation (7 days in 1% CO2) the measured depths should be compared to what is expected in
field conditions (exposure conditions corresponding to XF4). Data from specimens exposed to
atmospheric CO2 during 11 year exposure at a field stations [8] showed a carbonation depth of
about 1.1 mm with 30% GGBS at w/b 0.50 and 3.8 mm for a CEM III/B at w/b 0.50. At w/b
0.40 the carbonation depths were approximately 0.7 mm respectively 2.1 mm.
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4. CONCLUSIONS
The effect of accelerated carbonation, 1 week with 1% CO2-concentration, on salt-frost scaling
and the influence of different curing conditions has been studied. With the materials used and
w/b ratios investigated it is clear that at 20% GGBS of total binder there is very little effect of
carbonation on the frost resistance. Even with early accelerated carbonation at age of 21 days
(31d C) all the tested concretes meet “good” scaling resistance or better after 56 cycles. For
higher amounts of GGBS the early accelerated carbonation lead to increased scaling and
especially at high amounts of GGBS (>40%). For the longest curing time 87d C (77 days when
starting carbonation) the scaling was lower and GGBS contents of 30% achieved good frost
resistance, this was also the case for some of the mixes with 40% GGBS); however, the scaling
was still higher than for standard testing procedure. It should be pointed out that for the mixes
with a higher slag content the compressive strength was much lower as an efficiency factor (k-
value) of 1.0 was used, see [9]. The following conclusions can be made:

• With 20% GGBS of the total binder it was found that carbonation did not have a
significant effect on the salt-frost scaling, even at early age carbonation.

• A GGBS content of about 30 to 40% is reasonable with respect to the salt-frost scaling
resistance, but the testing and carbonation should not be done to early as this will
produce a carbonation depth corresponding to more than 10 years natural carbonation.

• A prolonged curing regime before commencement of carbonation is needed if the test
results should be realistic. In this study an age of 77 days when starting carbonation and
87 for start of frost cycles seems to have given reasonable results.
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ABSTRACT 
Laboratory measurements show that varying the dosage sequence of air-entraining agent and co-
polymer in the mix (SP added before, after or together with AEA) greatly affects air entrainment 
in fresh and hardened fly ash mortar. Image analysis shows a good correlation between total air 
content and the air void spacing factor, though with a somewhat lower specific surface when SP 
is added together with AEA. Foaming measurements on the same materials and dosage 
sequences were therefore found less useful for studying the effect of admixture combinations. 
More work, including AVA measurements, is in progress to learn how to combine AEA, SP and 
fly ash in concrete. 

Key words: Admixtures, Fly ash, Air entrainment, Testing. 

1. INTRODUCTION
1.1 General
Production of frost durable fly ash (FA) concrete with a stable and protective air void system
has often proven to be difficult. The problem has been ascribed to the variable carbon content in
the fly ash causing variations in the required dosage of air entraining agent (AEA). Trial mixing
to ensure quality output is therefore unavoidable even for batch-to-batch variations in fly ash.
The problem can hypothetically be resolved by reducing the number of sorption sites on carbon
before the AEA encounters them. We think superplasticizer (SP) could block AEA access of
AEA to some carbon in one of the AEA-SP combinations. Previous measurements have shown
large effects on foaming in cement-fly ash water slurries of various SP/AEA combinations and
dosage sequences [1]. The foam study indicated that a combination with SP drastically affects
the adsorption kinetics. The same materials from the foam study [1] were also used to study the
effect of addition of the admixtures on air entrainment [2].
The sequence of the addition of SP and AEA in concrete has been debated among practitioners
for a long time, but the authors know of no experimental studies of SP-AEA dosage sequence in
fly ash concretes in the literature. For regular OPC concrete, some authors [4], with reference to
[7], suggest adding AEA after blending SP in the mix to give a stable air-void spacing factor;
others [3] say that SP should be added after AEA, providing time for AEA to precipitate. No
standards, committees, or guidelines specify the AEA-SP interaction. In the industry, SP-AEA
dosage sequence practice varies due to the limitations of the concrete plant, economic reasons,
or the producer’s or client’s established practice. The concrete producers reviewed recommend
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that AEA is added either before or simultaneously with SP in the concrete mixes containing 
either pre-blended or separately added FA. The need for real knowledge about AEA and SP 
interaction in FA concrete is growing with the increased need for high volume fly ash concrete. 
The scope of this work was to investigate air void content and structure from laboratory mortar 
mixes where both the type of AEA and the dosage sequence of AEA- and a co-polymer SP were 
varied. 

2 EXPERIMENTS 
2.1  Mixing sequences and materials 
Table 1 shows the 5 (five) admixture combinations and mixing sequences chosen based on 
experience with Foam Index testing: 

Table 1 – Admixture combinations and mixing sequences. 
Series ID Admixture Mixing sequence 

No admixture 1 min dry materials, 3 min water 
1
2
3
4

Only AEA 
AEA then SP 
SP then AEA 
SP with AEA 

1 min dry materials, 3 min water+AEA 
1 min dry materials, 2 min water+AEA, 1 min SP 
1 min dry materials, 1 min ½ water+SP, 2 min ½ water+AEA 
1 min dry materials, 3 min water+AEA+SP 

2.2 litre mortar mixes were prepared in a Hobart table mixer. The volume fractions of filler-
modified paste (all liquid, admixture, binder and mineral filler with particle size < 125 microns) 
were 330 and 400 litres/m3 mortar, corresponding to normal and rich concrete mixes. The 
w/(c+FA) ratio = 0.46 for the 400 series and 0.57-0.63 for the 330 series [2]. FA/(c+FA) = 0.35 
for all mixes. Two different anionic AEAs were used: AEA5 was based on synthetic tensides 
and tall oil derivatives, whereas AEA4 was an olefin sulfonate. The SP was an acrylic polymer. 
The cement used was a CEM I with a Blaine of 396 m2/kg, additional low lime fly ash with 1.74 
% carbon and a Blaine of 334 m2/kg, and a limestone filler with a Blaine of 362 m2/kg was used. 
All powders were supplied by Norcem-Heidelberg in Brevik, Norway. For details about 
admixtures and powders, see [1]. The aggregate was NS3099 standard Norwegian granitic 0-8 
mm sand supplied by Norsk Stein Årdal. 
2.2  Fresh and hardened mortar measurements 
In the fresh mortar, the following measurements were made for each series: slump (40/80/120 
slump cone on plexiglass plate) after 5 minutes, density after 8 minutes, pressure meter (1 L for 
mortars) after 9 minutes, and casting of 3 specimens 40 x 40 x 160 mm3. All the mixes for 
AEA5 were reproduced at least twice, whilst mixes with AEA4 were made once. 
In the hardened mortar, we measured the total air content from the demoulding density and 
using the PF-method, and air void parameters using image analysis (IMA) [6]. The samples 
were polished, inked, air voids filled with 2-4 µm BaSO4 powder, scanned, and analysed after 
90-120 days of storing in water.

3 RESULTS AND DISCUSSION 
3.1  Fresh mortar measurements 
Table 2 shows the 5 (five) different mortar mixes and their workability values. 
Figure 1 shows the effect of AEA-SP dosage sequence on the total air content in the fresh 
mortar, when the dosage of AEA [% of binder] is held constant, and the corresponding Foam 
Index (FI) values from [1] with the same binders and admixtures. For the mixing sequences 2-4, 
the workability was kept constant at 60±10mm for the 330 series and 100±10mm  for the 400 
series respectively. FI measurements in squares above the bars show either the number of drops 
of SP to stop foaming or the time in seconds of stable foam (with a requirement at 45 sec). 
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Table 2 – Properties of the fresh mortar. 
Mix Paste 

volume,  L [2] 
w/b Type of 

AEA* 
AEA, 

[% (c+FA)] 
SP, 

[% (c+FA)] 
Slump 
[mm] 

330 359 0.57 - 0 0 30 
330 319–326 0.60–0.63 AEA5 0.7 0-0.20 20-60
400 371 0,46 - 0 0 20
400 346–373 0.46 AEA5 0.7 0-0.45 30-100
400 325**–370 0.46 AEA4 0.7 0-0.45 25-105
* AEA4 – Olefin sulfonate, AEA 5 – based on synthetic tensides and tall oil derivatives.
** 325L for series 4 (see Table 1), while series 1–3 range from 353L to 370L.

Figure 1 – Comparison of pressure meter results with FI measurements, Jacobsen et al. [1] for 
different matrix volumes and AEAs. 
The results in Table 2 and Figure 1 show that both AEAs give big differences in air entrainment 
depending on the AEA-SP dosage sequence. The workability also affected air entrainment with 
some sort of reciprocal effect between air content and slump; most pronounced for AEA 5 when 
added first, see Figure1. The other series show negligible effect of workability. The highest 
amount of air voids is guaranteed by adding AEA and SP simultaneously (series 4), 
Eickschen E. and Müller C. [3] also mention this effect. When added together with SP, the pure 
synthetic surfactant AEA 4 shows a great contrast to the mixture of natural and synthetic 
components in AEA 5, but the difference is insignificant for other dosage sequences. 
The results from foam index measurements do not fully reflect the properties of the mortar 
mixes, because this indicative test does not predict the development of the air-void system from 
the fresh to the hardened state. Furthermore, the very high air content when AEA and SP are 
added together does not correspond to the “foam killing” observed in [1]. Figure 2 shows that air 
content increased for series 2 (AEA before SP) meeting the requirements for the air void system, 
but in the fresh state (Figure 1) this combination was less promising.  
3.2  Hardened mortar measurements 
Mortar samples 160 x 40 x 40 mm were cast and split in two for hardened air-void analysis 
(IMA). 
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Figure 2 – IMA. Total air content and specific surface for mixes in the 400 L series with the two 
AEAs (the numbers over the bars show values for workability on 40/80/120 slump cone. Yellow 
rhombuses – done by a different operator) 

Air void formation depends on several factors. Those that could possibly vary for mixtures with 
the two different AEAs are: the ratio of mixing time to activation time, and the susceptibility to 
coalescence and dissolution.  
Further studies of fresh mortar with AVA are being carried out to study the impact of dosage 
sequence on air-void characteristics, including the ageing effect and the dosage for an 
acceptable air content and the resulting air void system. 
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ABSTRACT 
Air content is an extremely important aspect of today’s concrete performance and durability 
characteristics. Lately in Finland, elevated air contents (>15%) have been observed from the 
samples drilled from structures. The high air contents have caused deficiencies in the 
compressive strength of concrete structures.  
One of the main factors affecting the stability of air content in concrete is the use of combination 
of Air-Entraining Agent (AEA) and Polycarboxylate Ether (PCE) –superplasticizers admixtures. 
This study is a part of research project, which investigate the stability of air-entrainment in 
concrete using different types of PCE-SP, AEA and concrete mix designs. The aim of the 
project is to achieve a stabile protective pore system for concrete. 

Key words: Air content, Superplasticizer, Air-entraining, Admixtures, Cement, Mix Design. 

1. INTRODUCTION

1.1. General. 
Air content is an extremely important aspect of today’s concrete mix design criteria and 
subsequent in-place concrete performance and durability characteristics. For example, the frost 
resistance of concrete is determined by the air-void system's ability to prevent the development 
of destructive pressures due to freezing and associated movement of moisture in the concrete 
pores. The specific requirements of the air-void system depend on the amount and movability of 
the water in the concrete pores. 
Lately, elevated air contents have observed especially in bridges. Air contents exceeding 15% 
have been observed from the samples drilled from structures. In addition, low concrete densities 
(app. 2000 kg/m3) have been measured from samples taken from close to the casting surface. 
One of the main factors affecting the stability of air content in concrete and thus is believed to 
be the use of combination of Air-Entraining Agent (AEA) and Polycarboxylate Ether (PCE) –
superplasticizers admixtures. A research project “Robust Air – Securing the stabile protective 
pore system of concrete” for investigating the stability of air content in concrete was started in 
the beginning of 2017 at Aalto University, Finland. The research is still undergoing and we 
expect that the result will set requirements of the concrete mixtures so that a stabile protective 
pore system can be achieved. 
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1.2. Stability of air-content in concrete with superplasticizer 
Lignosulphonates are generally regarded as ‘1st generation’ superplasticizers, while the 
sulfonated melamine and sulfonated naphthalene are called ‘2nd generation’, and the 
polycarboxylates and polyacrylates are termed as 3rd generation superplasticizers [1]. 

(a) (b) 
Figure 1– (a) The mechanism of sulfonated based superplasticizer and air-entraining agent [2] 
and (b) the adsorbance of PCE superplasticizers in cement paste [3]. 

Eickschen and Müller (2015) investigated the action mechanisms occurring during the 
production of air-entrained concrete with different superplasticizers. The results show that the 
combinations of synthetic air-entraining agent and a PCE-based plasticizer exhibited a greater 
range of fluctuation in air content than combinations with natural air-entraining agents and 
conventional plasticizers. 

Figure 2– Air void formation relative to the type and addition level of the SP when using CEM I 
cement: (A) air-entraining agent based on wood resin, and (B) synthetic tenside 1 [4]. 

2. LABORATORY TESTING AND RESULT REPORTING
The aim of the project is to clarify the factors affecting the stability of the air entrainment. Both
the effects of the concrete composition and admixture combination on the stability of the air
entrainment are studied. Concrete tests with different types of AEAs and PCE- superplasticizers
are carried out and the stability of entrained air is investigated. Admixture combinations from
seven different admixture producers are investigated. All the superplasticizers tested are
polycarboxylate ethers. Table 1 shows an example of the concrete mixtures.
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Table 1 - Concrete mixtures with different strength classes, cement types, maximum aggregate 
size and consistency classes. 

Concrete 
code 

Cement, 
(kg) 

Water, 
(kg) 

Aggregates, 
(kg) 

AEA/C,  
(%) 

SP/C, 
(%) 

45-PL-16-S3 425 140 1770 0.035 1.2 
45-PL-16-F5 425 160 1716 0.035 1.2 

45-PL-08-S3 440 155 1689 0.035 1.2 

45-PL-08-F5 440 175 1636 0.033 1.2 

37-PL-16-S3 400 140 1805 0.035 1.2 

37-PL-16-F5 400 155 1765 0.035 1.2 

45-SR-16-S3 425 140 1769 0.055 1.2 

45-SR-16-F5 425 155 1729 0.054 1.2 

45-BR-16-F5 425 155 1729 0.080 1.2 

Effects of the variables mentioned on Table 1 on the air content of concrete at different 
moments after mixing are analysed. The air content is measured immediately after mixing, 30 
min and 60 min after mixing. In addition, after 60 min superplasticizer is added to compensate 
the workability loss and air content is measured after 75 min after mixing. Also, the density 
variation of the concrete is monitored.  
Figure 3 shows the effects of concrete properties on the air content of concrete as a function of 
time. Only one admixture combination is used in the these tests. The air contents have been 
calculated from the fresh concrete density. 

Figure 3 - Effects of cement type, strength class and consistency class on the air content of 
concrete as a function of time. The air content is calculated from fresh concrete density. 

In most of the cases, the air content is significantly increasing after mixing either after 30 min or 
60 min after casting. The lowest increase was taking place with concrete with moderate 
workability (Consistency class: S3). The highest increase took place with concrete having the 
consistency class F5. Against the assumptions, the air content was not increasing when 
superplasticizer was added to compensate the workability loss. In most of the cases, the air 
content was decreasing after 60 min (SP added after 60 min measurement). The air content of 
concrete was measured using both the pressure method and calculated from fresh concrete 
density. The correlation is relatively good until app. 10% air content, but with higher air 
contents the difference increases. It is not perfectly clear with method is better to measure the 
high air contents. 
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3. CONCLUSIONS
This paper is presenting the effect of the combination of Air-Entraining Agent (AEA) and
Polycarboxylate Ether (PCE) –superplasticizers admixtures on the stability of the concrete air
content. Based on the literature review, the practical experiences, and the portion of laboratory
testing results in this paper, the phenomena of air content stability can be explained as follows:

1. If air entrainment “remains incomplete” during the mixing, air content will increase after
mixing

2. The risk for elevated air content increases as:
• Short mixing time, ineffective mixer
• High dosages of SP and AEA
• Synthetic AEA
• High fluidity of concrete (taking into account the fine aggregate content)
• Low cement and fine material contents

The research is still undergoing and the laboratory testing and result reporting will be completed 
during Spring 2017. 
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ABSTRACT 
In general compressive strength of concrete is considered as the main characteristic to determine 
its potential in civil engineering. However, in a concept of concrete durability in northern 
countries, frost resistance is set as a parallel target to comply. The main focus of this article is to 
give an overview of Estonian practice in concrete industry with frost resistant concrete and its 
quality in two production intervals – during 2010 and 2016. Based on the results an elevated 
criterion and a preliminary gradual classification system for degradation evaluation are proposed 
for frost resistance of concrete.  

Key words: Concrete, Freeze/Thaw, Evaluation, Production, Sustainability, Service Life 

1. INTRODUCTION
Frost resistance of concrete is considered as a common durability concern with unstable climate
conditions with a temperature alternating around 0oC. In Estonia approximately 12-15
freeze/thaw cycles (FTC) result in a year. For comparison neighbouring-countries such as
Finland and Latvia around 13 and 15 FTC are reported respectively. Although frost resistance of
concrete is examined widely and general recommendations for concrete design towards
freeze/thaw attack are compounded in EN 206, Annex F [1] e.g. minimum cement dosage or
maximum water cement ratio. According to previous studies cement dosages from 300 kg/m3

and above start to perform durable and stable result under FTC loads [2]. Water cement ratio
from 0.55 and below reported to accomplish frost resistance. Yet degradation problems are
noted to appear regularly. Based on variable research, one of the main influencer regulating frost
resistance is considered proper air entrainment around 6% [2, 3]. Furthermore, spacing factor
due to entrained air is reported to remain below 0.30 mm for frost resistance [4]. According to
BY 65 Betoninormit [5] spacing factor is set to in compliance with exposure class and service
life in a range of 0.22 and 0.30. Another aspect accomplishing frost resistance is the origin of
coarse aggregate that is generally igneous type, mainly granite in Scandinavia with low capillary
porosity (< 0.5%). However in Estonia limestone coarse aggregate as primal natural resource
with higher capillary porosity (>1.0%) has relatively poor outcome as a compound of frost
resistant concrete. Although limestone coarse aggregate is highly reduced in composition of
frost resistant concrete in last years in Estonia due to increasing know-how and durability
demands. This indicated to gather information of an overall quality status of frost resistant
concrete in Estonia compared to half decade ago production. If there is a notable quality leap in
concrete durability with frost resistance, an elevated criterion for frost resistance is an adequate
and subsequent step. Contemporary evaluation approach according to EVS 814 is exposure class
system related to scaling mass loss criteria from 0.20 kg/m2 to 1.0 kg/m2. Similar system
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constructed by BY65 with frost resistance criterion from 0.20 to 0.50 kg/m2. Degradation 
system from very good to acceptable or as mass loss from 0.10 kg/m2 to 1.00 kg/m2 by Swedish 
SS 13 72 44 evaluation criteria.  

2 EXPERIMENTAL SET UP 
Ten concrete plants with their production were selected to analyze Estonian concrete quality 
subjected to frost resistance. 50% of the manufactures were micro producers in Estonian scale 
with < 10 000 m3 year production and second half with > 150 000 m3 year production. For a 
comparable purpose of presumable development of production technology in concrete industry 
in time, two production periods were taken into survey – 2010 and 2016. Three concrete classes 
in compliances with EVS-EN 206, Annex F [1] freeze/thaw attack exposure class 
recommendations were chosen - C30/37, C35/45 and C40/50. According to freeze/thaw attack 
exposure classes, both environmental factors were taken into investigation as de-icing agent – 
distilled water and 3% NaCl solution. 

2.1 Specimen preparation 
All specimens were prepared from constant production concrete and moulded in cubical moulds 
(150 x 150 x 150) mm according to EVS-EN 480-1 [6] procedure recommendations. Specimens 
were kept at relative humidity (95 ± 5) % and temperature (20oC). Demoulding was performed 
after 24h and hardening was carried out at previous conditions before freeze/thaw testing. 

2.2 Freeze/thaw test 
Frost resistance of concrete was performed according to Estonian national standard EVS 
814:2003 [7] that is mainly based on Swedish standard SS 13 72 44 [8] often referred as Borås 
method. Freeze/thaw cycles were accomplished by climate chamber Weiss Umwelttechnik 
GmbH WK3-340/40 and presented as a cumulative scaled material in kg/m2. 

3 RESULTS 
Presumption of the study was set on potential development with frost resistance of concrete due 
to increasing know-how in concrete industry and material technology overall. Outcome of test 
results are presented in Figs. 1-3. As seen in Fig. 1 concrete class C30/37 comparable results 
exhibit an average scaling decrease with both de-icing agents. Average scaling (AS) in 2010 
(marked with solid line) reached up to 1.5 kg/m2 with distilled water after 56 FTC but must be 
noted that coarse aggregate was high porosity (>1.5%) limestone. However in 2016 limestone 
coarse aggregate was avoided and AS (marked with dotted line) after 56 FTC was significantly 
lower up to 0.10 kg/m2. Similarly with 3% NaCl de-icing agent, comparable results indicated 
notable scaling decrease in 2016 nearly to 0.10 kg/m2. Concrete C35/45 showed analogous trend 
as submitted in Fig. 2. With distilled water approximate result was accomplished. While in 
saline water AS decreased from 0.3 kg/m2 to 0.1 kg/m2 in selected years. As presented in Fig. 3 
concrete class C40/50 gave very good results in distilled water with AS below 0.05 kg/m2, 
though AS in saline water was just slightly over 0.20 kg/m2 in 2016.  
Considerable improvement in concrete durability during time can be brought forward comparing 
two constant concrete productions in Estonia selectively in 2010 and 2016. In Fig. 4 a 
preliminary approach of an elevated criterion and gradual degradation principle is presented.  
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Figure 1 – C30/37 mass loss after FTC. Left: distilled water. Right: 3% NaCl. 

Figure 2 – C35/45 mass loss after FTC. Left: distilled water. Right: 3% NaCl. 

Figure 3 – C40/50 mass loss after FTC. Left: distilled water. Right: 3% NaCl 
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Figure 4 – Preliminary new approach of elevated criterion of frost resistance of concrete and 
gradual degradation principle. 

4 CONCLUSIONS 
According to constant concrete production in Estonia, a notable quality leap towards frost 
resistance of concrete can be brought forward during 2010 and 2016. This induces to maturity to 
elevate the criteria for evaluation frost resistance of concrete and renounce common exposure 
class relation to mass loss. In other words frost resistant concrete as a durable material should 
not have gradual evaluation principle as in EVS 814, BY65 but a fixed set target. Based on the 
results, a proposed set target for frost resistant concrete is 0.20 kg/m2 after 56 FTC for all 
exposure classes. Proposed set target exceeded mass loss should not be considered as frost 
resistant concrete, thereupon characterized with gradual degradation class is acceptable. 
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ABSTRACT 
The project will address the mechanism(s) of deterioration in frost salt scaling (FSS) including 
the potentially protective effect of entrained air voids and the performance of low-clinker 
blends. Frost deterioration of concrete is an important durability issue for concrete structures 
exposed to high humidity, frost and deicers (exposure classes XF1-4 in EN206). Today when 
the variety of binder compositions is rapidly increasing it is more important than ever to 
understand the mechanism behind the deterioration to define a reliable test method to obtain 
frost durable structures. 

Key words: Frost Action, Concrete, Supplementary Cementitious Materials, Durability, 
Modelling, Cement. 

1. INTRODUCTION
The combination of high degree of saturation and low temperatures can result in both surface
scaling and internal cracking. Frost damage can lead to loss of concrete cover and thus reduced
protection of the reinforcement and possible loss of bearing capacity. Frost damage in form of
cracking facilitates ingress of aggressive substances and thus also other deterioration
mechanisms. The degree of deterioration depends on the surrounding environment (such as
temperature, precipitation, deicers, relative humidity) and the materials properties (such as
permeability, pore size distribution, air void structure, and mechanical properties).
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2. BACKGROUND
Long-term experience shows that concrete structures with high amounts of Portland clinker and
various air entraining admixtures (AEA) can be durable. Field exposure investigations confirm
that the existing test methods can usually predict the performance of Portland cement concrete
[1]. However, with the increasing substitution of Portland clinker, problems with production
(e.g. air entrainment, curing) and ageing (e.g. carbonation) of hardened concrete can lead to
reduced protection. There are indications that low clinker concretes are less robust than PC
concrete regarding placing and curing [2]. To solve these challenges improved understanding of
basic mechanisms is needed.

Valenza and Scherer presented the Glue Spall theory explaining the mechanisms behind FSS 
[3]. The main features of this theory are that weak salt solutions on the concrete surface gives a 
weak ice layer during freezing depending on salt concentration. The ice has a larger thermal 
expansion coefficient than the concrete. Weak salt solutions will create a crack in the ice that 
will propagate into the concrete surface, causing the surface to be spalled off. The concrete can 
be protected by a proper air void system since this allows pore liquid to be sucked into and 
freeze in the air voids creating an additional contraction of the concrete surface as explained by 
Powers and Helmuth [4] and later described in a quantitative theory by Coussy [5]. This offsets 
the strain mismatch between the surface ice and concrete, hence reducing damage. Glue Spall 
theory tells us also that the higher the tensile strength of the concrete surface, the longer it can 
sustain the strain mismatch, and the lower the temperature the more cracking. If the concrete is 
not properly air entrained the thermal mismatch will cause spalling earlier, particularly in 
combination with internal frost damage [6]. The Glue Spall theory is the only model 
quantitatively explaining the pessimum effect of salt concentration and the impact of thickness 
of water layer on the surface. However, cycles, which could induce progressive air voids 
saturation and subsequent increased damage, are not considered. It indicates that positive effects 
of pozzolana are rather due to improvement of surface strength properties than improvement of 
transport properties and this has puzzled several researchers. 

Fagerlund presented the theory of critical degree of saturation [7]. If a concrete has water 
content giving an actual degree of saturation higher than the critical degree of saturation and is 
exposed to freezing temperatures it will be severely damaged. Entraining air voids normally 
gives a reduced actual degree of saturation since the voids mainly stay dry. The critical degree 
of saturation is a material parameter individual for each concrete. Therefore, to make a 
prediction of the future service life possible one has to be able to predict the long term 
absorption into the air void system. Fagerlund presented a model of this long-term absorption 
based on dissolution and diffusion of entrapped air which will be replaced by water [8]. The 
model applies when the concrete is submerged. The main conclusion from Fagerlund’s approach 
is that we have to consider air voids’ size distribution, the smallest bubbles being rapidly 
saturated as air dissolution is fast. However, large air voids are almost never saturated. We 
should have in mind that the spacing factor is defined considering all the entrained air voids but 
progressive saturation starting with the smallest one, has the same consequence as increasing the 
spacing factor. Then even if we don’t reach the critical spacing factor proposed by Fagerlund, as 
the spacing factor should exceed a certain limit, then the classical hydraulic pressure could build 
up again and generate expansion and damage even if the critical spacing factor proposed by 
Fagerlund is not reached. Fagerlund [9] has also proposed that pessimum salt concentrations can 
be due to a combination of osmotic pressure (increasing with salt concentration) and hydraulic 
pressure (reducing with salt concentration).  
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Lindmark [10] applied the theory of frost heave [11], on the surface of concrete – and could 
account for the same type of deterioration as Powers and Helmuth [4], [12]. This was called the 
theory of micro ice lens growth and when the critical degree of saturation was transgressed, the 
surface spalled off. If the concrete has an air void system with good spacing the ice in the air 
voids attracts the water and the resulting suction in the water offsets the tensile stresses created 
by ice lenses in the mesopores of the cement paste. Again this theory could be used to consider 
progressive air void saturation during cycles, taking into account permeability and other 
material properties. It is also interesting to notice that several researchers have established 
experimental correlation between FSS and surface sorption [13] which appears as another 
evidence of the impact of surface permeability, pore size distribution and their connectivity 
towards critical degree of saturation.  

It is essential to recognize that more than one mechanism can contribute to surface damage and 
they can be more or less dominant under certain climatic conditions for materials with different 
properties. Another question lies in the mechanism at the origin of the potential beneficial effect 
of entrained air voids since Liu [13] found opposite results of Sun and Scherer [14].  

To be able to obtain frost durable structures with a wider variety of binder compositions, we 
need a basic understanding of the FSS mechanism of concrete and an understanding why low 
clinker systems under some circumstances are more susceptible to FSS than PC. This 
information can be used to create improved experimental protocols to access sensitivity of low 
clinker systems to FSS. 

3. SCOPE AND ACTIVITIES
The four main objectives of this research is first to model the key mechanisms involved in FSS
covering the Glue Spall theory, water uptake by cryosuction, critical degree of saturation and
repetitive cycles. The second objective is to define which material properties are decisive for
resistance to FSS. The third objective is to determine the requirements for a protective air void
structure, and the last objective is to establish an understanding of the impact of hydration and
aging on FSS.

The main part of this project will be to extend the poroelastic model of cryosuction developed 
by Fen-Chong et al. [15] based on work by Coussy [5] to include influence of salt solutions and 
progressive air voids saturation during cycles as well as thermal contraction and surface 
properties related to the Glue Spall theory. A review of existing theories and parametric studies 
will be performed to identify the key parameters for frost scaling in the progressive saturation 
and Glue Spall theories.  
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