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Abstract 

Frost Resistance of Concrete – Experience from Long-Term 

Field Exposure 

This report presents the results from a research project financed by Trafikverket, the 

Swedish Transport Administration, co-financed by Cementa AB.  

The purpose of this project is to investigate concrete specimens exposed to a de-icing salt 

highway environment at Highway 40 close to Borås after about 20 years. The project 

work was divided into two parts: Part One for frost resistance of concrete and Part Two 

for chloride ingress and reinforcement corrosion.  

In Part One, more than 100 types of concrete mixes with different binder 

types/combinations, water-binder ratios (w/b) and air contents exposed at three field 

test sites were examined for external and internal frost damage by measurements of the 

changes in volume of, and in ultrasonic transmission time through, the specimens. 

Furthermore, some laboratory tests were carried out to supply necessary data for 

modelling and identify the possible mechanisms causing frost damage. 

The results show clearly that the highway environment is the most aggressive with regard 

to external frost damage. Further, the results from this study show that the existence of 

entrained air and the water-binder ratio are the main parameters influencing the 

resistance of concrete to external salt-frost damage. Furthermore, the concrete mixes 

with CEM I, CEM I + 5 % silica, CEM II/A-LL, CEM II/A-S and CEM I + 30 % slag as 

binder with entrained air and a water/binder ratio of 0.4 or below, has good resistance 

to internal and external frost damage. Results show that concrete containing large 

amounts of slag as part of the binder (CEM III/B) have the severest scaling, irrespective 

of its content of entrained air. 

Comparing results from laboratory testing of salt-frost resistance in accordance with SS 

13 72 44 (the ‘Slab test’ in CEN/TS 12390-9) with results after nineteen years’ exposure 

at the highway exposure site shows that the laboratory standard classifies most concrete 

qualities correctly. However, there is an indication that the laboratory test method may 

overestimate the scaling resistance of concrete containing a medium to high content of 

slag as part of the binder. This indicates a need to consider a revision of the slab test 

procedure so that aging processes is better taken into consideration. A somewhat longer 

preconditioning time with at least partially an increased carbon dioxide content would for 

example lead to that the effect of carbonation is better reflected. 
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Preface 
The report is the first part of the research project “Field testing of concrete exposed to 
highway environment with de-icing salts for 20 years – Frost damage and chloride 
ingress after 20 years of exposure”. In part one (this report) results from investigations 
regarding the frost and salt-frost resistance is presented. In part two (separate report) 
results from investigations regarding chloride ingress and reinforcement corrosion is 
presented. The project is part of the Swedish Transport Administrations BBT-research 
program. The authors wish to acknowledge the financial support provided by the 
Swedish Transport Administration (Trafikverket) and the Cement producer Cementa 
AB.  
 

The project was coordinated by Chalmers University of Technology (Chalmers) and was 

carried out in co-operation with RISE Research Institutes of Sweden (RISE), Lund 

University (LTH) and Gothenburg University (GU). For the work presented in this report 

the main part of the measurements on the specimens from the field exposure sites were 

carried out by RISE. Some laboratory tests as well as the modelling of the chloride ingress 

were carried out at Chalmers. LTH is the main responsible for modelling of frost 

resistance. GU mainly contributed to the modelling of chloride binding in concrete 

reported in part two.  
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Sammanfattning 
Frostskador och kloridinducerad korrosion av armeringsjärn är de två största 

utmaningarna vid livslängdsdimensionering av betongkonstruktioner. Dessa 

skademekanismer är vanligt förekommande vid miljöer där tösalter används, till 

exempel i vägmiljö.  

Svensk forskning inom områdena frostskador och kloridinducerad korrosion av 

armeringsjärn ligger i den internationella fronten. Det finns dock fortfarande luckor 

mellan forskningsresultaten och den praktiska tillämpningen vid livslängds-

dimensionering. 

Sedan 1996 exponeras ett stort antal provkroppar av olika betongkvaliteter tillverkade 

med olika bindemedel och bindemedelskombinationer vid tre olika fältprovplatser, alla 

i sydvästra Sverige: motorvägen Rv 40 strax väster om Borås, marina fältstationen 

Träslövsläge söder om Varberg och på SPs (numera RISE) fältstation i Borås. 

Provkropparna har genom åren undersökt vid ett flertal tillfällen och i olika omfattning. 

Efter 19 års exponering (2016-2017) beslutades om en omfattande undersökning för att 

få information om betongens långsiktiga beständighetsegenskaper. Projektet 

finansierades av Trafikverket (inom forskningsprogrammet BBT), den svenska 

cementtillverkaren Cementa AB samt av forskningsutövarnas egna insatser. 

Projektet samordnades av Chalmers Tekniska Högskola i samarbete med RISE CBI 

Betonginstitutet, Lunds Tekniska Högskola (LTH) och Göteborgs universitet (GU). 

Projektarbetet delades upp i två delar: Del 1, frostbeständighet hos betong (rapporteras 

i denna rapport) och Del 2, kloridinträngning och armeringskorrosion (separat rapport). 

Huvudarbetet för hantering och mätningar av provkropparna från fältprovplatserna 

utfördes av RISE CBI. Vissa labbprovningar och modellering för kloridinträngning i 

betong utfördes vid Chalmers. LTH var huvudsakligen delaktig i modellering av 

frostbeständighet hos betong och GU var huvudsakligen delaktig i modelleringen av 

kloridbindning i betong. 

I detta delprojekt har frostbeständigheten för mer än 100 olika typer av 

betongsammansättningar med olika bindemedel, vattenbindningstal och luftinnehåll 

undersökts. De yttre och inre frostskadorna har utvärderats genom att mäta 

volymförändringen och förändringen i transmissionstiden för ultraljud genom proven. 

Vidare har det för en del betongsammansättningar gjorts djupare analyser för att 

karakterisera betongens yttersta skikt. För att studera åldringseffekten vid det yttersta 

skiktet har det utförts mikroskopi-, röntgendiffraktions-, termogravimetriska- och 

adsorptionsanalyser (BET). 

Resultaten från denna undersökning visar att den tö-saltade motorvägsmiljön är den 

mest aggressiva miljön med avseende på salt-frostbeständighet. Resultaten visar också 

på den stora betydelse tillsatt luft och lågt vatten-bindemedelstal har på salt-

frostbeständigheten. Efter 19 års exponering i fält uppvisar betongsammansättningar 

med CEM I, CEM I + 5 % silica, CEM II/A-LL, CEM II/A-S och CEM I + 30 % slagg som 

del av bindemedlet med tillsatt luft och med vattenbindemedelstal på 0,4 eller lägre ha 

såväl god salt-frostbeständighet som inre frostbeständighet. Resultaten visar också att 

betongsammansättningar med stora mängder slagg som del av bindemedlet (CEM III/B) 
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uppvisar de största yttre skadorna. Detta gäller oberoende av om betongen innehåller 

tillsatt luft eller ej.  

Resultat från fältprovplatsen i tö-saltad motorvägsmiljö efter 19 års exponering visar att 

salt-frostprovning enligt SS 13 72 44 ”Borås metoden” klassar de flesta betong-

sammansättningar korrekt. Det finns emellertid indikationer på att provningsmetoden 

övervärderar salt-frostbeständigheten för betong med medium till höga halter slagg som 

del av bindemedlet något. En något längre konditioneringstid och med en period med 

förhöjd koldioxidhalt skulle till exempel leda till att effekten av karbonatisering togs i 

beaktande på ett bättre sätt än idag.       
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1 Introduction 
Chloride-induced corrosion of reinforcing steel and frost damage are the two biggest 

challenges in service life design of concrete structures exposed to de-icing salt road 

environments. To be able to design concrete structures in an economical, sustainable and 

safe manner, as well as evaluate residual service life of existing structures, models for 

chloride transport in concrete are needed. The models are used to assess when any 

reinforcement corrosion, frost scaling or internal frost damage are expected to start. For 

these models to become robust and credible, they must be based on the 

physical/chemical degradation processes and verified with results from research on 

concrete structures exposed in fields, especially after long-term exposure. 

Swedish research in the areas of chlorine-induced corrosion of reinforcement steel and 

frost resistance has been in the international front since the 1980’s. Some 

internationally-known research findings include Tutti’s conceptual model for service life 

[1], The Borås method for frost scaling [2] and for internal frost damage [3], The rapid 

chloride migration (RCM) method [4][5], the ClinConc model for chloride ingress [5][6], 

Fagerlund’s frost model [7][8] and Petersson’s frost model [9], etc. During the last 

decade, Utgenannt [10] evaluated the aging effect on the resistance of concrete to frost 

scaling. Fridh [11] conducted experimental investigations of degradation mechanisms for 

internal frost damage. Tang and Utgenannt [12] investigated chloride penetration into 

concrete with different binders after 10 years of exposure in the road environment by the 

R40 field exposure site. Li [13] conducted an experimental study of frost-induced 

chloride penetration into concrete. In the past years, Tang et al. [14] evaluated different 

models for concrete resistance to chloride ingress and tried to validate these models 

against field data. Boubitsas et al. [15] through a SBUF project evaluated chloride ingress 

into concrete with different binders after over 20 years exposure in the marine 

environment in the Träslövsläge field exposure site.  

Although there are ongoing research activities in the areas, there are still gaps between 

the research results and the practical application of service life design in the production 

of new concrete structures within the traffic system. 

To acquire experience with respect to the frost resistance of concrete from representative 

outdoor environments an investigation was started in Sweden in the mid-nineties. Three 

field exposure sites were established in the south-west of the country: one in a highway 

environment, one in a marine environment, and one in an inland out-door environment 

without salt exposure.  

More than 100 types of concrete mixes with different binder types and combinations, 

water-binder ratios (w/b) and air contents have been exposed for more than nineteen 

years at this test sites. The external and internal frost damages have been periodically 

evaluated mainly by measurements of the volume change of, and the change in ultrasonic 

transmission time through, the specimen. For all concrete mixes and for each exposure 

environment duplicate specimens have been measured. The results after ten years of 

exposure at the three field test sites are presented in [16] and after fourteen years at the 

highway test site in [17].  

Parallel to the exposures for frost resistance, many specimens were also exposed to the 

field exposure site by the highway 40 for the resistances of concrete to chloride ingress 
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and reinforcement corrosion. In 2016-2017 the specimens were exposed for 19-20 years. 

To investigate these specimens and obtain the “first-hand” information about the long-

term behaviour of concrete with respect to frost resistance, chloride ingress and 

reinforcement corrosion under the de-icing highway environment, the Swedish 

Transport Administration financed this project. Swedish cement manufacturer Cementa 

AB also partially financed this project. The project was coordinated by Chalmers 

University of Technology and co-worked by RISE Research Institutes of Sweden 

(department RISE CBI - Swedish Cement and Concrete Research Institute), Lund 

Institute of Technology (LTH) and University of Gothenburg (GU). The project work was 

divided into two parts: Part One for frost resistance of concrete, and Part Two for chloride 

ingress and reinforcement corrosion. The main work for the measurements of specimens 

from the exposure sites was carried out by RISE CBI. Some laboratory tests and 

modelling for chloride ingress in concrete were carried out by Chalmers. LTH was mainly 

involved in the modelling for frost resistance of concrete and GU was mainly involved in 

the modelling for chloride binding behaviour in concrete. 

This report presents the results from Part One, dealing with frost resistance. The results 

from Part Two, dealing with chloride ingress and reinforcement corrosion are presented 

in a separate report.  
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2 Exposure Conditions and Concrete 

Specimens 

2.1 Field sites 

2.1.1 The highway field site Rv 40 

The highway field exposure site is located alongside highway 40, 60 km east of 

Gothenburg (south west part of Sweden). The specimens are mounted in steel frames at 

road level, and a guard rail separates the exposure site from the traffic (see Figure 2.1). 

The specimens are placed in such a way that they are fully exposed to splash water from 

the traffic. The air temperature during the winter season fluctuates widely, at the 

beginning and at the end of the winter season these fluctuations are between +15 °C to 

about -5 °C. At mid-winter the fluctuations are from 0 °C to about -10 °C, with occasional 

peaks down to -20 °C. In this region a de-icing agent is normally used between October 

and April, in average about 1.7 kg/m2 a year. The de-icing agent used is sodium chloride. 

The climate at the field site is estimated to correspond to exposure class XD3 / XF4 in 

EN 206-1. A more detailed description of the field site can be found in [10]. 

 

 

Figure 2.1. Field exposure site in the de-icing salt highway environment (by Highway 40). 

 

2.1.2 The marine field site Träslövsläge 
The marine exposure site is located on the west coast of Sweden, about 80 km south of 

Gothenburg. The specimens are placed on top of pontoons floating in the sea, as can be 

seen in Figure 2.2. The specimens are exposed to wave splash from the seawater. The 

chloride concentration in the seawater varies from 10 to 18 g Cl per litre, with an average 

value of about 14 g Cl per litre. The air climatic conditions are somewhat comparable 
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with those of the highway field site, having 1-2 °C higher monthly average. However, data 

collected by the Swedish Meteorological and Hydrological Institute (see Appendix 1), 

reveals that the minimum recorded temperatures during winter time are systematically 

lower at the highway site. A more detailed description of the field site can be found in 

[15]. 

 

Figure 2.2. Field exposure site in the marine environment (the Träslövsläge harbour). 

2.1.3 The field site at SP 
The SP field site is located very close to the highway field exposure site, and there for the 

same climatic condition can be assumed. However, in the SP field site the specimens are 

not exposed to de-icing agent. The specimens are placed on pallets as shown in Figure 

2.3. 

 

Figure 2.3. Field exposure site without salt exposure (SP-field site). 
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2.2 Concrete specimens 

The binder types/combinations studied in this investigation are shown in Table 2.1 and 
the chemical compositions of the binders and mineral additions are shown in Tables 2.2 
and 2.3, respectively. For a more complete presentation of the used materials, see [18]. 

 
Table 2.1 Binder types/combinations investigated 

Binder type/combination Comments 

1 CEM I 42.5N MH/SR/LA Swedish low alkali, sulfate-resistant cement (Anl) 
2 CEM I + 5 % silica by binder weight Swedish low alkali cement and silica fume in the 

form of slurry 
3 CEM I 52.5N Swedish Standard Portland cement (Slite) 
4 CEM II/A-LL Swedish cement with 10-15% limestone filler 
5 CEM II/A-S Finnish cement with 15-18% slag 
6 CEM I + 30 % slag by binder weight Swedish low alkali cement and ground blast 

furnace slag added in the mixer 
7 CEM III/B Dutch slag cement, ~70 % slag 
8 FRHPC Finnish rapid hardening cement  
9 FSRPC Finnish sulfate-resistant cement  

 
Table 2.2 Chemical compositions of the binders  

(%) CEM I SR CEM I R CEM II/A-LL CEM II/A-
S 

CEM 
III/B 

FRHPC FSRPC 

CaO 65.1 63.0 62.0 60.2 42.1 60.9 63.6 

SiO2 22.6 20.9 18.9 20.1 30.3 20.1 20.3 

Al2O3 3.40 4.02 3.36 4.8 13.6 4.9 2.8 

Fe2O3 4.30 2.33 2.49 2.4 1.18 2.4 3.9 

MgO 0.75 3.12 2.31 3.4 8.45 3.1 1.7 

K2O 0.58 1.23 1.14 0.84 0.66 0.9 0.6 

Na2O 0.07 0.22 0.17 0.76 0.31 0.9 0.7 

Na2O - equ 0.45 1.03 0.92 1.31 0.74 1.49 1.10 

SO3 2.13 3.50 3.59 3.0 5,2 3.5 3.4 

Cl- 0.01 0.01  <0.01 0.02 <0.01 <0.01 

Loss on 
ignition 

0.52 2.3 6.08 3.8 0.5 2.9 2.2 

 
Table 2.3 Chemical composition of mineral additions. 

(%) Silica slurry Slag 

CaO 0.02 35.5 
SiO2 93.3 36.0 
Al2O3  10.3 
Fe2O3  0.07 
MgO 0.42 14.9 
K2O 0,84 0.60 
Na2O 0.18 0.50 
Na2O - equ 0.73 0.89 
SO3 0,4 3.7 
Cl- 0.063 <0.01 
Loss on ignition 1.9 1.0 
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For all binder type/combinations, several concrete qualities were produced. Five 
different w/b-ratios (0.30, 0.35, 0.40, 0.50, 0.75) were used and mixes with and without 
entrained air were produced. Besides the concrete qualities without entrained air 
(natural air), two different air contents were targeted, these were 3% and 4.5%. 

For all mixes 0-8 mm natural sand and 8–16 mm crushed aggregate was used. A 
naphthalene-based plasticizer (Melcrete) was used for mixes with w/b-ratio of 0.40 or 
lower. The air-entraining agent used, L16, is a tall oil derivative. An overview of the casted 
concrete qualities together with their mix numbers are presented in Table 2.4. More 
detailed data about the composition and laboratory test results that were carried out on 
each concrete mix in order to determine the concrete characteristics are given in 
appendix 1. Table 2.5 shows the laboratory tests that were carried out for fresh and 
hardened concrete. 

Table 2.4 Overview of the casted concrete qualities and their mix numbers. 

Binder Air content W/B and Mix number 

  0.30 0.35 0.40 0.50 0.75 

CEM I SR 
4.5% 1 2 3 (129) 4 (133) 5 
3% 6 7 8 9 10 
NA1 11 (130) 12 13 (131) 14 15 

CEM I R 
4.5% 16 17 18 19 20 
3% 21 22 23 24 25 
NA1 26 27 28 29 30 

CEM I SR+5%SF 
4.5% 31 32 33 34 35 
3% 36 37 38 39 40 
NA1 41 42 43 44 45 

CEM II/A-LL 
4.5% 46 47 48 49 50 
3% 51 52 53 54 55 
NA1 56 57 58 59 60 

CEM II/A-S 
4.5% 76 77 78 79 80 
3% 81 82 83 84 85 
NA1 86 87 88 89 90 

CEM I SR + 30% 
slag (SL) 

4.5% 91 92 93 94 95 
3% 96 97 98 99 100 
NA1 101 102 103 104 105 

CEM III/B 
4.5% 106 107 108 109 110 
3% 111 (132) 112 113 114 115 
NA1 116 117 118 119 120 

FRHPC 
4.5% - - 121 122 - 
NA1 123 - 124 - - 

FSRPC 4.5% - - 125 126 - 
 NA1 127 - 128 - - 

1Concrete without entrained air. 
 

Table 2.5 The laboratory tests carried out during the production of specimens. 

Fresh concrete Hardened concrete 

1. Air content  
2. Density  
3. Slump  
4. Remoulding test 

1. Compressive strength according to SS 13 72 10 [19] 
2. Salt/frost resistance according to SS 13 72 44 [20] 
3. Microscopical determination of the air void system 

according to NT BUILD 381 [21] 
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All concrete batches were produced in the autumn of 1996, and a number of 150 mm 
cubes were cast from each batch. The cubes were demolded 24 hours after casting and 
stored in lime-saturated water for six days. They were then stored in a climate chamber 

(50% RH at 20 C) for a period of between one and a half and three months. Between 
eight and twelve days before the specimens were placed at the field exposure sites, the 
cubes were cut along the casting direction into two specimens with the shape of a half 
150 mm cube with one cut surface and the rest mould surfaces. After cutting, the 

specimens were stored in a climate chamber (50% RH at 20 C) until placed at the 
exposure site. During this second conditioning period, the volume of and the 
transmission time through each specimen were measured. Two specimens of each 
mixture were then placed at the exposure sites. 
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3 Measurements 

3.1 External and internal frost damage 

To be able to detect both external and internal frost damage, the change in volume and 

ultrasonic pulse transmission time were measured regularly. The first measurement was 

carried out before placing the specimens at the test sites. The volumes of the specimens 

are calculated from results obtained from measuring the weight of the specimens first in 

water and then in air. The ultrasonic pulse transmission time through the specimen (150 

mm) is calculated as the mean of three measurement positions, on each specimen. In 

conjunction with the above measurements also visual examinations (Figure 3.1) were 

performed with the following classification of degree of degradation: 

0 Unaffected. 

1 Slightly porous edges and very small pieces may be loose, the edges and corners 

are still relatively sharp. 

2 Lacks one or more corners, air pores are slightly prominent, the edges are not 

sharp. 

3 Aggregate grains begin to appear, edges and corners are slightly rounded. 

4 The entire specimen starting to get a rounded upper surface, no corners or 

edges are left. 

5 The specimen is broken, large pieces have been loosened. 

 
Figure 3.1. Photographic image of the classification of degree of degradation. 

3.2 Characterization of the concrete outer layer 

To characterize how the concrete outer layer has been affected during the exposure time, 

the chemical composition (XRD) and micro structure (microscopy) was studied on 

selected specimens. Further, thermogravimetric analysis and porosity characterization 

(BET) has been performed on the same selected specimens to try to clarify the role of 

carbonation on external frost damage. Carbonation has previous been pointed out to play 

a major role for the resistance to external frost damage [10]. 
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4 Results 

4.1 Resistance to external frost damage 

Figure 4.1 shows a comparison between the classification of the visual degree of 

degradation (see Figure 3.1) and the volume reduction after 19 years of exposure at the 

highway site for some of the concrete qualities. 

 
Figure 4.1. Comparison between visual classification and the volume reduction after 19 years. 

4.1.1 Effect of exposure condition, w/b and binder type 
Figures 4.2 to 4.4 show the results of the volume changes for the concrete mixes with 

entrained air (~4.5%), after 19 winter seasons of exposure at the three exposure sites. 

 
Figure 4.2. Volume change for concrete mixes exposed 19 winter seasons at the highway site. 
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Figure 4.3. Volume change for concrete mixes exposed 19 winter seasons at the marine site. 

 

 
Figure 4.4. Volume change for concrete mixes exposed 19 winter seasons at the SP site. 

The results and discussion hereafter will mainly be limited to the specimens exposed in 

the highway field site as the results clearly indicate that the highway environment is the 

most aggressive with respect to salt-frost damage (see Figures 4.2 to 4.4). 

4.1.2 Effect of air content 
Figure 4.5 shows the volume change for the concrete mixes with entrained air ~3%, and 

Figure 4.6 shows the volume change for the concrete mixes with no entrained air, after 

19 winter seasons exposure at the highway field site. 
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Figure 4.5. Volume change for concrete mixes exposed 19 winter seasons at the highway site. 

 

 
Figure 4.6. Volume change for concrete mixes exposed 19 winter seasons at the highway site. 
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4.1.3 Effect of exposure time 
The development of the volume change with time for concrete mixes exposed 19 winter 

seasons at the highway field site, and with CEM I SR, CEM I SR + 30% SL (slag), CEM 

II/A-S and CEM III/B are shown in Figure 4.7. The development of the volume change 

with time for all concrete mixes at all three field sites can be found in appendix 2. 

  

  

Figure 4.7. The development of the volume change for selective concrete mixes exposed 19 years 

(winter seasons) at the highway field site. 

4.1.4 Scaling in laboratory vs field site 
Figure 4.8 shows scaling results from laboratory test (SS 13 72 44) [20] after 56 

freeze/thaw cycles as a function of the decrease in volume for specimens exposed in 

highway environment for nineteen years. 
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Figure 4.8. Scaling results from laboratory test (SS 13 72 44) [20] as a function of the decrease in 

volume for specimens exposed in highway environment for nineteen years. 

4.2 Resistance to internal frost damage 

The change (%) of the ultrasonic pulse transmission time after 19 years of exposure, 

compared to the initial values before field exposure, at the highway field site is shown in 

Table 4.1 (with entrained air ~4.5%) and Table 4.2 (without entrained air). The results 

for the concrete mixes with w/b 0.75 are omitted because in most cases due to severe 

surface damage accurate ultrasonic pulse measurement could not be performed.  

The change (%) of the ultrasonic pulse transmission time after 19 years of exposure for 

all concrete mixes at all three field sites can be found in appendix 2. 

Table 4.1 Change in transmission time (%) in air entrained concrete after 19 years 
exposed at the highway field site. 

Entrained air (~4.5%) Water/binder ratio 

Concrete mix 0.30 0.35 0.40 0.50 

CEM I SR -2 0 -2 -2 

CEM I R  -2 -2 -1 

CEM I SR + 5 % SF 1 0 1 0 

CEM II/A-LL -4 -5 -2 -2 

CEM II/A-S -2 -1 -2 1 

CEM I SR + 30 % slag -2 -2 0 -4 

CEM III/B -4 -1 0 - 1) 

Fin. RH   0 -1 

Fin. SR   0 -2 
1) No detection could be made because of to severe surface damage 
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Table 4.2 Change in transmission time (%) in non-AEA concrete after 19 years exposed 
at the highway field site. 

Without entrained air Water/binder ratio 

Concrete mix 0.30 0.35 0.40 0.50 

CEM I SR -3 -2 -2 -2 

CEM I R -3 -3 -3  

CEM I SR + 5 % SF 1 -1 5 15  

CEM II/A-LL -2 -3 -1 2 

CEM II/A-S -4 -3 -3 0 

CEM I SR + 30 % slag -3 0 1 -5 

CEM III/B -1 -2 2 - 1) 

Fin. RH -4  0  

Fin. SR -3  -2  
1) No detection could be made because of to severe surface damage 

4.3 Characterization of the concrete outer layer 

With respect to the results from the frost resistance tests, some selected specimens from 

the highway field site, were further analyzed for characterization of the concrete outer 

layer. The selected specimens together with some characteristics are shown in Table 4.3. 

Table 4.3 Selected specimens for characterization of the concrete outer layer. 

Binder w/b 
Air 

(%) 
Mix 

Visual 

examination 

Volume 

change (%) 

CEM I SR 
0.40 

4.5 3:3 1 -2 

natural 131:4 2 -2.1 

0.50 4.5 4:3 1 -2.8 

CEM II/A-S 0.40 

4.5 78:4 1 -1.8 

natural 
88:3 2 -1.8 

88:4 2 -3.6 

CEM I SR + 30% 

slag 

0.40 4.5 93:4 1 -1.9 

0.50 4.5 94:4 2 -2.7 

CEM III/B 
0.40 4.5 108:3 2 -3.1 

0.50 4,5 109:3 3 -9.0 

CEM I SR + 5% 

SF 

0.35 natural 42:3 1 -0.5 

0.50 natural 44:3 1 -0.1 

 

As previous mentioned, to characterize how the concrete outer layer has been affected 

during the exposure time, the chemical composition and micro structure was studied. 

The results from this investigation are presented in the following chapters. Figure 4.9 

shows the sampling of specimens for characterization of the concrete outer layer. 
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The piece of the specimen in Figure 4.9 numbered 1 was cut in three slices, about 5 mm 

thick, from the top and inwards, these slices were then ground manually with a pestle to 

a fine powder. During the manual grinding aggregates were removed to the maximum 

extent possible. The powder samples were used in the XRD, BET and thermogravimetric 

analysis. The piece numbered 2 in Figure 4.9 was used to produce thin sections. 

 

Figure 4.9. Sampling of specimens for characterize of the concrete outer layer. 

Figure 4.10 shows an example of the samples used to produce thin sections. Due to 

limitations in the equipment for sample preparation two thin sections were produced for 

each sample. 

 

Figure 4.10. Example of the samples used to produce thin sections. 

  

Top 

Bottom 
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4.3.1 Microscopy 
The method used to evaluate the air void structure was the Nordic standard NT BUILD 

381 [21]. The measurements were performed with the help of an optical microscope and 

thin sections with the modified point count method. The total number of points counted 

on each thin section was 500. The air void structure is described by the parameters; air 

void content, specific surface, and spacing factor. From the microscope investigations 

characteristics such as; depth of carbonation, crack pattern and other ageing effects were 

also studied. Further, counting of cracks was also performed on the thin sections with 

the linear traverse method. All the results from this investigation can be found in 

appendix 3 (in Swedish). In this chapter the characteristics deduced to the effects of 

ageing and the parameters describing the air void structure are summarized. Further, 

Fig. 4.11 and 4.12 show photos of thin section samples that were analysed. Figure 4.11 

shows the thin section of concrete mix 4:3 (CEM I SR, w/b 0.5, 4.5% air), and Fig. 4.12 

shows the thin section of concrete mix 109:3 (CEM III/B, w/b 0.5, 4.5% air). At the left-

hand side, photos taken under normal light, and at the right-hand side, under polarized 

light. 

  

Figure 4.11. Thin section of concrete mix 4:3, left: under normal light; right: under polarized light. 

  

Figure 4.12. Thin section of concrete mix 109:4, left: under normal light; right: under polarized light. 

Characteristics observed under the microscope for the concrete mixes listed in Table 7 

can be deduced to the effects of ageing, as presented in Table 4.4. 
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Table 4.4 Effects of ageing observed from the investigation of the thin sections. 

Mix 

Carb. Depth 

mean  

(mm) 

Ageing effects 

3:3 1.1 
Irregular carbonation depth (max 6.8 mm). At the surface some pores filled 

with calcite. 

131:4 1.8 
Irregular carbonation depth (max 6.0 mm). A very thin surface layer of more 

porous paste. 

4:3 1.1 

Irregular carbonation depth (max 4.8 mm). A thin surface layer of more 

porous paste, with surface erosion. Expansion cracks were found in micro 

domains in the part with more dense paste. 

78:4 0.6 Irregular carbonation depth, in conjunction with aggregates and cracks up to 

6.5 mm. Open thin cracks and some erosion at the surface, and a thin layer 

(~0.25 mm) of more porous paste. 

88:3 - Irregular carbonation depth, in conjunction with aggregates from 2.2 to 4.8 

mm. Spalling cracks parallel to the surface (<1 mm under the surface), where 

also some surface erosion was found.  

Locally thin (~0.2 mm) surface layer of more porous paste. 

88:4 1 Irregular carbonation depth, in conjunction with aggregates and cracks up to 

7.4 mm. Open crack from the surface, about 2.5 mm deep. Surface erosion 

with exposed aggregates. Surface layer (<0.5 mm) of more porous paste. 

93:4 1 

Irregular carbonation depth, in conjunction with aggregates and cracks up to 

5 mm. Surface erosion with exposed aggregates. Surface layer (<0.5 mm) of 

more porous paste. 

94:4 1.1 

Irregular carbonation depth. Surface erosion with exposed aggregates. 

Surface layer (<0.5 mm) of more porous paste. Pores partly filled with 

portlandite.  

108:3 3.1 

Irregular carbonation depth (max 4 mm). Surface erosion with exposed 

aggregates.  

A thin surface layer of more porous paste (1-1.5 mm). Cracks from the 

surface, to about 2 mm depth. Pores filled with calcite and ettringite. 

109:3 5.5 

Irregular carbonation depth (max 7 mm). Surface erosion with exposed 

aggregates. Surface layer (~6 mm) of more porous paste. In the denser part 

of the paste a high frequency of micro cracks (expansions cracks). Pores and 

cracks filled with calcite and ettringite. 

42:3 1 

Irregular carbonation depth, in conjunction with crack up to 7 mm. 

Open crack from the surface (~5 mm) and delamination cracks. Some erosion 

at the surface and a layer of about 0.2 mm with of more porous paste. 

44:3 2.2 

Irregular carbonation depth, in conjunction with cracks up to 13.4 mm. 

Open cracks from the surface, reaching > 20 mm depth. Some erosion at the 

surface and a layer of about 0.1 mm with of more porous paste. 

   Note: See Table 4.3 for the mix code. 

 

The results of the parameters describing the air void structure, for the concrete mixes 

listed in Table 4.4, are presented in Table 4.5. The evaluations of the air void structure 

parameters were done on the top thin sections. The air content is stated as the percentage 

by volume of the concrete. The specific surface is stated as the surface of the air voids 
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related to their volumes. The spacing factor is stated as the maximum distance of any 

point in the cement paste from the periphery of an air void. 

Table 4.5 Results of the parameters describing the air void structure (top thin sections). 

Mix 
Air content 

(%) 

Specific surface (air voids) 

(mm-1) 

Spacing factor 

(mm) 

3:3 2.9 29 0.22 

131:4 0.5 6.0 2.0 

4:3 3.4 46 0.14 

78:4 2.9 29 0.21 

88:3 4.0 5.3 1.2 

88:4 1.9 8.0 1.0 

93:4 3.4 29 0.21 

94:4 4.5 35 0.15 

108:3 2.1 26 0.27 

109:3 2.6 32 0.22 

42:3 0.5 13 1.0 

44:3 0.8 8 1.4 

   Note: See Table 4.3 for the mix code. 

 

The air content presented in table 4.5 shows for most concrete mixes lower air content 

compared to the target value for the fresh concrete (4.5%). The reason for this could be 

a loss of air during setting of the fresh concrete but should be noted that the uncertainty 

of measurement is relatively large when evaluating the air void structure on small 

samples. There is a clear difference in spacing factor between concrete with and without 

entrained air. The concrete with entrained air have spacing factors between 0.14 and 0.27 

and concrete without entrained air above 1.0.    
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4.3.2 XRD 
The phase composition of the concrete samples listed in Table 4.4 was analyzed by using 

the X-ray diffraction (XRD) method. The instrument used was the Rigaku Miniflex 600. 

The characteristic X-ray diffraction pattern provides a unique “fingerprint” (peaks) of 

the crystalline phases presented in the samples, by comparison with standard reference 

patterns; this fingerprint allows identification of the crystalline form. However, despite 

the fact that aggregates were removed as much as possible during grinding, a number of 

high peaks originate from the phases found in the aggregates (see Figure 4.13). These 

phases are such as Quartz (Q), Albite (A) and Biotite (B), except for Quartz the rest of the 

phases originate from the aggregates will be omitted from the analysis further on. 

The XRD patterns for specimens 3:3,108:3, 78:4 and 93:4 at different depths from the 

surface are shown in Figures 4.13 to 4.16. The list of abbreviations used in the figures is 

as below: 

Q: Quartz (SiO2) 

P: Portlandite (Ca(OH)2) 

CĈ: Calcite (CaCO3) 

V: Vaterite (CaCO3) 

F: Friedel’ s salt (Ca2Al(OH)6Cl(H2O)2) 

E: Ettringite (Ca6Al2(SO)3(OH)12·26H2O) 

Ht: Hydrotalcite (Mg6Al2CO3(OH)16·4H2O) 

Mc: Monocarboaluminate (Ca4Al2CO3(OH)14·5H2O) 

In Tables 4.6 to 4.9 the estimated amounts of the different phases for specimens 3:3, 

108:3, 78:4 and 93:4 are indicated by: 

XXX: major 

XX: intermediate 

X: low 

±: trace 

-: not present 

The XRD patterns and the estimated amounts of the different phases can be found in 

Appendix 4 for the rest of specimens listed in Table 4.4. 
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Figure 4.13. XRD patterns for specimen 3:3. 

Table 4.6 Estimated amounts of phases in different depths for specimen 3:3. 

 Portlandite Calcite Vaterite Friedel’s salt Ettringite 

0-5 mm XXX XXX - ± ± 

5-10 mm XXX - - ± ± 

10-15 mm XXX - - ± ± 
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Figure 4.14. XRD patterns for specimen 108:3. 

Table 4.7 Estimated amounts of phases in different depths for specimen 108:3. 

 Portlandite Calcite Vaterite 
Friedel’s salt 

Hydrotalcite 

Monocarbonate 

Ettringite 

0-5 mm - XX X ± - 

5-10 mm ± ± X ± - 

10-15 mm ± ± X ± - 
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Figure 4.15. XRD patterns for specimen 78:4. 

Table 4.8 Estimated amounts of phases in different depths for specimen 78:4. 

 Portlandite Calcite Vaterite 
Friedel’s salt 

Hydrotalcite 

Monocarbonate 

Ettringite 

0-5 mm XX XXX X X ± 

5-10 mm XXX X - X ± 

10-15 mm XXX X - X ± 
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Figure 4.16. XRD patterns for specimen 93:4. 

Table 4.9 Estimated amounts of phases in different depths for specimen 93:4. 

 Portlandite Calcite Vaterite 
Friedel’s salt 

Hydrotalcite 

Monocarbonate 

Ettringite 

0-5 mm X X ± ± - 

5-10 mm XX - - ± - 

10-15 mm XX - - ± - 

 

The XRD results show, that concretes containing slag have a much lower portlandite 

content in the uncarbonated binder (10-15 mm) compared to pure OPC concretes. This 

is due to the reaction of slag with portlandite to C-(A)-S-H and hydrotalcite. Carbonation 

diminishes the portlandite content further. Very high slag contents, such as in mix 108:3 

show only minor amounts of portlandite in the uncarbonated binder, indicating that 

almost all of the portlandite has reacted during the long exposure time of the concrete. 

This is not at all unusual for concretes with a high amount of slag, fly ash or other SCM. 

The amount of portlandite in the uncarbonated binder corresponds therefore with the 

slag content (compare 10-15 mm depth of mix 3.3, 87.4, 93.4 and 108.3). 

Carbonation of slag containing binder usually causes not only the formation of calcite 

but also vaterite as a calcium carbonate phase. So far, this has not been identified to 

impact the actual carbonation progress but is rather an effect of slag, which seems to 

support the thermodynamical stability of vaterite.  
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4.3.3 TGA 
Thermogravimetric analysis (TGA) is a method of thermal analysis in which the mass of 

a sample is measured over time as the temperature changes. This measurement provides 

information about phase changes and chemical reactions. The method was primarily 

applied to investigate the degree of carbonation. However, from this method further 

results on phase changes can be derived. The TGA measurements were carried out using 

a Mettler Toledo TGA/DSC 3+. The following DTG graphs are the 1st derivative of the 

actual thermogravimetric data (TG) which allows a better identification of phase changes 

and chemical reactions since loss of mass in the TG curves (deflection points) can be 

represented as peaks in the DTG curves. 

Figures 4.17 to 4.20 show the results from the thermogravimetric analysis as DTG curves 

for samples 3:3, 108:3, 78:4 and 93:4. The DTG curves for the rest of specimens listed in 

Table 4.4 can be found in Appendix 5. 

 
Figure 4.17. DTG curves for specimen 3:3. 

 

Figure 4.18. DTG curves for specimen 108:3. 

https://en.wikipedia.org/wiki/Thermal_analysis
https://en.wikipedia.org/wiki/Mass
https://en.wikipedia.org/wiki/Measurement
https://en.wikipedia.org/wiki/Time_in_physics
https://en.wikipedia.org/wiki/Temperature
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Figure 4.19. DTG curves for specimen 78:4. 

 

Figure 4.20. DTG curves for specimen 93:4. 

The results from DTG confirm the XRD-results. Slag containing binders show a 

particular low amount of portlandite (peak between 400-500 °C) in the uncarbonated 

layer (10-15 mm), depending on the slag content. 

In the carbonated layers the amount of portlandite is reduced in all concrete specimens 

due to the reaction of portlandite to calcium carbonate. However, in slag containing 

samples this is more pronounced since the available amount of portlandite is, depending 

of the slag content, lower from the beginning. The peaks between 500 and 750 °C indicate 

that the formation of calcium carbonate in the slag containing series was not only in form 

of calcite but also in form of vaterite and possibly aragonite. The former was identified 

by XRD the latter might have been to finely crystalized to be identified by XRD. 

The results show further the reduction of amount of AFm phases (monocarboaluminate, 

Friedel-salt) and ettringite in the course of the carbonation. Since the amount of AFm 
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and AFt (ettringite) is higher in binders with SCM (such as slag) the reduction of their 

amounts is more pronounced in the slag containing phases. 

The concrete binder with high amount of slag (108.3) exhibits also a pronounced 

reduction of the amount of C-S-H (broad peak between 20 and 220 °C. This is due to the 

effect of carbonatization of C-S-H in case the portlandite content is already carbonated. 

Under normal ambient conditions the carbonation of portlandite and alkali hydroxide is, 

compared to C-S-H, much quicker and is favoured, leading to binding of CO2 in 

portlandite in form of calcium carbonate. However, if the availability of portlandite is 

low, CO2 will then carbonate C-S-H instead. 
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4.3.4 BET adsorption 
The BET adsorption (with N2 gas) was used for pore structure characterization of the 

specimens listed in Table 4.4. The instrument used was the Micrometrics ASAP2020, 

and the evaluation of the BET adsorption isotherms were performed with the standard 

procedure using the software supplied by the manufacturer of the instrument. These 

measurements were performed at Chalmers University of Technology at the department 

of nuclear chemistry. The powder samples were first dried for several days in a vacuum 

desiccator in room temperature, and before testing 0.5 g of powder was weighted in a 

test tube and additional dried for 15 hours in the dry station of the instrument also in 

room temperature. 

Table 4.10 Results from the BET adsorption test. 

    
Specific surface area, 
m²/g 

Pore volume,  

10-3 cm³/g 
Mean radium, 
nm 

  
Depth, 
mm 0-5  5-10 10-15 0-5  5-10 10-15 0-5  5-10 10-15 

CEM I SR 

3:3 5.56 73.7* 6.76 31 119* 38 23 6.5* 23 

131:4 4.29 4.14 4.91 33 32 33 31 31 27 

4:3 5.68 7.42 7.11 41 49 51 29 26 29 

CEM II/A-S 

78:4 4.65 4.90 5.57 32 39 41 28 32 30 

88:3 5.83 5.23 5.17 39 46 42 27 35 32 

88:4 5.39 4.42 5.81 43 38 49 32 34 34 

CEM I SR + 
30%SL 

93:4 3.55 2.59 2.19 26 22 16 30 34 30 

94:4 3.95 4.11 3.95 28 30 33 29 29 34 

CEM III/B 
108:3 6.67 6.11 5.65 44 39 40 26 26 28 

109:3 10.54 7.20 5.48 73 42 33 28 23 24 

CEM I SR  
5%SF 

42:3 3.78 3.02 2.88 28 23 22 29 31 30 

44:3 5.53 6.36 6.26 41 47 48 30 30 31 
 * Questionable values or outliers. 

 

From the above results it is difficult to find some clear tendency. Only for two types of 

binder, i.e. CEM I SR and CEM III/B, if outliers are excluded from the former series, we 

can observe a lower pore volume in the surface layer of concrete with CEM I SR, but 

opposite with CEM III/B. This could be the effect of carbonation in the surface layer, 

which tends to decrease the porosity of concrete with Portland cement but increase the 

porosity of concrete with high portion of slag [10]. 

This is also corroborated by recent results on the carbonation of binders with slag [42]. 

Generally, SCM, such as slag and fly ash effect the pore structure of a cementitious binder 

over longer hydration times by a refinement of the pore sizes. Increasing amounts of SCM 

increase the number of very smaller pores in favour of larger ones [43]. This effect is 

amplified by lowering the w/b ratio of the binders. Higher amounts of very small pores 

slow down the transport processes (chloride ingress, water ingress, permeation of O2, 

CO2, etc.). 
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Studies have shown that with carbonation of slag containing binders, changes in the pore 

structure are significantly different to binders of pure OPC. The porosity in the 

carbonated zone is higher in slag containing binders. Carbonation causes in OPC binders 

an increase of very small pores in favour of larger ones. Carbonation of slag containing 

binders is the opposite – larger pores are growing in favour of smaller pores [10, 42]. 

This is related to the carbonation of C-S-H since the molar volume of C-S-H is higher 

than calcium carbonate and the remaining amorphous silica leading to an increase in 

pore volume. This is valid also for other SCM. 

There is, however, a relation between the amount of SCM, its reactivity and the w/b ratio 

of the binder. For instance, binders with high slag content may carbonate much faster at 

higher w/b ratios compared to OPC with the same w/b due to the higher number of 

capillary pores in the pore network. At lower w/b, however, the large amount of very 

small pores in binders with higher slag content may slow down CO2 permeability so much 

that carbonation of the binder may not play a significant role. This is reflected in the 

results depicted in Figure 4.2, where concrete mixes even with a high slag content show 

reasonable volume losses at w/b ratios below 0.40. 

4.4 Discussion on the measured results 

The mechanisms behind frost damage are normally assumed to be the same for both 

external and internal damage. In both cases, the damage takes place at freezing due to a 

volume increase of water when it is transformed to ice. However, for damage to occur the 

water content must exceed a critical degree of saturation. Further, it is also well 

established that de-icing agents, such as sodium chloride, aggravates the external frost 

damage. 

Somewhat arbitrary an accepted scaling criterion corresponding to the visual 

classification of degradation number two (see Figure 3.1) is chosen. This conforms to a 

volume reduction of 2-3% in volume loss (Figure 4.1).  

It is clear from the results presented in Figures 4.2 to 4.4 that the exposure condition has 

a marked influence on the amount of external frost damage, i.e. surface scaling. The 

highway field site (Figure 4.2) is the most aggressive environment, followed by the 

marine site (Figure 4.3), and the least aggressive environment is the SP site (Figure 4.4).  

That the salt-free environment (SP site) is proven to be the least aggressive environment 

was expected. However, the quite big difference in the results between the highway site 

and the marine site was not expected. It has previous [16] been pointed out that this 

difference can be explained be differences in temperature, moisture conditions and salt 

concentration at the different field sites.  

The temperature at the highway site and at the SP site is the same, so the difference in 

the surface scaling is due to the fact that at the SP site there is now exposure to salt. 

However, the temperature at the marine site is somewhat milder and fluctuates less than 

at the two other sites despite not being so far away. In Appendix 1 the minimum 

temperatures recorded close to the highway- and marine site during four different winter 

seasons can be found. From these meteorological data it can be deduced that the lowest 

minimum temperatures are recorded at the highway site. The minimum freezing 
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temperature has a great influence on the frost resistance; as the amount of freezable 

water increases with decreasing temperatures [22] 

The water content in the concrete is by far the most vital factor determining the frost 

resistance [22]. The moister the outer environment is, the higher the water content in 

the concrete. In Appendix 1 the annual rainfall at the highway and marine site during 

2002 and 2006 are reported, these values are presented to give an indication of the 

differences in moisture conditions between the to field sites. As can be seen in Appendix 

1 the highway location seems to be the moistest environment. However, this is only an 

indication because for example the influence of splash water from traffic and waves is 

difficult to predict. 

The discussion hereafter will mainly be limited to the specimens exposed in the highway 

field site as the results clearly indicate that the highway environment is the most 

aggressive. 

As can be deduced from Figure 4.2, except for one (CEM III/B), all other concrete mixes 

with an entrained air content of ~4.5% and with a w/b of 0.40 or below shows good 

resistance to external frost damage after nineteen years of exposure. For the concrete 

mixes with CEM III/B as binder good resistance to external frost damage was obtained 

with w/b of 0.40 or below. As also can be seen in Figure 4.2 for all concrete mixes with 

w/b of 0.75 despite having entrained air the specimens were severely damaged after 

nineteen years exposure. An explanation to this is faster absorption and a higher water 

content for mixes with w/b of 0.75 due to the fact that they are more porous. 

Another quite clear observation that can be made from Figure 4.2 is that the mixes 

containing slag (CEM III/B, CEM I SR+30%SL and CEM II/A-S) show the poorest 

resistance to external frost damage at least down to a w/b of 0.40. It seems that the 

higher the amount of slag, the worse is the resistance to external frost damage. These 

results are in line with previous reported results [16][17] where the possible explanation 

of a negative effect of ageing of the concrete mixes containing slag was proposed. The 

most important factor of ageing influencing the external frost damage was pointed out 

to be carbonation [16][17].  

Table 4.1 (concrete with entrained air) and table 4.2 (concrete without entrained air) 

shows the percentage change in transmission time after nineteen years’ exposure at the 

highway exposure site. A negative value (decrease in transmission time through the 

specimen with age) is expected for sound, undamaged materials due to the densification 

of the paste as a result of continued hydration. A positive value indicates possible internal 

damage. The results presented in Table 4.1 show that for air entrained concrete there is 

no indication of internal damage. However, for concrete without entrained air in table 4.3 

there are clear indications of internal damage for concrete with CEM I + 5% silica as 

binder also for concrete with w/b-ratios down to 0.40. The same tendency can be seen at 

all three test sites, see appendix 2, indicating that concrete with CEM I + 5% silica as 

binder, without entrained air and w/b-ratios down to 0.40 are susceptible to internal frost 

damage. This tendency was observed already after 5 years of exposure and was reported 

in [10]. 

 

 

When testing durability, such as salt-frost resistance, in the laboratory, results are wanted 

that are relevant to the observed durability in field conditions. In the present investigation, 
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each concrete quality was tested in the laboratory at the prescribed age of 28 days in 

accordance with the Swedish Standard for salt/frost resistance, SS 13 72 44 (the ‘Slab 

test’) [20]. The slab test is in principal in agreement with the reference test procedure 

described in CEN/TS 12390-9. 

 

Figure 4.8 shows results from the laboratory tests and the volume change after nineteen 

years of highway exposure. The diagram shows the scaling (kg/m²) after 56 freeze/thaw 

cycles as a function of the volume loss (%) after nineteen years’ highway exposure. The 

acceptance criterion in the laboratory test is 1 kg/m2 (illustrated by a horizontal line). An 

acceptance criterion of 2–3% by volume (shown by the vertical zone) after nineteen years’ 

exposure has been chosen for the field exposure specimens, corresponding to scaling of 

approximately 1 kg/m2. Filled symbols represent concrete with entrained air. Symbols 

with a white centre represent concrete without entrained air. The results presented in 

Figure 4.8 show that only three qualities fall into Quadrant IV, which is the worst case, 

where they are accepted by the test method but fail in field exposure. These are air-

entrained qualities, however, with high water/binder ratios (0.75). The standard test 

method is primarily intended to be used for bridge concrete, with entrained air and with 

a w/b-ratio below 0.5. Three qualities, all with entrained air and a w/b-ratio of 0.50 or 

below, are close to the boarder of the acceptance zone between Quadrants III and IV. All 

three qualities contain slag as part of the binder (CEM III/B (w/b 0.40), CEM I + 30% 

slag (w/b 0.50) and CEM II/A-S (w/b 0.50)). This is an indication that the laboratory test 

method may overestimate the scaling resistance of concrete containing a medium to high 

content of slag as part of the binder. The damage development for these qualities needs 

to be investigated thoroughly in the future.  

 

Most qualities fall into Quadrants II or III, which means that the test method and ‘reality’ 

correspond. Some concrete qualities fall into Quadrant I, which means that the test 

method rejects them. However, as the concrete in Quadrant I shows only limited damage 

in the field, the test method results are on the side of safety. Only two of these qualities 

have entrained air, both with binder type CEM II/A-S. All other qualities in Quadrant I 

are without entrained air, which makes them particularly susceptible to frost damage. 

During the first nineteen years, the climate has not been aggressive enough to damage 

these qualities significantly. However, one winter season with a more aggressive climate 

might cause internal damage as well as scaling on these qualities without entrained air, 

moving them into Quadrant II. Two concrete qualities show an increase in volume (after 

five- and ten-years’ exposure) and an increased transmission time, indicating internal 

frost damage. These qualities also fail the acceptance criterion when tested in the 

laboratory.  

 

On the whole, the results for concrete with w/b-ratios equal to or below 0.5, and with 

entrained air, indicate that the slab test classifies most concrete qualities as could be 

expected, Figure 4.8. However, the results after nineteen years show indications that 

concrete containing medium to high contents of slag as part of the binder, with entrained 

air and a w/b-ratio of as low as 0.40, show higher scaling in the field than that expected 

from results from the laboratory test. This indicates a need to consider a revision of the 

slab test so that aging processes is better taken into consideration. A somewhat longer 

preconditioning time with at least partially an increased carbon dioxide content would for 

example lead to that the effect of carbonation is better reflected. Carbonation have shown 

to have an effect on scaling resistance, especially for concrete with slag as part of the 

binder [10]. A somewhat longer preconditioning time would probably also lead to a more 
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realistic judgement of the scaling resistance for concrete with binders with a slow 

hydration process. These concrete qualities may fail in the laboratory just because the test 

is carried out at a relatively early age (one month).  

 
 

 

 

 

5 Modelling frost-deterioration 
There is a lot to gain when it is possible to develop good models of degradation 

mechanisms in concrete. Then it would be possible to estimate the service life of concrete 

structures and to plan and evaluate maintenance. In order to build a sound model, it is 

essential to have a good understanding of the mechanism. Regarding frost deterioration 

there are some different thoughts of what really the destructive forces behind the 

deterioration is and often is the damages divided into internal damage and superficial 

damage. This since many believe that it is different damage mechanisms at the surface 

compared to the internal of the concrete. Probably it is more important if the freeze-thaw 

takes place with access to water (open system) or not (closed system). This chapter 

contains short descriptions of different presented frost mechanisms and some examples 

of how they previous have been modelled. Even if this chapter has no intention of 

presenting every single paper on frost-modelling, they are rather hard to find. The 

complexity of the deterioration mechanism is probably the reason for that. The aim of 

this project is to improve and validate existing models and possible suggestions for new 

approaches. 

5.1 Frost mechanisms in closed systems 

The internal damage is due to too high degree of saturation inside the material combined 

with freezing temperatures. This leads to ice formation and moving of the pore water 

within the porous material. The damages have been studied experimentally by Powers 

and co-workers and two theories have been presented 1945 and 1953 [23][24]. These 

theories will be described in the following sections together with former attempts to 

model the mechanism and/or parts of them. 

5.1.1 The hydraulic pressure theory 

When water freezes the volume increases with 9 %. If there is no space/or too small space 

for the volume expansion, it will be tensions in the concrete. If the tension is higher than 

the strain there will be cracks and deterioration. The tension created during a phase 

change without any available space can be estimated for the special case there the pore 

walls have no permeability and no ductility. Every degree below 0°C generates a tension 

of 13.6 MPa. Even if the pore walls have some permeability and some ductility 13.6 MPa 

is far beyond the tensile strength of concrete of about 3 MPa. The concrete has no 

possibility to withstand this tension. A consequence of the volume increase during phase 

change of water is known, would be that if the degree of saturation is kept under 0.91 
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then the concrete should be undamaged. But that was not found during testing. This was 

discussed by Powers [23] in some of the most cited frost papers and he presented the 

theory of hydraulic pressure which explains the need of lower degrees of saturation to 

avoid internal frost damage. 

Since the pore structure of concrete is a network of different pore sizes the pore water is 

subjected to freezing point depression due to pore size, ions in the pore water and 

supercooling. This means that regardless of temperature there will always be unfrozen 

water in the concrete. In Figures 5.1 and 5.2 this can be seen in low temperature 

calorimeter measurements (LTC) for w/c-ratio 0.60 and w/c-ratio 0.40 subjected to 

different preconditions. 

 

Figure 5.1. The amount of non-freezable water at different temperatures for micro concrete with a 

w/c-ratio 0.60, measured by LTC after different preconditioning. 1: 6% air, never dried, 

we=1.12 g; 2: 6% air, never dried, we=1.11 g; 3: 6% air, dried over silica gel, we=1.02 g; 4: 

6% air, dried at +105°C, we=1.03 g; 5: no AEA, never dried, we=0.98 g; 6: no AEA, never 

dried, we=1.14 g; 7: no AEA, dried over silica gel, we=1.06 g; and 8: no AEA, dried at 

+105°C, we=1.08 g [11]. 
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Figure 5.2. The amount of non-freezable water at different temperatures for micro concrete with a 

w/c-ratio 0.40, measured by LTC after different preconditioning. 1: 6% air, never dried, 

we=1.03 g; 2: 6% air, never dried, we=1.12 g; 3: 6% air, dried over silica gel, we=0.98 g; 4: 

6% air, dried at +105°C, we=1.07 g; 5: no AEA, never dried; we=0.88 g; 6: no AEA, never 

dried, we=1.05 g; 7: no AEA, dried over silica gel, we=0.97; and 8: no AEA, dried at 

+105°C, we=1.07 g [11]. 

A theoretical analysis by Powers [23] showed that the hydraulic pressure was dependent 

on the following factors; permeability of the material, rate of ice formation and effective 

degree of saturation. This can be comprehended when studying Figure 5.3. The upper 

part of Figure 5.3 is representing a part of a concrete that is subjected to freezing but the 

temperature is not low enough to facilitate ice formation. In the lower part of Figure 5.3 

the temperature now is so low that freezing starts in the large pore. After the phase 

change do not all the water fit into the large pore so excess water is being pushed by the 

ice into the pore with unfrozen water. Since this pore already is saturated, the extra water 

needs to escape to the surface or to an air void to avoid damage. That creates an extra 

pressure in the material together which adds to the ice pressure created in the large pore. 

That is the reason why just 9% more empty volume compared to the freezable water 

content is not enough to protect the material.  
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Figure 5.3. The hydraulic pressure builds up when the large pore freezes and the excess water is 

being pushed into the non-freezable pores. The spacing factor is a/2. 

 

The effective degree of saturation has been used to model this deterioration. 

5.1.2 Modelling frost damage in closed systems 

Fagerlund [25] focused on the effective degree of saturation and showed experimentally 

that porous brittle materials have a critical degree of saturation, Scr. He explained the 

presence of a critical degree of saturation with the theory of hydraulic pressure. As long 

as there is space within the material to take care of the expansion during the phase 

change the material will show no internal damage, no change in the dynamic e-modulus, 

see Figure 5.4. At a certain degree of saturation, the space is not enough to take care of 

expansion and cracks appear. As consequence, the dynamic e-modulus decreases. To 

perform these types of test, several specimens are given different degrees of saturation 

which are moisture sealed and then subjected to a couple of freeze-thaw cycles. So 

experimentally it is rather straight forward to determine the material parameter, Scr but 

what is the highest degree of saturation the material will obtain in the field, Sact? For any 

environment!?! One attempt to determine Sact is presented in Fagerlund [27] where he 

used the degree of capillary absorption (Sc), Figure 5.5, determined in a capillary 

absorption test in a laboratory, as Sact to calculate a potential service life. 

 

Figure 5.4. The critical degree of saturation determined in five different laboratories [26]. 
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Figure 5.5. Schematic figure of capillary water absorption in concrete. 

The degree of capillary absorption Sc is reached different rates due to different pore 

structure, different starting degree of saturation S0 and amount of entrained air. These 

all very important material properties for this destruction mechanism but Sact is 

simulated by a case when the material has access to water the entire time. The advantages 

with that is that the influence of drying periods does not need to be simulated and that 

this is something close to the worst case of scenario evolving an Sc on ‘the safe side’. The 

disadvantage with this approach is that since it simulates the special case resembling of 

e.g. a hydraulic dam, (which not freezes moisture sealed) a very important feature from 

the case of freezing with access to water is not accounted for – the increased water 

uptake. This will happen regardless if the freeze-thaw is one long cycle or many cycles 

but more pronounced in the latter case [28][29][30]. So even if the presented approach 

involves access to water at all times and therefore represents a tough environment, it still 

might be too mild. 

During the validation test for the hydraulic pressure theory a feature was seen that 

couldn’t be explained by the hydraulic pressure theory. Concrete with additional air voids 

(created by with air-entrainment agents, AEA) shrank during cooling. An additional 

theory was presented - the micro ice-lens theory [24].  

5.1.3 Micro ice lens theory 

This theory is the same as for frost heave in soils just in a much smaller scale. 

Experimental work by Powers [24] gave results which could not be explained by the 

hydraulic pressure mechanism. Instead of expansion, as could be expected, considerable 

contraction was sometimes found, particularly in samples containing air-entrainment. 

Non-air-entrained concrete normally expanded. Typical results are shown in Figure 5.6. 

The smaller the spacing factor between air pores (defined as half the distance between 

air voids) the bigger is the contraction. For very small spacing factors (high air contents) 

the contraction was considerably bigger than the normal thermal contraction evaluated 

from the contraction of the unfrozen concrete. 
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Figure 5.6. Effect of the spacing factor on length changes of cement paste (w/c-ratio 0.60) during 

freezing, cooling rate 0.25 ºC/hour [24]. 

An even more unexpected result was that some non-air-entrained cement pastes with 

low w/c-ratio (0.45) continued to expand for many hours when temperature was kept 

constant; see Figure 5.7. 

 

Figure 5.7. Length change versus temperature for non-air-entrained cement paste. w/c-ratio 0.45 

[24]. 

In order to explain these findings, Powers and Helmuth [24] presented the theory of 

microscopic ice lens growth. It is briefly described below. Again the system contains pore 

water and ice. When equilibrium prevails between ice and all unfrozen water, no water 

transfer is possible, and no expansion or contraction occurs. If temperature is quickly 

dropped by  the equilibrium is disturbed. The free energy of ice already formed will be 

reduced more than the free energy of unfrozen water. This creates diffusion potential 

between the water and the ice. Water from fine capillaries containing unfrozen water, 

 

 
 

+ 

 

-30 (°C)  Temperature (°C) 

 

 - 



45 

© RISE Research Institutes of Sweden 

and water from isolated pores containing supercooled water moves towards the capillary 

ice, and towards ice in the air pores, see Figure 5.8. Possibly also outer layers of gel-pore 

water, that is less firmly bound, can be transported to the ice. The transport takes place 

from the fine pores through the liquid like adsorbed layer between the ice body and the 

pore wall. 

 

Figure 5.8. Ice in the capillary and the air pore attracts un-frozen water. 

The water transport causes a drying out of the cement paste, a sort of freeze-drying effect, 

see Figure 5.9. Drying creates shrinkage. 

 

Figure 5.9. The movement of the un-frozen water dries out the gel and the small capillaries, creating 

shrinkage. 

 

Consequently, the cement paste might shrink, both from temperature lowering and from 

drying. Water arriving at the ice body will freeze. Therefore, the ice body will grow. 

Shrinkage might therefore be obstructed by expansion of the growing ice, as described 

below. The net effect on the length change depends on the relative effects of shrinkage 

and expansion. If ice growth dominates, the cement paste will expand, as shown in Figure 

5.6 for cement pastes with large spacing factor. If shrinkage dominates, the net effect will 

be contraction as shown in Figure 5.6 for cement pastes with low spacing factor. 

A growing ice body in a capillary pore will excite pressure against the pore wall. The 

pressure is transferred over an adsorbed unfrozen water layer. Increased pressure 
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increases the free energy of the ice, while drying decreases the free energy of unfrozen 

water. Both these effects contribute to reduce the driving force for water diffusion. When 

free energy balance has been restored, water movement stops, which means that both 

expansion and shrinkage stops. Before that happens, considerable expansion and 

destruction could have taken place. 

A growing ice body in an air pore will grow without obstruction from the pore walls. Thus, 

its growth will not be stopped until drying has reduced the free energy of unfrozen water 

to the same level as that of stress-less air pore ice. 

When the spacing between air pores is small, making air pore ice easily reachable, then 

water will primarily move to this stress-less ice, since this has lower free energy than 

growing capillary ice. Thus, the growth of capillary pore ice will be reduced. At a certain 

critical spacing, expansion caused by ice lens growth in capillaries equals the shrinkage 

caused by water transport to capillary and air pore ice. At lower spacing, shrinkage 

dominates, which according to Powers and Helmuth [24] explain the results in Figure 

5.6. 

Water flow and ice lens growth continues as long as there is energy unbalance between 

ice and water. This is the case as long as temperature is gradually lowered. When 

temperature comes to a halt, ice lens growth can continue as long as equilibrium has not 

been restored. According to Powers and Helmuth [24] this could explain the long-term 

continued expansion at constant temperature noticed for cement paste with low w/c-

ratio, Figure 5.7. Such cement paste contains a big amount of non-freezable water 

available for ice growth. Continued expansion for a long period at constant temperature 

requires that local equilibrium between capillary ice and unfrozen water is not 

established until long time after the temperature lowering has been stopped. 

Another factor, possibly contributing to moisture movement, ice growth and pressure, is 

that the pore water contains dissolved ions, mainly from alkali hydroxide. When ice 

forms in the capillary, the ion concentration in the remaining pore water increases and 

becomes higher than the concentration of ions in unfrozen water in finer pores, or locally 

supercooled water. In order to even out the concentration difference, ions move into 

unfrozen water and unfrozen water move into the capillaries containing ice. It is possible 

that the cement gel acts as a sort of semi-permeable membrane that retards diffusion of 

ions more than diffusion of water. In such case an osmotic pressure could be built up. It 

can contribute to expansion and destruction. 

This explains why concrete with air-entrainment shrinks during freezing but the 

mechanism is likely most profound during freezing in open systems as Taber [31] pointed 

out. The shrinkage during freezing in closed systems is probably mainly due to thermal 

contraction. 

The presentation of the ice growth mechanism made by Powers and Helmuth [24] is 

purely qualitative. A quantitative discussion of principally the same mechanism, based 

on thermodynamic reasoning, is performed by Everett [32]. 

5.1.4 Modelling frost damage including cryo-suction 

One very promising approach to account for the additional water uptake, cryo suction, 

has been presented by Fen-Chong et al. [33]. By using poromechanic modelling of a 
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saturated cement paste they have been able to recreate the famous result of Beaudoin 

and MacInnis [34] when cement paste with benzene in the pore system expanded during 

cooling even though benzene itself shrink during cooling. They also successfully used the 

model to simulate the shrinkage that evolves in pasted with air-entrainment. The inputs 

the model needs are: initial porosity, how the weight relation between liquid and solid 

change during cooling for the pore liquid and the e-modulus for the matrix. They used 

MERCURY INTRUSION POROMETRY (MIP) to determine the pore size distribution 

and from that was the weight relation liquid/solid calculated with well-known 

thermodynamic relations. The e-modulus for the matrix is assessed by first using a 

hydration kinetics model which provides the volume fraction of the phases which are 

present at a certain time. These are then used in a multistep micromechanical 

homogenization procedure to simulate the aging elasticity.  

5.2 Frost deterioration mechanisms in open 

systems 

Many studies conclude that frost deterioration of the concrete surface need freezing 

temperatures and liquid on the surface but since the deterioration takes place at the 

surface do the environment, and the aging play a larger role (or just faster?) than in the 

closed system. The features of the frost action and some presented mechanisms will be 

shortly described together with an example of modeling.  

A mechanism and a model should be able to explain and create in the same features as 

all the previous testing have found. 

5.2.1 Lindmark 

In a literature review by Lindmark [35] was the following features found and in italics 

the explanation that the mechanism presented by Lindmark leads to. 

1. Surface scaling almost never appears in the absence of an outer solution which to 

some extent remains liquid at temperatures lower than the normal freezing point 

of the pore solution of the concrete, since without liquid there will be no ice lens 

growth and no damage. 

2. Portland cement-bound materials with proper air void systems are able to 

withstand combined salt and frost attack, at least in laboratory tests. That because 

ice in air voids have lower energy than ice in capillary pores that are affected by 

the pore walls attract supercooled water from the adjacent pores and drain the 

system. 

3. The chemical composition of the de-icing agent seems to be of no importance. It is 

just important that there is a freezing point depression. 

4. Without actual freezing temperatures, no scaling occurs, since no micro ice lens 

occurs. 

5. Use of a lower minimum temperature will produce more scaling, at least for 

minimum temperatures in the interval 0°C >θ >-20°C. Lower temperature leads 

to more and more ice lenses and therefore more damage. 
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6. Coarse porous materials are more sensitive to salt frost attack than dense materials. 

Since the transport to the ice lenses is easier in the coarser material. 

7. Purely chemical mechanisms are of little importance in comparison to physical 

mechanisms. 

The mechanism Lindmark [35] present for the salt frost scaling is a microscopic ice lens 

growth with access to an outer moisture source with a freezing point depression. 

 

Figure 5.10. Pore structure with ice and pore solution with access to the surface [35]. 

 

Conceptually, Lindmark explains the mechanism with Figure 5.10. If the freezing occurs 

when the moisture is sealed, then the moisture content and the ion content are kept 

constant and the new equilibrium can only be accomplished through drainage of the pore 

system and/or increasing the ice pressure. The ice pressure cannot increase without 

drainage of the adjacent pores but there can be a drainage of the adjacent pores without 

an increase in ice pressure if the ice grows in a not water filled pore. If the permeability 

to water flow is high enough, moisture will be transported to the ice until the equilibrium 

is reached without damage. If the degree of saturation is too high will damage occur 

before equilibrium occurs. But if the degree of saturation is lower (with AEA) no damage 

will occur. If the permeability is too low compared to the heat flow rate the drainage will 

not occur fast enough and the ice will form in the adjacent pores and lower the 

permeability further. This might also lead to high hydraulic pressures and even freezing 

as a closed container. If this shall occur depends on the possibility to heave the 

supercooling. The possibility increases with lower temperature and if the temperature 

decrease is rapid then the time when heaving is possible decreases. 

If the freezing occurs with an access to outer solution and that is pure water then the ice 

outside the pores forms first and when the freezing continues will the outer ice layer drain 

the surface and protect it. If the outer layer is a liquid with a freezing point depression 

will the drainage that is necessary to establish equilibrium never be reached. The growth 

of the ice bodies in the pores will continue and exert pressure on the pore walls at the 

depth were the solution can reach easily. This will not stop until the concentration in the 

pore liquid at the ice body is high enough to establish equilibrium again. 
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5.2.2 Powers 

Powers [36] described the salt frost scaling mechanism as a combination of osmotic 

pressure (due to different salt concentrations) and hydraulic pressures. The presence of 

salt would increase the moisture transport to pores where ice and salt existed together. 

This increased moisture uptake will lead to higher hydraulic pressures through more ice 

formation. 

5.2.3 Liu 

Through extensive experimental studies Liu [37] states that there is proof of a cryogenic 

suction mechanism which consists of three major components; (I) the freezable water 

(initial ice formation in concrete pores), (II) the presence of surface liquid with a freezing 

point depression, (III) the transport channel (viz. concrete pore system) connecting the 

external liquid and the concrete surface region. The three components are indispensable 

and contributes to explain the well-known features e.g. pessimum effect and critical 

thickness. 

5.2.4 Valenza and Scherer 

The mechanism that explains all these features is according to Valenza and Scherer [38] 

the fact that ice has a larger coefficient of thermal expansion than concrete. When the 

temperature decreases the ice layer will contract more than the concrete and will 

therefore crack. These cracks will penetrate the concrete surface and propagate into a 

path that is parallel to the surface and eventually scale off according to fracture 

mechanics. 

Valenza and Scherer [38] reviewed more than 100 studies of salt-frost scaling and 

summarized the features found in the following bullet list. In italics is how their 

mechanism explains all the found features. 

1. Salt scaling consists of the progressive removal of small flakes or chips of binder. 

2. A pessimum exists at a solute concentration of ~3%, independent of the solute used, 

since lower concentrations creates a too strong ice that will not crack and higher 

concentrations creates a too low strength ice. 

3. No scaling occurs when the pool of solution is missing from the concrete surface, 

since then there is no ice layer. 

4. No damage occurs when the minimum temperature is held above −10 °C; the 

amount of damage increases as the minimum temperature decreases below −10 °C 

and with longer time at the minimum temperature. Before -10°C is the ice too 

weak. With decreasing temperature and duration it becomes stronger but not too 

strong since there always will be brine pockets. 

5. Air entrainment improves salt scaling resistance, since in that case will the ice that 

forms in the air voids make the concrete contract more and the tension in the 

concrete surface becomes lower. 
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6. The salt concentration of the pool on the surface is more important than the salt 

concentration in the pore solution, since the outer layer is crucial for the 

mechanism. 

7. Susceptibility to salt scaling is not correlated with susceptibility to internal frost 

action, since the salt frost scaling is a surface deterioration. 

8. The strength of the surface governs the ability of a cementitious body to resist salt 

scaling, since then do the concrete withstand the tension from the ice and resist 

the propagation. 

5.2.5 Discussions on the models 

The theories containing cryo suction should be possible to model based on Fen-Chongs 

poromechanical model and expand that to include suction of salt solutions. To 

characterize the pore structure, low temperature calorimetry of samples stored in salt 

solution and water might be even more beneficial than MIP measurements to determine 

the relation of liquid/solid at different temperatures for the pore solution. 

Of all the features that is to be explained by cryo-suction mechanisms the hardest to 

quantify is the protection by the air voids. But with measurements in a combined 

calorimeter/dilatometer it can be done. 

The glue spall mechanism has already been modeled by Çopuroğlu and Schlangen [39]. 

With a numeric model and measurements of the surface properties by micro indentation 

they showed that they could recreate the pessimum and the influence of carbonation in 

slag rich pastes. The carbonation measurements showed an increased capillary porosity 

of the slag rich pastes. In the model that is showed as a lower strength. That is of course 

true but that would also lead to more freezable water at higher temperatures –also that 

should lead to further frost damage. But this model (and of course the modelling) do not 

include the ice formation except for the protective role of the air voids. Ice needs to form 

in a well-designed air void structure to decrease the difference in coefficient of thermal 

expansion between the concrete and the ice on the surface. The influence of air voids or 

modelling deterioration of concrete would be an interesting continuation of this work. It 

is very interesting that though the damage mechanism of Lindmark, Powers, Liu on one 

hand and Valeza on the other hand very different is the protection mechanism the same. 

Generally, it is said that if no salt (or freezing depression agent) is present in the surface 

solution then no scaling occurs. A few studied have reported scaling in the presence of 

pure water but they were disregarded because of e.g. unreasonable high number of 

freeze-thaw cycles or salt present in the matrix. But scaling has been found at the surface 

of hydropower dams Rosenqvist [28] and concrete locks Spörel [40] where there is no 

salt. Au contrary the water in the Swedish floods are very often extremely soft and contain 

no salts what so ever. But still scaling is evident. So in a salt frost scaling test there is 

rapid scaling and in the field is the concrete structures exposed to de-icing salts 

deteriorating faster than the concrete structures just exposed to water and low 

temperatures. Rosenqvist [28] showed that leaching of the surface makes a frost resistant 

concrete susceptible to frost action. Is it possible that the salt is accelerating the leaching 

in a salt frost scaling test? But in that case, why does not a higher salt concentration lead 

to more scaling? Maybe it would have, if it did not interfere with the ice formation? Or is 
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the role of a freezing point depressed liquid just to feed the ice lenses? This is very 

important to establish. 

Water content is increasing in the specimen during freeze-thaw test and has been found 

increase in hydraulic structures. Two situations where the concrete surface has access to 

liquid during freezing. It still seems reasonable that cryo-suction is important in this type 

of frost damage. Fen-Chongs model can simulate that. It is also reasonable that the 

properties of the surface are important. In Fen-Chongs model is the e-modulus modeled. 

Perhaps is micro indentation measurement of surface properties interesting to 

incorporate in the model. 

5.3 Input parameters for Fagerlund’s model 

In Fagerlund’s service life model for internal frost damage in concrete [7] some input 

parameters from capillary absorption measurements and a determination of the critical 

degree of saturation are needed. To determine these input parameters, ten types of 

concrete with different binders and air content were selected from those exposed to the 

field exposure site by Highway 40, as listed in Table 5.1. 
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Table 5.1 Concretes tested for the modelling. 

Mix code Binder 
Corresponding to the 

binder in Table 2.1 
w/b Entrained air 

#201 Anl  Anl CEM I SR  0.4 4.8% 

#203 Anl CEM I SR 0.3 Non-AEA 

#206 Anl+5%SF CEM I + 5% silica 0.4 4.6% 

#208 Anl+5%SF CEM I+ 5% silica 0.3 Non-AEA 

#211 FinStd CEM II/A-S 0.4 4.9% 

#213 FinStd CEM II/A-S 0.3 Non-AEA 

#219 FinRpd+44%SL FRHPC+44% slag 0.4 4.5%  

#221 FinRpd+44%SL FRHPC+44% slag 0.3 Non-AEA 

#225 Anl+10%SF CEM I + 10% silica 0.4 4.8% 

#228 KalkC  CEM II/A-LL  0.4 4.8% 

 

5.3.1 Test specimens 

The specimens with the size of 1205012 mm for the tests of capillary water absorption 

and critical degree of water saturation were taken from the back side of the selected 

concrete blocks. The sampling position is shown in Figure 5.11.  

 

 

Figure 5.11. Sampling of specimens for the tests of capillary water absorption and critical degree of 

saturation. 

5.3.2 Capillary water absorption and porosity 

The capillary water absorption test was carried out according to NT BUILD 368 [41]. The 

specimens (two duplicates of each concrete) were dried at 40 C for 7 days. The initial 

weight of each specimen was measured prior to the start of capillary absorption and then 

the change in weight was monitored after absorption for 15 min, 30 min, 1 h, 2 h, 4 h, 7 

h, 1 d, 3 d, 7 d, etc., until about three weeks. 

For the measurement of porosity, the specimens were, after the absorption test dried 

again at 40 C for 7 days and saturated with degassed water firstly under vacuum (< 50 

mbar dry for 3 h + immersion for 1 h) and then under a pressure of about 2.5 kPa for 3 
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days. The volume of each specimen was determined by weighing it in air and in water, 

and the total water content was determined by weighing it after dried at 105 C for 3 days.  

The degree of water saturation S was calculated according equation (5.1). 

dry

sat dry

im m
S

m m

−
=

−
     (5.1) 

where mi, msat and mdry are the weight measured at the time i , after water saturation and 

after dried at 105 C . The porosity P was calculated according equation (5.2). 

( )
sat dry

sat s-w wρ

m m
P

m m

−
=

− 
     (5.2) 

where ms-w is the weight measured in the water after water saturation and w is the 

density of water. 

The data from the capillary absorption measurements were then used for finding out 

various constants in Fagerlund’s model [7], equations (5.3) and (5.4): 

𝑆 = 𝑆𝑖𝑛𝑖 + 𝐵𝑡𝐶   (t ≤ tb, capillary suction)  (5.3) 

𝑆 = 𝑆𝑏 + 𝑏(𝑡 −  𝑡𝑏)𝑐   (t > tb, vapor diffusion)  (5.4) 

where Sini is the initial degree of saturation after conditioning at 40 °C for 7 days,  

Sb is the degree of saturation at the knick point,  

tb is the time to reach the knick point,  

B, C, b and c are empirical constants. 

It should be noted that, for equation (5.3), the constants B and C can directly be obtained 

by regression with the experimental data in the range before the knick point (through 

visual observation), whilst for equation (5.4), the constants b and c cannot directly be 

obtained due to the unknown parameters Sb and tb. Therefore, equation (5.5) was used 

to obtain b and c by regression with the experimental data in the range after the knick 

point (through visual observation). 

𝑆′ = 𝑆𝑖𝑛𝑖 + 𝑏𝑡𝑐  (t > tb, capillary suction)  (5.5) 

The parameters Sb and tb at the knick point can then be obtained by equations (5.6) and 

(5.7). 

C c

b ini b ini bS S Bt S bt= + = +      (5.6) 

ln( ) ln( )
expb

b B
t

C c

− 
=  − 

     (5.7) 

Hence equation (5.4) becomes the following form. 

( )c c c

ini b bS S bt S b t t= + = + −    (t > tb, vapor diffusion)  (5.8) 

The potential service life tpot can then be estimated by equation (5.9).  
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ln( ) ln( )
exp cr ini

pot

S S b
t

c

− − 
=  

 
    (5.9) 

where Scr is the critical degree of saturation, whose determination will be presented in 

the next section.  

5.3.3 Critical degree of water saturation 

The specimens were dried at 40 C for 7 days and the initial weight of each specimen was 

measured.  The specimens were then put into a desiccator and vacuumed to a pressure 

in a range of 450-50 mbar. Two duplicates of each concrete and pressure. After 

vacuumed for 10-15 min water (tap water) was filled in the desiccator from the bottom 

of the specimens. After specimens were immersed by the water, the air was released into 

the desiccator and the specimens were kept in the water for 10 min before taken out for 

measuring the initial transvers fundamental frequency with an instrumented hammer 

and an accelerometer together with a data acquisition system (National Instruments) 

and a software for wave treatment (TAMARA, developed by Lars Hansson at Division of 

Applied Acoustics, Chalmers University of Technology). Before the measurement, the 

exceed water on each specimen was removed using moist cloth. After the measurement 

of fundamental frequency, each specimen was wetted again and its weight recorded 

under the surface dry condition (by removing exceed water with a moist cloth). 

Immediately after weighing the specimen was individually wrapped with several layers 

of plastic foil before putting into a freezer at -20 C for 24 h. The specimens were removed 

from the freezer to the room at about 20 C for about 4 h and its weight and fundamental 

frequency were measured again under the same condition as described above. If no 

markedly reduction in the fundamental frequency was detected, the specimens were 

dried at 40 ⁰C for 7 days again and the above procedures were repeated with the higher 

degrees of water saturation by applying vacuum to a lower pressure for a longer time as 

well as with degassed water (by boiling and cooling). The above procedures were 

repeated until noticeably reductions in fundamental frequency were detected. 

Afterwards the specimens were dried again at 40 C for 7 days for measurement of 

porosity as described in the previous section.   

It has been found from the measurements that the weight change before and after 

freezing was very small (normally <0.05% by mass). Therefore, the relative dynamic 

modulus RDM was calculated using equation (5.8) without taking the mass change into 

account. 

2

ini

F
RDM

F

 
=  

 
     (5.8) 

where Fini and F are the transvers fundamental frequency before and after freezing.  

The critical degree of water saturation was determined from the plot of RDM vs S, with 

the RDM of 0.9 as a criterion for frost damage.  

5.3.4 Test results 

The S-t curves are shown in Figure 5.12 and the RDM-S plots are shown in Figure 5.13. 

The obtained parameters for Fagerlund’s model are listed in Table 5.2.   
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Figure 5.12. Curves of S-t for 10 types of concrete. 
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Figure 5.13. Plots of RDM-S for the tested concrete. 

The critical degree of saturation (as defined in the model) is very high for all recipes. A 

degree of saturation higher than 0.917 implies the destruction is mainly the volume 

increase during the phase change from water to ice, the so called closed container-

mechanism. The investigated materials are also very dense which makes it reasonable as 
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Table 5.2 Obtained parameters for Fagerlund’s model. 

  P Sini B C tb, hr Sb b c Scr 

water-binder ratio 0.40, 4.5%-4.8% entrained air 

#201 0.155 0.260 0.262 0.382 4.1 0.709 0.433 0.025 0.921 

#206 0.149 0.381 0.160 0.315 13.4 0.744 0.327 0.039 0.949 

#211 0.154 0.279 0.271 0.364 5.1 0.769 0.480 0.012 0.942 

#219 0.147 0.358 0.156 0.350 18.6 0.793 0.390 0.037 0.936 

#225 0.168 0.283 0.180 0.370 9.5 0.697 0.387 0.031 0.930 

#228 0.154 0.309 0.212 0.357 6.8 0.728 0.400 0.026 0.945 

water-binder ratio 0.30, no entrained air 

#203 0.100 0.445 0.163 0.313 21.8 0.873 0.407 0.016 0.957 

#208 0.112 0.457 0.164 0.273 24.1 0.849 0.348 0.038 0.965 

#213 0.122 0.417 0.195 0.298 17.8 0.877 0.449 0.009 0.956 

#221 0.119 0.515 0.125 0.266 49.1 0.866 0.295 0.045 0.927 
 

5.4 Modelling the potential service life 

After applying the data from the capillary absorption measurements and degree of 

saturation listed in Table 5.2 to equation (5.9), the following potential service life was 

found for the ten types of concrete (Table 5.3). 

Table 5.3 The potential service life for all the tested specimens. 

Mix No. Concrete tpot (years) 

#201 Anl, w/b 0.4, 4.8% air 2461 

#206 Anl+5%SF, w/b 0.4, 4.7% air 145 

#211 FinStd (15-18%SL), w/b 0.4, 4.9% air 162210000 

#219 FinRpd+44%SL, w/b 0.4, 4.5% air 4.5 

#225 Anl+10%SF, w/b 0.4, 4.8% air 2490 

#228 KalkC, w/b 0.4, 4.8% air 5625 

#203 Anl, w/b 0.3, non-AEA 126 

#208 Anl+5%SF, w/b 0.3, non-AEA 2.6 

#213 FinStd (15-18%SL), w/b 0.3, non-AEA 103253 

#221 FinRpd+44%SL, w/b 0.3, non-AEA 0.2 

 

5.5 Discussions on the modelled results 

Concrete with a w/b-ratio of 0.40 and 4.5-4.9% entrained air: 

Outstanding longest potential service life was found in specimen #211 FinStd (15-

18%SL), Table 5.3. It reached the knick-point rapidly and had the second highest degree 

of saturation at knick-point. This could be a result of a small volume capillary pores that 
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is well connected. The rapid filling of the capillary system can lead to a large amount of 

entrapped air which then leads to a very long diffusion process and thus a long potential 

service life according to Fagerlund’s service life model. Another reason for very slow 

water uptake after the knick-point may be filling of the not connected part of the capillary 

pore system and the air void system, which in this case was perhaps a larger part of the 

total pore+void system. According to Fagerlund [7] the constant b depends mainly on 

the diffusivity of dissolved air and c is highly influenced by the air void distribution. If 

the value of c < 0.5, the long-term water absorption is retarded. Next step would be to do 

microstructural characterization and air void analysis to try to see if the difference found 

by the model also could be seen in the structure. It is very rare to have well documented 

19-year-old field samples to investigate. In an attempt to investigate the influence of 

aging, new samples could be cast and their microstructure could be used for comparison. 

Specimen #219 FinRpd+44%SL showed the shortest potential service life according to 

Table 5.3. It took the longest time to reach the knick-point indicating a larger volume of 

capillary pores that is relatively well connected. The slow process of filling the connected 

capillary pores and the air void system do not entrap so much air, which could be the 

reason for the successive diffusion process to go relatively fast. Another scenario is that, 

after the connected part of the capillary system is filled, there is not much volume of 

pores+voids left. 

Concrete with a w/b-ratio of 0.30 and no entrained air: 

The longest potential service life by far in this category was again showed by the concrete 

with the binder FinStd+(15-18%SL). Among these materials, the parameter c in the 

model seems to be the most important one. 

Further investigations of the pore system (pore size distribution and connectivity) and 

the air void system would give more understanding of the driving forces of the water 

uptake. Continuing monitoring the materials at the highway site to investigate if the 

model predicts correctly in terms of what material that will be damaged first. To be able 

to translate the potential service life to actual service life these comparisons should be 

done on the field specimens in which their critical degree of saturation was reached.  

5.6 Suggestions for future research regarding 

input to the frost models 

To address some of the remaining questions regarding frost damage with and without 

salt and to obtain input to frost models the combined calorimeter/dilatometer, Figure 

5.14 is a powerful tool. In the instrument designed at Division of Building Materials, 

Lund University it is possible to measure heat flow and length-change simultaneously of 

samples large enough to represent concrete. For this study can e.g. the test matrix consist 

of concrete of various strength and air content which have been pre-conditioned 

differently regarding e.g. CO2, RH and tested at different ages.  

It is possible to develop a test procedure where the sample have access to water or salt 

solution during the freeze-thaw cycle. In that way the moisture uptake during freezing 

can be monitored and the critical degree of saturation be obtained. The moisture uptake 

during freezing can be compared to regular capillary absorption tests to evaluate the 
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‘pump’ effect. The results from this test can be compared to the specimens at the highway 

40 in an attempt to estimate the degree of acceleration in the test. 

 

Figure 5.14. Schematic drawing of the combined calorimeter/dilatometer (vertical cross section). 

(A) Insulation, (B) Heat sink, (C) Heat flow sensor, (D) Vessel holder, (E) Vessel, (F) 

Sample, (G) LVDT Dilatometer. The top section of the calorimeter (containing 

insulation) is not shown. 
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6 Concluding remarks 

Based on the results from the investigation of concrete specimens exposed at three field 
exposure sites for nineteen years, including a de-icing salt highway environment, a 
marine environment, and an inland out-door environment, the following conclusions 
can be drawn. 

• Of the three investigated test sites the highway environment is clearly the most 
aggressive environment regarding salt-frost damage. Regarding observed 
internal damage there is no clear difference between the test sites.  

• Good salt-frost resistance of concrete with CEM I, (CEM I + 5 % silica), CEM 
II/A-LL, CEM II/A-S and (CEM I + 30 % slag) with entrained air and w/b ≤ 0.4. 

• Reasonably good salt-frost resistance of concrete with CEM I, (CEM I + 5 % 
silica), CEM II/A-LL, with entrained air and w/b up to 0.5. 

• Concrete with CEM III/B with entrained air and a w/b-ratio of ≥0.4 showed 

relatively poor salt-frost resistance.  

• In general, internal damage is observed only for concrete qualities without 

entrained air and furthermore, in most cases for concrete qualities with high 

water/binder ratios. However, for concrete qualities with CEM I + 5% silica as 

binder, internal damage is found at lower w/b-ratios, down to w/b 0.4. Evidence 

of internal damage for these concrete qualities is found on all three test sites.   

• Comparing results from laboratory testing in accordance with SS 13 72 44 (the 

‘Slab test’, essentially in accordance with CEN/TS 12390-9) with results after 

nineteen years’ exposure at the highway exposure site shows that the laboratory 

standard classifies most concrete qualities correctly. 

• There is an indication that the laboratory test method may overestimate the scaling 

resistance of concrete containing a medium to high content of slag as part of the 

binder. This indicates a need to consider a revision of the slab test procedure so 

that aging processes is better taken into consideration. A somewhat longer 

preconditioning time with at least partially an increased carbon dioxide content 

would for example lead to that the effect of carbonation is better reflected. 

Based on the results from the measurements of capillary water absorption and critical 
degree of saturation, as well as the modelling by Fagerlund’s model, the following 
conclusions can be drawn.  

• The most important but also sensitive parameter influencing the potential service 
life in Fagerlund’s model is the exponent c under the diffusion phase.  

• Among 10 selected types of concrete, the concrete with CEM II/A-S revealed the 
longest potential service life in both categories (w/b 0.4 with entrained air and 
w/b 0.3 without AEA), greatly due to its lowest value of c. 

• Concrete with high content of slag showed the shortest potential service life in 
both categories (w/b 0.4 with entrained air and w/b 0.3 without AEA), although 
the capillary absorption period in this type of concrete is the longest, also due to 
its relatively high value of c. 

• To be able to translate the potential service life to actual service life further 
investigations and comparisons should be carried out on the field specimens in 
which their critical degree of saturation was reached.  
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Appendix 1 
Meteorological data, concrete constituents 
and properties 
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Meteorological data 

Minimum recorded temperatures during four winter seasons at the highway site and 

marine site, during the exposure time. The data are collected by the Swedish 

Meteorological and Hydrological Institute. 
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Annual rainfall recorded at the highway site and marine site, during the 2002 and 2006. 

The data are collected by the Swedish Meteorological and Hydrological Institute. 
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Concrete constituents and properties 

Binder 
type 

w/b 
 

Equiv. 
w/c1 

Cem. 
(kg/m3) 

SCM(2 
(kg/m3) 

Aea(3 Air fresh 
(%) 

Slump 
(mm) 

Comp. str. 
(MPa) 

SS(4   Recalc(5 

Scaling 
(kg/m2)(6 

28           56 

CEM I SR 0.30 0.30 500 - Yes 4.8 240 95 87 0.02 0.04 
 0.35 0.35 450 - Yes 4.8 190 95 87 0.05 0.09 
 0.40 0.40 420 - Yes 4.6 125 67 60 0.01 0.02 
 0.50 0.50 370 - Yes 4.6 90 49 44 0.02 0.02 
 0.75 0.75 260 - Yes 4.7 100 21 18 0.13 0.14 

 0.30 0.30 500 - Yes 2.9 230 102 93 0.04 0.06 
 0.35 0.35 450 - Yes 3.2 155 96 88 0.89 2.10 
 0.40 0.40 420  Yes 2.9 120 74 67 0.02 0.03 
 0.50 0.50 380  Yes 2.8 60 54,9 49 0.02 0.03 
 0.75 0.75 260  Yes 2.8 100 25,1 21,7 0.32 0.36 

 0.30 0.30 500 - No 1.1 120 102 93 0.16 0.26 
 0.35 0.35 450 - No 1.2 140 91 83 1.94 4.39 
 0.40 0.40 420 - No 0.8 130 87 79 3.11 7.92 
 0.50 0.50 385 - No 0.8 70 56 50 5.09 14.5 
 0.75 0.75 265 - No 0.9 60 31 27 4.34 >15 

CEM I SR + 
5% silica 

0.30 0.29 475 25 Yes 4.6 100 103 94 0.04 0.12 
0.35 0.33 427.5 22.5 Yes 4.5 90 91 83 0.02 0.04 

 0.40 0.38 399 21 Yes 4.8 105 72 65 0.02 0.04 
 0.50 0.48 361 19 Yes 4.6 70 57 51 0.02 0.03 
 0.75 0.71 237.5 12.5 Yes 4.3 70 25 22 0.19 0.20 

 0.30 0.29 475 25 Yes 3.2 140 109.6 101 83 266 
 0.35 0.33 427.5 22.5 Yes 3.2 100 87.7 80 67 110 
 0.40 0.38 399 21 Yes 2.8 115 77.9 71 21 38 
 0.50 0.48 361 19 Yes 3.3 60 61.8 55 15 23 
 0.75 0.71 247 13 Yes 3.3 65 31 27 270 286 

 0.30 0.29 475 25 No 1.1 125 121 111 0.12 0.20 
 0.35 0.33 427.5 22.5 No 1.1 90 105 96 0.36 0.89 
 0.40 0.38 399 21 No 0.5 100 84 76 1.67 3.25 
 0.50 0.48 370.5 19.5 No 1.2 60 67 60 1.86 4.61 
 0.75 0.71 256.5 13.5 No 0.3 75 35 31 3.45 6.58 

CEM II/A-
LL 

0.30 0.30 520 - Yes 4.4 110 89 81 0.03 0.05 
0.35 0.35 450 - Yes 4.3 110 85 77 0.14 0.25 

 0.40 0.40 420 - Yes 4.6 90 72 65 0.11 0.12 
 0.50 0.50 390 - Yes 4.8 70 52 46 0.17 0.20 
 0.75 0.75 260 - Yes 4.7 70 34 30 2.92 5.26 

 0.30 0.30 520 - Yes 2.9 80 94 86 0.04 0.07 
 0.35 0.35 460 - Yes 3.2 100 87 79 0.36 0.86 
 0.40 0.40 420 - Yes 3.3 90 79 72 1.28 2.73 
 0.50 0.50 390 - Yes 3.2 70 57 51 1.03 2.33 
 0.75 0.75 270 - Yes 3.1 70 34 30 5.41 11.07 

 0.30 0.30 530 - No 2.3 100 95 87 0.16 0.28 
 0.35 0.35 470 - No 2.4 115 86 78 0.52 1.05 
 0.40 0.40 420 - No 2.4 110 76 69 3.04 5.67 
 0.50 0.50 400 - No 1.8 70 64 57 5.05 11.6 
 0.75 0.75 280 - No 1.2 75 36 32 TD TD 
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Binder 
type 

w/b 
 

Equiv 
w/c-(1 

Cem. 
(kg/m3) 

SCM(2 
(kg/m3) 

Aea(3 Air fresh 
(%) 

Slump 
(mm) 

Comp. str. 
(MPa) 

SS(4   Recalc(5 

Scaling 
(kg/m2)(6 

28           56 

CEM I R 0.30 0.30 - - - - - - - - - 
 0.35 0.35 450 - Yes 4.6 130 77 70 0.05 0.08 
 0.40 0.40 420 - Yes 4.6 130 67 61 0.09 0.11 
 0.50 0.50 390 - Yes 4.4 75 50 44 0.05 0.06 
 0.75 0.75 250 - Yes 4.7 60 32 28 1.01 1.62 

 0.30 0.30 500 - Yes 2.7 60 85 77 0.06 0.10 
 0.35 0.35 460 - Yes 3.3 120 78 71 0.10 0.16 
 0.40 0.40 420 - Yes 3.2 140 66 59 0.53 0.79 
 0.50 0.50 390 - Yes 3.2 65 53 47 0.43 0.82 
 0.75 0.75 260 - Yes 3.3 100 29 25 1.71 2.65 

 0.30 0.30 520 - No 2.2 30 87 79 0.03 0.04 
 0.35 0.35 470 - No 2.6 110 82 74 0.25 0.65 
 0.40 0.40 440 - No 1.2 130 73 66 2.60 5.20 
 0.50 0.50 410 - No 1.2 95 57 51 3.94 8.09 
 0.75 0.75 270 - No 0.8 70 33 28 TD TD 

CEM II/A-S 0.30 0.30 520 - Yes 4.4 70 62 56 0.09 0.11 
 0.35 0.35 450 - Yes 4.5 100 62 56 1.40 2.23 
 0.40 0.40 420 - Yes 4.5 80 53 47 1.75 2.45 
 0.50 0.50 380 - Yes 4.8 100 39 34 0.15 0.16 
 0.75 0.75 260 - Yes 4.7 100 25 22 1.12 1.25 

 0.30 0.30 520 - Yes 3.3 50 65 59 0.10 0.12 
 0.35 0.35 450 - Yes 3.2 85 63 57 2.19 3.58 
 0.40 0.40 420 - Yes 2.9 90 57 51 2.93 4.43 
 0.50 0.50 390 - Yes 3.3 70 44 39 0.88 1.13 
 0.75 0.75 270 - Yes 2.7 110 25 22 2.29 3.40 

 0.30 0.30 540 - No 2.2 30 69 62 0.32 0.42 
 0.35 0.35 450 - No 2.6 35 64 57 2.37 4.06 
 0.40 0.40 420 - No 2.0 90 58 52 3.93 6.71 
 0.50 0.50 400 - No 1.7 65 48 43 5.28 7.65 
 0.75 0.75 275 - No 0.5 100 30 26 TD TD 

CEM I SR + 
30 % slag 

0.30 0.34 350 150 Yes 4.8 230 90 82 0.03 0.05 
0.35 0.40 315 135 Yes 4.8 130 86 78 0.09 0.14 

 0.40 0.45 294 126 Yes 4.4 110 65 58 0.04 0.07 
 0.50 0.57 259 111 Yes 4.8 80 49 44 0.02 0.03 
 0.75 0.85 175 75 Yes 4.4 100 20 17 0.49 0.54 

 0.30 0.34 350 150 Yes 3.2 230 91 83 0.04 0.05 
 0.35 0.40 315 135 Yes 3.3 140 89 81 0.35 0.68 
 0.40 0.45 294 126 Yes 2.9 80 75 67 0.18 0.28 
 0.50 0.57 266 114 Yes 3.3 80 49 44 0.03 0.04 
 0.75 0.85 179 76 Yes 2.9 90 21 18 0.54 0.60 

 0.30 0.34 350 150 No 0.7 220 101 92 0.10 0.13 
 0.35 0.40 315 135 No 1.1 140 91 83 1.78 3.61 
 0.40 0.45 294 126 No 0.9 120 78 71 1.78 3.83 
 0.50 0.57 273 117 No 1.3 80 52 46 0.86 1.94 
 0.75 0.85 185.5 79.5 No 0.5 80 25 22 1.58 4.37 
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Binder 
type 

w/b 
 

Equiv 
w/c-(1 

Cem. 
(kg/m3) 

SCM(2 
(kg/m3) 

Aea(3 Air fresh 
(%) 

Slump 
(mm) 

Comp. str. 
(MPa) 

SS(4   Recalc(5 

Scaling 
(kg/m2)(6 

28           56 

CEM III/B  
(~70% 
slag) 

0.30 0.30 520 - Yes 4.8 200 78 71 0.25 0.36 
0.35 0.35 460 - Yes 4.7 200 74 67 0.43 0.62 

 0.40 0.40 420 - Yes 4.3 120 61 55 0.57 0.85 
 0.50 0.50 380 - Yes 4.5 70 46 41 0.99 1.66 
 0.75 0.75 255 - Yes 4.4 90 26 23 2.05 3.16 

 0.30 0.30 520 - Yes 3.2 200 83 75 0.23 0.32 
 0.35 0.35 460 - Yes 3.2 200 77 70 0.51 0.67 
 0.40 0.40 420 - Yes 2.9 120 63 56 0.68 1.04 
 0.50 0.50 390 - Yes 3.3 70 47 42 1.11 1.80 
 0.75 0.75 260 - Yes 2.7 100 28 24 2.11 3.19 

 0.30 0.30 520 - No 0.8 200 99 90 0.22 0.28 
 0.35 0.35 470 - No 0.7 200 80 72 0.49 0.65 
 0.40 0.40 420 - No 0.9 125 68 61 0.84 1.14 
 0.50 0.50 400 - No 1.0 65 54 48 1.21 1.61 
 0.75 0.75 265 - No 0.1 100 31 27 3.94 6.89 

FRHPC 0.40 0.40 420 - Yes 4.7 80 58 52 0.32 0.37 
 0.50 0.50 380 - Yes 4.8 90 45 40 0.15 0.15 

 0.30 0.30 540 - No 2.2 10 69 62 0.08 0.13 
 0.40 0.40 420 - No 2.6 110 64 57 2.48 3.40 

FSRPC 0.40 0.40 420 - Yes 4.5 110 69 62 0.04 0.05 
 0.50 0.50 370 - Yes 4.4 90 52 46 0.03 0.04 

 0.30 0.30 500 - No 2.7 50 89 81 0.26 0.45 
 0.40 0.40 420 - No 1.3 130 80 72 3.31 6.91 

(1 Equiv. w/c-ratio=water/(cement + 2silica + 0.6slag). (2 SCM – Supplementary Cementitious Materials. 
(3 Aea – Air entraining agent. (4 Dry stored cubes tested in accordance with SS 13 72 10 [19] at the age of 

28 days. (5 Recalculated to wet stored cubes in accordance with fwet,cube = 0.76(fdry,cube)1.04. (6 In accordance 
with the ‘Slab test’, SS 137244 [20]. TD = Totally disintegrated. 
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Appendix 2 
Results - Resistance to frost damage 

  



8 

© RISE Research Institutes of Sweden 

Highway field site 

Resistance to external frost damage 
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Resistance to internal frost damage 

Change in transmission time (%) after 19 years exposed at the highway field site. 
 

Entrained air (~4.5%) Water/binder ratio 

Concrete mix 0.30 0.35 0.40 0.50 

CEM I SR -2 0 -2 -2 

CEM I R  -2 -2 -1 

CEM I SR + 5 % SF 1 0 1 0 

CEM II/A-LL -4 -5 -2 -2 

CEM II/A-S -2 -1 -2 1 

CEM I SR + 30 % slag -2 -2 0 -4 

CEM III/B -4 -1 0 - 1) 

Fin. RH   0 -1 

Fin. SR   0 -2 
1) No detection could be made because of to severe surface damage 

 

Entrained air (~3%) Water/binder ratio 

Concrete mix 0.30 0.35 0.40 0.50 

CEM I SR -1 -3 -2 -2 

CEM I R -6 -5 -4 -1 

CEM I SR + 5 % SF 1 -3 6 -2 

CEM II/A-LL -5 -3 -5 -2 

CEM II/A-S -3 -4 -3 -1 

CEM I SR + 30 % slag -5 -1 -1 -5 

CEM III/B -2 -1 1 -2 

 

Without entrained air Water/binder ratio 

Concrete mix 0.30 0.35 0.40 0.50 

CEM I SR -3 -2 -2 -2 

CEM I R -3 -3 -3 0 

CEM I SR + 5 % SF 1 -1 5 15  

CEM II/A-LL -2 -3 -1 2 

CEM II/A-S -4 -3 -3 0 

CEM I SR + 30 % slag -3 0 1 -5 

CEM III/B -1 -2 2 - 1) 

Fin. RH -4  0  

Fin. SR -3  -2  
1) No detection could be made because of to severe surface damage 
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Visual examinations – Highway field site 

CEM I SR Visual classification  CEM I R Visual classification 

Specimen 1 2 3 4 5  Specimen 1 2 3 4 5 

1:3 X          17:3 X         

1:4 X          17:4 X         

2:3 X          18:3 X         

2:4 X          18:4   X       

3:3 X          19:3   X       

3:4 X          19:4   X       

4:3 X          20:3     X     

4:4 X          20:4     X     

5:3       X    21:3 X         

5:4     X      21:4 X         

6:3   X        22:3 X         

6:4 X          22:4 X         

7:3 X          23:3   X       

7:4 X          23:4   X       

8:3 X          24:3   X       

8:4 X          24:4   X       

9:3 X          25:3     X     

9:4 X          25:4       X   

10:3       X    26:3 X         

10:4     X      26:4 X         

11:3 X          27:3 X         

11:4 X          27:4 X         

12:3 X          28:3 X         

12:4   X        28:4 X         

13:3   X        29:3   X       

13:4            29:4   X       

14:3     X      30:3           

14:4   X        30:4           

15:3                  

15:4         X        
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CEM I SR 
+ 5% SF 

Visual classification 

 

CEM II     
/A-LL 

Visual classification 

Specimen 1 2 3 4 5  Specimen 1 2 3 4 5 

31:3 X          46:3           

31:4 X          46:4 X         

32:3 X          47:3 X         

32:4 X          47:4 X         

33:3 X          48:3 X         

33:4 X          48:4 X         

34:3   X        49:3   X       

34:4   X        49:4   X       

35:3       X    50:3     X     

35:4       X    50:4     X     

36:3 X          51:3 X         

36:4 X          51:4 X         

37:3 X          52:3 X         

37:4 X          52:4 X         

38:3 X          53:3 X         

38:4 X          53:4 X         

39:3 X          54:3 X         

39:4 X          54:4 X         

40:3     X      55:3     X     

40:4     X      55:4     X     

41:3 X          56:3 X         

41:4 X          56:4 X         

42:3 X          57:3 X         

42:4 X          57:4 X         

43:3 X          58:3 X         

43:4 X          58:4 X         

44:3 X          59:3 X         

44:4   X        59:4   X       

45:3         X  60:3 X         

45:4            60:4           
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CEM II     
/A-S 

Visual classification 

 

CEM I SR 
+ 30%SL 

Visual classification 

Specimen 1 2 3 4 5  Specimen 1 2 3 4 5 

76:3 X          91:3 X         

76:4 X          91:4 X         

77:3   X        92:3 X         

77:4   X        92:4 X         

78:3 X          93:3 X         

78:4 X          93:4 X         

79:3   X        94:3   X       

79:4   X        94:4   X       

80:3            95:3       X   

80:4     X      95:4       X   

81:3   X        96:3 X         

81:4   X        96:4 X         

82:3   X        97:3 X         

82:4 X          97:4 X         

83:3 X          98:3 X         

83:4   X        98:4 X         

84:3 X          99:3 X         

84:4 X          99:4 X         

85:3   X        100:3       X   

85:4     X      100:4     X     

86:3 X          101:3 X         

86:4 X          101:4 X         

87:3   X        102:3 X         

87:4   X        102:4 X         

88:3   X        103:3 X         

88:4   X        103:4 X         

89:3 X          104:3   X       

89:4   X        104:4 X         

90:3            105:3       X   

90:4            105:4       X   
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CEM III/B Visual classification 

 

Fin. RH Visual classification 

Specimen 1 2 3 4 5  Specimen 1 2 3 4 5 

106:3 X          121:3   X       

106:4 X          121:4 X         

107:3 X          122:3 X         

107:4 X          122:4 X         

108:3   X        123:3   X       

108:4   X        123:4   X       

109:3     X      124:3   X       

109:4     X      124:4   X       

110:3         X        

110:4         X        

111:3 X          Fin. RH Visual classification 

111:4 X          Specimen 1 2 3 4 5 

112:3 X          125:3 X         

112:4   X        125:4 X         

113:3   X        126:3 X         

113:4   X        126:4 X         

114:3     X      127:3 X         

114:4     X      127:4 X         

115:3         X  128:3   X       

115:4         X  128:4   X       

116:3 X                
116:4 X                
117:3 X                
117:4 X                
118:3   X              
118:4   X              
119:3     X            

119:4     X            
120:3                  

120:4                  
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Marine field site 

Resistance to external frost damages 

  

  

  

 

  



18 

© RISE Research Institutes of Sweden 

  

  

  

 

  



19 

© RISE Research Institutes of Sweden 

  

  

  

 

  



20 

© RISE Research Institutes of Sweden 

  

 

 

  

 

  



21 

© RISE Research Institutes of Sweden 

 

 

  



22 

© RISE Research Institutes of Sweden 

Resistance to internal frost damages 

Change in transmission time (%) after 19 years exposed at the marine field site. 
 

Entrained air (~4.5%) Water/binder ratio 

Concrete mix 0.30 0.35 0.40 0.50 

CEM I SR -2 -3 -6 -3 

CEM I R  -3 -1 0 

CEM I SR + 5 % SF 1 0 3 -2 

CEM II/A-LL -2 -5 -1 0 

CEM II/A-S -3 -4 -5 -1 

CEM I SR + 30 % slag -3 -1 -2 -4 

CEM III/B -3 -1) 1 -3 

Fin. RH   -3 -5 

Fin. SR   -3 -5 
1) No detection could be made  

Entrained air (~3%) Water/binder ratio 

Concrete mix 0.30 0.35 0.40 0.50 

CEM I SR -2 -5 -2 -4 

CEM I R -2 -4 -5 0 

CEM I SR + 5 % SF -2 -2 0 -3 

CEM II/A-LL -1 -1 -5 -4 

CEM II/A-S -6 -5 -3 -2 

CEM I SR + 30 % slag -3 -3 -2 -3 

CEM III/B -2 1 -2 8 

 

Without entrained air Water/binder ratio 

Concrete mix 0.30 0.35 0.40 0.50 

CEM I SR -4 -3 -2 -3 

CEM I R -5 -4 -6 -2 

CEM I SR + 5 % SF -2 -2 13 15 

CEM II/A-LL -2 -3 -1 2 

CEM II/A-S -3 -5 -4 2 

CEM I SR + 30 % slag -2 0 -1 -3 

CEM III/B -2 -4 -1 -2 

Fin. RH -7  -4  

Fin. SR -6  -5  
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Visual examinations – Marine field site 

CEM I SR Visual classification 

 

CEM I R Visual classification 

Specimen 1 2 3 4 5  Specimen 1 2 3 4 5 

1:3 X          17:3   X       

1:4 X          17:4 X         

2:3 X          18:3   X       

2:4 X          18:4   X       

3:5 X          19:3   X       

3:6 X          19:4   X       

4:3   X        20:3   X       

4:4 X          20:4   X       

5:3     X      21:3   X       

5:4     X      21:4   X       

6:3 X          22:3 X         

6:4 X          22:4 X         

7:3 X          23:3   X       

7:4 X          23:4   X       

8:3   X        24:3   X       

8:4   X        24:4   X       

9:3   X        25:3   X       

9:4   X        25:4   X       

10:3     X      26:3 X         

10:4     X      26:4 X         

11:3 X          27:3 X         

11:4 X          27:4 X         

12:3 X          28:3 X         

12:4 X          28:4 X         

13:3   X        29:3   X       

13:4   X        29:4 X         

14:3   X        30:3         X 

14:4   X        30:4         X 

15:3     X            

15:4         X        
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CEM I SR 
+ 5% SF 

Visual classification 

 

CEM II     
/A-LL 

Visual classification 

Specimen 1 2 3 4 5  Specimen 1 2 3 4 5 

31:3 X          46:3 X         

31:4 X          46:4 X         

32:3 X          47:3 X         

32:4 X          47:4 X         

33:3 X          48:3 X         

33:4 X          48:4   X       

34:3   X        49:3 X         

34:4   X        49:4 X         

35:3   X        50:3   X       

35:4     X      50:4   X       

36:3 X          51:3           

36:4 X          51:4 X         

37:3 X          52:3 X         

37:4 X          52:4 X         

38:3 X          53:3 X         

38:4 X          53:4 X         

39:3 X          54:3 X         

39:4 X          54:4 X         

40:3     X      55:3 X         

40:4   X        55:4   X       

41:3 X          56:3 X         

41:4 X          56:4 X         

42:3 X          57:3 X         

42:4 X          57:4 X         

43:3 X          58:3 X         

43:4 X          58:4 X         

44:3 X          59:3   X       

44:4   X        59:4 X         

45:3            60:3         X 

45:4            60:4         X 
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CEM II     
/A-S 

Visual classification 

 

CEM I SR 
+ 30%SL 

Visual classification 

Specimen 1 2 3 4 5  Specimen 1 2 3 4 5 

76:3 X          91:3 X         

76:4 X          91:4 X         

77:3 X          92:3 X         

77:4 X          92:4 X         

78:3 X          93:3 X         

78:4 X          93:4 X         

79:3 X          94:3 X         

79:4 X          94:4 X         

80:3   X        95:3     X     

80:4   X        95:4     X     

81:3 X          96:3 X         

81:4 X          96:4 X         

82:3 X          97:3 X         

82:4 X          97:4 X         

83:3 X          98:3 X         

83:4 X          98:4 X         

84:3 X          99:3 X         

84:4 X          99:4   X       

85:3   X        100:3     X     

85:4 X          100:4   X       

86:3 X          101:3 X         

86:4 X          101:4 X         

87:3 X          102:3 X         

87:4 X          102:4 X         

88:3 X          103:3 X         

88:4 X          103:4 X         

89:3 X          104:3 X         

89:4 X          104:4 X         

90:3         X  105:3     X     

90:4   X        105:4     X     
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CEM III/B Visual classification 

 

Fin. RH Visual classification 

Specimen 1 2 3 4 5  Specimen 1 2 3 4 5 

106:3 X          121:3 X         

106:4 X          121:4 X         

107:3 X          122:3   X       

107:4 X          122:4   X       

108:3   X        123:3 X         

108:4 X          123:4 X         

109:3   X        124:3 X         

109:4   X        124:4 X         

110:3       X          

110:4         X        

111:3 X                

111:4 X                

112:3 X          Fin. RH Visual classification 

112:4 X          Specimen 1 2 3 4 5 

113:3 X          125:3 X         

113:4 X          125:4 X         

114:3   X        126:3 X         

114:4   X        126:4 X         

115:3     X      127:3 X         

115:4     X      127:4 X         

116:3 X          128:3 X         

116:4 X          128:4           

117:3 X                

117:4 X                

118:3   X              

118:4   X              

119:3   X              

119:4   X              

120:3       X          

120:4         X        
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SP field site 

Resistance to external frost damages 
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Resistance to internal frost damages 

Change in transmission time (%) after 19 years exposed at the SP field site. 

 

Entrained air (~4.5%) Water/binder ratio 

Concrete mix 0.30 0.35 0.40 0.50 

CEM I SR -4 -1 1 1 

CEM I R  -2 -2 -1 

CEM I SR + 5 % SF 0 -2 2 0 

CEM II/A-LL -3 -3 -4 -2 

CEM II/A-S -2 -1 -2 0 

CEM I SR + 30 % slag -2 0 1 -1 

CEM III/B -2 -1 -1 0 

Fin. RH   2 3 

Fin. SR   3 2 

 

Entrained air (~3%) Water/binder ratio 

Concrete mix 0.30 0.35 0.40 0.50 

CEM I SR -1 -4 -1 -1 

CEM I R -4 -5 -2 0 

CEM I SR + 5 % SF 1 0 2 3 

CEM II/A-LL -2 -1 -4 -2 

CEM II/A-S -3 -3 -1 2 

CEM I SR + 30 % slag -2 2 0 0 

CEM III/B -3 -2 1 2 

Fin. RH     

Fin. SR     

 

Without entrained air Water/binder ratio 

Concrete mix 0.30 0.35 0.40 0.50 

CEM I SR -5 -3 0 2 

CEM I R -1 -2 -3 0 

CEM I SR + 5 % SF -1 1 4 7 

CEM II/A-LL 0 -1 0 2 

CEM II/A-S -4 -3 -2 2 

CEM I SR + 30 % slag 0 2 -1 -1 

CEM III/B 2 2 4 2 

Fin. RH 1  -1  

Fin. SR -1  -1  
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Visual examinations – SP field site 

CEM I SR Visual classification 

 

CEM I R Visual classification 

Specimen 1 2 3 4 5  Specimen 1 2 3 4 5 

1:3 X          17:3 X         

1:4 X          17:4 X         

2:3 X          18:3 X         

2:4 X          18:4 X         

3:5   X        19:3   X       

3:6 X          19:4   X       

4:3   X        20:3   X       

4:4   X        20:4     X     

5:3     X      21:3 X         

5:4 X          21:4 X         

6:3 X          22:3 X         

6:4 X          22:4 X         

7:3 X          23:3 X         

7:4 X          23:4 X         

8:3 X          24:3 X         

8:4 X          24:4 X         

9:3   X        25:3     X     

9:4   X        25:4     X     

10:3     X      26:3 X         

10:4     X      26:4 X         

11:3 X          27:3 X         

11:4 X          27:4 X         

12:3 X          28:3 X         

12:4 X          28:4 X         

13:3 X          29:3   X       

13:4 X          29:4   X       

14:3 X          30:3     X     

14:4 X          30:4   X       

15:3   X              
15:4   X              
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CEM I SR 
+ 5% SF 

Visual classification 

 

CEM II     
/A-LL 

Visual classification 

Specimen 1 2 3 4 5  Specimen 1 2 3 4 5 

31:3 X          46:3 X         

31:4 X          46:4 X         

32:3 X          47:3 X         

32:4 X          47:4 X         

33:3   X        48:3 X         

33:4   X        48:4   X       

34:3   X        49:3   X       

34:4   X        49:4   X       

35:3     X      50:3     X     

35:4     X      50:4   X       

36:3 X          51:3 X         

36:4 X          51:4 X         

37:3 X          52:3 X         

37:4 X          52:4 X         

38:3 X          53:3 X         

38:4 X          53:4 X         

39:3   X        54:3 X         

39:4   X        54:4 X         

40:3     X      55:3   X       

40:4     X      55:4     X     

41:3 X          56:3 X         

41:4 X          56:4 X         

42:3 X          57:3 X         

42:4 X          57:4 X         

43:3 X          58:3 X         

43:4 X          58:4   X       

44:3 X          59:3 X         

44:4   X        59:4 X         

45:3     X      60:3           

45:4     X      60:4     X     
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CEM II     
/A-S 

Visual classification 

 

CEM I SR 
+ 30%SL 

Visual classification 

Specimen 1 2 3 4 5  Specimen 1 2 3 4 5 

76:3 X          91:3 X         

76:4 X          91:4 X         

77:3 X          92:3 X         

77:4 X          92:4 X         

78:3 X          93:3   X       

78:4 X          93:4   X       

79:3   X        94:3 X         

79:4   X        94:4 X         

80:3     X      95:3   X       

80:4     X      95:4   X       

81:3 X          96:3 X         

81:4 X          96:4 X         

82:3 X          97:3 X         

82:4 X          97:4 X         

83:3 X          98:3 X         

83:4 X          98:4 X         

84:3 X          99:3   X       

84:4 X          99:4   X       

85:3     X      100:3     X     

85:4     X      100:4     X     

86:3 X          101:3 X         

86:4 X          101:4 X         

87:3 X          102:3 X         

87:4 X          102:4 X         

88:3 X          103:3 X         

88:4 X          103:4 X         

89:3 X          104:3   X       

89:4 X          104:4   X       

90:3       X    105:3     X     

90:4       X    105:4     X     
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CEM III/B Visual classification 

 

Fin. RH Visual classification 

Specimen 1 2 3 4 5  Specimen 1 2 3 4 5 

106:3 X          121:3 X         

106:4 X          121:4 X         

107:3 X          122:3   X       

107:4 X          122:4   X       

108:3   X        123:3 X         

108:4   X        123:4 X         

109:3   X        124:3 X         

109:4   X        124:4 X         

110:3     X            
110:4     X            
111:3 X                
111:4 X                
112:3   X        Fin. RH Visual classification 

112:4   X        Specimen 1 2 3 4 5 

113:3   X        125:3 X         

113:4   X        125:4 X         

114:3   X        126:3   X       

114:4   X        126:4   X       

115:3     X      127:3 X         

115:4     X      127:4   X       

116:3   X        128:3   X       

116:4 X          128:4   X       

117:3   X              
117:4   X              
118:3 X                
118:4 X                
119:3     X            
119:4     X            
120:3         X        
120:4         X        
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Appendix 3 
Results - Microscopy 
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Mikroskopisk analys av prover från fältprovplatsen Rv. 40 

 

Mikroskopiska analyser är utförda av Jan Erik Lindqvist och Birgit Fredrich på 

RISE CBI Betonginstitutet. 

 

Uppdrag 

Analys av luftporstruktur och förändringar. 

Provtagning 

Provförteckning ges i tabell 1. 

Tabell 1. Provförteckning, av varje prov har ett tunnslip tagits ut från toppen och ett 

från botten av provkroppen. 

3:3 4:3 42:3 44:3 78:4 88:3 

88:4 93:4 94:4 108:3 109:3 131:4 

Metod 

Analyserna utfördes i ljusmikroskop med hjälp av tunnslipsteknik. Tunnslipen mätte 

cirka 30x45 mm2. Två tunnslip tillverkades från varje prov, ett från ytan och ett från cirka 

40 till 70 mm djup. Luftporstrukturen bestämdes med punkträkning på tunnslip enligt 

metoden NT BUILD 381. Antalet räknade punkter var 500. 
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Resultat 

Sammanställning av karbonatiseringsdjup ges i tabell 2. Sammanställning av 

förändringar i proverna ges i tabell 3. 

Tabell 2. Sammanställning av karbonatiseringsdjup. 

Prov 

ID 

Karbonat.djup 

(medel) 

[mm] 

Kommentar 

3:3 1,1 
Oregelbunden, max 6,8 mm. Och längs med 

vidhäftningssprickor vid ett djup på 16,3 mm. 

4:3 1,1 Oregelbunden, max. 4,8 mm. 

42:3 1 Oregelbunden längs med spricka: 7 mm. 

44:3 2,2 Oregelbunden längs med sprickor: 13,4 mm. 

78:4 0,6 
Oregelbunden längs med kontakt till ballastpartiklar 

och sprickor: 5,4 - 6,5 mm. 

88:3 - 
Oregelbunden längs med kontakt till ballastpartikel: 

2,2 - 4,8 mm. 

88:4 1 
Oregelbunden längs med vidhäftningssprickor och 

kontakt till ballastpartiklar, max. 7,4 mm. 

93:4 1 Oregelbunden in till cirka 5 mm. 

94:4 1,1 Från ett djup av cirka 0,02 mm. Djup: cirka 1,1 mm. 

108:

3 
2,2 - 4,0 Från ett djup av 0,5 - 1,2 mm. Djup: cirka 2,2 - 4 mm. 

109:

3 
4,3 - 6,6  

131:4 1,8 
Oregelbunden, max 6 mm och som isolerade 

karbonatiserade regioner mellan 0 - 6 mm. 
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Tabell 3. Sammanställning av förändringar i proverna. 

Prov 

ID 
Förändringar 

3:3 Kalcitfyllda porer vid ytan.  

4:3 

Tunt oregelbundet karbonatiserat skikt. Innanför detta ett skikt med tätare pasta. 

Yterosion där ytskiktet är porösare. I mikrodomäner finns expansionssprickor i den 

täta pastan. 

42:3 
Öppen spricka in till 5 mm och ytspjälkningssprickor. Cirka 0,2 mm med porösare 

cementpasta. Ytan något eroderad. 

44:3 
Öppna sprickor in till ett djup av > 20 mm. Ytan något eroderad ställvis 0,1 mm skikt 

med porös pasta. 

78:4 
Fina öppna sprickor från ytan. Något eroderad yta. Tunt (ca 0,25 mm) skikt med 

porösare och tätare pasta. 

88:3 
Ytparallella spjälkningssprickor (<1 mm in till provet). Något eroderad yta. Lokalt 

mycket tunt (0,2 mm) poröst ytskikt. 

88:4 
Öppen spricka in till 2,5 mm. Eroderad yta frilagd ballast. Poröst ytskikt max <0,5 

mm. 

93:4 Eroderad yta frilagd ballast. Poröst ytskikt max <0,5 mm. 

94:4 
Porer delvis fyllda med portlandit. Eroderad yta frilagd ballast. Poröst ytskikt max 

<0,5 mm. 

108:3 

Mindre porositet in till cirka 1 - 1,5 mm. Innanför detta ett tunt något tätare skikt. 

Kalcitfyllda och ettringitfyllda porer. Några sprickor börjande innanför det porösa 

skiktet vid ett djup av cirka 2 mm. Eroderad yta frilagd ballast.  

109:3 

Eroderad yta, frilagd ballast. Högre kapillärporositet in till cirka 6 mm. Innanför 

detta kommer ett tätare skikt. Innanför detta är ett skikt med hög 

mikrosprickfrekvens. Sprickmönstret tyder på expansion. Kalcit- och ettringitfyllda 

porer och delvis fyllda pastasprickor (med båda mineralerna).  

131:4 Mycket tunt ytskikt med porösare pasta. Mycket lite eller ingen yterosion. 
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Prov 3:3 

Resultat från luftporstrukturmätningen ges i tabell 4. Resultat från kvantifiering av 

mikrosprickor ges i tabell 5. Bild på tunnslipet 3:3 Topp ges i figur 1 och 2, bild på 3:3 

Botten ges i figur 3. 

Tabell 4. Resultat från mätning av luftporstruktur på prov 3:3 Topp. 

Lufthalt 2,9 

Specifik yta 29 

Avståndsfaktor 0,22 

Tabell 5. Resultat från sprickräkning. 

  
Sprickor/mm  Ytnära Spr/mm 

Mikro <0,01 mm Parallella  sprickor 0,3 0,2 

  Vinkelräta  sprickor 0,3 0,08 

Fina och grova >0,01 mm Parallella  sprickor 0 0 

  Vinkelräta  sprickor 0 0 

  Vidhäftningssprickor 0,3 0,13 

 

Figur 1. Prov 3:3 Topp i vanligt ljus. 
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Figur 2. Prov 3:3 Topp i polariserat ljus. 

 

Figur 3. Provet 3:3 Botten i vanligt ljus. 
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Prov 4:3 

Resultat från luftporstrukturmätningen ges i tabell 6. Resultat från kvantifiering av 

mikrosprickor ges i tabell 7. Bild på tunnslipet 4:3 Topp ges i figur 4, 5 och bild på 4:3 

Botten ges i figur 6. 

Tabell 6. Resultat från mätning av luftporstruktur på prov 4:3 Topp. 

Lufthalt 3,4 

Specifik yta 46 

Avståndsfaktor 0,14 

Tabell 7. Resultat från sprickräkning. 

    Sprickor/mm  Ytnära Spr/mm 

Mikro <0,01 mm Parallella  sprickor 0,1 0,25 

  Vinkelräta  sprickor 0,1 0,08 

Fina och grova >0,01 mm Parallella  sprickor 0 0 

  Vinkelräta  sprickor 0 0 

  Vidhäftningssprickor 0,1 0,17 

 

Figur 4. Prov 4:3 Topp i vanligt ljus. 
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Figur 5. Prov 4:3 Topp i polariserat ljus. 

 

Figur 6. Provet 4:3 Botten i vanligt ljus. 
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Prov 42:3 

Resultat från luftporstrukturmätningen ges i tabell 8. Resultat från kvantifiering av 

mikrosprickor ges i tabell 9. Bild på tunnslipet 42:3 Topp ges i figur 7 och 8, och bild på 

42:3 Botten ges i figur 9. 

Tabell 8. Resultat från mätning av luftporstruktur på prov 42:3 Topp. 

Lufthalt 0,5 

Specifik yta 13 

Avståndsfaktor 1,0 

Tabell 9. Resultat från sprickräkning. Prov 42:3 Topp och Botten. 

    Sprickor/mm  Ytnära Spr/mm 

Mikro <0,01 mm Parallella  sprickor 0,2 0,2 

  Vinkelräta  sprickor 0,2 0,25 

Fina och grova >0,01 mm Parallella  sprickor 0 0 

  Vinkelräta  sprickor 0 0 

  Vidhäftningssprickor 0,1 0,3 

 

Figur 7. Prov 42:3 Topp i vanligt ljus. 
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Figur 8. Prov 42:3 Topp i polariserat ljus. 

 

Figur 9. Provet 42:3 Botten i vanligt ljus. 
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Prov 44:3 

Resultat från luftporstrukturmätningen ges i tabell 10. Resultat från kvantifiering av 

mikrosprickor ges i tabell 11. Bild på tunnslipet 44:3 Topp ges i figur 10 och 11, bild på 

44:3 Botten ges i figur 12. 

Tabell 10. Resultat från mätning av luftporstruktur på prov 44:3 Topp. 

Lufthalt 0,8 

Specifik yta 8 

Avståndsfaktor 1,4 

Tabell 11. Resultat från sprickräkning. Prov 44:3 Topp och Botten. 

    Sprickor/mm  Ytnära Spr/mm 

Mikro <0,01 mm Parallella  sprickor 0,4 0,7 

  Vinkelräta  sprickor 0,3 0,5 

Fina och grova >0,01 mm Parallella  sprickor 0 0 

  Vinkelräta  sprickor 0 0 

  Vidhäftningssprickor 0,4 0,75 

 

Figur 10. Prov 44:3 Topp i vanligt ljus. 
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Figur 11. Prov 44:3 Topp i polariserat ljus. 

 

Figur 12. Provet 44:3 Botten i vanligt ljus. 
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Prov 78:4 

Resultat från luftporstrukturmätningen ges i tabell 12. Resultat från kvantifiering av 

mikrosprickor ges i tabell 13.  Bild på tunnslipet 78:4 Topp ges i figur 13 och 14, bild på 

78:4 Botten ges i figur 15. 

Tabell 12. Resultat från mätning av luftporstruktur på prov 78:4 Topp. 

Lufthalt 2,9 

Specifik yta 29 

Avståndsfaktor 0,21 

Tabell 13. Resultat från sprickräkning. Prov 78:4 Topp och Botten. 

    Sprickor/mm  Ytnära Spr/mm 

Mikro <0,01 mm Parallella  sprickor 0 0 

  Vinkelräta  sprickor 0,1 0 

Fina och grova >0,01 mm Parallella  sprickor 0 0 

  Vinkelräta  sprickor 0 0 

  Vidhäftningssprickor 0,1 0 

 

Figur 13. Prov 78:4 Topp i vanligt ljus. 
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Figur 14. Prov 78:4 Topp i polariserat ljus. 

 

Figur 15. Provet 78:4 Botten i vanligt ljus. 
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Prov 88:3 

Resultat från luftporstrukturmätningen ges i tabell 14. Resultat från kvantifiering av 

mikrosprickor ges i tabell 15. Bild på tunnslipet 88:3 Topp ges i figur 16 och 17, och bild 

på 88:3 Botten ges i figur 18. 

Tabell 14. Resultat från mätning av luftporstruktur på prov 88:3 Topp. 

Lufthalt 4,0 

Specifik yta 5,3 

Avståndsfaktor 1,2 

Tabell 15. Resultat från sprickräkning. Prov 88:3 Topp och Botten. 

    Sprickor/mm  Ytnära Spr/mm 

Mikro <0,01 mm Parallella  sprickor 0,1 0,25 

  Vinkelräta  sprickor 0,1 0 

Fina och grova >0,01 mm Parallella  sprickor 0 0 

  Vinkelräta  sprickor 0 0 

  Vidhäftningssprickor 0,2 0,2 

 

Figur 16. Prov 88:3 Topp i vanligt ljus. 
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Figur 17. Prov 88:3 Topp i polariserat ljus. 

 

Figur 18. Provet 88:3 Botten i vanligt ljus. 
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Prov 88:4 

Resultat från luftporstrukturmätningen ges i tabell 16. Resultat från kvantifiering av 

mikrosprickor ges i tabell 17. Bild på tunnslipet 88:4 Topp ges i figur 19 och 20, och bild 

på 88:4 Botten ges i figur 21 

Tabell 16. Resultat från mätning av luftporstruktur på prov 88:4 Topp. 

Lufthalt 1,9 

Specifik yta 8 

Avståndsfaktor 1,0 

Tabell 17. Resultat från sprickräkning. Prov 88:4 Topp och Botten. 

    Sprickor/mm  Ytnära Spr/mm 

Mikro <0,01 mm Parallella  sprickor 0 0 

  Vinkelräta  sprickor 0,1 0,1 

Fina och grova >0,01 mm Parallella  sprickor 0 0 

  Vinkelräta  sprickor 0 0 

  Vidhäftningssprickor 0,2 0,2 

 

Figur 19. Prov 88:4 Topp i vanligt ljus. 
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Figur 20. Prov 88:4 Topp i polariserat ljus. 

 

Figur 21. Provet 88:4 Botten i vanligt ljus. 
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Prov 93:4  

Resultat från luftporstrukturmätningen ges i tabell 18. Resultat från kvantifiering av 

mikrosprickor ges i tabell 19. Bild på tunnslipet 93:4 Topp ges i figur 22 och 23, bild på 

93:4 Botten ges i figur 24 

Tabell 18. Resultat från mätning av luftporstruktur på prov 93:4 Top. 

Lufthalt 3,4 

Specifik yta 29 

Avståndsfaktor 0,21 

Tabell 19. Resultat från sprickräkning. Prov 93:4 Topp och Botten. 

  Sprickor/mm Ytnära Spr/mm 

Mikro <0,01 mm Parallella  sprickor 0,3 0,6 

  Vinkelräta  sprickor 0,3 0,3 

Fina och grova >0,01 mm Parallella  sprickor 0 0 

  Vinkelräta  sprickor 0 0 

  Vidhäftningssprickor 0,2 0,4 

 

Figur 22. Prov 93:4 Topp i vanligt ljus. 
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Figur 23. Prov 93:4 Topp i polariserat ljus. 

 

Figur 24. Provet 93:4 Botten i vanligt ljus. 
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Prov 94:4  

Resultat från luftporstrukturmätningen ges i tabell 20. Resultat från kvantifiering av 

mikrosprickor ges i tabell 21. Bild på tunnslipet 94:4 Topp ges i figur 25 och 26, bild på 

94:4 Botten ges i figur 27. 

Tabell 20. Resultat från mätning av luftporstruktur på prov 94:4 Topp. 

Lufthalt 4,5 

Specifik yta 35 

Avståndsfaktor 0,15 

Tabell 21. Resultat från sprickräkning. Prov 94:4 Topp och Botten. 

    Sprickor/mm  Ytnära Spr/mm 

Mikro <0,01 mm Parallella  sprickor 0,2 0,2 

  Vinkelräta  sprickor 0,3 0,5 

Fina och grova >0,01 mm Parallella  sprickor 0 0 

  Vinkelräta  sprickor 0 0 

  Vidhäftningssprickor 0,2 0,2 

 

Figur 25. Prov 94:4 Topp i vanligt ljus. 
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Figur 26. Prov 94:4 Topp i polariserat ljus. 

 

Figur 27. Provet 94:4 Botten i vanligt ljus. 
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Prov 108:3 

Resultat från luftporstrukturmätningen ges i tabell 22. Resultat från kvantifiering av 

mikrosprickor ges i tabell 23.  Bild på tunnslipet 108:3 Topp ges i figur 28 och 29, bild 

på 108:3 Botten ges i figur 30. 

Tabell 22. Resultat från mätning av luftporstruktur på prov 108:3. 

Lufthalt 2,1 

Specifik yta 26 

Avståndsfaktor 0,27 

Tabell 23. Resultat från sprickräkning. Prov 108:3 Topp och Botten. 

    Sprickor/mm  Ytnära Spr/mm 

Mikro <0,01 mm Parallella  sprickor 0,4 0,4 

  Vinkelräta  sprickor 0,4 0,5 

Fina och grova >0,01 mm Parallella  sprickor 0 0 

  Vinkelräta  sprickor 0 0 

  Vidhäftningssprickor 0,2 0,2 

 

Figur 28. Prov 108:3 Topp i vanligt ljus. 
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Figur 29. Prov 108:3 Topp i polariserat ljus. 

 

Figur 30. Provet 108:3 Botten i vanligt ljus. 
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Prov 109:3 

Resultat från luftporstrukturmätningen ges i tabell 24. Resultat från kvantifiering av 

mikrosprickor ges i tabell 25. Bild på tunnslipet 109:3 Topp ges i figur 31 och 32, bild på 

109:3 Botten ges i figur 33. 

Tabell 24. Resultat från mätning av luftporstruktur på prov 109:3. 

Lufthalt 2,6 

Specifik yta 32 

Avståndsfaktor 0,22 

Tabell 25. Resultat från sprickräkning. Prov 109:3 Topp och Botten. 

    Sprickor/mm  Ytnära Spr/mm 

Mikro <0,01 mm Parallella  sprickor 0,6 0,9 

  Vinkelräta  sprickor 0,7 1,3 

Fina och grova >0,01 mm Parallella  sprickor 0 0 

  Vinkelräta  sprickor 0,03 0,03 

  Vidhäftningssprickor 0,4 0,6 

 

Figur 31. Prov 109:3 Topp i vanligt ljus. 
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Figur 32. Prov 109:3 Topp i polariserat ljus. 

 

Figur 33. Provet 109:3 Botten i vanligt ljus. 
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Prov 131:4 

Resultat från luftporstrukturmätningen ges i tabell 26. Resultat från kvantifiering av 

mikrosprickor ges i tabell 27.  Bild på tunnslipet 131:4 Topp ges i figur 34 och 35, bild på 

131:4 Botten ges i figur 36. 

Tabell 26. Resultat från mätning av luftporstruktur på prov 131:4. 

Lufthalt 0,5 

Specifik yta 6,0 

Avståndsfaktor 2,0 

Tabell 27. Resultat från sprickräkning. Prov 131:4 Topp och Botten. 

    Sprickor/mm  

Ytnära 

Spr/mm 

Mikro <0,01 mm Parallella  sprickor 0,2 0,3 

  Vinkelräta  sprickor 0,3 0,4 

Fina och grova >0,01 mm Parallella  sprickor 0 0 

  Vinkelräta  sprickor 0 0 

  Vidhäftningssprickor 0,3 0,3 

 

Figur 34. Prov 131:4 Topp i vanligt ljus. 
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Figur 35. Prov 131:4 Topp i polariserat ljus. 

 

Figur 36. Provet 131:4 Botten i vanligt ljus. 
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Appendix 4 
BET - Pore structure characterization 
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Appendix 5 
XRD – Phase composition 
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XRD pattern for specimen 131:4 

 

The estimated amounts of the different phases are indicated by: 
 

XXX: major 

XX: intermediate 

X: low 

±: trace 

-: not present 

 

Estimated amounts of phases in different depths  

 Portlandite Calcite Vaterite Friedel’s salt Ettringite 

0-5 XXX XXX X X X 

5-10 XXX ± X X ± 

10-15 XXX ± X X ± 
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XRD pattern for specimen 4:3 

 
The estimated amounts of the different phases are indicated by: 
 

XXX: major 

XX: intermediate 

X: low 

±: trace 

-: not present 

 
Estimated amounts of phases in different depths  

 Portlandite Calcite Vaterite Friedel’s salt Ettringite 

0-5 XXX XXX X X X 

5-10 XXX X - X ± 

10-15 XXX X - X ± 

 
  



74 

© RISE Research Institutes of Sweden 

XRD pattern for specimen 109:3 

 
The estimated amounts of the different phases are indicated by: 
 

XXX: major 

XX: intermediate 

X: low 

±: trace 

-: not present 

 
Estimated amounts of phases in different depths 

 Portlandite Calcite Vaterite 
Friedel’s salt 

Hydrotalcite 

Monocarbonate 

Ettringite 

0-5 ± XXX X X - 

5-10 ± XX ± X - 

10-15 ± X ± X - 
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XRD pattern for specimen 88:3 

 

The estimated amounts of the different phases are indicated by: 
 
XXX: major 

XX: intermediate 

X: low 

±: trace 

-: not present 

 

Estimated amounts of phases in different depths 

 Portlandite Calcite Vaterite 
Friedel’s salt 

Hydrotalcite 

Monocarbonate 

Ettringite 

0-5 XX XXX X X ± 

5-10 XXX XX XX X ± 

10-15 XXX XX XX X ± 
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XRD pattern for specimen 88:4 

 

The estimated amounts of the different phases are indicated by: 
 

XXX: major 

XX: intermediate 

X: low 

±: trace 

-: not present 

 
Estimated amounts of phases in different depths 

 Portlandite Calcite Vaterite 
Friedel’s salt 

Hydrotalcite 

Monocarbonate 

Ettringite 

0-5 XX XXX X X ± 

5-10 XXX XX X X ± 

10-15 XXX XX X X ± 
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XRD pattern for specimen 94:4 

 

The estimated amounts of the different phases are indicated by: 
 
XXX: major 

XX: intermediate 

X: low 

±: trace 

-: not present 

 

Estimated amounts of phases in different depths 

 Portlandite Calcite Vaterite 
Friedel’s salt 

Hydrotalcite 

Monocarbonate 

Ettringite 

0-5 XX XXX X X - 

5-10 XXX - X X - 

10-15 XXX - X X - 
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XRD pattern for specimen 42:3 

 

The estimated amounts of the different phases are indicated by: 
 
XXX: major 

XX: intermediate 

X: low 

±: trace 

-: not present 

 
Estimated amounts of phases in different depths 

 Portlandite Calcite Vaterite Friedel’s salt Ettringite 

0-5 X XX ± ± - 

5-10 XXX ± ± ± - 

10-15 XXX ± ± - - 
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XRD pattern for specimen 44:3 

 

The estimated amounts of the different phases are indicated by: 
 
XXX: major 

XX: intermediate 

X: low 

±: trace 

-: not present 

 

Estimated amounts of phases in different depths 

 Portlandite Calcite Vaterite Friedel’s salt Ettringite 

0-5 XX XX X X - 

5-10 XXX XX X X - 

10-15 XXX X X ± - 
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Appendix 6 
TGA – Phase composition 
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DTG curves for sample 131:4 

 

DTG curves for sample 4:3 
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DTG curves for sample 88:3 

 

DTG curves for sample 88:4 
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DTG curves for sample 42:3 

 

DTG curves for sample 44:3 
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DTG curves for sample 94:4 

 

DTG curves for sample 109:3 

 

  



 

 

© RISE Research Institutes of Sweden 

Through our international collaboration programmes with academia, industry, and the public 

sector, we ensure the competitiveness of the Swedish business community on an international 

level and contribute to a sustainable society. Our 2,200 employees support and promote all 

manner of innovative processes, and our roughly 100 testbeds and demonstration facilities are 

instrumental in developing the future-proofing of products, technologies, and services. RISE 

Research Institutes of Sweden is fully owned by the Swedish state. 

 

I internationell samverkan med akademi, näringsliv och offentlig sektor bidrar vi till ett 

konkurrenskraftigt näringsliv och ett hållbart samhälle. RISE 2 200 medarbetare driver och stöder 

alla typer av innovationsprocesser. Vi erbjuder ett 100-tal test- och demonstrationsmiljöer för 

framtidssäkra produkter, tekniker och tjänster. RISE Research Institutes of Sweden ägs av 

svenska staten. 

  

 

 

RISE Research Institutes of Sweden AB 

Box 857, SE-501 15  BORÅS, Sweden 

Telephone: +46 10 516 50 00 

E-mail: info@ri.se, Internet: www.ri.se 

RISE CBI Swedish 

Cement and Concrete 

Research Institute 

RISE Report 2018:65 

ISBN: 

 


