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Preface 

Every third year the Nordic Concrete Federation organises a research symposium, where on-going 
and new research projects in the five Nordic countries – Denmark, Finland, Iceland, Norway and 
Sweden – within the broad field of concrete technology and concrete construction are presented. 
The research symposium held this year in the Danish city Aalborg is the 23rd symposium in this 
succession of research symposia.  

The continuous row of research symposia is a cornerstone in the work of the Nordic Concrete 
Federation. A Nordic Concrete Research Symposium is more than an event, where research 
conducted in the Nordic countries is presented. It is a forum, where researchers meet; they have 
face-to-face discussions, they extend their network, new ideas arise and working relationships 
between Nordic colleagues emerge. This year, we have invited our concrete colleagues from the 
Baltic countries, hopefully this will make the event even more fruitful for all of us. 

This year’s Symposium is organised by the board of the Danish Concrete Association. When the 
planning of the Symposium started, it was with Dr. Dirch H. Bager as the driving force in the 
organising committee. Unfortunately, Dirch H. Bager suddenly passed away February 3rd, 2016.  

Dr. Dirch H. Bager was very well-known in the Nordic concrete community. He joined the 
Research Committee of the Nordic Concrete Federation in year 2000, and for more than 15 years, 
he was a very active member. For many years, he edited the bi-annual publication “Nordic 
Concrete Research”. In the prefaces of the proceedings of the research symposia, there was always 
a special thank to Dirch. H. Bager, because he assisted the national organising committees with 
all sorts of tasks, great and small. In 2008, Dirch H. Bager received the NCF medal for his 
extraordinary contribution to make the Nordic cooperation prosper. 

Dirch H. Bager left a gap, which it has not been easy to fill out. However, we have done our 
utmost to follow in his footsteps, and we very much look forward to welcoming you in Aalborg 
for the XXIII Nordic Concrete Research Symposium! 

Kgs. Lyngby, July 2017 

Anette Berrig, 
Chairman of the Danish Concrete Association 

Marianne Tange Hasholt 
Chairman of the Research Council of the Nordic Concrete Federation 



Scientific committee 

(The Research Council of the Nordic Concrete Federation as per August 2017) 

Ass. professor Marianne Tange Hasholt, Technical University of Denmark (DK) - chairman 
Senior consultant Gitte Normann Munch-Petersen, Danish Technological Institute (DK) 
Professor Jouni Punkki, Aalto University (FI) 
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Properties of concrete with a new type of cement with low carbon footprint 

Martin Kaasgaard 
Consultant, M.Sc. 
Danish Technological 
Institute 
Gregersensvej 
DK-2630 Taastrup 
E-mail:
mkaa@teknologisk.dk

Claus Pade 
Team Manager, M.Sc. 
Danish Technological 
Institute 
Gregersensvej 
DK-2630 Taastrup 
E-mail:
cpa@teknologisk.dk

ABSTRACT 
In this study, which is part of the H2020 ECO-Binder project, C32/40 concretes with three 
different BYF (Belite, Ye’elimite, Ferrite) cements combined with different aggregate types 
were produced and tested. The concretes were batched and mixed in the laboratory using an 
industrial scale concrete mixing station and applying procedures ensuring high batching 
accuracy and identical mixing sequence. The concretes were subject to a test program 
comprising measurement of fresh, hardening and hardened concrete properties, including 
consistency, setting time, heat development, strength development, E-modulus and shrinkage. 
The results obtained are presented and discussed in relation to properties of Portland cement 
based concrete. The most unique features of BYF cement concrete appear to be high early 
strength and low shrinkage. 

Keywords: Sustainability, BYF cement, concrete properties, strength development, shrinkage 

1. INTRODUCTION
BYF cements constitute a new family of binders resulting from research into the reduction of
CO2 emissions in the cement industry. The clinker, composed of belite, ye’elimite and ferrite, is
ground with calcium sulfate to produce the cement. The raw materials are similar to ordinary
Portland cement (OPC), but used in different proportions leading to a different phase
composition. The cement combines the high early strength development of calcium-
sulfoaluminate cements with durability properties of belite cements. The main reactive, early
strength providing phase in OPC clinker is alite, whereas in BYF it is ye’elimite. The ye’elimite
and belite contents can be adjusted to give different properties. Compared to OPC, CO2
emissions from production are estimated to be around 30% lower due to lower calcium content
(calcination), lower clinkering temperature and lower required grinding energy.
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In the ECO-Binder project, concrete with BYF cement is combined with insulating materials 
and advanced functional surface treatment to obtain a new generation of prefabricated building 
envelope components, which are sustainable and cost-effective. The project furthermore 
addresses the need for documentation of physical, mechanical and durability properties of 
concrete based on BYF cement as a prerequisite for standardization. This is the subject of the 
current study, where three different BYF cements produced by respectively HeidelbergCement, 
LafargeHolcim and Vicat have been documented. 

2. MATERIALS AND METHODS
Three different BYF cements (B, D and E) have been analysed. The composition, fineness and
setting time of the cements appear from Table 1.

Table 1 – Composition, fineness and setting time of the cements. 
Cement B Cement D Cement E 

Ye’elimite 40-50 % 30-40 % 20-30 %
Belite 20-30 % 30-40 % 40-50 %
Ferrite 0-5 % 10-20 % 5-10 %
Sulfates 10-20 % 5-10 % 5-10 %
Others 10-20 % 0-5 % 10-20 %
Fineness, Blaine 4500 cm2/g 5500 cm2/g 3780 cm2/g 
Setting time 42 min 30 min 50 min 

The cements were combined with three aggregate types to give a total of nine concretes. The 
aggregate types were: 

• Italian limestone/quartz river sand and gravel (NT)
• Danish quartz dominated sea dredged sand combined with two fractions of Norwegian

crushed granite – siliceous (sil)
• Norwegian crushed limestone in three fractions – calcareous (cal)

Before mixing the concretes on the industrial scale mixing station, initial small-scale trial 
mixing was carried out. The purpose was to define the appropriate water/cement ratio for each 
cement to obtain a C32/40 strength class concrete. The required water/cement ratios were found 
to be 0.48, 0.50 and 0.43 respectively for cement B, D and E. Furthermore, the small-scale 
mixing served to determine the superplasticizer (MasterGleniumSKY 631) dosage needed to 
obtain an initial slump of 230 mm for each concrete. 
Subsequently, 250 litre of concrete was mixed using the mixing station and samples taken and 
specimens cast for the following tests: 

• Consistency (DS/EN 12350-2)
• Setting time (DS 423.17)
• Heat development (NT Build 488)
• Compressive strength development (DS/EN 12390-3) – 0.5, 1, 2, 7, 28 and 91 days
• E-modulus development (DS 423.25) – 7, 28 and 91 days
• Shrinkage (DS 434.6)

3. RESULTS AND DISCUSSION
The properties measured for the nine different concretes are presented in Table 2.
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Table 2 – Properties measured for the nine different concretes. 
B-NT B-sil B-cal D-NT D-sil D-cal E-NT E-sil E-cal

Setting time [h:min] 04:10 05:10 04:20 05:40 09:20 06:10 02:30 02:30 02:50
Q [kJ/kg] 280,5 261,8 276,8 272,3 296,7 274,9 223,7 217,0 229,3
τ [hours] 6,03 7,28 6,61 9,84 11,67 10,13 6,84 6,56 7,20

α 2,79 3,93 2,79 3,73 5,01 4,10 1,49 1,67 1,24
0.5 d 18,9 21,5 21,0 0,0 0,0 0,0 15,4 17,3 16,3
1 d 22,5 24,3 21,7 23,8 31,9 28,6 25,3 27,4 26,6
2 d 22,5 23,7 21,6 26,5 35,6 30,2 30,4 31,9 31,1
7 d 26,7 28,8 24,7 31,9 45,0 36,5 37,1 39,0 38,0

28 d 35,3 33,9 32,1 39,5 51,5 41,9 43,4 47,1 43,2
91 d 40,2 39,9 35,5 42,2 50,4 41,5 47,5 50,9 46,6
7 d 26,7 32,3 26,2 25,8 36,0 28,4 30,6 35,8 30,2

28 d 30,0 34,7 29,0 28,6 36,9 30,0 32,6 39,7 32,5
91 d 29,6 36,9 30,2 29,9 38,6 29,1 33,7 39,9 33,8
14 d 0,16 0,11 0,13 0,16 0,11 0,11 0,06 0,05 0,04
28 d 0,20 0,14 0,16 0,22 0,13 0,14 0,10 0,05 0,06
56 d 0,21 0,15 0,18 0,26 0,15 0,17 0,12 0,08 0,08
91 d 0,23 0,16 0,19 0,28 0,18 0,19 0,12 0,08 0,09

Heat dev. 
parameters

Compressive 
strength 
[MPa]

Elastic 
modulus 
[GPa]

Shrinkage 
[‰]

When comparing the setting time there are clear differences between concretes with the three 
cements. Cement E concrete has the shortest setting time and cement D concrete the longest 
(more than twice as long). For comparison, concretes (w/c = 0.53) of similar strength with 
respectively a Danish CEM II/A-LL 52.5 R and a German CEM II/A-LL 42.5 N had setting 
times of 5 hours and 40 minutes and 7 hours, i.e. at the same level as for cement D concrete, 
longer than for cement B concrete and more than twice as long as for cement E concrete. 
The heat development “initiation” (τ) is the same for cement B and E concrete (6-7 hours), and 3 
hours later for cement D concrete. The total heat development (Q) and rate (α) is lower for 
cement E concrete. For comparison, a concrete (w/c = 0.40) with a Danish CEM I 52.5 N and 
25% (of binder) fly ash had a Q of 295.3 kJ/kg, τ of 15.47 hours and α of 1.09, i.e. the heat 
development of BYF cement concrete is earlier and faster, but the total heat development lower.  
Regarding strength development, it is seen from Figure 1 that the very early strength 
development is quite different for the three cements. 

Figure 1 – Compressive strength development of the BYF cement concretes with Italian 
aggregate and a CEM II/A-LL 42.5 N concrete for comparison. 
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Cement B concrete had the highest 0.5-day strength, cement E concrete a bit lower, whereas 
cement D concrete had no 0.5-day strength at all. After 1 day, the concretes had rather similar 
strength. For cement B concrete there was very little strength increase from 0.5 to 2 days. From 
2 to 91 days, the strength increase is rather similar for the different concretes. For cement E and 
particularly cement D, the strength of concrete with siliceous aggregate is higher than with the 
Italian and calcareous aggregates (see Table 2).  
The E-modulus (see Table 2) is higher for the concretes with cement E, when comparing 
concretes with the same aggregate type. When comparing concretes with the same cement, the 
E-modulus is similar for concretes with the Italian and calcareous aggregates and somewhat
higher for concrete with the siliceous aggregate.
Finally, the shrinkage of concrete was found to be somewhat different for the three BYF
cements as seen from Figure 2.

Figure 2 – Shrinkage of the BYF cement concretes with Italian aggregate and a CEM II/A-LL 
42.5 N concrete for comparison. 

Cement E concrete has clearly the lowest shrinkage, while cement B and D concretes are more 
comparable. The shrinkage of BYF cement concrete is significantly lower than for the CEM 
II/A-LL 42.5 N concrete.  

4. CONCLUSIONS
Concrete of strength class C32/40 with three different BYF cements combined with three
different aggregate types was mixed and tested. The early strength was found to be high, above
15 MPa at 0.5 days for two of the cements and above 21 MPa at 1 day for all three cements.
Setting time is relatively short (between 2.5 and 6 hours). Compared to OPC concrete, the total
heat development is relatively low, but with a high initial rate. The shrinkage is significantly
lower than for OPC concrete. Based on its properties being comparable to those of OPC
concrete and the low projected carbon footprint, BYF cement concrete seems a promising
candidate for future sustainable application of concrete.
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ABSTRACT 
In today’s world, alkali activated materials have great potential for use in the construction 
industry.The aim of this research was to study the influence of AlF3 production waste from a 
fertilizer production plant, on theproperties of alkali activated clay. The AlF3 production waste 
which is rich in alumina and silicacontributed with better mechanical behavior for all cases 
investigated in the research. This demonstrated the effective potential use of this waste material. 
It was noted that the dosage of Na2O, Al2O3 and SiO2 are significant factors which influence the 
binding mechanism and properties of alkali-activated clay samples.  

Key words: alkali activated material, reuse and recycling, clay, AlF3 production waste. 
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1. INTRODUCTION
Alkali activation is an important and rapidly developing field of activity in the global research
and development community. Commercial-scale deployment of alkali-activated cements and
concretes is now proceeding rapidly in many countries. Alkali-activated materials have received
a lot of attention lately because they have the potential to partly replace ordinary Portland
cement as a construction material. Studies have shown that alkali-activated materials have
mechanical properties as good as, or sometimes better than, ordinary Portland cement materials.
Alkali activated material has to consist of a certain amount of silicate and aluminate phases
which can be dissolved by the alkaline medium. In this process, stable polymeric networks of
alumosilicates will be formed. It is important to suggest alternative low cost primary materials
and one of these could potentially be clay [1].
Aluminosilicate sources could include some types of calcine clays. Alkali activated products are
synthesized by activation of kaolinitic clay with a sodium hydroxide solution. Alkali activated
geopolymers are synthesized. The inorganic polymers have excellent resistance to saline water
and sulfate attack [2]. The investigation [3] focuses on the suitability of illite/smectite clay to
form a geopolymer after thermal and alkaline activation. Therefore, clay containing mainly illite
was thermally activated between 550 and 950 °C. The performance of the geopolymer binder in
terms of strength as well as the phase composition was studied. El Hafid et al. [4] reported that
heated kaolinitic-illitic raw clay was etched with NaOH aqueous solution (4–14 M) and cured at
different temperatures (30–85 °C) and different periods of time (up to 30 h). Chabazite, natrolite
and sodium carbonate formed in the cured alkali-activated heated clay. The neo-formed zeolites
differed from the predictable ones. The experimental factors and properties of the cured samples
were correlated. Reig et al. [5] investigated the properties and microstructure of alkali-activated
cement pastes and mortars produced using red clay brick waste. The work shows that the type
and concentration of alkali activator can be optimized to produce mortar samples with
compressive strengths up to 50 MPa after curing for 7 days at 65 °C.
In this research the influence of AlF3 production waste on the properties of alkali activated clay
was studied. Alkaline activation supports the use of waste materials (with reactive SiO2 and
Al2O3) that are not suitable in other industries. The material used in this research, namely AlF3
production waste from fertilizers plant, is an unsuitable material for use in Portland cement
based materials due to the harmful fluoride compounds.

2. MATERIALS AND METHODS
In this study, clay rich in CaO from Malta (a source of Blue Clay deposit in the Maltese Islands)
was used as a raw material for alkali activated material. XRFA elemental analysis was used to
determine the chemical composition of the clay. Elemental composition was recalculated to
oxides.

The XRD analysis of clay shows peaks of quartz, calcite and some of clay minerals such as 
illite, muscovite and kaolinite (Fig. 1, a). Along with the clay, by-product silica (AlF3 
production waste) was used as a Si and Al source. High amounts of amorphous SiO2 and Al2O3 
makes this waste a good raw material for alkali activated binding material. The X-ray diffraction 
curve (Fig. 1, b) presents amorphous SiO2·nH2O (rise from 10 up to 30°) and crystalline 
AlF3 · 3.5 H2O (diffraction angles 2θ = 16.160, 10.30, 23.020, 26.980, 29.360, 36.720, 51.280 and 
52.920). Alkali activator reagent NaOH (Delta Chem, Czech Republic) was used. The XRF 
analysis of dried silica gel showed that it contained the following: 60.15 % SiO2, 35.52 % AlF3, 
4.43 % Al2O3. Very high fluoride concentrations were obtained through the amorphous silica 
XRF analysis. It is believed that fully un-reacted H2SiF6 in the silica investigated should be left 
in addition to these compounds. The presence of H2SiF6 in heterogeneous systems is 
problematic. 
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Figure 1 - X-ray diffraction pattern of the raw clay (a) and AlF3 production waste (b). Notes: Q is quartz 
SiO2 (78-1253), I is illite (K, H3O)Al2Si3AlO10(OH)2 (26-911), M is muscovite KAl3Si3O10(OH)2 (75-948), 
CC is calcite CaCO3 (72-1214), K is kaolinite Al2Si2O5(OH)4 (1-527), A is ankerite Ca(Fe,Mg)(CO3)2 
(41-586), F is rosenbergite AlF3·3.5 H2O (). 

The mixtures based on clay and AlF3 production waste were activated with NaOH solution. The 
AlF3 production waste was blended with clay to provide the necessary alumina and silica 
content. The amount of NaOH was determined on the basis of the SiO2/Na2O required for a 
certain mix. In the experimental investigation, 4 different mixtures with different SiO2/Na2O 
ratios have been studied (Table 1). 

Table 1 - The quantities of primary materials for alkali activation. 
Mix 
No. Clay, % 

AlF3 

production 
waste, % 

Clay + AlF3 
production 

waste, g 
NaOH, g H2O, g SiO2/Na2O 

mol W/S* 

1 100 0 80 18.4 45 1.71 0.46 
2 90 10 80 18.4 45 1.89 0.46 
3 75 25 80 18.4 45 2.15 0.46 
4 50 50 80 18.4 45 2.6 0.46 

*Water and solid materials ratio.

The XRD analysis for the raw materials were performed on the D8 Advance diffractometer 
(Bruker AXS, Karlsruhe, Germany) operating at the tube voltage of 40 kV and tube current of 
40 mA. The X-ray beam was filtered with Ni 0.02 mm filter to select the CuKα wavelength. 
Diffraction patterns were recorded in a Bragg-Brentano geometry using a fast counting detector 
BrukerLynxEye based on silicon strip technology. The specimens were scanned over the range 
2θ = 3–60°at a scanning speed of 6 min-1 using a coupled two theta/theta scan type". 
The XRFA analysis of Clay and AlF3 production waste were performed on the fluorescence 
spectrometer S8 Tiger (Bruker AXS, Karlsruhe, Germany) operating at the counter gas Helium 
2 bar. 
Paste samples were cast in 20×20×20 mm moulds and left for 1 hour in ambient laboratory 
conditions. After a 1–hour period the moulds were put into sealed bags to prevent drying and 
cured at an elevated temperatures of 60 °C for 24 hours. The samples were then cured at room 
temperature for 27 days. The compressive strength of samples was tested using a hydraulic press 
ToniTechnik 2020 after 7 and 28 days.  
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3. RESULTS AND DISCUSSION
Since most of these raw materials contain AlF3 production waste and clay minerals have a high
loss on ignition, they were heated at 600oC to improve their activity. X-ray diffraction (XRD)
analysis was carried out to determine the different minerals and the degree of dehydroxylation in
each mixture.
The microstructure of the cured products was investigated through X-ray diffraction, Fourier
transform infrared spectroscopy, and scanning electron microscopy. The effects of the AlF3
production waste on the mechanical strength and density of the cured samples were evaluated.

Figure 2 - The dependence of alkali activated samples compressive strength on the amount of 
AlF3 production waste after 7 and 28 days of hydration. 

The compressive strength development of alkali activated clay pastes with different amounts of 
AlF3 production waste and different Al2O3, Na2O and Si2O constant at 28 days curing is shown 
in Fig. 2. The highest compressive strengths (17.50 MPa) were observed in alkali activated clay 
samples based on 25 % of AlF3 production waste.  

4. CONCLUSION
This study presents the use of AlF3 production waste as the sources alumina and silica and in all
investigated cases this waste contributed in the better mechanical behavior. This demonstrates a
new potential added value reuse application for this important waste material. The dosage of
Na2O, Al2O3 and SiO2 are significant factors influencing the binding mechanism and properties
of alkali-activated clay samples.
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ABSTRACT 
Posiva Oy is constructing one of the world’s first long-term nuclear waste repositories in Fin-
land. Cementitious materials will be in direct contact with backfill and closure materials. It is 
assumed that cementitious leachates will interact with backfill and closure materials but not to 
extent that compromises the long-term safety of the barrier system. In this study, existing 
modelling tools were compared to experimental samples. Applicability to model the low-pH 
cementitious materials pore solution compositions was evaluated. Accurate modelling will 
enable long-term evaluation of the cementitious leachates effect to the backfill and closure 
materials. 

Key words: Cement, Modelling, Nuclear. 
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1. INTRODUCTION
Posiva Oy is constructing one of the world’s first long-term nuclear waste repositories in Fin-
land. The safety of the nuclear waste repository is ensured with a combination of natural and
engineered barriers. Final nuclear waste disposal will take place in a deep underground
repository in Olkiluoto bedrock at a depth of 400–450 meters. The natural barrier consists of the
surrounding Olkiluoto bedrock and its inherent isolating properties. The engineered barrier
system consists of water- and gas-tight sealed copper canisters with a cast iron insert and
bentonite-based buffer and backfill.[1]

Cementitious materials will be in direct contact with backfill and closure materials. It is assumed 
that cementitious leachates will interact with backfill and closure materials but not to extent that 
compromises the long-term safety of the barrier system. To meet the designed performance 
requirements during the lifecycle of the repository, the properties of the engineered barrier 
system should not alter due the presence of cementitious materials.[3] 

Extremely long lifetime of the repository makes it difficult to predict the evolution of the low-
pH cementitious materials. Modelling is a useful tool to predict to long-term behaviour of the 
materials, but on the other hand, the modelling greatly depends on the used parameters.  

The scope of the current study was to compare existing modelling tools to experimental samples 
and evaluate applicability of modelling on the long-term behaviour of the cementitious 
materials. 

2 MATERIALS AND METHODS 
Batch samples of Ordinary Portland Cement (OPC) and colloidal silica was prepared in C/S –
ratios: 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0, 2.6 and 3.14. Water/binder –ratio of the 
samples were 1. The used OPC was Anläggninscement from Cementa (elemental oxide 
composition: CaO 64.70%, SiO2 18.10%, Fe2O3 5,17%, SO3 4.02%, Al2O3 3.61%, MgO 0.76%, 
K2O 0.64%, TiO2 0.28%, MnO 0.28%, Na2O 0.08%) and the used colloidal silica was Levasil 
100/45 from AkzoNobel (Ammonium, sodium stabilized colloidal silica, average particle size 
30nm, pH 10). The samples were stored in sealed vials for over 200 days to reach chemical 
equilibrium. After the storing, the pH of the pore solution was measured in ion exchanged water 
with the method described in the reference [3]. Ion exchanged water was de-aired prior the 
measurement with ELE water de-airing equipment. Liquid phase, presenting the pore solution 
was further centrifuged and decanted. Ion concentrations of the liquid phase were determined 
with high resolution ICP-MS (Element 2™ ThermoScientific).  

Identical compositions of the batch samples were modelled with thermodynamic modelling. 
Gibbs energy minimization simulation was performed with GEMS-Selektor and CEMDATA14 
database. Chemical composition of the Anläggninscement was taken from the literature.[4] 

3 RESULTS AND DISCUSSION 
Comparison of the measured and modelled pore solution concentrations is presented in the 
Figure 1.  

Most of the measured ion concentrations were higher than predicted by the modelling. Largest 
difference between the modelled and measured results was observed with iron. Modelling 
indicated that the solubility of iron was limited due the precipitation of iron hydroxide 
(goethite), a ferrous mineral with low solubility. It is likely that the storing period of the 
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experimental samples was too short to induce precipitation of ferrous hydroxide. Therefore the 
measured iron concentrations were significantly higher than the modelled concentrations. In the 
modelling, magnesium concentrations were limited by the precipitation of brucite (magnesium 
hydroxide). It is also likely that brucite was not fully precipitated in the measured samples.       

Measured alkali concentrations deviated from the modelled. Modelled sodium concentrations 
decreased as C/S –ratio lowered. In the measured samples, concentrations increased. Modelled 
potassium concentrations were higher than the measured values. The difference in modelled and 
measured potassium concentrations can be explained with calcium-silicate-hydrate alkali 
absorption. Potassium was effectively bound to calcium-silicate-hydrate structure in low C/S-
ratios. Absorption effects are not accounted in thermodynamic modelling. Also the sodium 
concentrations were controlled by a process that was not accounted in the modelling.  

Thermodynamic modelling of calcium-silicate-hydrates has proven to be a difficult task. 
Calcium-silicate-hydrates are a solid solution which composition alters according C/S –ratio. 
The used model accounts calcium-silicate-hydrates as solid solution but the model is greatly 
influenced by the selection of the calcium-silicate-hydrate end-members. Measured silicon 
concentrations were higher than the modelled. The difference can arise from slow kinetics of 
calcium-silicate-hydrate transformations or insufficient thermodynamic parameters of calcium-
silicate-hydrate solid solution.  

Measured and modelled pH values had good correspondence in high C/S- ratios. In low C/S –
ratio samples, the modelled and measured values deviated. Measured pH values were higher 
than modelled. In low C/S –ratios, uncertainties related to alkali absorption and calcium-silicate-
hydrate phases induced differences in the modelled and measured values.    

4 CONCLUSIONS 
Thermodynamic modelling proved to be a powerful tool to estimate solution and solid 
compositions of hydrated low-pH OPC mixtures. The differences between the modelled and the 
measured results potentially originated from three sources: slow kinetics of the chemical 
processes, absorption processes and insufficient parametrisation of the solid phases. 

The modelling accuracy could be increased by excluding the mineral phases that are known to 
have extremely slow kinetics at the time span of the experimental samples. Adding an 
absorption process to the modelling increases the accuracy of the measured and modelled alkali 
concentrations. Improvements in thermodynamic parametrisation of calcium-silicate-hydrate 
could also increase to modelling accuracy.   
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Figure 1 – Comparison of measured and modelled concentrations. Solid black line presents the 
theoretical full correlation. 
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ABSTRACT 
The formation of potentially deleterious reaction products from the reaction of dolomite fines in 
Portland cement pastes was investigated. It was shown that the reaction of dolomite fines did not 
follow the commonly accepted dedolomitization reaction. Instead, similar hydration phases as 
reported for the Portland cement containing limestone are observed, with the exception that also 
hydrotalcite is formed. It was shown with SEM-EDS and XRD that hydrotalcite is the only 
magnesium containing hydration product of the dolomite reaction, as no brucite or M-S-H were 
detected. In the next step of this study this reaction will be investigated in Al-rich systems. 

Keywords: Supplementary cementitious materials (SCM) 

1. INTRODUCTION
Due to the scarceness of high-quality limestone as required for CEM II Portland-limestone
cements, other carbonate sources, like dolomite (CaMg(CO3)2), are in the focus as alternative
mineral replacement for cement clinker. However, dolomite is assumed to undergo the so-called
dedolomitization reaction in high-pH environments. In this reaction, dolomite reacts with
calcium hydroxide (portlandite) to form calcium carbonate (calcite) and magnesium hydroxide
(brucite) [1-3], as shown in equation 1.

CaMg(CO3)2 + Ca(OH)2 → 2CaCO3 + Mg(OH)2 (1) 

There is still an ongoing discussion whether this reaction is harmful to concrete made with 
dolomitic aggregates. It was recently shown, that in cementitious systems, where other ions are 
present (Al, Si), the reaction of dolomite results in products similar to those of hydrating 
Portland-limestone cement with the exception of additional hydrotalcite [4]. The aim of this 
study was to investigate the influence of replacement of Portland cement clinker by dolomite on 
the phase assemblage. This was done with focus on whether other magnesium-containing and 
potentially harmful phases are formed during the reaction of dolomite i.e. brucite (expansive) or 
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M-S-H (low cementing properties). In a next step of this study the influence of additional
aluminium by the addition of metakaolin on the dolomite reaction will be investigated.

2. EXPERIMENTAL
The cement pastes investigated in this study were prepared by replacing 40 %wt of a Portland
cement clinker by natural dolomite. Precipitated gypsum was added, when mixing, in order to
achieve a sulphate content of 2.5 %wt per gram of binder. The cement clinker was ground in a
laboratory ball mill until a Blaine surface of approx. 400 m2/kg was achieved. The dolomite was
used as received (Blaine surface: 340 m2/kg). The chemical compositions of the major elements
of the materials used are given in Table 1. The paste samples were prepared with a w/b ratio of
0.45 and were stored under sealed conditions at a relative humidity of 100% at 38 °C or 60 °C
for 360 days.

Table 1 – Chemical composition of the clinker and dolomite used. 
SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O SO3 LOI 

Clinker 20.6 5.6 3.12 63.26 2.66 1.23 0.51 1.37 - 
Dolomite 0.52 0.01 0.04 31.52 20.14 0.00 0.00 0.00 46.79 

In order to investigate the phase assemblage and microstructure of the samples with scanning 
electron microscopy (SEM), a 3 mm slice was cut off the cured cement paste and immersed in 
isopropanol for min. 1 week. Polished and carbon coated sections of the paste samples were 
prepared for SEM analysis. Elemental mapping and spot analyses were carried out using a 
Hitachi S-3400N microscope equipped with an energy dispersive spectrometer (EDS) from 
Oxford. Prior to X-ray diffraction (XRD) analyses, the hydration of the cement pastes was 
stopped by double solvent exchange using isopropanol and petroleum ether. For the XRD 
analyses a D8 Focus diffractometer from Bruker was used for the measurements with a Bragg-
Brentano θ – θ geometry and Cu-Kα radiation (approx. 1.54 Å).  

3. RESULTS AND DISCUSSION
Figure 1 shows the BSE images and the elemental maps of magnesium, aluminium, oxygen,
calcium and silicon for the investigated sample cured at 38 °C and 60 °C. The large uniform
grains (length up to 70 µm) in both images contain magnesium and calcium and are poor in
silicon and aluminium. These particles are unreacted dolomite grains. For the sample cured at
60 °C (Figure 1 – upper row) a darker reaction rim can be observed within the original grain
boundaries of the dolomite grains. These rims appear to be enriched in magnesium compared to
the original dolomite grains. Additionally they contain high amounts of aluminium but are poor
in silicon and calcium. High oxygen levels were measured in these rims, indicating that the
products formed in them are hydrates. The original grain boundaries of the dolomite grains are
still visible because a bright thin layer of C-S-H phase has precipitated around them at early
ages. This layer then persisted even after the dolomite started to react at later ages. The dark
thick reaction rims within the former dolomite grain boundaries indicate a high reaction degree
of the dolomite at 60 °C, which results in complete reaction of the smaller dolomite particles.
The sample cured at 38 °C shows almost no reaction of the dolomite (Figure 2 – lower row).
Only around small cracks in the dolomite particles and directly at the surface, aluminium and
oxygen are slightly increased. This is in-line with the findings of Zajac et al. [4], who reported a
notably higher reaction degree for dolomite in a composite cement when cured at 60 °C
compared to 38 °C. Also other authors reported an increased dissolution rate of dolomite at
elevated curing temperatures [2,3]. From the elemental map of magnesium it can be seen, that
magnesium is present only inside the former dolomite grain boundaries. This is probably due to
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the low mobility of magnesium in high pH environment. The results of the SEM-EDS point 
analyses of the reaction rims are plotted in Figure 2 as the Mg/Si over the Al/Si ratio. The data 
points for the sample cured at 38 °C coincide with the y-axis. This is probably due to the limited 
rim thickness, which results in the measurement of the unreacted dolomite rather than an actual 
reaction product. In the case of the sample cured at 60 °C, the data points describe a linear line. 
This indicates that the reaction product has a fixed Mg/Al ratio and does not contain silicon. It 
can therefore be concluded, that no M-S-H has formed during the reaction of dolomite. The 
reaction product can be identified as hydrotalcite (Mg4+xAl2(CO3)y(OH)16·4(H2O)) [5]. The 
Mg/Al ratio of the hydrotalcite formed was 3.2 in this study. Zajac et al [4] measured a lower 
Mg/Al ratio of approx. 2 in their samples, probably due to the lower dolomite addition they used 
in their mixes as they used a similar clinker. 

60 °C - BSE Mg Al Ca Si 

 
38 °C - BSE Mg Al Ca Si 

Figure 1 – BSE image and elemental maps of Mg, Al, O, Ca and Si of the sample 60C40D cured 
at 60 °C (upper row) and 38 °C (lower row) for 360 days. The scales (white bars) represent a 
length of 50 µm. 

Figure 2 – Mg/Si over Al/Si ratio of the 
reaction rim in the samples cured at 60 °C or 
38 °C. 

Figure 3 – XRD plots of the samples cured at 
60 °C or 38 °C for 360 days. (* indicates a 
peak of unknown origin) 

Figure 3 shows the XRD plots for the samples cured at 38 °C and 60 °C in the range of 8 to 
20 °2θ. The main reflections of ettringite (Et) (9.1 °2θ), hydrotalcite (Ht) (11.4 °2θ), 
monocarbonate (Mc) (11.7 °2θ), portlandite (CH) (18.1 °2θ) and brucite (Br) (18.6 °2θ) are 
indicated. The sample cured at 38 °C, shows a clear ettringite peak and small peaks of 
hydrotalcite and monocarbonate. The reaction of dolomite delivers CO2 to the system, which 
can stabilize ettringite by the formation of monocarbonate at 38 °C. This is in agreement with 
the findings of Zajac et al. [4]. At 60 °C, the stable phases differ significantly from those at 
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38 °C. The ettringite peak is not observed as this phase is not stable at 60 °C [6]. Moreover, 
monocarbonate is not detected. The main diffraction peak observed is hydrotalcite, which shows 
a notably higher and sharper peak at 60 °C compared to the sample cured at 38 °C. This is in 
good agreement with the observations made by SEM-EDS, which showed a notably higher 
reaction degree of dolomite at 60 °C compared to 38 °C. In both samples no clear brucite peaks 
could be observed by XRD. Hydrotalcite is therefore assumed to be the only magnesium-
containing reaction product of the dolomite reaction. The proposed reaction based on our 
observations of dolomite in a cementitious system is given in equation 2. 

CaMg(CO3)2+Ca(OH)2+[Al(OH)4]-→Mg4+xAl2(CO3)y(OH)16·4(H2O) + CaCO3+ CO3
2-  (2) 

The dolomite will react with portlandite and alumina in the pore solution to form hydrotalcite 
and provides carbonate ions to the system which might partially react further to calcite or 
carbonate AFm. No potentially harmful phases such as brucite or M-S-H were observed. 

4. CONCLUSION
It has been shown that the reaction of dolomite fines, when used as replacement for Portland
cement clinker, results in the formation of hydrotalcite, especially at 60 °C. Additionally, at
38 °C the stabilization of ettringite due to the formation of monocarbonate can be observed.
Contrary to the commonly assumed reaction of dolomite in high-pH environments no brucite
was detected. Hydrotalcite was the only magnesium containing product of the dolomite reaction.
The reaction of dolomite fines in cementitious systems is therefore not assumed to form any
deleterious hydration products. In a next step of this study we will investigate the influence of
additional aluminium by the addition of metakaolin on the dolomite reaction.
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ABSTRACT 
The synergetic effect of SCMs, fly ash (F) and calcined clay (C) in ternary mixes at 20% 
replacement was evaluated. It was found that due to the complementary water demand of F and 
C, pastes made of ternary blends of FC-OPC showed similar or better rheology than OPC pastes. 
This was coupled with an increase in heat evolved during early age of hydration and a 
comparable 28 days compressive strength. The results indicate that ternary mix of FC-OPC can 
be future green cements, where C can be utilized even in the transition stage with existing SCM, 
such as F.  

Key words:  Ternary blended cements, Rheology, Hydration, Compressive strength, Calcined 
clay, Fly ash, Cement, Supplementary cementing materials, SCM 

1. INTRODUCTION
Cement production contributes to ~6% CO2 emission annually worldwide [1]. To reduce this,
greener and more environmentally friendly binders are sought after. Using supplementary
cementing materials (SCMs) is one of the main drivers as it results in a direct reduction in CO2
emission, making them a popular choice in the cement industry for materials development.
Calcined clays is one such SCM. It has shown very favourable performance as an SCM to
produce favourable or even enhanced mechanical properties and better durability [2,3]. However,
implementation of changes requires a transition period, where introduction of new SCMs are
most successful when they can be coupled and employed with the existing materials.
Additionally, limitations such as decreased workability with calcined clay need to be solved
before they can be of significant commercial values. Technically, we have shown that calcined
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clay and fly ash possessed contrasting rheological properties when blended as binary cements 
[4,5]. Additionally, the strength developed for F and C binary cements appeared to be 
complementary as well.  

The purpose of this investigation is thus to highlight the possibility of creating a ternary cement 
blend based on fly ash (most common commercial SCM) and calcined clay (new promising 
SCM). The early age rheological behaviours, heat of hydration and 28 days compressive 
strength will be highlighted in this article.  

2. MATERIALS AND EXPERIMENTAL
An OPC and F supplied by Norcem AS (Brevik, Norway), and a smectite rich (~50%) calcined
clay (C) from Saint-Gobain Weber (Oslo, Norway) were employed. Detailed chemical
compositions of the materials can be found in previous investigations [4]. The specific Blaine
surfaces of OPC and F are 382 m2/kg and 357 m2/kg, while that as measured by BET for C is
15.1 m2/g. All materials were utilised as per obtained. Dry powder were manually blended
before wetting to produce the binder mixes (Table 1).

Table 1 - Formulation of dry mixes for investigation 
Mix [wt.%] C0F20 C5F15 C10F10 C15F5 C20F0 C100 F100 CF0 (OPC) 

C 0 5 10 15 20 100 0 0 
F 20 15 10 5 0 0 100 0 

OPC 80 80 80 80 80 0 0 100 

All cement pastes were prepared at a low w/b of 0.36. Dry powder was added to water and 
mixed under high shear for 1min, let stand for 5min and a final high shear mixing of 1min to 
avoid false setting. Rheological measurements were performed with a Physica MCR 300 
rheometer (Anton Paar, Graz/Austria) equipped with parallel plate geometry. The Bingham 
viscosity (μ2) and dynamic yield point (τd) were measured. Calorimetric investigation was 
conducted using an isothermal TAM Air calorimeter (TA Instrument, New Castle/USA) up to 
24h. 28 days compressive strength was measured according to EN197–1. More details on the 
experimental procedures can be found in previous investigations [4]. 

3. RESULTS AND DISCUSSION

Workability of pastes: The rheology of reference samples OPC, C and F were first measured. 
OPC displayed an initial τd of 269 Pa and corresponding μ2 of 0.32 Pa∙s. F sample demonstrated 
an initial τd of 26 Pa and corresponding μ2 of 0.19 Pa∙s. The thixotrophy of pure C paste was too 
high for any flow measurements to be registered at the employed w/c of 0.36.  

When cement blends containing C-F-OPC with 20% replacement were prepared, the dynamic 
yield stress of the cement blends varied according to the amount of F and C added. Replacement 
by 20% F only resulted in a binary paste with τd = 147 Pa, which increased linearly (R2 = 0.9859) 
as C replaces F by weight percentage to a C20F0 paste possessing τd = 374 Pa (Fig. 1). This 
indicated that the impact of C to F ratio on the structural skeleton of the cement matrix is 
additive, governed by the inherent dynamic yield stress exerted by each individual SCM.  
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Fig 1 - Dynamic viscosity of cement blends 
(w/b = 0.36) 

Fig 2 - Bingham viscosity of cement blends 
(w/b = 0.36) 

 On the other hand, such a trend was absent when Bingham viscosity was measured as shown in 
Fig 2. C0F20 displayed a μ2 of 0.22 Pa∙s, showing high influence of F on the viscosity of the 
cement blend, possibly a result of the spherical nature of F particles that can 'slip' between 
particles and decrease the resistance to deformation. Upon replacement with C, a surge in μ2 was 
observed to hit a maximum μ2 of 0.58 Pa∙s for C5F15, which decreased to 0.49 Pa∙s for C20F0. 
No explanation is possible at the moment, but it indicated that potential interactions between C 
and F may be present. Additionally, the results demonstrated that C played a greater role in 
affecting the viscosity of the ternary blends than F.  

Heat of hydration: Both F (3 J/g) and C (6 J/g) showed negligible cumulative amount of heat 
released by 24h, whereas OPC registered a cumulative heat evolved of 121 J/g as shown in Fig 3. 
When binary cement blends were measured, the heat evolved was ~15% and 10% lower than 
that for OPC when F and C were employed respectively, due to a decrease in initial reactivity in 
the presence of SCM. However, the heat evolved increased when ternary blends were measured, 
reaching a maximum of 120 J/g for C15F5 (118 J/g for C10F10), comparable to that for OPC. 
The results confirm that synergetic interaction between C and F occurred, shading light on the 
variation in Bingham viscosity.  

Fig 3 - Cumulative heat evolved at 24h 
(w/b = 0.36) 

Fig 4 - Compressive strengths at 28 days 
(w/b = 0.36) 

Compressive strength analysis: The compressive strengths of OPC, C0F20, C20F0 and 
C10F10 at 28 days were measured (Fig 4). At 28 days, the compressive strength of OPC mortar 
was 53.2 MPa, whilst that for the binary mixes were 60.4 MPa (C20F0) and 44.7 MPa (C0F20) 
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respectively. The differences in strengths can be attributed to the pozzolanic nature of C, and 
low reactivity of F. When an equal proportion of F and C (C10F10) were employed to produce 
the ternary blended cement, the compressive strength was 53.0 MPa, within standard deviation 
from that for OPC.  

4. CONCLUSION
The rheological properties, heat of hydration and 28 days compressive strength of ternary
cement blends made from calcined clay, fly ash and ordinary Portland cement were investigated.
It has been found that calcined clay-fly ash-OPC ternary blends possess properties, both early
age workability and strength comparable to OPC, making them potential candidates as future
cements.

This opens up the possibility of a new source of green abundant SCM based on clay that can be 
employed on a larger scale than current applications, while supporting adaptation of technology 
when transiting from old to new SCMs. 
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ABSTRACT 
Within the framework of today’s prescriptive norms and standards, the use of SCMs often 
results in concrete mix designs with relatively low water to binder ratio, leading to concretes 
with high viscosity, which is a hindrance to a widespread use of green concrete. To overcome 
this issue, we propose a performance-based procedure for the selection of binder systems. The 
method relies on a parameter study that enables the identification of alternative low-
environmental impact binder systems for further concrete development. This paper presents an 
example of this procedure.   

Keywords: Cement, Performance-based design, Supplementary Cementitious Materials (SCM) 

1. INTRODUCTION
The Innovation Consortium "Green Transition of Cement and Concrete Production” is a project
supported by the Danish Innovation Fund. The project aims to create the foundation for a green
transition of cement and concrete production in Denmark. Estimates suggest that by 2050 the
amount of concrete produced globally will be about twice that of today [1]. Thus, the demand
for environmental friendly concrete structures is increasing and even a small reduction in CO2 
emissions can make a significant difference. In this context, several research work has been
done on SCMs to partially replace cement [2]. Within present prescriptive norms, however, the
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use of SCMs usually results in mix designs with low water to binder ratio. This translates into 
highly viscous mixtures, thus hindering the widespread implementation of green concrete 
technologies [3,4]. Therefore, a transition from prescriptive material specifications to a 
performance-based design procedure is investigated in this project. The aim of the performance-
based design procedure is to propose binder systems with a low environmental impact as a 
starting point for further concrete development. Here, an example is presented for the selection 
of a binder system composed of cement and fly ash. Further studies focus on the use of calcined 
clay and limestone filler.  

2 PERFORMANCE-BASED OPTIMISATION OF BINDER COMPOSITIONS 
The suggested framework of a performance-based design procedure for the selection of concrete 
binder systems with low-environmental impact consists of four steps: 

1) Determine the target application and a reference concrete mix design. Relevant properties are
selected and target criteria are defined based on the performance of the reference mixture.

2) Select SCMs and define an experimental test programme at mortar level.
3) Evaluate and compare the obtained results with the reference mixture. An optimisation

procedure is carried out targeting both technical performance and environmental impact.
4) Propose alternative low-environmental impact binder system based on the target criteria from

Step 1. These binder systems are used as a starting point for further concrete development
and documentation including other relevant concrete properties.

Figure 1 - Design method based on a prescriptive (left) and a performance-based design (right). 

Fig.1 illustrates the principles of a traditional prescriptive mix design procedure versus a 
performance-based design procedure. It shows a certain material property, e.g. the compressive 
strength, as a function of the W/C ratio. In accordance with a prescriptive design, a maximum 
W/C ratio is usually specified for a given exposure class; e.g. the DS2426 standard [5] limits the 
W/C ratio to 0.40, 0.45 and 0.55 for Danish exposure classes E, A and M. In a performance-
based approach, the W/C is variable, while the performance is fixed, i.e. a limit acceptance 
criterion set on the performance. As a target criterion, we propose to measure the performance 
of the reference mixture. The example (Fig.1) shows that the binder system over-performs at a 
prescribed water to cement ratio (W/C1). Ideally, the application of performance-based design 
allows mix designs with higher W/C and a lower environmental impact, without compromising 
performance (W/C2). 

2.2 EXPERIMENTAL PROGRAM 
A parameter study was implemented to optimise the binder composition based on the use of FA 
as SCM. The aim was to propose a binder composition with equivalent or improved 
performance over a reference mix design for civil engineering applications. The selected binder 
compositions were used as a starting point for the concrete development, which was then used in 
the first demonstration bridge for the Danish Road Directorate. The reference concrete, E40, 
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was provided by Unicon A/S. The mix design is currently used for civil engineering 
applications, and it is in full compliance with the existing standards and rules specified by the 
Danish Road Directorate, i.e. cement type, maximum w/c ratio, and minimum cement content. 
For the target properties, we selected: 1) µ (Pa.s) - plastic viscosity, 2) fc,28d (MPa) - compressive 
strength at 28 days, and 3) J (×10-12 m2/s) - chloride penetration resistance at 91 days, well-
knowing that this is a simplification of very complex issue. Table 1 shows the mass composition 
(per m3 of concrete) of the investigated mortars. Notice that the paste volume was fixed at 56% 
to enable comparison of results. The superplasticiser content was adjusted for each mix to obtain 
mortars with similar yield stress, which corresponds to similar slumps in concrete. The 4C-mini-
Rheometer was used to measure the plastic viscosity. 

Table 1 Mix composition (FA is included with a factor of 0.5 for W/C ratio, whereas for W/C 
ltd. ratio, FA is included with a factor of 0.5 up to a content of 33% of the cement content [5]. 

Kg/m3 kg/ton 
ID W/C W/C ltd. W/B FA/C C FA W S CO2-equiv 
R 0.37 0.37 0.35 0.15 359 54 143 580 332.5 
1 0.40 0.40 0.35 0.33 305 101 142 580 254.6 
2 0.40 0.51 0.30 1.00 209 209 125 580 175.5 
3 0.60 0.60 0.53 0.33 243 80 170 580 203.2 
4 0.60 0.77 0.45 1.00 171 171 154 580 143.9 

To select a candidate FA-based binder system, limit values for µ, fc,28d and J were chosen based 
on the mortar results from the reference mixture. This reference was produced with a CEM I 
42.5 N (EA), whereas mixtures 1 to 4 (Table 1) were produced with CEM I 52.5 N (LA). The 
reference had a µ = 8.5 Pa.s and J = 4.9×10-12 m2/s at 91 days, and fc,28d = 78.0 MPa. Notice that 
in Table 2, the limit value (fck,28d) was set at 71.0 MPa. A design review of the bridge showed 
that it is possible to reduce the concrete strength class to C35. The experimental results for the 
mixtures 1 to 4 are shown in Figure 2, and the analysis of results is described as follows. 

Figure 2 - Experimental results: a) fc,28d,(MPa) b) J (×10-12 m2/s) and c) µ (Pa.s). 

First, the W/C that fulfils the strength criterion was computed by interpolation of results. The 
accepted W/C interval is 0.42 to 0.50 as indicated in Fig.1 (left). From a sustainability 
perspective, the mix composition with the highest FA content, i.e. FA/C=1.0 and W/C=0.42, 
represents the best solution. Within the W/C interval 0.42 to 0.50, the chloride migration 
criterion is also fulfilled. However, at FA/C=1.0 and W/C=0.42 the plastic viscosity criterion is 
not fulfilled. To find the optimal solution, Table 2 displays the mix design options, between 
W/C=[0.42-0.50], which fulfils fc,28d = 71.0 MPa. The interpolation shows that the all criteria are 
fulfilled at a W/C=0.45 and FA/C=0.77, which represent the optimal solution from both a 
technical and environmental impact point of view.   
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Table 2. Mix design interpolations W/C=0.42 to 0.50 for fc,28d=71.0MPa. 
Mix ID Ref. 2&4 ← Interpolation for fc,28d = 71MPa     → 1&3 

CEM I 42.5 N 359.0 - - - - - - 
CEM I 52.5 N - 202.4 206.6 221.0 238.2 259.2 269.2 
FA 54.0 202.4 197.0 171.1 141.8 107.8 89.1 
W 143.0 129.0 131.2 137.9 145.3 153.4 156.7 
S (0-4mm) 580.0 580.0 580.0 580.0 580.0 580.0 580.0 
W/C 0.37 0.42 0.43 0.45 0.47 0.49 0.50 
FA/C 0.15 1.00 0.95 0.77 0.60 0.42 0.33 
fc,28d (MPa) 71.0 71.0 71.0 71.0 71.0 71.0 71.0 
J (×10-12m2/s) 4.9 0.7 0.8 1.4 2.0 2.6 2.9 
µ (Pa.s) 8.5 10.4 9.7 7.5 5.6 4.1 3.5 
kg-CO2/m3 332.5 170.1 173.5 185.3 199.5 216.7 224.9 
↓CO2 - -48.9% -47.8% -44.3% -40.0% -34.8% -32.4%

The optimal binder system is found to be at a replacement ratio of FA/C=0.77, for W/C=0.45. 
Such system conveys a reduction of 44.3% in CO2 when compared to the reference mixture. 

3. CONCLUSION
A performance-based design procedure for selecting binder systems with low-environmental
impact was presented.  With a focus on civil engineering applications, the procedure was used to
propose an alternative FA-based binder system. The resulting W/C ratio of the binder systems is
as high as 0.54 when calculated according to DS2426. If the proposed binder system were to
fulfil W/C ≤ 0.40, the concrete would be less environmentally friendly and the plastic viscosity
would be much higher than that of the reference mixture with poor production and execution
properties, most like making it impossible to use in practice.
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ABSTRACT 
Model C-S-H phases have been synthesized with two different Ca/Si ratios to investigate the 
relation between the chemical composition of the main binding phase in concrete and its 
mechanical properties. The data shows that the compressive strength of the C-S-H phases is 
higher for the low Ca/Si ratio sample for all hydration times. Several characterization methods 
have been employed to study the materials across length scales from atomic environments 
(NMR) to the millimeter scale of SEM. These measurements are compared with the chemical 
compositions of the C-S-H phases and the compressive strengths of hydrated paste samples. 

Key words: Mix Design, Supplementary Cementitious Materials (SCM), Sustainability. 

1. INTRODUCTION
The recent focus on the development of new cementitious building materials with lower carbon
footprint during cement production has shown that it is challenging to design alternative binder
materials with equal material performance for the same price. The contribution to CO2 emission
from cement production can in this light also be seen as a consequence of the success story of
this building material. One of the main approaches to reduce the clinker content is the partial
replacement of the Portland clinkers with SCM´s in particular when they originate from other
industrial processes as by-products (e.g. fly ash and slags) or have a low economical value such
as heat-treated impure clays. Changes in cement composition as the result of the introduction of
SCM’s affect also the phase assemblages and mechanical performance of the hydrated material.
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For Portland cement binders with variable fractions of limestone and alumino-silicate rich 
SCM´s for a constant combined replacement level, it has been shown that better mechanical 
performances are observed in the presence of higher quantities of calcium-aluminate hydrate 
phases such as the monocarbonate AFm phase and ettringite which are easily detected by XRD 
[1,2]. For high replacement levels, the principal binding component in hydrated cements, the 
calcium-silicate-hydrate (C-S-H) phase, is also affected by changes in binder composition. The 
C-S-H phase formed in hydrated Portland cements has usually a Ca/Si ratio of 1.5 – 1.8,
whereas the ratio is significantly lower for Portland cement – SCM blends. To study the
influence of compositional changes of the C-S-H phase on the mechanical performance, we
have synthesized monolithic C-S-H phases with different Ca/Si ratios, analyzed them by several
characterization techniques and tested their mechanical properties with conventional machinery.
This direct synthesis approach has the advantage that similar porosities are obtained and that C-
S-H phases with different Ca/Si ratios can be obtained without leaching of the samples.

2 MATERIALS & METHODS 
Synthetic C-S-H phases were prepared for Ca/Si ratios of 0.83 and 1.5. The two Ca/Si ratios 
match the ratios for tobermorite (C5S6H9) and jennite (C9S6H11), which are often considered as 
C-S-H analog phases [3]. C-S-H pastes from stoichiometric mixtures of Ca(OH)2, silica (Fluka
silica gel 60, particle size 40-63 µm, Sigma Aldrich) and deionized water were prepared using a
fixed water/solid ratio of 1.1 by volume without consideration of the superplasticizer (SP). The
amount of SP was adjusted to 20 wt.% of the mass of silica to ensure a reasonable workability,
in particular for the low Ca/Si ratio mix. The resulting w/b ratios (incl. water from SP) were
0.70 and 0.64 for the Ca/Si ratio of 0.83 and 1.5 respectively. The samples were casted into
mini-Rilem molds (19x19x144 mm3), demolded after one day, and their compressive strengths
were determined after hydration for 7, 14, 28 and 91 days, where earlier times were excluded to
avoid effects from a possible retardation of the hydration caused by the unusual SP quantity.
The samples were analyzed by 29Si MAS NMR, thermogravimetric analyses (TGA), powder X-
ray diffraction (XRD) as well as the electron microscopy techniques BSE-SEM and electron
dispersive X-ray spectroscopy (EDX).

3 RESULTS & DISCUSSION 

3.1 Mechanical Properties 
Figure 1 shows the changes in compressive strength during hydration of the two C-S-H pastes. 

Figure 1 – Strength development of the two C-S-H model phases. 
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The compressive strength is at all times higher for the low Ca/Si ratio C-S-H phase and the final 
strength is approximately double of the value for the high Ca/Si ratio C-S-H. The strengths are 
in general not very high but comparable to those for other model binders. The standard 
deviations of the four individual measurements are low as displayed for each of the strength 
values. 

3.2 Microstructure and characterization data 
Figure 2 displays BSE micrographs of both C-S-H samples, which show that the mix design has 
an influence on the binder, despite the high reactivity of the initial silica particles, which has 
been confirmed by 29Si NMR and EDX analysis. The original silica particles do not dissolve 
instantaneously and thereby they provide different density distributions in the microstructure as 
they remain as brighter and thus denser particles in their original shape [4]. The denser parts can 
be viewed as “inner C-S-H” type microstructures and the differences in density distribution may 
explain initial strength differences. However, this seems not to be the decisive factor, as the 
strengths increase during hydration while the location of the denser parts are unaltered and 
persist during the whole testing period. 
The 29Si NMR spectra of the samples reveal a complete reaction for the silica within the first 
week of hydration whereas the SEM-EDX analysis shows that after 3 months of hydration 
almost all inner C-S-H domains display Ca/Si ratios similar, but marginally lower, to those of 
the outer C-S-H regions. The characterization of the samples by XRD and TGA shows the 
typical patterns for pure C-S-H phases of the chosen Ca/Si ratios, while small quantities of 
portlandite (Ca(OH)2) are present in the high Ca/Si-ratio binder. 

Figure 2 – Microstructures of the two C-S-H model phases after 91 days of hydration. 

4 DISCUSSION 
The experimental data shows that the model C-S-H binder produces a complex microstructure 
that replicates cementitious binders in most aspects. Macroscale specimens of C-S-H phases 
have been produced for the first time in the absence of other hydrate phases or unreacted clinker. 
The presence of unreacted clinker may also affect the strength of cementitious materials [5]. The 
absence of other phases simplifies the interpretation of the present results which solely relies on 
properties of the C-S-H phase.  
Contrary to the presented work, Monte Carlo simulations of the electro-kinetic potential of C-S-
H surfaces predict overcharging of C-S-H phases in the presence of calcium for high pH 
environments [6], and thereby a stronger cohesion is expected for higher Ca/Si ratios. However, 
these effects may be compensated by significantly larger surface areas that have been calculated 
for these binders (Table 1) based on the mix design and molar specific surface areas reported by 
Hass and Nonat [7]. 
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Table 1 – Calculated specific surface areas per gram C-S-H. 
Ca Si H/Si specific surface area 
[-] [-] taken from [8] [m2/g] 

0.83 1.00 1.25 270 

1.50 1.00 1.7 131 

5 CONCLUIONS 
The reported data suggests strongly that the composition of the main binding phase of 
cementitious materials has a strong influence on the mechanical properties of cementitious 
building materials. This relation between C-S-H composition and compressive strength has not 
been considered so far (more details can be found in a related publication [9]). Furthermore, the 
observations may have an important impact on increasing the SCM replacement levels in 
Portland cement – SCM binders, in particular for silicate-rich SCM’s since a certain range of 
lower Ca/Si ratio may improve the mechanical performance of these materials if sufficient 
reactivity of the SCMs is secured. 
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ABSTRACT 
The EC funded project SESBE (Smart Elements for Sustainable Building Envelopes) focused on 
utilizing new types of cementitious materials for reducing the mass and thickness of façade 
elements while maintaining and increasing their thermal performance. This paper presents a 
method enabling the quantification and verification of the required anchorage length for a given 
textile reinforced reactive powder concrete (RPC), which was used for sandwich elements. Pull-
out tests were conducted to quantify the required anchorage length, while uniaxial tensile tests 
were performed to quantify the ultimate strength and verify the suitability of the anchorage 
length in thin RPC panels at a composite level. The combination of these two experimental 
methods was deemed useful to determine the overlapping length required for larger scale façade 
applications. 

Key words: Reactive powder concrete, textile reinforcement, anchorage, testing. 

1 INTRODUCTION 
Within the scope of SESBE [1], an RPC formulation with higher amounts of supplementary 
cementitious materials (SCMs) was developed and combined with carbon textile reinforcement 
for use in prefabricated concrete façades. RPC is a variant of ultra-high performance concrete 
(UHPC) which has a maximum aggregate size of 2 mm or smaller. It is characterized as having 
a compressive strength above 120 MPa and a very low amount of capillary pores. The volume 
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proportions of the RPC mix compared to common standard concrete and UHPC mixes are 
exemplified in Figure 1. The complexity of the RPC mix is such that it consists of six to eight 
different components; thus, potentially rendering this mix sensitive to proportioning errors. 
Additional details pertaining to the development of the RPC mix applied in this study can be 
found in [2].  

Figure 1 – Volume proportions of the reactive powder concrete mix compared to a standard 
concrete and UHPC. The illustrated fly ash content of mix RPC-CBI1 includes also the fly ash 
from the cement. 

The inherent high strength of RPC however causes it to be extremely brittle leading to virtually 
no fracture energy. To mitigate this brittle behaviour for use in façade elements, textile 
reinforcement has been incorporated into the matrix to allow for a ductile post-cracking 
behaviour marked by closely spaced fine cracks. The textile reinforcement applied is an epoxy 
impregnated carbon textile grid (Solidian GRID Q85/85-CCE-21). Epoxy coating has been 
found to significantly increase the bond between the carbon textile and matrix. The mean 
breaking strength of the textile grid, as per the producer, is 3300 MPa (longitudinal direction). 

2 PULL-OUT TESTS 
To gain an understanding of the bond behaviour between the given textile reinforcement and 
RPC matrix as well as to determine a suitable anchorage length (overlapping length), 
unsymmetrical single sided pull-out tests were conducted, see Figure 2 (left). The embedment 
length, Le, is defined by means of cutting away a part of the yarn within the panel. In this case, 
the variation of the embedment length was selected based on the centre-to-centre grid spacing of 
21 mm. Three specimens were tested for each embedment length variation studied: 1) 2G, Le = 
42 mm, 2) 3G, Le = 63 mm and 3) 4G, Le = 84 mm. The load was introduced to the free end of 
the roving by gripping the end anchorage (100 mm aluminium tube filled with epoxy) in the 
conventional hydraulic grip of the testing machine. The anchorage length of the specimen was 
clamped between two stiff steel plates of clamping devices attached to the testing machine. The 
tests were performed in an electro mechanical testing machine and the load was controlled by a 
displacement rate of 1 mm/min. A video extensometer technique was used to measure the active 
end-slip of the reinforcement relative to the concrete end.  

From the pull-out tests, a distinct increase in the maximum load was observed as the embedment 
length increased as per Figure 2 (right). The embedment length corresponding to four grid 
spacings, i.e. 4G (Le = 84 mm), was found to be a suitable anchorage length since textile rupture 
was generally achieved.  
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Figure 2 – Pull-out test setup (left) and failure mechanisms observed with respect to maximum 
load and embedment length (right).  

3 UNIAXIAL TENSILE TESTS 
The tensile behaviour of thin textile reinforced RPC panels was characterized using uniaxial 
tensile tests in accordance with the recommendation of RILEM TC 232-TDT [3] along with 
Digital Image Correlation (DIC) measurements. Rectangular panel specimens (700 x 100 x 25 
mm) reinforced by two layers of textile reinforcement were tested with and without a centrically
placed overlap splice in the reinforcement grids as per Figure 3 (left). The overlap was
prescribed according to the most suitable anchorage length determined by the pull-out tests
(4G). Three specimens were tested for each variation, denoted as RPC-(1-3) for reference
samples and RPCO-(1-3) for overlap samples. A panel fastened to an alignment frame was
placed in the testing machine where the ends of the clamping devices were thereafter hinged
connected to the testing machine, see Figure 3 (right). These tests were carried out using the
same testing machine as applied for the pull-out tests, and controlled by the cross-head
displacement.

Figure 3 –Specimen configuration (left) and uniaxial tensile test setup (right). 

The load versus global displacement relationship along with DIC measurements obtained from 
the uniaxial tensile tests is typified in Figure 4 for two specimens, RPC-1 (reference) and 
RPCO-1 (overlap). From this figure, it is possible to follow the formation of individual cracks 
along with related deformations at different load stages. Both specimens achieved comparable 
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ultimate strength values and multiple cracking across the free zone of the specimens. Since 
cracks propagated within the overlap region for RPCO-1, this is an indication that the prescribed 
overlap of 4G (Le = 84 mm) is suitable when introduced in the composite. 

Figure 4 – Tensile load versus global displacement with corresponding major strain overlays at 
different loading stages. RPC-1 reference panel (left) and RPCO-1 overlap panel (right). 

4 CONCLUDING REMARKS 
Combining pull-out and uniaxial tensile tests has been presented in this work as a method to 
both quantify and verify the anchorage length required for textile reinforced RPC. An anchorage 
length amounting to four grid spaces (equivalent to 84 mm) was found to be suitable for the 
given composite to achieve adequate load transfer across a reinforcement overlap splice. 
Ultimately, the quantified overlapping length can be further implemented on a larger scale such 
as in precast concrete façade elements. 
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ABSTRACT 
The project focuses on the feasibility of strengthening the exterior face of precast wall elements 
by using basalt fiber mat reinforcement instead of traditional steel bars. Structural testing and 
numerical calculations revealed that the concrete mixture as well as the cross sections performed 
well and even better than predicted. For that reason, it seems clear that considerable savings and 
even improved durability can be achieved by using basalt fibers in precast units and thereby 
allowing for a reduced thickness of the weather coating from 70mm down to 20mm, as 
corrosion protection is not needed. In addition, it is an environmentally favourable solution as 
material is reduced and the use of steel avoided.  

Key words: Concrete, Mix Design, Frost Action, Basalt Fibers, Precast Units, Testing, Cost. 

1 INTRODUCTION 
The exterior walls are the most heavily exposed parts of buildings during their lifetime. This 
project investigates the feasibility of using basalt fiber mats instead of steel bars as a 
reinforcement of the exterior layer of precast walls to transmit tension forces and control micro 
cracking. Basalt fibers have shown many advantages for use in concrete structures and are 
corrosion free [1]. Therefore, the thickness of the exterior layer can be reduced, as a large 
portion of the traditional thickness of a concrete wall mainly serves as a corrosion protection for 
the reinforcement. As a consequence the weight of the precast unit is reduced, which should 
result in various savings, for instance in transportation costs and easier handling at the work 
place.  

2 MATERIALS 
The dry materials used in the concrete mixture came from the concrete plant, BM Valla, 
Reykjavik (Anleggssement CEM I from Norcem AS and local aggregate with maximum 
aggregate size 8 mm). It was decided to mix the concrete without any air entrainment. This was 
done in order to increase the strength of the concrete. The downside is that concrete without any 
air-cells is generally sensitive to frost effects. The air-cells protect the concrete when the 
temperature goes below 0°C and the water contained within the concrete starts to freeze and 
increase its volume. Without air-cells, created by air entrainment, there is an increased risk of 
micro cracking. Therefore, to make the concrete more frost resistant the water/cement ratio was 
lowered to 0,31. The workability was then achieved by adding a sufficient amount of water 
reducing admixture (MasterGlenium SKY 615, from BASF).  
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The concrete was taken directly from the mixer to the panel formwork. It was placed in two 
layers with the basalt-fiber mat right in the middle of the cross-section (between the two 
concrete layers). The formwork was then placed on a vibration-table to obtain bonding between 
the placement layers and a smooth surface of the concrete panel. After the vibration-work the 
panel forms were placed on a table and covered with a plastic wrap to prevent evaporation. The 
concrete was in the formwork for about 12 hours, or until it was considered safe to remove it 
from the formwork. The panels were then placed in tubs with 20°C hot water for 28 days to be 
fully cured for the strength testing. The panels were all 0.6 m wide and 1.0 m long, but their 
thickness was 20mm, 35mm and 50mm. Total of 9 panels were concreted, three of each 
thickness. In addition, three 100x200mm cylinders were concreted for compressive strength 
testing and a single 150x300mm cylinder was concreted for a frost resistance test. 
The basalt fiber mat used in this investigation was procured by Reykjavik University from the 
Belgian manufacturer Basaltex, i.e.:“Basalt Geogrid 200-11x12mm”, (see Fig. 1a). The name 
refers to the weight/m2, which is 200g and the mesh size, which is 11x12mm. This type of mat 
was initially intended for road construction, primarily to increase the lifetime and reduce the 
effect of cracking due to congestion and temperature changes. The Basalt fiber mat is 
orthotropic in behaviour and has for example double the tensile strength in one direction. The 
maximum tension strength of the basalt mat is listed as 429 MPa. 

a)  b)    c) 

Figure 1.  a) The basalt mat used.  b) The finished panels (0.6m wide, 1.0m long). c) Three point 
bending test setup. 

3 STRUCTURAL AND MATERIAL TESTING 

3.1 Material testing 
Three concrete cylinder samples with diameter 100x200mm made were tested in a standard 
compression test according to EN 12390-3 to verify their strength. The average compressive 
strength of the samples was 55.23 MPa, with a standard deviation of 1.57 MPa. The concrete 
compression strength was therefore found to be slightly less than the mixture design target 
strength of at least 60 MPa. The reason is probably that part of the cement was not reacted due 
to the low water/cement ratio, but acted as filler material in the mixture. As the cement is 
considerably weaker than the alternate filler material, the compressive strength was 
overestimated. 
The concrete was tested for frost-resistance test according to the Swedish standard SS 13 72 44. 
The 150x300mm cylinder, was cut down into 50 mm thick sections, each 150 mm in diameter. 
The samples were placed in a freeze-thaw cabinet. The experiment is conducted by measuring 
the scaling of cylindrical concrete sections at regular intervals (1-2 weeks) over a 56-day period. 
The scaling was always well below the most conservative reference values. After 56 days the 
scaling of the samples tested was only 0,16kg/m2 whereas the strict reference limit is 0.5 kg/m2. 
Which indicates that the concrete mixture has good frost resistance. 
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3.2 Structural testing 
After fully curing in a water bath in 28 days, the panels were tested in three point bending test, 
to evaluate their bending strength. The panels were placed in a hydraulic jack rig (see Fig. 1c), 
and loaded gradually across their width until they broke. The centre deflection along with the 
force applied were continuously recorded. Three panel samples were tested for each thickness 
(20mm, 35mm and 50mm) i.e. 9 panels in all. The strength of the panels was estimated using 
reinforced concrete formulae in EN 1992-1-1. The calculated capacity was then compared with 
the experimental results. The moment of the cross section just before fractures developed was 
estimated. After the loading reaches that point, then only the basalt fiber net carried the tension 
and the mechanics of the cross section changes. The estimated maximum moment before 
cracking occurred, Mcr, was compared with the experimental results, as shown in Table 1. As 
seen, the values for Mcr from the testing were considerably higher than the values calculated in 
accordance with EN 1992-1-1. This could indicate that the panels have a higher tensile strength 
than anticipated. On the other hand, when the moment capacity after cracking, MRd, is 
investigated the difference between theory and experiment was only of the order of 10%, as 
shown in Table 1. 

Table 1 – Comparison between estimated and experimental moment capacity. 
Thickness 

(mm) Parameter Estimated 
value (kNm) 

Experiment 
(kNm) 

Ratio 
Experiment/Estimated 

20 mm 
Moment before cracking (Mcr) 0.169 0.348 2.06 
Moment after cracking (MRd) 0.259 0.290 1.12 

35 mm 
Moment before cracking (Mcr) 0.517 0.866 1.68 
Moment after cracking (MRd) 0.462 0.533 1.15 

50 mm 
Moment before cracking (Mcr) 1.055 1.74 1.65 
Moment after cracking (MRd) 0.664 0.689 1.04 

4 MATERIAL SAVING ANALYSIS 
The objective was to compare the material saving of using a traditional precast unit reinforced 
with steel bars versus using a modified unit with a thin exterior layer reinforced with basalt mat. 
A sketch showing the new option is given in Figure 2. The tentative connection bar shown in 
Fig. 2 between the inner and out layer of the modified unit, could for instance be a basalt fiber 
bar.  

Figure 2 - A sketch of precast concrete wall unit with a 20 mm thick outer layer instead of 
traditional 70 cm outer layer.  

The required amount of cement and the units overall weight was calculated (see Table 2). The 
calculations were based on a modified precast-unit with a 20mm thick exterior-layer and a 
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traditional one with 70mm thick exterior layer. Both units had a 130 cm thick reinforced inner 
layer. As seen in Table 2, the savings in amount of cement can be up to 52% if the 20mm panels 
are used instead of the traditional one. This would reflect in the carbon footprint of the unit. 
Moreover, the unit will be much lighter, making it less costly to transport, and easier to handle. 
The weight gain between the two options is 71% for the exterior layer only and 26% for the 
sandwich panel unit in total. This difference is mainly caused by the corrosion protection of 
30mm required for the traditionally reinforced precast-unit.  

Table 2 - Cost comparison between traditional precast wall unit and a modified one. 

Type of exterior layer 

Mass per 
cement 
volume 
(kg/m3) 

Mass of exterior layer Mass of the wall unit 

Cement 
(kg/m2) 

Total mass 
(kg/m2) 

Cement 
(kg/m2) 

Total mass 
(kg/m2) 

20mm thick with basalt 
mat 560 11.2 51 50.8 356 

70mm thick with steel 
bars 330 23.1 178 62.7 483 

Saving of using 20mm panels instead 
of 70mm: 52% 71% 19% 26% 

5 FINAL REMARKS 
The objective of the investigation described herein was to test the feasibility to modify 
traditional precast concrete wall units by using non-corrosive reinforcement in their exterior 
layer. Thereby allowing the exterior layer to be considerably thinner than practically possible 
while using traditional steel reinforcement bars. The options tested were concrete plates of 
varying thickness reinforced with a commercially available basalt mat.  
It was found that all the sections tested, exceeded the predicted moment capacity. Also, the 
concrete mixture used, performed well in the frost-resistance test, as the scaling measured was 
far below the limit values. 
The use of a thinner exterior layer in precast concrete wall units creates unquestionable savings 
in material cost, transportation cost and carbon footprint.   
Overall, it can be concluded that the concept tested, i.e. a thin panel tension reinforced with a 
basalt mat has shown great potential and it should be worthwhile to pursue this idea further. The 
next step could be to construct an actual complete precast wall unit using this approach and test 
it in comparison with the traditional wall units.  
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ABSTRACT 
The overall performance and efficiency of fibre reinforced cement composites depend on the 
adhesive bond strength/properties between fibre and cement-matrix, which is mainly influenced 
by the characteristics of inter-facial transition zone, (ITZ). 
Within the present research the morphology of ITZ was studied by using the X-ray nano-
Computer Tomography provided by the European Synchrotron Radiation Facility. This scanning 
approach enables to study more accurately the three-dimensional nature and properties of 
adhesion between the cement-matrix and fibre. 

Key words: Cement, Fibres, Interfacial Transition Zone, X-ray nano-Computer Tomography, 
Adhesion. 
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1. INTRODUCTION
Fibre reinforced concrete, (FRC), is becoming more and more popular in construction industry
due to its refined mechanical properties as compared to conventionally reinforced concrete,
[1,2,5]. Fibres are added to fresh concrete mass during the mixing stage. The diameter of fibres
can vary between 0.2 μm − 1.0 mm as well as the geometrical shape of fibres can be straight,
undulated, crimped, with hooked-ends and etc., [1,4]. The volume fraction of fibres added to 1.0
m3 of concrete using the conventional practice of concreting with modern super-plasticizers is
usually less or equal to 2%, [1].

Concrete demonstrates good resistance to compression, while even minor tensile stress causes 
its extensive cracking and brittle failure, [4]. The addition of fibres enables to improve the 
mechanical properties of concrete from brittle to more ductile, which results in refined tensile 
strength and more ductile post-cracking behaviour, [1,2]. A considerable advantage of FRC is a 
short construction time necessary for building a structural element or a member compared to the 
same structure made of conventionally reinforced concrete, since the reinforcement placing 
phase is usually avoided, which, in turn, allows to decrease the labour costs, [6]. The structures 
or structural elements of complex geometrical shapes or thin-walled structures can also be easily 
implemented using FRC, [6]. 

FRC is a multi-phase and multi-scale material meaning that multiple phases constituting the 
material cover the scales from nano- (crystals of Calcium-Silicate-Hydrate, (C-S-H), portlandite 
Ca(OH)2, (CH)), micro- (internal micro-cracks, voids), meso- (orientation of fibres) up to 
macro scale (volume fraction of fibres, geometry and size of fibres, average strength of 
concrete). The presence of such a wide range of scales complicates both the empirical 
investigation methods and the modelling approaches. Load-bearing capacity and crack 
resistance of FRC to a great extent depend on the adhesive strength (stiction) presented at fibre-
concrete interface, [2]. However, the nature of adhesion of concrete to fibres is unclear and 
require further and more deep study, [3,5]. Thereby, the physio-chemical properties of adhesion 
and its influence on de-bonding of fibres are the major interest and importance. 

2. SCIENTIFIC BACKGROUND
The bond between fibre and concrete is assumed being created by adhesion, friction and
mechanical anchorage in case the fibres have deformed shape, [1]. A particular contribution and
value of each bonding component to load-bearing capacity and crack resistance of FRC are still
ambiguous. The present research project is focused on the study of adhesive properties present
at short steel and polypropylene fibre-concrete interface on nano-scale using X-ray computer
tomography. The adhesive bond is mostly influenced by the Interfacial Transition Zone, (ITZ),
which is forming between fibres or reinforcement bars, aggregates and cement-paste, Figure 1.
The expected thickness of the ITZ layer varies between 40 − 70 μm, [3].
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Figure 1 - Interfacial Transition Zone, (ITZ), at fibre-concrete interface. 

Essentially, the ITZ layer is more pronounced around the inclusions with rather large diameter, 
[1,3]. It is assumed, that the ITZ layer has heterogeneous and porous micro-structure, [1,2,3], 
Figure 1, which either facilitates the de-bonding of fibre or can initiate de-bonding away from 
fibre surface. Thereby, the ITZ controls how strongly the constituents of the composite are 
joined together into a single unit, which enables the individual components perform together. 

The micro-structure of the ITZ, such as porosity, thickness, continuity/discontinuity due to 
adjoining/touching aggregates specifies the adhesive strength presented at fibre-concrete 
interface. The investigation of physio-chemical interaction between fibre and concrete utilising 
X-ray nano-computed tomography, (nano-CT), enables most accurately assess the nature of
adhesion and its characteristics.

3. MATERIALS AND METHODS
Within the present research it is decided to turn to European Synchrotron Radiation Facility,
(ESRF), which is the world's most intense X-ray source and a centre of excellence for
fundamental and innovation-driven research in condensed and living matter science. ESRF is
specialising in micro-analysis, 3D material characterisation based on advanced imaging
techniques including synchrotron technology.

By using the facilities of the ESRF it is possible to scan the samples represented on Figure 2 
with a pixel size under 100 nm and without the blinking effect – artefact – caused by steel fibre. 

For present study were prepared 7 cement-samples with aligned fibres inside: 3 cylinder-
samples with polypropylene fibre with ∅=1mm; 4 cylinder-samples with short steel fibre with 
∅=0.2mm, Figure 2. 
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Figure 2 - Cylinder-samples made of cement-paste with aligned fibre. Left: The diameter of 
samples is approximately 3.0 mm, the diameter of polypropylene fibres is 1.0 mm. Right: The 
diameter of samples is approximately 2.0 mm, the diameter of short steel fibres is 0.2 mm. 

4. RESULTS EXPECTED
FRC is widely used in construction industry especially in industrial floors (steel fibres), but not
in load-bearing structural elements. The reason for this situation is the lack of proper
technological and design standards supported by high-level research. The quantitative and
qualitative evaluation of the adhesive characteristics between fibre and concrete using the
advanced methods such as high resolution nano-CT scanning will strengthen the reliability of
using FRC in load bearing structures such as tunnels, bridges, residential buildings. The study
approach proposed has not yet been applied in civil engineering for examining the bond
properties between fibre/reinforcement bar and concrete. Thus, the expected outcomes are
relevant not only for FRC, but also for conventionally reinforced concrete. The chemical
composition of cement-paste is complicated (different calcium silicate compounds, calcium
hydroxide, etc.) and the actual structure of the ITZ – zone (crystals and pores) around steel
fibres, bars or aggregates – is poorly known. The outcomes of the study will also deepen the
basic understanding of the reinforced concrete as a construction material by high resolution and
quality nano-CT investigations.
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ABSTRACT 
In fibre reinforced concrete (FRC), understanding the underlying interaction mechanisms 
between discrete fibres and the surrounding concrete matrix can lead to the optimization of the 
fibre-matrix combination. This paper presents the initial development of a method enabling the 
analysis of this given interaction on a meso-mechanical level. The method is such that volume 
images are initially captured using X-ray Computed Tomography (XCT) on small-scale FRC 
specimens under loading which are thereafter analysed to measure full 3D strain and 
deformation via Digital Volume Correlation (DVC). It is anticipated that the method developed 
in this project can be a useful tool for the development of new innovative and high performance 
FRC.  

Key words: Fibres, pull-out behaviour, X-ray Computed Tomography, Digital Volume 
Correlation. 

1 INTRODUCTION 
This paper presents findings from an ongoing project, funded by ÅForsk Foundation, dealing 
with the study of the interaction between short discrete fibres and concrete in fibre reinforced 
concrete (FRC) by means of meso-mechanical analysis. This project includes the development 
of a method which makes it possible to conduct X-ray Computed Tomography (XCT) on small-
scale pull-out tests of specimens under load, followed by detailed analysis based on Digital 
Volume Correlation (DVC). XCT is a non-destructive 3D imaging technique, while DVC is a 
technique applied to measure full 3D strains and deformations in materials. The latter technique 
uses tomographic reconstruction algorithms to calculate full 3D strains and displacements from 
volume images. Through coupling XCT and DVC, the internal strains within the concrete 
structure can be studied, thus allowing for an increasing understanding of how the loads are 
taken and distributed in the structure under mechanical loading. In essence, the goal is to be able 
to visualize and understand the mechanical interaction between the fibres and the concrete 
matrix in FRC. 
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Fibre pull-out is typically aimed at being the dominating failure mechanism in FRC to avoid 
brittle failure, which is why it is deemed relevant to investigate the pull-out behaviour in this 
study. Moreover, the so-called bridging effect at a crack opening in FRC is governed by the 
fibre-matrix bond properties of each fibre crossing the crack [1]. Pull-out tests are typically 
applied to: a) characterize the behaviour of FRC leading to the optimization of fibre-matrix 
combination and/or b) estimate average tensile stresses in the vicinity of a crack opening [2]. 
Upon loading of FRC, a part of the load is transferred from the cementitious matrix to the fibres 
before any macro-cracks are initiated. During the initial load transfer, the bond at the fibre-
matrix interface is characterized by superior elastic shear bond, also signifying that there is no 
relative displacement between the matrix and fibre. The stress transfer within the loaded 
composite can be broken down into two main types of bond, namely elastic shear bond 
(adhesion) and frictional shear bond [3]. The transition from elastic to frictional shear bond 
essentially takes place when the increasing tensile stress in the matrix exceeds the elastic shear 
bond limit; which, in turn, leads to relative displacement between the matrix and fibre causing 
the initiation of interface debonding. The frictional shear bond plays the role of resisting the 
displacement along the interface parallel to the fibre length while allowing relative slip. First 
cracking usually occurs when the ultimate strain of the matrix is exceeded due to its low tensile 
strain capacity compared to that of the fibres. Furthermore, it is relevant to note that the fibre 
geometry, in terms of deformed surface (twisted, crimped) or end-hooks, can introduce a form 
of additional mechanical anchorage in the composite. It is to say that the load transfer between 
the matrix and fibres becomes non-linear and localised at the given points of mechanical 
interlock/anchorage [3]. 

2 METHOD DEVELOPMENT FOR PULL-OUT AND TOMOGRAPHY 
It is generally a challenge to perform simultaneous XCT imaging and accurate load application 
to samples on a laboratory scale [4]. In view of that, the method developed for pull-out testing 
was firstly tailored towards the geometric constraints of the tomography equipment and 
mechanical loading configuration. A single-sided pull-out test was developed within the project 
based on the knowledge gathered from other studies e.g. [1] to simulate a stress-state present at 
a crack opening. This method makes it possible to characterize the pull-out behaviour of 
individual fibres when pulled-out of the concrete matrix in terms of a load versus displacement 
relationship. A cylindrical concrete specimen (h=50 mm, Ø=45 mm) containing a singular steel 
fibre partly cast perpendicular and centric to the concrete surface (Figure 1, left) was specifically 
prepared to accommodate the preliminary test setup (Figure 1, centre, right) configured with the 
possibility to apply a pull-out load while being placed in a tomograph. The fibre is fitted with an 
end anchorage detail which is thereafter fixed to the test rig whereby the pull-out load is applied 
to the protruding end of the fibre. 

Figure 1 – Photo of concrete cylinder with cast steel fibre (left) and loading device for pull-out 
test to be applied in a tomograph (centre, right). 
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Preliminary XCT images were taken on unloaded test specimens containing a centrically cast 
steel fibre. It is worth noting that it is critical to achieve a sufficient natural speckle pattern on 
the inside of the specimen in order to further ensure the quality of the DVC analysis. 
Accordingly, the concrete matrix selected had a range of aggregate sizes and shapes allowing for 
a suitable natural scatter which was captured as a grey-scale distribution. Figure 2 illustrates 
both section (XY, YZ and XZ) and volumetric views of a test specimen obtained using XCT. It 
can be further stated that the location of the fibre-matrix interface can also be clearly visualized.  

Figure 2 – Example volume images of an unloaded test specimen taken using XCT (Scale: 
2000 μm).  

3 PRELIMINARY TEST RESULTS 
The scope of the experimental study consists of firstly executing single-sided pull-out tests on 
concrete cylinders with centrically cast fibres as previously described in the method 
development. Six types of steel fibres possessing differing mechanical anchorage details and 
tensile strength were investigated (Figure 3, left). Small-scale pull-out tests (Figure 3, right) 
were performed to characterize the load versus displacement relationship for the respective fibre 
types. The purpose of these tests is to primarily determine load levels which could be of interest 
to apply during XCT imaging followed by DVC analysis to visualize and understand the 
mechanical interaction between the fibres and the high performance concrete (dmax= 4 mm).  

Figure 3 – Photo of investigated steel fibres (left) and pull-out test setup (right). 

The selection of load levels to be applied for XCT imaging is based on the analysed load versus 
displacement relationships for each respective fibre type. Selected results from the performed 
small-scale pull-out tests are shown in Figure 4 for fibre types 3D, 4D and 5D. These presented 
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results have minimal scatter in terms of peak load, but do however differ in regard to failure 
mode being marked by either pull-out or fibre rupture. Possible explanations for differing failure 
modes could be: slight variations related to fibre embedment depths and inclination, fibre 
defects and variations in the end anchorage. Load levels prior to the peak load are relevant to be 
able to capture the initial debonding of the fibre and transition from mechanical adhesion to 
frictional bond. At load levels approaching the peak load, the plastic deformation of the fibre 
can likely be observed. In the case of pull-out failure, it could also be relevant to capture the 
extent of plastic deformation and pull-out of the fibre within the post-peak region. 

Figure 4 – Load versus displacement results: (a) 3D, (b) 4D and (c) 5D. 

4 CONCLUDING REMARKS 
The initial development of a method to analyse the interaction between discrete fibres and the 
concrete matrix in FRC was presented. A loading device for simultaneous pull-out testing and 
tomographic imaging was developed for a small-scale cylindrical concrete specimen containing 
an individual fibre. Preliminary XCT volume images on an unloaded test specimen were 
observed to have sufficient resolution to be able to clearly visualize the fibre-matrix interface. 
From the presented pull-out test results, suitable load levels to be applied during XCT imaging 
followed by DVC analysis were identified. Subsequent steps in this project include the XCT 
imaging of loaded specimens coupled with DVC analysis.  
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ABSTRACT 
Textile reinforced concrete (TRC) allows casting thin structural elements as the textile 
reinforcement does not impose any requirements on the concrete cover since there is no risk for 
corrosion. This paper presents the experimental results of an experimental campaign aimed to 
investigate the flexural behavior of textile reinforced concrete (TRC) slabs intended for cladding 
of buildings. In addition, the inclusion of short polyvinyl-alcohol fibers in the concrete mix, in 
order to improve the tension capacity of the concrete, is also investigated. Results show that the 
flexural capacity of the slabs was improved by the textile reinforcement. Specimens with an 
increased amount of short fibers showed a larger ultimate load and lower mid-span deflections at 
peak load. 

Key words: Textile reinforced concrete, Fibers, Reinforcement, Bending, Slabs, Mix design. 

1. INTRODUCTION
In recent years, new techniques for reinforcement of concrete structures have been developed.
Among them, the use of textile reinforcement for replacing the traditional steel reinforcement has
caught the attention of researchers worldwide. In comparison with conventional steel
reinforcement, less concrete cover is needed for textile reinforced concrete (TRC) elements, as
there is no need of protecting the reinforcement against corrosion. Therefore, the use of TRC
allows casting thinner elements. However, TRC is still a relatively new composite material and it
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is required to investigate further its behavior in terms of material properties and applications [1, 
2]. 

To increase the strength of TRC members, the concrete can be mixed with randomly distributed 
short fibers. The addition of the fibers allows obtaining a more adequate cracking pattern in which 
several small cracks are observed instead of one or two main cracks. The fibers vary in length as 
short fibers help bridging the smallest cracks and longer one help bridging larger cracks. [3] 

In this paper, the results of an experimental campaign aimed to investigate the effect of including 
short fibers in textile reinforced concrete slabs tested in bending are presented. Besides the amount 
of short fibers included, the influence of the textile reinforcement inside the concrete element was 
also analyzed. 

2 EXPERIMENTAL CAMPAIGN 
A total of 6 slabs were casted and tested. The slabs had a width b=300 mm, height h=30 mm, and 
total length of 880 mm. All specimen were cast using a ready-mix concrete with a maximum 
aggregate size of 3 mm. A superplasticizer was used to increase workability of the concrete. The 
average concrete compressive strength, determined as the average of three cylinders with 
dimensions φ50×100 mm in accordance with EN 12390-2 (2009) was 42 MPa. The reinforcement 
consisted in unbalanced bidirectional carbon fiber mesh with synthetic, filament yarns with carbon 
in warp direction and AR-glass in weft direction. The mesh size of the reinforcement is 20 mm in 
both warp and weft direction. The tensile strength of the reinforcement (ffu) and the modulus of 
elasticity (Ef) of the textile were 4300 MPa and 240 GPa, as reported by the manufacturer, and the 
equivalent thickness of the carbon fibers was (t) 44 mm2/m. Short monofilament polyvinyl-
alcohol (PVA) fibers were used. PVA fibers had 40 µm diameter, 8 mm length, 40GPa modulus 
of elasticity and 1560 MPa tensile strength as reported by the manufacturer [4]. 

a) b) 
Figure 1 – a) Experimental set up (dimensions in mm); b) slab test. 

They were tested using a four-point bending scheme with a span length l=750 mm, as shown in 
Figure 1. The test was carried out under displacement control. The initial displacement rate was 
set to 0.5 mm/min until the first crack was detected, then the speed was increased to 0.016 mm/s. 
The displacement rate was changed to 0.08 mm/s after 10 mm deflection. The test was stopped 
when the load dropped under 50% of maximum load (Pmax). A dial displacement indicator was 
located below the slab to measure vertical displacements (Δ) at mid-span. 

The slabs were designated according to the convention: S%-a-#, where S% corresponds to the 
percentage of PVA fibers included in the concrete (S0.5= 0.5%, S1.0= 1.0%), a denotes if the slab 
was textile reinforced or not (RB for textile reinforced elements, NN for unreinforced elements), 
and Y is the specimen number. The designation of the 9 beams tested is shown in Table 1.  
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Table 1 – Summary of test results. 
Slab PVA (%) Pmax (kN) Pmax-a (kN) ∆u (mm) ∆u-a (mm) 

S0.5-NN-1 0.5 0.56 - 1.4 - 
S0.5-RB-1* 0.5 2.82 

2.56 
69

58 S0.5-RB-2* 0.5 2.29 48
S1.0-NN-1 1.0 1.27 - 1.3 - 
S1.0-RB-1 1.0 4.02 3.43 23

25 S1.0-RB-2* 1.0 2.84 27
*Test stopped when applied load P was approximately half of maximum load Pmax.

3 RESULTS AND DISCUSSION 
The applied load P versus mid-span displacement ∆ curves for the unreinforced and reinforced 
slabs are shown in Figure 2. Table 1 summarizes values of maximum load Pmax, and the maximum 
displacement at mid-span ∆u, of each slab. Average values of maximum load (Pmax-a) and 
maximum displacement (∆u-a) for specimens of series S0.5.RB and S1.0-RB are also included in 
Table 1.  

a) b) 
Figure 2. Applied load P vs. mid-span displacement ∆ curves for: a) Unreinforced specimens; 
b) Reinforced specimens

As shown in Figure 2 and Table 1, the use of textiles and PVA fibers improved the performance 
of the slabs in terms of maximum load and ultimate displacement. Higher values of Pmax were 
attained for slabs with 1.0% of PVA fibers, with an average value of 3.53 kN. However, when the 
capacity increase is evaluated with respect to the unreinforced specimen, (Pmax-a/Pmax), similar 
values are obtained for specimens with 0.5% and 1.0% of PVA fibers (2.55 and 2.70 respectively). 

Increase in values of ∆u relative to the corresponding unreinforced specimen were also achieved. 
For this case, higher displacements were witnessed in specimens with 0.5% of PVA fibers. In fact, 
values of ∆u-a for these specimens were approximately twice as high as the ones recorded for slabs 
with 1.0% of PVA fibers and 40 times than for the unreinforced specimens. However, it is worth 
noting that for reinforced specimens, with exception of slab S1.0-RB-1, the test was stopped when 
P was approximately equal to Pmax and therefore, higher values of ∆max could have been achieved 
if the test had been run until failure. 

Before the occurrence of the first crack, the slabs present a linear elastic behavior according to the 
concrete stiffness. After cracking, there is a load redistribution from the mortar to the fibers. This 
allows the specimen to keep carrying load while cracks propagate. After Pmax, the behavior 
depends on the amount of PVA fibers. For S1.0-RB specimens, there is not a noteworthy increase 
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in mid-span displacements after peak load. In fact, for slab S1.0-RB-1, failure occurred 
immediately after Pmax. For S0.5-RB specimens, Figure 2b shows that the slabs can deform 
significantly after Pmax is achieved, although lower values of Pmax were achieved.  

For the case of unreinforced slabs with PVA addition, [3] showed that maximum flexural strength 
capacities were obtained with PVA fiber content of 1.5%. However, the results in this paper 
showed that although higher contents of PVA fiber generate an increase in the capacity of the 
TRC slabs, the same behavior is not observed for mid-span displacements. In fact, higher values 
of ∆ were witnessed for specimens with lower content of PVA fibers. Based on the results 
presented in this paper, the authors postulate that for the case of TRC slabs, it is expected that 
values of PVA content higher than 1.0% will influence negatively the ductility of the specimens. 
However, more test are needed in order to validate this affirmation. 

A brittle failure mode, characterized by concrete crushing, was observed for unreinforced 
specimens. A similar behavior was observed for specimen S1.0-RB-1. For the remaining 
reinforced specimens, a more ductile behavior was witnessed, although concrete crushing was 
also noted. In addition, some ruptured fibers were visible after testing but all yarns were kept 
together in one piece. 

4 CONCLUSIONS 
In this paper, the results of an experimental campaigned aimed to study the flexural behaviour of 
TRC slabs with PVA fibers addition were presented. The main conclusions that can be drawn 
from this study can be summarized as follows: 

• The increase in the flexural capacity of the slabs depends on the amount of PVA fibers added;
higher values of maximum load were seen for slabs with a higher PVA fiber addition (1.0%).

• Larger ultimate displacements were obtained in slabs with 0.5% of PVA fibers.
• The failure mode of the slabs was modified depending on the amount of PVA fibers and the

presence of the textile reinforcement. With the exception of S1.0-RB-1 specimen, TRC slabs
behaved in a more ductile manner as the specimens were able to deform after the maximum
load was achieved.
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ABSTRACT 
Steel fibre concrete (SFC) is a versatile alternative for industrial floors. Despite the development 
of guidelines and standards, there is no common Swedish view on how to design and construct 
SFC floors. Instead there are two competing methods resulting in significantly different results. 
The method based on Swedish guidelines leads to rather thick floors with high safety against 
failure due to load. The continental design method leads to much thinner slabs. The safety 
against failure is less but might still be sufficient in some cases. A method to avoid the endless 
debate between advocates of the two methods is to perform load tests on real industrial SFC 
floors.   

Key words: Fibres. Industrial concrete floors. Load-carrying capacity. Structural Design. 
Testing. 

1. INTRODUCTION
Steel fibre concrete (SFC) is a versatile alternative for industrial floors, but unfortunately, there
is no common view on how to design and construct SFC floors, at least not in Sweden. Several
initiatives have been taken resulting in the development of guidelines and standards [1-3]. In
Sweden, there are two competing alternatives, one is based on Swedish traditions and safety
concepts [1-2] and one is based on continental or Belgian concepts. At the Stockholm fib
symposium in 2012, a unique Swedish-Belgian paper was published [4]. It compared the design
of a pile-supported fibre concrete slab. The comparison showed that the calculated load-carrying
capacity was considerably higher for the Belgian design than the Swedish design.

In a couple of Swedish cases, unanticipated and rather severe cracking on the industrial SFC 
floor has raised the question if the floor has been too weak to carry the loads. In these cases, the 
continental method has been used for the design. Recalculations showed that the load-carrying 
capacity was not sufficient according to the Swedish design method. Advocates of the 
continental design method are, however, referring to a long and broad experience with success 
stories from well-performing SFC floors in several countries. The reason for the success might 
not necessarily be that the continental design method is correct. The load-carrying capacity of a 
slab-on-grade is complex and beneficial factors such as arch effects, membrane effects, and 
stress redistributions in slabs are usually neglected. For the pile-supported slab, we usually 
neglect the contribution from the subbase or subgrade between the pile heads. All these 
contributions may together be sufficient for compensating the shortcomings in the load-carrying 
capacity of a small part of the SFC slab itself.  
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As an alternative to endless discussions on whether the continental method is right or wrong, the 
author of this paper proposed load tests on the floor to investigate its strength and stiffness. 
“Design by testing” is an old, well-known, and adequate method if used correctly [5].  

2. DESIGNING LOAD TESTS ON INDUSTRIAL CONCRETE FLOORS

2.1 Aim 
The aim of the load tests was to verify that the pile-supported SFC slab, that is part of the 
industrial floor in an investigated industrial building, is able to carry the design values of the 
actual loads without severe cracking or deformations.  Preferably, both (i) the failure load and 
(ii) the long-term deformations under service load would be determined, but this is rarely
possible. The load causing failure is difficult to obtain due to practical difficulties to create
sufficient load magnitude (loads limited to gravity loads). Long-term deformation measurements
require access to an experimental area of the floor during several months which usually is
impossible for the owner of the building. Consequently, the aims have to be reduced to
measuring performance (cracking and deflections) under a high load and measuring deflections
under a lower load during one or two weeks.

2.2 Loading 
Pile-supported slabs are designed for two failure modes (Figure 1). Both failure modes are 
developed for a uniform load q on the entire slab. This was the background for selecting a load 
pattern consisting of a centrally placed, uniformly loaded square slightly smaller than the area 
between four adjacent pile heads (Figure 2). This location of the loaded area will also lead to 
maximum deflection.  

Figure 1 – Two different flexural failure modes for pile-supported slabs [3]. 
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Figure 2 – Loaded area (left) and loads consisting of pallets of concrete pavers (right). 

2.3 Measurements 
The measurements consisted of deflection measurements in points A-Q (Figure 2) before, 
during, and after loading as well as crack pattern surveys. 

2.4 Evaluation criteria 
The evaluation criteria were based on (i) calculations of anticipated deflections of a well-
performing slab of sufficient strength and stiffness and (ii) adaption of frequently used 
performance requirements to the specific loading case. 

Table 1 – Evaluation criteria 
No Parameter Unit Requirement 
1 Centre deflection under load (point 0) mm < 7.0 
2 Deflection under load (points A-D, E, H, I, L, M-Q) mm < 6.0 
3 Remaining deflection (points 0, A-Q) mm < 3.0 
4 Maximum crack width mm < 1.0 
5 Total crack length (crack width > 0.2 mm) m < 4.0 

3. EXAMPLE
A load tests was performed on an industrial concrete floor close to Göteborg, Sweden. The floor
consisted of a 230 mm thick pile-supported SFC slab. The concrete compressive strength was
measured to 56 MPa and the fibre content to 48 kg/m3. The spacing between the piles in two
perpendicular directions was 4.0 and 4.7 m, respectively. The floor was designed to carry a
distributed load q = 40 kN/m2.

The author had proposed a total load Q consisting of 36 sand bags, each weighing 1100 kg, 
totalling 39.6 metric tons or 388 kN distributed on a centrically placed area A = 3.0×3.0 = 9.0 m2 
resulting in a distributed load q = 43 kN/m2. The solution with sand bags was, however, not 
possible. Instead, pallets of concrete pavers were used (Figure 2). Due to safety reasons, the total 

55



 

load was limited to Q = 12.64 metric tons distributed on an area 3.0×3.3 = 9.9 m2 resulting in a 
distributed load q = 12.5 kN/m2. 

The midspan deflection was measured to 2.7 mm directly after loading and increased to 3.3 mm 
during the week of sustained loading. After removing the load, a remaining deflection of 0.4 
mm was measured. No new cracks were observed during the load tests. 

Since the load was only 31 % of the design load, it is difficult to draw any conclusions regarding 
the relationship between the performance and the requirements. If the slab would remain 
uncracked at q = 40 kN/m2, the measured values may be considered acceptable. If, on the other 
hand, the slab would crack at such a load, both deflections and cracking would most likely 
exceed the requirements. 

4. CONCLUDING REMARKS
Despite the development of standards and handbooks, there is still no consensus among
engineers on how to design SFC slabs for industrial floors. An alternative to computation
methods is design by testing. This paper summarizes a Swedish proposal for load tests on
industrial floors. The problem is to test the floor with a load of sufficient high magnitude.
Neither sand bags, nor pallets of concrete pavers can be stacked to a sufficient height without
jeopardizing the safety of the laboratory staff. A massive concrete block has to have a height of
1.67 m to provide a distributed load q = 40 kN/m. All solutions with smaller elements or loose
materials will lead to more intervening space and, thus, even higher stacks. One solution would
be casting large cubes of concrete containing iron ore as aggregate.

If we are able to solve the loading, design by testing can be used as a tool to determine whether 
a certain design method is appropriate or not. The load test has to be combined with 
measurement on slab thickness, concrete strength, and fibre content to determine average values 
and scatter. We must also determine if the subbase or subgrade underneath the slab is carrying 
part of the load or if the piles are carrying the entire load. This may be done through coring. 
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ABSTRACT 
This project focuses on detailed studies of how the cracking process in concrete is influenced by 
the concrete micro- and mesostructure. The aim is to increase knowledge of how critical 
parameters affect the cracking process and how this is related to the material's macroscopic 
properties. A methodology based on the combination of different experimental methods and 
measuring techniques at different scale levels has been developed. Crack propagation during 
tensile loading of small-scale specimens in a tensile stage was monitored by means of Digital 
Image Correlation (DIC) and Acoustic Emission (AE). After the test, crack patterns were 
studied using fluorescence microscopy. 

Key words: Concrete, Cracking, Testing, Digital Image Correlation, Acoustic Emission, 
Microscopic Analysis  

1. INTRODUCTION
Many of the characteristics of concrete mechanical behaviour observed at the macro scale can
be explained by the heterogeneous structure of concrete at the micro and meso scales.
Conventional strength tests on the macroscopic scale are essentially intended to characterize and
compare different qualities of concrete in a standardized way, but give limited information at the
micro and meso scale since they do not reflect the heterogeneous nature of the materials in a
relevant way. Therefore, the combination of different experimental methods and measuring
techniques at different scales is essential to enable deep investigation and understanding of the
cracking process from micro to macro scale. Within this project we study how the cracking
process in concrete is influenced by the concrete micro- and mesostructure, with special focus
on the influence of aggregate shape. The project includes the development of a methodology
that enables detailed analysis at the micro and meso scales, based on DIC, AE and microscopy.
Here, a brief description of the methodology is given; a more comprehensive report of the
project can be found in [1].
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2. EXPERIMENTAL SETUP
2.1 Materials and specimens
The test series includes two different concrete recipes, here referred to as N038 and C038. The
concretes had a w/c of about 0.38 and the coarse aggregate (8-16 mm) were of felsic rock
material. The difference was related to the fine aggregate (< 8 mm), which were of Natural
(N038) or Crushed (C038) felsic rock material. The crushed aggregate used contained a higher
amount of elongated and flaky particles compared to the more rounded natural aggregate. The
cube compressive strengths fc,cube at 28 days were determined to 91.5 MPa and 80.9 MPa for
N038 and C038, respectively. The same materials, cast at the same time, were used in an earlier
project concerning micro and meso scale material properties affecting the shear strength
capacity [2].

Specimens with section dimensions 60 × 60 mm2 were cut from larger concrete blocks. Two 10 
mm deep and 5 mm wide notches were cut with a stationary diamond cutting blade. To make the 
meso structure of the concrete more prominent in the DIC images, the surface of the specimens 
was polished in a grinding machine before testing. The specimens with Natural and with 
Crushed fine aggregates are referred to as N038-# and C038-#, respectively. 

2.3 Direct tensile test setup 
The direct tensile test setup consists of different subsystems as illustrated in Figure 1; the tensile 
stage with control system, the data acquisition system, the AE system and the DIC system. The 
specimen is glued to the two loading platens of machine. 

Figure 1 – Illustration of the tensile stage test system (left). Photo of test setup with camera 
configuration at meso scale (middle) and at micro scale (right). 

The force F is recorded by a load cell with a maximum capacity of 10 kN and the relative 
displacement d between the two cross beams is measured with a LVDT with a measuring range 
of ±5.0 mm. In these tests, the loading was controlled at a displacement rate of 0.06 mm/min. 

The setup enables 2D DIC measurements on two different scale levels: one meso scale covering 
the entire specimen surface (65 × 65 mm2) and one micro scale focusing on one of the notches 
(8 × 8 mm2), see Figure 1. The system setup employed resulted in a spatial resolution of 
approximately 0.63 × 0.63 mm and 0.19 × 0.19 mm, and a coordinate measurement accuracy of 
approximately 1.3 µm and 0.16 µm, for the meso and the micro scale, respectively. The images 
were captured with a frequency of 5 Hz. The AE activity was recorded by one AE sensor with a 
resonance frequency of 150 kHz. A pre-amplification of 40 dB and a threshold level of 40 dB 
were used. The force and the displacement were also recorded in the DIC and the AE system. 
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3. EXPERIMENTAL RESULTS
In general no major differences were found in stress-displacement relationships or crack
formation during testing between the specimens with natural (N038) or crushed aggregates
(C038). Tensile test results are exemplified for one specimen (C038-5) in Figure 2.

Figure 2 – Stress and cumulative AE Hits versus time (left) and example of crack formations in 
the different phases of the cracking process (right) for specimen C038-5. 

The cracking process observed by DIC and AE during the tests may to some extent be related to 
different phases in the stress-displacement relationship. These findings correspond well with the 
four stages in the tensile fracture process defined in [3]; (I) elastic stage, (II) micro cracking, 
(III) macro cracking and (IV) bridging.

During the initial elastic pre-peak part (I) of the stress-displacement curve, the number of AE 
hits is small and probably related to the opening of existing micro-cracks in both the cement 
matrix and the aggregate particles. These cracks cannot really be identified by DIC. When new 
cracks starts to develop in phase II, mainly in the ITZ, the number of hits starts to increase, and 
increases further when cracks start to propagate into the cement paste matrix from the ITZ or the 
two notches. Close to peak stress, the crack intensity and as a result also the AE activity, 
increases. This corresponds well with a small non-linear section in the stress-displacement curve 
that occurs just before peak stress is reached, when different micro-cracks connect to each other. 
The hit-rate reaches the highest value during the initial part of the post-peak behaviour related to 
the creation of one localized macro-crack in phase III. During the last phase (IV) of the post-
peak behaviour related to gradual opening of the macro-crack, the AE activity is mainly caused 
by the bridging effect of the aggregate particles. While the crack opens, the hit rate decreases, 
and eventually becomes zero as the crack is completely open. The transitions between the 
different phases are generally vague, and the phases overlap. 

After testing, the specimens were analysed using thin section technique in fluorescence 
microscopy combined with image analysis. The thin sections covered the entire fracture area 
from notch to notch, see Figure 3. The combination of DIC measurements during testing and 
fluorescence microscopy after testing makes it possible to characterize and quantify the fracture 
down to micrometre scale and relate it to the cracking process during loading. 
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Figure 3 – Fluorescence image of C038-5 after testing, at meso (left) and micro scale (right). 

The fluorescence image shown in the Figure 3 cover the area seen in the DIC images presented 
in Figure 2 (left). The approximate positions of the individual sub-images are indicated in 
Figure 3 (left). Sub-image (A) shows the area adjacent to the left notch. Sub-image (C) shows an 
area where the main fracture temporarily stopped during the test as can be seen in the DIC 
image (c) in Figure 2 (left). It can be seen that the microstructure is considerably damaged by 
the fracturing process in this region. Sub-image (D) shows the main fracture that was forced to 
go around the larger aggregate close to the right notch. It can be noted that the crack running 
diagonally from the left notch along the ITZ in Figure 2 (b) to (d) has to a large extent closed 
after the test, as can be seen in Figure 3 (left). 

A comparison with results obtained from tests in shear in a previous study using the same 
concrete [2] show that the fracture process in tension are, as shown in the present project, less 
dependent on the shape of the aggregate particles than in shear. There are however differences 
in detail of the fracture pattern between samples with rounded natural aggregate and those with 
elongated crushed aggregate, also in tension. The analysis of fractures in tension show that there 
are more secondary fractures branching out from the primary fracture in samples with crushed 
aggregate. It can be seen that propagating secondary cracks often stop or are deflected at 
aggregate particles. It is suggested that this is more frequent in the samples with crushed 
aggregate. As the secondary fractures have partly grown in shear, flaky particles may act 
through interlocking. These meso and micro scale differences provide potential explanations of 
the differences in mechanical behavior and are a suitable area for continued research. 

4. CONCLUDING REMARKS
The present project shows that the applied combination of methods has a potential for increasing
the understanding of fracture process on micro and meso scale and how it relates to the loading.
The analysis show that in tension are there no major difference in fracture behaviour between
concrete with crushed compared to natural sand in the aggregate finer than 8 mm. This differs
from the behaviour in shear where there shape of the aggregate has a clear influence.
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ABSTRACT 
A laboratory study has been conducted to examine how computed tomography (CT) can be used 
as a laboratory method for investigation of cored specimens of shotcrete (sprayed concrete) from 
tunnels. The method is well suited to describe the distribution and orientation of steel fibres in 
the shotcrete, and also how interfaces between rock-shotcrete and between layers of different 
spray stages can be detected. Examples show how distributions of voids, cracks and aggregates 
can be described. It proved relatively difficult to clearly distinguish between cement and small 
aggregate fractions and therefore these are here combined and presented as cement paste. 

Key words: Aggregate, Cracking, Corrosion, Fibres, Sustainability, Testing. 

1. INTRODUCTION
With knowledge of the internal material structure, shotcrete (sprayed concrete) materials can be
optimized for use in rock engineering, to produce cost-effective, sustainable and safe tunnels
and subspace structures. The investigation methods used today for in situ test specimens are
usually destructive methods, such as slicing/sawing followed by microscopy. This is time
consuming and also leads to that the studied specimen is destroyed, preventing further
investigations. New possibilities now exist in using computed tomography (CT), an advanced
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method using integrated equipment for X-ray scanning and image detection with a computerized 
visualization system that can reproduce a three-dimensional virtual, transparent model of the 
studied object. Using the CT scan equipment at the KTH Civil and Architectural Engineering 
laboratory, a pilot study has now been carried out to describe the possibilities and limitations of 
the technique [1], with a focus on finding practical routines for obtaining quantitative and 
qualitative data. The work presented here is focuses on investigation of in situ samples from 
shotcrete of the type used in civil engineering rock work and tunnel construction.  

2. INVESTIGATION METHOD
X-ray computed tomography (CT) is a non-destructive technique used for visualizing the
interior of solid objects using digital information of the objects down to microscopic detail level.
Medical CT systems are used for acquiring image of soft tissues and bones while high-
resolution industrial X-ray CT utilize higher energy X-rays with more penetrative power and is
used for materials within disciplines such as geo-sciences, engineering and manufacturing. A
cylindrical volume can be described by sequential 2D CT images, corresponding to slices with
an associated thickness that together defines the volume as composed by 3D elements, i.e.
voxels. The quality of these scanned images depends on the X-ray source, the detectors used and
the scanning configuration. More details on the sequential procedure of sample preparation,
calibration, data acquisition and reconstruction are given by e.g. [2]. Other interesting studies on
concrete using CT technique are e.g. summarized in [3]. The X-ray CT system used in this study
is of the type NSI X5000 [4]. Within a radiation shielded enclosure there are 225 kV and 450 kV
X-ray tubes with focal spot sizes of 5 µm and 400 µm, respectively, with a high resolution
digital detector with 200 μm pixel pitch. Depending on specimen size, degree of geometrical
magnification and the tube used, tomography data with voxel sizes down to 5 µm can be
obtained. The system also contains a workstation with software for CT calibration, cone-beam
reconstruction, 3D real time visualization and numerical analysis tools. There is also an
integrated MTS Model 370 Uniaxial Test System for up to 100 kN force and 150 mm
displacement and a chamber that can produce testing temperatures within -20ºC to +80ºC.

a) b) c) 

Figure 1 – Shotcrete core drilled out from a laboratory test beam (a), CT image of its outer 
cylinder surface (b) and of the steel fibre configuration only (c). From [1]. 
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Figure 2 – CT image of an in situ core with three layers of shotcrete, one un-reinforced, one 
with steel mesh and one with steel fibres (a). Steel fibre and mesh configuration (b) and two 
cross-sectional views through a core with steel fibres (c). From [1]. 

a) b) 

Figure 3 – Example of distribution of aggregates, cement paste, voids and steel fibres along 
160 mm of a CT-scanned concrete cylinder. From [*]. 
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3. TEST RESULTS
An example of a drilled out core from a laboratory tested shotcreted beam is shown in Fig. 1.
The specimen of steel-fibre reinforced shotcrete come from a long-term observation project and
was exposed to flowing freshwater [5], after which the cylinders were cored for examination in
the laboratory. The cylinder diameter is 50 mm and its length 125 mm, of which the bottom 50
mm has been immersed in water. The figure shows a photo and a three-dimensional CT image
of the specimen exterior and a 3D image showing the steel fibre configuration only, which
shows that the fibre orientation is highly variable. The second example shown in Fig. 2
describes a core drilled from a shotcrete lining consisting of three layers. It is here possible to
distinguish two bond interfaces, between a lower unreinforced layer, a layer with steel mesh
reinforcement and a thinner layer with steel fibre reinforced shotcrete. Probably, the lower layer
was first sprayed, on top of which the steel mesh was mounted. This was later over-sprayed and
then covered by a layer of steel fibre reinforced shotcrete. The cylindrical sample show no bond
fracture surface towards rock and it can thus be assumed that there was tensile shotcrete failure
during pulling out of the core. In the three-dimensional picture Fig. 2 (b), only the steel material
is shown with the sections of the reinforcing mesh and fibres. The fibre orientation here
coincides with the tunnel surface direction and the shotcrete is thus anisotropic with a significant
reinforcing effect in the surface plane, but not in the thickness direction. Two-dimensional
sections in the form of CT images are also shown in Fig. 3 (b), where cracks, voids, fibres and
aggregates can be clearly distinguished. An example of calculated distributions of steel fibres,
aggregates, cement paste and voids over the height of a test core is shown in Fig. 3 (a).

4. CONCLUSIONS
The summarized pilot study [1] shows that the method is suitable for practical analysis of in situ
shotcrete specimens. The results from the CT investigations can be further analyzed and
presented in the form of quantitative data, as distributions of cement paste, aggregates, steel
fibers and voids, and as qualitative data that shows 3D distributions of steel fibers, aggregates,
etc. It is recommended that the method should be established as a standardized method for non-
destructive testing when developing new, optimized shotcrete types and for investigations of
damaged and degraded concrete structures in tunnels and subspace structures.
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ABSTRACT 
Knowledge of the elastic properties of concrete at early age is often a prerequsite for numerical 
calculations. This paper discusses the use of a laboratory technique for determination of 
Poisson’s ratio at early concrete age. A non-destructive test set-up using the impact resonance 
method have been tested and evaluated. With the method it has been possible to obtain results 
already at 7 hours of concrete age. The Poisson's ratio is found to decrease sharply during the 
first 24 hours to reach a value of 0.06 and then increased to approximately 0.13 after seven days. 

Keywords: Modelling, Testing, Poisson’s Ratio, Young Concrete. 

1. INTRODUCTION
Young concrete is studied, with special focus on the period from the first contact between
cement and water and up to 12 hours of age, which often is regarded as the most critical period
with respect to e.g. vibration damage [1]. In some structural applications, for example in
tunnelling, mining, bridge deck maintenance, construction of hydropower and nuclear power
facilities, there is a need to control the response of young concrete that can be subjected to
different types of dynamic loads, for example from impact vibration. Due to difficulties in
performing experiments on young concrete due to for example early formwork removal
problems, simulation models the finite element method are needed as a complement. These
models require insertion of material data for concrete, such as the development of compressive
strength, tensile strength, modulus of elasticity and Poisson’s ratio. In numerical tests [1] it was
found that Poisson’s ratio has a significant effect on the numerical results for young concrete.
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Of the studies that measured Poisson’s ratio at early age, most concluded that this parameter is 
insensitive to age, i.e. the measured Poisson’s ratio show practically the same value for all ages 
and curing conditions, see [2]. However, two important studies, by Byfors [4] and Mesbah [5], 
describe a significant decrease in Poisson’s ratio at very early ages. Decreasing trends for 
Poisson’s ratio are presented, from approximately 0.4 to 0.1 during the first 10-15 hours, at a 
compressive strength of about 1 MPa [4]. After this, Poisson’s ratio increases with strength 
growth. The results from an investiagtion on high-performance concrete using the pulse velocity 
method [5] showed similar results, with Poisson’s ratio decreasing during a short period of 
about 9 to 18 hours, reaching a value of 0.14, then increasing to its final value after seven days. 
To date, there is no information given in the Eurocode 2 [3] about how to specify Poisson’s ratio 
at early ages. Although some experimental results [2] show increasing values of Poisson’s ratio 
with age during the first 12 hours, for example up to about 25%, is this often considered as a 
close to constant value. It is thus likely that this parameter has a significant effect on numerical 
results for early age concrete. Therefore, a small-scale laboratory test is performed to find a 
technique to measure Poisson’s ratio at early concrete age, which is here briefly summarized. 
For more details, see [1].  

2. EXPERIMENTAL WORK

2.2 Materials 
In this study, two concrete beams of 180×150×800 mm3 are cast. The concrete composition is 
presented in Tab. 1, chosen on the basis of laboratory investigations performed by Bryne [6]. A 
series of 150 mm cubes were cast to determine the development of compressive strength which 
was possible from 10 hours. The equation, where t is curing age in days, is derived from tested 
cubes, giving the relation between compressive strength (fc) and the age of concrete [6] as: 

𝑓𝑓𝑐𝑐 = 28.4 𝑒𝑒−0.661/𝑡𝑡1.653 (MPa) (1) 

Table 1 – Compositions of the concrete used in the tests. 
Composition Content 
Cement, kg/m3 495 
Water, kg/m3  220 
Aggregate 0-8 mm, kg/m3 1540 
Silika U/D, kg/m3 20 
Glenium, kg/m3 4 

2.3 Test Method 
A non-destructive test is carried out using the impact resonance method where a freely 
supported (hanging) test beam is struck with a small impactor. The test is carried out at room 
temperature. The specimen response is measured using an accelerometer on the specimen; see 
Fig. 1(a). In this test, the longitudinal, transverse and torsional frequencies of the concrete beam 
at various times after casting were measured so that Poisson’s ratio could be calculated, 
according to the testing standard [7]. To enable recording of particle acceleration for the three 
fundamental transverses, longitudinal and torsional resonance frequencies, three accelerometers 
were positioned on the specimen, as shown in Fig. 1 (b). According to [7], the fundamental 
frequencies of the three modes of vibration are obtained by proper location of the impact point 
and the accelerometers. The recording time was approximately 0.03 s with a sampling frequency 
of 9600 Hz, the highest possible.  
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(a) (b) 

Figure 1 – The suspended beam and the position of the accelerometers. 

3. RESULTS
The obtained longitudinal and torsional frequencies are given in Tab. 2. The longitudinal and
torsional modulus of elasticity and Poisson’s ratio are calculated in accordance with [7], see
Tab. 2. The growth of the Poisson’s ratio during the seven days is shown in Fig. 2 (a). This
demonstrates the evolution of Poisson’s ratio as function of time for two test prisms. It can be
seen that during the first 12 hours, a significant variation of Poisson’s ratio occurs, which after
that stabilises. By using Eq. (1), the corresponding curve for the compressive strength after 10
hours can also be presented in Fig. 2 (b).

Table 2 – Measured frequencies and calculated longitudinal and torsional modulus of elasticity 
and Poisson’s ratios 
Curing 

age 
(hours) 

Longitudinal 
frequency 

(Hz) 

Torsional 
frequency 

(Hz) 

Longitudinal 
modulus of elasticity 

(GPa) 

Torsional modulus 
of elasticity  

(GPa) 

Estimated 
Poisson's 

ratio 
7.0 (526) (271) 1.48 0.58 0.276 
7.5 951 277 4.82 2.02 0.192 
8.0 (693) (374) 2.56 1.10 0.163 
8.5 (749) (412) 2.99 1.34 0.120 
9.5 (824) (454) 3.62 1.62 0.116 
9.0 (880) (447) 4.13 1.87 0.106 
10.0 (941), 1369 (520), 314 4.72, 10.00 2.13, 4.70 0.086* 
11.0 (1049), 1460 (590), 341 5.87, 11.36 2.74, 5.40 0.061* 
12.0 1547 874 12.76 6.01 0.062 
14.0 1730 975 15.96 7.48 0.067 
15.0 1787 1003 17.03 7.92 0.076 
18.0 1927 1076 19.80 9.11 0.087 
24.0 2041 1140 22.22 10.23 0.086 
30.0 2110 1175 23.74 10.86 0.093 
72.0 2295 1255 28.09 12.39 0.133 
144.0 2375 1300 30.08 13.30 0.131 
168.0 2385 1304 30.34 13.38 0.134 

- The values within parentheses refer to beam No.2., - * average value
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(a) (b) 

Figure 2 – Poisson’s ratio versus (a) curing age and (b) compressive strength. 

4. CONCLUSION
The purpose of this study was to test and evaluate an experimental technique for estimation of
the development of Poisson’s ratio, an important material property needed in numerical
calculations involving young concrete. From the results, it can be observed that the Poisson’s
ratio to a great extent depend on concrete age during the first few hours after casting. The
measurement results show similar decreasing trends as previously suggested for other concrete
types in [4,5].

REFERENCES 

[1] Ahmed, L., Ansell, A., Malm, R.: “Numerical modelling and evaluation of laboratory tests
with impact loaded young concrete prisms”, Materials and Structures ,49(11), 4691-4704,
2016.

[2] Oluokun, F.A., Burdette, E,G, Deatherage, J.H.: “Elastic modulus, Poisson's ratio and
compressive strength relationship at early ages”, ACI Journal, 88(1), 3-10, 1991.

[3] EN 1992-1-1. “Eurocode 2 Design of concrete structures- Part 1-1: General rules and rules
for buildings”, European Committee for Standardisation (CEN), Brussels, 2004.

[4] Byfors, J.: “Plain concrete at early ages”, Swedish Cement and Concrete Institute,
Stockholm, 1980.

[5] Mesbah, H.A., Lachemi, M., Aitcin, P.-C.: “Determination of elastic properties of high-
performance concrete at early ages”, ACI Material Journal, 99(1), 37-41, 2002.

[6] Bryne, L.E.: “Time dependent material properties of shotcrete”, Doctoral thesis, KTH Royal
Institute of Technology, Stockholm, 2014.

[7] ASTM C215-08. “Standard test method for fundamental transverse, longitudinal, and
torsional frequencies of concrete specimens”, ASTM International; West Conshohocken,
PA, 2008.

70



NPP containment wall mock-up for long-term NDE and monitoring 

Miguel Ferreira 
M.Sc, Ph.D.
VTT Technical Research Institute of Finland Ltd.
Kemistintie 3, P.O. Box 1000
FIN-02044, Espoo, Finland
miguel.ferreira@vtt.fi

Edgar Bohner 
M.Sc, Dr. -Ing.
VTT Technical Research Institute of Finland Ltd.
Kemistintie 3, P.O. Box 1000
FIN-02044, Espoo, Finland
edgar.bohner@vtt.fi

Fahim Al-Neshawy 
D.Sc. (Tech.), Staff Scientist
Aalto University School of Engineering
Department of Civil Engineering
P.O.Box 12100,
FIN-00076, Espoo, Finland
fahim.al-neshawy@aalto.fi

ABSTRACT 
Non-destructive examination (NDE) plays an important role in the support of ageing 
management programs, where the renewal of an operating licence requires that nuclear power 
plant (NPP) demonstrate that their facilities are ageing under controlled conditions. The 
inspection of NPPs concrete structures present challenges different from those of conventional 
civil engineering structures. The project WANDA (Non-Destructive Examination of Nuclear 
Power Plant Primary Circuit Components and Concrete Infrastructure) focuses on the 
development and understanding of NDE methods in two important NPP environments: primary 
circuit component materials and concrete infrastructure. This paper addresses the latter. 
The NDE research on NPP concrete infrastructure focuses on the evaluation and calibration of 
the available NDE methods and monitoring systems for concrete structures. This is achieved 
through the design and construction of a real-scale mock-up (reinforced concrete containment 
wall) for NDE, monitoring, R&D and education purposes. 

Key words: NDE, NDT, NPP, non-destructive examination, concrete, nuclear power plant, 
infrastructure, performance, testing, mock-up. 

1. INTRODUCTION
The Finnish Research Programme on Nuclear Power Plant Safety (SAFIR2018) is guiding re-
search towards NPP safety. In this research programme, the project WANDA (Non-Destructive
Examination of NPP Primary Circuit Components and Concrete Infrastructure) is focusing on
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the development and understanding of NDE methods, with special focus on reactor internals and 
more recently concrete infrastructure. This paper addresses the latter.  
The inspection of NPPs concrete structures present challenges different from those of 
conventional civil engineering structures, such as infrastructure wall thicknesses (typically >1.0 
m); dense and complex reinforcement detailing; penetrations or cast-in-place items; limited 
accessibility (i.e. liners or other components); severe environments; inaccessible structures; 
limited experience with NDE methods for NPP and lack of specific equipment or knowledge for 
NDE of NPP RCS [1]. 
There is a clear need for means of ensuring that concrete structures meet their design criteria, 
during and immediately following construction. Here, NDE methods can provide quality control 
and verification. However, with time, NPP reinforced concrete structures (RCS) are subject to 
ageing, resulting in their degradation and consequently deterioration in their performance. NDE 
methods can be used to characterize material properties, measure performance, and provide 
valuable input for the assessment of the RCS performance.  
Research has shown the need for realistic specimens to be developed to allow for the assessment 
of various techniques, with consideration given to ensuring a broad range of faults/defects, and 
to ensure the limit of detection for a method can be properly understood and quantified [2]. This 
is achieved through the design and construction of a real-scale mock-up of a reinforced concrete 
containment wall [3]. 

2. DESIGN OF A NPP CONTAINMENT WALL MOCK-UP
Adequately designed test mock-ups are important since they provide defined conditions under
which different NDE methods can be evaluated. Material properties as well as the location of
reinforcement, tendon ducts, and defects/flaws must be well documented.
To understand the design requirements for a NPP mock-up concrete specimen, discussions were
held with the Finnish utilities, regulator (STUK) and Finnish Transport Agency, to understand
their needs and focus on defining research actions to address specific NDE and monitoring
interests and knowledge gaps that can improve the reliability, sustain the safety, and extend the
life of operating reactors. Several aspects were highlighted [4]: i) NDE of concrete (defects,
cracks, quality control issues, material and structural properties, complicated geometries, lack of
access, etc.); ii) NDE of steel (reinforcement (concrete cover detection, corrosion of
reinforcement, definition of layout), prestressed reinforcement (corrosion, grouting defects,
prestress loss), and liner (corrosion, detachment, concrete NDE behind liner)); iii) monitoring
(automation systems, data analysis, alerts, use of data); others aspects covering inclusions,
piping, joints, leaking containments, etc.); and, iv) new NDE technologies. The following issues
and limitations were identified:
• Every NDE method has some limitations, generally perform well on relatively thin concrete

structures, however better understanding is required to see how these methods perform on
thick and heavily RCS;

• Based on NPP structural typology, there is a need for testing concrete specimens much
larger and more heavily reinforced than typically tested due to representativeness, thick-
walled challenges, boundary conditions, etc.;

• Deterioration of RCS of NPP are typically in the form of cracking, spalling, general
deterioration, delamination cracks/gaps near layers of reinforcement;

• Examination of NDE test specimens with intentional defects has shown current NDE
method limitations. These NDE test specimens also tested the creation of realistic flaws to
simulate defects created by construction methods;

• Examination of volumetric imaging techniques (beamforming and multi-transducer array)
have shown it possible to detect structures at greater depths that may be obstructed by
reinforcement closer to the surface.
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An important aspect of this project is that the mock-up will allow for continuous long term 
testing, i.e., more than 20 years, which will allow future equipment to be assess in a well-
documented situation, and to assess in real-time the effects of ageing of RCS. Furthermore, the 
mock-up will be available for users of NDE equipment to test and calibrate performance 
accordingly. The mock-up will allow for the training of young engineers in the use different 
NDE equipment and in the development of expertise with RCS similar to that of NPPs.  

2.1 Defects for NDE detection 
A list of structural flaws for inclusion in the mock-up has been compiled based on examinations 
of previous NPP structure failures and the processes that lead to the deterioration of these 
structures [5]. For the construction of the mock-up, various types of artificial defects and 
materials/methods used should be considered, for example [5, 6]: 
• Delaminations simulated with plastic sheets (0.05 mm) and cloths squares (0.25 mm);
• Air-filled voids simulated by inserting foam squares 13 mm thick in vacuum-sealed plastic

bags;
• Water-filled voids simulated by water-filled plastic bags;
• Cracks simulated with laminar sheets of different material densities;
• Honeycombing simulated by glueing large aggregates carefully;
• Steel reinforcement corrosion simulated with section reduction prior to casting;
• Voids in grouted ducts simulated by polyurethane foam;
• Insufficient (inadequate) concrete cover depth.
• Liner corrosion simulated with cross section reduction prior to casting;
• Concrete-liner debonding simulated by low-density material sheet.

The mock-up will enable the assessment of current NDE methods concerning their capability to 
detect various defects/faults and forms of degradation. Clayton et al. [5] referred to a critical 
trade-offs within the space constraints of the mock-up: how realistic defects are versus how 
controlled each defect should be. Simulated defects/faults used in the mock-up should carefully 
represent activities that may (or have) occurred during the construction process and/or because 
of concrete deterioration with time. Furthermore, the design of the mock-up should include 
defects that challenge the capabilities of detection of the most advanced NDE methods, and yet 
include some basic defects that the majority of the NDE methods can detect. This will ensure 
that NDE methods incapable of detecting basic defects can be excluded, while the base-line 
level of achievement of the methods performing well can be identified. 

2.2 Assessment of NDE and monitoring methods 
An integral part of the project is the evaluation and calibration of NDE methods, sensors and 
monitoring methods. This includes the determination of the NDE methods capabilities of 
detection and accuracy, calibration of NDE methods, correlation between NDE methods, and the 
effect of time dependency and testing conditions on test methods. The focus will be on existing 
test methods and promising new test methods. 
Although access to both sides would allow for test methods using two-sided access 
measurements, the testing should focus on one-side per measurement to simulate realistic access 
to the containment wall. 
The purpose of the monitoring program is to address calibration and validation of sensors, 
correlation between different NDE methods and sensors, effect of time dependency and testing 
conditions on sensors results, resolution and accuracy of sensors. The focus will be on the 
available and new sensors and wireless monitoring systems.  
Sensor-based monitoring systems can be used to continuously follow the performance of the 
structures in real-time, mostly over long periods starting with the manufacturing of the 
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structures. The application of both, NDE methods and monitoring systems, allows for the best 
performance assessment by generating partly redundant data and using synergetic effects [7].  

2.3 Probability of Detection methodology applied to concrete NDE 
For the in-service condition assessment of reinforced concrete structures, it is necessary to 
qualify and quantify the extent of the defects using a range of NDE methods. The analysis and 
reliability check of the data produced by these tools and methods gives a large amount of 
information over a long period. The assessment of the capability of NDE methods is based on 
the determination of the “probability of detection”. The capability is defined as the probability 
of detecting a defect with a particular size under specified inspection conditions and a defined 
procedure. This approach, while commonly used in other fields of NDE is only taking its first 
steps for concrete NDE. Research will focus on studying the use of the probability of detection 
curve in the field of reinforced concrete structures NDE  

3. FINAL CONSIDERATIONS
A study of NDE for detection of defects and faults in NPP reinforced concrete mock-ups is an
essential component in defining the most promising techniques and directing the R&D efforts in
this field. For the success of such an approach, a realistic containment mock-up is to be built.
This mock-up contains realistically simulated defects to be evaluated by existing NDE methods.
It is also critical that the evaluation mock-up and embedded defects be representative of in situ
NPP concrete infrastructure.
A preliminary assessment of the basic restrictions and potential complexities involved with
construction of large reinforced concrete mock-up has been conducted with a focus on defining
the general requirements for the design and construction of the mock-up.
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ABSTRACT 
This paper describes a method that allows the assessment of the cement content in small samples 
of concrete or mortar. The samples have been picked out of a larger mix and the aggregate 
content is therefore unknown. The method is key in the analysis of samples that have, for 
example, been measured by thermogravimetric analysis (TGA) and isothermal calorimetry. The 
result of such analysis need to be presented as: “per gram of cement” in order to compare results 
from different specimens. By dissolving the samples in hydrochloric acid and filtering the 
residue the aggregate content is determined. Assuming the weight prior to dissolution (dry 
samples) or the water-cement ratio (sealed samples) is known, the cement content can then be 
calculated. 

Key words: Aggregate, Cement, Supplementary Cementitious Materials (SCM) 

1. INTRODUCTION
Concrete is one of the most used building materials and as expected there is a lot of research
into its behaviour and development [1]. The future of concrete is greatly influenced by the
environmental challenges that arise from the fact that the production of cement accounts for 5-8
% of the worlds CO2 emissions [2, 3]. From such environmental challenges spawns this study.

The study is part of a project that aims to investigate how fly ash affects the microstructural 
development of concrete and also how the curing temperature, at early ages, influences the 
hydration of fly ash blended cements. This is important to understand in order to predict the 
moisture properties and in turn the drying of concrete with fly ash blended cements. To answer 
these questions measurements using, among others, thermogravimetry (TGA), isothermal 
calorimetry and X-ray diffraction (XRD) are conducted. The samples are mortar or concrete 
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samples that have been mixed in batches of 20-70 litres. Isothermal calorimetry measurements 
are conducted on 1-1.5 grams of sample picked out of the fresh mortar or concrete batch. TGA 
and XRD samples are sawn out at different ages and hydration is stopped before measurements 
are conducted. In all cases the amount of aggregates within the sample is unknown. This is 
problematic in the cases of isothermal calorimetry and TGA as the results need to be presented 
as “per gram of cement” in order to compare the results of different samples.  

One could argue that it is better to use well-defined samples that have been mixed in the desired 
volume with a correct distribution of the constituents. However, earlier studies by Linderoth and 
Wadsö [4] indicate that the mixing method and the presence of aggregates influence the rate of 
reaction. Other, similar, studies agree with this and conclude that the shear force put in to the 
mix is an important factor for the hydration process [5, 6]. Both the mixer and the roughness of 
the aggregates is a source of shearing. Geiker [7] and Farrington [6] also found that these 
differences are enhanced in the presence of super-plasticizing additives (SP) and when mixing 
large volumes of mortar or concrete at low water-cement ratios such additives are key to getting 
a good rheology. However, downscaling the SP is not trivial and therefore mimicking their 
effect on hydration in small volume mixes is hard. This has been studied by the author and will 
be published in a future paper.  

Changes in the rate of reaction will affect the evolution of the microstructure [8]. The 
microstructure will determine the pore structure which in turn is closely related to the moisture 
properties. Yang and Jennings [9] studied the connection between mixing, rheology and 
microstructure on cement paste. They stress the importance of choosing a proper mixing 
method, especially when comparing measurements on cement paste to actual concrete. These 
reasons led to the conclusion that conducting measurements on pure cement paste samples was 
not the best option in this project. 

The method declared in this paper uses hydrochloric acid to dissolve the cement paste phase of 
small mortar or concrete samples. After dissolving, the residue is filtered and the mass of 
aggregate is determined. Assuming the w/c-ratio is known it is possible to calculate the cement 
content of a sealed sample. For completely dry samples, only the weight prior to dissolution is 
needed. Similar methods have been published before, for example in [10-12]. However, their 
purpose and required level of detail vary from that of the method presented here. 

2 MATERIALS AND METHODS 
The method was developed to determine the cement content of small samples (1-2 grams) of 
mortar or concrete. The cement used here is an OPC blended with 15 % siliceous fly ash (class 
F) the aggregate is sand (Normensand GmbH, Beckum, Germany). The sample size was chosen
in accordance with samples typically used in isothermal calorimetry and TGA measurements. In
order to get a good result the solubility of the constituents need to be individually determined to
make proper corrections of the results. For similar reasons the water-cement ratio need to be
known.

Prior to analysis, circular cellulose filter papers (Munktell 185 mm, 1-2 µm retention) are dried 
at 105ºC to determine their dry-weight. Hydrochloric acid (HCl) is mixed in a large tank using 1 
part HCl (25%) and 5 parts de-ionised water. For each analysis, 180 ml HCl (25% 1:5) is poured 
into a beaker. The sample is coarsely crushed using a small hammer then finely grinded using a 
pestle. The samples along with a stirring magnet is then put into the beaker with acid which is 
placed on a magnetic stirring device (Variomag multipoint HP15, Variomag, USA) (Fig 1-L). It 
is left on the stirring device for 45(±15) minutes. 
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Figure 1- Left: the beaker while placed on the magnetic stirring device. Right: The liquid is 
filtered through a filter paper placed in a funnel connected to a glass bottle. 

The residue is filtered (fig 1-R) in two steps. 1) Acid and residue is poured into the funnel. 2) 
When most of the liquid has run through the filter, de-ionized water is used to stir up the residue 
into suspension. The latter is done in order to prevent fine material from clogging the filter thus 
inhibiting proper filtering. After this step the filter and residue is folded, placed on a petri dish 
and dried at 105ºC for 24h. 

3 RESULTS 
In table 1, dissolution conducted on the raw materials are listed. In addition to this, dissolution 
was also conducted on mortar samples with a known content of constituents.  

Tabel 1 – The dissolution (D) and the corrected (Dcorr) with respect to the raw materials 
solubility. 

Binder (C) Sand (S) Water D Dcorr
[g] [g] [g] [%] [%] 

FA - 0.647 - 38.6 - 

Sand 

OPC-FA 

Mortar 

- 

1.000 

0.606 

0.750 

- 

0.603 

- 

- 

0.317 

5.7 

89.8 

97.1 

- 

- 

99.7 

The residue (wR) is corrected with respect to the soluble part of the sand and the insoluble part 
of the OPC-FA binder (1), i.e. these factors are material specific. For sealed samples the weight 
of cement (C) is then calculated by assuming that the water-cement ratio (wcr) of the analysed 
sample is the same as that of the original recipe (2). In (2) w is the sample weight prior to 
dissolution. For dry samples the cement content is obtained directly from the corrected weight of 
the residue (wRcorr) by subtracting that weight from the weight of the sample prior to dissolution 
(w). 

wRcorr = wR  · (1.057 − 0.102) (1) 

C =
w − w Rcorr

1 + wcr
(2) 
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4 DISCUSSION 
For our application the current method give a sufficient approximation of the cement content. 
The method is only applicable for samples that have been completely dried (1000ºC) or sealed 
since the time of mixing. For partially dried samples one has to know the degree of hydration as 
well as the water-cement ratio in order to make an accurate calculation of the cement content. 
A possible source of error not mentioned above is the pore openings of the filter paper. The 
finest cement particles (<2µm) represent an average of 5.3 % of the total cement content. Since 
the typical retention of the filter papers are 1-2 µm, some un- or partly dissolved cement 
particles may pass through the filter, thus affecting the result. The volume and concentration of 
the acid was found empirically by trial and error. It is possible that this can be further optimised 
in relation to the weight and chemistry of the samples the method is, however, still a work in 
progress. 
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ABSTRACT 
Concrete-ice abrasion is a surface degradation mechanism due to ice-structure interaction 
especially relevant for concrete gravity-based structures in the Arctic offshore. 
Experiment is the main evaluation method for concrete durability against ice abrasion. The 
paper presents NTNUs lab facilities and a 4 km concrete-ice abrasion test between a sawn 
concrete surface with fc cube  = 110 MPa and unidirectionally grown fresh water ice. Results 
demonstrate the load cells response, coefficient of friction and a 0.03 mm/km abrasion rate 
measured with laser scanner. Further research is discussed. 

Key words: Surfaces; Concrete; Ice; Abrasion; Experiment; Testing. 

1. INTRODUCTION
The concrete-ice abrasion process has been defined as the surface degradation of concrete
structures due to interaction with drifting ice floes. Several research groups have studied this
topic through laboratory experiments [1,2,3,4,5,6] and field observations [1,7]. Hara et al. [8]
recommended the concrete-ice sliding abrasion test, during evaluation of various test methods of
concrete-ice abrasion resistance. Most experimental work the last 30 years has been based on the
sliding interaction between ice and concrete, whether ice on concrete [4,5,9,10] or concrete on
ice [2,5,11,12].

Our experimental method is based on the sliding of an ice sample along a fixed concrete sample. 
It controls exposure and measures relevant response parameters during concrete-ice interaction, 
including concrete-ice abrasion with a laser scanner. We used a concrete sample with a sawn 
surface, same as [5]. The wear rate of a surface with exposed aggregates is of great importance 
for the durability against concrete ice abrasion [12] and sawing also ensures a standard type of 
test surface. 
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2. EXPERIMENT
The experiments presented here include the simulation of concrete-ice abrasion with an abrasion
rig, and laser scanner measurements of abrasion. The tests were performed in the abrasion
laboratory at air temperature -10°C. The ice pressure was 1 MPa. The average sliding velocity
was 0.16 m/s.

2.1. Abrasion machine 
The abrasion machine simulated concrete-ice abrasion according to the principle in Fig. 1(a), 
with a sliding ice specimen along a fixed concrete sample. The machine makes the ice sample 
holder move in repeated sliding movements in a horizontal direction, with the average velocity 
0.16 m/s. The piston continuously pushes the ice sample against the concrete surface with a 1 
MPa load. A feedback system keeps the loading as constant as possible during the test while 
moving back and forth. The temperature in the concrete-ice abrasion lab is kept at −10 °C. The 
concrete sample temperature control goes through an aluminium heating plate below the 
concrete sample. The plate is connected to a controlled temperature liquid (alcohol) circulator. 
This means that the temperature of the concrete surface in the concrete-ice abrasion zone can be 
adjusted. The temperature of the concrete surface in the contact zone was measured with an 
infrared scanner. 

2.2. Laser scanner 
Recently, we developed a non-contact Laser Scanning measuring method (Fig. 1(b)) to measure 
concrete-ice abrasion. It allows scanning of the concrete surface with accuracy 10 µm in 
reasonable time. The laser moves continuously along the sample according to a predefined 
“snaking” path. The measuring point distance is approximately 50 µm in the Y direction, and 
the step size in the X direction, the sliding direction, is 1 mm (Fig. 1(b)). The measured data is 
transformed to a matrix of surface heights, with 1900x300 points. 

(a) (b) 
Figure 1 – (a) The principal scheme of an abrasion test, (b) simplified schematic of 
measurement process (not to scale) 

2.3. Ice 
Our abrasion machine is designed for fresh-water cylindrical ice samples. We used 
unidirectionally grown ice made from tap water. An ice mould made of Polyoxymethylene 
(POM) 13.3 mm thick and 370 mm high and covered with thermal insulation on the sides and 
the bottom is filled with tap water and put in a freezer at −20 °C for 48-72 hours. The freezing 
of the water starts at the top of the mould, but later it also takes place from the bottom. The 
upper part of the ice sample is transparent (unidirectionally grown ice) with very few air voids. 
The lower part of the ice sample contains a lot of air voids and unfrozen water. The ice sample 
is cut in two, and only the upper part is used for the test. 
2.4. Concrete 
The tested concrete sample was made of Norcem Anlegg (CEM I) cement and 2% Elkem silica 
fume substitution, fine aggregate (Årdal sand, 0-8 mm grain size) and coarse aggregate (Årdal, 
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8-16 mm grain size). The mix was made with the following proportions: W/(C+2S)=0.42, where
W, C and S are the weight of water, cement and silica fume powder, respectively. The cement
paste volume was 29.5%. Superplasticizing additive Dynamon SX-23 from Mapei was used to
achieve flowing workability. The 28-day cube compressive strength of the concrete was 90
MPa, increasing to 110 MPa after curing in water at +20°C for 11 months, as the test started.

3. RESULTS
The data acquisition system logged horizontal and vertical load cells responses during the test at
500 Hz frequency. The coefficient of friction (COF) is plotted in Fig. 2(a). The highest COF
corresponds to the turning points of the ice specimen where the ice sample makes a full stop.
We distinguished the coefficient of kinetic friction (0-0.2) during sliding interaction, and the
coefficient of static friction (0.05 – 0.10) at the turning points.

Laser scanning gave abrasion as the difference between the unabraded rim of the concrete 
sample and an abraded central band of 10 mm width as done with mechanical measurements in 
[5]. However, a much higher number of data points was collected with the laser scanner, so the 
calculation here was done for each millimeter of concrete sample length and each 50 microns 
across the 10 mm wide central band. Figure 2(b) shows the abrasion of sawn concrete sample. 

(a) (b) 
Figure 2 – (a) Coefficient of friction, (b) abrasion of sawn concrete surface. 

Figure 3 shows the average profiles of the abraded central band (10 mm wide) along the sample 
width (Fig. 3(a)) and length (Fig. 3(b)), before and after 4 km abrasion test. The difference 
between two lines shows the abrasion. 

(a) (b) 
Figure 3 – Average profiles, of the central band (10 mm wide), of the sawn concrete surface 
before and after 4 km abrasion test: (a) along y-direction, (b) along x-direction (see inserts). 

4. DISCUSSION AND CONCLUSION
The measured coefficient of kinetic friction is of the same magnitude as test results of other
concrete-ice abrasion tests with the same sliding speed (0.16 m/s): 0.00 – 0.01 and 0.06
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respectively [5,12]. The results of the abrasion depth were found similar to the previous study by 
Møen et al., where concrete samples with cylindrical compressive strength from 72.8 to 147.8 
MPa under similar experimental conditions had a maximum abrasion rate 0.025 mm/km of 
effective sliding distance. Beside coefficient of friction and wear rate, the ice failure mode, 
concrete surface roughness and wear particle characteristics are in the focus of our interest and 
being investigated in further works. 
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