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1 Introduction  

This report provides two main parts: (i) introduction to concrete structures in LILW 
repositories in Finland and their degradation mechanisms and (ii) the test results and analysis 
of the properties of hardened concrete for the LILW waste repository, conducted during the 
year 2025. 

1.1 Concrete structures in the LILW  nuclear waste repositories  

Low- and intermediate-level waste is produced at nuclear facilities, particularly nuclear power 
plants, during the processing of radioactive liquids and gases, as well as during repair and 
maintenance activities within controlled areas, among other operations. This category of 
waste is also known as operational waste. Most of the operational waste contains radioactive 
materials at levels that require it to be processed, stored, and disposed of in accordance with 
radiation protection standards [1]. Currently, Finland operates two repositories for low- and 
intermediate-level waste (LILW) located near the Olkiluoto and Loviisa nuclear power plants 
(NPP), as shown in Figure 1. 

 (a) 

(b) 

Figure 1. Operating and planned extension of (a) Olkiluoto and (b) Loviisa LILW nuclear 
waste repositories [2], [3], [4]. 
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The LILW repository at the Olkiluoto site is excavated in crystalline rock and has been in 
operation since 1992. It is situated about 0.8 km from the power plant and is connected to 
the surface by a transport tunnel and shaft. It currently consists of 2 silos, one for LLW and 
the other for ILW. Both silos are approximately 24 m in diameter and 34 m high and excavated 
at a depth of about 60 to 100 meters into the bedrock. A planned extension to the facility will 
add additional silos for operational waste and later for decommissioning waste from all units 
[5], [6] .  

At Loviisa, the construction of the repository was started in 1993 and the operation of the 
first phase of the disposal facility was started in 1998. The Loviisa repository is located at a 
depth of approximately 110 m in granite bedrock. The repository consists of tunnels for solid 
[[² όάƳŀƛƴǘŜƴŀƴŎŜ ǿŀǎǘŜέύ ŀƴŘ ŀ ŎŀǾŜǊƴ ŦƻǊ ǎƻƭƛŘƛŦƛŜŘ L[²Φ ¢ƘŜ ƳŀƛƴǘŜƴŀƴŎŜ ǿŀǎǘŜ ǘǳƴƴŜƭǎ 
have dimensions of 6 m W x 5 m H x 110 m long and have a waste capacity of 1200 m3 (or 
6,000 drums). The tunnel has a concrete floor and shotcrete walls with provisions for wall 
drainage. The waste drums are stacked five layers high within the tunnel. The LLW tunnels 
are not backfilled [6], [7].  

Both repositories at Loviisa and Olkiluoto are planned to be extended to contain the 
decommissioning waste generated during the dismantling of the plant units. The expansion 
is planned to be completed in the late 2050s, prior to the decommissioning of the power plant 
[8] [2]. 

1.2 Degradation of concrete in low - and intermediate level waste repositories  

Reinforced concrete structures are used in the technical barriers of final depositories for low 
and intermediate active nuclear wastes. The required service life for technical barriers is, 
however, much longer than the present experiences from reinforced concrete structures [9]. 
The concrete structures in the low- and intermediate-level waste (LILW) repositories are 
subjected to two completely different environmental conditions:  

1) The operational phase covers the period before the closure of caverns, where dank air 
(relative humidity 70%, temperature around 12 °C) with carbon dioxide content (500ς
600 ppm) surrounds the facilities. 

2) The post-closure period when the caverns will be filled by cool (temperature around 
12 °C) and saline brackish groundwater. Slightly alkaline (pH 7ς9) groundwater 
contains moderate amounts of ions harmful for concrete and the steel reinforcement 
such as sulphate and chloride ions [10]. 
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Figure 2. Typical environmental conditions and concrete degradation mechanisms in 
relation to the timescale in LILW nuclear waste repositories [10]. 

As presented in Figure 2, concrete structures are subjected to various deterioration 
mechanisms, such as carbonation, corrosion in oxic and anoxic environment, conventional 
and thaumasite sulphate attacks, leaching and alkali-silica reaction.  

1.3 Research objectives and expected results  

The objective of this research was to enhance understanding of the long-term performance 
of concrete used in underground repositories. The research work in this study is divided into 
three tasks focusing on: 

1) Mix design and testing of conventional concretes 
2) Mix design and testing of concretes of environmentally friendly components 
3) Durability testing on concrete samples 

The concrete mixtures were based on the new cementitious materials manufacturing 
technology and the recent concrete characteristic properties. Also, the use of new 
components for LILW repository concrete by partial replacement of cement clinker with 
supplementary cementitious materials (SCM). Due to the high price of silica fume and the 
sharp decrease of fly ash, the ground granulated blast furnace slag seems the most promising 
SCM for the selected concrete. 

By testing the durability of concrete, construction professionals can gain valuable insights into 
its resistance to different deterioration factors affecting the reinforced concrete structures in 
the low- and intermediate-level radioactive waste repositories. This information enables 
them to select the right mix design, optimize construction techniques, and make informed 
decisions regarding maintenance and repair strategies. Ultimately, concrete durability testing 
helps enhance construction efficiency by reducing the risk of premature deterioration, 
minimizing costly repairs, and ensuring the longevity of structures. 
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2 Experimental program  

The initiation of the experimental program was carried out during March 2024. The 
experimental program is based on five concrete mixtures using different binders. A 100 
different specimens per concrete mixture were prepared for hardened concrete tests. Total 
of 500 concrete specimens were stored in three different salt solutions, under water and in 
relative humidity of about 75%RH. 

This report is a continuation of the previous PERCO2 reports: 

1) Al-Nehawy, F., Ba Ragaa, A. 2024. Laboratory investigation plan for accelerated 
leaching and thaumasite attack of cementitious materials,  D1.3  PERCO2 / WP1 ς 
Durability testing of existing concrete specimens. Aalto University School of 
Engineering. Research Report, AALTO-R-002-2024. 25 p. 

1) Al-Nehawy, F., Ba Ragaa, A. 2024. Summary of the characteristic properties of 
concrete for LILW waste repository. D2.2. PERCO2 / WP2 ς Design new durable 
concretes for the LILW repositores. Aalto University School of Engineering. Research 
Report, AALTO-R-002-2024. 94 p. 

2.1 Concrete mix design  

The mix design of the concrete was based on the C40/50 compressive strength class, S3 
consistency class and maximum water to binder ratio of 0.45 by weight. The target air content 
of the concrete mixtures was assumed to be 1.5%. MasterGlenium SKY 600 superplasticizers, 
(BASF) was used to enhance the workability of the concrete mixtures. 

Table 1. The mix design on concrete. 

Concrete mixtures SR SR-SI KA KB KB-SI 

Cement amount (kg/m³) 375 306 375 375 306 

Silica Fume amount (kg/m³) 
 

34 
  

34 

Lahnajärvi 0/8 mm (kg/m³) - dry 1165 1177 1165 1165 1178 

Inkoo 8/16 mm (kg/m³) - dry 703 711 703 703 711 

Water (kg/m³) 165 165 165 165 165 

MasterGlenium Sky 600 (kg/m³) 4,125 4,24 3,75 3,00 2,72 

Density (kg/m³) 2409 2394 2409 2409 2394 

 

The binders [11] used in the concrete mixtures are: 

1. SR ς Sulfate resistance cement ς CEM I 42.5 N SR3 
2. SR-SI ς Sulfate resistance cement ς CEM I 42.5 N SR3 and 10% of binder weight of 

Elkem Microsilica ς Grade 920 
3. KA ς Blast furnace cement ς CEM III/A 52,5 L 
4. KB ς Blast furnace cement ς CEM III/B 42,5 L ς LH/SR 
5. KB-SI ς Blast furnace cement ς CEM III/B 42,5 L ς LH/SR and 10% of binder weight of 

Elkem Microsilica ς Grade 920 

https://safer2028.fi/wp-content/uploads/D1.3-Accelerated-leaching-and-thaumasite-Final.pdf
https://safer2028.fi/wp-content/uploads/D1.3-Accelerated-leaching-and-thaumasite-Final.pdf
https://safer2028.fi/wp-content/uploads/D2.2-_Characteristic-Properties-of-concrete-Final.pdf
https://safer2028.fi/wp-content/uploads/D2.2-_Characteristic-Properties-of-concrete-Final.pdf
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2.2 Preparation of concrete test specimens  

Preparation of hardened concrete specimens are performed according to the European 
ǎǘŀƴŘŀǊŘ ά9b мнофл-1: Testing hardened concrete. Part 1: Shape, dimensions and other 
ǊŜǉǳƛǊŜƳŜƴǘǎ ŦƻǊ ǎǇŜŎƛƳŜƴǎ ŀƴŘ ƳƻǳƭŘǎέ [12]. For each shape of test specimen, cube, 
cylinder and prism, the nominal size (Ὠ) should be chosen to be at least three and a half times 
the maximum aggregate size (Ὀ according to EN 206) in the concrete.  

 

Figure 3. Casting of the test specimens for each concrete mixture. 

The following testing specimens were cast from each concrete mixture as shown in Figure 3. 

Å /ȅƭƛƴŘŜǊ ǎǇŜŎƛƳŜƴǎ ʊмрл ƳƳ Ȅ Iолл ƳƳ ŦƻǊ ŎƻƳǇǊŜǎǎƛǾŜ ǎǘǊŜƴƎǘƘ ǘŜǎǘΦ 
Å Cube specimens 150x150x150 mm for compressive strength test. 
Å /ȅƭƛƴŘŜǊǎ ǎǇŜŎƛƳŜƴǎ ʊ млл ƳƳ Ȅ Iнлл ƳƳ ŦƻǊ ǘŜnsile splitting, and modulus of 

elasticity in compression and rapid chloride migration coefficient tests. 
Å Prism specimens 100x100x500 mm for shrinkage, accelerated carbonation, Micro X-

ray Fluorescence (µXRF) and the microstructure (petrographic) analysis of concrete. 
Å Special moulds for corrosion measurements. 
Å Heat monitoring Box + thermocouple + logger. 

2.3 Storing of concrete test specimens  

Five storage conditions representing the ground water in Olkiluoto, Loviisa, exposure class 
XA3 and the environmental conditions at the operation phase of the repository as shown in 
Figure 4.  

 

Figure 4 ς Storage location of the specimens at the research tunnel of Aalto University. 
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1) A salt solution container simulating the groundwater surrounding the Olkiluoto 

repository. 
2) A salt solution container simulating the groundwater surrounding the Loviisa 

repository. 
3) A salt solution container simulating a chemical attack of exposure class XA3.  
4) Moist air container (75%RH): Saturated NaCl solution for producing 75% RH contains 

40 ς 45 g NaCl/100 ml water content. 
5) A tap water container for storage of the mechanical and durability testing specimens. 

The brines condition for the storage of the test specimens is presented in Table 2. The 
temperature at the storage location (Aalto University underground research tunnel) where 
the temperature is 15±2°C and relative humidity varied between 65 ς 75%. 

Table 2 ς The proposed simulation of the environmental condition during the operation phase. 

Solution code Chemical 
Proposed aggressive 

component  
(mg/l) 

Measured aggressive 
component (mg/l) 

16.10.2024 

Olkiluoto salt solution 
Na2SO4 

NaCl 
MgCl2·6H2O 

SO42+ = 160 210 
Cl- = 1400 1350 
Mg2+ = 75 63,4 

Loviisa salt solution 
Na2SO4 

NaCl 
MgCl2·6H2O 

SO42+ = 576 510 
Cl- = 5040 4130 
Mg2+ = 270 242 

XA3 salt solution 
Na2SO4 

NaCl 
MgCl2·6H2O 

SO42+ = 6400 6320 

Cl- = 56000 52000 

Mg2+ = 3000 2770 

 

The average CO2 content, relative humidity and the temperature of the storage location were 
monitored at the moist air container during the storage time. The monitoring results are 
presented in Table 3. 

Table 3. Monitoring results for the period from October 22, 2024, to April 1, 2025. 

  
CO2 Content 

(ppm) 
Temperature 

(°C) 

Relative 
Humidity 

(%RH) 

Average 501,2 15,2 65,6 

max 1000,0 19,4 78,0 

min 130,0 13,9 35,3 

Median 444,0 14,9 69,2 

The average of the CO2 content inside the moist air container during the monitoring period 
(22.10.2024 ς 01.04.2025) was 501 ppm as shown in Figure 5. The average temperature was 
15 °C and the average relative humidity was 66% during the same monitoring period as 
presented in Figure 6. 
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Figure 5. CO2 content inside the moist air container. 

 

Figure 6. Relative humidity and temperature inside the moist air container. 
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3 Results and analysis  

Different experiments were performed to investigate the fresh, mechanical, and durability 
properties of the concrete mixtures. Table 5 summarizes the studied properties, testing 
standards, specimen type and size, and the number of specimens tested.  

The workability and air content tests were conducted twice on the freshly mixed concrete, (i) 
after concrete batches arrived from the ready-mix plant to the laboratory and (ii) after 1 hour. 
Data loggers with thermocouple temperature sensors were used to accurately monitor and 
record concrete temperature throughout the curing process. Type K thermocouple probes 
were embedded within the concrete so that the actual core temperature of the mixture is 
logged, rather than just the ambient air temperature. 

The tests related to mechanical properties of the concrete, including the compressive, tensile 
splitting, and modulus of elasticity had 3 specimens. The durability tests were intended to 
estimate the resistance of the concrete to accelerated carbonation, shrinkage, and 
penetration of sulfate, magnesium, and chloride ions into concrete specimens. Primary 
durability tests related to the resistance of the concrete to migration of water/chlorides 
included the water absorption and chloride migration coefficient from non-steady-state 
migration experiments (RCTP). The schedule of the testing for the year 2025 and the 
ǎǇŜŎƛƳŜƴǎΩ details are presented in Table 4 and Table 5 respectively. 

Table 4. Testing schedule for hardened concrete tests. 

Test Concrete mixture Casting date Testing date Age 

  SR 14.05.2024 14.05.2025 365 
Compressive strength SR-SI 20.03.2024 19.03.2025 364 
Splitting tesile strength KA 25.03.2024 24.03.2025 364 
Modulus of elsticity KB 27.03.2024 07.05.2025 406 
  KB-SI 03.04.2024 19.03.2025 350 

Non-steady-state 
migration experiments 
(RCM) test (*) 

SR 14.05.2024 26.11.2025 561 
SR-SI 20.03.2024 03.12.2025 623 
KA 25.03.2024 05.12.2025 620 
KB 27.03.2024 09.12.2025 622 
KB-SI 03.04.2024 30.12.2025 636 

(*) The one-year testing was delayed due to the renovation of the civil engineering laboratory at Aalto University. 
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Table 5. Testing methods and specimen details. 

Category Property 
Test 

standard 
Specimen 

type 
Specimen 
dimension 

# 

Fresh concrete 

Slump EN 12350-2  5.5 dm³ 1 

Air content EN 12350-7  8.0 dm³ 1 

Density of fresh concrete EN 12350-6  8.0 dm³ 1 

Temperature monitoring 
of freshly mixed concrete 

  5.6 dm³ 1 

Mechanical 
properties 

Compressive strength EN 12390-3 Cylinder мрлʊ Ҏ олл ƳƳ 3 

Splitting tensile strength EN 12390-6 Cylinder 10лʊ Ҏ 200 mm 3 

Modulus of elasticity in 
compression 

EN 12390-13 Cylinder 10лʊ Ҏ 200 mm 3 

Durability 

Accelerated carbonation EN 12390-12 Prism 100*100*500 mm 2 

Shrinkage of concrete EN 12390-16 Prism 100*100*500 mm 2 

Chloride migration 
coefficient from non-

steady-state migration 
experiments (RCTP) 

NT BUILD 
492 

Cylinder мллʊ Ҏ нлл ƳƳ 1 

NDT of corrosion  Slab 
250 x 250 x 130 

mm 
3 

Natural carbonation  Prism 100*100*500 mm 2 
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3.1 Properties of fresh concrete  

All tests of fresh concrete included in this report were executed in the laboratory facilities of 
the department of civil engineering, Aalto University. The fresh concrete tests were intended 
to be carried out in accordance with the standards for testing fresh concrete, EN 12350 [13]. 
The tests performed in this investigation were slump, density and air content, which 
corresponds to part 2, 6, and 7, respectively, in the standard EN 12350.  

Table 6. Fresh concrete test results. 

Mix-ID SR SR-SI KA KB KB-SI 

Immediately (10 minutes) after concrete delivery 

Slump, [mm] 250 170 170 240 150 
Measured air content (%) 1,6 3,4 3,5 1,9 2,8 
Measured density (kg/m³) 2320 2290 2310 2360 2320 

One hour after concrete delivery 

Slump, [mm] 250 155 80 170 100 
Measured air content (%) 1,3 2,8 3,0 1,7 3,0 
Measured density (kg/m³) 2340 2360 2300 2370 2270 

 

3.2 Mechanical properties of concrete  

Performance of concrete is evaluated from mechanical properties which include compressive 
strength, tensile splitting strength, and modulus of elasticity. 

3.2.1 Compressive strength of hardened concrete 

The compressive strength of concrete mixes tested at the age of 28, and 91, 365 days. The 
compressive strength test was performed on cylinder specimens with diameter of 150 mm 
and height of 300 mm in accordance with standard EN 12390-о ά¢ŜǎǘƛƴƎ ƘŀǊŘŜƴŜŘ ŎƻƴŎǊŜǘŜΦ 
tŀǊǘ оΥ /ƻƳǇǊŜǎǎƛǾŜ ǎǘǊŜƴƎǘƘ ƻŦ ǘŜǎǘ ǎǇŜŎƛƳŜƴǎέ [14]. After removal the concrete specimens 
ŦǊƻƳ ƳƻǳƭŘǎΣ ǘƘŜȅ ǿŜǊŜ ǎǘƻǊŜŘ ƛƴ ŎƘŀƳōŜǊ ŀǘ όнл ҕ нύ ϲ/ ŀƴŘ ǊŜƭŀǘƛǾŜ ƘǳƳƛŘƛǘȅ җ фр ҈ ǳƴǘƛƭ 
tested in accordance with the procedure given in the standard. 

 

Figure 7 ς Development of compressive strength with time for different concrete mixes. 
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As shown in Figure 7Σ ǘƘŜ ŎƻƴŎǊŜǘŜ ƳƛȄǘǳǊŜǎ ǎƘƻǿŜŘ ŀ ǎƛƳƛƭŀǊ ǎǘǊŜƴƎǘƘ ŘŜǾŜƭƻǇƳŜƴǘ ǇǊƻŬƭŜΦ 
At the curing age of 28 days, the concrete specimens achieved over 100% of the 28-day 
compressive strength (C40/50). The addition of 10% silica fume by binder weight to the SR-SI 
(CEM I 42.5 N SR3 and 10% silica fume) mix increases the 28-, 91- and 365-days compressive 
strength compared to the SR mix. The compressive strength of the KB-SI mix (CEM III/B 42.5 
L ς LH/SR with 10% silica fume) decreases at 28, 91, and 365 days compared to the KB mix. 
This reduction may be due to the air content of the mix, low cement content, high slag 
content, or the presence of 10% silica fume. These components do not interact well, 
especially without the use of activators. The air content of KB-SI was 3,0 % and the KB mix 
had 1,7% air content. It is also noticed that compressive strength of KA mix (CEM III/A 52,5 L 
cement included 40 ς 64% slag) and the KB mix (CEM III/B 42,5 L ς LH/SR cement including 66 
ς 80% slag) are almost the same, which could be because the air content of the mix. The air 
content of KA was 3,0 % and the KB mix had 1,7% air content. 

3.2.2 Splitting  tensile strength of hardened concrete 

The tensile splitting strength test of concrete mixes was carried out at the age of 91- and 365-
days. The tensile splitting strength test was performed on cylinder specimens with diameter 
of 100 mm and height of 200 mm in accordance with standard SFS-EN 12390-с ά¢ŜǎǘƛƴƎ 
ƘŀǊŘŜƴŜŘ ŎƻƴŎǊŜǘŜΦ tŀǊǘ сΥ ¢ŜƴǎƛƭŜ ǎǇƭƛǘǘƛƴƎ ǎǘǊŜƴƎǘƘ ƻŦ ǘŜǎǘ ǎǇŜŎƛƳŜƴǎέ [15]. After removal 
the concrete specimens from moulds, they were stored in chamber at (20 ± 2) °C and relative 
ƘǳƳƛŘƛǘȅ җ фр ҈ ǳƴǘƛƭ ǘŜǎǘŜŘ ƛƴ ŀŎŎƻǊŘŀƴŎŜ ǿƛǘƘ ǘƘŜ ǇǊƻŎŜŘǳǊŜ ƎƛǾŜƴ ƛƴ ǎǘŀƴŘŀǊŘΦ  

 

Figure 8. Tensile splitting strength testing of concrete cylinder. 

 

Results of the splitting tensile strength of cylindrical concrete specimens tested at 91- and 
365-days are presented in Figure 9. 
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Figure 9 ς Development of tensile splitting strength with time for different concrete mixes. 

The addition of 10% silica fume by binder weight to the concrete mixtures affecting the tensile 
strength as same as the compressive strength. The ratio between tensile splitting and 
compressive strength varies between 7,0 % and 8,8% at 28 days, while varies between 7,3 % 
and 10,8% at 365 days.  

3.2.3 Modulus of elasticity in compression 

There are two types of elastic modulus. The static modulus is measured by plotting the 
deformation of a cylinder under an applied load, usually 30ς40% of the ultimate load. Most 
design codes include methods to estimate the static modulus from the compressive strength, 
but these may not work for unusual concrete, such as very high strength mixes. The dynamic 
modulus is determined by resonance methods or by the measurement of ultrasonic pulse 
velocity (UPV). The two test procedures do not give the same measured value of the modulus. 
Static modulus is the value usually quoted by concrete producers [16], [17], [18]. 

The modulus of elasticity is determined by subjecting a cylinder specimen to uniaxial 
compression and measuring the deformation by means of strain gauge fixed between certain 
gauge lengths. Strain gauge reading divided by gauge length will give the strain and load 
applied divided by area of cross section will give stress. A series of readings are taken, and the 
stress-strain relationship is established. 

 

Figure 10. Diagrammatic stressςstrain relationships for concrete [19]. 
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EN 12390-13 [20] standard for determination of secant modulus of elasticity in compression 
was used to measure the modulus of elasticity of concrete at the age of 91 days. The test was 
conducted on cylindrical tests specimens with nominal dimensions of ɮ150 mm × H300 mm, 
as presented in Figure 11a. In order to measure the strain, the specimens were loaded 
according to the descriptions detailed in method A in the standard. In practice, the specimens 
were loaded in two phases where each phase included 3 loading cycles, illustrated in Figure 
12 below. The magnitude of the stress levels applied on the specimens were determined 
based on the obtained compressive strength test results of the concrete specimens of the 
same age. 

The elastic deformation properties of reinforced concrete depend on its composition and 
especially on the aggregates. In design, approximate values for the design secant modulus of 
elasticity Ecm (secant value between ̀ c = 0 and 0.4fcm), Ὁ  (in GPa), is derived from the mean 
compressive strength, Ὢ  (in MPa), from the expression [21]: 

 

Ὁ Ὃὖὥ ςςz
Ὢ

ρπ

ȟ

 (1) 

Ultrasonic pulse velocity (UPV) of concrete specimens at the age of about 300 days were 
measured and dynamic modulus of elasticity of the specimens were determined by using PUL-
1000 Pulsar A1410 Kit ultrasonic test device (see Figure 11b). In these experiments, cube 
specimens with a size of 150×150×150 mm was used. Three specimens from each concrete 
mixture were tested and mean values were calculated.  

 

Ὁ Ὃὖὥ ”z ὠ ᶻ
ρ ὺ ρ ςὺ

ρ ὺ
 (2) 

where Ὁ is the dynamic (̧ ƻǳƴƎΩǎ) modulus of elasticity (GPa), ὠ is the ultrasonic pulse velocity 
(km/s), ” is the density of concrete (kg/m3) and ’ is the tƻƛǎǎƻƴΩǎ ǊŀǘƛƻΦ According to EN1992-
1-1 [21] the value of Poisson's ratio ’ may be taken equal to ’ = 0.2 for uncracked concrete 
and ’ = 0 for cracked concrete. 

 
(a) 

 
(b) 

Figure 11. Measuring (a) static modulus of elasticity and (b) dynamic modulus of elasticity using UPV 
device. 
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Figure 12. Loading cycle for determination of initial and stabilized modulus of elasticity. 

Results of the static modulus of elasticity are presented in Table 7 and Figure 13. The results 
show slight increment at the 365 days (3 ς 5%) tests except for the KA-Mix, the increment was 
22%.  

Table 7. Static modulus of elasticity over the compressive strength of the cylindrical test specimens (of 
 150 mm × H300 mm) at 91 and 365 days. 

Mix code 

Average static 
modulus of elasticity 

at 91 days (GPa) 

Average static modulus 
of elasticity at 365 days 

(GPa) 

MOE increment, 
(%) 

SR 41 43 4 

SR-SI 40 42 5 

KA 41 50 22 

KB 41 42 3 

KB-SI 38 39 4 

 

 

Figure 13. Comparison of average static modulus of elasticity at 91 and 365 days.  
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The dynamic modulus of elasticity was measured using the ultra-pulse velocity measuring 
device (UPV) at the age of 300 days, the results are presented in Table 8. Generally, the 
dynamic modulus is usually 20% greater than static moduli for high-strength concretes, 30% 
for medium-strength concretes, and 40% for low-strength concretes [22]. The design secant 
modulus of elasticity is calculated based on the average compressive strength of concrete at 
365 days age. As presented in Figure 14, the results show that the dynamic modulus of 
elasticity is 7% higher than the static modulus of elasticity for the KA-MIX mixtures; otherwise, 
it ranges from 22% to 27% for the other mixtures. 

Table 8. Measurement of the dynamic modulus of elasticity using an ultra-pulse velocity measuring 
device. 

Mix code: SR SR-SI KA KB KB-SI 

Density (kg/m³): 2413 2353 2337 2371 2319 

Poisson ratio, ’: 0,2 0,2 0,2 0,2 0,2 

V
e

lo
ci

ty
 (

km
/s

)  UPV 1 5,0 4,6 4,8 4,8 4,9 

UPV 2 4,7 4,8 4,9 4,9 4,7 

UPV 3 5,1 4,8 5,0 5,1 4,9 

UPV 4 5,0 5,1 5,1 4,9 4,8 

UPV 5 5,0 4,7 4,8 5,0 4,8 

UPV 6 5,0 5,1 5,0 4,9 4,6 

D
y
n
a

m
ic

 m
o

d
u
lu

s 
o

f 
e

la
st

ic
ity

, 
E d

(G
P

a
)  

01 53,6 46,6 50,5 49,9 51,2 

02 47,4 50,5 51,2 51,8 48,6 

03 55,4 50,9 54,7 56,2 52,5 

04 53,9 56,2 56,2 52,5 49,2 

05 53,6 47,7 49,9 53,2 49,2 

06 54,3 55,4 53,9 52,5 46,6 

Average dynamic MOE, Ed(GPa)  53,0 51,2 52,7 52,7 49,6 

Standard deviation, (GPa)  2,8 3,9 2,5 2,0 2,1 

CoV, (%)  5,3 7,6 4,8 3,9 4,2 

 

 

Figure 14. Comparison of average static, dynamic and design modulus of elasticity. 
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3.3 Concrete durability testing  

3.3.1 Accelerated carbonation 

When considering corrosion resistance of reinforced concrete structures, the carbonation of 
ŎƻƴŎǊŜǘŜ Ǉƭŀȅǎ ŀ ƪŜȅ ǊƻƭŜ ƛƴ ŀ ǎǘǊǳŎǘǳǊŜΩǎ ǎŜǊǾƛŎŜŀōƛƭƛǘȅ ƭƛŦŜΦ {ǳŎƘ ǎǘǊǳŎǘǳǊŜǎ ƴŜŜŘ ǘƻ ōŜ ŘǳǊŀōƭŜ 
in order to ensure that the intended working life is achieved. Therefore, the carbonation 
resistance of concrete was determined by utilizing the accelerated carbonation method 
stated in the EN 12390-12 standard [23]. Two d=100 mm prism specimen of length 500 mm 
was considered enough to perform all accelerated carbonation tests for each concrete 
mixture. When concrete specimens cured for 28 days, the specimens were brought into 
laboratory air environmental conditions (20 C, 65%RH) to dry for 14 days. Whereafter, the 
specimens were placed into the chamber for exposure to carbon dioxide, presented in Figure 
15. 

 

Figure 15. Illustrative piping and instrumentation diagram of the system used for the accelerated 
carbonation method [24]. 

The target carbon dioxide content of 3,0 % in the chamber was obtained by manually 
adjusting the air and CO2 flow rates by the flow controller. The relative humidity was 
maintained constant throughout the chamber to be about 60 ±5 % RH. The carbon dioxide 
concentration and relative humidity as well as temperature were monitored throughout the 
exposure period. 

Phenolphthalein solution was used as pH-indicator, for the determination of carbonation 
depth. For the indicator to be applied, an approximately 5 cm sample was split off from the 
test specimen using a hydraulic jack. Phenolphthalein clearly outlines the border between the 
carbonated and the uncarbonated (pH less than 8.5) with a purple color seen in Figure 16. In 
this investigation, four points on each side of the cube were measured in order to determine 
the carbonation depth at a certain time of exposure.  
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Figure 16. Carbonation depth measurements on split specimen surface utilizing Phenolphthalein as 
alkaline indicator. 

The carbonation depth measurements are shown in Figure 17, and examples of these 
measurements after 365 days in the carbonation chamber are provided in Figure 18. The SR-
MIX, SR-SI MIX, and KA-MIX appear to exhibit good carbonation resistance under accelerated 
conditions, compared to the KB-MIX and KB-SI-MIX specimens. The greatest carbonation 
depth observed was 36 mm in the KB-SI-MIX concrete after 365 days of accelerated exposure. 
In contrast, the carbonation depth for SR-SI-MIX was measured at 6.6 mm after 365 days, 
indicating a high level of carbonation resistance. The SR-MIX demonstrated decent 
carbonation resistance, with a measured depth of 11 mm at 365 days. 

 

 

Figure 17. Measured average carbonation depth based on the accelerated carbonation method. 
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SR ς MIX: 

Carbonation = 11 
mm 

SR-SI ς MIX: 
Carbonation = 6.6 

mm 

KA ς MIX: 
Carbonation = 13 

mm 

KB ς MIX: 
Carbonation = 20 

mm 

KB-SI ς MIX: 
Carbonation = 36 

mm 

Figure 18. Carbonation depth measurements after 365 days in carbonation chamber. 

3.3.2 Natural carbonation 

The carbonation depth in the concrete specimens under natural was measured at the age of 
6 months. A 500x100x100mm concrete prism was used to monitor the natural for each 
concrete mixture. Concrete specimens were stored at air environmental conditions (20 ꜛC, 
65%RH) to dry for 28 days. Whereafter, the specimens were placed into the container with 
environmental condition of 66% relative humidity, 15°C temperature and 500 ppm average 
CO2 content. The storage condition of the natural carbonation specimens is presented in 
Table 3. 

     

SR ς MIX SR-SI ς MIX KA ς MIX KB ς MIX KB-SI ς MIX 

Figure 19. Natural carbonation depth measurements after 6 months. 

Figure 19 shows the natural carbonation condition at 6 months of exposure. After 6 months, 
there was no carbonation in the mixes SR-MIX, SR-SI-MIX, KA-MIX and KB-MIX. The mean 
carbonation depth exhibited by KB-SI-MIX was about 2 ς 3 mm. The amount of calcium 
hydroxide present in the cementitious system with silica fume substitution could be 
decreased due to the pozzolanic action. The rate of carbonation in the cementitious system 
is dependent on the amount of carbonatable content in the cementitious system. Thus, the 
mixes with lesser binder content and higher partial substitution of clinker fraction with 
pozzolanic materials showed higher carbonation depth [25].  

     
SR ς MIX SR-SI ς MIX KA ς MIX KB ς MIX KB-SI ς MIX 

Figure 20. Natural carbonation depth measurements after 1 year. 
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Natural carbonation depth measurements after 1 year are presented in Figure 20. Small, 
localized carbonation, up to 4mm was noticed at concrete SR ς MIX. there was no carbonation 
in the concrete SR-SI-MIX. Minor, localized carbonation, up to 1.9mm and 1.6 mm were 
presented in the concrete KA-MIX and KB-MIX respectively. The average carbonation depth 
of the concrete KB-SI-MIX was 3.7 mm.  

3.3.3 Non-destructive tests in the detection of corrosion 

The iCOR device provided by Giatec Scientific [26] presented in Figure 21, was used for 
evaluation the corrosion activities in the concrete specimens. The iCOR device implements a 
four-point array with an electrode spacing of 50 mm; with the surface-mounted array being 
parallel to the rebar. The outer probes apply a narrow DC/AC step voltage for a short period 
of time (3 to 10 seconds) and simultaneously record the voltage of the system with a relatively 
high sampling rate. This typically leads to applied currents in the range of 0.5 to 2 mA (this 
current is not the polarizing current since a large portion of the applied current flows explicitly 
between the two probes).  

 

Figure 21. (a) side view of the iCOR device and (b) principle of the Half-cell potential measurement 
using iCOR. 

iCOR measures the electrical response of the rebar inside the concrete, which is determined 
from the surface of the concrete with the use of four probes, which make it able to measure 
the corrosion rate and concrete electrical resistivity without the need of rebar connection. 
iCOR is also equipped with a reference electrode for half-cell corrosion measurement (Figure 
21b). The purpose of the half-cell potential measurement was to determine the electrical 
potential on the surface of concrete which is an indication of corrosion potential of rebar in 
concrete.  

Special reinforced concrete specimens, presented in Figure 22 were prepared for monitoring 
the corrosion potential of the reinforcement steel. Hot rolled reinforcing steel bar B500B with 
diameter of Ø 12 mm were used. Concrete specimens were stored at air environmental 
conditions (20 ꜛC, 65%RH) to dry for 28 days. Whereafter, the specimens were placed into the 
container with environmental condition of 66% relative humidity and about 15°C 
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temperature. The storage condition of the natural carbonation specimens is presented in 
Figure 22b. 

 

(a) 

 

(b) 

Figure 22. (a) illustration of the reinforced concrete specimen and (b) storage of the specimens at 66% 
relative humidity and 15 °C container. 

The results of corrosion potential, electrical resistivity of concrete and corrosion rate after 
one year of storage are presented in Table 9, Table 10 and Table 11 respectively. 

Table 9. Statistical analysis of the corrosion potential measurement after 20 months. 

Mix 
code 

Corrosion potential, (mV/CSE) 

Sample 
1 

Sample 
2 

Average 
Standard 
deviation 

CoV, 
(%) 

SR 

-12 -24 

-18,4 7,6 41,4 
-15 -25 

-8 -26 

-11 -26 

SR-SI 

-16 -33 

-24,6 8,4 34,0 
-20 -30 

-12 -33 

-21 -32 

KA 

88 28 

56,0 31,6 56,5 
87 29 

86 26 

81 23 

KB 

111 64 

98,4 23,5 23,9 
119 78 

121 82 

126 86 

KB-Si 

245 195 

220,8 14,4 6,5 
211 220 

226 221 

229 219 
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Table 10. Statistical analysis of the electrical resistivity of concrete measurement after 20 months. 

Mix 
code 

!ǾŜǊŀƎŜ ŎƻƴŎǊŜǘŜ ǊŜǎƛǎǘƛǾƛǘȅΣ όҠΦƳύ 

Sample 
1 

Sample 
2 

Average 
Standard 
deviation 

CoV, 
(%) 

SR 

285 273 

250,4 18,8 7,5 
254 248 

241 237 

234 234 

SR-SI 

1312 1087 

1216,9 100,7 8,3 
1342 1222 

1287 1134 

1261 1092 

KA 

1507 1408 

1413,1 72,6 5,1 
1472 1343 

1465 1347 

1455 1309 

KB 

2226 2274 

2251,4 43,9 2,0 
2203 2320 

2190 2271 

2285 2244 

KB-Si 
No iCor resistivity measurement data was obtained from 
the KB-SI test specimens. 

Table 11. Statistical analysis of the corrosion rate measurement after 20 months. 

Mix 
code 

Average corrosion rate, (µA/cm²) 

Sample 
1 

Sample 
2 

Average 
Standard 
deviation 

CoV, 
(%) 

SR 

0,7 1,0 

1,4 0,5 34,3 
1,2 1,2 

1,9 1,6 

2,2 1,7 

SR-SI 

0,9 0,3 

0,5 0,2 48,8 
0,5 0,3 

0,7 0,3 

0,6 0,3 

KA 

0,5 0,3 

0,5 0,2 35,2 
0,7 0,5 

0,8 0,5 

0,7 0,3 

KB 

0,8 0,4 

0,7 0,4 54,8 
0,6 0,3 

1,3 0,4 

1,0 0,5 

KB-Si 
No iCor corrosion rate measurement data was obtained 
from the KB-SI test specimens. 
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The comparison of corrosion potential, electrical resistivity of concrete, and corrosion rate 
after 20-month and 8-month periods of storage are presented in Figure 23, Figure 24 and 
Figure 25 respectively. 

 

Figure 23. Measurement of corrosion potential after 20 and 8 months of storage.  

 

Figure 24. Measurement of chemical resistivity of concrete after 20 and 8 months of storage. Notice: 
No iCor resistivity measurement data was obtained from the KB-SI test specimens. 
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Figure 25. Measurement of corrosion rate after 20 and 8 months of storage. Notice: No iCor corrosion 
rate measurement data was obtained from the KB-SI test specimens. 

The non-destructive tests (NDT) results in the detection of the reinforcement steel corrosion 
show that: 

¶ The average corrosion potential values of reinforcement bars across all concrete 
mixtures are greater than -200 mV/CSE, as illustrated in Figure 23. This indicates that 
there is less than a 10% probability of steel corrosion activity, according to the limit 
values shown in Table 12a. 

¶ The average electrical resistivity of all concrete mixtures varies between 250 to 2250 
(Ҡ.m), as illustrated in Figure 24. This indicates a very low chloride ion penetration and 
very high resistance to steel corrosion. It is also noticed that the addition of silica fume 
increases the resistivity of concrete as presented for SR-SI-MIX. 

¶ The corrosion rate results after 20 months of storage indicate that the average 
corrosion rate was 0.5 µA/cm² for mixtures SR-MIX and KB-MIX, and 0.7 µA/cm² for 
the mixture KB-MIX. This suggests that there is no expected corrosion risk for these 
mixtures. In contrast, the SR-MIX concrete exhibited an average corrosion rate 
exceeding 1.4 µA/cm² after 20 months, implying that corrosion damage could occur 
within 10 to 15 years for these concrete mixes. 

¶ Based on the 20-months NDT corrosion measurements, it is difficult to draw 
conclusions about which concrete is suitable for the use in LILW repositories, and a 
longer-term experiment is needed. 
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Table 12. Corrosion evaluation criteria and limit values. a) Relationship between the potential values 
and corrosion probability, b) Criteria for the assessment of corrosion activity in terms of concrete 
resistivity and c) Classification of corrosion rates and expected damage  based on iCor  device without 
sensor control  [27], [28] . 

Criteria for assessing the degree of reinforcement corrosion risk  

A
d

va
n

ce
d

 m
e
a

su
re

m
e
n

t 

B
a

si
c 

m
e
a

su
re

m
e
n

ts a) Corrosion potential 
Potential value, 
(mV/CSE) 

< -350 ω aƻǊŜ ǘƘŀƴ фл҈ ŎƻǊǊƻǎƛƻƴ ǇǊƻōŀōƛƭƛǘȅ  

-350 -200 to  ω ¦ƴŎŜǊǘŀƛƴΣ рл҈ ŎƻǊǊƻǎƛƻƴ ǇǊƻōŀōƛƭƛǘȅ 

> -200  ω [Ŝǎǎ ǘƘŀƴ мл҈ ŎƻǊǊƻǎƛƻƴ ǇǊƻōŀōƛƭƛǘȅ 

b) Resistivity of 
concrete coating 
όҠΦƳύ 

< 50 ω ±ŜǊy high chloride ion penetrability 

50 to 100 ω High chloride ion penetrability 

100 to 200 ω Moderate chloride ion penetrability 

> 200 ω Low chloride ion penetrability 

c) Corrosion current density,  
icor [µA/cm2]  

< 1,0 
ω tŀǎǎƛǾŜκ[ƻǿΣ ƴƻǘ ŦƻǊŜŎŀǎǘŜŘ ŎƻǊǊƻǎƛƻƴ ŀŎǘƛǾƛǘȅ 
ω bƻ ŎƻǊǊƻǎƛƻƴ ŘŀƳŀƎŜ ŜȄǇŜŎǘŜŘ 

1,0 to 3,0 
ω Moderate corrosion activity 
ω /ƻǊǊƻǎƛƻƴ ŘŀƳŀƎŜ ǇƻǎǎƛōƭŜ ƛƴ мл ς 15 years 

3,0 to 10,0 
ω IƛƎƘ ŎƻǊǊƻǎƛƻƴ ŀŎǘƛǾƛǘȅ 
ω /ƻǊǊƻǎƛƻƴ ŘŀƳŀƎŜ ŜȄǇŜŎǘŜŘ ƛƴ н ς 10 years 

> 10,0 
ω {ŜǾŜǊŜ ŎƻǊǊƻǎƛƻƴ ŀŎǘƛǾƛǘȅ 
ω /ƻǊǊƻǎƛƻƴ ŘŀƳŀƎŜ ŜȄǇŜŎǘŜŘ ƛƴ н ȅŜŀǊǎ ƻǊ ƭŜǎǎ 
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3.3.4 Shrinkage of concrete 

Volume change or shrinkage of concrete is an unavoidable phenomenon and common issue 
in construction. Shrinkage occurs mainly as water evaporates from the mixture, but also 
through internal chemical reactions, i.e., autogenous shrinkage. The phenomenon weakens 
the concrete and potentially causes cracks, warping and deflection. There are various types 
of concrete shrinkage, namely plastic, drying and autogenous shrinkage. Dimensional changes 
caused by thermal dilation and carbonation may also affect the concrete similarly.  

Plastic shrinkage occurs soon after casting, causing the surface to collapse. However plastic 
shrinkage can be mitigated with immediate polyethylene sheeting. Drying shrinkage is a 
prolonged process potentially initiated by water bleeding followed by water loss in the gel 
pores when exposed to drying conditions. Autogenous shrinkage is caused by cement 
hydration as the internal moisture reduces (external chemical shrinkage). The internal 
chemical shrinkage does not contribute to dimensional reduction, but forming hydration 
generated voids. Silica fume is known to refine the pore structure, increasing the autogenous 
shrinkage but decreasing drying shrinkage as less water evaporates due to increased capillary 
pressure. Thermal dilation may cause harm to concrete if heated or cooled rapidly, causing 
the concrete to expand or contract, respectively. Carbonation shrinkage is caused by the 
carbonation of concrete, where the cement paste reacts with moisture and carbon dioxide 
[29].  

 

The sum of all types of volume change phenomenon contributes to the total shrinkage. 
However, autogenous and drying shrinkage are considered as main contributors to the total 
shrinkage, see Figure 26. Shrinkage occurring during early age concrete, prior to demoulding 
are challenging to measure accurately. Since the main part of autogenous shrinkage develops 
early, it is barely included when simply measuring the length difference in relation to the 
initial length measured when demoulded. According to Holt [29] there is one method (ASTM 
C827) to measure this, however limited to vertical movement and applicability to more fluid 
concretes. Measuring autogenous shrinkage can be determined by utilizing the rubber 
membrane test. Whereas chemical shrinkage can be measured applying dilatometry or 
weighing reduced buoyance. 

 

 

(a) (b) 

Figure 26: Shrinkage strain components in (a) normal concrete and (b) high-strength concrete [30]. 
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During the initial days, concrete undergoes rapid shrinkage, which progressively slows down 
over time. The most crucial factor affecting shrinkage of concrete is the drying conditions, i.e., 
humidity. Another important parameter is the w/b ratio as well as the concrete richness. 
Shrinkage may affect any poured concrete structure. Considering bearing walls and 
foundations, shrinkage poses a significant risk to the stability and integrity of the entire 
structure. In addition, since shrinkage of concrete induces internal tensile stress and thus 
cracking, the penetration and water tightness of a barrier may deteriorate [30]. 

The drying shrinkage of 500x100x100mm concrete prisms, shown in Figure 27, was monitored 
throughout a period of 450 days. The specimens were prepared and stored in a conditioning 
room of a constant RH of 65% and a temperature of 20 ±2 °C. The specimens were stored in 
these conditions throughout the whole test execution period. A Mitutoyo instrument, seen in 
Figure 27, was used for determining the length of the prisms. The initial length of each 
specimen was obtained by using a reference bar with known length. All thereon 
measurements recorded were presented in relation to the initial length. Thus, total shrinkage 
at the time ὸ was computable and dependent on the initial length. The gauge length was used 
to calculate the strain [άάȾά], describing the total shrinkage of each concrete specimen. 

 

Figure 27: Shrinkage of concrete ς measurement system. 

The results are presented in Figure 28. It has been observed that CEM III/A and CEM III/B (KA-
MIX, KB-MIX and KB-SI-MIX) concretes exhibited slightly higher shrinkage, i.e. a difference of 
approximately 100 to 200x10-6 from CEM I (SR-MIX and SR-SI-MIX) concretes with the same 
w/c ratio.  
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Figure 28. Mean total shrinkage strain expressed in mm/m of different concrete mixtures. 

3.3.5 Rapid Chloride Permeability Test (RCPT) 

Chloride migration is defined as the movement of chloride ions driven by a difference in 
electrical potential Charged chloride ions [AB1.1] will always migrate toward regions with 
lower electrical potential; therefore, negatively charged chloride ions will move toward the 
positive anode regions, such as in concrete [31]. As in diffusion, only free chloride ions in a 
solution can contribute to the flow of migration. In practice, pure migration is hardly ever 
encountered since the migration process is always coupled with diffusion as a result of a 
concentration gradient [32]. 

The Rapid Chloride Permeability Test (RCPT) is a widely used method to evaluate the 
resistance of concrete to chloride ion penetration. Chloride ingress is a primary cause of steel 
reinforcement corrosion in concrete structures, leading to significant durability concerns. The 
RCPT provides a standardized and efficient approach to assess this critical property of 
concrete. This test is particularly important for infrastructure exposed to marine 
environments, de-icing salts, or other chloride-rich conditions. The penetration of chloride 
(RCPT) is performed according to the NordTest NT Build 492 protocol [33]. 

The RCPT is performed by monitoring the amount of electrical current that passes through a 
sample 50 mm thick by 100 mm in diameter in 24, 48 or 96 hours (see Figure 29). This sample 
is typically cut as a slice of a core or cylinder. A voltage of 30 ς 60V DC is maintained across 
the ends of the sample throughout the test. One lead is immersed in a 10.0% sodium chloride 
salt (NaCl) solution and the other in a 0.3 M sodium hydroxide (NaOH) solution. 

An electrical potential of 30 ς 60 VDC is applied across the cell. The negative terminal of the 
potential source is connected to the electrode in the NaCl solution, and the positive terminal 
is connected to the electrode in the NaOH solution. The negatively charged ions will migrate 
towards the positive terminal resulting in current through the specimen. The more permeable 
the concrete is, the more negative ions will migrate through the specimen, and a higher 
current will be measured [34]. 
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Figure 29. Schematic presentation of the Rapid Chloride Permeability Test (RCPT). 

The apparatus used in the RCPT. Presented in Figure 30,  includes specialized instruments 
designed to apply electrical current to the concrete specimen and measure its resistance 
accurately. These devices are engineered with precision to ensure reliable test results. The 
measurement data is used to estimate the chloride diffusion coefficient of concrete for the 
service life prediction and design of concrete structures as well as the durability-based quality 
control of concrete. 

 

Figure 30. The Rapid Chloride Penetration (RCP) apparatus. 

The test was performed on 50 mm thick concrete discs, extracted from the central section of 
three identical 100 × 200 mm cylinders. The test procedure includes the following steps [35], 
[36]: 

1) Vacuum Saturation: The specimen is saturated under vacuum to ensure it is fully water 
saturation. According to NordTest, calcium hydroxide solution is used to saturate the 
specimens. 

2) Electrodes Setup: The specimen is placed between two chambers, one containing a 
sodium hydroxide (NaOH) solution (anolyte chamber) and the other containing a 
sodium chloride (NaCl) solution (catholyte chamber). Non-reactive electrodes are 
attached to both sides of the specimen. 
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3) Electrical Test: A direct current (DC) voltage is applied across the specimen for a 

specific duration, typically 6 hours. An electrical potential between 10V and 60V was 
applied to induce chloride ions to migrate into the concrete specimen. The current 
passing through the specimen is measured during the test period ranging from 24 to 
96 h. 

4) Measuring the penetration depth: After a set period, ranging from 24 to 96 h, the 
specimens are axially divided into two parts. To determine the chloride penetration 
depth, each half was sprayed with a 0.1 mol/L silver nitrate (AgNO3) solution on the 
freshly split surface. When the white silver chloride precipitation on the split surface 
is clearly visible (after about 15 minutes), the penetration depth is measured to an 
accuracy of 0.1 mm, from the centre to both edges at intervals of 10 mm (see Figure 
31) to obtain seven depths. The non-steady-state migration coefficients were then 
calculated according to NT Build 492 guidelines. The results are compared to 
ŜǎǘŀōƭƛǎƘŜŘ ǘƘǊŜǎƘƻƭŘǎ ƻǊ ǎǘŀƴŘŀǊŘǎ ǘƻ ŀǎǎŜǎǎ ǘƘŜ ŎƻƴŎǊŜǘŜΩǎ ǊŜǎƛǎǘŀƴŎŜ ǘƻ ŎƘƭƻǊƛŘŜ ƛƻƴ 
penetration. Lower permeability values indicate better durability. 

 

Figure 31. Illustration of measurement for chloride penetration depths. 

The non-steady-state chloride migration coefficient is calculated using Equation (3). 

Ὀ
πȢπςσωzςχσὝ ὒz

Ὗ ς ὸz
ᶻ ὼ πȟπςσψz

ςχσὝ ὒzz ὼ

Ὗ ς
 (3) 

Where: 

Ὀ  is the non-steady-state migration coefficient, (m²/s) 
 Ὗ is the absolute value of the applied voltage, (V) 
 Ὕ is the average value of the initial and final temperatures in the anolyte solution, (°C) 
 ὒ is the thickness of the specimen, (m) 
 ὢ  is the average value of the penetration depths, (m) 
 ὸ is the test duration, (h) 

The chloride migration in concrete can be quantified by the non-steady-state chloride 
migration coefficient Ὀ , which is to be understood as the permeability of cementitious 
materials to chlorides. The higher Ὀ , the lower the resistance against chloride ingress.  
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As still no acceptance criteria exist for the chloride diffusion coefficient, the inventor of the 
rapid chloride migration test Tang [32] has given the following guidelines for the chloride 
migration coefficient Ὀ  measured by the RCM method. The levels of the non-steady-state 
chloride migration coefficient Ὀ  against the concrete resistance against chloride ingress 
are presented in Table 13 [37], [38], [39], [40]. 

Table 13. Ὀ  limits determined via the NT Build 492 standard [40]. 

The non-steady-state chloride 
migration coefficient ╓▪▼▼□ 

Concrete resistance against chloride ingress 

 ς ρπ  άόȾί 

Very good resistance against chloride ingress 
(e.g., self-compacting concrete, high-

performance concrete). 

 ψ ρπ  άόȾί Good resistance against chloride ingress 

ρφρπ  άόȾί Moderate resistance against chloride ingress 

ρφρπ  άόȾί 
Poor resistance to chloride ingress, not suitable 

for aggressive environment 

The depth of chloride penetration was determined based on the visible white silver chloride 
precipitation. The penetration depths for various concrete specimens are shown in Table 14. 
Examples of the visible white silver chloride precipitation on the split surface in different 
concrete mixtures are shown in Figure 32. 

A caliper was used to measure the penetration depth from the centre to both edges at 
intervals of 10 mm with accuracy of 0.1 mm. Seven penetration depths were measured. Depth 
measurements within 10 mm from the edge were ignored due to edge effects that can occur 
during the test. When the penetration front was blocked by the presence of an aggregate, the 
depth at that point was ignored as long as there are more than five valid depths. If there was 
a significant defect, such as a void, in the specimen resulting in penetration depth significantly 
larger than the average value, the depth at that point was eliminated. Details of the 
penetration depths of different concrete specimens are presented in the Appendix 6.7. 
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Table 14. Penetration depths for various concrete specimens. 

 

  

  

 

 

 

Figure 32. Examples of split specimens with silver nitrate solution. 

SR-1SR-2SR-3SR-SI-1SR-SI-2SR-SI-3KA-1 KA-2 KA-3 KB-1 KB-2 KB-3 KB-SI-1KB-SI-2KB-SI-3

xd6 (-30) 25,0 27,0 25,0 9,0 10,0 9,0 22,0 12,5 11,5 3,0 6,0 6,0 11,0 6,5 5,0

xd4 (-20) 26,0 40,5 27,0 10,0 15,5 8,0 21,0 16,0 10,0 5,0 6,0 13,5 7,5 5,0 5,0

xd2 (-10) 30,0 37,5 25,0 10,0 10,0 11,0 20,0 19,0 20,0 11,0 14,0 7,5 6,0 2,0 6,0

xd1 (0) 26,5 34,0 29,5 8,0 8,5 7,0 18,0 14,0 16,5 11,0 22,0 12,0 7,5 5,0 3,0

xd3 (10) 25,5 29,0 32,0 11,0 10,0 7,0 12,5 11,0 16,5 6,5 8,0 9,0 6,5 8,0 11,0

xd5 (20) 32,0 28,0 34,0 10,5 12,0 10,0 16,5 14,0 16,5 13,0 11,0 8,0 8,0 13,5 5,5

xd7 (30) 24,5 26,0 25,0 9,0 13,0 12,0 19,0 11,0 13,0 5,5 8,5 12,0 7,5 4,0 4,5

Average 27,1 31,7 28,2 9,6 11,3 9,1 18,4 13,9 14,9 7,9 10,8 9,7 7,7 6,3 5,7

STDEV 2,8 5,7 3,7 1,0 2,4 2,0 3,2 2,9 3,5 3,8 5,7 2,8 1,6 3,7 2,5

COV, (%)10,4 17,8 13,1 10,7 21,1 21,3 17,3 20,6 23,5 48,0 52,8 28,8 20,8 58,8 44,0

Chloride penetration depth, (mm)position 

(mm)
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Table 15 summarizes the average chloride penetration depths along with other input 
variables for various concrete mixtures, each consisting of three samples. 

Table 15. The input data for calculating the non-steady-state migration coefficient of various concrete 
specimens. 

 

The non-steady-state migration coefficient is calculated from the values in Table 15 using 
Equation (3). Average value of the three samples is calculated along with the coefficient of 
variation to evaluate the accuracy of the test. Table 16 shows the average non-steady-state 
migration coefficient. Coefficient of variation is computed when at least three samples are 
evaluated from the same concrete at the same age.  

Table 16. Non-steady-state migration coefficient with average, standard deviation, coefficient of 
variation and age of different concrete mixtures. 

  Sample 01  Sample 02 Sample 03 Average STDEV COV, (%) Age (days) 

SR 19.1 22.5 20.0 20.5 1.8 8.6 562 

SR-SI 2.1 2.5 2.0 2.2 0.3 12.1 623 

KA 2.1 1.6 1.7 1.8 0.3 15.8 612 

KB 0.5 1.5 1.1 0.9 0.4 34.5 624 

KB-SI 0.4 0.3 0.3 0.4 0.1 17.2 612 

Table 16 shows the variation of coefficient relative for different concrete mixtures. As 
presented the coefficient of variation ranges considerably (8.6% to 34.5%).  

¶ The coefficient of variation of reproducibility is 8.6% for Portland cement concrete and 
12.1% for Portland cement concrete mixed with 10% silica fume.  

¶ The coefficient of variation for concrete mixed with slag cement (Blast furnace cement 
ς CEM III/A 52,5 L), which contains 36% to 65% slag is 15.8 %. 

¶ The highest coefficient of variation is 34.5%, observed in concrete mixed with slag 
cement (Blast Furnace Cement ς CEM III/B 42.5 L ς LH/SR), which contains 66% to 80% 
slag. The addition of 10% silica fume reduced the coefficient of variation to 17.2%. 

The non-steady-state migration coefficient for concrete tested at an age of approximately 600 
days is presented in Figure 33.  

 

Cast date

Test date

Age (days)

Specimen code SR-1 SR-2 SR-3 SR-SI-1SR-SI-2SR-SI-3 KA-1 KA-2 KA-3 KB-1 KB-2 KB-3 KB-SI-1KB-SI-2KB-SI-3

Thickness (mm) 49,8 49,5 49,7 49,5 49,5 49,5 49,7 49,8 49,5 49,5 49,7 49,8 49,8 49,6 49,7

Time, t (h) 24 24 24 24 24 24 48 48 48 96 48 48 96 96 96

Voltage,U (V) 20 20 20 60 60 60 60 60 60 60 60 60 60 60 60

Temperature, T (K) 295 295 295 295 295 295 295 295 295 295 295 295 295 295 295

Average 

penetration, xd 

(mm) 

27,1 31,7 28,2 9,6 11,3 9,14 18,4 13,9 14,9 9,4 8,9 9,7 7,7 6,3 5,7

Dnssm (m²/s) 19,1 22,5 20,0 2,1 2,5 2,0 2,1 1,6 1,7 0,5 1,0 1,1 0,4 0,3 0,3

KB KB-SI

14.05.2024 27.03.202425.03.2024

27.11.2025

612

SR SR-SI KA

27.11.2025

562

20.03.2024

03.12.2025

623

11.12.2025

624

25.03.2024

27.11.2025

612
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Although the sample size is too small to allow for definitive conclusions, it is observed that 
the migration coefficient decreases with the addition of secondary cementitious materials 
(silica fume and blast furnace slag) to the concrete mixtures. 

As illustrated in Figure 33, the average non-steady-state migration coefficient for the concrete 
mixture SR-Mix (Sulphate Resistance Cement ς /9a L пнΦр b {wоύ ƛǎ нлΦр Ҏ млѐцч ƳчκǎΦ ¢Ƙƛǎ 
indicates that the concrete exhibits poor resistance to chloride ingress and is unsuitable for 
environments with aggressive chloride exposure. However, incorporating 10% silica fume 
ǊŜŘǳŎŜǎ ǘƘŜ ƳƛƎǊŀǘƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘ ǘƻ нΦн Ҏ млѐцч ƳчκǎΣ ŘŜƳƻƴǎǘǊŀǘƛƴƎ ƛƳǇǊƻǾŜŘ ǊŜǎƛǎǘŀƴŎŜ 
against chloride penetration. 

The average non-steady-state migration coefficient for the concrete mixtures containing slag 
cements was less than 2.0 Ҏ млѐцч Ƴчκǎ, indicating that slag concretes exhibit excellent 
resistance to chloride penetration. 

 

Figure 33. Non-steady-state migration coefficient for different concrete mixtures. 
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4 Summary  

The aim of this research is to investigate the properties of hardened concrete for acquisition 
of real data on long-term performance of the reinforced concrete over 30 years (2024 ς 2054). 
This report presents the experimental results of mechanical properties and durability studies 
conducted on concrete composite containing different cement types and addition of silica 
fume. The performance of concrete is evaluated from mechanical properties which include 
compressive strength. tensile splitting strength. and modulus of elasticity. 

Concrete durability issues can be caused by many different factors that occur during the life 
of the concrete. In this research we performed the following durability tests: (i) drying 
shrinkage. (ii) accelerated carbonation tests and (iii) chemical analysis of the sulphate. 
chloride and magnesium ions using Micro XRF and (iv) microstructural analysis using 
petrographic thin-section analysis. 

The results indicate that the use of sulphate resistance cement with addition of silica fume 
enhances the mechanical properties of concrete as compressive strength. tensile splitting 
strength and modulus of elasticity. Addition of silica fume has an adverse effect on the dry 
shrinkage and carbonation property of concrete composites. 

The following conclusions can be draw from the experimental results: 

ω The use of sulphate resistance cement (CEM I 42.5 N SR3) with addition of silica 
fume enhances the mechanical properties of concrete as compressive strength. 
tensile splitting strength and modulus of elasticity compared to concrete with only 
sulphate resistance cement. 

ω The lowest mechanical properties were produced in concrete mixtures using the 
blast furnace cement CEM III/B 42.5 L ς LH/SR and 10% of binder weight of Elkem 
Microsilica. 

ω !ŘŘƛǘƛƻƴ ƻŦ ǎƛƭƛŎŀ ŦǳƳŜ Ƙŀǎ ŀŘǾŜǊǎŜ ŜũŜŎǘ ƻƴ ǘƘŜ ŘǊȅ ǎƘǊƛƴƪŀƎŜ ǇǊƻǇŜǊǘȅ ƻŦ 
concrete composite. The dry shrinkage strain in the concretes containing silica 
fume was more than that in the concrete without silica fume. The addition of silica 
fume also enhances the concrete resistance to chloride migiration. 

ω Presence of silica fume in concrete composites increases the carbonation depth 
considerably in concrete mixtures using the blast furnace cement CEM III/B 42.5 L 
ς LH/SR and 10% of binder weight of Elkem Microsilica.  

ω The addition of silica fume can improve the carbonation resistance of the concrete 
composite using sulphate resistance cement and 10% silica fume. 

ω Based on the corrosion potential and the Rapid Corrosion Migration 
measurements, the addition of silica fume can also improve resistance to chloride 
migration into the concrete and decrease the probability of corrosion.  

ω Based on the 20-month corrosion measurements, it was difficult to draw a 
conclusion about which concrete is suitable for use in LILW repositories, and 
longer-term measurements are needed. 
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6 Appendices  

6.1 Appendix 1 ï Datasheets of cement types and microsilica  
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6.2 Appendix 2 ï Aggregate gradation and petrographic analysis  
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6.3 Appendix 3 ï Datasheet of the MasterGlenium  SKY 600 superplasticizer  
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6.4 Appendix 4 ï Concrete mix design  
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6.5 Appendix 5 ï Datasheet of the  coating materials  

 



 

RESEARCH REPORT  56 (71) 

AALTO-R-002-2025  

30.12.2025 Confidentiality: Public 

 

 

 



 

RESEARCH REPORT  57 (71) 

AALTO-R-002-2025  

30.12.2025 Confidentiality: Public 

 

 

 



 

RESEARCH REPORT  58 (71) 

AALTO-R-002-2025  

30.12.2025 Confidentiality: Public 

 

 

 



 

RESEARCH REPORT  59 (71) 

AALTO-R-002-2025  

30.12.2025 Confidentiality: Public 

 

 

 



 

RESEARCH REPORT  60 (71) 

AALTO-R-002-2025  

30.12.2025 Confidentiality: Public 

 

 



 

RESEARCH REPORT  61 (71) 

AALTO-R-002-2025  

30.12.2025 Confidentiality: Public 

 
6.6 Appendix 6 ï Details of the storage salt solution  

 

 

Na2SO4 NaCl MgCl2·6H2O SO4
2-

Cl
-

Mg
2+

Na 22,99 45,98 22,99 - - - -

S 32,065 32,065 - - 32,065 - -

O 15,999 63,996 - 96,0 63,996 - -

Cl 35,453 - 35,453 70,9 - 35,453

Mg 24,305 - - 24,3 - - 24,305

H 1,0079 - - 12,1 - - -

6H2O 108,1

142,04 58,44 203,30 96,06 35,45 24,31

Olkiluoto salt solution

Ions Solute

Molar mass 

of solute, 

[g/mol]

Molar mass 

of ions, 

[g/mol]

Ions concentration 

in the storage 

solution, [g/dm³]

Volume of 

water in 

solution, [dm³]

Amount of 

solute for 1 dm³ 

solution, [g]

Amount of solute 

needed for 400 

dm³ solution, [g]

SO4
2- Na2SO4 142,04 96,06 0,160 1,00 0,237 95

Mg2+
MgCl2·6H2O 203,33 24,31 0,075 1,00 0,627 251

NaCl 58,44 35,45 1,091 1,00 1,798 719

MgCl2·6H2O 203,33 35,45 0,109 1,00

Loviisa salt solution

Ions Solute

Molar mass 

of solute, 

[g/mol]

Molar mass 

of ions, 

[g/mol]

Ions concentration 

in the storage 

solution, [g/dm³]

Volume of 

water in 

solution, [dm³]

Amount of 

solute for 1 dm³ 

solution, [g]

Amount of solute 

needed for 400 

dm³ solution, [g]

SO4
2-

Na2SO4 142,04 96,06 0,560 1,00 0,828 331

Mg2+
MgCl2·6H2O 203,33 24,31 0,263 1,00 2,196 878

NaCl 58,44 35,45 3,817 1,00 6,293 2517

MgCl2·6H2O 203,33 35,45 0,383 1,00

XA3 - Solution

Ions Solute

Molar mass 

of solute, 

[g/mol]

Molar mass 

of ions, 

[g/mol]

Ions concentration 

in the storage 

solution, [g/dm³]

Volume of 

water in 

solution, [dm³]

Amount of 

solute for 1 dm³ 

solution, [g]

Amount of solute 

needed for 400 

dm³ solution, [g]

SO4
2- Na2SO4 142,04 96,06 6,400 1,00 9,463 3785

Mg2+
MgCl2·6H2O 203,33 24,31 3,000 1,00 25,092 10037

NaCl 58,44 35,45 43,625 1,00 71,917 28767

MgCl2·6H2O 203,33 35,45 4,375 1,00

Cl
-

Cl-

Cl-

Ions

Molar mass of 

ions

[g/mol]

Molar mass of solute and ions in solution, [g/mol]

Solutes Ions

Total = 
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6.7 Appendix 7 ï Rapid Chloride Permeability Test (RCPT)  

 

Chloride penetration depth of SR-MIX (Sulfate resistance cement ς CEM I 42.5 N SR3) τ Sample 1 

 

Chloride penetration depth of SR-MIX (Sulfate resistance cement ς CEM I 42.5 N SR3) τ Sample 2 

 

Chloride penetration depth of SR-MIX (Sulfate resistance cement ς CEM I 42.5 N SR3) τ Sample 3 
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Chloride penetration depth of SR-SI-MIX (CEM I 42.5 N SR3 + 10% silica fume) τ Sample 1 

 

Chloride penetration depth of SR-SI-MIX (CEM I 42.5 N SR3 + 10% silica fume) τ Sample 2 

 

Chloride penetration depth of SR-SI-MIX (CEM I 42.5 N SR3 + 10% silica fume) τ Sample  
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Chloride penetration depth of KA-MIX (Blast furnace cement ς CEM III/A 52,5 L) τ Sample 1 

 

Chloride penetration depth of KA-MIX (Blast furnace cement ς CEM III/A 52,5 L) τ Sample 2 

 

Chloride penetration depth of KA-MIX (Blast furnace cement ς CEM III/A 52,5 L) τ Sample 3 

 


