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Abstract  
To reduce greenhouse gas (GHG) emissions, the use of low-carbon concretes using 
high fractions of ground granulated blast furnace slag (GGBFS) has received in-
creased interest in recent years. As these concretes have lower early compressive 
strength compared to concretes using ordinary cement, the use of activators is 
sometimes necessary to achieve the same compressive strength in the same time 
frame. This thesis studied the durability properties of concretes using CEM III/B 
(70 % slag) cements which were activated using 2 chemical activation methods and 
1 thermal activation method  in 5 combinations and compared to CEM III/B and 
CEM II/B reference casts with  no activators. 

The tests performed on fresh concrete were the slump test and the air content test. 
Compressive strength, carbonation resistance, capillary suction and pressure satu-
ration, shrinkage tests and thin section analysis were used for hardened concrete. 
In addition, early strength development was recorded using non-destructive tests 
with a rebound hammer and an ultrasonic pulse velocity (UPV) device. The test re-
sults were analysed and compared with the references to determine changes in the 
durability properties of concretes.  

The results indicated that the use of all activation methods had a weakening influ-
ence on the durability properties of the concrete in varying magnitudes , while the 
early compressive strength was increased. Thus, the application  of the activation 
methods used in this thesis is not recommended for concretes in more demanding 
exposure classes and more optimisations  should be performed to lower the dura-
bility reductions.  Nevertheless, the activation methods are suitable for concretes in 
indoor use. 
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tion, activators, GGBFS, GGBS 
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Tiivistelmä  
Suuren määrän masuunikuonaa sisältävän vähähiilisen betonin käyttö kasvihuone-
päästöjen vähentämiseksi on herättänyt viime aikoina kasvavaa mielenkiintoa.  
Koska näillä betoneilla on alhaisempi varhaislujuus  verrattuna normaalia sement-
tiä sisältäviin  betoneihin, aktivaattorien käyttö on monesti tarpeellista  saman lu-
juuskehityksen saavuttamiseksi. Tässä opinnäytetyössä tutkittiin  CEM III/B -se-
menttiä sisältävän betonin säilyvyysominaisuuksia. Betoniseoksissa käytetty CEM 
III/B  aktivoitiin kahdella kemikaalisella aktivaattorilla ja yhdellä lämpökäsittelyllä . 
Näistä aktivaattoreista tehtiin viisi yhdistelmää , ja niitä verrattiin CEM III/B ja 
CEM II/B referenss ibetoneihin , joissa ei käytetty aktivaattoreita. 

Tuoreelle betonille tehtiin  painuma- ja ilmamäärätesti. Kovettuneelle betonille teh-
tiin puristuslujuustesti, karbonatisoitumisen resistanssitesti, kapillaarihuokosten 
imukyky - ja painesaturaatiotesti , kutistumatesti ja ohuthieanalyysi. Lisäksi betonin 
varhaislujuutta mitattiin kimmovasaralla ja ultraäänen nopeudella. Testien tulok-
set analysoitiin ja verrattiin vertailubetoneiden  säilyvyysominaisuuksien erojen 
tutkimiseksi . 

Tulokset osoitt ivat, että kaikilla aktivaattoreilla oli vaihtelevan suuruinen heiken-
tävä vaikutus betonin kestävyysominaisuuksiin, mutta varhaislujuus  kasvoi vaihte-
levissa määrin. Tässä työssä käytettyjä aktivointi metodeja ei saatujen tulosten pe-
rusteella suositella käytettäväksi vaativamman rasitusluokan betoneissa, mutta ne 
ovat sopivia sisätiloissa käytettäviin betoneihin.  Aktivointimetodien lisäoptimointi 
on tarpeellista betonien säilyvyysominaisuuksien merkittävän heikkenemisen vä-
hentämiseksi. 

 

Avainsanat  vähähiilinen, hiilidioksidi, päästö, betoni, kemi kaaliaktivointi, lämpö-
aktivointi, aktivointi, kuona, kuonabetoni  
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Symbols and abbreviations  

Abbreviations  
SFS Finnish standards association 

GHG Greenhouse gas 

GWP Global-warming potential  

CO2 Carbon dioxide 

GGBFS Ground granulated blast furnace slag 

UHPC Ultra high -performance concrete 

w/c  Water to cement ratio 

w/b  Water to binder ratio  

UPV Ultrasonic pulse velocity 

UPTT Ultrasonic pulse transit time  

SP Superplasticizer 

SCM Supplementary cementitious material  

RH Relative humidity  

ppm Parts per million  

TA Thermal activation  

ITZ Interfacial transition zone  

C3S Ca3.SiO5, Alite 

C2S Ca2.SiO4, Belite 

C3A Ca3.Al2O6, Aluminate  

C4AF Ca4.Al2.Fe2O10, Ferrite 

�&�s�+2  CaSO4.2H2O, Gypsum 

C-S-H xCaO.SiO2.yH2O, Calcium silicate hydrate (has a variable structure) 

CH Ca(OH)2, Calcium hydroxide 

AFt C6�$�s3H32, Ettringite  

AFm C4�$�s�+12, Monosulfate 

C3AH6 3CaO.Al2O3.6H2O, Hydrogarnet 
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1 Introduction  
As the decade draws closer to its midpoint of 2025, the need for reducing 
global CO2 emissions, thus the effects of the climate change, remains. Cur-
rently, in 2011-2020 the global surface temperature was 1,09 °C higher than 
in 1850-1900. More methods for reducing emissions are required, as the 
global warming is projected to reach 1,5 °C by the year 2100 even under very 
small greenhouse gas emission scenarios according to the Intergovernmental 
Panel on Climate Control. Such an increase in global average temperature is 
predicted to increase extreme weather conditions, raise sea levels and cause 
mass loss of biodiversity globally. The report made by the Intergovernmental 
Science-Policy Platform on Biodiversity and Ecosystems Services predicts 
that climate change will have an increasingly large role in the loss of biodi-
versity [1,2] . 

The effects of global warming can be observed in Finland as well: 8 out of 10 
years between 2014-2023 have been more than 0,5 °C warmer than the long-
term average taken over 30 years [3] . The threat  of biodiversity loss is recog-
nised as the number of  species under the threat of extinction added to the 
Red List for Finnish  Species has increased from 10,5 % in 2010 to 11,9 % in 
2019 [4] . 

To reduce global warming effectively , every sector producing CO2 must de-
crease their GHG emissions. Excluding the Land-Use, Land-Use Change and 
Forestry -sector, Finland produced 44.700 thousand tonnes of CO2 in 2022  
[5] . Construction and the manufacturing industries were responsible for 
5.868 thousand tonnes of CO2, whereas c�H�P�H�Q�W���S�U�R�G�X�F�W�L�R�Q�¶�V�� �S�R�U�W�L�R�Q�� �R�I�� �D�O�O��
GHG emissions was 1,9% [5,6] . The CO2 emissions per produced ton of 
ready-mix concretes are not too different from wood products and far below 
steel and other metal products. For example, C30/37 ready-mix concrete 
conservative values for the emissions are at 0,13 tons of CO2/ton, for sawn 
and planed wood they are at 0,094 tons of CO2/ton and for a stainless-steel 
rebar the emissions are 4,6 tons of CO2/ton [7]. Despite its relatively low 
emissions, the reason concrete is one of the largest sources of CO2 emissions 
of all the building materials is due to the sheer volume that concrete is used 
in construction globally.  

The concrete industry has multiple avenues for reducing CO2 emissions. 
Firstly,  for CEM I, the production of cement clinker emits the most green-
house gases [8] . Using alternative fuels and raw materials the emissions can 
be reduced during clinker production [ 9]. Secondly, by optimising the design 
and performance of the concrete structures during the design, building and 
use stages, the lifecycle emissions can be reduced [9]. Thirdly, taking the nat-
ural carbonation of concrete into account for the CO2 emission calculations 
as it removes carbon dioxide from the atmosphere [9]. Finally, r eplacing ce-
ment clinker with different supplementary cementitious materials (SCM) 
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with hydraulic and pozzolanic properties such as fly ash, silica fume and 
GGBFS can be used to decrease the consumption of cement clinker [8,9] . To 
better understands the effects of SCM on concrete properties, Aalto Univer-
sity launched a 2-year-long LOIKKA -project in 2022 together with industry 
specialists with  the goal to halve the CO2 emissions of concrete [10] . Dimin-
ishing the concrete CO2 emissions by reducing the emissions sourced from 
the cement binders is determined as the easiest and the fastest method for  
decreasing concrete GHG as the changes to the production methods and in 
technologies are minimal. The development of CEM III/B  cements, where 
the OPC clinker amount is replaced with GGBFS by 66-80 %, is important.  

Since high replacement levels of cement with GGBFS reduce the early 
strength development of concrete, extensive research was performed to acti-
vate slag and increase the rate of early strength development of the CEM 
III/B  concrete by using chemical and thermal activation , in the scope of 
LOIKKA project [ 8,10] . This thesis continues the investigation of thermally 
and chemically activated CEM III/B concrete by evaluating the durability 
properties of these concrete mixtures.  

�7�K�L�V�� �P�D�V�W�H�U�¶�V�� �W�K�H�V�L�V�� �E�H�J�L�Q�V�� �Z�L�W�K�� �W�K�H�� �O�L�W�H�U�D�W�X�U�H�� �U�H�Y�L�H�Z�� �W�R�� �S�U�R�Y�L�G�H�� �Q�H�F�H�V�V�D�U�\��
information on concrete in general, concrete mixtures using GGBFS and typ-
ical activation methods used. The next section explains the research materi-
als and methods used during the testing. Tests performed on fresh concrete 
are the slump test and the air content test. On hardened concrete a non-de-
structive test using a rebound hammer and a UPV device is done to evaluate 
the early compressive strength. In addition,  the compressive strength, the 
carbonation resistance, the capillary suction and pressure saturation, the 
shrinkage tests and thin section analysis are performed. In the following sec-
tion the results are reported and analysed. Finally, in the last section, conclu-
sions are drawn, and future testing recommendations are given. Figure 1 
�V�K�R�Z�V���D���I�O�R�Z�F�K�D�U�W���R�I���W�K�H���W�K�H�V�L�V�¶���V�W�U�X�F�W�X�U�H. 

 
Figure 1 Flowchart of the thesis structure. 
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2 Literature review  
This chapter reviews relevant literature to the topic of this thesis. Basic infor-
mation on  standard concrete and low-carbon concretes is given. Since the 
focus of this work  is on concrete containing high amounts of GGBFS, this 
chapter explains the production process of GGBFS, its chemical composition 
and its effects on concrete properties. Finally, different methods for activat-
ing early strength development of low-carbon concretes are assessed and 
possible applications for concretes using GGBFS are suggested. 

2.1 Overview of Concrete and Its Environmental Impact  
Concrete in one form or another has been used for thousands of years. Many 
well-known ancient structures, such as the Roman Pantheon and the Colos-
seum have survived throughout the ages in large part due to being built with  
concrete. At its simplest, concrete is the product of mixing water, cement and 
aggregates that hardens into a solid material . The cement experiences a 
chemical reaction with water called hydration , where the main mineral 
phases C3S, C2S, C3A and C4AF contained within cement  clinker  react with 
water producing following main cement hydrates: C-S-H, CH, AFt, AFm and 
C3AH6. These hydration products act as a binder that hardens and restricts 
the filler material aggregates from moving , �J�L�Y�L�Q�J���F�R�Q�F�U�H�W�H���L�W�¶�V���V�W�U�H�Q�J�W�K���R�Y�H�U��
time.  �&�s�+2 (Gypsum) is added to the cement during clinker production to 
help retarding the initial setting time. Without gypsum, the dissolved ions 
from C3A would rapidly create ettringite, which would cause the concrete 
mixture to flash set very quickly. The flash set is the stiffening of the concrete 
within a few minutes after mixing of the materials with water, which makes 
casting and working with concrete impossible [ 11]. When water is added, gyp-
sum dissolves and attaches itself to the C3A surface, preventing it from dis-
solving in the early stage. [12] 

Modern concrete structures can be found everywhere. It is used in massive 
structures, such as bridges, dams and skyscrapers, as well as in smaller con-
structions, like paving stones on footpaths and even small artistic sculptures. 
The construction of massive structures is made possible by the usage of dif-
ferent forms of reinforcement in the concrete. Concrete has good compres-
sive strength characteristics, but it is very brittle under tension . Reinforce-
ment, such as steel rebars, are used to provide concrete elements with the 
tensile strength they require to endure the compressive and tensile stresses 
acting upon them. 

In 2022 roughly 4,1 billion metric tons of cement was produced around the 
world  [13] . The top producer for years has been China at around 2,1 billion 
metric tons  in 2022  [14]. Regardless of being an ecological material, such 
large production volumes also create large amounts of CO2 emissions. For a 
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typical ton of finished cement, t he amount of CO2 emitted is around 900 kg  
[15] .  

The Finnish cement production industry has managed to reduce the GHG 
emissions by 24% since the year 1990 [16] . This has mainly been achieved by 
using new renewable energy sources and improving the efficiency of the fur-
naces used in the production pr ocess [16] . About 60 % of the emissions in 
cement production is caused by the calcination of calcium carbonate to man-
ufacture cement clinker  according to formula 1. 

�%�=�%�1�7 �^ �%�=�1
E�%�1�6  (1) 

As it is difficult to reduce the emissions  further  from cement production itself 
with more efficient fuels and ovens, alternative pozzolanic and hydraulic  re-
placement materials to substitute a portion of  cement clinker in the concrete 
are used and researched further in the concrete industry . The carbonation of 
concrete binds CO2 from the atmosphere, which makes the concrete act as a 
carbon sink during its lifecycle.   To help with managing CO2 emissions, life 
cycle assessments and emission calculations are performed on concrete 
products [ 17]. Environmental product declarations and low -carbon classifi-
cation systems have been developed and are in use to provide designers and 
construction workers necessary information to reach GHG reduction goals 
set by intergovernmental and governmental entities  [18,19] . The classifica-
tion system for low carbon concretes used in Finland classify each concrete 
by their global warming potential (GWP)  [20] . For example, a low-carbon 
concrete with the classification of GWP.70 means that the concrete in ques-
tion has 70% of the GWP of a typical concrete of its type. The classification 
system was created in co-operation between the Finnish Concrete Associa-
tion, Aalto University and Confederation of Finnish Construction Industries 
RT [18] . 

2.2 Low -Carbon Concrete  
Concrete mixtures with a lower CO2 emission level compared to ordinary 
concrete using Portland cement are called low-carbon concretes. This reduc-
tion can be achieved by replacing a portion of cement clinker with supple-
mentary cementitious materials , such as fly ash, limestone and ground gran-
ulated blast furnace slag. Not only can the SCM reduce CO2 emissions, but 
they can also alter the properties of the concrete giving it enhanced durability 
and increased final strength levels. The benefits of a higher final strength in-
clude decrease in the required volume of the concrete structure  [21,22]. 
Whereas an enhanced durability can help a building last longer without ex-
tensive renovation or maintenance [21,22] . While all SCM have beneficial 
and adverse effects on the concrete, BBGFS is chosen as the subject of re-
search for this thesis due to its capability to replace ordinary clinker  in very 
high fractions, thus effectively reducing the CO2 emissions of the concrete 
[23] . 
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2.2.1 Ground Granulated Blast Furnace Slag  

Ground granulated blast furnace slag is used �V�L�Q�F�H���W�K�H���O�D�W�H�����������¶�V���>8]. The 
large GWP reductions in concrete using GGBFS comes from being a side-
stream product during the production of steel  and iron in large blast fur-
naces. The CO2 emissions are roughly 0,069-ton CO2/ ton which is far below 
0,7-ton CO2/ton for ordinary  cement clinker [24,25] . As shown in figure 2, 
during steel production  iron ore, coke and limestone are fed into the blast 
furnace from the top  where they melt typically at around 1200-1600 °C [26] . 
As the materials melt, the blast furnace slag floats to the top of the melted 
iron and is siphoned out. The slag is then rapidly quenched with water  in a 
granulator to form granulated slag in a glassy crystal form [26] . This is then 
taken to a grinding mill where it is ground into a fine powder for use  as SCM 
[26] . 

 
Figure 2 Ground granulated blast furnace slag production process. [27] 

Chemical Composition  

GGBFS should have two thirds of its mass consisting of calcium oxide (CaO), 
magnesium oxide (MgO) and silicon dioxide (SiO2). Rest of the mass contains 
aluminium oxide  (Al 2O3) with small amounts of other compounds. Addition-
ally, the ratio of mass given by formula 2 shall exceed 1,0. Table 1 provides a 
typical chemical composition for ground granulated blast furnace slags. The 
amounts of these compounds can differ drastically between locations where 
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GGBFS is produced and many of the compounds listed can be completely ab-
sent. [28] 

�¼�Ô�È�>�Æ�Ú�È

�Ì�Ü�È�.
��    (2) 

Table 1 Typical chemical composition of GGBFS. [24] 

Compound Typical amount (%) 

CaO 23-42 

SiO2 34-40 

Al2O3 12-14 

MgO 6-11 

Fe2O3 0,8-4 

K2O 1,2-1,4 

Na2O 0,1-0,3 

 

The standard SFS-EN 197-1 specifies CEM III/B class cement to have 66-80% 
of the cement clinker replaced with GGBFS [28] . Cements in the class CEM 
II/B -M have 21-35% of the clinker replaced with SCM. These are the two ce-
ment classes used during this thesis. 

Physical Properties  

The use of GGBFS increases the workability of the fresh concrete mixture. 
The GGBFS particles, with their smooth, glassy surfaces, create slip planes 
that increase the flowability  of the concrete [24,26,29] . This reduces the su-
perplasticiser amounts needed to achieve the same workability in fresh con-
crete compared to OPC concrete. A minor  increase in slump value can also 
be observed with an increased ratio of GGBFS to OPC used [24,26,29]. In 
addition, GGBFS consumes less water than OPC [24,26,29]. 

The physical properties of GGBFS are depicted in table 2. A finer GGBFS is 
more reactive as it has more surface area to react with water, however, with 
a finer powder, the effectiveness of GGBFS on concrete workability decreases 
[24,26,29] . 

Table 2 Key physical characteristics of GGBFS. 

Specific gravity 2,5-2,9 

Bulk density (kg/m 3) 1170-1670 

Absorption rate (%)  1,2 

Fineness (m2/kg)  400 -500 
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The addition of GGBFS has a prolonging effect on setting times: both the in-
itial and final settings occur later with the increase of GGBFS content in the 
cement mixture [ 26,29] . 

Hydration  

The hydration process of Portland cement can be divided into five distinct 
stages: pre-induction  (initial dissolution) , induction, acceleration , decelera-
tion  and steady. During the first stage, the cement mixture experiences a tem-
perature rise as ions from cement are dissolved into the water in an exother-
mic reaction. Then, the dissolution  rate slows down until the water reaches 
saturation  and the induction stage begins. The cement remains dormant, un-
til the supersaturation of water solution with respect to hydrates  (CH or C-S-
H) is reached. Then the nucleation begins, which provides area for more hy-
dration products to form . The concrete enters the acceleration stage where 
the formation  of hydration products increases and consumes ions from the 
water. This allows for more ions to be dissolved, and the heat flow increases 
as a result, until the formation of hydration products  reaches its peak and 
begins to slow down again as the concrete begins setting and less hydration 
products are created due the C-S-H morphology  changes from outside needle 
like growth into granules -like growth on the inside . This stage is the deceler-
ation stage. Finally, when the heat flow stabilises again without major fluctu-
ations, the concrete has entered its final stage: steady state. Hydration still 
occurs, but it is in lower intensity  due to the lack of space for the hydrates to 
grow. It  no longer causes �R�E�V�H�U�Y�D�E�O�H���F�K�D�Q�J�H�V���L�Q���W�K�H���F�R�Q�F�U�H�W�H�¶�V���K�H�D�W���I�O�R�Z�� The 
figure 3 depicts the five stages of concrete hydration.  

 
Figure 3 Heat of hydration in ordinary Portland cement. [30] 

Ground granulated blast furnace slags possess latent hydraulic properties. 
�7�K�L�V���D�O�R�Q�H���G�R�H�V�Q�¶�W���S�U�R�G�X�F�H���D���V�W�U�R�Q�J���U�H�D�F�W�L�R�Q���Z�L�W�K���Z�D�W�H�U����An alkali activator, 
such as the hydration product of cement clinker Ca(OH)2, increases the 
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alkalinity of the water . The OH- ions attack the Si-O-Si and Si-O-Al bonds in 
the slag in a process called hydrolysis. This releases Al and Si ions into the 
water, which increases the formation hydration products [ 24,26,29,31]. This 
provid es additional strength  for the concrete as is depicted in figure 4. The 
more basic the slag, the higher the hydraulic activity [24,26,29] . 

 
Figure 4 Hydration model for GGBFS. [32] 

The heat of hydration in GGBFS concretes is lower than in OPC concretes 
[24,26,29] . As shown in figure 5, the higher GGBFS ratios result in significant 
reductions in heat rates. This is beneficial, as it helps to lower temperature 
differences within the concrete, which declines the risk of cracking due to 
thermal difference stresses especially in massive concrete structures such as 
dams [24,26,29] . On the other hand, the lower the heat of hydration , the 
lower the reactivity , which leads to slower strength development of concrete 
[24,26,29] . The reduction of peak temperature can also be observed with the 
increase in GGBFS [24,26,29] . 
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Figure 5 Heat of hydration with and without GGBFS. [33] 

Compressive strength  

Compressive strength of concrete is largely governed by the water to cement 
ratio  (w/c) , or in the case of concretes using SCM the binder to cement ratio 
(w/b)  [34] . A lower w/b  ratio  strengthens the hardened concrete until a cer-
tain point, when there is too little water to create enough hydrates for proper 
strength gain. 

Besides w/b ratio, the strength of the final concrete is affected by the aggre-
gate portions, the usage of crushed aggregates, the air content, length of cur-
ing and the use of SCM among other reasons. Replacing OPC with high 
amounts of GGBFS reduces the early compressive strength of concrete due 
to the lower hydration  rate of GGBFS [26,35-37] . However, the later age com-
pressive strength has been shown to increase higher than concrete with lower 
amount of SCM (about 20%) as the hydration of BBGFS continues over time 
[26,35-37] . It is the penultimate  result  of many factors all having their vary-
ing effect on the final product . It can take between 10-35 days for GGBFS 
concrete to reach a similar strength level with a OPC concrete [26,35-37] . As 
such, solutions for increasing this early strength gain are important to re-
search and develop. 

Carbonation  

Due to the porous structure of the concrete, CO2 from the atmosphere can 
infiltrate the concrete  when it has relative humidity  (RH)  of around 50-70 % 
[38]. CO2 reacts with water creating carbonic acid which then reacts with the 
hydration products, mainly CH and C-S-H [ 39,40] . This produces calcium 
carbonate polymorphs and minor amounts of other products , such as gyp-
sum or alumina gel [39,40] . The whole process decreases �F�R�Q�F�U�H�W�H�¶�V���S�+���O�H�Y�H�O, 
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which �G�H�V�W�U�R�\�V���W�K�H���S�U�R�W�H�F�W�L�Y�H���³�I�L�O�P�´���D�U�R�X�Q�G���W�K�H���V�W�H�H�O���U�H�L�Q�I�R�U�F�H�P�H�Q�W�V�����O�H�D�Y�L�Q�J��
them susceptible to corrosion [39,40]. The concrete carbonates from the sur-
face inwards, eventually reaching the steel reinforcements within [39,40] . 

For GGBFS concretes, carbonation has been observed to increase from  25 % 
to as high as 350% depending on the w/b ratio compared to OPC [41] . How-
ever, the severity of carbonation can be reduced by curing the GGBFS con-
crete well for multiple days  [39] . Even a curing time of 7 days underwater has 
been shown to reduce the carbonation penetration in high fraction GGBFS 
concretes from 20 mm to 9 mm due to natural carbonation after 2 years  [39] . 

Pore structure and permeability  

The permeability of the concrete is related to the size, distribution, volume, 
continuity and shape of mainly the capillary pores  [26] . During the harden-
�L�Q�J�����W�K�H���S�R�U�H���V�W�U�X�F�W�X�U�H���L�V���F�R�Q�V�W�D�Q�W�O�\���F�K�D�Q�J�L�Q�J���D�O�R�Q�J���Z�L�W�K���W�K�H���F�R�Q�F�U�H�W�H�¶�V���S�H�U��
meability  [26] . 

Pore structure and permeability define concrete resistance to chemical at-
tacks, such as sulphate, chloride and acid attacks, and its vulnerability to 
freeze-thaw cycle damages [24,26,42] . A finer pore structure and lower per-
meability reduce the rate at which water can penetrate the concrete along 
with  any potential chemical compounds that could damage the concrete in-
�F�U�H�D�V�L�Q�J���W�K�H���F�R�Q�F�U�H�W�H�¶�V���G�X�U�D�E�L�O�L�W�\��[24,26,42] . Due to the pozzolanic reactions 
of GGBFS, along with the filling effect of GGBFS, the permeability of the con-
crete is reduced, and the pore structure becomes finer [36] . Eventually, the 
hydration of GGBFS leads to a less permeable concrete than standard OPC 
concretes [24,26] . However, in this study the sorptivity and pore structure of 
relatively young (91 days and younger) GGBFS concretes are studied, which 
could lead to a higher permeability  result . The sorptivity of concretes using 
GGBFS was also observed to decrease [26] . 

2.3 Methods for Accelerating the Early Strength D evelop-
ment of Concrete  

As previously stated, the early compressive strength development is slower 
in concretes using a higher GGBFS fraction when compared to ordinary con-
crete. As such, with the increased use of GGBFS concretes, there is a higher 
need for researching activation methods of  slag hydration, thus increasing 
the early compressive strength development. Additionally,  effects of activa-
tion methods  �R�Q�� �W�K�H�� �F�R�Q�F�U�H�W�H�¶�V��durability properties should be thoroughly 
investigated. This thesis focuses on two types of activation: thermal and 
chemical, and studies their effects on the durability properties in comparison 
to two reference concretes. These activation methods either increase the for-
mation  of hydration products in ordinary cement  and GGBFS by improving 
the conditions for  the hydration  reactions by increasing the temperature of 
the mixture , or they increase the hydration rate by reacting chemically with 
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cement clinker and GGBFS. Another effective method for activation not stud-
ied in this thesis, is known as seeding, where the nucleation process is has-
tened by the introduction of additional artificial  C-S-H seeds into the mixture 
[43,44] .  

2.3.1 Thermal Activation  

There are many methods for activating concrete with heating. Concrete can 
be cured in a heated room, use infrared heaters to warm the surface of the 
concrete, attach heating elements to the moulds themselves or even place 
heating wires inside the concrete [45-47] . All these methods are used to raise 
the temperature of the concrete, which has been shown to increase the early 
strength development of both ordinary and SCM concretes [45-47] . Figure 6 
shows heated moulds that are used for the fast fabrication of precast wall 
sections and figure 7 shows a hollow-core slab production line with a heated 
formwork . The heated moulds in these production lines help to increase the 
speed at which the concrete hardens, which increases the efficiency of the 
factories. 

 
Figure 6 Heated mould for fabricating precast wall sections. [48] 

Careful consideration must be given to the maximum temperature and the 
temperature differences between the different sections of the concrete when 
thermal activation is used. To avoid thermal cracking and loss of compressive 
strength from too high temperatu re, monitoring and controlling the temper-
ature of the concrete mixture is necessary [45-47] . The late compressive 
strength loss can also result from heating the mixture for too long [45-47] . In 
these cases, the accelerated hydration creates an open and unfilled pore 
structure that weakens the later compressive strength of the concrete [45-
47] . 
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Figure 7 Hollow-core slab production line. [49] 

2.3.2 Chemical Activator s 

Chemical activators are used to increase the chemical reactivity of cementi-
tious components in a concrete mixture. In mixtures using high amounts of 
GGBFS, the activation efforts are mainly focused on activating the blast fur-
nace slag [30,44,47] . Gypsum, lime and alkali hydroxides are common types 
of chemical activators used in GGBFS concretes [30,44,47] . Many of the used 
activators contain alkali metal, thus the common term alkali activated con-
crete is used [30,44,47] . 

The chemical activators generally promote either dissolution or precipitation 
of concrete binder constituents (cement, SCMs). Some activators interfere 
with the influence of gypsum on tricalcium aluminate and increase the dis-
solution of silica and aluminate  from C3A, which leads to a faster setting time 
with increased ettringite formation  [50,51] . Other activators promote the for-
mation of C-S-H gel and thus increase the rate of hardening [50,51] . 

Figure 8 shows different active periods for a few types of activators. The type 
A was activated using Na2HPO4 has a single peak during the first stage, and 
no other peaks [30] . Type B is activated using NaOH and it has an initial peak 
in stage 1 and a second peak at stages 3-4 [30] . Type C was observed with 
activators Na2SO3, Na2CO3, Na3PO4 and NaF [30] . They have similar peaks 
to type B, with an additional minor peak near the beginning of stage 1 [30] . 
The types B and C activators have similar rates of heat evolution to ordinary 
concretes. Type A and B reacting activators have the highest effect on the set-
ting time for fresh concrete, whereas types B and C also increase the early 
strength development of concrete. 
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Figure 8 Three types of reaction kinetics of alkali activated concrete. [30] 

For the purposes of studying the effects of chemical activators on the dura-
bility properties of GGBFS concrete, 2 activator mixtures were chosen to be 
used in this thesis. The mixtures use different amounts of NaOH, Na2CO3, 
Na2SO4 and citric acid (C 6H8O7). NaOH, Na2CO3 and Na2SO4 have been 
shown to increase early strength development in GGBFS concretes, whereas 
citric acid is added to retard the initial setting time to prevent flash setting by 
the early formation of ettringite  [50-53] . 

2.4 Possible Applications of Concrete with High GGBFS 
Content  

Due to the lower heat of hydration and maximum temperature experienced 
during hardening, mass concrete structures could make for an ideal applica-
tion for concretes using a large portion of GGBFS. One of the largest issues is 
the temperature differences between the core and the surface areas of the 
concrete [54] . High temperature differences can cause thermal cracking, and 
too high peak temperatures can decrease �W�K�H���F�R�Q�F�U�H�W�H�¶�V���I�L�Q�D�O���V�W�U�H�Q�J�W�K [54]. 
To reduce these effects, the usage of cooling systems is common with CEM I. 
However, thanks to the low heat of hydration and peak temperatures of 
GGBFS concretes, its usage could replace the need for cooling solutions, mak-
ing mass concrete structures easier and more economical to build [54] . 

Prefabricated concrete paving stones, small slabs and bricks are another 
good application for low CO2 concrete, which are used for temporary and 
non-load bearing structures���� �7�K�X�V���� �W�K�H�\�¶�U�H�� �V�X�E�M�H�F�W�� �W�R�� �O�H�V�V�� �Z�H�D�U�� �D�Q�G�� �W�K�H�L�U��
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durability properties are less critical. However, as GGBFS concretes with 
higher fractions are more susceptible to freeze and thaw cycles. The use of air 
entraining agents can be used to increase the air content of the concrete to 
provide additional protection against it. An example of a recently introduced 
low-carbon concrete brick is shown in figure 9. 

 

 
Figure 9 Recently released low-carbon concrete brick (left) and founda-

tional concrete pillars (right). [55,56] 

High fraction GGBFS concretes can also be used for prefabricated and pre-
stressed concrete. The primary curing method in prefabrication factories is 
heat curing. GGBFS has been shown to react well to thermal activation meth-
ods because slag has high activation energy [45,47]. The high late compres-
sive strengths in comparison to ordinary concrete and the possibility to in-
crease its lower early compressive strength performance with chemical acti-
vators make GGBFS concretes effective and environmentally friendly alter-
natives to OPC [45,47] . 

The high long term compressive strength makes GGBFS concretes valuable 
options for ultra high -performance concretes (UHPC). They can be used for 
example in the foundation structures of skyscrapers, as depicted in figure 9, 
or bridge piers and abutments. The high resistance of GGBFS to chemical 
attacks, such as chloride and sulphate attacks, makes them highly applicable 
to areas where these damage models are typical. 
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3 Material s and Methods  
This chapter explains and describes the research materials and tests. Firstly, 
the research materials used during the testing period are introduced. Sec-
ondly, the mix design is presented, which was based on the previous work 
done by Iiro Vähälä in studying the effects of chemical and thermal activation 
methods on the early strength development of low-carbon concrete during 
the LOIKKA -project . However, his thesis work was still in progress at the 
time of writing this thesis, and it cannot be directly referenced. Finally, the 
preparation of t he test specimens and the tests performed on the fresh and 
hardened concrete are explained. CEM III/B and CEM II/B cement, 2 types 
of chemical activation mixtures and 1 type of thermal activation method are 
used during this thesis. 

3.1 Materials  
3.1.1 Cements  

The cements used in this study are CEM II/B-M (S-LL) and CEM III/B �± 
LH/SR. They are both made by Finnsementti Oy at their Parainen cement 
plant  [57,58] . Table 3 provides technical details for the chosen cements.  

These cements were selected for this study as CEM III/B  cement has 71 % of 
GGBFS replacing cement clinker. The Oiva cement was selected as a refer-
ence cement to compare the effects of the activation methods on the durabil-
ity properties of CEM III/B . 

Table 3 The technical details of CEM III/B and CEM II/B. [57,58] 

Cement type CEM II/B -M (S-LL)  CEM III/B �± LH/SR  

Name Oiva KolmosBertta 

Manufacturer  Finnsementti Oy, Parainen Finnsementti Oy, Parainen 

Strength class 42,5 N 42,5 L 

C3S (%) 46,0 17,0 

C2S (%) 10,0 2,0 

C3A (%) 6,7 2,4 

C4AF (%) 5,8 2,5 

Slag (%) 15 71 

Limestone (%) 8,0 2,8 

Gypsum (%) 2,8 0,9 

 

3.1.2 Aggregates  
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The aggregates used in this work  have a maximum size of 16 mm. Figure 10 
shows the gradation curve of the aggregates. They are stored in dry condi-
tions and assumed to have 0 % moisture content with an absorption factor of 
0,8 %, in which case the amount of water added to the mix is increased per 
batch as shown in the mix design in table 5. 

 
Figure 10 Aggregates Gradation Curve. 

3.1.3 Super plasticizer  

Superplasticizers are admixtures used to increase the workability of concrete 
without adding more water into the mix, which would  reduce the final 
strength of the concrete. They can also be used to reach the same workability 
in a concrete mix ture that uses a smaller w/c ratio to increase the compres-
sive strength, as a mixture with a higher w/c ratio �W�K�D�W���G�R�H�V�Q�¶�W���X�V�H���6�3. Super-
plasticizer is added to the recipes used in this thesis to reach a target slump 
of 150 mm. 

The superplasticizer used in this thesis is MasterGlenium Sky 600. It is pro-
duced by Master Builders Solutions Finland Oy. It is a second-generation su-
perplasticizer that uses poly carboxyl ether polymers with long side chains in 
its structure  [59] . These molecules slow down the absorption on the surface 
of the cement particles allowing for efficient dispersion  [59] . MasterGlenium 
Sky 600 is claimed to have an extended workability duration without increas-
ing the setting time  [59] . It can be used for ready-mixed concretes that have 
normal and high strength classes, protectively porous and weatherproof 
ready-mixed concretes, and production of self-compacting concrete [59] . Ta-
ble 4 shows the technical properties of MasterGlenium Sky 600 superplasti-
cizer. 
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Table 4 Technical properties of MasterGlenium Sky 600. [59] 

Product Superplasticizer 

Form Liquid  

Active ingredient  Poly carboxyl ether 

Dry matter amount  17,5 % ± 0,9 % 

Specific gravity 1030 ± 20 kg/m 3 

pH 5,5 % ± 1 % 

Chloride content  < 0,02 % 

Alkali content  < 2,0 % 

 

3.1.4 Alkali -Activators  

The chemical activators used in this thesis are the following:   

�x Sodium hydroxide  (NaOH)  

�x Sodium carbonate (Na2CO3) 

�x Sodium sulfate (Na2SO4) 

�x Citric acid  (C6H8O7) 

When these chemical activators are dissolved into water they introduce ions 
into  the mixing water . The ions then interact with the cement clinker and 
GGBFS accelerating their dissolution and  increase the rate of the hydration 
in the early stages.  

These chemicals were mixed in separate beakers using some portion of total 
water prior to the casting. Care must be taken during the mixing process as 
�V�R�G�L�X�P���K�\�G�U�R�[�L�G�H���U�H�O�H�D�V�H�V���S�O�H�Q�W�\���R�I���K�H�D�W���Z�K�H�Q���L�W�¶�V���G�L�V�V�R�O�Y�H�G���L�Q�W�R���Z�D�W�H�U���D�Q�G��
should be placed under a ventilation tube. The citric acid and sodium car-
bonates are relatively easy to mix with water, but sodium sulfate tends to mix 
in slowly and if not continuously stirred can crystallize again. Thus, it is rec-
ommended that the beaker with the sodium sulfate is placed in an automatic 
mixer  until right before the mixing begins.  

3.2 Mix Design  
The mix design for batch 1 is shown in table 5. The water to binder ratio re-
mained the same between different recipes. This helps to keep the strength 
more comparable between the casts, as concrete strength development is 
largely affected by the w/b ratio. The target air content was 2 % of the volume, 
or 20 litres per m 3, for each cast.  
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Table 5 The basic mix design for batch 1. 

Concrete 
ingredi-

ent 

Amount 
(kg/m3) 

Volume 
(dm3/m3) 

Aggre-
gate 

fraction 

Frac-
tion 
por-
tion 
(%) 

Mix De-
sign 

(kg/m3) 

Water content of aggregates 
Adjusted 

mix design 
(kg/m3) 

BATCH, 
m3 

(m^3) 

Total 
Mois-
ture 
Con-
tent 
(%) 

Ab-
sorbed 
Water 

(%) 

Free 
Mois-

ture (%) 

Free 
Moisture 

(kg) 
  0.036 

Cement 430.0 138.7     430.000         430 15.480 

Aggre-
gates 

1725.3 646.2 

Filler 7 % 120.768 0 0.8 -0.8000 -0.966 119.802 4.313 

R 0.1 - 
0.6 

10 % 172.526 0 0.8 -0.8000 -1.380 171.146 6.161 

R 0.5 - 
1.2 

13 % 224.284 0 0.8 -0.8000 -1.794 222.489 8.010 

R 1 - 2 13 % 224.284 0 0.8 -0.8000 -1.794 222.489 8.010 

R 2 - 5 16 % 276.041 0 0.8 -0.8000 -2.208 273.833 9.858 

R 5 - 10 18 % 310.546 0 0.8 -0.8000 -2.484 308.062 11.090 

R 8 - 16 23 % 396.809 0 0.8 -0.8000 -3.174 393.635 14.171 

Water 195.0 195.0     195.000       -13.8020652 208.802 7.517 
SP 0.1 0.1     0.129         0.129 0.00464 

Air con-
tent 

  20.0                   

Total 2350.3 1000  100 %        

     
    Chemical additive amounts  

         % of Cement 
Batch, 
(m^3)  

w/c-r 0.453488  
  

 
  

 0.13 % 0.020124  
SP (%) 0.03 %  

  
 

  
 1.80 % 0.27864  

   
  

    2.70 % 0.41796  
         0.90 % 0.13932  
         0.10 % 0.01548  

 

To keep the slump values closer to the target value of 150 ± 25 mm, which is 
at the edge of S3 and S4 classes, the SP amount was changed between 0,03-
0,45 % of the amount of cement. A reasonable workability and flowability of 
a concrete mix are important to assure a proper filling of the moulds and the 
penetration of reinforcements during casting. The aggregate amount was 
�F�K�D�Q�J�H�G���V�O�L�J�K�W�O�\���D�F�F�R�U�G�L�Q�J���W�R���W�K�H���6�3���D�P�R�X�Q�W���W�R���I�X�O�I�L�O���W�K�H���P�L�[���G�H�V�L�J�Q�¶�V���W�D�U�J�H�W��
volume of 1000 litres per m 3. 

Chemical activators were used in casts 2-7 and preliminarily dissolved in the 
water separately. The table 6 shows the used SP and aggregate amounts in all 
11 casts. 

Table 6 The binder, aggregate and SP amount used in each cast. 

Cast # Binder Aggregate (kg/m3) SP (%) 

Cast 1 CEM III/B �± LH/SR  1725 0,03 

Cast 2 CEM III/B �± LH/SR  1721 0,45 

Cast 3 CEM III/B �± LH/SR  1721 0,45 

Cast 4 CEM III/B �± LH/SR  1721 0,45 

Cast 5 CEM III/B �± LH/SR  1721 0,45 

Cast 6 CEM III/B �± LH/SR  1721 0,45 
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Cast 7 CEM III/B �± LH/SR  1721 0,45 

Cast 8 CEM III/B �± LH/SR  1725 0,03 

Cast 9 CEM III/B �± LH/SR  1725 0,03 

Cast 10 CEM II/B -M (S-LL)  1724 0,18 

Cast 11 CEM II/B -M (S-LL)  1724 0,18 

 

Two combinations of activators were used in this study, denoted as A1 and 
A2 as described in detail in t able 7. Combination A1 has 4 chemicals and A2 
has 3 chemicals, with both combinations using different percentage amounts 
of the same chemicals and A2 not using sodium sulfate. The percentages are 
based on the amount of binder in the batch. Thermal activation , denoted as 
TA, was used in casts 1, 2 and 4 in combination with chemical activators and 
without. Casts 8-11 were reference casts without activators. 

Table 7 Activators used in casts 1-7. 

Cast # Activator 
ID  

Chemical activator combination  Thermal activation 
information  

Cast 1 TA - 20 W for 10 hours 

Cast 2 A1 2,7 % Na2CO3 + 1,8 % Na2SO4 + 0,9 
% NaOH + 0,1 % Citric acid 

- 

Cast 3 A1 + TA 2,7 % Na2CO3 + 1,8 % Na2SO4 + 0,9 
% NaOH + 0,1 % Citric acid 

20 W for 10 hours 

Cast 4 A2 2,7 % Na2CO3 + 0,9 % NaOH + 0,13 
% Citric acid 

- 

Cast 5 A2 + TA 2,7 % Na2CO3 + 0,9 % NaOH + 0,13 
% Citric acid 

20 W for 10 hours 

Cast 6 A1 2,7 % Na2CO3 + 1,8 % Na2SO4 + 0,9 
% NaOH + 0,1 % Citric acid 

- 

Cast 7 A2 2,7 % Na2CO3 + 0,9 % NaOH + 0,13 
% Citric acid 

- 

 

3.3 Specimen Preparation  
In this section the specimen mixing, casting, curing, and cutting and drilling 
processes are explained. The specimen preparation began with  casting sam-
ples with the size of 300x300x200 mm 3. From these cuboids samples were 
drilled and cut for testing . 100x100x100 mm3 cubes were cast for compres-
sive strength testing and 500x100x100 mm 3 prisms were prepared for the 
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shrinkage test. The preparation and curing of the test specimens followed the 
standards SFS-EN 12390-1:2021:en and SFS-EN 12390-2:2019 [60,61]. 

3.3.1 Mixing  

As previously stated, the test procedure contained 11 casts. Due to the size 
constraints of the mixer and the quick setting of concrete with chemical acti-
vators, the casts were performed in batches of 20 and 36 litres . Each cast was 
prepared with an additional 4 litres of  concrete that was required to account 
for fresh concrete that sticks to the mixer. The moulds used in each cast is 
shown in table 9 and figure 11 depicts the used mixer. 

Before adding constituents to the mixing bowl, it and the mixing blades were 
moistened with a wet sponge. After this, the dry materials, i.e. the aggregates 
and the cement binder, were weighed and added to the mixing bowl in the 
order described in table 8. This order of dry materials  ensures a good mixing 
of the ingredients.  

Table 8 The dry materials sequence of addition to the bowl. 

R 2-5 

R 5-10 

R 8-16 

Cement 

R 1-2 

R 0,5-1,2 

R 0,1-0,6 

Filler  

 

The mixing time was chosen to be 4 minutes. Firstly, dry mixing the aggre-
gates and the binder for 30 seconds. Secondly, the water is added to the mixer 
along with the chemical activators, if present, and mixed for another 30 sec-
onds. Finally, the superplasticizer is added to the mixer with a small amount 
of water to help it spread out evenly. The mixer is turned off and the bowl 
quickly removed from the mixer when 4 minutes have elapsed. 

Additionally, as the mixer in the lab is a few decades old, it tends to leave 
materials unmixed in the corners of the mixing bowl. To ensure that all ma-
terials are mixed into the concrete, a trowel was used to scrape the corners of 
the bowl, and the removed material was hand mixed into the rest of the con-
crete for an additional 1 minute. 
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Figure 11 Mixer with coarse aggregates. 

3.3.2 Casting  

Casting was organised into 2 distinct batch types. First batch had the casting 
of the large specimen, and 2 tests were performed on the fresh concrete: the 
slump test and the air content test. The large specimen mould was made from 
plywood with a smooth surface on the inside and dimensions of 
300x300x200 mm 3. Figure 12 shows a prepared large specimen with carry-
ing handles attached to the sides and the thermal heating cables installed. 

Table 9 Batch sizes and moulds used in each cast. 

Cast # Batch size (l) Moulds used 

Cast 1 36 300x300x200 mm 3 (Large specimens) 

Cast 2 36 300x300x200 mm 3 (Large specimens) 

Cast 3 36 300x300x200 mm 3 (Large specimens) 

Cast 4 36 300x300x200 mm 3 (Large specimens) 
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Cast 5 36 300x300x200 mm 3 (Large specimens) 

Cast 6 28 100x100x100 mm3 (Small cubes), 
500x100x100 mm 3 (Prisms) 

Cast 7 20 100x100x100 mm3 (Small cubes), 
500x100x100 mm 3 (Prisms) 

Cast 8 30 300x300x200 mm 3 (Large specimens) 

Cast 9 22 100x100x100 mm3 (Small cubes), 
500x100x100 mm 3 (Prisms) 

Cast 10 22 300x300x200 mm 3 (Large specimens) 

Cast 11 20 100x100x100 mm3 (Small cubes), 
500x100x100 mm 3 (Prisms) 

 

The large moulds and the prisms were filled in two steps. Firstly, they were 
filled halfway and compacted using a table vibrator, then they were filled 
completely and compacted again. If thermal activation was used in the large 
specimen, the wire mesh would be installed after the first compaction 100 
mm deep into the midsection of the cube. The thermal and thermocouple 
wires were led to the side of the mould making sure they were not blocking 
the path between the holes used for the UPV measurements as this could af-
fect the UPV results. 

 
Figure 12 Large specimen mould. 

Figure 13 shows the thermal wire assembly that was used for thermal activa-
tion in casts 1, 2 and 4. The green mesh acts as the support for the black ther-
mal wire that goes across the mesh in a zig zag pattern. The thermal wire is 
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connected to a power supply and a thermocouple is attached to the thermal 
wire. The thermocouple monitors the temperature at the warmest location 
next to the thermal wire to make sure the temperature  of the sample �G�R�H�V�Q�¶�W��
rise to 60 °C and above which would decrease the strength of the concrete. 
The thermocouple wire is connected to a logger machine that is used to rec-
ord the temperature continuously for three days with the step of 30 seconds. 

 
Figure 13 Wire mesh and thermal wires for thermal activation. 

The second batch was generally smaller than the first batch. Small cube steel 
moulds with the dimensions of 100x100x100 mm 3 shown in figure 14 were 
cast for the compressive strength test. 3 cubes were prepared per each meas-
uring time . Compressive strength tests were done for cubes aged 7, 28 and 91 
days, so a maximum of 9 small cubes were cast during the second batch. 
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Figure 14 Small cube moulds used for testing compressive strength. 

Three prisms using steel moulds sized 500x100x100 mm3 were cast in the 
second batch for the shrinkage test. Figure 15 demonstrates a disassembled 
prism mould with a test specimen ready for the shrinkage test. 

 
Figure 15 Test specimen ready for shrinkage test. 

Two researchers working together allowed for simultaneous and quick work 
during the casting process. There was a danger of flash and false setting by 
the concrete mix due to the added chemicals activators, thus the casting 
needed to be performed swiftly . The slump test was performed first,  and the 
air content test was done simultaneously with the casting of the cubes. The 
small moulds were filled with concrete fully and then vibrated on the vibra-
tion table.  

3.3.3 Curing  

The curing process was done in three rooms with fixed temperatures and RH. 
The large specimens were cured in a room with a temperature of 20 °C and 
relative humidity of 45  %. This low RH value ensures that the reactions with 
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concrete, such as carbonation, are minimised for the duration of the 28 days 
of the curing process. The large specimens were demoulded after 2 days of 
curing, moved to the room and stored on a pallet as shown in figure 16. 

 

 
Figure 16 Large specimens stored in the weather room. 

The small cubes for compression strength testing were cured in a room with 
the temperature of 20 °C and RH 95 % with a constant spraying of water mist. 
All surfaces in the room are constantly wet and the cubes were placed on the 
shelves with enough room between them to allow for the mist to wet all faces, 
as shown in figure 17. These samples were cured for 7, 28 or 91 days. 
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Figure 17 The RH 95% weather room. The small cubes were cured in the 

circled area. 

Prisms for shrinkage tests as well as samples for carbonation testing were 
stored in the third room with a temperature of 20 °C and RH of 65%. Figure 
18 depicts the storing of the prisms and the carbonation specimens. The sam-
ples are elevated from the steel shelf by using small sticks to allow for the 
exchange of air on all faces of the samples. 

 
Figure 18 Storing of the prisms (left), storing of the carbonation specimens 

(right). 
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3.3.4 Cutting  and drilling  

The large specimens were the only ones subjected to cutting and drilling in 
this study. The cutting was performed with a large diamond table saw and 
the drilling with a stationary drill , as depicted in figures 20 and 21. The cut-
ting and drilling were performed at 28 days after casting and immediately 
after the final non -destructive tests (NDT) were performed on the large spec-
imens. Figure 19 is a diagram of the locations where the samples were cut out 
from the large specimen. The cutting locations are marked with correspond-
ing colours for each test: carbonation �± red, capillary suction �± green and 
thin section analysis �± blue. As shown in figure 19, four samples were cut for 
the carbonation tests. Three samples from three bottom corners and a fourth 
sample from a top corner. These samples had dimensions of 100x100x50 
mm3 and 100x100x90 mm3, respectively. 

 
Figure 19 Cutting scheme of the large specimen. 

Six samples for the capillary suction test were prepared by first drilling a 100 
mm diameter piece out of the large specimen. This cylinder was then cut into 
30 mm long specimens. In the case of necessity , additional cylinders could 
be drilled out of the large specimen, which was not necessary during this 
work . When thermal activation was used, the location of the wire mesh would 
have to be identified in  the cylinders and this section would be cut and re-
moved before cutting out the samples. The specimen for thin section analysis 
was cut with a hole saw with an inner diameter of 45 mm. 
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Figure 20 Diamond saw table for cutting. 

After the test specimens were cut and checked for dimensions, they would be 
washed to remove all the dust that remained after the  cutting and drilling. 
Lastly, they would be marked, and the capillary suction testing was started 
immediately , while the carbonation test samples were submerged in water. 
These processes are fully explained in chapter 3.4 Methods. 
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Figure 21 Drilling station prepared for drilling a 100 mm cylinder. 

3.4 Methods  
Most of the tests were performed at the Department of Civil Engineering at 
Aalto University , except for the thin section analysis which was sent to a 
AFRY Buildings Finland Oy concrete laboratory. In this section the tests per-
formed on fresh concrete and hardened concrete are explained. The slump 
test and the air content test are done with  fresh concrete, and the tests per-
formed on hardened concrete are the non-destructive test done with a re-
bound hammer and a UPV device, compressive strength, carbonation re-
sistance, capillary suction and pressure saturation, shrinkage tests and thin 
section analysis. 

3.4.1 Fresh Concrete  Tests  

The workability of concrete is an important factor to produce high quality 
concrete. A low workability can cause voids and uneven spread inside the 
moulds. With reinforcements, low workability concrete can have issues flow-
ing around and through the reinfor cement leaving gaps and voids that 
weaken the structure. Slump test is commonly used to measure the 
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workability of concrete  in laboratories and at the construction site [ 62] . An 
increase in air content also increases workability. However, in this study the 
tested concrete had no air entraining agents used. Thus, the target air content 
was set to be 1-2 %, which is typical for CEM I concrete. The sampling for the 
fresh concrete tests were done in accordance with the standard SFS-EN 
12350-1:2019 [63]. 

Slump  Test 

The slump test is performed according to the standard SFS-EN 12350-2:2019 
[62]. Before the test begins, the slump measurement table is levelled. The 
slump cone mould and the measurement table should be moistened with a 
wet cloth or a sponge as shown in figure 22. 

 
Figure 22 Slump test base plate and slump cone mould. 

As the standard instructs, the cone is filled in 3 layers with each layer com-
pacted 25 times using a compacting rod. The strokes should be spread evenly, 
�D�Q�G���W�K�H�\���V�K�R�X�O�G�Q�¶�W���S�H�Q�H�W�U�D�W�H���E�H�\�R�Q�G���W�K�H�� �V�X�U�I�D�F�H���R�I�� �W�K�H�� �S�U�H�Y�L�R�X�V���O�D�\�H�U���� �7�K�H��
excess concrete will be sawn off to keep the top of the concrete flush with the 
opening of the mould. 
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Figure 23 Slump measurement [62]. 

 
Figure 24 Different slumps [62]. 

After compaction the surface of the measurement table should be cleaned of 
any concrete debris and excess water with a wet sponge or cloth. Next, the 
slump mould shall be lifted straight up in a single even motion. Lateral and 
rotational movement into the slump  should be minimised  during the lifting 
process to prevent a failed slump such as the shear slump described in figure 
24. The true slump can be indicated by the symmetrical shape of the cone, 
then the measurements can be taken. Although, the concrete can spread 
wider than depicted in 23 due to an increase in workability.  Other types of 
failed slumps are zero slump and collapsed slump. 
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Figure 25 Slump test. 

Figures 23 and 25 demonstrate the slump measuring procedure from the top 
of the slump to the top of the slump mould. The target slump for this thesis 
was at the end of class S3 (100-150 mm) and beginning of class S4 (160-200 
mm) at 150 ± 25 mm. 

Air Content  Test  

The air content test was performed according to the standards 2019 SFS-EN 
12350-7:2019 and 2022 SFS-EN 12350-7:2019/AC:2022:en  [64,65]. After 
the slump test, the air content test was done together with  the casting of cu-
bes and prisms. 

Before the test was performed, the air test container and the lid  assembly 
were cleaned and moistened. The container was weighed to further deter-
mine the density of the concrete based on its weight in the container. Con-
crete was added in three layers with compaction done on the vibration table 
in between the layers. Over-vibrat ion was avoided with care by observing the 
air bubbles escaping from the vibrating concrete. Over-vibration  can cause 
loss of entrained air in the concrete. 
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Once compaction was finished for the third layer, the excess concrete was 
struck from the top of the container, and the container was weighed. As the 
volume of the container was 8 litres, the density of the fresh concrete mix was 
calculated. Next, the lid assembly was placed on top. After closing the lid , the 
valves were opened, and a syringe bottle was used to fill the container with 
water. The container was then tilted slightly to the side to remove any resid-
ual air bubbles from the container . As shown in figure 26, the valves are lo-
cated down to the sides of the lid assembly. Next, air was pumped into the air 
chamber until the hand on the pressure gauge reached the initial pressure 
line. The air was released into the chamber using the corresponding button 
on the lid. The gauge was tapped lightly to set the hand in place, and the in-
dicated air content  was read to the nearest 0,1 %. As previously mentioned, 
the target air content for the concrete mixes in this study were typical of CEM 
I concrete at 1-2 %. 

 
Figure 26 Air content test apparatus. 
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3.4.2 Hardened Concrete Tests  

The tests performed on hardened concrete during this thesis were selected to 
evaluate the durability properties of the concrete mix tures and are explained 
in this chapter . The early and late strength development was evaluated with 
the UPV and Rebound hammer using the SonReb equation and compressive 
strength tests performed on small test cubes, respectively. Carbonation re-
sistance test is a good indicator for concrete durability as it is one of the more 
common types of damage mechanisms concrete suffers during its lifetime.  
Capillary suction and pressure saturation test is used to study the pore struc-
�W�X�U�H�����Z�K�L�F�K���D�I�I�H�F�W�V���W�K�H���F�R�Q�F�U�H�W�H�¶�V���U�H�V�L�V�W�D�Q�F�H���W�R��the effects of the freeze-thaw 
cycle and chemical attacks. The shrinkage test shows whether the concrete is 
subject to excessive shrinkage which can cause cracking issues when the con-
crete structure cures. Finally, the thin section analysis is a method for ana-
lysing the microstructure  of the concrete.  

Early Strength Development Measured with  a Rebound Hammer and a 
UPV Device  

At 1, 2, 7 and 28 days the strength development of the large specimen was 
measured using a rebound hammer and a UPV meter, using the SonReb for-
mula 3 to calculate the compressive strength. The UPV device and the re-
bound hammer are shown in figures 28 and 29. 

There were 4 round holes cut into the large specimen plywood mould on each 
side as depicted in figures 12 and 27. Two of the holes were in the bottom 
corners on the opposite sides facing each other, and the other two were in the 
top corners on the opposite sides facing each other. These holes were plugged 
and covered during the casting, as shown in figure 12, and opened when the 
ultrasonic pulse transit time (UPTT) measurement was taken using the UPV 
meter. Three UPTT measurements were taken from the upper pair and three 
from the lower pair. The velocity was the calculated using the methods de-
scribed in standard SFS-EN 12504-2:2021:en by taking the averages of the 
UPTT and the distance was known to be 300 mm [66]. 



44 

 

 
Figure 27 Open hole for UPV measurement. 

Two sides of the mould were removed from the mould by taking out the 
screws. This gave access to the side surface of the specimen for rebound ham-
mer testing before demoulding was done. 9 measurements were taken with a 
rebound hammer following the guidelines of the standard SFS-EN 12504-
2:2021:en [67]. The mean of these 9 measurements was taken and reported 
as the resulting rebound number for the corresponding measurement time. 
The rebound hammer measurements had a 25 mm distance between the 
measuring points and the edges of the large specimen. The middle section of 
the cube was also not used for measurements in a 50 mm wide strip  along 
the middle of  the cube as the thermal activator wire mesh could be in that 
area. The UPV measurement area is also not used for rebound hammer meas-
urements. 
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Figure 28 The UPV measurement device. 

The following formula  3 is used to calculate the compressive strength [68] . 

�B�Ö�Þ
L �v�ä�y�y�v�y�Û�s�r�?�=�Û�7�2�8�6�ä�6�5�;�:�9�Û�4�0�5�ä�4�<�9�7�6  (3) 

Where UPV stands for ultrasonic pulse velocity value and RN stands for re-
bound number.  

 
Figure 29 The rebound hammer used during this thesis. 

Compressive Strength Test  

Due to the method used to provide thermal activation for the large specimens 
in this research, using compression cubes for testing compressive strength 
was not possible for the mixtures using thermal activation. The wire mesh is 
embedded into the middle of the concrete and cannot be removed; thus, it 
would affect the compression test results using this method of testing. 
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The compressive strength test followed the standard SFS-EN 12390-3:2019 
[66] . After 1 day of casting the 100x100x100 mm3 cubes were demoulded and 
marked and placed in a room with a temperature of 20 °C and the RH set to 
95 %. The compressive strength test was done at 7, 28 and 91 days after cast-
ing. Three samples were tested per measuring time, and the testing was done 
at the compression machine shown in figure 30. The average compressive 
strength for these three samples was taken as the compressive strength of the 
concrete mixture. 

 
Figure 30 The compressive test machine. 

In the beginning of the test, the samples were taken out of the weather room 
and dried using a paper towel. The dimensions of the specimens were meas-
ured in the x, y and z directions and locations shown in figure  31. The average 
for these measurements was taken for each coordinate direction to get accu-
rate dimensions of the cubes. The cubes were also weighed. 
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Figure 31 The x and y coordinates for measurement (left) and the z coordi-

nate measurements (right). 

The compressive strength of the cubes was calculated by using the formula 4. 

�ê�à�Ô�ë
L
�¿

�º
    (4) 

When placing the cubes into the machine the rough surface of the cube must 
face any direction but the top or the bottom plate of the machine. Before plac-
ing the cube in the marked spot, the machine compression surfaces should 
be cleaned thoroughly of any debris as these could affect stress distribution 
in the sample and thus, the test results. The loading rate was set as 0,6±0,2 
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Carbonation Resistance Test  

As carbonation is a common method for concrete degradation, it is important 
for concretes to be resistant to it. In this thesis the standard SFS-EN 12390-
12:2020:en was followed for  carbonation resistance testing [69].  4 samples 
for this test were cut from the specimen with the size of 300x300x200 mm 3 
as previously described. These samples were then immersed in water  for 7 
days for proper curing , then stored in a room with a temperature of 20 °C 
and RH of 65 % for  an additional 14 days as shown in figure 18. Afterwards, 
the specimens were put into the carbonation chamber with  a CO2 level of 3 ± 
0,5 %, RH of 65 ± 3 %, temperature at 20 ± 2 °C and at 1013 mbar at 25 °C 
over the experiment period. 
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Figure 32 The test samples stored on the shelves. 

Three specimens with the size of 100x100x50 mm3 and an additional one 
with the size of 100x100x90 mm 3 were kept in the chamber for 7, 28 and 70 
days. Figure 32 demonstrates the positioning of the specimens above the 
steel shelf to allow same air circulation around all faces of the samples for 
even carbonation. Precaution should be taken when opening the carbonation 
chamber, due to the hazardous nature of high levels of CO2. Thus, the cham-
ber is blown full of fresh air and the high CO2 air is ventilated straight into 
the ventilation system as shown in figure 33. When the CO2 levels fall below 
0,5 %, the chamber is safe to open as the rest of the CO2 will disperse outside 
the chamber. The room is equipped with a CO2 alarm that will warn if the 
ppm rises above 2000 in the air inside the room. 
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Figure 33 The carbonation testing chamber under preparation for opening 

the door. 

The carbonation chamber can be opened approximately once per day as the 
standard demands that the required level of CO2 inside the chamber is ful-
filled for 96  % of the storage time [69] . The sample was taken to the splitting 
machine depicted in figure 34 and split in half  in the middle  as shown in fig-
ure 35. The carbonation depth is slightly deeper for uncut surfaces than the 
cut faces of the specimen. To minimise this effect on the results between the 
specimens, two of the edges of the split were located on uncut faces and the 
other two of the edges of the split  were located on the cut faces of the speci-
mens. 
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Figure 34 Splitting machine. 

 
Figure 35 Successful split. 

One of the split  halves was then taken and its cracked surface was gently 
brushed off with a brush to remove any dust and particles left over from the 
halving action. The surface was then covered with a phenolphthalein solution 
using a small brush by lightly tapping the solution on the investigated sur-
face. A reasonable amount of solution should be applied at once to prevent it 
from flowing across the surface of the concrete. The solution is hazardous to 
health, so a well-ventilated area is necessary for its application. The solution 
will turn pink when it comes to contact with concrete with pH over 11 as 
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depicted in figure 36. If the colouring was pale after 30 minutes, another ap-
plication was done. 

 
Figure 36 Successful application of the phenolphthalein solution. 

When the solution had dried up and the pink colouring was visible, a calliper 
was used to measure the depth of the carbonation with  a 0,5 mm precision. 
In this study 5 measuring points on each long edge along the x axis and 3 
measuring points on each short edge along the y axis equidistance from each 
other, depicted in red in figure 36, were evaluated. If the carbonation front 
had its rounded corner approaching the outermost measuring points,  the 
step between the measuring points was changed inward accordingly. The 
depth of carbonation was taken as the average of the 16 measurement points. 

Since the rate of carbonation was unknown with the application of  chemical 
and thermal activation , an extra fourth sample was produced with the  thick-
ness increased to 90 mm.  This specimen was planned to be studied in the 
case of the carbonation penetration depth being too extensive to be measured 
with a smaller specimen cross-section. 

Capillary Suction and Pressure Saturation Test  

The samples for this test were cut from the large specimens as stated earlier. 
The capillary suction test performed in this study follow ed recommendations 
from  standard SFS-EN 13057 and Ahsan Iqbal�¶�V���W�K�H�V�L�V �³Durability Properties 
of Low �± Carbon Concrete�´��for the complete capillary suction test  [70,71] . 
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Figure 37 Placement of the specimens in water for the capillary suction test. 

After cutting 6 samples from the large specimen, they were washed, dried 
with a paper towel and weighed. The specimens were then dried in an oven 
at 105 °C. The drying temperature of 105 °C has been shown to produce linear 
relationships for regression line analysis [72]. The samples were weighed for 
the next few days until their weight differen ce between 2 hours was less than 
0,2 %. The testing began after letting the samples cool down in a closed air-
tight bucket for a couple hours. The samples were weighed again to identify 
the initial  weight. If the equipment for the capillary suction test were occu-
pied, the samples were stored in a desiccator under the vacuum of about 10 
mbar and weighed once the testing began. This was done to prevent the ab-
sorption of moisture from the air while the samples either cooled down or 
waited for  the equipment to be free for use. 




































































































































