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Abstract 

Curing technology has come a long way since the Danes Freiesleben-Hansen and Pedersen introduced 

it in the late 70s. Now that the cement and concrete industry is focusing heavily on the environment 

and opportunities to reduce the Greenhouse gas emissions, this has led to supplementary 

cementitious materials creating low-carbon concrete and, in extension, the term "hybrid concrete". 

Ordinary Portland cement production contributes to significant CO2 emissions, where it is impossible 

to reduce the emissions from the calcination process itself. Still, we can reduce the amount of cement 

clinker in the finished cement by using supplementary cementitious material that has sufficient binder 

properties and, at the same time, a much smaller carbon footprint. Such materials can be pozzolans or 

hydraulic binders, typically fly ash, silica fume, and slag. All these replacement materials are residual 

products from industry, which are sources of significant CO2 emissions. The carbon footprint is always 

associated with the primary production, and the residual effects are thus considered energy and 

carbon neutral. The different properties of the supplementary cementitious materials compared to 

cement will impact the curing process, a crucial and sensitive part of concrete production. 

Through the computer-based curing technology program CrackTeSt COIN, this thesis has made 

measurements of two concrete compositions with high pozzolan dosage, respectively 50% and 65% of 

the total effective binder. The pozzolanic material consists mainly of fly ash and silica fume. The high 

proportion of pozzolanic material leads the thesis to the topic of low-carbon and “hybrid concrete”.  

The thesis is related to Skanska's project Gullhaug Torg 2A, designed with post-tensioned slabs, where 

the mentioned concrete will be used. Due to the post-tensioning and the project's progress, the slabs 

are required to achieve a compressive strength of 25 MPa within 3 days. This requirement has led to 

the thesis dealing with the concrete's development of mechanical properties in temperature and 

compressive strength. Several simulations and accompanying analyses have been performed of the 

concrete's behaviour in different weather conditions and with the use of different curing measures 

alone and in combination. These new concrete compositions that have been developed for 

sustainability purposes lead to new challenges regarding property development, especially in winter 

casting.  

This study has shown that the environmental ambitions of using supplementary cementitious material 

in the concrete are possible. However, it entails challenges due to the accompanying low heat 

development and relatively slow strength development. At minus degrees, it is imperative to control 

the curing process with the correct use of measures and possibly use the concrete with the lowest 

amount of pozzolans. The pozzolan reaction proceeds slowly at low temperatures and rapidly at high 

temperatures. The results have shown that progress can be accelerated at high temperatures as the 

required strength is well within the 3-day requirement. 
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1. Introduction 

The thesis's background, scope, research questions, and purpose are mapped in this chapter. The 

thesis’ close connection to the climate and environmental aspects of the buildings and construction 

sector will be described. Furthermore, the content, clarifications, limitations, and the outline of the 

thesis, will be mentioned. 

1.1. Background 

1.1.1. Constructions and climate 

The global climate is changing. Climate change is considered the most complex and severe 

environmental issue that human societies ever have faced [1]. Observing increases in GHG 

concentrations since around 1750 makes it unambiguous that human influence on the climate system 

has contributed to the increased average temperatures of global air and ocean. The last four decades 

have been warmer than the ones preceded since 1850. In 2015, a vision for a zero-carbon future was 

mapped out by world leaders, resulting in a collective response to climate change – the Paris 

Agreement. This is the first universal and legally binding climate agreement ever adopted when 195 

countries accepted the agreement and the world entered into a pact to combat climate change. The 

historic breakthrough was a response to the objective made by the UN Framework Convention on 

Climate Change (UNFCCC) of preventing "dangerous anthropogenic interference with the climate 

system". The Paris Agreement established goals with trajectories limiting the increase in global average 

temperatures to well below 2°C above pre-industrial levels while pursuing efforts to limit the rise to 

1.5°C above said levels [2].  

On a global basis, the buildings and construction sector use approximately 40% of all resources, 

including materials and energy. In the construction and operation of buildings, the global energy-

related CO2 emissions accounted for 38% (13.1 gigatons) in 2015. Five years later, in 2020, the 

emissions saw a reduction of approximately 10% (11.7 gigatons), levels not seen since 2007. Although 

one must recognise the effects and adjust for the impact of the global pandemic that COVID-19 was, 

one should also acknowledge the continued efforts and work to decarbonise the sector. The energy 

consumption in 2020 reduced to 36% of global demand, or 149 exajoules (EJ), and the energy-related 

CO2 emissions accounted for 37%, or approximately 8.7 gigatons CO2. In 2015, 90 countries that signed 

the Paris Agreement addressed buildings-related emissions and actions to improve energy efficiency 

in their Nationally Determined Contributions (NDCs). Since then, the number of countries to include 

building emission reductions in their NDCs has increased to 136 in 2020 [3].  

In order to achieve the goals set out in the Paris Agreement, the global buildings and construction 

sector needs to decarbonise by 2050. A triple strategy focusing on reducing the building emissions 

along their lifecycle is required. The process combines reducing energy demand, decarbonising the 

power supply, and addressing embodied carbon stored in building materials. The first two mentioned 

can almost eliminate carbon emissions from the building operations by 2050. The emissions stemming 

from building materials and construction processes must be dealt with urgently to ensure optimisation 

of the buildings being constructed today concerning low-carbon solutions for the whole life cycle. The 

optimisation includes maximising refurbishment, evaluating design choice through a lifecycle approach 

(such as lean construction, low-carbon materials and construction processes), and avoiding future 

embodied carbon [3].  
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In 2020, Norway announced its commitment to an intensified climate target under the Paris 

Agreement. The promise implies that Norway commits to reducing GHG emissions by at least 50%, and 

up to 55%, in 2030 compared to the levels in 1990. The government wants to fulfil the increased goal 

in collaboration with the EU. In the recommendation for the proposition on consent to ratification of 

the Paris Agreement, the Storting decided that the government should assume that Norway will be 

climate neutral from 2030 onwards [4]. In Norway, several sectors have prepared their road maps for 

green competitiveness, the buildings and construction sector being one of them. This initiative 

emphasises the potential for improvement and the willingness to solve the global climate and 

environmental challenges. Increased investment in expertise, serious companies, industrialisation, 

digitalisation, research and development (R&D), and innovation strengthens the basis for the sector to 

contribute to and be a part of the "green shift" [5]. The indication of willingness is further confirmed 

as several commercial initiatives and government measures have been implemented to create a 

greener construction industry. These initiatives include the Norwegian Green Building Council, 

FutureBuilt, the Powerhouse collaboration, and the Research Centre on Zero Emission Buildings (ZEB). 

The commercial initiatives have paved the way from passive houses to plus houses at a tremendous 

pace - Powerhouse and plus houses, and with Nydalen Vy, we have the first model project stripped of 

redundant technology. 

As a key input into concrete, the world's most widely used material after water, cement is by far the 

most prominent contributor to climate change. The cement's contribution is approximately 90% of 

concrete's energy consumption and GHG emissions. The production of OPC stands for considerable 

portions of GHGs released into the atmosphere. Over 4 billion tonnes of cement are produced every 

year, representing 8% of the global CO2 emissions, corresponding to 27% of the total industrial CO2 

emissions in 2015. As an energy consumer, the cement industry is the third-largest, with 7% of the 

global industrial use [6]. The majority of the emissions regarding cement derive from the inherent 

chemistry and the high-temperature process needed for its synthesis. To avoid these emissions, radical 

changes in the chemistry and synthesis pathways are required. On a positive note, there are significant 

potential and opportunities to reduce these emissions. It is a prerequisite for achieving the political 

goals set in the Paris Agreement.  

The most important raw material in the production of cement is limestone. In clinker production, 

limestone is heated up to approximately 1400°C to split into calcium oxide (CaO) and CO2, as presented 

in equation 1. This process amount to about 50% of emissions related to environmental gases in 

cement production. Approximately 40% derives from thermal energy emissions and around 10% from 

mechanical energy. Decomposition of limestone cannot be done.  

 

 

CaCO3 

Calcium carbonate 
→ 

CaO 

Calcium oxide 
+ 

CO2 

Carbon dioxide 
(1) 

Thermal energy emissions have been significantly reduced in recent decades by using alternative 

energy sources such as organic waste from households and industrial waste, which are not included in 

the energy accounts. Mechanical energy can be reduced somewhat by streamlining the production 

system. However, the most considerable contribution can be achieved by replacing a proportion of the 

clinker with SCMs [7]. This reduction of the concrete's carbon footprint is the basis of this thesis. The 

thesis considers the curing process of low-carbon post-tensioned concrete slabs, looking into how the 
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concrete behaves and how compressive strength and temperature development properties affect 

each other over time.  

1.1.2. Gullhaug Torg 2A 

The thesis is based on Skanska's ongoing project at Gullhaug Torg 2A in Oslo. Vertikal Nydalen is a 

project created with the environment in mind and a future in line with the Paris Agreement. Gullhaug 

Torg takes place in the centre of Nydalen in Oslo, where an innovative environmental mixed-use 

building is being established. The project is part of the owner, Avantor's, further development of 

Nydalen, with a development plan towards 2030 called Nydalen+. Avantor is one of the biggest 

commercial developers in Norway, with a strong environmental focus and ambitions concretised in 

their environmental strategy where the UN's sustainability goals are central.  

The parking lot at Gullhaug Torg is removed at the expense of an innovative energy building out of the 

ordinary. A shift that highlights and demonstrates future solutions within green mobility and measures 

to reduce greenhouse gas emissions from transport. Avantor proposes that all traffic in Nydalen in the 

future will consist of cycling, walking and public transport and has developed a separate master plan 

to make large parts of the city centre car-free. The structure will consist of two towers connected on 

the lower floors with an attractive combination of residents, offices, and retail units. The northern part 

is an 18-story high-rise building, and the southern part is a 7-story low-rise building. Both structures 

consist of commercial areas on the ground floor, and the low-rise has office spaces on the remaining 

floors. The high-rise building consists of office areas from the 2nd to the 5th floor and the residential 

regions above. Through integrated design, where architecture and technology complement each 

other, the building will demonstrate that environmental buildings can be made simpler and more 

robust than what is traditionally built today. Simultaneously, new architectural designs and solutions 

introduce new challenges, opening reduced carbon footprint opportunities. Skanska has been heavily 

involved in the project since 2015, from the initial phase to the ongoing construction phase.  

  

Figure 1. Gullhaug Torg 2A [8] 
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Gullhaug Torg is a pilot building in the research project "Naturligvis" and a FutureBuilt-project. As a 

FutureBuilt-project, it is committed to meeting ambitious environmental and sustainability criteria. 

FutureBuilt is an innovative programme supporting climate-friendly urban development in the Oslo 

region, with a vision to show that the product of climate-neutral urban areas based on high-quality 

architecture is possible. The project's source of inspiration was obtained during a study trip to Austria 

that the CEO and project director of Avantor attended, together with the Green Building Alliance and 

FutureBuilt. The acknowledged, innovative low-energy 2226 building in Lustenau was presented, a 

concept Avantor wanted to construct in Nydalen [9]. Gullhaug Torg aims at no delivered energy for 

heating, cooling, and ventilation, known as "triple-zero". Instead, the project will take advantage of 

natural and hybrid ventilation. At the same time, the temperature management concept is based on 

geothermal and low-temperature heating and cooling in the walls and floors. As a mixed-use building, 

the contrasting functions require different solutions. The office spaces are planned with only natural 

ventilation, while the residents will operate with hybrid ventilation. The goal is to make Gullhaug Torg 

the first naturally ventilated zero-energy building in Norway. The environmental goals set for Gullhaug 

Torg include a 50% reduction in GHG emissions from materials, transport, and energy compared to a 

conventional reference building. The total energy use aims to be compensated by producing 

renewable energy to a "near-zero" standard, as defined by FutureBuilt in 2016. The office premises 

aims to be certified as BREEAM-NOR Excellent, while the residents aim at BREEAM-NOR Very Good 

[10, 11].  

Gullhaug Torg is related to the second category of environmentalism, defined by many as the last of 

the four Rs: Rethink. Rethinking is defined as taking a step back, not being confused with going 

backwards, and seeing the best way to reach the desired goal [11]. Gullhaug Torg has significant 

environmental goals. Instead of incorporating energy-efficient but expensive and complex heating and 

cooling systems, buildings could be designed less dependent on such systems, if not completely 

independent. This independence is the case for Gullhaug Torg, convinced that simplified technical 

facilities and high-quality materials will provide greater robustness and flexibility over the life span of 

the building. Simultaneously, the implementation of technical solutions in prominent future projects 

is essential. When we change the question's wording, the chance of new answers emerges. Rethinking 

is a game-changer, a concept that can alleviate environmental concerns and improve lives. 

The most relevant focus area of the project regarding this thesis is the sustainable use of material and 

the challenges associated with execution and performance. The construction principle with post-

tensioned concrete slabs, concrete cores and steel columns that follow the façade life provides 

flexibility in programming the areas. In addition, complex ground conditions with several existing 

culverts require large spans. The load-bearing structure is based on in-situ concrete, which entails a 

large amount of concrete. The project focuses on materials and solutions with low GHG emissions from 

production and long service life. The collective goal regarding GHG emissions from the concrete should 

not exceed 180 kg CO2-eq/m3, ensuring sustainable use of materials. The materials are based on the 

most significant degree of proper recycling and reuse. Skanska has studied the use of hybrid concrete 

for the buildings, challenging the material-technical basis due to the high fly ash and silica fume 

content, which entails technical production challenges [12].  
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1.2. Scope and research question 

Concrete has a significant impact on the progress of projects. To a greater or lesser extent, the 

implementation of curing measures can affect the curing process. Using concrete with a high fly ash 

dosage will significantly affect the curing process. A slow curing process generally characterises this 

concrete in terms of compressive strength and temperature development. These properties entail 

both advantages and disadvantages, depending on the construction design. For post-tensioned slabs, 

"low-heat concrete" will require curing measures to achieve the desired strength development and 

thus avoid impairing the progress. 

The master's thesis collaborates with Skanska and addresses their concrete compositions to further 

reduce energy consumption and GHG emissions. The thesis’ primary focus is to study the extent to 

which concrete compositions with high fly ash dosage affect the development of strength and 

temperature and how the curing process emerges when considering various curing measures and 

weather conditions. Skanska's project at Gullhaug Torg will be conducted with post-tensioned hybrid 

concrete slabs, and the master's thesis will be carried out in parallel with the construction project. The 

concrete in the post-tensioned slabs makes up a substantial proportion of the total concrete volume 

in the project, and emphasis has been placed on limiting the GHG emissions in this concrete. The aim 

is to satisfy the requirement for low-carbon class Plus following The Norwegian Concrete Association's 

publication number 37 (NB37). There is a goal of achieving a GHG emission of under 180 kg CO2-eq. pr. 

m3 concrete. This goal is realised by proportioning the concrete with a high proportion of pozzolans, 

50% and 65%, respectively. Furthermore, the project aims to use hybrid concrete containing 65% 

pozzolans as much as possible.  

The requirement regarding the curing process of the post-tensioned slabs is to reach a minimum 

compressive strength of 25 MPa in 3 days. Hybrid concrete cast in Norwegian winter conditions is very 

demanding; thus, curing measures must be implemented to maintain satisfactory progress. The thesis 

will use the computer-based curing technology program “CrackTeSt COIN” to study how hybrid 

concrete behaves during the curing process. Therefore, the objectives are primarily approached 

experimentally, providing a large amount of output data. Furthermore, fieldwork considering the first 

cast of post-tensioned slabs at the project has been conducted. The additional analytical approach 

consists of the evaluation of the experiments and fieldwork. The main scope of the thesis is to carry 

out simulations of selected curing strategies in different representative weather conditions. By 

analysing the compressive strength and temperature development, it is possible to control and 

optimise the curing measures in advance of casting and determine for which conditions and when the 

requirements are achievable. In this thesis, the scope was pursued by defining the framework and 

objectives: 

- Development of separate and combined curing measures. 

- Simulations of the compressive strength and temperature development. 

- Examine the behaviour of the different concrete compositions. 

- Examine the effect of curing measures under representative weather conditions. 

- Optimisation of curing measures to achieve 25 MPa compressive strength prior to 3 days. 

The hypothesis of the thesis is to assess the concretes’ sufficiency regarding strength development 

when using SCMs (in the current work exemplified by pozzolanic material) with the means of 

experimental and analytical approaches.  
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1.3. Content and general clarifications 

The thesis is a study that mainly considers compressive strength and temperature development in 

hybrid concrete and the curing technology that comes with it. The thesis is constructed using a curing 

technology program and the findings that have been made in the context. Furthermore, the thesis 

deals with the fieldwork of concrete casting at the construction site at Gullhaug Torg, where the choice 

of curing measures is based on the simulations carried out in advance. The study can be categorised 

under the field of concrete technology. Simultaneously, the term hybrid concrete deals with several 

chemical reactions regarding the development of mechanical properties, including the alkali-activated 

concrete (AAC) composition. Therefore, a small literature study has been carried out regarding various 

binder systems.  

During the theoretical part of the thesis, an introduction will be given according to considered themes 

and subject areas before the methodology, and the subsequent results from the completed 

simulations and practical work will be explained. Regarding the given requirements for goal 

achievement, recommendations will be given on the curing measures that prove most suitable in 

different weather conditions. 

An essential part of the work is to explain relevant background theory to give the reader a good basic 

understanding. Hybrid concrete is a new milestone and yet another climate step in the right direction. 

Simultaneously, the thesis assumes that the reader has sufficient knowledge of concrete as a building 

material. Fundamental insight into cement chemistry and knowledge of the properties of concrete in 

the various phases is deemed necessary. 

The thesis contains several abbreviations and notations, of which the necessary clarifications are listed 

in advance of this chapter.  

1.4. Limitations in the thesis 

The thesis will primarily focus on the findings made through the simulation program and practical 

experiments, assessing the properties of the concrete. The current project at Gullhaug Torg deals with 

the compressive strength and temperature development in the hardening phase concerning the post-

tensioned concrete slabs. Therefore, this thesis is limited to dealing with such structures.  

The post-tensioned slabs dominate the total volume of concrete used at Gullhaug Torg. The project is 

considered built with two different concrete compositions with different amounts of pozzolanic 

material, 50% and 65%, respectively. The project primarily aims at using the concrete with the highest 

amount of pozzolanic material as an environmental contribution. The reason for developing two 

different concrete compositions is that when adding high amounts of fly ash and silica fume, the 

property development of the concrete changes, making it more temperature-sensitive and, therefore, 

more difficult to cure in winter conditions. Thus, the composition with 50% pozzolanic material will be 

used to substitute for the 65% in conditions where it does not reach sufficient strength development. 

Both compositions are placed in exposure class XC1, durability class M60 and strength class B55, an 

unusually high strength class for this type of construction. The choice is triggered by the need for 

increased shear capacity contribution from the concrete material in the columns. Another critical point 

is that the concrete slabs have a greater challenge in progress and early strength development. These 

are the concrete compositions that are assessed in this master's thesis. 
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1.5. Outline of the thesis 

The thesis is organized into 7 chapters. Chapter 1 introduces the topic and defines the background, 

environmental aspects, and the objectives and scope of the work. Chapter 2 presents relevant 

background theory and a brief literature review regarding AAM.  

Chapter 3 presents a description of the methods used throughout the thesis. Chapter 4 presents the 

test results and the fieldwork results regarding the casting of the post-tensioned slab at the project.  

Chapter 5 presents the discussion related to the results achieved in the thesis with a comparison to an 

industry-standard used as a reference concrete. Chapter 6 gives the main conclusions, while chapter 7 

presents future perspectives regarding the current topic.  
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2. Background theory 

This chapter aims to present and summarise relevant theory, giving insight and knowledge deemed 

necessary for completing the thesis and introducing the practical work in chapter 3. Furthermore, the 

chapter consists of a small literature review regarding AAMs. The literature review is conducted 

through a structured search to provide a reliable overview of the topic that can serve as a mapping 

tool.  

2.1. Post-tensioned slabs 

The purpose of prestressed concrete is that the applied compressive stresses compensate for the 

tensile stresses that arise during bending due to the applied payload. The principle consists of utilising 

the strong sides of concrete, i.e., the compressive strength. The compressive strength is utilised 

optimally, simultaneously, as the lack of tensile strength is compensated. The advantages of using 

prestressed concrete are its large capacity, long spans, and slim constructions. The latter also provides 

an environmental benefit by reducing the amount of concrete. 

There are two different types of prestressed concrete slabs, pre-tensioned and post-tensioned. The 

former are typically hollow-core slabs where the concrete encloses pre-tensioned reinforcement that 

is cut when the concrete is sufficiently hardened. For in-situ concrete, this is not applicable. The 

alternative to pre-tensioned is post-tensioned concrete. The method involves placing ducts in the 

concrete where tensile forces constructively occur. The prestressed reinforcement can be placed with 

the desired curved profile through the construction to adapt the prestressing to the moments from 

external loads. The curvature is, in practice, limited by the flexibility of the tensioning units. After 

casting and when the concrete has reached an intended strength during curing, the high-strength steel 

tendons are tensioned in the cast-in pipes, and the construction will then be able to take up larger 

loads. Architects, engineers, and contractors can take advantage of the opportunities and develop 

more flexibility in the building.  

In contrast to pre-tensioned slabs, the post-tensioned have ordinary reinforcement, which absorbs 

shear forces in the anchoring zone and ensures that the strain differences do not give undesired 

cracking. Pre-tensioned concrete does not contain any reinforcement other than prestressed 

reinforcement and therefore only has a load-bearing capacity in one direction. All loads are thus 

transferred to the arrangements at each end of the elements [13]. 

Gullhaug Torg has a challenging architectural design, making good use of the benefits of post-

tensioned slabs. The thin slabs make for a more considerable net roof height, ensuring a good and 

stable indoor climate based on natural air conditioning. The heigh is necessary to let in cold outdoor 

air through horizontal hatches under the slab and mix it with the warm indoor air. Longer spans utilize 

the reduced required number of columns and open for a more flexible décor. When considering the 

material-technical benefits, post-tensioning reduces cracks and requires less concrete, leading to cost 

savings, reduced CO2 emissions, and increased construction progress [14].  
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Figure 2. Post-tensioned slab cast at Gullhaug Torg 2A 

2.2. Curing technology 

Concrete is a material that builds up its strength and durability over time. The conditions in the first 

days after casting are critical considering the long-term properties of the material. The conditions need 

to be balanced. Today's construction practice is characterised by high demands for rapid progress, 

which can be at the expense of the finished concrete product. The chemical process of hydration is 

exothermic, characterised by high heat generation, and under controlled conditions, this self-heating 

will provide technical advantages. On the other hand, curing heat can also cause problems. Concrete 

is often considered a maintenance-free material, but this is only the case if the execution and measures 

in advance are done correctly. An essential prerequisite for a rational construction process is that it 

can occur almost regardless of weather conditions. Norway has a climate that requires well-adapted 

concrete work at several degrees below 0°C. At the same time, the use of solid structures requires 

solutions that prevent too high temperatures and temperature gradients [15].  

Current material knowledge can ensure the necessary progress while the inherent properties of the 

concrete are safeguarded. A common term for this is curing technology. Curing technology is adapted 

to describe the relationship between temperature level and hydration rate in hardening concrete 

based on reaction kinetics. Curing technology systemises planning, concrete production, casting, and 

finishing based on the industry's acquired knowledge, which is especially important within winter 

casting [15].  
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Figure 3. Schematic representation of the different phases of concrete [16]. 

The life of concrete can be divided into three phases, as illustrated in figure 3. The fresh phase consists 

of mixing, transport, casting, and the onset of hardening (plastic stage). The hydration process 

develops at a slow initial pace in this period, controlled by adding small amounts of gypsum (calcium 

sulphate) as a retarding agent. Gradually, the cast concrete loses all workability (semi-plastic stage) 

and enters the bonding stage, in which sufficient hydration development leads to measurable 

mechanical properties. Most mechanical properties are developed in the hardening phase with the 

hydration process. The hardening phase ends when the concrete is in thermal equilibrium with the 

surroundings, entering the service phase.  

2.2.1. Winter casting 

Casting work in the winter can lead to operational implications. Norway has a climate characterised by 

significant variations between different parts. In Köppen-Geiger's climate classification, Oslo is defined 

as a "temperate/humid continental climate (Dfb)", characterised by short summers and long winters. 

Also, the monthly average temperature never exceeds 22°C. Low temperatures can lead to significant 

heat loss from the curing concrete to the surroundings, slow and unpredictable development of 

strength, and the risk of permanent damage to the concrete. As mentioned above, a rational 

construction process should proceed regardless of weather conditions [17]. 

Winter casting sets strict requirements. Based on the concrete composition, we can predict which 

properties the concrete has in terms of solidification time, strength- and heat development, and how 

these properties depend on the temperature. At the construction site, these conditions are considered 

in terms of construction type, dimensions, formwork type, air temperature and wind conditions. NS-

EN 13670+NA sets requirements for winter casting of concrete. Adjacent elements must have a 

satisfactory temperature so that the concrete does not freeze until it has achieved sufficient strength. 

If the ambient temperature at the casting time or the curing period is below 0°C, adequate curing 

measures must be carried out. The curing measures must ensure that the concrete does not fall below 

0°C until it has reached a strength of at least 5 MPa. Experience has shown that concrete suffers 

permanent damage if it freezes before sufficient maturity has been acquired. Water that freezes to ice 
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expands by about 9%. If the water in fresh concrete freezes, the concrete expands by about 2%. At the 

same time, the hydration of the cement will not start until the water is thawed. The consequence is 

porous concrete with significantly reduced strength and durability. In the case of slabs, premature 

freezing can lead to crumbling of the surface and the need for additional treatment before pouring 

[15]. Measures to limit the heat loss in the concrete include insulating the formwork, covering the slab 

with tarps, ordering concrete at higher temperatures, or using gas burners under the slab formwork. 

Curing measures can be very costly both financially and in terms of time and, at the same time, steal 

production capacity. Combined with temperature measurement and maturity calculation, this can 

provide reasonable control of strength development and time for the demolition of formwork. The 

curing measures to solve the winter casting problems are usually many and depend on several factors. 

The goal is to implement the most straightforward and cheapest measures [7].  

2.2.2. Curing measures 

Curing measures are determined based on what is to be cast and when it is to be cast. According to 

this, the most important factors are the type of construction, concrete composition, and weather 

conditions. NS-EN 13670+NA give comprehensive descriptions concerning the curing conditions. Good 

curing conditions are first and foremost necessary for the coverage zone to develop in the best possible 

way. It is this part of the structure that will protect the reinforcement. The design basis shall describe 

requirements for the curing measures and specify the curing class, which provides answers to the 

curing time. The concrete must be ensured good curing conditions and be protected at an early stage: 

- to minimise shrinkage. 

- to ensure sufficient firmness in the surface layer. 

- to ensure sufficient durability properties for the surface layer of the structure. 

- against harmful weather conditions and freezing. 

- against harmful vibrations, shocks, and damage. 

The duration of the curing measures must be adapted to the development of the concrete's properties 

in the surface layer. The development is described by curing classes defined by the curing period or 

the specified characteristic compressive strength percentage after 28 days, as shown in table 1, 

according to table 4 in NS-EN 13670+NA. Unless otherwise described, curing class 3 applies to Norway 

[18]. 

Table 1. Curing classes according to table 4 in NS-EN 13670+NA [19] 

Period (hours) 
Curing class 1 Curing class 2 Curing class 3 Curing class 4 

12a Not applicable Not applicable Not applicable 

Percentage of specified compressive 
strength after 28 days 

Not applicable 35% 50% 70% 

a Provided the setting time does not exceed 5 hours, and the surface temperature of the concrete is equal to or higher than 5°C.  

 

The curing measures are an essential part of the planning before the casting starts. The measures must 

be carried out during and after the casting. Solidification and hardening accelerators can be added 

during casting, and the formwork can be insulated. The curing measures are thus dependent on 

seasonal variations. The purpose of curing measures in the summer is to keep the temperature down 

during the curing phase and protect fresh concrete from water evaporation to avoid plastic shrinkage 

cracks. During winter, the purpose is to keep the temperature up in the surface layer, preventing the 
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concrete from freezing and thus preventing water evaporation. As mentioned in the previous chapter, 

the concrete must not freeze until it has reached a strength of at least 5 MPa. On the other hand, the 

concrete must not exceed a maximum temperature of 70°C during the curing period. Assessment of 

the concrete's property development in the surface layer should be based on the relationship between 

compressive strength and maturity [20]. These subjects of curing technology are explained in later 

chapters.  

There are opportunities to optimise curing measures in advance of casting by using planning tools and 

simulating the curing process in the construction. The program used in this master's is CrackTeSt COIN 

and is further explained in the next chapter. 

2.2.3. Computer-based curing technology 

Curing technology consists of several complex and resource-intensive calculations, which cannot be 

performed manually. Based on this, special FEM-based computer programs have been developed to 

conduct these analyses. This thesis makes calculations with the computer-based curing technology 

program “CrackTeSt COIN”. CrackTeSt COIN can analyse mechanical properties, maturity, strength, and 

temperature development. The program is typically used in the planning phase of projects, estimating 

the risk of cracking, and conducting traditional curing technology calculations regarding compressive 

strength and temperature development. The latter is in focus regarding this thesis.  

CrackTeSt COIN is a modified version of the Swedish analysis program ConTeSt PRO, adjusted to the 

Norwegian practice for modelling and concrete mix design through COIN. Jan Erik Jonasson, who also 

developed the software HETT97, is the program developer. CrackTeSt COIN is a FEM-based calculation 

program for curing technology and is defined as 2 ½-dimensional. The constructions are modelled in 

two dimensions, provided that the heat transport in the third dimension can be neglected. Having the 

same temperature field in all cross-sections is considered an accurate approximation, as only the 

ending parts of the construction are subjected to heat exchange. At the same time, it is possible to set 

criteria for maintaining translation in the z-direction and rotation around the x- and y-axes as a 

simplification to calculate principal stress out of the plane. These criteria are essential regarding 

cracking issues and are why the program is denoted as 2 ½D. The program is used to simulate and 

analyse the temperature histories and distribution in curing concrete constructions and property 

development of the concrete based on the maturity method. Material composition and boundary 

conditions are input values selected by the user in order for the program to calculate stresses that 

arise due to the thermal and autogenous dilation and the restraining effects. CrackTeSt COIN has an 

interface of two different methods for calculating stresses: plane surface (PS) analysis and linear line 

(LL) analysis. Using the PS over the LL is recommended as it is a simplified method that utilises 

symmetry in the model. The PS analysis is beneficial as the method simultaneously considers the 

curvature in several directions [16].  

The program has several fields of application, including analysis and assessment of the risk of cracking 

in the curing phase. CrackTeSt COIN is an important planning tool in projects where it is imperative to 

cast concrete structures without continuous cracking caused by retaining thermal and autogenous 

dilation. In recent years, the program has also shown its usefulness in analysing the curing process of 

new concrete compositions. The program has been used for pure temperature calculations and 

traditional analysis and simulation of compressive strength and temperature development in such 

contexts.  
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An overview of the program's appropriate fields of use can be given: 

- Simulation of temperature history, development of compression and tension. 

- Choice of curing measures for different weather conditions. 

- Calculation of stresses based on retention effects. 

- Calculation of crack index based on the calculation of tensile stresses in the structure and the 

tensile strength in the concrete material. 

Table 2. Commercial simulation programs and their respective dimensions 

Dimension /Program 1D 2D (2 ½D ) 3D 

HETT97 X   

4C-Temp&Stress  X  

ConTeSt  X  

CrackTeSt COIN  X  

B4cast   X 

DIANA   X 

 

Table 2 lists available commercial simulation programs commonly used in Nordic countries. Various 

programs offer complete sets of material input data based on experimental documentation of a set of 

"default" concretes. Temperature and stress calculations depend on the material data quality, making 

CrackTeSt COIN a valuable tool for mapping crack risk in concrete structures and conducting traditional 

curing technology calculations of temperature and strength development [21]. Data concerning 

property development needs to consider the actual concrete in their respective building projects when 

simulating the temperature and strength development. Typical input data considering the curing 

concrete properties are: 

- Hydration heat, density, specific heat, binder content, thermal conductivity. 

- Coefficient of thermal expansion. 

- Autogenous shrinkage. 

- E-modulus. 

- Creep. 

- Tensile strength. 

- Compressive strength. 

- Poisson’s ratio. 

2.2.4. Heat development 

The exothermic chemical process of hydration contributes to the development of strength and heat in 

the concrete, mainly in the hardening phase. This hydration is very temperature sensitive. High 

temperatures provide fast hydration and thus rapid strength development. Conversely, low 

temperature will result in slow hydration. This is especially important to deal with in connection with 

winter casting. NS-EN 13670 requires that the concrete does not freeze until it has a strength of 5 MPa. 

We also need to know the strength development to determine whether we can tension the prestressed 

slabs. Concrete that freezes prematurely has reduced strength and durability. Concrete damaged by 

frost early in the curing process has often highlighted dark discolouration.  
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At the same time, the Standard requires that the curing temperature in structures exposed to wet or 

cyclically wet environments must not exceed 70°C. This requirement is based on the fact that there 

may be a risk of delayed ettringite formation at higher curing temperatures [19]. A construction 

concrete can have an adiabatic temperature rise of 50°C. For any initial temperature above 20°C, it 

may be necessary to implement measures limiting heat generation or lowering the initial temperature. 

The Standard does not set requirements for temperature differences between the concrete's core and 

surface or between separate casting sections. Temperature differences that occur here can lead to 

thermal dilation and cracking. This discovery was concluded in 1978-79 as the Danish Building Research 

Institute did practical in-situ tests observing critical temperature differences. It was discovered that 

temperature differences exceeding 20°C were critical regarding surface cracking [16]. The NPRA has, 

in handbook 026, nevertheless given requirements for temperature differences [22]. 

The heat development depends on many factors, including fineness of cement (Blaine-value), mass 

ratio and clinker composition. Curing conditions such as temperature, humidity and time also play an 

essential role. The higher the Blaine value, the higher the degree of hydration. In terms of mass ratio, 

a level lower than 0.40 will lead to the cement not being completely hydrated, which results in a 

reduced amount of heat [7]. The concrete's heat of hydration, based on the density and heat of 

hydration of the cement, can be converted to an adiabatic temperature increase concrete: 

 

 
Δθ =

𝑄∞ ∙ 𝐶

𝜌𝑟 ∙ 𝑐𝑏
 (2) 

Where: 

Δθ = adiabatic temperature increase [°C] 

Q∞ = amount of heat developed per cement unit [kJ/kg cement] 

C = amount of binder [kg/m3] 

cb = specific heat capacity of concrete [kJ/(kg∙°C)] 

ρr = density of concrete [kg/m3] 

            

By adding the initial temperature with the temperature rise, we get the theoretical maximum 

temperature in the concrete. It should be said that heat exchange with the surroundings has not been 

considered here. In the case of real castings, it will never take place under adiabatic conditions. Where 

there are temperature differences in a system, there will always be heat transport from high-

temperature areas to low-temperature areas. This isotherm process happens via heat conduction, 

convection, or radiation transport mechanisms. 

2.2.5. Maturity 

The maturity function, or rate of hydration, expresses the reaction rate of cement hydration at 

arbitrary temperatures relative to the rate at 20°C. In the Norwegian context, it is usually implied that 

the function is based on the Arrhenius equation, describing the relationship between a rate constant 

in a chemical reaction and the absolute temperature. The function indicates the rate of hydration at a 

temperature level relative to the speed at 20°C. Standardised laboratory tests are performed at 20°C, 

which has resulted in a dimensionless function value equal to 1.0 at this temperature. The rate of 

hydration is expressed as shown in equation 3.  
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𝐻(𝜃) = exp (

𝐸(𝜃 )

𝑅
∙ (

1

293
−

1

273 + 𝜃
)) (3) 

Where: 

H(θ) = rate of hydration [−] 

E(θ) = activation energy [J/mol] 

Θ = temperature [°C] 

R = universal gas constant, 8.314 [J/mol ∙ °C] 

 

The activation energy regulates the temperature sensitivity as a bilinear function of the empirical 

constants, A and B: 

 

 
𝐸(𝜃) = 𝐴 + 𝐵 ∙ (20 − 𝜃𝑖), 𝑖𝑓 𝜃𝑖 > 20°𝐶 → 𝐵 = 0 (4) 

The empirical constants are determined via curve fitting of the strength development at 20°C up to 

approximately 50% of 28-days strength. They can also be determined if we know the strength 

development of the concrete composition at different temperature levels by calibrating the hydration 

function. They are thus dependent on the cement type, pozzolan content, and to a certain extent, the 

mass ratio. Figure 4 below illustrates the activation energy as a function of temperature for a typical 

construction concrete with 20% fly-ash, a concrete based on Portland cement [7] and the hybrid 

concrete used at Gullhaug Torg with a pozzolan content of 65%. The activation energy can be 

considered an expression of the temperature sensitivity of the reaction.  

 

Figure 4. Activation energy as a function of temperature 

An important notice when comparing the values of different types of concrete is that the rate of 

hydration describes the relative rate of hydration according to the rate at 20°C and is thus only 

suitable for describing the effect of temperature changes.  
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Time and temperature are two of the most critical factors affecting the strength development of 

concrete. Due to the temperature sensitivity of the hydration process, the property development 

cannot be unambiguously described as a function of time. This sensitivity is the background for 

introducing the concept of maturity, which compares time and temperature to equivalent curing time 

at 20°C. The maturity unit, M, is calculated as a time integral of the rate of hydration. In most cases, 

the temperature development is a measured course, making it correspondingly more useful to use 

numerical calculations in favour of the time integral [7]. Concrete that has hardened at an arbitrary 

temperature, 𝑇1, for a specific time, Δ𝑡1, then has maturity: 

 

 
𝑀1 = 𝐻(𝑇1) ∙ Δ𝑡1 (5) 

The numerical calculations of the maturity unit are calculated by dividing the curing process into a 

certain number of intervals of a specific time at a constant temperature. The constant temperature in 

each interval is calculated as an average based on time. The average temperature then gives the 

hydration rate associated with the given time interval. The product of time interval and rate of 

hydration determine the growth in the maturity of the concrete. 

 

 
𝑀 = ∑ 𝐻(𝜃𝑖) ∙ Δ𝑡𝑖

𝑖=𝑛

𝑖=1

 (6) 

Where: 

M = maturity time 

n = number of time intervals 

H = rate function 

θi = the average temperature at each interval 

Δti = time interval 

   

The instantaneous level of strength can be assessed by comparing the maturity with the development 

of strength at 20°C. The model provides accurate answers within a wide temperature range and covers 

critical times and scenarios such as frost safety, removal of formwork, and tension. 

2.2.6. Strength development 

The heat of hydration can be used to express mechanical properties such as compressive strength, 

tensile strength, and E-modulus. The development of strength depends on maturity. When the 

maturity of concrete at a given age has been calculated, one can relate this to strength measured at 

20°C and find the actual strength of the concrete. It is generally acceptable to determine the strength 

using linear interpolation between test times. In cases where there is no good data for the strength 

development, it is acceptable to use empirical form functions that describe the connection with 

reasonable accuracy. The empirical equation 7 below can be used to describe the relationship, which 

is a modified version of the equation in CEB-FIP Model Code 90 [23], with reference to Kanstad et al. 

[24] and Bjøntegaard [16]. The parameter t0 was first introduced by Kanstad et al. [24], and the 

parameter t0
* was introduced later in CrackTest COIN [25]. Both parameters are related to the “final 

setting” and represent the distinguished time when the strength and stiffness are still defined to be 
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zero, where significant values develop after. The implementation of such a parameter is convenient 

for material models where the setting time is being adjusted, i.e., different mix temperatures or with 

the use of retarding or accelerating admixtures [24].  

 

 𝑓𝑐(𝑀) = 𝑓𝑐28 ∙ 𝑒

[𝑠∙(1−√
672−𝑡𝑜

∗

𝑀−𝑡0
)]

𝑛𝑐

, 𝑤ℎ𝑒𝑟𝑒 𝑛𝑐 = 1 
(7) 

Where: 

fc(M) = Compressive strength as a function of maturity [MPa] 

fc28 = modelled strength at 28 days  [MPa] 

M = maturity time [hours] 

to = Start time for stress development [hours], 𝑡0 = 𝑡0
∗ 

s = function parameter 

𝑛𝑐 = function parameter 

 

Strength development determined by interpolation and adaptation of the function in a logarithmic 

coordinate system is illustrated in figures 5 and 6 below. 

 
Figure 5. Interpolated strength development [22] 

 
Figure 6. Adaption to measured strength development [22] 

2.3. LCA and EPDs 

During the lifespan of every project in the buildings and construction sector, they consume significant 

amounts of resources and energy and are eventually demolished. With the increasing environmental 

interest rapidly growing, more attention has been paid to sustainable housing technologies and 

construction methods. The environmental effects in the value chains of product processes must be 

recognised. We have to investigate every life cycle activity to answer and quantify the environmental 

impacts. An evaluation method called LCA is used. The method has been widely adopted due to the 

national and international regulations regarding the environment. The LCA has been frequently applied 

to products, but the principle simultaneously applies to buildings. The assessment examines products 

from the origin of raw materials to the consumption of energy and resources during useful life to the 

impact of the end of life. This process has become known as "cradle to grave" [26]. Furthermore, the 

LCAs also address the impacts of recycling and reuse, extending the assessment to what is known as 

"cradle-to-cradle".  

By looking at concrete as an example, concrete requires, among other things, cement. Raw materials 

are processed and refined, often in several steps. Furthermore, cement consists of several resources 
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that must undergo processes to achieve the desired quality. In each stage of each process, the use of 

resources causes emissions to the environment. We follow the product through an LCA from beginning 

to end, assessing each stage's environmental and resource conditions. Thus, LCAs provide knowledge 

to determine how resources can be used most efficiently and improve a product's environmental 

performance. LCAs are a viable and essential tool in construction projects with requirements 

concerning, for example, environmental certification through BREEAM, as is the case for Gullhaug Torg, 

where hybrid concrete plays an important role. In order to make the impacts caused by materials 

visible, EPDs are therefore prepared. 

An EPD is a concise third-party verified and registered document with transparent and comparable 

information on products' environmental performance throughout the life cycle. The document 

provides a life-cycle-based account in which we map the resource consumption and potential 

environmental impacts. Independent third parties approve the EPDs. The declarations are comparable, 

publicly available, and combinable to form assessments for large projects. This information can assess 

the products' environmental properties in a building context, contributing to complete documentation 

of a building's environmental impact. EPDs are essential to more environmentally friendly choices 

through product and material comparisons. Furthermore, manufacturers can document the 

environmental effects of their product development and optimise the associated emissions. EPDs 

create an open and quantitative source of information and an environmentally significant basis for 

competition.  

The underlying LCAs and EPDs are always based on international standards, and the environmental 

declaration is thus standardised. They meet requirements for environmental documentation for both 

private and public purchasers. EPDs are typically valid for five years and are based on ISO 14025 

regarding environmental labels and declarations and ISO 21930, especially considering building 

materials. LCAs are based on the principles and framework in ISO 14040 and the requirements for 

conduction in ISO 14044.  

Concrete components in a construction project are neither climate nor energy-friendly in production 

and manufacturing. The Norwegian Institute for Sustainability Research, NORSUS, has under the 

auspices of The Norwegian Ready Mixed Concrete Association, FABEKO, developed a calculation tool 

for EPDs that apply to ready-mixed concrete. The EPDs focus on the carbon footprint and the energy 

needed to produce and deliver the concrete. The Concrete Association (BEF) has developed a similar 

tool that applies to concrete elements [7]. EPDs for ready-mixed concrete based on the calculation tool 

cover the life cycle from "cradle to gate with options", i.e., up to and including production in the mixing 

plant, modules A1 to A4. Description of the modules according to NS-EN 15804: 

- A1 – raw material extraction and processing, processing of secondary material input 

- A2 – transport to the manufacturer 

- A3 – manufacturing 

- A4 – transport to the building site 

These EPDs can be either product-specific or project-specific. In this lies that a product-specific EPD is 

registered with the Norwegian EPD Foundation, while a project-specific EPD is prepared by the 

concrete manufacturers following the guidelines described. An essential difference in transport 

contribution to the building site (A4) is that product-specific uses a generic value while project-specific 
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EPDs are based on the actual transport contribution. However, this contribution shall not be included 

in connection with the class limits for low-carbon concrete. 

2.3.1. Environmental performance 

Table 3 and the associated figure 7 provide a general overview of the environmental performance of 

the various concrete recipes concerning embodied energy and GWP contribution. The recipes are 

based on concrete produced by Unicon at Sjursøya in Oslo. The declared unit is 1 m3 concrete, valid 

from phases A1 to A4. The EPDs apply to a concrete delivery between Sjursjøa and Gullhaug Torg 2A. 

The EPDs are in their entirety, provided in Appendix C. The value of embodied energy represents TRPE, 

"Total use of non-renewable primary energy resources". In other words, energy consumption from 

renewable energy sources is not included in figure 7. This consumption can be found in a separate row 

in the EPD found in the Appendix as TPE, “Total use of renewable primary energy resources”. 

The result shows that of the concrete recipes, only H65 satisfies the set emission requirement 

corresponding to 180 kg CO2-eq/m3 concrete. This level is otherwise the requirement for low-carbon 

class Plus regarding concrete in strength class B55 according to the low-carbon classes defined in NB37. 

According to these classes, which are given in table 4, H65 will be included as low-carbon class Plus, 

while H50 will be included as low-carbon class A, where the requirement is 230 kg CO2-eq/m3 concrete 

concerning strength class B55. 

It should be mentioned that no specific requirements have been set for the concrete's embodied 

energy in this project. However, it is important data and a good indication for future projects. 

Furthermore, reference is made to Powerhouse Brattørkaia, which has had environmental ambitions 

in the same calibre as Gullhaug Torg. At Brattørkaia, post-tensioned slabs with corresponding 

requirements for compressive strength were also used. In contrast, the project operated with a goal 

of concrete with a maximum of 1500 MJ/m3 embodied energy. This objective is also why slag concrete 

was not used at Brattørkaia. The results in table 3 show that both concrete recipes on Gullhaug Torg 

had satisfied a corresponding hypothetical objective. 

Table 3. Quantitative presentation of the environmental performance of H65 and H50 

Recipe 
Embodied energy 

[MJ/m3] 
GWP-value  

[kg CO2-eq/m3] 

H65 1327.0 166.9 

H50 1473.0 206.4 
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Figure 7. Overview of embodied energy and GWP contributions for H65 and H50 

Regarding the energy consumption associated with the curing measures, this is reflected in the GHG 

accounts through the use of heating and additives. The energy consumption associated with heating 

is included in the life cycle module A5, installation into the building, in connection with the final 

documentation in BREEAM-NOR Mat 01, sustainable material choices. Energy consumption of 

construction sites for buildings typically makes up a small part of the total, in the order of 

approximately 1%, when energy consumption in operations and materials is taken into account. The 

consumption becomes even less if transport in operation is to be included. Experience has shown that 

heating in connection with curing constitutes a small amount of the construction site's total energy 

consumption. The use of additives affects the EPD, but the amounts are ordinarily small and affect 

emissions to a lesser extent [27]. 

Energy consumption is considered an ongoing follow-up of consumption, where there are standard 

prerequisites for this in, among other things, the reference buildings in OneClick LCA. It should be said 

that these assumptions vary widely. The energy consumption at Gullhaug Torg is registered through 

the documentation for BREEAM-NOR Man 03, responsible construction practice [27]. 

The emissions regarding the concrete used at Gullhaug Torg amount to around a quarter of the 

emissions from materials in the life cycle modules A1-A3 when technical systems are excluded. The 

preliminary greenhouse gas emissions are calculated against FutureBuilt documentation requirement 

V1.0 [27]. 
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2.4. Legal framework and regulations 

The legal framework is subject to the Planning and Building Act. It can be defined as a comprehensive 

hierarchy between law, regulation and standards considering all aspects of the buildings and 

construction sector. The comprehensive and detailed framework designed for the building and 

construction sector provides an essential starting point for safe, economical, and sustainable 

construction. The framework ensures concrete structures with satisfactory reliability and durability 

[28]. The compilation of current Norwegian Standards for concrete structures is displayed in figure 8 

below.  

 

Figure 8. Compilation of the current Norwegian Standard for concrete structures [28]  

2.4.1. Concrete framework 

Through Standards, the framework provides guidelines for the design and execution of concrete work. 

They are purely technical and do not contain provisions on the division of roles between the individual 

actors in the construction process, contractual relationships, or conditions on financial settlements. 

The standards also design Eurocodes, an established European series of Standards for the design of 

buildings and documentation of products' load-bearing capacity and strength for construction 

purposes.  

NS-EN 13760 is a Standard considering execution of concrete structures. As for a further assessment 

of requirements associated with concrete with light aggregate, additive materials or when using special 

technologies, this must be specified in the production documentation. There are requirements 

regarding the design of formwork, reinforcement, prestressing, and casting to name but a few. 

Furthermore, the Standard contains references to normative Standards where this is necessary. The 

normative references apply to NS-EN 206+NA, which considers specification, properties, production, 

and conformity in concrete [7]. 

To ensure the durability of concrete, the legal framework sets requirements for concrete sub-

materials, properties of fresh and hardened concrete and detection of these, limitations in concrete 
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composition, concrete specification, delivery of fresh concrete, production control routines, and 

conformity criteria and evaluation. Considering the standard NS-EN 206+NA, it is ensured that the 

concrete has a composition (through requirements for specification) and is produced (through 

requirements for manufacture) so that the desired properties are achieved. Rules have also been 

issued to check that the produced concrete has the expected properties. Consulting engineers use the 

Standard to ensure that assumptions in the design related to the concrete's properties result in 

specified requirements for the concrete manufacturer [29].  

NS-EN 206+NA refers to several normative references that deal with requirements for aggregates, 

SCMs, additives, and several test standards. The regulations for fly ash, silica fume, and slag in concrete 

can be found in the national annexes. Each of the mentioned SCMs has its Standard in which they need 

to satisfy: 

- NS-EN 13263-1 – “Silica fume for concrete" 

- NS-EN 450-1 – "Fly ash for concrete" 

- NS-EN 15167-1 – "Ground granulated blast furnace slag for use in concrete, mortar and grout" 

2.5. Low-carbon concrete 

Low-carbon concrete is a concept that has been developed as a result of the growing environmental 

focus in the construction industry. Concrete has great potential to reduce the large emissions 

associated with it. In this context, GHG emissions are defined as CO2-equivalents, where the 

contribution is weighted according to GWP. OPC produced in Norway, such as "Norcem 

Industrisement", can have a total carbon footprint of approximately 800 kg CO2-eq/t cement. The 

calcination amounts to approximately 480 kg CO2/t cement. In a global context, this is considered a 

moderate emission. The opportunities to reduce emissions are the context for the major efforts, 

especially in Northern Europe, regarding energy consumption and carbon footprint in cement 

production. Today, many companies demand and require energy and carbon accounts for their 

projects, as they have invested in environmental management systems certified according to NS-EN 

ISO 14001. The environmental profile of the products is characterised by the use of EPDs, explained in 

chapter 2.3 [7].  

Cement production and the significant CO2 emissions that follow are the biggest environmental impact 

on concrete. This impact can be significantly reduced, especially for normal strength concrete. By using 

superplasticisers, highly reactive cement, optimising the distribution of particle size and reducing the 

water content, the amount of OPC clinker in the cement and concrete can be reduced. Essential is the 

already attainable substitution of natural residual products such as silica fume, fly ash and slag, 

otherwise known as SCMs. The replacement of clinker is the most significant contribution to reducing 

the emissions associated with cement. These SCMs are further explained in chapter 2.7. They are 

residual products from other industries, and as the carbon footprint is associated with the primary 

productions, SCMs are considered neutral in cement's carbon and energy accounts. This is, of course, 

with omitted transport contribution. It is impossible to reduce the emissions regarding the calcination 

process. Thus, the use of these pozzolanic and hydraulic materials provides environmental benefits. 

The use of SCMs also leads to new properties for the concrete, both positive and negative. These new 

properties entail new challenges for the concrete industry that require more experience and 

knowledge [30].  
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When using SCMs, it is a prerequisite that the concrete composition satisfies the requirements of NS-

EN 206+NA for all low-carbon classes. Rules for mixed cement are given in table NA.12 (Appendix A), 

with stated limiting values for dosing pozzolanic and hydraulic binders in the various resistance classes. 

Further rules are given for how the mentioned binders are included in the concrete's mass ratio when 

checking the durability classes' requirements. Where it is necessary to deviate from the material 

composition set in the Standard in order to achieve a given low-carbon class, this must be clarified with 

the client. When calculating the proportion of the different SCM in the concrete, an efficiency factor 

(k-value) is used. The k-value is in accordance with the Standards of the respective SCMs. The highest 

amount of added SCM that can be considered when calculating mass ratios and the least effective 

amount of binder is given by the requirement [28]: 

 

 

SCMadded + SCMcement

Total binder
∙ 100% = SCM content (8) 

It should be noted that the supplements are calculated separately. For fly ash, the maximum allowable 

amount is 35%, while for silica fume, it is 11%, calculated based on mass. The maximum proportion of 

slag depends on whether only slag and clinker are included as the main component in the cement or 

whether it is combined with fly ash. Combined with fly ash, the amount is 80%, and without it is 60% 

based on mass. Furthermore, chapter NA.5.3.2(902) in the Standard provides the opportunity to 

document conformity with the requirements of the durability classes by direct functional testing of 

relevant binder compositions. This criterion makes it possible to set new criteria for mass ratios and 

binder compositions otherwise not given as pre-accepted solutions in the Standard [28].  

Low-carbon concrete is characterised by low heat generation and longer curing time, comparable to 

low-heat concrete. The difference is that low-carbon concrete is defined by limiting values concerning 

GHG emissions. There are no set Standards for low-carbon concrete. However, the Norwegian 

Concrete Association’s (Norsk Betongforening, NB) publication, NB37, defines the term and makes an 

industry-standard through a classification system with specific limiting values for GHG emissions [30]. 

The term is defined in NB37 as "a structural concrete produced according to the rules in NS-EN 206+NA, 

where measures have been taken to limit GHG emissions" [30]. Table 4 below presents these low-

carbon classifications with their respective limiting values. The values are based on the Norwegian 

Ready Mixed Concrete Association's (FABEKO) EPD model and are limited to the production stage (A1-

A3) of the life cycle as given in NS-EN 15804:2012+A2:2019. The class boundaries are differentiated 

based on strength and durability class. They are updated regularly so that the environmental goals for 

construction projects continuously align with the product range available in the Norwegian concrete 

market. The industry reference represents a realistic value regarding GHG emission, considering 

ordinary production in regions with the least favourable conditions. It is based on generic Norwegian 

values from 2019, obtained from EPDs from several concrete producers in all regions, which can 

estimate savings in GHG emissions by using low-carbon concrete. NB37 was first published in 2015 

before the first revision was made in 2019, and then a minor update was carried out in 2020. The 

revision reduced the industry reference values by a minimum of 40 kg CO2-eq/m3. The improvement 

is due to the concrete industry's environmental focus and significant measures to reduce its carbon 

footprint.  
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Table 4. Low-carbon concrete classes with limiting values for greenhouse gas emissions [30] 

Strength class/          

Low-carbon class 
B20 B25 B30 B35 B45 B55 B65 

The maximum permitted greenhouse gas emissions [kg CO2-eq. pr. m3 concrete] 

Industry reference 240 260 280 330 360 370 380 

Low-carbon B 190 210 230 280 290 300 310 

Low-carbon A 170 180 200 210 220 230 240 

Low-carbon Plus - - 150 160 170 180 190 

Low-carbon Extreme - - 110 120 130 140 150 

 

The limiting values, as a result of the combination between low-carbon and strength class, is not 

necessarily available from all suppliers or even in all regions. The emissions that can be achieved 

depend on local parameters in terms of availability, quantities, transport, and competence. When 

defining the level of ambition regarding GHG accounts, the most prominent parameters to consider 

are: 

- Strength class. 

- Low-carbon class. 

- Construction design. 

- Span width. 

- Cross-sectional dimension. 

- Exposure class. 

These parameters significantly impact the total concrete consumption and thus the GHG accounts, 

requiring good cooperation between the designers and contractors [30].  

The two most ambitious classes, Plus and Extreme, can only be achieved by using particular types of 

cement and by adding large amounts of slag or fly ash, preferable in combination with a large amount 

of silica fume. The limiting value for low-carbon Plus is set so that, in practice, it represents the lowest 

GHG level that can be achieved by using fly ash as an SCM within the framework given in NS-EN 

206+NA. Similarly, the limiting value for low-carbon Extreme is set using slag. The ambitious objective 

of reaching the class of low-carbon Plus is made possible by designing the concrete with large 

proportions of the pozzolans fly ash and silica fume. These concretes have a slow development of 

strength but a greater compressive strength in the long run compared to concrete with a higher 

proportion of Portland cement [30]. Such properties open up the possibility of moving the conformity 

criterion for the current strength class from 28 to 56 days. In practice, the conformity criterion at 28 

days is reduced, corresponding to the documented aftergrowth between 28 and 56 days. Such an 

adaptation of the conformity criterion for the strength classes is not found in the Standards. The 

principle is nevertheless generally recognised, where the Norwegian Public Roads Administration 

(NPRA) provides rules for such an adaptation in handbook R762, chapter 84.4b. Reduction of the 
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conformity criterion allows for a reduction in the amount of binder, which contributes positively to 

limiting GHG emissions beyond what can be achieved from a purely prescription point of view [14].  

Through the overall quality criteria that follow the FutureBuilt program, the invested projects must be 

innovative, socio-ecologically sustainable, and have high quality. At the same time, the projects must, 

as a general rule, be located close to high-frequency public transport services. Regarding GHG 

emissions, the projects, as mentioned in subchapter 1.1.2, must have at least 50% reduced GHG 

emissions from materials, construction processes, energy use and transport compared with a 

reference building [31]. These are all criteria that Gullhaug Torg works to acquire. At the same time, 

no formal requirement has been specified for the GWP value of the concrete. Instead, it must be 

documented which of the minimum requirements from BREEAM-NOR are satisfied, or a GHG account 

must be carried out. The most ambitious requirement in BREEAM-NOR in terms of sustainable material 

requires 40% reduced greenhouse gas emissions from materials compared to the reference building, 

highlighting the significant environmental commitment to the project [32]. 

At Gullhaug Torg, the post-tensioned slabs are designed with concrete in strength class B55, which can 

be considered an unusually high strength class for this type of construction. The slabs in the project 

are planned to be made with a pozzolanic content of 65% and 50%, respectively. The concrete with 

50% pozzolanic content will act as a "substitute" for the concrete with 65%, where exposed 

construction parts have difficulty achieving the desired strength due to challenging conditions [14]. 

Both have the potential to satisfy strength class B55 with an adapted conformity criterion. 

Furthermore, the prescribed mixes can probably be further optimised concerning the carbon footprint 

[14]. The choice is triggered by the need for increased shear capacity contribution from the concrete 

material by the columns. The post-tensioned slabs at the project stand for a significant proportion of 

the total concrete volume, and emphasis has therefore been placed on limiting the GHG emissions for 

these concrete structures. The objective is to satisfy the requirement for low-carbon Plus in accordance 

with NB37, indicating with the strength class of B55 a maximum allowed GHG emission of 180 kg CO2-

eq/m3 [30]. Such concrete compositions are referred to as "hybrid concrete" and are explained further 

in the next chapter.  

2.6. Hybrid concrete 

The positive course of development regarding the concrete industry has created a vision of zero-

emission concrete and has already come a long way. Together with several active commercial drivers, 

the industry has undergone tests with low-carbon concrete and reduced the carbon footprint. The 

ambitions are now significantly increased as there are opportunities for concrete products with 

significantly lower emissions. Some of these are available in the Norwegian market but are not 

currently used commercially in building constructions. These are concrete compositions that 

climatically go far beyond low-carbon concrete in class A, which is perceived as the industry's best 

practice today. The fly ash dosage is higher than that which can react with the Ca(OH)2. Therefore, the 

extra strength contribution is due to the polymerisation of fly ash, in the same way as in geopolymers. 

This two-part binder effect is thus named "hybrid concrete", with opportunities of reaching categories 

such as low-carbon concrete class Plus, with reference to NB37 [30]. This new composition challenges 

the material-technical basis due to the high content of pozzolanic binders. Concrete with a high fly ash 

content has a slow development of strength, reduced heat development, and increased temperature 

sensitivity. These traits make the concrete more challenging during winter casting. As for the post-

tensioned slabs, the concrete must achieve a given compressive strength before tensioning. When 
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using hybrid concrete, this requires extensive knowledge regarding curing technology and 

accompanying measures in order not to delay the progress plan. 

Gullhaug Torg, as a FutureBuilt project, has GHG gas ambitions that make it suitable for this concept. 

The established Standard work focuses primarily on durability, which means that part of the objective 

at Gullhaug Torg is to demonstrate that the concrete materialistic measures do not violate the 

Standard's assumptions concerning a long life for the concrete structures. The project's objective has 

been to develop post-tensioned concrete slabs with concrete containing approximately 50% fly ash. 

This content corresponds to a 35% reduction in GHG emissions compared to low-carbon class A and 

approximately a 60% reduction compared to the industry standard concrete. The hybrid concrete used 

in the project is, per definition, a low-carbon concrete, but the name of choice is an indication that the 

industry has taken a step forward. The name is set because the material is on the border between 

traditional Portland cement-based concrete and geopolymers. The latter has a binder that only 

contains fly ash, activated by adding large amounts of alkalis [33]. The thesis consists of a smaller 

literature study regarding the adoption of geopolymer technology in chapter 2.8.  

Skanska has used a similar concept regarding hybrid concrete in constructing Powerhouse Brattørkaia 

in Trondheim. From this project, valuable experience and measurements are passed on to Gullhaug 

Torg. The results from Trondheim already show that the climate ambitions are within reach for the 

project at Nydalen. The temperature-sensitive concrete has properties that can affect the progress. At 

Powerhouse Brattørkaia, various curing measures were implemented, of which the effect of these will 

be suitable lessons to bring forward. To ensure efficient curing, heated concrete from the mixing plant 

was used. All free concrete surfaces were covered, and the underlying floors were heated using hot air 

units based on district heating or biodiesel. Weather conditions and variations have an increased 

impact that must be taken into account, which at the same time links an element of uncertainty to 

energy costs. The additional cost for the hybrid concrete is estimated at NOK 100 more per m3 

compared with traditional concrete [33]. 

2.7. Supplementary cementitious materials  

In the composite material that concrete is, cement is the most prominent binder. Invented in 1824 by 

Joseph Aspdin, Portland cement has become the common term for the product that comes out of 

cement production. Today, there is a growing tendency for Portland cement clinker to be mixed with 

other materials to improve the concrete's environmental and technical aspects. These are SCMs such 

as silica fume, fly ash, slag, natural pozzolans, burnt slate or limestone. In this thesis, the two relevant 

SCMs are silica fume and fly ash, the main focus areas. Fly ash can be distinguished between natural 

pozzolanic material and an industrially produced material. The latter is in question when referring to 

fly ash in this thesis.  

Pozzolans are a common term for amorphous silica- and alumina-containing (SiO2 and Al2O3) materials 

that can react chemically with alkalis and the reaction product calcium hydroxide (Ca(OH)2) from 

cement hydration to form a product with binder properties, as shown in formula 9. The premise for 

the pozzolanic reaction is that the hydration process first forms Ca(OH)2, which can react with SiO2. 

Therefore, the strength development from the pozzolanic reaction starts somewhat later. The delayed 

reaction is the most important reason why the early strength of concrete with added pozzolanic 

binders is lower than pure OPC-based concrete. 
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SiO2 

Silicon dioxide 
→ 

Ca(OH)2 

Calcium hydroxide 
+ Water = 

C-S-H 

Calcium silica hydrate 
(9) 

2.7.1. Silica fume 

Silica fume is a by-product resulting from the reduction of quartz with coal in electric arc furnaces in 

silicon or ferrosilicon alloy production. The material is very fine-grained, with particles in the range of 

0.1 to 0.5 microns (μm), approximately the size range of SARS-CoV-2-virions [34]. The particle size 

corresponds to a 20.000 m2/kg specific surface area. The fine-grained particle size makes it challenging 

to handle; thus, alternative forms have been developed. Suppliers either handle silica fume as a slurry 

with water, in compact form or as a powder [7].  

Silica fume is an amorphous, highly reactive pozzolanic material, indicating, as mentioned above, that 

the silica (SiO2) reacts chemically with the calcium hydroxide (Ca(OH)2) from the hydration process. 

The reaction product is calcium silicate hydrate (C-S-H), the most important binder in OPC concrete. 

Silica fume thus increases the amount of the desired binder. 

The pozzolanic reaction leads to an increased heat development compared to OPC alone. Both are also 

temperature dependent, but silica to a greater extent. The response shows that the pozzolanic 

reaction proceeds slowly at low temperatures and rapidly at high temperatures, thus having 

consequences for practical use [7]. 

Further, the material has essential features improving the rheological and mechanical properties of 

the concrete, with three prominent roles. Firstly, the filling effect improves the packing density of 

particles. Secondly, the spherical nature of the particles makes for a lubricating effect enhancing the 

rheological properties. Thirdly, as mentioned above, the production of additional C-S-H enhances the 

mechanical properties [35].  

In fresh concrete, the effect of silica makes the concrete somewhat stiffer. Due to the specific surface 

area, concrete with silica has an increased water demand, which reduces the tendency of separation. 

The reduced tendency results from silica fume always being added in combination with plasticising 

additives, making the concrete more homogeneous. As a practical solution, increasing the slump to 

gain the same workability as concrete without silica fume is common. Furthermore, the form and small 

size of the silica fume particles make for a good filler effect, pervading the voids between the larger 

cement particles. The combination of filler effect and plasticising additives gives the concrete increased 

stability as water physically binds to the surface area of the particles. On the negative side of things, it 

increases the risk of the concrete surface drying out, which can cause plastic shrinkage.  

In curing concrete, the pozzolanic reaction considering silica fume is more temperature-dependent 

compared to the reaction regarding cement and water. The difference can be seen when comparing 

concrete with and without silica fume - at low curing temperatures, silica concrete experiences lesser 

strength in the early phase. On the other hand, high curing temperatures lead to high early strengths. 

Silica concrete is more robust when exposed to high curing temperatures, mainly because of the 

reduced development of porous reaction products. The challenge of silica concrete thus applies 

especially to winter casting as the concrete is exposed to the opposing sides that low temperatures 

entail [15]. 
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In addition to the effects on fresh and hardening concrete, silica fume impacts the mechanical 

properties and durability. The silica fume positively affects adhesion, the pore structure becomes finer, 

and the concrete becomes denser. The increased density, a reduced amount of calcium hydroxide, and 

a more stable C-S-H phase increase the concrete's resistance to leaching, sulphate, and acid attack. 

Regarding reinforcement corrosion, silica fume has both positive and negative effects, of which the 

positive ones are dominant, which results in increased resistance to reinforcement corrosion. 

2.7.2. Fly ash 

Fly ash is a by-product of coal-burning furnaces at thermal power plants, and the name derives from 

the process of being transported from the combustion chamber by exhaust gases. The incombustible 

materials fuse, forming mainly spherical amorphous silica (SiO2), alumina (AI2O3), iron oxide (Fe2O3) 

and calcium oxide (CaO). The properties differ significantly depending on the coal composition and the 

conditions at the plant. NS-EN 197-1 defines two types of fly ash: siliceous (V) and calcareous (W) fly 

ash. The former has pozzolanic properties, while the latter has hydraulic and pozzolanic properties. 

Only siliceous fly ash is used in Norway, i.e., the calcium content is less than 10% by mass [36]. 

Furthermore, in Norway, the material is most commonly used to produce fly ash cement but is also to 

some degree used as an additive to concrete at the mixing plant. Fly ash production is significantly 

larger than silica fume on a global level. The material consists of fine-grained spherical particles, 

predominantly cenospheres, and is included in approximately the same size range as cement, between 

1 and 100 microns (μm). Fly ash thus has about the same specific surface area as cement, 300-600 

m2/kg, due to fly ash containing small amounts of residual carbon [7].  

The chemical effects are similar to silica fume due to the amorphous silica and reactive pozzolanic 

material. Even though these effects are similar, the properties might vary to a greater extent as the 

chemical activity is smaller than it is for silica fume. The variation in properties is a consequence of 

coarser particles and a lower content of SiO2 compared to silica fume. The favourable properties and 

heat development of fly ash thus develop slowly in concrete. Due to this slow heat development, 

cement with fly ash is often referred to as "low heat cement" [7].  

In fresh concrete, the fly ash contributes to a higher matrix volume, increasing the workability due to 

a lower density than cement. Fly ash increases the number of fine particles, giving the concrete better 

stability but also contributing to making it somewhat stiffer. It can be concluded that fly ash has a 

similar effect on fresh concrete as silica fume.  

The same applies to curing concrete. Fly ash reacts more slowly compared to cement, a feature often 

compensated by grinding the cement finer, making the early reaction faster. The early phase is 

identified by lower strength, but the pozzolan reaction will increase the strength in the long term. The 

concrete will also become more robust against high temperatures in the same way as silica fume. In 

the long run, concrete with fly ash will develop higher strength than some concrete without fly ash, 

provided that the mass ratio is equal. Fly ash increases the positive effect of adhesion on the concrete 

composition, caused by a more homogeneous concrete with an increased amount of the strong C-S-

H-product.  

Similar to silica fume, fly ash impacts the mechanical properties and durability. The fly ash positively 

affects the adhesion. The pore structure becomes finer, making the concrete denser. Concrete 

containing fly-ash has increased resistance to leaching, sulphate, and acid attacks due to the increased 



29 
 

density and a reduced amount of calcium hydroxide and a more stable C-S-H phase. A recent study by 

Ishizuka et al. [37] concluded that a low-carbon concrete with large amounts of slag and fly ash had 

excellent sulphur-acid resistance with no loss in compressive strength.  

2.7.3. Efficiency factor 

For concrete with pozzolans, a practical approach to the effect of SCM on the strength of Portland 

cement systems and their resistance against carbonation and chloride penetration is by using the SCM 

efficiency factor (or k-value). The k-value is defined as the part of the SCM in a pozzolanic concrete 

that can be considered equivalent to Portland cement, having the same properties as the concrete 

without SCM. The quantity of the SCM in the mixture can be multiplied by the k-value to estimate the 

equivalent cement content, which can be added to the existing cement content to determine the 

water-to-cement ratio [38]. 

2.8. Alternative binder systems 

This chapter consists of a brief literature study regarding the adoption of alternative binder systems. 

2.8.1. Alkali-activated material 

In AAM systems, the chemistry consists of glassy aluminosilicate phases with calcium from fly ash, slag, 

calcined clay, or volcanic ash. These calcium materials react with alkalis or a combination of reagents 

to form phases similar to zeolite. AAM is the most wide-ranging categorisation of binders regarding 

alkali activation technology. It includes any binder system derived from the reaction of an alkaline salt 

with a solid silicate powder. These salts can consist of alkali hydroxides, aluminates, carbonates, 

oxides, silicates, or sulphates. Their objective is to raise the pH of the reaction mixture and accelerate 

the dissolution of the solid precursor. The solid silicate powder can be calcium silicate or a precursor 

rich in aluminosilicates such as metallurgical slag or fly ash [39]. Considering the binder known as alkali-

activated fly ash (AAFA), concrete with this binder can replace the entirety of the OPC with fly ash and 

the mixing water with an alkaline solution. The activation of fly ash with alkali is a chemical process 

where the glasslike component of this residual product is converted to a material with cementitious 

characteristics. The product formed in the main reaction is a three-dimensional alkaline aluminosilicate 

gel. The silicon tetrahedra of the reaction product are coordinated with aluminium tetrahedra [40]. 

The AAM concrete is characterised by good resistance against acid and fire. Such concrete does not 

produce the same high reaction heat as OPC concrete, leading to cost-reduction possibilities.  

2.8.2. Geopolymers 

Geopolymers are defined as a subclass of the broader alkali-activated binders. The geopolymers have 

been implemented into various niche applications. However, they have become a primary application 

as a binder in construction. The reason is the possibility of generating reliable, high-performance 

geopolymer with alkaline activation of fly ash or other pozzolanic binders. The discovery of the 

geopolymers was based on a controversial theory postulating that the Pyramids in Egypt were made 

of blocks cast in place, creating artificial zeolitic rocks. This controversy led to the conduction of 

experimental programs to prove the theory, resulting in the discovery of geopolymers as a family of 

mineral binders. The name derives from its similarities with organic condensation polymers regarding 

hydrothermal synthesis conditions. Therefore, geopolymer is considered as amorphous to semi-

crystalline equivalents to particular synthetic zeolites. The geosynthesis considers the science of 

manufacturing artificial rock at temperatures below 100°C. This manufacturing obtains natural 
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characteristics such as hardness, longevity, and heat stability [41]. Joseph Davidovits introduced the 

term "geopolymers" in the late 1970s to classify solid materials geosynthesized by the reaction of an 

aluminosilicate powder with an alkaline solution. The result was the production of a ceramic-like 

inorganic polymeric material. The reactive aluminosilicate powder is often metakaolin (calcined 

kaolinite clay) or fly ash [42]. The dissolution of this aluminosilicate powder leads to the formation of 

the sialate monomer, which is the material framework of polymeric Si-O-Al. The framework consists 

of alternatively linked SiO4 and AlO4 tetrahedra as they share all the O atoms. To maintain electric 

neutrality in the matrix, there is a presence of cations in the likes of K+, Na+ and Ca2+. The reason is that 

Al is coordinated in four ways with respect to oxygen [41]. The binding phase is essentially entirely 

aluminosilicate, and the reacting components' available calcium content is usually low to form the gel 

in the primary binding phase. This low calcium content substitutes C-S-H's chain characteristics and 

enables the quasi-zeolitic network structure formation. Even though the calcium content in the 

reacting components is low, it does not imply that it corresponds with the overall content of the 

material. Geopolymer-type gel formations do in fact favour design mixes of low calcium content [39].  

There are some distinct differences between geopolymerisation and the curing of the OPC. In cement, 

the primary reaction associated is the chemical hydration process, involving the formation of C-S-H 

and Ca(OH)2. Another essential reaction is the ettringite formation from the gypsum to retard the initial 

hydration. Fly ash and other pozzolans are often added to the mix to increase durability and decrease 

shrinkage. The pozzolans react with the lime from the hydration and form more of the synthesized C-

S-H and calcium aluminate hydrates. The primary distinction between the forming reactions of cement 

and pozzolans is that the pozzolanic reactions are accelerated due to temperature increase and the 

presence of an alkali metal hydroxide. Simultaneously, the pozzolans have the ability to serve as a 

reagent for geopolymer synthesizing. In this case, the reaction path is different, where the reaction 

occurs between the pozzolanic material and an alkaline media together with a water-solvent solution 

of polysilicates [43].  

Geopolymer concrete is an advanced form of concrete with advantages such as improved strength and 

durability properties. It has high early strength and a rapid curing time, which reduces construction 

time. The strength gaining process is dependent on the geopolymerisation, and the properties are 

controlled by the choice of binder, alkali-activated solution, and curing measures. The amount of 

aluminium in the source materials controls the setting time, and the amount of silicon dioxide and 

aluminium oxide controls the rate of strength. This type of concrete is considered the green version of 

OPC-based concrete, as industrial by-products such as fly ash and slag are binders well suited with the 

geopolymers, utilizing the ability to reuse waste materials. The geopolymer cement is not reliant on 

the calcium carbonate's calcination process and therefore generates a minimal amount of 

manufactured CO2 [44]. Several studies comparing energy consumption and CO2 emissions of OPC and 

geopolymer cement have been conducted. Davidovits [44] compared OPC with rock-based geopolymer 

cement, as presented in table 5 below. The difference between slag as a by-product and a 

manufactured product is that the former has no additional energy needed. 
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Table 5. Energy needs and CO2 emissions considering 1 tonne of OPC and rock-based geopolymer cement. 

Energy needs [MJ/tonne] Calcination Crushing Silicate sol. Total Reduction 

Ordinary Portland cement 4270 430 0 4700 0 % 

GP-cement, slag by-product 1200 390 375 1965 59 % 

GP-cement, slag manufactured 1950 390 375 2715 43 % 

CO2 emissions [tonne] Calcination Crushing Silicate sol. Total Reduction 

Ordinary Portland cement 1.000 0.020 0 1.020 0 % 

GP-cement, slag by-product 0.140 0.018 0.050 0.208 80 % 

GP-cement, slag manufactured 0.240 0.018 0.050 0.308 70 % 

 

The increasing global interest and concern regarding the rise in climate change and the growth in 

scientific understanding have provided a lift in the development of geopolymer concrete. The 

geopolymer technology is nothing new for the cement and concrete industry, as it has been around 

for nearly 50 years. Even so, there has been limited commercial awareness regarding the subject up 

until recently. The GHG emissions and its concern are not enough to develop such a change in the 

industry. Supply chains and scales of the economy must be developed, and local naturally occurring 

raw materials must be utilized. There are predominantly two barriers preventing geopolymer 

technology from further implementation in the building and construction industry. First is the need for 

Standards, where the development of such is a progressive process to be implemented in each 

governmental jurisdiction. The second barrier considers the question of durability regarding 

geopolymer concrete, as such data is not available for any newly developed material [39]. Geopolymer 

cement cures more rapidly than OPC and gains most of its strength within the first 24 hours. The 

combination of suitable properties combined with the environmental aspect makes geopolymers an 

exciting product to follow in the future. 

2.9. The environmental ambition incentive 

After conversations with the external supervisor, it is determined that the concrete prices that Skanska 

pays in the project remain within the company. As mentioned in chapter 2.6, the additional cost for 

the hybrid concrete is estimated at NOK 100 more per m3 compared to traditional concrete. The 

additional cost will be the most relevant factor considering the incentive to implement environmental 

ambitions. From the received Solibri-file from Skanska, containing the BIM (building information 

modelling) model, the post-tensioned slabs' total volume was calculated. The total volume of the post-

tensioned slabs and the additional cost is presented in table 6 below. 

Table 6. The total volume of the post-tensioned slabs and additional cost at Gullhaug Torg 

Parameter 
High rise Low rise 

Volume [m3] Volume [m3] 

Post-tensioned slabs 1734 493 

Additional cost NOK 222,758.00 
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Figure 9. The post-tensioned slabs modelled in Solibri 

Regardless of the size of the additional cost, the environmental ambitions require a client with a 

willingness to pay. When it comes to the ambitions associated with concrete and the goal of making it 

more environmentally friendly, new solutions will be costly to implement. Avantor as a client, 

contributes as an environmentally friendly urban developer with said willingness. The ambitions 

require a common goal for the new solutions to succeed, where all parties must understand the 

prerequisites and the risk. Costs associated with new solutions are often more significant for the initial 

projects, but the costs will be reduced for each project that later on implements these solutions. This 

is due to the increased competence that follows. The knowledge that has already started with the 

construction of the Powerhouse Brattørkaia, which has been passed on to Gullhaug Torg, is invaluable 

competence that reduces costs and opens the way for further development. 
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3. Method 

This study will present the procedures used to analyse and evaluate the curing of the post-tensioned 

“hybrid concrete” slabs at Gullhaug Torg. The chapter will explain the terminology and the operating 

procedure and present the concrete compositions and curing measures conducted under various 

weather conditions. The analyses are based on data regarding three concretes with different contents 

of pozzolanic material: the two concretes related to Gullhaug Torg and a reference concrete. The 

analyses have been performed with the computer-based curing technology program “CrackTeSt 

COIN”, which relies on mathematical models, requiring good material input data to illustrate the 

development of properties as accurately as possible. Skanska Teknikk has obtained these material data 

in collaboration with Unicon in advance of the thesis. Furthermore, fieldwork has been conducted 

considering casting a post-tensioned slab at the project.  

3.1. Background for the analyses 

With the environmental aspect as a cornerstone, the concrete industry constantly evolves. In order to 

lay the foundation for the aim of an emission-free concrete, potential decarbonization pathways are 

required. The use of industrial by-products as alternative clinker substitutes, or SCMS, is one such 

pathway and is the direction of this thesis. The term “hybrid concrete” is derived from the two reaction 

effects due to the high proportion of pozzolanic materials in the concrete. The reaction effects are 

partly pozzolan and partly a polymerization, hence the name "hybrid concrete". The use of this 

concrete entails changes in the material properties, where this task deals with the development of 

strength and temperature. As a FutureBuilt project, it requires the use of environmentally friendly 

concrete at Gullhaug Torg. The hybrid concrete considered for the post-tensioned slabs aims to achieve 

a compressive strength of 25 MPa within 3 days of curing. The development of strength is critical for 

the project. The requirement applies to the time of tensioning of the slabs and is therefore linked to 

the construction progress. The waiting time before the concrete achieves the required strength quickly 

becomes downtime as further work will take place on top of the slabs.  

The thesis is mainly performed through an experimental method as a means to describe, control, and 

simulate the phenomena of interest. The thesis considers the simulations of the curing process with 

various curing measures performed using the two-dimensional FEM-based program, “CrackTeSt 

COIN”. The simulations make it possible to optimise the curing process by comparing the effect of 

different measures and deciding which are applicable based on the conditions at casting. These 

preparations categorise the thesis as part of the project's planning phase. The fieldwork considering 

the casting is performed with temperature sensors to measure the temperature and compressive 

strength development of the post-tensioned slab on the 2nd floor of the low-rise building. 

The weather is an essential factor concerning the construction phase of in-situ concrete. It influences 

the efficiency of labour productivity and the property development of concrete during the curing 

process. In this thesis, the latter will be in focus. The use of hybrid concrete as an environmentally 

friendly alternative entails changes in behaviour during curing. The positive sides of using concrete 

with a reduced carbon footprint also require comprehensive knowledge regarding weather conditions 

and their impact on concrete curing. These factors have shaped the goal and scope of the thesis and 

made it experimental by analysing the extent to which the concretes have a satisfactory property 

development and whether they can be used at challenging ambient temperatures and wind speeds. 

As mentioned in the paragraph above, compressive strength development is the decisive target 



34 
 

parameter to determine whether or not to tension the prestressed slabs. As explained in subchapter 

2.2.4, NS-EN 13670 requires that the concrete does not freeze until it has gained a strength of 5 MPa 

and that the curing temperature in the structure does not exceed 70°C. These are reference points 

that will negatively affect the property development of the concrete.  

The most crucial target parameters are the strength and temperature development when exposed to 

different weather conditions. Consequently, the behaviour of the concrete can define the necessary 

measures and recommended use of concrete in actual weather conditions during construction. The 

effects of the weather conditions play an essential role in the progression of construction projects. 

Accordingly, concrete needs to be protected during casting to achieve the requirements concerning 

strength development before the removal of formwork. The thesis has defined different strategies of 

curing measures, which will be described in the later chapters. The experiments conducted throughout 

the thesis are defined in the course of three phases: planning, design, and analysis.  

3.2. Planning 

The planning phase of the thesis started as part of the initial definition of the thesis’ framework with 

the external supervisor. Through discussions with both supervisors, it continued to make a robust and 

transparent base. The research question and problems to consider were firmly stated, and the 

independent variables were chosen. The experiment is quantitative, with fixed factors determined 

based on representative conditions. The object of the thesis’ planning phase is to provide a basis for 

the material parameters and the boundary conditions used in the analyses conducted in CrackTeSt 

COIN. 

3.2.1. Material properties and boundary conditions 

Three different concretes compositions have been applied for comparison in the simulation program. 

The material data have been computed for the two concrete compositions following the ones used for 

the post-tensioned slabs at Gullhaug Torg. Both are coined as hybrid concretes, with 50% and 65% 

pozzolanic material, respectively. Their constituents are presented in table 7 below. After consultation 

with the external supervisor, the reference concrete used is chosen from the material library in 

CrackTeSt COIN. The reference concrete represents a construction concrete based on Norcem’s 

concrete “Anlegg FA” developed from R&D projects at NTNU and SINTEF [45]. The three concretes 

used are: 

- Hybrid concrete (M60B55, CEM II/A-V with 65% pozzolanic material), referred to as “H65”. 

- Hybrid concrete (M60B55, CEM II/A-V with 50% pozzolanic material), referred to as “H50”. 

- Semi low-heat concrete (CEM II/A-V with 20% fly ash), referred to as “SL20”. 
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Table 7. Constituents of the hybrid concretes 

Constituent Description H50 [kg/m3] H65  [kg/m3] 

Cement Aalborg Rapid FA 239.6 181.8 

Fly ash FA Norcem (K=0.0) 41.3 123.9 

Fly ash FA Norcem (K=1.0) 90.9 68.6 

Silica Silica fume (K=0.0) 41.3 7.8 

Silica Silica fume (K=1.0) - 3.1 

Sand 0-8 mm 962.3 987.8 

Stone 0-16 mm 363.8 354.8 

Stone 16-22 mm 472.9 504.1 

Superplasticiser MasterEase 1020 4.8 4.7 

Water - 142.0 123.7 

Total - 2358.9 2388.2 

 

The concrete mixtures will be simulated at several representative boundary conditions to simulate 

their behaviour with different implemented curing measures. The total period of simulation is set to 

168 hours, corresponding to 7 days. In this way, the simulations deal with the most relevant three first 

days of curing and simultaneously indicate how the concrete properties further develop. The 

environmental temperature is simulated in a range from -10°C to 25°C in increments of 5°C. The initial 

concrete temperature is set to 15°C for environmental temperatures ranging from -10°C to 10°C, 

defined as Norwegian winter conditions. The environmental temperature is further set to 20°C for 

environmental temperatures from 15°C to 25°C, defined as Norwegian summer conditions. The 

concrete temperature is based on the produced concrete having a temperature of 20°C at the concrete 

factory at Sjursøya. The temperature is reduced by approximately 5°C when the environmental 

temperature is below 15°C. The reduction in concrete temperature results from the transport to the 

project site [14]. The wind is simulated in a range from 2 m/s to 8 m/s in increments of 2 m/s. This 

range is considered representative of conditions to occur in the project. The high-rise building consists 

of 18 stories, and it is not uncommon with wind speeds of 8 m/s on the upper floors. The concrete 

casting will be postponed when the wind speed exceeds 8 m/s, making this a natural end-value to 

study [45]. An overview of the calculation presumptions is presented in table 8 and below. 

Table 8. Calculation presumptions: temperatures and formwork removal 

 Summer Winter 

Ambient temperature 15 – 25°C -10 – 10°C 

Initial concrete temperature 20°C 15°C 

Removal of formwork 3 days 3 days 

 

Columns support the post-tensioned slabs, and the slab formwork is made with temporary horizontal 

and vertical moulds. The formwork consists of 21 mm plywood, removed after 72 hours. CrackTeSt 

COIN is modelling the constructions in 2D, and in order to carry out an appropriate simulation, 

coordinates are selected in the modelled construction for obtaining results. The convection 

coefficients for the boundary conditions are presented in table 9 below. 
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Table 9. Convection coefficients for the concrete boundaries 

 U-value [W/m2K] Boundary 

Formwork 6.67 21 mm plywood 

Free surface 1000 Free surface 

 

The slab edge with the active anchor will be considered adiabatic. The coordinates selected as 

measuring points take into account the location of the tendons and the passive anchor on the dead 

end. The slab considered in the analyses is modelled 6 meters wide with a thickness of 0.25 meters. 

The slab is illustrated in figures 10 and 11 below, where the measure points are marked in red in figure 

11. The origin is defined at the lower-left edge in figure 11, the side with the active anchor, and the 

boundary here is set as adiabatic. The most considerable local tensile stresses resulting from the 

tendons will occur above the centre line, approximately 4 meters from the active anchor. This zone is 

considered the highest placement of the tendons in the cross-section. It will also be relevant to 

examine the strength and temperature development at the right end of the modelled slab, an exposed 

location. 

 

Figure 10. The post-tensioned slab used for temperature calculations [mm] 

 

Figure 11. Illustration of the post-tensioned slab modelled in CrackTeSt COIN. 

3.2.2. Curing measures 

In response to the adverse effects of cold weather conditions, it is necessary to employ different curing 

measures to ensure the concrete property development is not too affected. Therefore, it has been 

conducted 7 different strategies of curing measures, separately or in combination, as well as a starting 

strategy considering only the formwork. The first strategy will give reasonable indications of how the 

different measures influence the strength and temperature development and how their effect is 

affected by various weather conditions. The curing measures considered in this thesis consist of using 

a curing accelerator, covering the top slab, covering and heating underneath the slab, increasing the 

temperature of the delivered concrete, and increasing the temperature at the edge of the slab by using 

heating cables. The different curing measures can be implemented in CrackTeSt COIN by defining the 

effect each of the measures has on the various concrete properties and outer boundaries in the 

program. The effects are presented in table 10 below. 
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Table 10. Curing measures and their influence on the parameters of CrackTeSt COIN 

Curing measure Value Unit Description 

Cover top  8 h The top of the slab will be covered with Ethafoam mats (expanded 

polyethylene) after 8 hours of casting. 

 

Accelerator 5 h The top of the slab will be covered with Ethafoam mats (expanded 

polyethylene) after 5 hours of casting. 

 

Accelerator -2 h The final setting time of the concrete is adjusted and reduced by 

2 hours. 

 

Cover and heating underneath 0 m/s The wind simulated at the formwork underneath is set as calm. 

 

Cover and heating underneath +10 °C The environmental temperature is increased by 10°C at the 

formwork underneath. 

 

Increased delivered concrete 

temperature 

20 °C Sjursjøa can deliver concrete with temperatures up to 25°C.  

Considers 20°C for environmental temperatures between -10 and 

10°C. 

Considers 25°C for environmental temperatures between 15 and 

25°C. 

 

Heating cables end of the slab +10 °C Two heating cables are placed at the edge of the slab, 5 and 30 

cm from the edge, respectively.  

 

Heating cables end of the slab 30 W/m The heating cables have an effect of 30 W/m until the removal of 

formwork (72 hours) 

 

The hydration process is affected by the initial concrete temperature, the environmental temperature, 

the concrete dimensions, and the mix design. The adverse effects caused by the two matters of 

temperature can be counteracted by implementing curing measures to ensure the hydration process 

proceeds as desired. The strategies of curing measures defined and implemented in CrackTeSt COIN 

are presented in table 11. Regarding the choice of strategies consisting of separate and combined 

measures, efforts have been made to understand the curing measures' efficiency. The methods are 

based on generally adopted practical measures used in the construction industry. The correlation to 

the industry is deemed essential as the results of the simulations and analyses must be applicable in 

future construction projects, either for comparison or as a starting point for further experiments.  

Table 11. Strategies of curing measures used in CrackTeSt COIN 

Strategy Curing measures 

1 No measures 

2 Cover top 

3 Cover top, cover and heating underneath 

4 Cover top, cover and heating underneath, curing accelerator 

5 Cover top, cover and heating underneath, increased delivered concrete temperature 

6 Cover top, cover and heating underneath, curing accelerator, 

increased delivered concrete temperature 

7 Cover top, cover and heating underneath, heating cables 

8 Cover top, cover and heating underneath, curing accelerator, heating cables 
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3.3. Design 

It was early determined to use CrackTeSt COIN to simulate and analyse the data, entering into the 

design phase. The choice of manipulative independent variables from the planning phase led to the 

conduction of 768 unique simulations, distributed between the different concretes, ordered by the 

wind speeds, the environmental temperatures, and the various curing measures. The rigid 

independent variables of each concrete remain fixed throughout the experiment, while the 

manipulative variables define the differences in the simulations. In the following subchapter, the 

mathematical methods and factors will be explained as well as the procedure in CrackTeSt COIN. 

3.3.1. Compression strength and heat development 

There have not been conducted separate laboratory experiments for this thesis. This data was already 

conducted by Skanska beforehand. The property data for the two actual concretes used at Gullhaug 

Torg was thus achieved directly from them. The established material parameters result from heat 

development from semi-adiabatic calorimeter tests. The temperature development in the concrete 

samples is measured and converted to heat development as a function of maturity, i.e., isothermal 

heat development at 20°C. Calculation of activation energy is done by using the principle expressing 

that equal maturity gives equal compressive strength. For both H65 and H50, compressive strength 

tests have been performed in advance at 5°C, 20°C and 35°C. The procedure used to find the two 

empirical parameters, A and B, as shown in equation 4, is as follows: the compressive strength model, 

equation 7, is adapted to the compressive strength test result at 20°C. Furthermore, the maturity time 

scale is adjusted by first changing parameter A so that the 35°C test results match the graph of the 

20°C test results. Next, parameter B is changed so that the 5°C test results match the 20°C test results 

graph.  

The concrete compositions used in the project have been developed with given values and models for 

different material properties stored in a material library in CrackTeSt COIN. This master's thesis is 

associated with the project's planning phase by analysing the concrete's strength and temperature 

development prior to casting. The material data quality is decisive for how accurate the calculations 

will be. With good material data, CrackTeSt COIN becomes a valuable tool for mapping the concrete's 

behaviour at different temperature conditions and implementing the proper curing measures. Little 

testing is required to achieve reasonable accuracy when documenting concrete properties to calculate 

strength and temperature development. Such calculations are therefore easy to perform even with 

new binder combinations.  

The temperature of the concretes during the hardening phase is typically measured using a curing box. 

Other less applicable and commonly used methods are isothermal heat conduction calorimeters and 

adiabatic calorimeters. The curing box, also called a semi-adiabatic calorimeter, measures the 

temperature development in the concrete sample with a thermometer and a data logger. The 

temperature development is then converted to heat development as a function of maturity.  

The heat development can also be described mathematically. In Norway, it is common to consider the 

empirical shape function that Freiesleben-Hansen introduced in Denmark: 
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𝑄(𝑀) = 𝑄∞ ∙ 𝑒 [− (

𝜏

𝑀
)

𝛼

] (10) 

Where:      

𝑄(𝑀) = heat generation as a function of maturity time [J/kg] 

𝑄∞ = final heat generation after infinite time [J/kg] 

𝑀 = maturity [h] 

𝜏 = curve fitting parameter [h] 

𝛼 = curve fitting parameter [−] 

 

CrackTeSt COIN is made in Sweden, where the Swedish exponential function is applied: 

 

 
𝑄(𝑀) = 𝑊∞ ∙ 𝑒 (−𝜆1 ∙ ln (1 +

𝑀

𝑡1
))

−𝜅1

 (11) 

Where:    

𝑄(𝑀) = heat generation as a function of maturity time [J/kg] 

𝑊∞ = final heat generation after infinite time [J/kg] 

𝑀 = maturity [h] 

𝜆1 = curve fitting parameter [−] 

𝑡1 = curve fitting parameter [h] 

𝜅1 = curve fitting parameter [−] 

 

Table 12. Parameters in CrackTeSt COIN for estimating heat development 

Parameter H65 H50 SL20 

Density, ρr 2381 [kg/m3] 2400 [kg/m3] 2335 [kg/m3] 

Total amount of binder, C 413 [kg/m3] 448 [kg/m3] 389 [kg/m3] 

Effective amount of binder 281 [kg/m3] 372 [kg/m3] 400 [kg/m3] 

Effective water amount 127 [kg/m3] 146 [kg/m3] 162.3 [kg/m3] 

Mass ratio 0.45 [-] 0.39 [-] 0.41 [-] 

Heat capacity 980 [J/kg·K] 1000 [J/kg·K] 1000 [J/kg·K] 

Developed amount of heat, Q∞ 280 [kJ/kg] 320 [kJ/kg] 350 [kJ/kg] 

Curve fitting parameter, t1 13 [h] 13 [h] 11.16 [h] 

Curve fitting parameter, κ1 1.1 [-] 1.53 [-] 1.53 [-] 

Curve fitting parameter, α1 1.0 [-] 1.0 [-] 1.0 [-] 

 

The estimation of compressive strength in CrackTeSt COIN is a modified CEB-FIP model code 

formulation. The empirical function is advantageous as the program does not handle deterministic 

data [16]. 
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𝑓𝑐(𝑀) = 𝑓𝑐28 ∙ {𝑒 (𝑠 ∙ (1 − √

672 − 𝑡0

𝑀 − 𝑡0
))}

𝑛𝑐

, 𝑤ℎ𝑒𝑟𝑒 𝑛𝑐 = 1 (12) 

Where:    

𝑓𝑐(𝑀) = compressive strength as a function of maturity time [MPa] 

𝑓𝑐28 = compressive strength at 28 days (= 672 hours) [MPa] 

𝑡0 = initial strength development [hours] 

𝑀 = maturity [h] 

𝑠 = curve fitting parameter [−] 

𝑛𝑐 = curve fitting parameter [– ] 

 

The parameter t0 in the FIB model corresponds to the "final setting". It can be considered the starting 

time for both heat generation and the development of mechanical properties, as described in 

subchapter 2.2.6. The transition from the plastic phase to hardening material is, in reality, more 

diffuse. In CrackTeSt COIN, it is prepared to be able to take this into account by defining a set-off period 

delimited by tinitial and tFinal. In practice, this has little significance for the thesis results, and it is common 

to assume that tFinal and t0 are equal. The aim is to settle for a more realistic strength development 

during the plastic phase, and as the FIB model function is applied from the “final setting”, the transition 

does not influence the thesis results. The value of tInitial does not matter as long as it is less than tFinal. 

Table 13. Parameters for estimating compression strength in CrackTeSt COIN 

Parameter H65 H50 SL20 

fc28 67.2 MPa 80.0 MPa 50.7 MPa 

tInitial 1.0 h 1.0 h 8.0 h 

tFinal = t0 7.8 h 7.8 h 11.0 h 

s 0.31 [-] 0.31 [-] 0.211 [-] 

 

The activation energy regulating the temperature sensitivity of the concrete is a bilinear function as 

presented in subchapter 2.2.5. The constants A and B depend on the type of cement, pozzolanic 

material, and mass ratio. The constants are estimated based on the principle that the same relative 

compressive strength should give the same relative maturity. When the strength development in some 

concrete is known for three different temperature levels, the activation energy constants can be 

adjusted to follow the same graph in terms of maturity. Firstly, the constant A is adjusted for any 

temperature levels from 20°C onwards until an acceptable coincidence between strength 

developments when time is expressed as maturity. The adjustments can be estimated through 

iteration using the least square method based on measured data. Secondly, the constant B is adjusted 

similarly for temperatures below 20°C. The order of the adjustments is based on the activation energy 

being constant at temperatures above 20°C, i.e., B is equal to 0 in this range. The activation energy 

parameters show that the value of A increases with increasing fly ash content while the value of B 

decreases. This is experienced in the R&D projects at NTNU, where, among other things, the hydraulic 

binder of slag has shown to have an even higher value of A in the area of 50 000 J/mol [45]. 
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Table 14. Parameters for activation energy 

Parameter H65 H50 SL20 

A 40 000 J/mol 40 000 J/mol 32 000 J/mol 

B 200 J/mol·°C 200 J/mol·°C 500 J/mol·°C 

 

3.3.2. Procedure  

To see how far it is possible to extend in terms of weather conditions and still cast to achieve 

satisfactory quality, simulations have been carried out within a relevant range area, as described in 

chapter 3.2. The worst-case scenario is considered with an ambient temperature of -10° and wind 

speed of 8 m/s. On the contrary, the best-case curing scenario is considered with an ambient 

temperature of 25°C and a wind speed of 2 m/s. These extremes will provide an acceptable range to 

analyse the emerging changes in development. As part of the planning phase of a project, the 

conditions simulated in the computer-based curing technology program must be representative of 

actual plausible conditions.  

Prior to this master's thesis, Skanska Teknikk, in collaboration with Unicon, carried out strength and 

temperature documentation and generated EPDs of the respective concrete compositions. The curing 

technology parameters specified through extensive laboratory testing have been used to design the 

concrete properties of CrackTeSt COIN. Table 15 gives an overview of the working methodology and 

procedures performed in CrackTeSt COIN, from the input of rigid independent and manipulative 

variables to the export and collection of desired data.  
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Table 15. Overview of working methodology and procedures of CrackTeSt COIN 

Procedure Details Note 

Modelling The construction to be analysed is modelled in 2 

dimensions. 

The construction can be drawn as a preliminary 

design with all the required nodes. It can then be 

detailed by changing the coordinates of the nodes 

in the model. 

 

Finite element 

mesh 

The size of the elements can be changed 

according to the desired accuracy. The model has 

an element size of 0.05 meters. When generating 

the mesh, the element size corresponds to 5 

elements across the cross-section.  

 

A rule of thumb is to have at least three elements 

across the cross-section, leading to faster 

simulations but at the expense of quality. The 

model is therefore modelled with 5 elements across 

the cross-section. 

Simulation 

time 

The simulation time must be accounted for, 

setting it to 168 hours, corresponding to 7 days. 

 

It is the time interval for which calculations are to 

be performed. As the analysis focuses on the 

strength and temperature profile, the time interval 

may be shorter than if stress analyses are 

performed. The reason is that the crack indices can 

occur far into the curing process. 

 

Material The modelled construction part is linked to the 

three concretes considered in this thesis. 

 

The concrete materials are either custom or from 

the program's material library. In this case, two 

custom materials are used in the form of the hybrid 

concrete for Gullhaug Torg and a reference 

concrete from the program's material library. 

 

Parameters The concrete is given a starting temperature 

based on the ambient temperature for the 

specific scenarios. 

 

The material properties of the concrete can be 

changed if desired to achieve a better adaptation to 

the conditions of a project. This change will not be 

the case here. 

Curing 

measures 

The bottom and vertical sides are modelled with 

21mm plywood removed after 72 hours. The top 

is insulated with 10mm expanded polyethylene 

(Ethafoam mats) 8 hours after casting and 

removed after 72 hours. The scenarios are 

implemented as described in subchapter 3.2.2. by 

changing: 

1. the final setting time in heat properties  

2. the starting temperature of the concrete 

3. the environmental temperature 

4. the time of insulation 

5. the wind speeds. 

 

The curing measures are modelled by their effect on 

the heat loss and are entered by specifying 

boundary conditions for the surfaces. The effects 

are specified directly in transmission or wind 

speeds, and various insulation materials are 

selected from the program's database. The 

boundary conditions can be time-dependent, 

making it possible to include the removal of 

formwork, the effects this entails, and the 

insulation application.  

Calculations When everything has been modelled, the 

temperature calculations can be run. When this is 

done, the strength calculations can be run.  

The calculation results can be presented as curves 

or colour charts for temperature, maturity, 

strength, stress, and crack index. 

 

Results The results are obtained for chosen points in the 

construction; (4000, 0.200) and (6000, 0.125). For 

this thesis, curves and colour charts are extracted 

for compressive strength and temperature over 

the entire time interval. Deterministic data for the 

two parameters are also collected.  

The results are retrieved either as figures of the 

curves and colour maps or as text files with 

deterministic data in tabular form. The program 

also can design a complete report of all the 

procedures and results. 
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3.4. Fieldwork – the casting of hybrid 65 at the construction site 

In connection with the construction of Gullhaug Torg 2A, this thesis has included fieldwork belonging 

to the first cast of the post-tensioned slabs on the project. The first casting of the post-tensioned slabs 

was carried out on 12.05.22 over the 2nd floor of the low-rise building. The aim of the fieldwork was 

to document temperature and strength development at an early age. The project used a wired solution 

from Maturix, called Gaia 200 [46], with thermocouple sensors attached to rebars which then were 

placed at the desired measuring points and embedded into the concrete. The thermocouple is plugged 

into a wireless transmitter to start the continuous data transmission. The concrete is then cast, and 

the monitoring in the software can be followed in real-time during the curing process. The data 

transmitter is placed outside the concrete, where the real-time collected data is continuously sent to 

the cloud at transmission intervals of 15 minutes. Figures 12 and 13 show the thermocouples and 

transmitters measuring at a passive anchor and the top of a tendon. The sensors were installed to 

measure the ambient temperatures and the concrete temperatures in exposed areas. Thus, the 

sensors were located at a passive anchor and at the minimum cover from tendon to top of the slab. 

With reference to subchapter 3.2.1, this corresponds to the measuring points used in CrackTeSt COIN 

and will therefore result in good comparable measurements. The measured ambient temperature and 

wind during the process will be implemented in CrackTeSt COIN to see the correspondence between 

measured and simulated data. 

 
Figure 12. Thermocouples and transmitters before casting 

 
Figure 13. Thermocouples and transmitters after casting 

The aim was still to achieve sufficient strength after 3 days of curing, meaning that the formwork would 

be removed 15.05.22. As this was a Sunday, the time of removal was extended one day. The cast slab 

was in the order of 80 m3, of which most of the deliveries were 7 m3. The concrete trucks were ordered 

at 15-minute intervals, and the ordered concrete had a target slump of 240 mm and a flow of 500 mm.  

To examine the properties of the concrete on the project, the temperature sensors, together with the 

software, will automatically calculate the maturity and thus the strength development based on the 

logged data and the concrete composition. In this way, the strength development process can be 

followed continuously. 

At the same time, concrete cubes were taken out to carry out the cube test and find the compressive 

strength after 28 days. This will occur after the submission deadline for the master's thesis and will 
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thus not be included as part of the result. It must be pointed out that this is a result that is not necessary 

for the task but would be relevant to have included as a comparison to the parameters for mechanical 

properties used in CrackTeSt COIN. 

3.5. Analysis 

The analyses of all the simulations require the collection of relevant data to be computed 

transparently. The relevant data is, first and foremost, the compressive strength and temperature 

development after 3 days of curing. The desire is to achieve the compressive strength of 25 MPa within 

72 hours. Once the slab is tensioned, the formwork and most of the support can be removed. Then 

further work on top of the slab can begin. The third day of curing is thus considered the target time 

when the formwork should be removed. Any delays in formwork removal extend the construction 

duration, where corrective measures are often costly and hard to employ. 

Further, the time when the strength development reaches 25 MPa is essential to understand how the 

concretes early property development behaves under challenging conditions. The simulations consist 

of 3 types of concrete, 4 different wind speeds, 8 different environmental temperatures and 8 

strategies, corresponding to 768 completed simulations. The high number insinuates the importance 

of emphasizing good underlying planning. Therefore, curing measures and representative weather 

conditions were reviewed concerning the project's design and location. Regarding the fieldwork 

following the casting of the slab above the second level of the low-rise building, the measured data 

will be implemented in CrackTeSt COIN. The measured ambient temperature and wind will be 

simulated in detail by plotting the variations during the curing time.  

As mentioned in table 15, every temperature calculation performed in CrackTeSt COIN takes place in 

a two-dimensional plane. The heat analysis results available are: 

- Temperature development 

- Maturity time 

- Compressive strength 

- Boundary heat flow 

The heat flow results are automatically converted to input data for the structural analysis. As 

mentioned in subchapter 2.2.3, CrackTeSt COIN offers two different stress conditions, linear line 

analysis and plane surface analysis. Both conditions are based on the Navier-Bernoulli hypothesis, i.e., 

plane sections remain plane [25]. In the calculations throughout this thesis, the plane surface model 

has been used, meaning that the results vary in the two-dimensional plane in accordance with the 

boundary conditions. The structural analysis results available are: 

- Compressive strength development 

- Tensile strength development 

- Stress development (due to thermal dilation and autogenous deformation) 

- Stress/strength ratio (crack index) 

- Strain ratio 

The results from CrackTeSt COIN will be compared with the results from the fieldwork. This is an 

important part that provides the opportunity to verify the results of the curing technology program 

against the actual results of casting on the project. 
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In this thesis, the relevant results from the heat and structural analysis are temperature and strength 

development. The interpretation and evaluation of the property development will be assessed in the 

following chapter regarding the results.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



46 
 

4. Results 

This chapter considers a systematic review of research data regarding the results from the conducted 

simulations and the casting at the cite. Relevant associated parameters will also be accounted for. The 

results will then be compared against each other concerning the theory from chapter 2. The results 

will be presented in subchapters based on curing measures and weather conditions and will form the 

basis of the following discussion chapter. 

4.1. Simulations 

As mentioned in subchapter 3.2.2, the simulations are based on 8 different strategies of measures, 

where the first strategy only consists of formwork. The three concretes are exposed to different 

weather conditions, consisting of wind speeds and ambient temperatures deemed representative of 

the project’s location. Casting procedures will also be put on hold when the wind speed exceeds 8 m/s.  

Table 16. Overview of manipulative variables 

Wind speed Temperature 
Curing measure 

strategies 
Simulations 

2 – 8 m/s 

Increments: 2 

-10 – 25°C 

Increments: 5 
8 768 

 

The number of unique simulations ended at a total of 768. Each concrete was simulated with the 8 

different curing measures and tested for the 4 different wind speeds and the 8 different ambient 

temperatures. The main objective at Gullhaug Torg related to the post-tensioned concrete slabs is to 

reach a compressive strength of 25 MPa after 3 days of curing. Through the simulations, this has been 

the threshold level, which either is unattainable or obtainable with or without measures.  

4.2. Heat development 

As explained in subchapter 2.2.4, the heat development is calculated for the 3 concretes. The 

calculation of the two hybrid concretes is based on data from their respective concrete recipes, and 

the amount of heat development per cement unit is obtained from CrackTeSt COIN, see table 17. The 

concrete recipes are presented in Appendix B. The reference semi low-heat concrete calculation is 

based solely on data from CrackTeSt COIN, either from material data or recipe information in the 

description.  

Table 17. Parameters of developed heat amount in CrackTeSt COIN 

Parameter H65 H50 SL20 

Developed heat amount, Q∞ 280 [kJ/kg] 320 [kJ/kg] 350 [kJ/kg] 

 

Regarding the specific heat capacity of the concrete, this mainly depends on the water content. The 

absolute heat capacity can be estimated using the recipe numbers and assuming that the concrete's 

water has a specific heat capacity of 4.2 kJ/(kg·°C). The remaining sub-materials have a specific heat 

capacity of 0.8 kJ/(kg·°C). Most concrete has a specific heat capacity between 1.00 and 1.10 kJ/(kg·°C). 
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Therefore, it is accepted and commonly used 1.05 kJ/(kg·°C) as a standard value for all structural 

concrete [7].  

It is essential to point out that full conversion of the curing heat can only take place under adiabatic 

conditions. In the case of casting, heat loss will always occur to a greater or lesser degree. The data 

and calculations are presented in tables 18-21 below. The binder includes the cement and the 

pozzolanic material multiplied by their respective efficiency factor. 

Table 18. Specific heat capacity of H65 

Constituents Amount [kg/m3] Specific heat capacity 

[kJ/(kg·°C)]  

Absolute heat capacity 

[kJ/(m3·°C)] 

Binder 281 0.80 225 

Water 127 4.20 533 

Aggregate 1847 0.80 1477 

Total 2388 1.05* 2236 
* Standard value for all construction concrete 

 

Table 19. Specific heat capacity of H50 

Constituents Amount [kg/m3] Specific heat capacity 

[kJ/(kg·°C)]  

Absolute heat capacity 

[kJ/(m3·°C)] 

Binder 372 0.80 298 

Water 146 4.20 613 

Aggregate 1799 0.80 1439 

Total 2359 1.05* 2350 
* Standard value for all construction concrete 

 

Table 20. Specific heat capacity of SL20 

Constituents Amount [kg/m3] Specific heat capacity 

[kJ/(kg·°C)]  

Absolute heat capacity 

[kJ/(m3·°C)] 

Binder 400 0.80 320 

Water 162 4.20 682 

Aggregate 1773 0.80 1418 

Total 2335 1.05* 2373 
* Standard value for all construction concrete 

 

By inserting the relevant parameters from tables 17 and 18-20 into equation 2 from subchapter 2.2.4, 

the temperature rise of the concrete is calculated, presented in table 21. Including an initial concrete 

temperature of 25°C, the highest initial temperature that Unicon can deliver, gives the theoretical 

maximum temperatures. Regarding NS-EN 13670, section 8.5 concerning protective and curing 

measures, the maximum temperature of the concrete in a component exposed to wet or cyclically wet 

exposure shall not exceed 70°C. The calculated maximum is only a theoretical maximum temperature 

as a complete conversion of the curing heat to a rise in temperature in the concrete only can take place 

under adiabatic conditions. The simulations are run with ambient temperatures from -10 to 25°C, and 
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there will thus be high degrees of heat loss to the surroundings. Therefore, the temperature rise is to 

be regarded as within the limit. From table 21, H65 has a temperature rise of 33°C, which is the lowest 

in comparison.  

When using silica fume in the concrete, the requirement concerning a maximum temperature of 70°C 

during curing can be somewhat increased. The use of pozzolanic materials, mainly silica fume, reduces 

the risk of sulphate attack. The sulphates react with calcium hydroxide and the aluminate minerals, 

especially tricalcium aluminate (C3A). The reaction product is ettringite, which is undesirable when 

there is no more reactive gypsum. It must be emphasized that this primarily applies to constructions 

with massive cross-sections and, therefore, will not be a problem in post-tensioned slabs. 

Table 21. Theoretical temperature rises of the concrete 

Parameter H65 H50 SL20 

Temperature rise, Δθ 33°C 48°C 57°C 

Theoretical max. temperature, Δθt.max  58°C 73°C 82°C 

 

4.3. Activation energy 

The determination of the model parameters A and B, as explained in subchapter 3.3.1, was carried out 

in advance of the master's thesis. Therefore, it is of interest to check the validity of the test result 

Skanska achieved. This validity has been reviewed by considering the results from the compressive 

strength and temperature development performed in CrackTeSt COIN at 5°C, 20°C and 25°C, together 

with the maturity calculated using equations 3, 4, and 6. Figures 14 and 15 present the compressive 

strength against time for H65 and H50, respectively, while figures 16 and 17 present the effect of the 

activation energy, and the compressive strength is thus illustrated against maturity hours. The graph 

named FIB defines the form-function, as described in equation 7.  

 

Figure 14. Compressive strength development versus time for H65 
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Figure 15. Compressive strength development versus time for H50 

When the parameters regarding the activation energy are found, the compressive strength model 

parameters can be determined. By fitting equation 7 to the 20°C test results, t0 is found. Now equation 

7 can be adjusted to fit the compressive strength test results of all the temperatures, defining fc28 and 

s, based on the previously adjusted activation energy. According to the graphs presented in figures 16 

and 17, it can be concluded that the obtained value of parameters regarding activation energy and 

compressive strength has been calibrated and attained an overall high accuracy. By observing the 

compressive strength model of equation 7 compared to the compressive strength results from 

CrackTeSt COIN, it can be seen a slight difference in the convex curve of the graph between the form-

function and the results from CrackTeSt COIN. The most significant difference indicates that the results 

from CrackTeSt COIN are 1.8 MPa lower after 8 hours. An assumption is that this is due to the wind 

speed of 2 m/s. The effect of the wind speed is even more prominent for H50.  

 

Figure 16. Compressive strength versus maturity for H65 
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Figure 17. Compressive strength versus maturity for H50 

4.4. Compressive strength and temperature development 

This chapter and the accompanying subchapters will systematically review the development of 

compressive strength and temperature of the concrete under various simulated conditions. The 

compressive strength and temperature development of H65, H50 and SL20 were calculated for 7 days. 

Through CrackTeSt COIN, the results have been extracted as graphs, deterministic data, and colour 

maps. Deterministic data are obtained after 72 hours of curing, as well as the time when 25 MPa 

strength is achieved. These are the two most interesting times in terms of possible demoulding. The 

results are presented as values collected from coordinate points in the construction [21]. The 

compressive strength is simulated at two points in the modelled post-tensioned slab as defined in table 

22. 

Table 22. Dimensions and measuring points of the construction modelled in CrackTeSt COIN 

Construction 

Dimensions [m] Coordinates 

Thickness Length MP1 MP2 

Slab 0.250 6000 (4000, 0.200) (6000, 0.125) 

 

Following NS-EN 13670+NA, several of the simulations showed concrete that did not reach a 

compressive strength of 5 MPa before the surface temperature of the concrete dropped below 0°C. 

The details of the simulations will be presented in more detail in the coming subchapters. 

The three concretes and their respective development of mechanical properties will be presented in 

the following subchapters. For the tables regarding 72-hour compressive strength development, the 

presented values are collected from measuring point 2 (MP2), (6000, 0.125). The point is selected to 

show the full effect of the heating cables in this area. Furthermore, the point is presumed vulnerable 

as it is the most exposed point in terms of weather conditions; thus, it is concluded that if this 

measuring point achieves sufficient compressive strength, then it will apply throughout the whole 

construction. Note that this is only the case without using heating cables, i.e., strategies 7 and 8 are 

factored out. When the compressive strength is sufficient at MP2 in the two abovementioned 

strategies, it is crucial to check the adequacy of measuring point 1 (MP1), (4000, 0.200). The negligible 
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effect of the heating cables at MP1 indicates that this point has corresponding curing measures as 

strategies 3 and 4. The tables are further presented in which the curing processes that do not satisfy 

NS-EN 13670 regarding achieved early strength before the surface temperature falls below 0°C are 

marked to indicate the non-applicable cases. For strategies 7 and 8, as explained above, the values 

from measuring point 1 are decisive. The values are shown in parentheses and illustrate the 

importance of individual measuring points in cases of local curing measures. When heating cables are 

used as curing measures in the whole of the concrete structure, only measuring point 2 would be 

relevant. The table is colour-indicated to show which curing strategies meet the requirement of 3-day 

compressive strength.  

Considering the NS-EN 13670 dictating that the concrete must achieve a compressive strength 

corresponding to 5 MPa before the surface temperature drops below 0°C, it is still possible to reach 

the limit compressive strength of 25 MPa. However, as explained in subchapter 2.2.1, it is unsuitable 

and will not be used. According to the following tables, it can simultaneously be concluded that for all 

scenarios where this is the case, the required compressive strength of 25 MPa is not achieved within 

3 days. It can thus further be concluded that the project-specific criteria comply with NS-EN 13670 and, 

at the same time, set more demanding criteria.  

In order to provide a good and clear presentation of the results concerning the validity of the various 

concretes, diagrams regarding compressive strength and temperature development will be presented 

for each of the specific ambient temperatures. The temperature becomes the prominent variable at 

the construction site, with the wind as a sub-variable. The choice of curing strategy is chosen as a result 

of these variables. For each increment, the strategies will be presented to show and compare the effect 

of the curing measures regarding the compressive strength and temperature development. The 

presentation will consider the development of mechanical properties at MP2 to illustrate the effect of 

heating cables used in strategies 7 and 8. Because the effect of the different wind speeds will be 

presented in tables regarding the 72-hour compressive strength, it is chosen to illustrate the strength 

development at a wind speed of 2 m/s.  

4.4.1. Hybrid 65% 

The following compressive strength and temperature presentation are based on the description in the 

last three sections of chapter 4.4. From an ambient temperature of 10°C, no further curing measures 

are required other than formwork to satisfy the compressive strength criteria, as illustrated in table 

23. The effect of wind speed appears to be increasing with decreasing ambient temperature. In order 

to illustrate this effect, it can be observed that wind speed makes strategy 2 insufficient at an ambient 

temperature of 5°C only at 8 m/s. At wind speeds above 8 m/s, the casting will be interrupted due to 

the risk it entails, regardless of whether the criteria are met. Strategy 3 is at ambient temperatures of 

0°C, only satisfactory in calmer wind conditions of 2 m/s. 

The use of covering at the top of the slab with ethafoam mats, as strategy 2 considers, increases the 

compressive strength by an average of 2.7 MPa compared to strategy 1 at 5°C, making it a sufficient 

curing measure for all wind speeds except 8 m/s. Strategy 3 combines covering of the top slab with 

heating underneath the slab, with an average increased compressive strength of 3.3 MPa compared 

to strategy 2. The combination of curing measures makes it sufficient for 0°C with a wind speed of 2 

m/s. Further, strategy 4-6 has an increase of approximately 0.5 MPa compared to the previous 

strategy.  
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Table 23. 72-hour compressive strength development for H65 at measuring point 2 

Compressive strength after 72 hours (Criterium: Concrete strength > 25 MPa) 
Freezing constraint: Concrete strength > 5 MPa when air temp. < 0°C. Otherwise, "N/A" 

Wind  
[m/s] 

Temp.  
[°C] 

Strategies 

1 2 3 4 5 6 7 8 

2 

-10 9.0* 10.8* 14.4 15.1 16.2 17.1 33.2(20.2) 33.9(21.6) 

-5 13.5* 15.8 19.8 20.4 21.5 22.2 37.8(25.6) 38.4(26.7) 

0 18.6 21.3 25.2 25.6 26.6 27.2 42.1(30.7) 42.6(31.5) 

5 23.9 26.6 30.3 30.6 31.5 31.9 46.0(35.3) 46.4(35.8) 

10 29.1 31.8 35.0 35.2 36.0 36.3 49.7(39.6) 49.9(39.9) 

15 34.5 37.2 40.2 40.5 41.2 41.5 53.5(44.8) 53.8(45.1) 

20 39.0 41.4 44.2 44.3 45.0 45.3 56.5(48.2) 56.7(48.4) 

25 43.1 45.3 47.9 47.9 48.5 48.8 59.2(51.4) 59.4(51.5) 

4 

-10 8.0* 9.5* 13.0* 13.7* 14.2 15.2 31.3(18.1) 32.1(19.7) 

-5 12.5* 14.4 18.4 19.0 19.8 20.6 36.2(23.9) 36.8(25.2) 

0 17.6 20.0 24.0 24.5 25.2 25.8 40.7(29.4) 41.2(30.3) 

5 22.9 25.6 29.3 29.6 30.3 30.8 44.8(34.4) 45.2(35.0) 

10 28.2 30.8 34.2 34.4 35.0 35.4 48.6(39.0) 48.9(39.3) 

15 33.7 36.3 39.4 39.7 40.2 40.6 52.6(44.1) 52.9(44.6) 

20 38.2 40.7 43.5 43.7 44.2 44.5 55.7(47.8) 56.0(48.1) 

25 42.5 44.8 47.4 47.5 47.9 48.2 58.6(51.1) 58.8(51.3) 

6 

-10 7.5* 8.8* 12.1* 12.8* 13.3* 14.1 30.1(16.7) 31.0(18.4) 

-5 11.9* 13.8* 17.6 18.2 18.7 19.6 35.2(22.8) 35.9(24.1) 

0 17.0 19.4 23.3 23.7 24.3 25.0 39.8(28.6) 40.4(29.6) 

5 22.4 25.0 28.7 29.1 29.6 30.1 44.1(33.8) 44.5(34.5) 

10 27.7 30.4 33.7 34.0 34.5 34.8 48.0(38.6) 48.4(39.0) 

15 33.2 35.9 39.0 39.3 39.6 40.1 52.0(43.7) 52.4(44.2) 

20 37.8 40.3 43.2 43.4 43.7 44.1 55.2(47.5) 55.5(47.9) 

25 42.1 44.5 47.1 47.2 47.5 47.8 58.2(50.9) 58.4(51.2) 

8 

-10 7.3* 8.5* 11.6* 12.3* 12.8* 13.6* 29.6(16.0) 30.5(17.7) 

-5 11.7* 13.4* 17.2 17.8 18.2 19.1 34.7(22.2) 35.4(23.6) 

0 16.8 19.1 22.9 23.4 23.9 24.5 39.4(28.2) 40.0(29.2) 

5 22.2 24.8 28.4 28.8 29.2 29.7 43.8(33.5) 44.2(34.2) 

10 27.5 30.2 33.5 33.7 34.2 34.6 47.8(38.4) 48.1(38.8) 

15 33.0 35.6 38.7 39.0 39.3 39.8 51.7(43.5) 52.1(44.1) 

20 37.6 40.1 43.0 43.2 43.5 43.9 55.0(47.4) 55.3(47.8) 

25 41.9 44.3 46.9 47.1 47.3 47.7 58.0(50.9) 58.2(51.1) 

(-) Strength development in measuring point 1 which is decisive 
* N/A in accordance with NS-EN 13670 
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The worst-case scenario regarding temperature indicates that the H65 will not achieve the required 

compressive strength after 3 days of curing at an ambient temperature of -10°C. The wind speed also 

plays an essential role in deciding which curing strategy to be considered. With a wind speed of 4 m/s, 

the concrete can withstand an ambient temperature of -5°C by using strategy 8, considering heating 

cables. At an ambient temperature of 10°C, the H65 can cure without the use of curing measures, that 

is, the first temperature level above the defined winter casting. The compressive strength at 5°C 

considered for every curing strategy is presented in figure 18 below.  

 

Figure 18. Compressive strength of H65 after 72 hours at 5°C  
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4.4.1.1. -10°C 

Figure 19 presents the slow compressive strength development of H65 during winter casting at -10°C. 

The figure clearly illustrates the effect of the heating cables in strategies 7 and 8, with a considerably 

higher strength development compared to the other strategies. When using strategies 7 and 8, the 

adequacy of measuring point 1 must always be checked, as explained in chapter 4.4. Table 23 indicate 

that the strategies do not achieve sufficient strength. Therefore, whether the H50 can be used as a 

substitute in these conditions must be considered. 

 

Figure 19. Compressive strength development for H65 at -10°C 

Regarding table 23, strategies 1 and 2 do not comply with the NS-EN 13670 regarding minimum 

strength before the surface temperature drops below 0°C.  

 

Figure 20. Temperature development for H65 at -10°C 
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4.4.1.2. -5°C 

Figure 21 presents the still slow-moving compressive strength development of H65 during winter 

casting at -5°C. Similar to the conditions at -10°C, the effect of the heating cables in strategies 7 and 8 

can be observed, with a considerably higher strength development compared to the other strategies. 

When checking the adequacy of measuring point 1, as explained in chapter 4.4, table 23 indicates that 

the strategies achieve sufficient strength, whereas strategy 8 can remove the formwork after 64 hours. 

 

Figure 21. Compressive strength development for H65 at -5°C, MP1 

Figure 22 illustrates the low heat development at -5°C. Strategy 1 does not achieve a compressive 

strength of 5 MPa before the surface temperature drops below 0°C. 

 

Figure 22. Temperature development for H65 at -5°C 
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4.4.1.3. 0°C  

Figure 23 illustrates that at 0°C, more strategies can achieve adequate strength development. Strategy 

3 can be applied as it reaches a compressive strength of 25 MPa after 71 hours. By making use of 

heating cables, strategy 7 can remove formwork after 2 days of curing.  

 

Figure 23. Compressive strength development for H65 at 0°C 

From 0°C onwards, the surface temperature of the concrete will not reach minus degrees, and the 

requirement in NS-EN 13670 will be maintained at the following temperature conditions. Figure 24 still 

illustrates the low heat development of the H65, but a slight increase can be observed.  

 

Figure 24. Temperature development for H65 at 0°C 
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4.4.1.4. 5°C  

Figure 25 presents the gradually evolving compressive strength development of H65 during the last 

degree of winter casting at 5°C. Similar to the previous conditions, the effect of the heating cables in 

strategies 7 and 8 can be observed. Simultaneously the gap between the strategies with and without 

heating cables is becoming visibly smaller. At 5°C, strategy 2 is sufficient. It should be mentioned that 

at 8 m/s, strategy 2 achieves a compressive strength of 24.8 MPa, which in table 23 is deemed as 

insufficient. In varying weather conditions, the strength can either increase or decrease, emphasising 

the importance of calculating the actual conditions if this strategy is used. 

 

Figure 25. Compressive strength development for H65 at 5°C 

Figure 26 illustrates the gradual increase in heat development, although the effect of the fly ash 

content is still prominent to observe. Strategy 6 has a temperature gradient corresponding to 5.8°C in 

the first 24 hours.   

 

Figure 26. Temperature development for H65 at 5°C 
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4.4.1.5. 10°C  

Figure 27 presents the compressive strength development of H65 at 10°C, the first level above the 

winter casting. It can be observed that the time gap in which the curing strategies from 1 to 8 reach a 

compressive strength of 25 MPa, reduces from 40 hours at 5°C to 22 hours at 10°C. At 10°C, the time 

gap is thus approximately halved, emphasizing the temperature sensitivity of the H65. 

 

Figure 27. Compressive strength development for H65 at 10°C 

Figure 28 illustrates the gradual increase in heat development, where strategy 6 has a temperature 

gradient of 8.3°C in the first 24 hours. 

 

Figure 28. Temperature development for H65 at 10°C 
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4.4.1.6. 15°C  

Figure 29 presents the compressive strength development of H65 at 15°C. Strategies 1 and 8 achieve 

a strength of 25 MPa after 37 and 24 hours, respectively, a time difference corresponding to 13 hours. 

It is clear to observe the increasing strength development at higher temperatures.  

 

Figure 29. Compressive strength development for H65 at 15°C 

Figure 30 illustrates the gradual increase in heat development, where strategy 6 has a temperature 

gradient of 9.5°C in the first 24 hours. The maximum temperature of strategy 6 corresponds to 32°C, 

while strategy 8 with heating cables reaches 46.9°C. 

 

Figure 30. Temperature development for H65 at 15°C 
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4.4.1.7. 20°C  

Figure 31 presents the compressive strength development of H65 at 20°C. At 20°C, it can be observed 

that strategy 6 reaches a compressive strength of 25 MPa 0.5 hours before strategy 8, indicating the 

lesser effect of heating cables at higher ambient temperatures.  

 

Figure 31. Compressive strength development for H65 at 20°C 

Figure 32 illustrates the gradual increase in heat development, where strategy 6 has a temperature 

gradient of 12.5°C in the first 24 hours. The maximum temperature of strategy 6 corresponds to 36.5°C, 

while strategy 8 with heating cables reaches 51.2°C. 

 

Figure 32. Temperature development for H65 at 20°C 
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4.4.1.8. 25°C 

Figure 33 presents the compressive strength development of H65 at 25°C. Similar to the latter 

temperature level, it can be observed that strategy 6 reaches a compressive strength of 25 MPa before 

strategy 8, by 1 hour.   

 

Figure 33. Compressive strength development for H65 at 25°C 

Figure 34 illustrates the gradual increase in heat development, where strategy 6 has a temperature 

gradient of 15.9°C in the first 24 hours. It can be observed that strategies 3 and 4 are more or less 

developing the same amount of compressive strength and heat at higher temperatures. The only 

difference in curing measures is the use of accelerator in strategy 4.  

 

Figure 34. Temperature development for H65 at 25°C 
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4.4.2. Hybrid 50% 

The following compressive strength and temperature presentation are based on the description in the 

last three sections of chapter 4.4. From an ambient temperature of 5°C, no further curing measures 

are required other than formwork to satisfy the compressive strength criteria, as illustrated in table 

24. The effect of wind speed appears to be increasing with decreasing ambient temperature. In order 

to illustrate this effect, it can be observed that wind speed makes strategy 2 insufficient at an ambient 

temperature of 0°C only at 6 m/s and 8 m/s. At wind speeds above 8 m/s, all casting will be interrupted 

due to the risk it entails, regardless of whether the criteria are met. Strategy 3 is at ambient 

temperatures of -5°C, only satisfactory in calmer wind conditions of 2 m/s. 

The use of covering at the top of the slab with ethafoam mats, as strategy 2 considers, increases the 

compressive strength by 4.0 MPa compared to strategy 1 at 5°C, making it a sufficient curing measure 

for all wind speeds. Strategy 3 combines covering of the top slab with heating underneath the slab, 

with an average increased compressive strength of 4.4 MPa compared to strategy 2. The combination 

of curing measures makes it sufficient for 0°C with a wind speed of 2 m/s. Further, strategy 4-6 has an 

average increase of 0.6 MPa compared to the previous strategy.  
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Table 24. 72-hour compressive strength development for H50 at measuring point 2 

Compressive strength after 72 hours (Criterium: Concrete strength > 25 MPa) 
Freezing constraint: Concrete strength > 5 MPa when air temp. < 0°C. Otherwise, "N/A" 

Wind  
[m/s] 

Temp.  
[°C] 

Strategies 

1 2 3 4 5 6 7 8 

2 

-10 11.2* 13.9* 18.9 19.7 21.2 22.3 41.6(27.0) 42.5(28.8) 

-5 16.7 20.3 25.7 26.4 27.7 28.7 47.1(33.8) 47.8(35.1) 

0 23.1 27.1 32.2 32.8 34.0 34.8 52.1(39.9) 52.6(40.8) 

5 29.5 33.6 38.3 38.7 39.8 40.4 56.7(45.5) 57.1(46.1) 

10 35.7 39.7 43.9 44.1 45.2 45.6 61.0(50.5) 61.2(50.8) 

15 42.3 46.3 50.1 50.4 51.2 51.8 65.5(56.5) 65.8(57.0) 

20 47.5 51.2 54.7 54.9 55.7 56.1 68.9(60.5) 69.1(60.8) 

25 52.5 55.8 59.0 59.1 59.8 60.1 72.0(64.0) 72.2(64.2) 

4 

-10 9.9* 12.0* 16.2* 17.7 18.6 19.9 39.1(24.2) 40.2(26.3) 

-5 N/A 18.4 23.7 24.5 25.4 26.5 45.0(31.6) 45.8(33.2) 

0 21.6 25.4 30.6 31.2 32.0 32.9 50.3(38.3) 50.9(39.4) 

5 28.1 32.2 37.0 37.4 38.2 38.8 55.2(44.2) 55.7(45.0) 

10 34.4 38.5 42.8 43.0 43.8 44.3 59.7(49.6) 60.0(50.1) 

15 41.0 45.0 49.0 49.4 49.9 50.5 64.2(55.6) 64.7(56.3) 

20 46.4 50.2 56.4 54.1 54.6 55.1 67.8(59.8) 68.2(60.3) 

25 51.4 55.0 58.2 58.4 58.9 59.3 71.1(63.6) 71.4(63.9) 

6 

-10 9.2* 11.1* 15.5* 16.3* 16.8* 18.4 37.6(22.3) 38.7(24.6) 

-5 14.6* 17.2* 22.5 23.4 24.1 25.2 43.7(30.2) 44.5(31.9) 

0 20.8 24.4 29.6 30.2 30.9 31.8 49.2(37.2) 49.2(37.2) 

5 27.4 31.4 36.2 36.6 37.2 37.9 54.3(43.5) 54.8(44.3) 

10 33.7 37.8 42.1 42.4 43.0 43.5 58.9(49.1) 59.3(49.6) 

15 40.3 44.3 48.4 48.8 49.1 49.8 63.5(55.1) 64.0(55.8) 

20 45.7 49.6 53.3 53.6 53.9 54.5 67.2(59.4) 67.6(60.0) 

25 50.9 54.5 57.8 58.0 58.3 58.8 70.6(63.3) 70.9(63.7) 

8 

-10 8.9* 10.6* 14.9* 15.9* 16.5* 17.6 36.9(21.4) 38.0(23.7) 

-5 14.3* 16.5* 22.0 22.8 23.4 24.5 43.1(29.4) 43.9(31.2) 

0 20.5 24.0 29.1 29.7 30.3 31.2 48.7(36.7) 49.4(37.9) 

5 27.0 31.0 35.8 36.2 36.8 37.4 53.8(43.1) 54.4(43.9) 

10 33.4 37.5 41.8 42.1 42.6 43.2 58.5(48.8) 58.9(49.3) 

15 39.9 45.0 48.0 48.5 48.7 49.4 63.1(54.8) 63.6(55.6) 

20 45.4 49.3 53.0 53.4 53.6 54.2 66.9(59.2) 67.3(59.8) 

25 50.6 54.3 57.6 57.9 58.0 58.6 70.3(63.2) 70.7(63.6) 

(-) Strength development in measuring point 1 which is decisive 
* N/A in accordance with NS-EN 13670 

 

The H50 concrete is a substitute for the more environmentally friendly but also more temperature-

sensitive concrete, H65. As table 24 presents, it is possible to take advantage of and use the H50 when 

H65 does not sufficiently achieve the desired compressive strength. The concrete can be considered 
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in even more challenging conditions, the toughest being an ambient temperature of -10° combined 

with a wind speed of 4 m/s. The table transparently illustrates the effect that wind causes as an 

environmental condition. Although the difference between the obtained compressive strength and the 

project-specific criterion is slight, it is still enough so that a wind speed of 6 m/s makes the concrete 

insufficient at -10°C. Comparing H50 to H65 indicates that the former of the two can withstand more 

challenging conditions, making it a crucial substitute for keeping the progression intact. At an ambient 

temperature of 5°C, which is one level below H65, the H50 can cure without the use of curing 

measures; that is the first temperature level defined as “winter casting”. 

Regarding an ambient temperature of -10°C, the worst-case scenario indicates that the H50 will 

achieve the required compressive strength after 3 days of curing with strategies 7 and 8. Strategy 7 is 

sufficient at wind speeds of 2 m/s, while strategy 8 is sufficient up to 4 m/s. The wind speed plays an 

essential role in deciding which curing strategy can be considered. With a wind speed of 8 m/s, the 

concrete can withstand an ambient temperature of -5°C by using strategies 7 and 8, considering 

heating cables. At an ambient temperature of 5°C, the H50 can cure without the use of curing 

measures; that is the last temperature level considered as winter casting. The compressive strength at 

0°C considered for every curing strategy is presented in figure 35 below.  

 

Figure 35. Compressive strength of H50 after 72 hours at 0°C  

 

 

24
,5

32
,6

39
,9 40

,8 42
,3 43

,6

39
,9 40

,8

23
,1

27
,1

32
,2

32
,8 34

,0

34
,8

52
,1

52
,6

2
2

,3

30
,3

38
,3 39

,3 40
,3 41

,8

38
,3 39

,4

2
1

,6

25
,4

30
,6

31
,2

32
,0

32
,9

50
,3

50
,9

21
,1

29
,0

37
,2 38

,4

39
,0 40

,6

37
,2

37
,2

20
,8

24
,4

29
,6

30
,2

30
,9

31
,8

49
,2

49
,2

2
0

,6

28
,4

36
,7 37

,9

38
,3 40

,0

36
,7 37

,9

20
,5

2
4,

0

29
,1

29
,7

30
,3

31
,2

48
,7

49
,4

0,0

10,0

20,0

30,0

40,0

50,0

60,0

Strategy #1 Strategy #2 Strategy #3 Strategy #4 Strategy #5 Strategy #6 Strategy #7 Strategy #8

C
o

m
p

re
ss

iv
e 

st
re

n
gt

h
  

[M
P

a]

Curing measures

72h-strength - Hybrid 50% at 0°C

MP1 (2m/s) MP2 (2m/s) MP1 (4m/s) MP2 (4m/s) MP1 (6m/s) MP2 (6m/s) MP1 (8m/s) MP2 (8m/s)



65 
 

4.4.2.1. -10°C 

Figure 36 presents the slow compressive strength development of H50 during winter casting at -10°C. 

The figure clearly illustrates the effect of the heating cables in strategies 7 and 8, with a considerably 

higher strength development compared to the other strategies. When using strategies 7 and 8, the 

adequacy of measuring point 1 must always be checked, as explained in chapter 4.4. In contrast to the 

H65, table 24 indicates that the strategies achieve sufficient strength for the H50. Therefore, at -10°C, 

it is possible to cast and maintain progress by using the substitute concrete for which the H50 is meant.  

 

Figure 36. Compressive strength development for H50 at -10°C 

Regarding table 24, strategies 1 and 2 do not comply with NS-EN 13670 regarding minimum strength 

before the surface temperature drops below 0°C.  

 

Figure 37. Temperature development for H50 at -10°C 
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4.4.2.2. -5°C 

Figure 38 presents the still slow-moving compressive strength development of H50 during winter 

casting at -5°C. Although the development is slow compared to the H65, the H50 achieves sufficient 

strength development from strategy 3, where H65 is dependent on the use of heating cables.  

 

Figure 38. Compressive strength development for H50 at -5°C 

Figure 39 illustrates the low heat development at -5°C. The potential of the surface temperature 

dropping below 0°C is present. Therefore, it is a risk that the H50 does not satisfy the requirement in 

NS-EN 13670 of not achieving a compressive strength of 5 MPa before the surface temperature drops 

below 0°C. Regarding table 24, the H50 nevertheless acquires sufficient strength.  

 

Figure 39. Temperature development for H50 at -5°C 
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4.4.2.3. 0°C 

Figure 40 illustrates that at 0°C, strategy 2 achieves adequate strength development for the first time. 

The strategy reaches a compressive strength of 25 MPa after 63 hours. By utilizing strategy 3, however, 

the acquired strength is developed in 47.5 hours. In comparison, this is a reduction corresponding to 

15.5 hours. 

 

Figure 40. Compressive strength development for H50 at 0°C 

From 0°C onwards, the surface temperature of the concrete will not reach minus degrees, and the 

requirement in NS-EN 13670 will be maintained at the following temperature levels. Figure 41 still 

illustrates the low heat development of the H50, but a slight increase can be observed.  

 

Figure 41. Temperature development for H50 at 0°C 
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4.4.2.4. 5°C 

Figure 42 presents the gradually evolving compressive strength development of H50 during the last 

degree of winter casting at 5°C. Similar to the previous conditions, the effect of the heating cables in 

strategies 7 and 8 can be observed. Simultaneously the gap between the strategies with and without 

heating cables is becoming visibly smaller. At 5°C, all strategies are sufficient, independent of wind 

speed. As the first temperature level where strategy 1 can be used, the strength difference between a 

wind speed of 2 m/s and 8 m/s after 72 hours is 2.5 MPa.  

 

Figure 42. Compressive strength development for H50 at 5°C 

Figure 43 illustrates the gradual increase in heat development, although the effect of the fly ash 

content is still prominent to observe. Strategy 6 has a temperature gradient of 8.7°C in the first 24 

hours. That is 2.9°C higher than H65 under the same conditions. 

 

Figure 43. Temperature development for H50 at 5°C 
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4.4.2.5. 10°C 

Figure 44 presents the compressive strength development of H50 at 10°C, the first level above the 

winter casting. It can be observed that the time gap in which the curing strategies from 1 to 8 reach a 

compressive strength of 25 MPa, reduces from 26 hours at 5°C to 13,5 hours at 10°C. At 10°C, the time 

gap is thus approximately halved, emphasizing the temperature sensitivity of the H50. 

 

Figure 44. Compressive strength development for H50 at 10°C 

Figure 45 illustrates the gradual increase in heat development, where strategy 6 has a temperature 

gradient corresponding to 11.6°C in the first 24 hours. That is 3.3°C higher than H65 under the same 

conditions. 

 

Figure 45. Temperature development for H50 at 10°C 
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4.4.2.6. 15°C 

Figure 46 presents the compressive strength development of H50 at 15°C. Strategies 1 and 8 achieve 

a strength of 25 MPa after 26 and 18 hours, respectively, a time difference corresponding to 8 hours. 

Both strategies 6 and 8 reach a compressive strength of 25 MPa after 18 hours. It is clear to observe 

the increasing strength development at higher temperatures and the smaller strength gap between 

the different strategies.  

 

Figure 46. Compressive strength development for H50 at 15°C 

Figure 47 illustrates the gradual increase in heat development, where strategy 6 has a temperature 

gradient corresponding to 13.3°C in the first 24 hours. The maximum temperature of strategy 6 

corresponds to 36°C, while strategy 8 with heating cables reaches 50.6°C. 

 

Figure 47. Temperature development for H50 at 15°C 
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4.4.2.7. 20°C 

Figure 48 presents the compressive strength development of H50 at 20°C. At 20°C, it can be observed 

that strategy 6 reaches a compressive strength of 25 MPa 1 hour before strategy 8, indicating the lesser 

effect of heating cables at higher ambient temperatures.  

 

Figure 48. Compressive strength development for H50 at 20°C 

Figure 49 illustrates the gradual increase in heat development, where strategy 6 has a temperature 

gradient of 16.5°C in the first 24 hours. The maximum temperature of strategy 6 corresponds to 40.6°C, 

while strategy 8 with heating cables reaches 54.9°C. 

 

Figure 49. Temperature development for H50 at 20°C 
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4.4.2.8. 25°C 

Figure 50 presents the compressive strength development of H50 at 25°C. Similar to the latter 

temperature level, it can be observed that strategy 6 reaches a compressive strength of 25 MPa before 

strategy 8, by 1 hour.   

 

Figure 50. Compressive strength development for H50 at 25°C 

Figure 51 illustrates the gradual increase in heat development, where strategy 6 has a temperature 

gradient of 20°C in the first 24 hours. At higher temperatures, strategies 3 and 4 are more or less 

developing the same amount of compressive strength and heat. The only difference in their curing 

measures is the use of accelerator in strategy 4. These properties are similar compared to the H65.  

 

Figure 51. Temperature development for H50 at 25°C 
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4.4.3. Semi low-heat 

The following compressive strength and temperature presentation are based on the description in the 

last three sections of chapter 4.4. From an ambient temperature of 10°C, no further curing measures 

are required other than formwork to satisfy the compressive strength criteria, as illustrated in table 

25. The effect of wind speed appears to be increasing with decreasing ambient temperature. In order 

to illustrate this effect, it can be observed that wind speed makes strategy 2 insufficient at an ambient 

temperature of 5°C only at 8 m/s. At wind speeds above 8 m/s, all casting will be interrupted due to 

the risk it entails, regardless of whether the criteria are met. Strategy 3 is at ambient temperatures of 

0°C, only satisfactory in calmer wind conditions of 2 m/s. 

The use of covering at the top of the slab with ethafoam mats, as strategy 2 considers, increases the 

compressive strength by 2.7 MPa compared to strategy 1 at 5°C, making it a sufficient curing measure 

for all wind speeds except 8 m/s. Strategy 3 combines the covering of the top slab with heating 

underneath the slab, with an average increased compressive strength of 3.3 MPa compared to strategy 

2. The combination of curing measures makes it sufficient for 0°C with a wind speed of 2 m/s. Further, 

strategy 4-6 has an increase of approximately 0.5 MPa compared to the previous strategy.  
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Table 25. 72-hour compressive strength development for SL20 at measuring point 2 

Compressive strength after 72 hours (Criterium: Concrete strength > 25 MPa) 
Freezing constraint: Concrete strength > 5 MPa when air temp. < 0°C. Otherwise, "N/A" 

Wind  
[m/s] 

Temp.  
[°C] 

Strategies 

1 2 3 4 5 6 7 8 

2 

-10 6.0* 10.5* 17.6 18.9 20.0 21.1 31.3(24.1) 31.8(25.4) 

-5 13.2* 18.5 23.8 24.4 25.2 25.9 34.0(28.5) 34.3(29.3) 

0 20.1 24.3 28.0 28.4 28.9 29.4 36.3(31.7) 36.5(32.1) 

5 25.0 28.4 31.2 31.4 31.9 32.1 38.3(34.3) 38.5(34.5) 

10 28.8 31.5 33.8 33.8 34.3 34.5 40.1(36.5) 40.2(36.6) 

15 32.1 34.5 36.5 36.6 36.9 37.1 42.0(39.0) 42.1(39.1) 

20 34.5 36.7 38.4 38.5 38.8 38.9 43.4(40.6) 43.5(40.7) 

25 36.7 38.6 40.1 40.1 40.5 40.6 44.7(42.1) 44.8(42.1) 

4 

-10 3.9* 7.4* 14.8* 16.4* 16.6* 18.4 29.9(21.4) 30.6(23.3) 

-5 11.6* 15.9* 22.1 22.9 23.3 24.2 32.9(27.1) 33.4(28.1) 

0 18.4 22.8 26.9 27.3 27.7 28.2 35.4(30.8) 35.7(31.3) 

5 23.8 27.4 30.4 30.6 31.0 31.3 37.6(33.7) 37.8(34.0) 

10 27.9 30.8 33.2 33.3 33.7 33.9 39.6(36.1) 39.7(36.2) 

15 31.3 33.9 36.0 36.1 36.3 36.6 41.5(38.6) 41.7(38.8) 

20 33.9 36.2 38.0 38.1 38.3 38.5 43.0(40.3) 43.1(40.5) 

25 36.1 38.2 39.8 39.9 40.1 40.2 44.4(41.9) 44.5(42.0) 

6 

-10 2.9* 5.7* 12.6* 14.4* 14.4* 16.4 29.0(19.3) 29.7(21.7) 

-5 10.6* 14.3* 20.9 21.8 22.0 23.1 32.2(26.0) 32.7(27.2) 

0 17.6 21.9 26.2 26.7 26.9 27.5 34.9(30.2) 35.3(30.8) 

5 23.1 26.8 29.9 30.2 30.4 30.8 37.2(33.3) 37.5(33.6) 

10 27.3 30.4 32.9 33.0 33.2 33.5 39.2(35.8) 39.4(36.0) 

15 30.9 33.5 35.6 35.8 35.9 36.2 41.2(38.3) 41.4(38.6) 

20 33.5 35.9 37.8 37.9 38.0 38.2 42.7(40.2) 42.9(40.3) 

25 35.8 38.0 39.6 39.7 39.8 40.0 44.2(41.8) 44.3(41.9) 

8 

-10 2.6* 4.9* 10.7* 12.9* 13.0* 15.3* 28.4(18.2) 29.3(20.7) 

-5 10.2* 13.4* 20.2 21.2 21.3 22.4 31.9(25.4) 32.4(26.6) 

0 17.1 21.5 25.8 26.3 26.5 27.1 34.6(29.8) 35.0(30.5) 

5 22.8 26.6 29.7 30.0 30.2 30.5 37.0(33.1) 37.3(33.4) 

10 27.1 30.2 32.7 32.8 33.0 33.3 39.1(35.7) 39.2(35.9) 

15 30.7 33.3 35.5 35.7 35.7 36.0 41.0(38.2) 41.2(38.5) 

20 33.3 35.7 37.6 37.8 37.8 38.1 42.6(40.1) 42.8(40.3) 

25 35.7 37.9 39.5 39.6 39.7 39.9 44.0(41.7) 44.2(41.9) 
(-) Strength development in measuring point 1 which is decisive 
* N/A in accordance with NS-EN 13670 

 

The SL20 concrete is defined as an industry standard and is thus used as a reference concrete in this 

thesis [45]. Comparing table 25 with tables 23 and 24 indicates that SL20 can be considered a middle 

ground between H65 and H50 when considering the 72-hours compressive strength. The time-

dependent course of the compressive strength is quite different from the two hybrid concretes. This 
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difference is due to SL20 generating more heat and simultaneously being more temperature-

dependent to develop compressive strength. The concrete can be considered in more challenging 

conditions than H65, but not at the level of H50. The lowest ambient temperature while still achieving 

sufficient compressive strength is -10°C combined with a wind speed of 2 m/s. At all the other wind 

speeds, the course of strategies providing sufficient 72-hours compressive strength is the same. The 

difference in achieved strength is slight, indicating that SL20 is temperature-sensitive to a minor 

degree. At an ambient temperature of 5°C and a wind speed of 2 m/s, SL20 can cure without the use 

of curing measures. At the other wind speeds, an ambient temperature of 10°C leads to the same 

conclusion.  

Regarding an ambient temperature of -10°C, the worst-case scenario indicates that the SL20 will only 

achieve the required compressive strength after 3 days of curing with strategy 8. However, the strategy 

is only adequate at wind speeds of 2 m/s. The wind speed plays an essential role in deciding which 

curing strategy can be considered. Comparing the strength development of strategy 8 at 2 m/s and 8 

m/s indicates a difference of 4,7 MPa. At an ambient temperature of 5°C, strategies 5 to 8 are sufficient 

at 2 m/s. Strategies 7 and 8 concerning heating cables are sufficient in all other wind conditions. At an 

ambient temperature of 5°C and a wind speed of 2 m/s, the SL20 can cure without the use of curing 

measures. This temperature level is considered winter casting. The compressive strength at 0°C 

considered for every curing strategy is presented in figure 52 below.  

 

Figure 52. Compressive strength of SL20 after 72 hours at 0°C  
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4.4.3.1. -10°C 

Figure 53 presents the compressive strength development of SL20 during winter casting at -10°C. The 

figure clearly illustrates a more rapid curve than the hybrid concretes, but the compressive strength 

after 7 days indicates a lower long-term strength. This implies correctness as fc28 for SL20 is the lowest 

of the three, as presented in table 13. It is evident to observe the significant difference between 

strategies 1, 2 and 3; however, none of them reaches a compressive strength higher than 25 MPa 

during the first 7 days of curing. Strategy 8 is the only case in which it reaches adequate strength and 

does so after 69 hours. Compared to the two hybrid concretes, the development of SL20 is 

intermediate to them at -10°C.  

 

Figure 53. Compressive strength development for SL20 at -10°C 

Regarding table 25, strategies 1 and 2 do not comply with NS-EN 13670 regarding minimum strength 

before the surface temperature drops below 0°C. Figure 54 illustrates how strategies 1 and 2 drops 

below 0°C after 7 hours.  

 

Figure 54. Temperature development for SL20 at -10°C 
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4.4.3.2. -5°C 

Figure 55 presents the compressive strength development of SL20 during winter casting at -5°C. The 

steep curve of strength development during the first two days, as was the case at -10°C, indicates the 

reference concrete of SL20 is less temperature sensitive than the hybrid concretes. Although the 

development is less sensitive compared to H65 and H50, SL20 achieves an all-over lower strength 

development. The difference in strength development between strategies 1, 2 and 3 is still 

noteworthy. At 2 m/s, strategies 5 through 8 achieve sufficient strength, the former one hour before 

the 3 day-mark.  

 

Figure 55. Compressive strength development for SL20 at -5°C 

Figure 56 illustrates the heat development at -5°C. The potential of the surface temperature dropping 

below 0°C is present. Therefore, it is a risk that the SL20 does not satisfy the requirement in NS-EN 

13670 of not achieving a compressive strength of 5 MPa before the surface temperature drops below 

0°C. With reference to table 25, strategy 1 does not acquire sufficient strength at 2 m/s. 

 

Figure 56. Temperature development for SL20 at -5°C 
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4.4.3.3. 0°C 

Figure 57 illustrates that at 0°C, strategies 2 and 3 are, for the first time achieving adequate strength 

development, applicable at all the wind speeds. As pointed out in the two abovementioned 

subchapters, the difference in strength development is starting to decrease but is still significant. The 

difference in which strategies 1 and 3 reached 25 MPa is 60.5 hours. 

 

Figure 57. Compressive strength development for SL20 at 0°C 

From 0°C onwards, the surface temperature of the concrete will not reach minus degrees, and the 

requirement in NS-EN 13670 will be maintained at the following temperature levels. Figure 58 

illustrates the heat development of the SL20, where an increase compared to the -5°C results can be 

observed.  

 

Figure 58. Temperature development for SL20 at 0°C 
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4.4.3.4. 5°C 

Figure 59 presents the gradually evolving compressive strength development of SL20 during the last 

degree of winter casting at 5°C. Similar to the previous conditions, the effect of the heating cables in 

strategies 7 and 8 can be observed. Simultaneously the gap between the strategies with and without 

heating cables is becoming visibly smaller. At 5°C, all strategies are sufficient at a wind speed of 2 m/s. 

As the first temperature level where strategy 1 can be used, the strength difference between a wind 

speed of 2 m/s and 8 m/s after 72 hours is 2.2 MPa.  

 

Figure 59. Compressive strength development for SL20 at 5°C 

Figure 60 illustrates the gradual increase in heat development. Strategy 6 has a temperature gradient 

of 13.6°C in the first 24 hours. That is 4.9°C higher than H50 and 7.8°C higher than H65 under the same 

conditions. 

 

Figure 60. Temperature development for SL20 at 5°C 
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4.4.3.5. 10°C 

Figure 61 presents the compressive strength development of SL20 at 10°C, the first level above the 

winter casting. It can be observed that the time gap in which the curing strategies from 1 to 8 reach a 

compressive strength of 25 MPa, reduces from 37 hours at 5°C to 21 hours at 10°C. Compared to H65 

and 50 with a difference corresponding to 22 and 13.5 hours, respectively. Furthermore, SL20 reaches 

a compressive strength of 25 MPa just before H65. Thus, the hybrid concretes present their ability for 

earlier strength development at higher temperatures, indicating that the difficulty of such concretes 

lies in the curing during winter conditions.  

 

Figure 61. Compressive strength development for SL20 at 10°C 

Figure 62 illustrates the gradual increase in heat development, where strategy 6 has a temperature 

gradient of 16.3°C in the first 24 hours. That is 4.7°C higher than H50 and 8.0°C higher than H65 under 

the same conditions. 

 

Figure 62. Temperature development for SL20 at 10°C 
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4.4.3.6. 15°C 

Figure 63 presents the compressive strength development of SL20 at 15°C. Strategies 1 and 8 achieve 

a strength of 25 MPa after 26 and 18 hours, respectively, a time difference corresponding to 8 hours. 

Both strategies 6 and 8 reach a compressive strength of 25 MPa after 18 hours. It is clear to observe 

the increasing strength development at higher temperatures and the smaller strength gap between 

the different strategies.  

 

Figure 63. Compressive strength development for SL20 at 15°C 

Figure 64 illustrates the gradual increase in heat development, whereas strategy 6 has a temperature 

gradient of 17.9°C in the first 24 hours. The maximum temperature of strategy 6 corresponds to 39.8°C, 

while strategy 8 with heating cables reaches 52.5°C.  

 

Figure 64. Temperature development for SL20 at 15°C 
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4.4.3.7. 20°C 

Figure 65 presents the compressive strength development of SL20 at 20°C. At 20°C, it can be observed 

that strategy 6 reaches a compressive strength of 25 MPa 0.5 hours before strategy 8, indicating the 

lesser effect of heating cables at higher ambient temperatures.  

 

Figure 65. Compressive strength development for SL20 at 20°C 

Figure 66 illustrates the gradual increase in heat development, whereas strategy 6 has a temperature 

gradient of 20.7°C in the first 24 hours. The maximum temperature of strategy 6 corresponds to 44.5°C, 

while strategy 8 with heating cables reaches 56.8°C. 

 

Figure 66. Temperature development for SL20 at 20°C 
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4.4.3.8. 25°C 

Figure 67 presents the compressive strength development of SL20 at 25°C. Similar to the latter 

temperature level, it can be observed that strategy 6 reaches a compressive strength of 25 MPa before 

strategy 8, by 0.5 hours.   

 

Figure 67. Compressive strength development for SL20 at 25°C 

Figure 68 illustrates the gradual increase in heat development, whereas strategy 6 has a temperature 

gradient of 24.0°C in the first 24 hours. At higher temperatures, strategies 3 and 4 are more or less 

developing the same amount of compressive strength and heat. The only difference in their curing 

measures is the use of accelerator in strategy 4. These properties are similar compared to H65 and 

H50.  

 

Figure 68. Temperature development for SL20 at 25°C 
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4.5. Progressive opportunities 

This chapter will present the progressive opportunities, explaining the possibilities of utilizing the 

curing measures to increase the project's progression. The following tables will consider the time when 

the strategies achieve the required compressive strength of 25 MPa. The presented values are 

collected from the respective strategies’ decisive measuring points. Regarding strategies 1 to 6, 

measuring point 2 at (6000, 0.125) will be decisive. Regarding strategies 7 and 8, measuring point 1 at 

(4000, 0.200) will be decisive. The latter is due to heating cables affecting measuring point 2 as a local 

curing measure. 

Regarding NS-EN 13670 and the achieved early strength before the surface temperature falls below 

0°C, chapter 4.4 concluded that the project-specific criteria comply with the requirement and are even 

more demanding. Therefore, the following tables present the curing process cases that do not reach 

25 MPa within 168 hours as non-applicable (N/A). Furthermore, the tables are colour-indicated to 

show which curing strategies meet the 3-days compressive strength requirement. 

4.5.1. Hybrid 65 

Table 26 presents the time when the different strategies of H65 reach a compressive strength of 25 

MPa. The table indicates the effect of the temperature-sensitive concrete. At -10°C, the challenging 

conditions are recognizable, as H65 does not achieve sufficient compressive strength within the 

required 3 days. At -5°C, the conditions are still challenging, and the wind speed is decisive. At 4 m/s, 

strategy 8 achieves 25 MPa at the 3-day mark, while at 2 m/s, both strategies 7 and 8 will suffice. That 

means the curing measure of heating cables is required.  

At 0°C, several more possibilities of accessible strategies open up. Simultaneously this temperature 

level indicates the imperative effect of the wind speed as a variable. At 8 m/s, H65 requires the use of 

heating cables, while at 2 m/s, curing strategy 3 will suffice, considering cover at the top together will 

cover and heating underneath the slab. The average time difference when strategies 1 and 8 achieve 

sufficient strength is 74.5 hours.  

At 5°C, scenario 1, which only considers the formwork, will not achieve sufficient compressive strength, 

regardless of wind speed. At 8 m/s, strategy 2 will need 73.5 hours to achieve 25 MPa. The average 

time difference when strategies 1 and 8 achieve sufficient strength is 44.1 hours. 

The ambient temperature of 5°C is the last level that requires curing measures to comply with the 

requirement. The curing measures will nonetheless still impact the progress with the possibility of 

reaching sufficient strength within a day. At 10°C, the effect of the heating cables is still visible. The 

average time difference when strategies 1 and 8 achieve sufficient strength is 25.4 hours. 

From an ambient temperature of 15°C, the effect of the heating cables does not have the same impact 

anymore, and the most effective curing measures of choice are defined in strategy 6, considering cover 

at the top, cover and heating underneath, accelerator and increased delivered concrete temperature. 

At 15°C, the average time difference when strategies 1 and 6 achieve sufficient strength is 14.3 hours. 

At 20°C, the average difference is 9.0 hours, and at 25°C, the average difference is 5.6 hours.  
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Table 26. Time of achieving a compressive strength of 25 MPa for H65 

Time when hybrid 65 reaches 25 MPa (Criterium: 25 MPa in maximum 72 hours) 
Constraint: Concrete strength > 25 MPa after 168 hours. Otherwise, "N/A" 

Wind 
[m/s] 

Temp. 
[°C] 

Scenario 

1 2 3 4 5 6 7 8 

2 

-10 N/A N/A N/A N/A N/A N/A 128.0 112.0 

-5 N/A 168.0 120.0 115.0 106.0 99.0 69.0 63.5 

0 118.0 100.0 71.0 69.0 63.0 60.5 50.0 47.5 

5 78.0 64.0 50.0 49.5 45.5 43.5 39.5 38.0 

10 54.0 46.0 39.0 38.5 35.0 34.0 33.0 32.0 

15 37.0 31.0 28.5 28.0 25.5 24.5 24.5 24.0 

20 28.5 26.0 23.5 23.5 21.0 20.5 21.5 21.0 

25 23.0 21.5 20.5 20.0 18.0 18.0 19.0 19.0 

4 

-10 N/A N/A N/A N/A N/A N/A 160.0 142.0 

-5 N/A N/A 136.0 132.0 124.0 118.0 80.0 72.0 

0 126.0 110.0 79.0 75.5 72.0 68.0 54.5 51.0 

5 84.0 69.0 54.5 53.0 50.0 48.0 42.0 40.0 

10 58.0 49.0 41.0 75.5 37.5 36.5 34.0 33.0 

15 40.0 34.0 30.0 29.0 22.0 26.0 25.5 24.5 

20 30.5 27.0 24.5 24.0 27.0 21.5 22.0 21.5 

25 24.0 22.0 20.5 20.0 18.5 18.0 19.0 19.0 

6 

-10 N/A N/A N/A N/A N/A N/A N/A 164.0 

-5 N/A N/A 147.0 142.0 137.0 129.0 91.0 78.0 

0 130.0 115.0 85.0 81.0 77.0 72.0 58.0 54.0 

5 88.0 72.0 57.0 55.0 52.5 50.5 43.5 41.5 

10 61.0 50.5 42.0 41.5 39.0 38.0 34.5 33.5 

15 42.0 35.0 30.5 30.0 28.0 27.0 26.0 25.0 

20 31.5 27.5 24.5 24.0 23.0 22.0 22.0 21.5 

25 24.0 22.0 20.5 20.5 19.0 18.5 19.0 19.0 

8 

-10 N/A N/A N/A N/A N/A N/A N/A N/A 

-5 N/A N/A 152.0 146.0 142.0 135.0 96.5 84.0 

0 132.0 117.0 88.0 84.0 81.0 75.5 59.0 55.5 

5 88.0 73.5 58.0 56.0 54.0 51.5 44.5 42.0 

10 61.0 51.0 43.0 42.0 40.0 38.5 35.0 34.0 

15 42.5 35.5 31.0 30.0 29.0 27.5 26.5 25.0 

20 32.0 27.5 25.0 24.5 23.5 22.5 22.5 21.5 

25 24.5 22.5 21.0 20.5 19.0 18.5 19.0 19.0 
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4.5.2. Hybrid 50 

Table 27 presents the time when the different strategies of H50 reach a compressive strength of 25 

MPa. The table illustrates the intended usability of H50 as a substitute concrete in the conditions where 

H65 do not suffice. H50 is on its side also a temperature-sensitive concrete, and there are conditions 

of winter casting considered too challenging for H50 as well.  

At -10°C, the challenging conditions are recognizable, but to a lesser degree than H65. H65 did not 

reach 25 MPa within 72 hours, whereas H50 in strategy 8 did so after 56 hours at 2 m/s and after 66.5 

hours at 4 m/s. This demonstrates the effectiveness of H50 in combination with heating cables. At -

5°C, H65 depends on heating cables, whereas H50 can use strategy 3 at 2 m/s.  

At 0°C, strategies 2 and 3 will achieve sufficient compressive strength within 3 days, dependent on the 

wind speed, as illustrated in table 27. The average time difference when strategies 1 and 8 achieve 

sufficient strength is 74.9 hours, approximately 20 hours less than H65 under similar conditions. 

At 5°C, H50 does not need curing measures to achieve sufficient compressive strength. The average 

time difference when strategies 1 and 8 achieve sufficient strength is 31.3 hours, approximately 13 

hours less than H65 under similar conditions. At 10°C, the effect of the heating cables does not have 

the same impact anymore, and the most effective curing measures of choice are defined in strategy 6, 

considering cover at the top, cover and heating underneath, accelerator and increased delivered 

concrete temperature. At 10°C, the average time difference when strategies 1 and 6 achieve sufficient 

strength is 16.6 hours. At 15°C, the average difference is 9.6 hours, at 20°C, it is 6.4 hours, and at 25°C, 

it is 3.9 hours.  
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Table 27. Time of achieving a compressive strength of 25 MPa for H50 

The time when hybrid 50 reaches 25 MPa (Criterium: 25 MPa in maximum 72 hours) 
Constraint: Concrete strength > 25 MPa after 168 hours. Otherwise, "N/A" 

Wind 
[m/s] 

Temp. 
[°C] 

Scenario 

1 2 3 4 5 6 7 8 

2 

-10 N/A N/A 132.0 124.0 110.0 98.0 93.0 56.0 

-5 132.0 108.0 69.0 66.0 59.0 55.0 45.0 41.5 

0 82.0 63.0 47.5 45.5 41.0 38.5 35.5 33.5 

5 54.0 43.5 36.0 35.0 31.5 30.0 29.5 28.0 

10 38.0 33.0 29.0 28.5 25.5 24.5 25.0 24.5 

15 26.0 23.5 21.5 21.0 18.8 18.0 19.0 18.0 

20 21.0 19.5 18.5 18.0 16.0 15.5 17.0 16.5 

25 17.5 17.0 16.0 16.0 14.0 14.0 15.5 15.0 

4 

-10 N/A N/A 164.0 148.0 140.0 128.0 77.0 66.5 

-5 144.0 124.0 81.0 75.0 70.0 65.0 51.0 46.5 

0 92.0 71.0 52.5 50.5 46.5 44.0 38.5 36.0 

5 60.0 47.5 38.5 37.5 34.5 33.0 31.0 26.5 

10 41.5 35.0 30.0 30.0 27.0 26.0 25.5 25.0 

15 28.5 24.5 22.0 21.5 20.0 19.0 19.5 19.0 

20 22.0 20.0 18.5 18.0 16.5 16.0 17.0 17.0 

25 18.0 17.0 16.0 16.0 14.5 14.0 15.5 15.0 

6 

-10 N/A N/A N/A 166.0 162.0 142.0 94.0 74.5 

-5 148.0 132.0 90.0 84.0 79.0 72.0 55.0 50.0 

0 95.0 75.0 55.5 53.0 50.5 47.0 41.0 38.0 

5 63.0 49.5 40.5 39.0 36.5 34.5 32.5 30.5 

10 43.5 36.0 31.0 30.5 28.5 27.0 26.5 25.5 

15 30.0 25.5 23.0 22.0 20.5 19.5 20.0 19.0 

20 23.0 20.5 19.0 18.5 17.0 16.5 17.5 17.0 

25 18.0 17.5 16.0 16.0 14.5 14.0 15.5 15.0 

8 

-10 N/A N/A N/A N/A 165.0 154.0 105.0 82.0 

-5 150.0 137.0 95.0 88.5 84.0 76.0 57.5 52.0 

0 97.0 77.5 57.0 54.5 52.5 49.0 42.0 39.0 

5 64.0 51.0 41.0 40.0 37.5 35.5 33.0 31.0 

10 44.5 36.5 31.5 31.0 29.0 28.0 27.0 26.0 

15 30.5 25.0 23.5 22.5 21.0 20.0 20.5 19.5 

20 23.5 21.0 19.0 18.5 17.5 16.0 17.5 17.0 

25 18.5 17.0 16.0 16.0 15.0 14.5 15.5 15.0 
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4.5.3. Semi low-heat 

Table 28 presents the time when the different strategies of SL20 reach a compressive strength of 25 

MPa. The reference concrete works as a valuable tool to compare the properties of the two hybrid 

concretes against traditional concrete.  

At -10°C, the SL20 depends on the wind speed to achieve sufficient compressive strength using strategy 

8. At 2 m/s, strategy 8 reaches 25 MPa after 69 hours. At -5°C, SL20 is dependent on using heating 

cables from 4 m/s but can utilize strategy 5 at 2 m/s. Strategy 5 considers cover at the top, cover and 

heating underneath, and increased temperature on the delivered concrete.  

At 0°C, strategies 3 and 4 will achieve sufficient compressive strength within 3 days, regardless of the 

wind speed, as illustrated in table 28. At 5°C and a wind speed of 2 m/s, SL20 does not need curing 

measures to achieve sufficient compressive strength, achieving 25 MPa at the 3-day mark. At the other 

wind speeds, strategy 2 will suffice. The average time difference when strategies 1 and 8 achieve 

sufficient strength is 44.0 hours, similar to H65.  

At 10°C, the effect of the heating cables does not have the same impact anymore, and the most 

effective curing measures of choice are defined in strategy 6, considering cover at the top, cover and 

heating underneath, accelerator and increased delivered concrete temperature. At 10°C, the average 

time difference when strategies 1 and 6 achieve sufficient strength is 25.6 hours. At 15°C, the average 

difference is 15.5 hours, at 20°C, it is 10.5 hours, and at 25°C, it is 7.0 hours. Although the overall 

development of compressive strength and temperature is different from the two hybrid concretes, the 

time of reaching a compressive strength of 25 MPa is similar to H65.  
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Table 28. Time of achieving a compressive strength of 25 MPa for SL20 

The time when semi low-heat reaches 25 MPa (Criterium: 25 MPa in maximum 72 hours) 
Constraint: Concrete strength > 25 MPa after 168 hours. Otherwise, "N/A" 

Wind 
[m/s] 

Temp. 
[°C] 

Scenario 

1 2 3 4 5 6 7 8 

2 

-10 N/A N/A N/A N/A 157.0 140.0 80.0 69.0 

-5 N/A 152.0 84.5 77.5 71.0 65.5 54.5 51.0 

0 115.5 78.0 56.0 54.0 50.0 47.5 43.5 41.5 

5 72.0 53.5 44.0 43.0 39.5 38.0 36.5 35.0 

10 51.5 41.5 36.0 35.5 33.0 32.0 31.0 30.5 

15 37.5 31.5 28.0 27.5 25.5 24.5 24.5 24.0 

20 30.0 26.5 24.5 24.0 21.5 21.5 22.0 22.0 

25 25.0 23.0 21.5 21.5 19.5 19.5 20.0 20.0 

4 

-10 N/A N/A N/A N/A N/A N/A 126.0 95.0 

-5 N/A N/A 107.0 98.0 93.0 81.0 62.0 57.0 

0 133.0 93.5 61.5 59.0 57.0 54.0 47.0 44.5 

5 81.0 58.5 46.5 45.5 43.0 41.5 38.5 37.0 

10 57.0 44.0 37.5 37.0 35.0 34.0 32.5 31.5 

15 41.0 33.0 29.0 28.0 27.0 26.0 25.5 24.5 

20 32.5 27.0 24.5 24.5 23.0 22.0 22.5 22.0 

25 26.5 23.0 21.5 21.5 20.0 19.5 20.0 20.0 

6 

-10 N/A N/A N/A N/A N/A N/A 164.0 128.0 

-5 N/A N/A 123.0 113.0 110.0 97.0 67.0 61.0 

0 154.0 109.0 65.5 62.5 61.0 57.5 50.0 47.0 

5 85.0 61.5 48.5 47.0 45.5 43.5 39.5 38.0 

10 59.5 45.5 38.5 38.0 36.0 35.0 33.0 32.0 

15 43.5 34.0 29.5 29.0 28.0 26.5 26.0 25.0 

20 34.0 27.5 25.0 25.0 23.5 23.0 22.5 22.0 

25 27.5 23.5 22.0 21.5 20.5 20.0 20.0 20.0 

8 

-10 N/A N/A N/A N/A N/A N/A N/A 146 

-5 N/A N/A 132.0 120.0 119.0 106.0 70.0 64.0 

0 N/A 121.0 67.5 64.5 63.5 59.5 51.5 48.0 

5 87.0 63.0 49.5 48.0 47.0 44.5 40.5 39.0 

10 61.0 46.0 39.0 38.5 37.0 35.5 33.0 32.5 

15 44.5 34.5 30.5 29.5 28.5 27.5 26.5 25.5 

20 35.0 28.0 25.5 25.0 24.0 23.0 23.0 22.5 

25 28.0 23.5 22.0 21.5 21.0 20.0 20.0 20.0 
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4.6. Fieldwork – the casting of hybrid concrete at the construction site 

As mentioned in chapter 3.4 regarding the method of the fieldwork, the formwork was removed after 

4 days, on Monday 15.05.22. The cast slab was in the order of 80 m3, of which most of the deliveries 

were 7 m3. There were some discrepancies between ordered and received workability, which led to 

delivery delays, as described in chapter 3.4. However, these deviations will not affect the temperature 

and strength development of the concrete. 

The objective of using the sensors at Gullhaug Torg 2A was to find out when the concrete had reached 

the requirement of 25 MPa compressive strength, so that tensioning of the tendons could start. The 

thermocouple sensors embedded in the concrete measured the temperature for a period of 

approximately 4 days. Table 29 illustrates when the concrete at Gullhaug Torg 2A reaches the target 

strength of 25 MPa. The measured temperature is calculated with the Arrhenius maturity function to 

find the compressive strength.  

Table 29. The time when the hybrid 65 at Gullhaug Torg 2A reaches the target strength of 25 MPa 

Measuring point The target of 25 MPa reached 

Passive anchor 1 51.1 h 
Passive anchor 2 50.7 h 

Top tendons 54.6 h 

 

In figure 69, the compressive strength development of the fieldwork is illustrated together with the 

strength development simulated with CrackTeSt COIN considering the same weather conditions. An 

important notice is that the calculations performed in Maturix have used some different values for the 

activation energy parameters. The value of A is set to 36000 J/mol, and the value of B is set to 500 

J/mol. This deviates to some degree from the values otherwise used in this thesis. In this connection, 

simulations have been carried out in CrackTeSt COIN with the original parameter values and 

corresponding values used in Maturix, marked as "adapted" in figure 69. The result indicates that the 

change in the value of the activation energy parameter makes very little difference. Furthermore, by 

comparing the results derived from CrackTeSt COIN with the ones of Maturix, the development 

indicates very good agreement. The report from Maturix is given in Appendix F.  

 

Figure 69. Compressive strength development with conditions of the fieldwork 
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5. Discussion 

This chapter sequentially discusses the various results that emerge from chapter 4. The property 

development of the concretes and how they are affected by the weather conditions will be discussed. 

Furthermore, the results from the fieldwork and the impact of the SCMs will be accounted for.  

5.1. Heat development 

The heat development varies between the concrete and on the basis of the different weather 

conditions. Regarding weather conditions, the ambient temperature is the most decisive parameter. 

The pozzolanic material has a significant effect on the heat development of the concrete, where the 

composition of the hybrid concretes consists of a high dosage of fly ash and silica fume. The pozzolanic 

reaction with silica fume causes more heat to be generated compared to the use of traditional Portland 

cement alone. This is especially the case at higher mass ratios. On the other hand, fly ash has a lesser 

heat development than cement, which is the background for the term "low-heat concrete", belonging 

to cement with added fly ash. The pozzolanic reaction is simultaneously more temperature dependent 

than the cement reaction. This temperature sensitivity causes the pozzolanic reaction to proceed 

slowly at low temperatures and rapidly at high temperatures. These effects are essential for practical 

use, where winter casting is demanding.  

A typical CEM I-cement has a heat generation in the order of 320-360 kJ/kg, dependent on, among 

other things, the degree of fine grinding and mass ratio. H50 and H65 have a heat generation of 320 

kJ/kg and 280 kJ/kg, respectively. In comparison, the SL20 develops 350 kJ/kg, where the cement is the 

prominent binder. Considering that the silica fume is the pozzolanic material that develops the most 

heat, H50 illustrates this effect. As mentioned above, the heat generation of silica is higher in high 

mass ratios. The H50 has a mass ratio of 0.39. The combination of fly ash and the relatively low mass 

ratio can be thought to be the main reasons for the magnitude of heat development. Furthermore, the 

H65, with a larger amount of fly ash, show a decrease in heat development. Thus, this indicates that 

H65 is the most sensitive concrete regarding winter casting, which is evident in the results.  

A prominent trend from the results clearly demonstrates that an increasing amount of fly ash leads to 

lower heat generation. The magnitude of this effect increases simultaneously with decreasing ambient 

temperature. Another trend that is clear to observe regarding heat development and the various 

curing measures is that the effect of the curing measures starts already at the final setting. With 

increasing ambient temperature, the difference between the strategies decreases. Strategy 3-6 has 

partly different courses, but they all arrive at the same temperature after 72 hours. 

The high proportion of fly ash in the H65 can explain the slight temperature increase and that it has 

the lowest heat development. The temperature-increase results from the exothermic hydration 

process, where the mass ratio in the concrete is one of the factors that affect the amount of heat 

developed. For OPC based concrete with a mass ratio lower than 0.40, the total water content of the 

concrete will be too small for the cement to hydrate completely [7]. Increasing water content leads to 

increased heat generation. Regarding chapter 2.8, this will not be the case for the concretes in this 

thesis, as the pozzolanic material can react chemically with alkalis and the reaction product of calcium 

hydroxide from the hydration process. In the chemical process, fly ash contributes to far less heat 

generation than cement, hence the term "low-heat concrete". The H65 has a mass ratio of 0.45, which 

implies a relatively low value. H50 and SL20 have mass ratios of 0.39 and 0.41, respectively, indicating 
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that the slight differences compared to H65 have a lesser effect than the amount of developed heat 

per cement unit, Qꚙ, regarding the temperature rise. 

5.1.1. Activation energy 

As mentioned in subchapter 2.2.5, the activation energy is part of the hydration rate function 

regulating the temperature sensitivity. Figure 70 illustrates the influence of the pozzolanic materials, 

in particular the activation energy parameters of the fly ash and their effect in terms of relative 

hydration rate. The activation energy for temperatures above 20°C, represented by parameter A, 

increases with increasing fly ash content. The final strength of concrete using pozzolans or hydraulic 

binders is less affected by curing temperatures than pure Portland cement-based concrete. This is 

decisive for parameter B decreasing with increasing pozzolanic material. It can be seen that the 

hydration rate below 20°C is relatively equal for all the concrete, while the hydration rate increases 

with an increasing amount of fly ash. 

Regarding the fieldwork, where the calculations performed in Maturix used activation energy 

parameters that deviated to a small degree from the ones used in CrackTeSt COIN, the results showed 

that the changes constituted minimal differences. Figure 70 illustrates the values of the hydration rate 

functions graphically, indicating the minor differences influencing the concrete. The difference 

between the respective hydration rates can be seen more notable at higher temperatures. 

 

Figure 70. Hydration rate function, 𝐻(𝜃) versus temperature 

5.1.2. Ambient temperature 

Concrete curing is a self-reinforcing process if the released heat is allowed to lead to an increase in 

temperature in the structure. The temperature-sensitive hybrid concrete generates less heat at low 

temperatures, making it all the more important to utilize the generated heat. Furthermore, this 

temperature sensitivity entails the importance of using curing measures in winter conditions so that 

the concrete develops the desired strength. High curing temperature can reduce the final strength, but 

the pozzolanic materials help make the concrete more robust against this. 
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The results from the various ambient temperatures illustrate their effect on the heat development of 

the concrete. The development of strength is directly linked to the development of heat, which is 

apparent when comparing the different temperatures. From an ambient temperature of 10°C, the heat 

development of both hybrid concretes is in the order of magnitude to achieve the desired strength 

before 3 days have elapsed. The concrete is then independent of curing measures to maintain the 

desired heat development, and the objective of the curing measures will solely be to accelerate the 

progress. On the other hand, the need for curing measures in winter casting is prominent. Without 

curing measures, the results show that the heat development of the hybrid concretes during winter 

casting will decline throughout the simulated period. At -10°C, the effect of the weather conditions on 

H65 is challenging, and only the heating cables are able to increase the temperature in the concrete. 

The heat development is nevertheless too slow for the concrete to achieve the required strength 

within the desired time. The ambient temperature has a similar effect on H50. However, the specific 

heat development of the concrete as a result of the lower proportion of fly ash gives the concrete 

sufficient heat development with heating cables to comply with the requirement for strength.  

The difference in heat development is especially prominent at ambient temperatures of -5°C. With 

reference to figure 70, the hydration rate indicates that the hybrid concretes are less temperature 

sensitive than traditional OPC-based concrete, but the relative strength development is generally 

slower. Therefore, from a progression perspective, it is necessary to adapt the curing measures to the 

weather situation, for which the calculations provide a reasonable basis. 

5.2. Compressive strength 

With reference to chapter 2.7, both silica fume and fly ash are pozzolanic materials. The pozzolanic 

reaction does not start until the hydration process has developed the calcium hydroxide (Ca(OH)2), 

which chemically reacts with the silica (SiO2) to form the C-S-H. Since the pozzolanic reaction depends 

on the hydration process, this causes the mechanical properties and strength gain due to the SiO2 not 

starting until after a few days. Silica fume has high reactivity that gives the concrete increased strength, 

especially in the early phase. This is based on the high SiO2 content and the fine-grained particles that 

provide a high specific surface, as explained in subchapter 2.7.1. This leads the silica fume to react first 

in the pozzolanic reaction of H65 and H50. In principle, fly ash has the same chemical properties, but 

the chemical activity is smaller due to the coarser particles and a lower content of SiO2. The positive 

effects of fly ash are therefore developed more slowly. By comparing the H65 with the H50, this effect 

is evident. The H65 has a more significant fly ash proportion than the H50, resulting in slower strength 

development. This means that the concrete is more demanding in achieving compressive strength 

requirements at lower temperatures. By comparing the hybrid concretes with the reference concrete, 

it is clear to observe that the reference concrete with 20% fly ash and 2.9% silica fume has a more rapid 

development of strength from the start of the hardening phase. 

Furthermore, the developed strength after 7 days indicates that the hybrid concrete is likely to develop 

a higher strength in the long term, illustrated in figure 71, where one can observe the more declining 

curve of SL20 relative to the hybrid concretes. With reference to Maage et al. [7], the ultimate strength 

development of concrete with the addition of pozzolanic material may reach and even exceed the 

strength developed of ordinary Portland cement-based concrete. However, this thesis has not 

considered the long-term effect of mechanical properties, whereas the early strength in the first 3 days 

has been the centre of evaluation. This is thus not enough time to study these effects.  
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Figure 71. Comparison of strength development at 10°C between H65, H50 and SL20 

The results make it clear to observe the relationship between heat and compressive strength 

development. The 3-days compressive strength illustrates that H50 develops a higher strength than 

H65 and SL20. This advantage is at the expense of the environmental benefits that follow with using 

H65 and why H50 is considered the second choice only to be used when H65 is not sufficient. 

Furthermore, the tables describing when the concretes achieve the requirement of compressive 

strength corresponding to 25 MPa, indicate that the time when H65 and SL20 reach this milestone is 

quite similar. For ordinary Portland-based concrete, it is customary to see a high early strength and a 

further decreasing strength development up to 28 days. The lack of early strength development is 

particularly evident in increasing fly ash dosage, which is illustrated by comparing the concretes in the 

results. 

5.2.1. Winter casting 

Considering the criteria in NS-EN 13670 dictating the concrete must achieve a compressive strength 

corresponding to 5 MPa before the surface temperature drops below 0°C, it is still possible to reach 

the limit compressive strength of 25 MPa. However, it is unsuitable to use concrete where this is the 

case. It is essential to ensure the quality of the concrete and make sure that it does not freeze before 

it can withstand this. If the concrete freezes before it has achieved the required strength, it will suffer 

permanent damage in loss of strength and reduced durability. The significant loss of strength when 

the concrete freezes before it has set, i.e., strength less than 1-2 MPa, causes ice needles to form in 

the concrete. When these needles thaw, a cavity is formed between the aggregate and the binder.  

The permanent loss of strength will be visible in the long-term strength development. This is thus not 

displayed in the test results of this thesis, whereas the 7 days of strength development is not enough 

time in order to study the effect of the freezing condition. It is nevertheless important to point out the 

cases where the concrete does not meet the criterion. The positive effect of the curing measures 

illustrates that at -5°C, freezing will not be a problem. At -10°C, H65 is most exposed, where the 

concrete is dependent on heating cables to avoid freezing. H50 solves the problem with heating 

underneath the slabs.  
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5.2.2. SCMs 

The hybrid concretes in this thesis illustrate the effect of silica fume and fly ash, dictated by slow 

strength development. Silica fume has a high proportion of amorphous SiO2, which have the ability to 

participate in the pozzolanic reaction. As mentioned in subchapter 2.7.1, the silica fume has a large 

specific surface area of 20,000 kg/m2. These two factors lead to silica fume having a high chemical 

activity. What still causes the strength gain to be postponed for a few days is that the pozzolan reaction 

does not start until calcium hydroxide (Ca(OH)2) has been formed from the hydration process. Fly ash 

has the same chemical effects due to the amorphous silica. However, the chemical activity is less as 

the content of SiO2 is lower than for silica fume, and the particles are coarser, giving a specific surface 

corresponding to the cement of 300-600 kg/m2. The low chemical activity leads to the positive effects 

of fly ash taking months to be fully achieved. These effects seem reasonable as to why H65, with the 

highest amount of fly ash, is more temperature-dependent and generally achieves lower strength. 

When it comes to heat generation, the two pozzolanic materials are at opposite ends of the scale, 

where the properties of cement are considered the norm. Silica fume generates more heat than OPC, 

especially at higher mass ratios, while fly ash generates far less. The pozzolanic reaction with silica 

fume is more temperature dependent than cement, while with fly ash, the relative reaction rate is 

higher independent of temperature. It must be pointed out that this is relative, where the reaction 

rate regarding fly ash-based concrete is generally lower than for OPC-based concrete. The results from 

the experimental tests indicate that the H65 has a lower overall heat development, which is prominent 

during the winter casting.  
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6. Conclusion 

The overall aim of the thesis has been to investigate how the temperature and compressive strength 

of concrete with high pozzolanic material behaves during different weather conditions and the 

influence of different curing measures. Furthermore, the thesis aims to contribute as a reference 

considering planning procedures with new concrete compositions. The aim has been approached 

experimentally and analytically through extensive experimental testing in the computer-based curing 

technology program, CrackTeSt, and fieldwork at Gullhaug Torg through casting with temperature 

sensors.  

The main conclusions are in the following, presented concerning the defined objectives: 

- Examine the behaviour of the different concrete compositions. 

The reaction of the cement with water is a reliable and predictable chemical process. When other types 

of binders are added, such as pozzolanic materials in this case, it leads to new chemical reactions with 

a change in properties. Therefore, it is essential, especially when post-tensioning, to know when it is 

possible to stress the cables and remove the formwork – both in terms of safety and not to delay the 

project's progress. This further emphasizes the importance of validating the material model in the 

curing technology program. Evaluating the validity of the material model has not been part of the 

thesis’ research question. At the same time, good agreement is shown between the temperature and 

strength development results from the fieldwork and CrackTeSt COIN. This supports the validity of the 

calculation approaches. 

In order to investigate the effects of the pozzolanic materials of the hybrid concretes, that is, fly ash 

and silica fume, the thesis has performed extensive experimental testing through CrackTeSt COIN as 

well as fieldwork with casting together with temperature sensors. The aim has been to investigate the 

temperature, and compressive strength development of two hybrid concretes and compare the results 

from CrackTeSt COIN with the results from the casting at Gullhaug Torg. The results showed that both 

the hybrid concretes, H65 and H50, have low heat and slow strength development, whereas the 

development decreased with increasing pozzolanic material.  

The use of fly ash and silica fume as pozzolanic material in the two hybrid concretes have significantly 

impacted the mechanical properties. The study illustrates the positive effect of silica fume during 

winter casting in the form of higher heat development. Simultaneously, the results from CrackTeSt 

COIN show that the environmental ambitions can be maintained to a large extent with correct planning 

and evaluation of curing measures. The most challenging conditions are simulated at an ambient 

temperature of -10°C, indicating the importance of planning and evaluating the curing measures. 

- Examine the effect of curing measures under representative weather conditions. 

The challenging conditions during winter casting became apparent throughout the simulated ambient 

temperatures and wind conditions. The likewise challenging hybrid concretes illustrate the need for 

curing measures during such conditions. With the H50 as the second choice with respect to the 

environmental ambitions, there are two scenarios in which none of the concretes are considered 

sufficient regarding the requirement, based on the curing measures regarded in this thesis. That is at 

an ambient temperature of -10°C and wind speeds of 6 m/s and 8 m/s. Besides this, the required 

compressive strength of 25 MPa is achieved within 3 days for every combination of weather conditions. 

The H50, with the lowest amount of pozzolanic material, is independent of curing measures to reach 
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sufficient strength from an ambient temperature of 5°C. For H65, it is independent from -10°C. The 

curing measures have, through the results, illustrated their effectiveness, with a gradual increase from 

strategy 1 to 8. When the measurements show that the requirement of 25 MPa can be achieved earlier 

than 3 days, this data can be used to consider accelerating the time of tensioning and thus save time. 

- Optimisation of curing measures to achieve 25 MPa compressive strength prior to 3 days. 

Time is valuable in the buildings and construction sector, especially when several companies and 

contractors collaborate on extensive projects. Gullhaug Torg 2A requires optimal adjustments and 

continuous workflow coordination to keep up with the progress plan. Concrete is the most used 

material, where the estimation of curing can be a challenging process, with particular focus on the 

post-tensioned slabs in the means of safety and progression. As mentioned above, the pozzolanic 

effect of the hybrid concretes significantly impacts the mechanical properties. The concrete is also 

highly affected by the external influences of weather and wind, emphasizing the importance of a good 

planning phase. Knowing the temperature and compressive strength development and how the 

concrete behaves in different weather conditions beforehand is essential in keeping efficiency and not 

losing valuable redundant waiting time. CrackTeSt COIN has, as a curing technology program, proven 

to be an invaluable resource as new and more environmentally friendly concrete emerges. The 

program opens opportunities to control the curing process and optimise in terms of the correct choice 

of curing measures. The results of the thesis illustrate the effect of the curing measures and present 

the time when the concrete reaches sufficient compressive strength based on the influence of the 

weather conditions.  

- Final comments 

For information, changes were made to the concrete recipes used in the project. This was due to a 

shortage of cement in Denmark, which led Unicon to switch from Aalborg to Norcem cement. The 

result was that the cement “Rapid FA” from Aalborg was replaced with “Std FA” from Norcem. This 

shift had a positive effect on CO2 emissions both in terms of production and transport to Sjursøya. 

Regarding the mechanical properties relevant to this thesis, the concrete composition will be 

essentially the same, where the proportion of pozzolanic materials will be unchanged and is thus 

regarded not to impact the results of the thesis in any way. The concrete recipes are presented in 

Appendix B. 

 

 

 

 

 

 

 

 



98 
 

7. Further work 

Conversations with representatives from FutureBuilt, Avantor and Skanska, as well as experiences 

from the fieldwork, reveal that the hybrid concrete has led to some problematic casting. There are 

thus more factors than curing and development of mechanical properties that need to be mapped 

regarding hybrid concrete. There is no point in using more environmentally friendly concrete if it has 

to be replaced within 20 years because the durability is inadequate. Castability is, therefore, an 

important matter, which has been a challenge at Gullhaug Torg in areas with tight reinforcement. It 

will be helpful to find out the sources of the problematic workability. 

This thesis has looked exclusively at mechanical properties at an early stage with the objective of 

reaching a target compressive strength. Concrete with a high pozzolanic content has a slower 

development of strength but is also a more robust concrete in terms of temperature. It would be 

helpful to look at the development of mechanical properties of hybrid concrete over a more extended 

period, document the behaviour during winter conditions, and evaluate the utility potential. 

The environmental ambition that the thesis is based on is the incentive of implementing SCMs as 

constituents in the concrete. Slag is a hydraulically latent SCM that is more temperature-sensitive than 

the pozzolanic binders. Similarly, it is a residual product that gives the concrete a smaller carbon 

footprint. As an alternative that is used today and will be used in the future, slag has not made a 

significant entry into Norway. It will, regardless, be interesting to see how slag-based concrete behaves 

during winter casting and the effectiveness of curing measures.  

The transition from plastic phase to hardening material is more diffuse and not too accurate when 

simulating the strength development in CrackTeSt COIN. Considering the parameter t0, which 

corresponds to the “final setting”, it would be interesting to study how to improve the early strength 

development in the curing technology program.  
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Appendix A: NS-EN 206, table NA.12 

 

Figure A. 1. NS-EN 206, table NA.12, limiting values for concrete composition 

 

 

 

 

 

 



 
 

Appendix B: Concrete recipes 

During the current work, the concrete composition used in CrackTeSt COIN was Hybrid 65 and Hybrid 

50 with Aalborg Rapid FA cement. The recipes are given in figures B.1 and B.2. The concrete recipe 

used during the fieldwork of casting at Gullhaug Torg 2A is given in figure B.3. 

 

Figure B. 1. Concrete recipe for Hybrid 65 used in CrackTeSt COIN 



 
 

 

Figure B. 2. Concrete recipe for Hybrid 50 used in CrackTeSt COIN 

 

 

 

 



 
 

 

Figure B. 3. Concrete recipe for hybrid 65 used during the fieldwork at Gullhaug Torg 2A 

 

 

 

 



 
 

Appendix C: Environmental product declarations 

Hybrid 65 with Aalborg Rapid FA cement 

 



 
 

 



 
 

 



 
 

 



 
 

 



 
 

 



 
 



 
 

 



 
 

Hybrid 50 with Aalborg Rapid FA cement 

 



 
 



 
 



 
 



 
 



 
 



 
 



 
 

 



 
 

Hybrid 65 with Norcem Std FA cement 

 

 

 

 

 



 
 



 
 



 
 



 
 



 
 



 
 



 
 

 



 
 

Appendix D: Construction drawings, fieldwork 

The construction drawings considering post-tensioning of the tendons during the fieldwork at 

Gullhaug Torg 2A are presented in figures D.1 and D.2. 

 

Figure D. 1. Combined work drawings regarding the fieldwork on Gullhaug Torg 2A 



 
 

 

 

Figure D. 2. Detail drawing regarding the fieldwork on Gullhaug Torg 2A 



 
 

Appendix E: Report from Maturix 

The report from the wireless temperature measurements is presented in the following.  

 



 
 

 

 

 



 
 

 

 



 
 

Appendix F: Report from CrackTeSt COIN 

The following attachment is an arbitrary report of the 768 simulation reports conducted in CrackTeSt 

COIN. 

 



 
 



 
 



 
 



 
 



 
 



 
 



 
 



 
 



 
 



 
 

 


