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Abstract 
The aim of this research is to study the influence of using a reduced cement content or sustainable 
alternative binder on the structural design and construction method of a concrete structure. The main 
tendency is the reduction of the carbon footprint of a concrete structure.  

In the first part of this research, using a literature study, possibilities for reducing the cement content 
or using alternative binders in a concrete composition to achieve a low carbon emission footprint are 
studied. The replacement of clinker in a concrete composition with ground granulated blast-furnace 
slag (GGBFS) appears to result in a significant reduction of the carbon footprint. Also, by studying 
literature and by consulting knowledge from experts in the field, concrete technological aspects are 
described which influence the properties of fresh and hardened concrete. 

The structural properties of concrete with high amounts of GGBFS is investigated. Strength 
development data of different cement and binder types resulting from mortar and cube compression 
tests are analyzed. This data is obtained from the suppliers ENCI and Ecocem. Replacing clinker by 
GGBFS result in lower initial compression strength of the concrete but higher strength development 
over time. Concrete containing high amounts of GGBFS is referred to as Slow Concrete. It is found that 
Slow Concrete including 30 % clinker can be classified as strength class C30/37. A further decrease to 
20 % clinker results in a concrete that meets the requirements of strength class C20/25.  

It is described what the influences are of using Slow Concrete on the structural design process and 
result completed by a structural engineer. The structural feasibility of Slow Concrete can be increased 
by establishing a structural design based on the strength development of the applied concrete 
composition related to the load history of the regarded element. Collaboration with the concrete 
technologist increases the possibilities of utilizing the capacity of the concrete. The load history can 
be considered by working together with the contractor and relate the structural design to the 
construction process. A step-by-step plan is drawn up which can be used.  

It is found that the construction method and planning of an in-situ concrete structure are mainly 
dependent on the time at which the formwork can be removed. Functional requirements which are 
set to the removal of formwork are related to support, protection, curing and temperature aspects. 
The time till removal of the formwork increases when using Slow Concrete compared to concrete 
including Portland cement.  

Finally, a case study is performed to visualize the studied effects of using Slow Concrete. It is learnt 
that few consequences are found for the strength (ULS) design of structural elements subjected to 
normal forces and bending moments. Stiffness (SLS) of the elements require more optimization of the 
structural design. The time until removal of formwork and support structures delays when using Slow 
Concrete. However, the environmental impact is reduced significant.    

From this research is concluded that the structural feasibility of Slow Concrete is promising when 
optimizations are strived for in the design process by structural engineers. This can be done by relating 
the design to the strength development of the regarded mixture and taking into account the 
construction process of the structure that needs to be built.  
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Chapter 1 

 Introduction 
1.1. Research motivation 
Climate change is one of the major challenges of our time. From the beginning of Earth, greenhouse 
gases occur naturally in the atmosphere and are essential to keep some warmth of the sun on this 
planet to make it a livable place. Since the industrial revolution, human activity increases the 
greenhouse gas emissions and with this the global temperature rises. To reduce the risks and effects 
of climate change, The Paris Agreement is set up within the United Nations Framework convention on 
Climate Change. It states that the global temperature rise this century should at least be limited to 2 
degrees Celsius and it encourages the effort to restrain it even further to 1,5 degrees Celsius. These 
targets of 1,5 and 2 degrees Celsius represent a maximum cumulative emission level of 250-450 GtCO2 
and 60-1250 GtCO2 respectively, from 2015 onwards. If we do not change the global emission due to 
human activities, this carbon emission budget is already reached within 5 to 10 years. Achieving the 
target require for Europe a reduction of approximately 100% of the carbon emission by 2050 
(compared to 1990) (van Vuuren, Boot, Ros, Hof, & den Elzen, 2017). 

The cement industry has a significant share in this; it is responsible for about 8% of the total global 
greenhouse gas emission by humans. Cement is widely used as a binder in concrete and responsible 
for the largest part of the CO2 emission in the total production of concrete as a construction material. 
With an annual global production of approximately 3.8 billion cubic meters, concrete is worldwide 
twice as much used as the total of all other construction materials, including wood, steel, plastic and 
aluminum. For these reasons, the reduction of cement content in concrete and using sustainable 
alternative concrete compositions in the construction industry could be a significant contribution to 
lowering the global greenhouse gas emission (Florea, 2016). 

The cement and concrete industry are taking action and research is carried out on substituting cement 
by more sustainable alternatives. These supplementary cementitious materials (SCMs) can be used in 
blended cements or as an addition to the concrete composition to obtain a more sustainable binder. 
However, the effects of reducing the cement content and using these SCMs require further research 
to provide the construction industry better guidelines. Information is needed about the composition 
of these new blended concretes. Questions are not yet answered about the consequences of reducing 
the cement content or changing the concrete composition on the properties of fresh and hardened 
concrete and curing requirements. It would be interesting to have insight into how this affects the 
structural behavior and as a result the design and construction of a concrete structure. Moreover, 
reduction of cement or the use of alternative compositions may affect the strength development of 
concrete over time. It is not yet known what the consequences are of reducing the cement content or 
using alternative compositions on the construction method and building planning of a concrete 
structure.  
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1.2. Research objective 
The concrete industry will only change towards more sustainable alternatives when it is provided with 
sufficient information, guidelines, and guarantee for safety. The aim of this research is to give insight 
into the consequences of using a reduced cement content or alternative binding composition on the 
structural design and realization of a concrete structure. To achieve this, the research must be divided 
into multiple parts. As a first step, possibilities for reducing the cement content and the use of 
alternative binder compositions in concrete mixtures are studied. The purpose of this part is to give 
insight into recent studies conducted on this topic. An overview will be formed of the most promising 
sustainable alternative(s) to reduce the cement content in a concrete mixture. Using this information, 
the goal is to study the influence of this sustainable concrete mixture on the structural properties of 
concrete. Of main interest are the properties that are important for the execution of a concrete 
structure, because these can affect the construction method and planning. For a structural engineer 
it is important to know how the reduction of cement or the use of alternative binder compositions 
affect the structural behavior during the construction phase and in the final situation. Purpose of this 
research is to describe these effects on the structural design of a concrete structure.  

In the final part of this research, the intention is to present the effects of cement reduction on the 
construction practice. It is desired to show what the consequences are on the construction method 
and planning of a concrete structure. Aforementioned contribute to the objective of the research to 
provide more knowledge in the field of cement reduction and alternatives. With this information, it is 
aimed that a well-founded statement can be sent to the concrete industry and structural engineers 
and to improve knowledge on how to design and built structures with more sustainable concrete.  

In this study use is made of the terms durability (i.e. the ability of concrete to resist weather action, 
chemical attack and abrasion while maintaining its desired engineering properties) and sustainability 
(i.e. the environmental impact of concrete). Focus is only on research into sustainable alternatives for 
structures in exposure class XC1, in order to exclude durability risks.  

1.3. Research question 
Based on the purpose of this study a research question is formulated. To answer this main question, 
a few sub-questions are set up.  

Main question 
What is the influence of using a reduced cement content or sustainable alternative binder in order to 
reduce the carbon footprint of concrete on the structural design and construction method of a 
concrete structure in environmental exposure class XC1? 

Sub questions 
1) What are the possibilities for reducing the cement content or using alternative binders in a 

concrete composition to achieve a more sustainable material with a low carbon emission 
footprint? 

2) How does the use of a reduced cement content or alternative binder influence the structural 
properties of fresh and hardened concrete? 

3) What is the influence of using a reduced cement content or alternative binder on the final 
structural design method and result of the designed structure? 

4) What are the consequences of using a reduced cement content or alternative binder on the 
construction method and planning of a concrete structure? 
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Chapter 2 

Summary of literature review 
This chapter provides a summary of the literature review that is conducted during the first phase of 
this research. This literature review is based, amongst others, on the books Basiskennis Beton ( dr. ir. 
drs. R. Braam, Lagendijk, Soen, & Linssen, 2015) and Beton Technologie (Berg, Buist, Souwerbren, & 
Vree, 1998). The literature review provides information about the raw materials concrete consists of, 
the hydration process, the importance and aspects of curing, sustainability of cement and concrete, 
and the consumption of concrete.  

2.1. Raw materials of concrete 
An essential characteristic of concrete is its heterogeneity. It consists of multiple materials with 
different properties. Another important aspect is the development of its properties over time. These 
factors make that there are many possibilities with the material concrete by varying with these raw 
materials and its properties. Raw materials that are used to produce concrete are: cement, aggregates, 
fillers, mixing water and auxiliary materials. We speak of concrete when a large part of the coarse 
aggregate is larger than 4 millimeters. When the concrete is not yet hardened, it is called concrete 
mortar. Understanding the relationship between the many factors that together determine the 
properties of concrete is fundamental. This knowledge is also needed regarding the many innovations 
going on in the field of concrete technology, as a result of which the possibilities grow. 

2.1.1. Cement 
Cement is the hydraulic binder in concrete because of its hardening by a chemical reaction with water. 
It is a finely grounded powder which can consist of a variety of ingredients. It is formed by bringing 
together the different components in the factory and meets the requirements of the cement standard 
(EN 197-1). This standard covers 35 products of common cement with different compositions of raw 
materials. These cement products are subdivided into the following categories (Normcommissie 
353007 “Cement,” 2014): 

- CEM I Portland cement; 
- CEM II Portland-composite cement; 
- CEM III Blast-furnace cement; 
- CEM IV Pozzolanic cement; 
- CEM V Slag-pozzolanic cement; 
- CEM VI Composite cement. 

Portland clinker forms the basis of these cement types. A more detailed overview of the cement 
compositions can be found in Appendix A1.  

The indication of the main types is supplemented with a code for the clinker content: A, B or C. ‘A’ 
stands for the highest clinker content and ‘C’ indicates that a large part of the clinker is replaced by 
another product. Another letter is added to the subtypes which indicate the main component that has 
been used in addition to Portland clinker. The cement notation also includes a number which 
represents the strength class: 32.5, 42.5 or 52.5.  
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See Appendix A2 for the requirements set to these cement strength classes. The last letter in the 
notation indicates the speed of the initial strength development: L (low), N (normal) or R (rapid). For 
example, Portland slag cement in strength class 42.5 and normal strength development is notated as: 
CEM II/B-S 52,5 N. Portland cement (CEM I), Portland fly ash cement (CEM II/B-V) and Blast-furnace 
cement (CEM III) are applied on a large scale in the Netherlands.  

Portland cement 
Portland cement is obtained by grinding Portland cement clinker. The manufacturing of clinker 
requires for the main part limestone. This raw material is extracted from quarries. Coarse parts of 
limestone are broken into smaller dimensions and sorted to form a constant homogeneous 
composition. Iron ore (Fe2O3), alumina (AL2O3) and silica (SiO2) are added for the chemical composition 
of the raw mix. These raw materials are ground into a fine powder called ‘raw meal’. First, the raw 
meal passes a series of vertical cyclones in the preheater and the temperature raises to over 900 °C. 
At this stage, the calcination process takes place. Limestone is mostly composed of calcium carbonate 
(CaCO3) and is chemically decomposed at these high temperatures into calcium oxide (CaO) and 
carbon dioxide (CO2). The chemical notation is: CaCO3  CaO + CO2. About 60-70% of the total CO2 

emission takes place in this part of the process. The remaining carbon emission is due to fuel 
combustion. The materials are further transported into the kiln and heated to temperatures up to 
1450 °C. Due to high temperatures, chemical reactions take place. First of all, hydraulic connections 
are made of CaO with Fe2O3, AL2O3 and SiO2. Furthermore, the calcination of limestone is completed 
because not all limestone was yet decomposed into CaO and CO2. Last, the intense heat changes the 
raw meal into clinker. The clinker is then cooled down rapidly to 100 °C. To achieve the desired 
strength development, it appears necessary to add a small amount of gypsum as binder-regulating 
supplementary material. The cooled clinker and gypsum are ground into a grey powder, known as 
Portland cement (PC) (IEA & CSI, 2018). See Appendix A3 for an illustration of the production process. 

Portland fly ash cement 
Portland fly ash cement is obtained by using an amount of fly ash in the production of Portland 
cement. In the last grinding phase, fly ash can be added to the cement to replace a part of the clinker. 
Pulverized coal fly ash is a fine powder that is separated from exhaust fumes produced by coal plants. 
With the use of this fly ash to produce cement, a new purpose is found for a residual product instead 
of ending its lifetime by considering it as waste. A certain criticism should be made. The number of 
coal plants is decreasing in the Netherlands. Therefore, the availability of this by-product is uncertain 
for the future. 

Blast-furnace cement 
In blast-furnace cement, the ground Portland clinker is combined with ground blast-furnace slag. This 
again can be added in the last grinding phase of clinker to manufacture cement. Blast-furnace slag is 
a by-product which is obtained from the production of iron and steel in the blast-furnace process. This 
residual product from the steel industry is reused in a useful way and therefore environmentally 
beneficial. However, it must be said that CO2 is emitted by the iron and steel industry that may not 
further be taken into account by considering this material as a by-product. This by-product can be 
used in concrete to make the whole construction industry more sustainable. Thereby, the application 
of blast-furnace slag in concrete is studied a lot in the last years and properties are well known. This 
allows further research to study the possibilities of sustainable alternatives and the consequences that 
come with it. This allows further steps into better alternatives for the future.  
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2.1.2. Aggregates 
Aggregates are grained materials, mostly consisting of sand and coarse aggregate, of different sizes 
that together with water and binders form concrete. Different types of aggregates are used in 
concrete. Aggregates can be of natural origin or made artificially. In the Netherlands, sand and coarse 
aggregate of natural origin are mainly obtained from rivers. These materials are characterized by a 
round shape by its very nature. Aggregates account for approximately 70% of the total volume of 
concrete. They determine largely the strength properties of concrete and form a load-bearing 
skeleton. The mechanical strength of the aggregates must be greater than the intended compressive 
strength of the concrete. This makes the strength of the cement normative for the strength of 
concrete and thus controllable and adaptable. Also, the bonding properties between the aggregates 
and cement are important for the cohesion and final strength of the concrete (ENCI, Mebin, & Sagrex, 
2015). In addition to the strength, aggregates have a significant impact on the volumetric mass of 
concrete. A distinction must be made between two definitions. The volumetric mass of a solid is also 
called density and is for many materials a constant property. This material property is called particle 
density and indicated by the symbol ρs. Aggregates that are used for lightweight concrete have a 
particle density (ρs) of 2000 kg/m3 or less. Stone types with an average weight like sand, coarse 
aggregate or recycled concrete granulate are used for standard concrete with a corresponding particle 
density between 2000 kg/m3 and 2800 kg/m3. Last of all, heavy aggregates (magnetite, barite, and 
iron) make it possible to manufacture heavyweight concrete for the application in, for example, 
hospitals to secure radiation protection. Heavyweight concrete has a particle density of 2800 kg/m3 

and above.  

Also, important for a material such as concrete is the volumetric mass of the assembled bulk material. 
Total volume includes the volume of the particles and voids. This volumetric mass of assembled bulk 
material is indicated by the symbol ρm. The bulk density (ρm) can be influenced by the moisture content 
of the material. Aggregates are usually stored outside, which means they are never completely dry. It 
is of great importance that the moisture content is always mentioned and considered when calculating 
the composition of concrete mortar. By doing so, the dry masses of the raw materials can be converted 
into wet masses that are required of the material in practice.  

The aggregate material in concrete usually 
consists of particles of different sizes. The 
distribution of the particles of different sizes is 
called particle distribution and can be 
determined by performing a sieve analysis. 
Based on this, aggregates can be divided into 
groups expressing the smallest and largest size 
of the particles, see Table 1. Therefore, 
aggregate groups are indicated by a lower limit 
(d) and an upper limit (D). For each unique 
concrete mortar, a corresponding layout of 
aggregates must be composed. Different 
methods are developed by which a concrete 
technologist can put together a mixture for a 
specific application that functions best.  
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Figure 1 Grading area aggregate group 0-16  (ENCI et 
al., 2015) 
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Grading area graphs, as shown in Figure 1 for aggregate group 0-16, can be used to design the 
grading of aggregates. For each aggregate group, a distinction is made between grading area I and 
grading area II. An aggregate grading in design area II contains more fine material. As a result, the 
water requirement of an aggregate distribution in design area II is higher than in design area I to 
obtain a certain consistency.  

Table 1 Aggregate groups (ENCI et al., 2015)  

Aggregate type Aggregate size (d-D in mm) Aggregate group 
Fine aggregates (sand) < 4 mm 0-1, 0-2, 0-4 
Coarse aggregates > 4 mm 2-6, 2-8, 4-8, 4-16, 4-22, 4-32 

8-11, 8-16 
16-22, 16-32 16-63 

2.1.3. Fillers 
Fillers are added to concrete mixtures to supplement the amount of fine material because of their 
contribution to strength development. In addition to this, some fillers can contribute to the binding 
properties. The fillers that, according to EN 206, may be considered as fillers with binder function are 
fly ash, silica fume, and blast-furnace slag. This can be done by including the k-factor for determining 
the binder content. This k-factor expresses the fraction of filler that may be accounted for as a binder. 
A different method of calculating a filler as a binder is to request an attestation for the mixture of 
cement and the filler. This may be beneficial in some cases because the binder properties of the filler 
vary in combination with different types of cement. Therefore, the k-factor is a safe lower bound for 
the binder function of fly ash, silica fume and blast-furnace slag. 

2.1.4. Mixing water 
In addition to the aggregates and binder, water is at least as important to produce the material 
concrete. After all, hydration of cement cannot take place without water and concrete would not be 
formed. EN 1008 specifies the requirements for water that is suitable for making concrete. This 
includes a limit on the chloride content. Chloride can initiate corrosion of reinforcement in concrete. 
Free chloride ions can affect the protective layer of the passivation of reinforcing steel by reacting 
with the iron ions. Due to a subsequent reaction, the pH of the pore water is further reduced. This 
process is accompanied by deterioration of the reinforcement. The relationship between the design 
area, the largest sieve size (Dmax) and the consistency of a concrete mortar resulted in guidelines which 
can be used to determine the water requirement (Table 2). It can be seen that a coarser grading of 
aggregates (DA I) results in a lower water requirement than a fine grading of aggregates (DA II). 

Table 2 Guideline water requirement concrete mortar (l/m3) (ENCI et al., 2015) 

Dmax 8 11,2 16 22,4 31,5 
Design Area I II I II I II I II I II 

Consistence 
Earth dry (slump value < 40 mm, 
compaction values 1,26) 

165 185 160 180 155 175 150 170 145 165 

Half plastic (slump value 50 t/m 90 
mm) 

180 200 175 195 170 190 165 185 160 180 

Plastic (slump value 100 t/m 150 
mm) 

195 215 190 210 185 205 180 200 175 195 
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Water-cement ratio 
The water-cement ratio (W/C) indicates the ratio in 
mass between water and cement in concrete mortar. 
W/C = water mass (kg)/cement mass (kg). It is an 
important design factor for both strength and 
durability.  

According to (Gruyaert, 2011), one gram of cement 
binds about 0.23 g water and physically absorbs 0.19 
g water. This means a w/c ratio of at least 0.42 is 
required to obtain complete hydration in a sealed 
environment. However, complete hydration is hard 
to achieve in practice and some water remains in the 
concrete. At a higher w/c ratio, the porosity of the 
concrete increases and this has a negative influence 
on the strength and durability of the concrete.  

By decreasing the water-cement ratio, the pore size 
decreases, and this ensures an increase of the final 
strength of the cement (Figure 2). However, too low water-cement ratio causes insufficient 
processability and due to a shortage of water, the cement has not been able to hydrate properly. This 
result in poor quality and low final strength of the concrete.  

2.1.5. Auxiliary materials 
With the rise of innovation, the use of auxiliary materials (i.e. admixtures) in a concrete mortar 
increase. Auxiliary materials are added to influence the properties of the concrete mortar and/or the 
hardened concrete. Most known are the auxiliaries that influence the processability of concrete 
mortar, called plasticizers. Better processability is usually required for construction elements with 
small diameters or when a compact grid of reinforcing bars need to be applied. With the addition of 
plasticizers, same processability can be achieved at a lower water-cement ratio. A lower water-cement 
ratio results in higher concrete strength. If this higher concrete strength is not required, the cement 
content can be reduced. In addition, auxiliary materials are used to increase the air content in concrete 
to improve the water tightness and resistance to frost and de-icing salt. There are also auxiliary 
materials that can affect the bonding and hardening of concrete.  

2.2. Composition of raw materials 
The designed composition of concrete must be able to develop the quality requirements which are 
set for the designed structure and construction of the elements. Those requirements are mostly 
related to the compression strength, processability and durability. The composition of raw materials 
is made by the concrete technologist based on the desired properties. The properties of the final 
concrete must already be present in the concrete mortar. The compression strength is mainly 
controlled by the choice of aggregates and water-cement ratio. Processability depends on water 
content. Durability can be controlled by the type of cement and also the water-cement ratio. These 
factors are all related to each other, which makes designing the concrete composition a challenge.  

Table 3 illustrates the relationship between the composition and properties of concrete and provides 
guidelines with this Table. The increase of water-cement ratio results in a decrease of compression 
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Water-cement ratio 
Figure 2 Influence water-cement ratio on
compression strength (ENCI et al., 2015) 
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strength. Therefore, the water-cement ratio is limited regarding the exposure class. Furthermore, 
lower limits are set to the cement/binder content to ensure the durability of concrete. According to 
(Lanser, Remarque, Noë, & Vries, 2013), at these minimum amounts there is a risk of reinforcement 
corrosion, carbonation, chloride penetration, frost or chemical degradation. Based on the relationship 
between the water-cement ratio and cement content, a minimal strength class can be associated.  

This table from EN-206 can be helpful to make design choices as a structural engineer from a concrete 
technology perspective. By using the minimum strength class form this table, the concrete properties 
achieved from the composition of raw materials are optimally utilized. This relationship can also be 
taken into account by using annex E of Eurocode 2.  

Form a sustainability point of view it is desirable to use the minimum cement content which is allowed. 
This is aimed in this research within the limits of the Eurocode.  

Table 3 Recommended limiting values for composition and properties of concrete (Normcommissie 353039 “Beton,” 2014) 

 

2.3. Hydration process 
The hardening of concrete is caused by the chemical-physical reaction of cement and water, called 
hydration. When the cement is mixed with water, changes take place at a molecular level. The 
molecular structure recrystallizes. Crystals are formed which contain several water molecules, these 
are called hydrates. The main product of the hydration of Portland cement is calcium silicate hydrate 
(CSH), which is formed during the reaction of silicate with lime and water. The reaction rate decreases 
over time due to the reduction of water that is left for reaction and the clinker minerals must diffuse 
through the already formed layers of cement hydrates. The plastic mixture of cement and water 
hardens to a solid mass, the cement stone.  

The hydration of Portland cement with water is initially relatively rapid and gradually softens. Blast-
furnace slag has latent hydraulic properties, which means that the reaction with water only starts up 
well in the presence of an activator. A practical solution to obtain alkaline activation is to grind an 
amount of clinker with the slag. At normal temperatures, the hydration of slag develops slower than 
clinker, especially at early stages. This means fewer hydrates are formed at an early stage and less 
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water is bound in blast-furnace cement. Fly ash has pozzolanic properties. This means that fly ash in 
the presence of lime and water contribute to the strength development of cement. It appears possible 
to manufacture a Portland fly ash cement that has the characteristics of a normal Portland cement for 
the most important aspects. 

Hydration is a process which continues over time and goes on till years after the concrete is poured. 
The degree of hydration indicates the ratio between the amount of cement that has reacted with 
water to the total amount of cement in the concrete mortar, at a certain point in time. A higher W/C 
results in a higher degree of hydration. The reaction rate declines over time due to the reduction of 
water that is left for reaction and the clinker minerals have to diffuse through the formed cement 
stone (Figure 4). As a result, a part of the cement does not react with water and some unhydrated 
cement remain in the cement stone. Hydration is accelerated with increasing temperatures. This 
effect is enhanced when replacing Portland cement with blast-furnace slag. 

2.3.1. Strength development 
Formation of hydrates decreases the porosity of concrete (volume of 
pores). Densifying of the pores ensures strength development. The 
hydration also decreases the permeability of concrete, which is the 
degree to which liquids and gasses can permeate into the concrete 
(Figure 3). This is an important factor for the durability of concrete. Due 
to the slower formation of hydrates blast-furnace cement requires more 
care for sufficient curing than Portland cement. Next to the increase of 
the vulnerable period, replacement of clinker with blast-furnace slag 
decreases the alkalinity of the water in the concrete pores. This is due to 
the fact that the reaction of clinker with water positively influences the 
alkalinity. As a result, a high pH value can be achieved from the reaction 
of clinker to protect the reinforcement in the concrete. 

2.3.2. Hydration heat 
The hydration of cement minerals is an exothermal chemical process which means that heat is 
released during this process. The temperature of hardening concrete mortar rises as a result of the 
hydration heat from the exothermal reaction if the heat production is faster than the heat dissipation. 
During winter, this can ensure the ability to pour concrete despite low temperatures. The speed of 
heat production and heat dissipation can both be influenced by material technology and construction 
measures.  

Figure 5 Example adiabatic test (ENCI et al., 2015) Figure 4 Degree of hydration CEM I 32,5 R (Berg et al., 1998) 

Figure 3 Porosity (upper) 
permeability (lower) 
(Betonlexicon, n.d.) 
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The temperature development of hardening concrete can be measured under adiabatic conditions. 
The test specimen is hardened in an environment which adapts its temperature to that of the 
hardening test specimen. This eliminates the effects of heat exchange with the environment. Each 
cement type, with a specific composition of raw materials, develops a different temperature during 
hardening. It is shown in Figure 5 that Portland cement develops the highest temperature during 
hardening, followed by Portland-fly ash cement and the lowest temperature is developed when using 
Blast-furnace cement.  

The influence of lowering the clinker content by replacing ordinary Portland cement (OPC) by blast-
furnace slag (BFS) on the heat production rate is studied by Gruyaert. Figure 6 presents the heat 
production rate of cement pastes with slag-to-binder (s/b) ratio of 0, 0.3, 0.5 and 0.85. As can be seen, 
the replacement of clinker by BFS has a significant influence on the evolution of the heat production 
rate. Also, can be seen from Figure 6 that higher environmental temperatures during curing accelerate 
the hydration of all cement mixes. The peaks show that a higher ambient temperature results in earlier 
initiation of the slag reaction.  

Concerning the cumulative heat production, experiments show a decrease when lowering the clinker 
content by replacing OPC with BFS. It is discussed if this means that the total heat production at time 
‘infinity’ (Q∞) for cement with a high content of BFS is lower than OPC. Gruyaert obtained values of 
the cumulative heat production at time infinity for the complete reaction of cement pastes with slag-
to-binder (s/b) ratio of 0, 0.3, 0.5 and 0.85 to be respectively 425, 414, 395 and 271 j/g. It is concluded 
that for replacement levels higher than 50% of OPC the total heat production of blast-furnace cement 
decreases considerably compared to that of OPC. Also followed that only for s/b ratio 0.85 the Q∞ 

decreases when curing temperature increases (Gruyaert, 2011). For a concrete technologist and 
structural engineer, it is of main interest that the maximum temperature reached during hydration is 
higher for a Portland cement than a blast-furnace cement. Because this influence strength 
development, increases the risk of thermal shrinkage and might influence the formwork removal and 
stripping requirements.  

 

Figure 6 Influence of the slag-to-binder ration (0, 30, 50, 85%) and temperature on the heat production rate q (J/gh) (Gruyaert, 
2011) 
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2.3.3. Relation hydration heat and strength development 
The hardening speed of young concrete and the final strength of the hardened concrete has 
everything to do with the hydration heat during hardening of the concrete. This can be explained by 
the chemical reaction. Cement stone is formed during the chemical reaction between cement and 
water. The cement stone ensures, among other things, the compressive strength of the concrete. The 
further the process of the chemical reaction, the more cement stone is formed and the higher the 
compressive strength is.  

The chemical reaction proceeds faster at a higher temperature. This results in faster compression 
strength development at higher temperatures. This effect relates to hydration heat and 
environmental temperature. As discussed in the previous paragraph, the type of cement influences 
the heat production rate. Furthermore, narrow particle size distribution results in a higher initial 
hydration heat and increases the strength development (Bentz, Garboczi, Haecker, & Jensen, 1999). 
This effect depends on the type of binder. The influence of higher hydration heat on the strength 
development is acknowledged by faster strength development of OPC compared to BFS.  

Figure 7 confirms the effect of environmental temperature on the strength development of concrete. 
However, this does not imply that the final compression strength is also higher if curing temperatures 
are higher during hardening. The final compression strength is even somewhat lower  (“Ontkisten 
vanaf het juiste moment,” 2017). Compared to a hardening temperature of 20 ° C, a higher 
temperature in the first few days leads to a higher hardening speed and a lower final strength of the 
concrete. At lower temperatures, a reverse effect develops because of the later initiation of the slag 
reaction comparted to Portland cement (Figure 6). The heat of hydration can be used to promote fast 
hardening. However, it is also important to prevent large stresses to cause cracks to occur.  
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Figure 7 Strength development of equal mixtures at different temperatures (“Ontkisten vanaf het juiste moment,” 2017) 
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2.4. Setting and curing state 
To continue the hydration process, the concrete must be treated correctly during the curing period to 
achieve sufficient final strength and durability. Therefore, loss of moisture should be prevented during 
curing. The duration of curing depends on the development of the properties of the concrete at the 
surface. This development is described in EN-13670 by curing classes. Depending on the curing class, 
a curing period or required percentage of the characteristic compressive strength based on the 28 day 
strength is prescribed.   

Curing is important because the water is chemically bonding and evaporation of water occurs. Due to 
this, the hardening concrete mortar dries out. Due to environmental factors or too high-water 
retention capacity of the raw materials in the concrete mortar, the loss of water can be greater than 
the water supply. In case of a lack of water, the hydration stops, and this ends the strength 
development. In addition, the risk of shrinkage of the plastic concrete mortar increase when water 
evaporates. When the tensile strength is exceeded, plastic shrinkage cracks occur. 

In addition, heat is discharged during the hydration reaction of concrete mortar. Due to this heat, the 
temperature of the hardening concrete rises as discussed in the previous paragraph. The hydration 
heat also brings risks. Hydration heat can also cause increasing temperature differences between the 
core and surface of the concrete element. The concrete surface cools by expelling heat to the 
environment, but the core does not follow this cooling rate causing restrained deformation. Shrinkage 
of the surface concrete may lead to tensile stress in the concrete. The young concrete has hardly 
developed any tensile strength and this restraint deformation can therefore cause cracks. If cooling 
emerges gradually, controlled shortening can occur. This should not be a problem, unless the material 
is restrained of deformation by an adjacent construction element. Due to these thermal stresses, 
tensile forces arise, and cracks can occur.  

Especially in mass concrete (i.e. large volume construction elements) the temperature rise due to 
hydration heat can be problematic. To reduce crack formation, the temperature in concrete must be 
controlled within its limits. Cooling during hardening can control the hydration process but this is a 
costly action. The best measures to reduce crack formation can be taken by choices in the design and 
concrete composition. For example, reducing the cement content or using cement with low hydration 
heat. If necessary, reinforcement can be applied to control cracking.  

2.5. Sustainability of concrete and the Concrete Agreement 
To reduce the risks and effects of climate change, The Paris Agreement is set up within the United 
Nations Framework convention on Climate Change. It states that global temperature rise this century 
should at least be limited to 2 degrees Celsius. This represents a maximum cumulative emission level 
of 600-1250 GtCO2 respectively, from 2015 onwards. According to (van Vuuren et al., 2017), current 
emissions are around 40 GTCO2 per year. To stay within a budget of 1000 GtCO2 the emissions on a 
global level need to reach zero within about 50 years if the emissions are reduced gradually. From this 
scenario can be concluded that actions need to be taken to transform to a climate-neutral world by 
mid-century (van Vuuren et al., 2017).  

Anticipating on the climate challenge, parties in the concrete sector took the initiative to set 
agreements in the Concrete Agreement (NL:Betonakkoord). The objective of the Concrete 
Agreement is to encourage parties in the concrete sector to work together to reduce CO2 emission 
and improve circularity to work towards a more sustainable economy.  
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One of the established goals for 2030 in this Concrete Agreement is to reduce the CO2 emission in 
the concrete sector by a minimum of 30%, with the aim to reduce it by 49%, compared to 1990 
(MVO Nederland, 2018).  

According to (Bennaceur, 2014), industrial processes account for a quarter of the global CO2 emissions, 
excluding power plants. The sectors: nonmetallic minerals (including cement), chemical and 
petrochemicals, and iron and steel are responsible for 70% of the industrial CO2 emissions. The carbon 
emission of the cement sector was equal to 2.2 GtCO2 in 2014 (IEA & CSI, 2018).  

A study of Florea discusses that cement is responsible for about 8% of the total global carbon emission 
by humans. Half of this is due to the calcination of limestone and the other part to fuel combustion in 
the production process. Cement is widely used as a binder in concrete. A life cycle analysis of the 
concrete chain in the Netherlands showed that material use (i.e. the choice for the material concrete) 
has the greatest (40-60 %) environmental impact. This is followed by the use of reinforcement and 
transport. Regarding the use of the material concrete, 95% of the climate impact can be blamed to 
the cement (Bijleveld, Bergsma, & van Lieshout, 2013). With an annual global production of about 3.8 
billion cubic meters, concrete is worldwide twice as much used as the total of all other construction 
materials, including wood, steel, plastic and aluminum (Florea, 2016).  

A study of Andrew shows that the global production of cement has grown very rapidly in recent years. 
Since 1990 this growth has largely been because of the rapid development of cement production in 
China. Analyzing the data of carbon emission by the cement industry from this study, see Figure 8, 
shows the significant difference between the Netherlands and China (Andrew, 2017). Cooperation 
between the International Energy Agency and the Cement Sustainability Initiative studied the 
expected cement production by 2050. Due to rising population, urbanization patterns, and 
infrastructure development an increase in global cement production of 12-23% is expected from 2014 
to 2050 (IEA & CSI, 2018).   

The composition of raw materials to form cement that is used to produce concrete varies 
worldwide. As discussed in the previous chapter, the raw materials used in cement have a great 
influence on the carbon footprint of the final material concrete. In the Netherlands, relatively much 
blast-furnace cement (CEM III) is used. Due to the low clinker content, the carbon emission of CEM 
III is significantly lower than those of CEM I. As can be seen in Figure 9, the use of cement types in 
the Netherlands results in relatively lower carbon emission compared to the consumption of cement 
in Europe (Het betonplatform, 2014).  

Figure 8 Carbon emission due to the cement industry in the Netherlands vs China (Andrew, 2017) 
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The clinker content is the influencing factor for the carbon emission of cement. The total carbon 
emission from the cement industry can be decreased by reducing the clinker content in cement. The 
global average clinker ratio has declined from approximately 0.83 in 1990 to 0.66 in 2016 (Andrew, 
2017). In 2014, produced cement consisted of 65 % clinker. Followed by 13 % of blast-furnace and 
steel slag (Figure 10).  

To conclude, cement has a significant share to the global carbon emission, an increase of global 
cement production is expected, and cement is one of the main components of the most used 
construction material worldwide, namely concrete. For these reasons, reducing cement use in the 
construction industry and the use of more sustainable alternatives may be a significant contribution 
to lowering the global greenhouse gas emission. 

 

 

 

2.6. Consumption of concrete 
The cement and concrete mortar industry record since 1989 the final consumption of cement and 
concrete mortar in the Netherlands. Regarding the strength classes, C20/25 is the most commonly 
used (Figure 11). The distribution of concrete mortar consumption related to exposure classes is 
shown in Figure 12. More than two-thirds of all concrete mortar consumption from 2008 until 2014 is 
applied in exposure class XC (Kramer, 2014).  

  

Figure 10 Global average estimates of cement 
composition in 2014 (IEA & CSI, 2018) 

Figure 9 carbon emission footprint (Het betonplatform, 2014) 

Figure 11 Concrete consumption related to strength class 
(Kramer, 2014) 

Figure 12 Concrete consumption related to exposure class 
(Kramer, 2014) 
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Chapter 3 

Low carbon emission concrete 
The cement industry has a significant contribution to global greenhouse gas emissions. Reduction of 
the cement content and use of sustainable alternative cement materials may be solutions to shorten 
these emissions.  

Finding the optimal composition of cement to achieve the desired properties is defined by multiple 
factors which are all related to each other, this is discussed in paragraph 2.2. The complexity makes it 
a challenge for a concrete technologist to make the best fitting mixture design for the fresh and 
hardened concrete. Reduction of cement or changing the mixture design influences the strength, 
processability and durability of the concrete.  

First of all, sustainability profits can be accomplished if more optimal use is made of the capacity of a 
concrete mixture. Another way to reduce the carbon footprint of cement is to lower the cement 
content in the concrete mixture. It is studied how this affects concrete in fresh and hardened state.  

Several studies have been conducted to make steps toward concrete with a lower carbon emission 
compared to traditional concrete including Ordinary Portland cement. Fennis (2011) studied how 
particle packing models can be used to predict the mechanical properties of concrete to replace 
cement in a safe way.  

Furthermore, the number of studies into alternative binders to Ordinary Portland cement grow. In 
recent years search for alternatives such as alkali-activated cement, called geopolymers, has attracted 
considerable attention. Also, many studies have focused on the effect of replacing OPC by a more 
sustainable binding material. These Supplementary cementitious materials (SCMs) are commonly 
used in concrete nowadays.  

3.1. More optimal use of the concrete capacity 
A first approach to achieve lower carbon emission of the applied concrete is to make more optimal 
use of the capacity of the material. In this way, sustainability profits can be achieved without first and 
foremost changing the concrete mixture composition. This can be done by making the design and 
constructing concrete using the ongoing strength development of concrete mixtures over time. In 
particular this is interesting for slowly hardening cement. Information about making use of the 
ongoing strength development of concrete can be found in CUR-aanbeveling 122:2018 (“CUR-
Aanbeveling 122:2018,” 2018).  

3.2. Reduction of the cement content 
Form a sustainability perspective, it seems quite natural to use the raw material that contributes most 
to the carbon emission of concrete as little as possible in the mixture design to reduce the carbon 
footprint. However, traditional concrete needs cement for binding of the aggregates and with this the 
development of strength and durability. This is already explained in Chapter 2. The consequences of 
variation in the cement content on the strength development of concrete are studied.  

Designing a concrete mixture starts with finding an optimum grading of aggregates, as discussed in 
paragraph 2.1.2. With information about the largest sieve size (Dmax) and preferred consistency of 
the concrete mortar the required amount of water can be established. 
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A next step is to determine an optimum cement content for the mixture in order to get a cement stone 
layer of correct thickness around the aggregates to bind the raw materials. This cement content is in 
many cases determined by the following ratio: 

 𝐶𝑒𝑚𝑒𝑛𝑡 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 =  
        (3.2-1) 

If the water requirement is known, the cement content is determined by the water-cement ratio. This 
water-cement ratio is often determined based on the desired strength for the concrete or by the 
requirements which are set to the exposure class. In paragraph 2.1.4. is explained that the strength of 
concrete decreases when increasing the water-cement ratio due to the increasing porosity of the 
cement stone. This is visualized in Figure 13.  

At equal water-cement ratios the composition of the cement stone does not change due to the cement 
content. The porosity of the cement stone stays equal and therefore the strength does not change.  

When lowering the cement content and also the water-cement ratio to reach higher strengths, the 
hydration might become critical. Too less water in the concrete composition might ensure that not all 
cement particle can react with water and also the processability might become problematic.  

 

Figure 13 Cement stone a) low water-cement ratio b) high water-cement ratio 

The global conclusion can be drawn that designing a concrete mixture is based on finding an optimum 
among multiple influencing factors on the properties of fresh and hardened concrete. The water-
cement ratio is a factor that is of high influence for the strength of concrete.  

Yet there is still something to say in detail about the influence of the cement content in a concrete 
mixture. Assuming an optimum grading of aggregates and correct calculation of the required amount 
of water and cement content, a concrete as visualized in Figure 15 b) is achieved. The aggregates form 
a dense composition and the cement and water react to form an optimum layer of cement stone 
around the aggregates to fill the voids.  

If no optimum is found for the concrete mixture design and too little cement is added, air remains in 
the concrete mortar (Figure 15 a). In practice, measures can be taken to prevent formation of air in 
the concrete. But the essence of this problem can be solved by starting with a good concrete mixture 
design. The disadvantage is that the final strength and quality of the concrete reduces due to air in the 
concrete mixture.  

a) b) Cement particle 
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On the other hand, if too much cement is used, the strength also reduces. The distance between the 
aggregates further increases as indicated by Figure 15 c. In most cases the aggregates have a higher 
compression strength than the cement stone. This makes the cement stone the weakest spot in the 
concrete and cracks are often located in this area. Too much cement stone therefore reduces the 
strength, see Figure 14.  

On the other hand, if an optimum amount of 
water is present in the concrete mixture to 
react with the required amount of cement to 
form the cement stone a residue of cement 
arises. Cement is a very fine material. This 
property can be used to strengthen the 
concrete. The unhydrated cement in the 
concrete increases the amount of fine 
material and this improves the strength of 
the concrete. Unhydrated cement can also 
be used over the years to heal the concrete 
by injecting water and allowing the cement 
to react and hydrate.  

It must be concluded that it’s a complex process to find an optimum mixture design in which many 
factors play a role. A little variation in raw materials can provide different properties of the final 
concrete. The used formulas in this study are only design rules. In this research is looked for less 
sensitive solutions with higher emission reducing impact to lower the carbon footprint of concrete. 

 

Figure 15 Concrete a) low cement content b) optimal cement content c) high cement content 

  

Air 
Cement stone 

Aggregate 
a) b) c) 

Figure 14 Influence amount of cement stone on compression 
strength of concrete (Berg et al., 1998) 
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3.3. Particle packing optimization 
A research conducted by Fennis (2011) showed the great improvement in concrete design that can be 
achieved with particle packing optimization. Based on particle characteristics, a prediction can be 
made of the packing density with the use of analytical particle packing models. With these packing 
density models, it is possible to optimize the concrete composition in order to lower the cement 
content. At the same time, sufficient mechanical properties are preserved.  

Packing density models are developed and improved with the help of discrete element modelling. 
Also, more than a hundred mortar tests were conducted on, among others, the compression strength 
to evaluate the suitability of fillers. The experiments showed that cement can be replaced by very fine 
fillers, while at the same time the water-cement ratio is decreased. A relation was found between 
strength and volumetric distance between cement particles. This relation is called the cement spacing 
factor and takes the water demand and packing density into account to predict the strength of the 
concrete. The cyclic design method uses this prediction. Water demand and strength of the concrete 
mortar are predicted based on the developed packing model. This method was used to design 
concrete mortars containing fly ash, quartz powder and ground incinerator bottom ash. Experiments 
showed that more than 50 % of cement can be saved with improved concrete mortar compositions. 
These improvements also imply a reduction of 25% CO2 emission. At the same time, the concrete 
mortars still satisfy the demands for appropriate use (Fennis, 2011). 

3.4. Geopolymer concrete 
Geopolymers are a class of materials generated through a combination of an alkali source and an 
aluminosilicate component, to form a binder. These binders are termed alkali-activated materials. The 
reaction (i.e. hardening of the concrete) between the main components and the activator differs from 
the hydration process of Portland cement. Instead of hydration, the process of polymerization takes 
place and an aluminosilicate network is formed. The polymerization involves a quick reaction of silica 
(Si) -alumina (Al) under alkaline condition resulting in a polymeric chain of Si-O-Al-O bonds. Water has 
no role in this process. The design of the mortar composition is not based on the water-cement ratio, 
which is the key factor in traditional mortar composition design but is defined by alkaline activator 
content (AAC) to binder solids (BS) ratio. Geopolymer concrete can be produced with aluminosilicates 
such as fly ash (FA), metakaolin (MK), slag (SG), rice husk ash (RHA), high calcium wood ash (HCWA), 
or a combination. So far, the activators NaOH, KOH, Na2SiO3, and K2SiO3 are studied. According to Ma 
et al., the number of studies into geopolymer concrete increased rapidly from the year 2016 (Ma, 
Awang, & Omar, 2018).  

Geopolymer concrete is characterized by a fast reaction time. Therefore, the final strength is achieved 
early in the hardening process. A high final strength can be reached for a structural element using 
geopolymer concrete. Srinivasula Reddy et al. (2018) studied the mechanical properties of geopolymer 
concretes including fly ash and slag. The mortar composition in this research is based on the principle 
of replacing the water-cement ratio by alkaline activator content (AAC) to binder solids (BS) ratio. It is 
concluded that the same behavior can be found as with traditional concrete. The slum increase, and 
compressive strength decrease with an increase in AAC/BS ratio. In the research of Srinivasula Reddy 
et al. (2018), it is agreed that comparable strength properties can be achieved with geopolymer 
concrete as with traditional concrete. Geopolymer concrete containing 350 kg/m3 fly ash, 150 kg/m3 
slag, and activators NaOH and Na2SiO3 can reach a strength of 66 MPa at 28 days and 68 MPa at 56 
days (Srinivasula Reddy, Dinakar, & Hanumantha Rao, 2018). Although, significant progress was made, 
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more research is needed into the structural application of geopolymer concrete to guarantee 
structural performance and safety. Also, a code of practice needs to be formulated to achieve 
international acceptance as a construction material. Furthermore, unified design equations, which 
cover all geopolymer concrete types, should be proposed for the structural engineer (Singh, Ishwarya, 
Gupta, & Bhattacharyya, 2015).  

3.5. Sustainable cement development 
Studies have been conducted to take steps in the development of alternative cement and more 
sustainable concrete compositions. In order to reduce the carbon dioxide emissions related to 
Portland clinker production, other raw materials can be used as a binder in concrete. These raw 
materials can be used as a component in the cement production to develop more sustainable cement. 
On the other hand, these raw materials can be used as a component of concrete as a binder as a 
supplement to the cement. These materials in concrete as blended cement or as separate addition 
into the concrete mixture are called supplementary cementitious materials (SCMs). Most common 
used SCMs are ground granulated blast-furnace slag (GGBFS), fly ash (FA) and silica fume (SF). SCMs 
contribute to the properties of hardened concrete through hydraulic or pozzolanic activity. Many 
studies have focused on the effects of SCMs on concrete properties in the fresh and hardened state.  

In the State-Of-Art-Report of the RILEM Technical Committee 238-SCEM literature is reviewed related 
to the properties of fresh and hardened concrete including SCMs. In the next paragraphs the effect of 
replacing high amounts of OPC with the three most commonly used SCMs on the strength 
development of concrete are further discussed. In contrast to the cement types discussed in 
paragraph 2.1.1, compositions with a higher replacement level of OPC with SCMs are studied. (RILEM 
Technical Committee 238-SCM, 2018) 

3.5.1. Ground granulated blast-furnace slag (GGBFS) 
GGBFS has a slower hydration rate than OPC. This results in a later initial cure time and lowers early 
strength with increasing slag content. However, the late strength development is often greater than 
OPC concrete. According to the RILEM report, slag concrete usually reaches the strength of OPC 
between 10 and 35 days after pouring. This is strongly depended on the reactivity, fineness and 
content of GGBFS in the mortar composition (Figure 16).  

  

Figure 16 Influence of GGBFS on the development of compressive 
strength (RILEM Technical Committee 238-SCM, 2018) 
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Due to the lower hydration rate fewer hydrates are formed in young concrete and less water is bound. 
Therefore, concrete with high amounts of GGBFS is more sensitive to poor curing than OPC concrete. 
The hydration rate of GGBFS is also more sensitive to concrete temperature than OPC. At low 
temperatures (≤ 10 °C) this results in lower early strength. However, eventually higher late strength 
values might be reached compared to OPC (Figure 17).  

 

Figure 17 Effect curing temperature on strength development of different concrete compositions with PC and GGBFS (RILEM 
Technical Committee 238-SCM, 2018) 

3.5.2. Fly ash (FA) 
For the use of fly ash as SCM a comparable effect is found from studies as for GGBFS. The early age 
strength at standard curing is slightly lower as levels of cement replacement with FA increase. The late 
strength is higher as the level of cement replacement increase.  

At an early age, for every type of mortar composition, the strength development of PC and FA 
concretes at higher curing temperatures is faster than at lower curing temperatures. This is attributed 
to an increase in the hydration rate. However, at a later age, the strength achieved at higher curing 
temperatures was reduced. The late age strength of Portland cement was much more affected by 
higher curing temperatures than fly ash concretes (Figure 18). 
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Figure 18 Effect curing temperature on strength development of different concrete compositions with PC and FA (RILEM 
Technical Committee 238-SCM, 2018) 

3.5.3. Silica fume (SF) 
About silica fume can be concluded that this material increases the strength concrete significantly 
when added to the mortar composition. The actual amount and percentage of strength increase 
depend upon numerous factors, some of which are: mortar composition, type of cement, amount of 
silica fume, use of water-reducing admixtures, aggregate properties and curing methods. Silica fume 
is together with superplasticizers used to produce high strength concrete with strengths as high as 
130 MPa or more (RILEM Technical Committee 238-SCM, 2018). 
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Chapter 4 

GGBFS as a sustainable alternative 
This research has its interest in the benefit that can be gained from making use of the ongoing strength 
development of concrete. Research has shown that the late strength of GGBFS is higher than that of 
OPC. From a sustainability point of view, it is beneficial that GGBFS is a by-product of the steel industry. 
Extending its circular lifetime contributes to making the industry sector more sustainable. Although 
fly ash is also a by-product which should be used optimally, a global goal is to reduce the production 
of energy from coal. This may result in a decrease in the available amount of fly ash in the upcoming 
years. Because of these reasons, replacing OPC with high amounts of GGBFS to obtain a more 
sustainable binder for the construction industry is used as a starting point for the upcoming part of 
this research.  

It must be mentioned that the type of aggregates also form a substantial part of concrete and its 
environmental impact cannot be dismissed. According to Turk et al. (2015), a significant 
environmental benefit can be gained by the replacement of a significant proportion of natural 
aggregate by recycled aggregates (Turk, Cotič, Mladenovič, & Šajna, 2015). Regarding this research, 
focus is on the cement benefits and the type of aggregates is the same for all options studied. Hence, 
the environmental impact due to the type of aggregates is constant.  

GGBFS is either used as a cement constituent replacing clinker and/or as concrete constituent 
replacing Portland cement. The level of using this raw material varies for different regions around the 
world. For example, Northern America, the UK and Australia uses GGBFS mainly as concrete addition, 
while this product in Latin America, Europe and India is mainly used as cement constituent. Advantage 
of direct use of GGBFS in concrete is the flexibility for concrete producers. Concretes for various 
applications can be designed on the spot with a minimum storage capacity for the different raw 
materials. However, this requires sufficient knowledge about concrete design and performance. On 
the other hand, the performance of the cementitious part cannot be optimized when adding GGBFS 
directly to the concrete. As a result, if a concrete mixture is less reactive than expected this might be 
solved by adding cement. It is expected that this risk is lower when GGBFS is used as cement 
constituent replacing Portland clinker (RILEM Technical Committee 238-SCM, 2018).  

In the Netherlands, cement producers are taking steps to improve their products on sustainability 
aspects. ENCI, one of the largest producers of cement, focuses on the development of cement with 
less clinker. Other companies, such as Ecocem focus on the development of alternative sustainable 
cementitious binders. Strength development data which is made available for this research by ENCI 
and Ecocem can be found in Table 3 of Appendix B (ENCI, 2018)(Ecocem, 2018).  

4.1. GGBFS as cement constituent replacing clinker 

4.1.1. Sustainability 
As explained in previous chapters the sustainability of concrete is mainly determined by the amount 
of Portland clinker. Multiple types of cement are produced in which is varied with the composition of 
raw materials. A traditional Portland cement (CEM I) consists of 99% Portland clinker and equals an 
emission of 800-1200 kg CO2 per ton cement. This large share of clinker in cement and with this the 
carbon emission can be reduced. Portland-slag cement, CEM II/B-S, consists of  78% Portland clinker 
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supplemented with GGBFS. Concerning the cement type CEM III, also called blast-furnace cement, the 
reduction of clinker is even higher. The raw materials needed to produce CEM III/C exist only for 11% 
of clinker and the emission can be reduced to less than 100 kg CO2 per ton cement.  

Figure 19 presents the relationship between the carbon footprint (i.e. kg carbon emission per 1000 kg 
cement) of some cement types and the amount of clinker. The decrease in carbon emission appears 
to be proportional to the reduction of clinker. The average carbon emission from cement production 
worldwide and in the Netherlands is also shown in Figure 19 (Andrew, 2017). Emissions can be reduced 
if cement with less clinker is used more often. 

 

4.1.2. Strength development 
The replacement of clinker with blast-furnace slag has influence on the strength development of 
cement. Figure 20 shows the strength development of the EN cement types consisting of different 
clinker amounts. The strength development of a traditional Portland cement CEM I 52,5 R is presented 
by the dark blue line in the graph. This cement type develops a high early strength, but after 28 days 
the strength development stagnates and the graph is almost a constant horizontal line after 91 days.  

When replacing OPC by GGBFS a clear trend can be found regarding the strength development. The 
graph becomes steeper by increasing the amount of GGBFC. The cement type CEM III/A 52.5 N, 
including 49% Portland clinker, stays behind at early strength compared to CEM I but after 28 days the 
strength develops to higher values. Because the same strength is achieved at 28 days, these cement 
types are indicated by the same strength class 52.5. By further replacing OPC by GGBFS this ‘crossing 
point’ is achieved later. Due to lower strengths at 28 days these cement types are indicated by lower 
cement strength classes.  

Regardless of cement strength class, the same trend can be found when increasing the replacement 
level of OPC with GGBFS. CEM III/B 42.5 N, consisting of 26% clinker, shows again the trend of low 
early strength and continuing of the strength development to relatively high values. After 91 days still 
a strength increase of 25% is achieved compared to the strength at 28 days. This cement type exceeds 
after 6 months the strength of CEM I 52,5 which is classified by a higher strength class. These effects 
on the strength of cement mortar are representative for the effect on the strength development of 
concrete composed of these cement types.  
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Figure 20 Cement mortar compressive strength development of different ENCI cement types (ENCI, 2018) 

The influence of replacing OPC by GGBFS on the strength development can be explained by the 
hydration process. Due to the hydration process cement stone is formed, the concrete densifies, and 
the compressive strength increases. The reaction speed of the hydration process corresponds with 
the strength development rate. Regarding Portland cement, the hydration causes a relatively rapid 
initial strength development which gradually softens. Adding slag decelerate the hydration process. 
This means fewer hydrates are formed at an early stage and less water is bound. This result in a lower 
initial strength compared to Portland cement. However, blast-furnace cement continues to develop 
strength longer and some mixtures can eventually reach higher strengths. Cement with low clinker 
content and slower strength development require longer curing time. This increase the vulnerable 
period. 
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4.2. GGBFS as concrete constituent replacing Portland cement 

4.2.1. Sustainability 
Another sustainable alternative to traditional 
cement is reducing the total cement content 
and develop cementitious binders consisting of 
SCMs. Ecocem is a producer of such a product. 
They make a more sustainable binder for 
concrete by decreasing the cement content 
and add high amounts of blast-furnace slag 
with binder function.  

The Ecocem products that are analyzed in this 
study consist for 30-10% of CEM I 52,5 N, with 
a carbon emission of 850 kg/ton and 70-90% of 
blast-furnace slag, with a carbon emission of 30 
kg/ton. This is equal to 276-112 kg carbon 
emission per ton of Ecocem binder (Figure 21). 

4.2.2. Strength development 
The same trend is found for the strength development when lowering the amount of Portland cement 
and increase the use of GGBFS as a binder compared to the replacement of clinker on cement level as 
discussed in paragraph 4.1.2. Ecocem 70/30 develops a lower early strength compared to a traditional 
Portland cement, but reach a comparable strength at 90 days and still gains significant strength after 
this period. Ecocem with 20 and 10 % clinker shows a low initial strength but the development of 
strength continues with a relatively steep graph (Figure 22).  

 

Figure 22 Cement mortar compressive strength development of different Ecocem binders (ENCI, 2018)(Ecocem, 2018) 
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Chapter 5 

Structural properties of Slow Concrete 
In this chapter the effects of replacing OPC with GGBFS on the structural properties of concrete are 
discussed. Knowledge of traditional concrete and concrete mortar is obtained from the book 
“Praktische Betonkennis” (Soen, 2007). This has been supplemented with data from ENCI and Ecocem 
and literature about the influence of GGBFS on the structural properties of concrete. First it is 
discussed how the data presented in Chapter 4 is translated into concrete compressive strength. The 
strength of various concrete mixtures including Portland cement and varying amounts of Blast-furnace 
cement is compared. In addition, the strength development of concrete including high amounts of 
blast-furnace cement is discussed in more detail. Furthermore, tensile, stiffness, shrinkage, creep and 
heat of hydration properties are discussed. 

5.1. Compressive strength of cement mortar types 
The strength of concrete is largely defined by the strength of the cement which is used. The 
development of the compression strength of cement is determined by the manufacturer in a 
standardized manner. EN 196 describes the method for determining the compressive strength of 
cement mortar. Prismatic test specimens (40 mm x 40 mm x 160 mm) are cast from a batch of mortar 
containing one part by mass of cement, three parts by mass of CEN standard sand and one-half part 
of water (W/C 0,50). Test specimens are kept underwater at 20 degrees Celsius until tested for 
compressive strength after 2, 7 and 28 days. Based on the measured compressive strength, the norm 
strength of cement is determined. The norm strength is based on the 28 day strength and indicates 
the strength class of the cement: 32.5, 42.5 or 52.5.  

This study uses compressive strength data from ENCI cement and Ecocem binder. See Table 3 of 
Appendix B for the mortar compositions and compressive strength test data of ENCI and Ecocem. In 
previous Chapter 4, the compressive strength of cement mortar containing high amounts of GGBFS is 
discussed (Figure 20 and 22). It can be concluded that the more Portland clinker is replaced by blast-
furnace slag, the lower the early strength but the longer the strength of cement continues to grow. 
Eventually, higher final strength is achieved by replacing clinker with blast-furnace cement in the same 
strength class.  

5.2. Compressive strength of concrete mixtures 
Concrete is mainly used for its compressive strength. Many characteristics of this material can be 
related to the compressive strength and it is a relatively easy property to measure. Therefore, the 
compressive strength of concrete is a leading value for many aspects of the work of concrete 
technologists, structural engineers and contractors. Furthermore, concrete compositions are 
classified by Eurocode 2 based on the compressive strength. The strength development of concrete is 
sensitive and depends mainly on the hardening temperature, type of cement and the water-cement 
ratio. Because of this, testing the specimen according to the methods described in EN-12390 is 
required to determine the strength of a concrete composition. EN 206 specifies concrete classes by 
characteristic compressive strength. For example, concrete class C20/25 represents a characteristic 
strength of 20 N/mm2 obtained from a cylindrical test specimen and 25 N/mm2 obtained from a cubic 
test specimen. The compressive strength of concrete is given in terms of the characteristic 
compressive strength of cylinders or cubes tested at 28 days of hardening (fck).  
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The characteristic strength is defined as the strength of the concrete that is expected to include not 
less than 95% of the test results. The average compressive strength values can be calculated by 
increasing the characteristic values based on the standard deviation of the test results. For cylinders 
the standard deviation is assumed to be 5 N/mm2. Therefore, the characteristic value can be increased 
by 8 N/mm2 (1,64∙5) to find the mean value. The standard deviation for cube tests is assumed to be 6 
N/mm2. The average strength can be found by increasing the characteristic value by 10 N/mm2 (1,64∙6) 
(Chakiri, 2016). Strength values of the most used strength classes in the construction industry are 
presented in Table 4.  

These concrete compression tests are conducted under optimal conditions in which concrete obtains 
the maximum achievable compressive strength. Chakiri called this lab-crete. Average values are 
established from multiple samples of the same mixture. The test specimen is a cube, cylinder or core. 
Therefore, communication about strength of lab-crete is about the average cube (fcm,cube) or cylinder 
(fcm,cyl) compression strength. It is impossible to reproduce these conditions on-site due to 
workmanship and environmental conditions. Often during construction of a concrete structure, a test 
cube of the regarded concrete is poured. Subsequently, the cube is test and when taking into account 
the ambient temperature properties of the concrete structure are predicted. However, this is still lab-
crete. The actual realized concrete in situ is called real-crete by Chakiri.  

In the building industry, structural engineers and contractors work asses the real-crete properties of 
a structural design and examine the real behavior of the concrete. For estabilishing the concrete 
strength of an exiting structure, coring is the preferred and most reliable method (Chakiri, 2016). 
These values are expressed in terms of average cylinder compressive strength (fcm,cyl).  

The concrete as specified in standards is referred to as code-crete. The EN is based on cylinder strength 
values. Therefore, a structural engineer calculates with characteristic value of the cylinder 
compressive strength (fck,cyl) (Chakiri, 2016).  

Table 5 summarizes this difference in use and communication in the building industry about concrete 
compressive strength. It is of high importance that it is clear at any time which strength is being 
discussed. Clear agreements need to be made about this. It becomes clear from Table 4 that large 
under or overestimates can be assumed when miscommunication occurs about characteristic/average 
values or cube/cylinder strength.  

Table 4 Compressive strength classes C20/25 and C30/37 (Chakiri, 2016) 

 

  

Compressive 
strength class 

Minimum 
characteristic 
cylinder strength 
(fck,cyl) 

Minimum 
average  
cylinder strength 
(fcm,cyl) 

Minimum 
characteristic 
cube strength 
(fck,cube) 

Minimum 
average  
cube strength  
(fcm,cube) 

C20/25 20 28 25 35 
C30/37 30 38 37 47 
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Table 5 Difference in communication about concrete classifications 

Concrete classification by 
Chakiri (2016) 

Terminology Used for 

Code-crete - Characteristic cylinder compressive 
strength (fck, cyl) 

Structural design 

Lab-crete - Average cube compressive strength 
(fcm,cube) 
- Average cylinder compressive 
strength (fcm,cyl) 

Manufacturing 

Real-crete - Average cylinder compressive 
strength (fcm,cyl) 

Structural engineer 
assessment and real-crete 
behavior 

 

5.2.1. Cement strength converted to concrete strength 
The strength of the concrete that is needed to reach a particular strength class is often the starting 
point for the concrete mortar design. The compressive strength (fcm,cube) of lab-crete can be calculated 
with formula 5.2.1-1 if the standard strength of the cement and the water-cement or water-binder 
ratio are known. 

This formula reflects the relation between the concrete strength, standard strength of the cement and 
the water-cement or water-binder ratio. With the use of coefficients a, b, and c (Table 6) which are 
based on the raw materials (cement, fine material and aggregates) used the cement mortar strength 
can be translated into a concrete compression strength.  

𝑓 , ( ) = 𝑎 ∙ 𝑁 + − 𝑐    (5.2.1-1) 

Where: 
fcm,cube(n) = average cube compression strength after n days 
Nn = Standard strength of cement after n days 
wcf = water-cement ratio (W/C) 
a, b and c = coefficients that depend on the raw materials used 
 

Table 6 Coefficients a, b, and c (ENCI et al., 2015) 

Cement a b c 
CEM I and CEM II/B-V 0,85 33 62 
CEM III/A 0,8 25 45 
CEM III/B 0,75 18 30 

 

This empirical formula is established as a design rule for concrete mixtures. It is used by concrete 
technologists to establish the first indication of a concrete mixture design. Subsequently, the exact 
quantities of the raw materials are determined with more specific methods at a higher level of detail 
to achieve the desired concrete properties.  
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At the time this formula was established, use was made of the same type of aggregates in the 
Netherlands. Especially round aggregates from the rivers were available in large quantities whose 
characteristics can be considered to be equal. This allowed researchers to collect concrete 
compressive strength data of mixtures and to link this information to the applied cement type and 
water-cement ratio. With the use of curve fitting the coefficients a, b and c are established based on 
the available data.  

The factor ‘a’ indicates the influence of the cement type. Based on the values of this factor for CEM I 
(0,85) and CEM III (0,75) it can be concluded that the effect of the norm strength of cement on the 
concrete strength is greater for concrete including Portland cement (CEM I) than with a Blast-furnace 
cement (CEM III). This can be explained by the faster strength development of CEM I comparted to 
CEM III. The factor ‘a’ should therefore be variable over time, but this is not taken into account. The 
factor ‘b’ influences the water-cement ratio. The values of this coefficient for the different cement 
types indicate that the effect of variation in the water-cement ratio on the concrete compressive 
strength is greater for a Portland cement (CEM I) compared to a concrete with blast-furnace slag (CEM 
III). The factor ‘c’ is a correction factor for influences from the raw materials which are used in the 
mixture. For example, when using broken aggregates this factor drops in value. The motivation for this 
is that with the use of broken aggregates a higher concrete compressive strength of roughly 10% can 
be achieved compared to round aggregates from the river with an equal mixture composition. Also, 
the effect of changing the grading of aggregates can be included in this factor.  

These coefficients change when other raw materials are used in the concrete mixture design. In 
addition, this formula assumes that the processability of the concrete mixture is completely controlled 
by the amount of water which is used in the mixture. Nowadays, it is more common to use plasticizing 
additives in concrete mixtures to control the processability. This is not included in this formula. 
Furthermore, the concrete industry is making steps towards innovation in the field of aggregate 
material. An example is the use of recycled granulates. A remark must be made to this formula that 
these changes have an influence on the final strength of concrete and this is not directly included in 
this rule of thumb.  

To conclude, formula 5.2.1-1 is a global design formula in which by means of simplicity some variables 
are assumed to be constant values. As long as this is dealt with consistently, this formula is well 
applicable for this research to make a comparison between different types of cement. Assuming some 
variables such as the properties of the granulates to be equal for all regarded mixtures.  
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5.2.2. Verification of data 
Results of cement mortar compression tests of 
various compositions ENCI cement and Ecocem 
binder are presented in Table 3 of Appendix B. It is 
studied if it is correct to derive the concrete 
compressive strength from the cement mortar 
strength with formula 5.2.1-1. To do so, the 
cement mortar strength data of ENCI CEM III/B is 
translated to concrete mortar strength using the 
formula and a water-cement ratio of 0.5. This is 
compared to test results of concrete compression 
strength of compositions containing CEM III/B 
cement and water-cement ratio 0.5.  

The strength development of both approaches is presented in Figure 23. The deviation between the 
results is almost non-existent. This makes sense because both results can be classified as lab-crete and 
relevant coefficients for the cement-related aspects are included in the formula.  

5.2.3. Results of data set 
It is discussed in previous paragraphs how the strength development of cement relates to concrete 
strength development. With the use of formula 5.2.1-1 the data provided by ENCI and Ecocem is 
converted from cement mortar strength to concrete strength, see Table 4 of Appendix B. Use is made 
of the following coefficients: a=0,75, b=18 and c=30. Furthermore, the water-cement ratio has a 
significant effect on strength values that are obtained. A water-cement ratio of 0.5 is established to 
use for the entire data set. This allows a correct comparison between the different concrete 
compositions. The water-cement ratio is set to this value to ensure sufficient processability and quality 
of the concrete.  

It is important to note that higher strength values could be achieved theoretically. Using a lower water-
cement ratio in the formula for transforming the cement strength value result in higher concrete 
strength values. However, the processability of the concrete decreases due to which the quality of the 
concrete can be reduced. As discussed in previous chapters, sufficient water content is of great 
importance for the quality of the concrete. The variety of the effect of the water-cement ratio on the 
strength development is assumed to be equal between the different cement types analyzed this 
research, see Table 7. By choosing an equal water-cement ratio (W/C = 0,5) for all concrete 
compositions which are analyzed in this research a solid comparison can be made. 

Table 7 Effect water-cement ratio on the strength of concrete based on the 28 day strength of different concrete compositions 

 W/C = 0,4 W/C = 0,5 W/C = 0,6 W/C = 0,7 
CEM I 52,5 R 76 N/mm2 60 N/mm2 49 N/mm2 41 N/mm2 
     
     

CEM III/B 42,5 N 55 N/mm2 46 N/mm2 40 N/mm2 35 N/mm2 
     
     

Figure 23 Comparison calculated and tested strength 
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The concrete compressive strength development, calculated with the data of ENCI and Ecocem and 
formula 5.2.1-1,  of various compositions including different types of cement and binder is presented 
in Figure 24 and 25. The cement mortar is stronger than the corresponding concrete. The same trend 
in strength development is found for concrete compared to cement. Replacing OPC by GGBFS result 
in a lower initial strength but the strength development continues for a longer period and eventually 
a higher strength is achieved. See paragraph 4.1.2. and 4.2.2. 

 

Figure 24 Concrete compressive strength ENCI 

 

Figure 25 Concrete compressive strength Ecocem 
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5.3. Compressive strength of Slow Concrete 
To achieve a significant reduction of the carbon footprint of concrete, the aim of this research is to 
accomplish a high reduction of clinker content in concrete. It is studied if the reduction of clinker in 
cement and the reduction of cement supplemented with GGBFS have the same effect on the strength 
development of the concrete. It must be mentioned that there are differences in properties and 
application of concrete mixtures with a reduced clinker content in cement or a reduced amount of 
Portland cement with the same carbon emission footprint. However, for the purpose of this research 
it is desirable to establish a relationship between the profit for the carbon emission footprint and 
effect on strength development. Therefore, it is considered whether the clinker and GGBFS content 
have a similar effect on the strength development irrespective of its use directly in the cement or as a 
supplement to the binder. 

5.3.1. SC 30 – Cement including 30 % clinker 
The concrete strength development of compositions including cement with 26% clinker (CEM III/B 
42,5 N) and binder including 30% Portland cement (Ecocem) are analyzed. These two compositions 
include both about 30% clinker and equal an emission less than 280 kg CO2 per tonne cement or binder 
compared to an emission of 823 kg CO2 per tonne cement or binder for Portland cement.  

The cement (CEM III/B 42,5 N) and binder (Ecocem 70/30) with the same amount of clinker show a 
comparable strength development, see Figure 26. The cement has a somewhat lower clinker content 
(26%) compared to the binder (30%) and this becomes slightly clear by a higher early strength and 
lower strength over time compared to the Ecocem binder. At 28 days a compressive strength of 
fcm,cube= 48 N/mm2 is achieved. According to the Eurocode, these strength properties are classified by 
strength class C30/37. The data of the two products from ENCI and Ecocem represent the strength 
development of concrete compositions including 30% clinker regardless if it is included in the cement 
or binder.  

 

Figure 26 Compressive strength of concrete compositions including cement or binder with 30% clinker 
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5.3.2. SC 20 – Cement including 20% clinker 
Concerning a clinker content of 20%, the strength development of concrete containing a cement type 
CEM III/B 32,5 N or binder Ecocem 80/20 is compared. An emission of less than 200 kg CO2 per tonne 
cement or binder can be achieved with this composition. A somewhat larger deviation in strength is 
found between the cement and binder compared to those including 30% clinker, see Figure 27. 
Despite the slightly larger deviation, rather similar strength development is found. Average strength 
development of concrete containing 20% clinker, irrespective of its use directly in the cement or as a 
supplement to the binder, is established. At 28 days a compressive strength of fcm,cube= 39 N/mm2 is 
achieved. According to the Eurocode, these strength properties can almost be classified as strength 
class C25/30. Because the binder (Ecocem) is somewhat below the average established line at 28 days 
a safe assumption is made. These compositions are classified by strength class C20/25.  

 

Figure 27 Compressive strength of concrete compositions including cement or binder with 20% clinker 

5.3.3. SC 10 – Cement including 10% clinker 
A further decrease of the clinker content to 10 % results in carbon emissions of around 100 kg CO2 per 
tonne cement or binder compared to the emission of 823 kg CO2 per tonne cement or binder for 
Portland cement.  

The strength performance of cement and binder including 10% clinker show more deviating results 
compared to the strength development of cement and binder with higher amounts of clinker, see 
Figure 28. The cement including binder (Ecocem 90/10) achieves a compressive strength of fcm,cube= 28 
N/mm at 28 days. This equals a strength class of C12/15. However, concrete including cement (CEM 
III/C 32,5 N) with only 10% clinker achieves a compressive strength of fcm,cube= 40 N/mm at 28 days. 
This equals a strength class of C25/30.  

Looking at the average strength that represents concrete including 10% clinker a compressive strength 
of fcm,cube= 34 N/mm is reached at 28 days, representing a strength class C16/20. However, this is not 
a representative conclusion and common values should not be established. The values between ENCI 
and Ecocem cement differ and the available data after 28 days is limited.  
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In Chapter 4 the difference in using GGBFS as a cement 
constituent replacing clinker or as concrete constituent 
replacing Portland cement is discussed.  

This effect is studied by Addis (1986) and shows that 
higher cement contents can be necessary to achieve a 
same performance when using GGBFS as a concrete 
constituent replacing cement compared to using it 
directly as a cement constituent to replace clinker (Addis, 
1986). This is presented in Figure 28. 

A same explanation can be drawn for the higher strength 
development of ENCI CEM III/C 32,5 N compared to Ecocem 
90/10, presented in Figure 29.  

 

 

 

 

 

 
 

 

 

 

 

 

5.4. Describing the strength over time 
The compressive strength of concrete at age t depends on the type of cement, temperature and curing 
conditions. According to EN 1992-1-1, at an average temperature of 20 degree Celsius and curing 
according to EN 12390, the average cylindrical compressive strength of concrete at different ages 
(fcm(t)) may be estimated with the formulas: 

𝑓 (𝑡) = 𝛽 (𝑡) ∙ 𝑓     (5.4-1) 

𝛽 (𝑡) = exp {s [1 − ( ) ]}   (5.4-2) 

The coefficient s varies for different types of cement. For cement in strength class CEM 42,5 R, CEM 
52,5 N and CEM 52,5 R (class R) the value for s is established at 0,20. For cement in strength class CEM 
32,5 R and CEM 42,5 N (class N) s = 0,25. For cement in strength class CEM 32,5 N which represents 
according to the Eurocode a slow strength development cement (class S) a coefficient of 0,38 is 
prescribed (Normcommissie 351 001 “Technische Grondslagen voor Bouwconstructies,” 2011).  

Figure 28 ement with 50 % GGBFS vs side 
blended concrete containing 50 % GGBFS 
(RILEM Technical Committee 238-SCM, 2018) 
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It is aimed to describe the strength development of Slow Concrete with the formula 5.4-1 and 5.4-2. 
By using the available data of this research, the coefficient s is found to be equal to 0,42 to describe 
the strength development over time. Figure 30 shows the accuracy of the description of the strength 
according to the formula compared to the data. Other properties can be achieved with Slow Concrete 
when varying with the other raw materials in the concrete mixture.  

 

Figure 30 Strength development of Slow Concrete according to data and formula 

5.5. Design compressive strength 
To achieve a certain safety level, a design value of the concrete compressive strength is derived. For 
this purpose, the characteristic value is expanded with some material factors. According to EN 1992-
1-1  the design value of the compressive strength is defined by formula 5.5-1. The design value of the 
compressive strength does not implies the strength after 28 days. The design value describes the 
compressive strength based on the 28 days strength, including long-term effects. Correspondingly, 
the design value of the compressive strength can describe a strength based on the 91 day strength. 
The long-term coefficient is discussed in more detail in the next paragraph.  

fcd = αcc,t · fck,i / γC          (5.5-1) 

Where: 
fcd = design value of the compressive strength 
αcc,t = coefficient for long-term effects 
fck,i  = characteristic cylinder compressive strength after i days hardening 
γC = partial safety factor 
Values for αcc,t and γC equal respectively 1 and 1.5 prescribed in the Dutch additional code to EN 1992-
1-1. These values correspond to the recommended values.  

5.5.1. Discussion of the long-term coefficient 
When the strength development of concrete over time and strength at later age than 28 days is used 
for the structural design of the structure, the long-term coefficient must be considered in more detail. 
αcc,t is the coefficient for long-term effects on the compressive strength including unfavorable effects 
due to the way the load is applied to the structural element. Rüsch (Rüsch, 1960), studied the effects 
of long term loading. If the long-term loads were higher than approximately 80 % of the short-term 
bearing capacity, failure due to sustained load occurred after a certain period (Figure 31).  
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Subsequently, concerning the long-term effects of concrete EN 1992-1-1 takes into account the 
strength development of concrete over time. For cement with rapid initial strength development a 
strength increase of 12 % can be found after 6 months compared to the age of 28 days (Figure 32). In 
addition, it is stated that the values in de Eurocodes are derived from values of experiments. Normally, 
these tests last around 1.5 hours. This implies that the capacity from the experiments already includes 
a decrease in strength. A decrease of approximately 15% in strength occurs between 2 and 100 
minutes (Figure 31) (European Concrete Platform, 2008).  

From this it can be concluded that the effect of long-term loading is already partly included in the 
standards. In addition, it is compensated by the increase in strength over time. Therefore, the 
recommended value for the factor αcc,is set to 1.0.  

However, this is a debatable value. After the pioneering work of Rüsch, follow-up research is carried 
out in the field of sustained loading effects. According to (Han, Liu, Xie, & Liu, 2016), several studies 
show that sustained loading can also have a strengthening effect on mechanical properties. Concrete 
usually works in its elastic state during service. Stresses lower than about 40 % of the material 
compressive strength induce concrete strength increase.  

Han et al. support this with test results. Specimens were loaded slowly to 20 % of the 7-day 
compressive strength of standard cured concrete. The concrete cube compressive strength at 7 days 
was measured to be 41.6 MPa, so the sustained load applied was 8.32 MPa. Figure 33 shows that the 
strength of loaded specimen is higher than for non-loaded specimen (Han et al., 2016). 

When the concrete strength is described at an age later than 28 days, the factor αcc,t needs to be 
reduced with the factor kt according to EN 1992-1-1. This factor needs to be applied to make sure 
the strength development over time which is already included in αcc,t is not included twice. 
According to EN 1992-1-1 the factor kt must be equal to 0.85. This is based on the aforementioned 
assumption that the strength development of concrete after 6 months is equal to 1.12 times the 
value at 28 days. 

  

Figure 31 Influence of load intensity and duration on 
concrete strain (European Concrete Platform, 2008) 

Figure 32 Compressive strength development of concrete made 
with various types of cement (European Concrete Platform, 
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However, the strength development included 
in the factor αcc,t is described after 6 months. 
The design value of the compressive strength 
can also be determined at other moments in 
time, after 28 days. If the strength 
development over time is properly assessed, 
the strength increase over time can be 
established for any particular moment in time. 
By studying the strength development of a 
specific concrete mixture more detailed, the 
factor kt might be assumed to be higher or the 
value goes even towards 1.0. In this way, use 
can be made of the actual ongoing strength 
development of concrete in time without 
correcting the value.  

The value for kt has significant consequences for the design strength. Table 8 shows the result of 
compressive strength values based on the 28 days strength calculated with formula 5.2.1-1 of concrete 
including different types of cement or binder. Average cube compressive strength (fcm,cube) data that 
are used can be found in Table 4 of Appendix B. To establish the characteristic cube compressive 
strength the following holds: fcm,cube = fck,cube + 10 N/mm2. Subsequently, the design compressive 
strengths are determined with formula 5.2.1-1. 

When taking into account the strength of concrete at a later age the coefficient for long term effect 
need to be adjusted to αcc,t = kt αcc = 0.85. 

The design compressive strength is now determined for the same concrete compositions at 90 days. 
Results are presented in Table 9. Although the average strength values are higher at 90 days compared 
to 28 days, the design values appear to be almost equal at the two points in time if the factor kt is 
used. If the kt factor is set at 0.85 for all cement types, the kt factor has the largest influence on 
concrete mixtures including Portland cement. This is due to the fact that strength development 
progresses at a slower rate after 28 days with Portland cement compared to blast-furnace cement. By 
increasing the amount of blast-furnace slag in the cement, more profit can be gained of making use of 
the ongoing strength development over time.   

Table 8 Values of the concrete compressive strength based on the 28 days strength 

 Nn 
(N/mm2) 

W/C fcm,cube 

(N/mm2) 
fck,cyl 
(N/mm2) 

fcd  
(N/mm2) 

water 
(l/m3) 

cement 
(kg) 

clinker 
(kg) 

CEM I 
52,5 N 

61.4 0.5 59 39 26 170 340 337 

CEM III/B 
42,5 N 

52.6 0.5 47 30 20 170 340 88 

CEM III/B 
32,5 N 

45.7 0.5 42 25 17 170 340 71 

Ecocem 
70/30 

54.9 0.5 49 31 21 170 340 101 

 

Figure 33 Comparison of compressive strength development of 
concrete under different loading conditions(Han et al., 2016) 
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Table 9 Values of the compressive strength based on the 90 days strength (i=90) 

 Nn 
(N/mm2) 

W/C fcm,cube,i 

(N/mm2) 
fck,cyl,i 
(N/mm2) 

fcd  
(N/mm2) 

water 
(l/m3) 

cement 
(kg) 

clinker 
(kg) 

CEM I 
52,5 N 

67.7 0.5 64 43 25 170 340 337 

CEM III/B 
42,5 N 

65.9 0.5 57 38 21 170 340 88 

CEM III/B 
32,5 N 

58.7 0.5 51.5 33 19 170 340 71 

Ecocem 
70/30 

70.8 0.5 59 40 23 170 340 101 

 

Due to the significant effect of the kt factor, it must be set at the correct value in order to consider the 
accurate strength development of concrete over time.  

The actual strength development of concrete after 6 months can be greater than the assumed value 
of 1.15. According to the Eurocode, slow cement has a strength development of 1.25 after 6 months 
(Figure 32). It is examined whether the strength development of the cement and binder used in this 
research can be accounted for as slow cement and slow binder. It is presented in Figure 34 that cement 
with 26 % clinker accounts for a strength development of 1.3 after 6 months compared to the strength 
after 28 days. For binder with 30 % clinker this value is 1.4. However, the data of the binder show a 
somewhat irregular distribution.  

In addition to this, Figure 34 shows that there is still an increase in concrete compression strength 
after 6 months. Especially slow cement concrete gains strength till a few years after it is poured. 
Concrete including cement or binder containing 30 % clinker is able to gain 45-50 % strength increase 
over its lifetime compared to the strength at 28 days.  
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Figure 34 Long term effect on compressive strength of cement and binder containing 30 % 
clinker (ENCI, 2018)(Ecocem, 2018) 
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5.6. Tensile strength 
The tensile strength of concrete describes the stress at which the material fails under tensile loading. 
This is the indication for cracks to occur. The tensile strength of concrete equals approximately 10% 
of the compressive strength. The tensile strength can be increased by adding reinforcement in the 
form of reinforcement bars or fibers.  

The tensile strength can be measured in a few ways. It is desired to determine this as pure axial tensile 
strength (fct). However, this method is laborious and sensitive to eccentricities. Therefore, a splitting 
test is often performed to determine the splitting tensile strength (fct,sp ) which is almost equal to the 
tensile strength. A bending test can be used to determine the flexural strength (fct,fl), which is higher 
than the values for the tensile strength and is related to the height of the cross section.  

EN-1992-1-1 describes the relationship between the characteristic cylinder compressive strength of 
concrete based on the 28 day strength (< C50/60) and the average axial tensile strength by the 
following formula: 

fctm = 0,30 · fck (2/3)          (5.6-1) 

The following relation between the average tensile strength and average flexural strength applies: 

fctm,fl = max {(1,6 – h/1000)fctm; fctm }       (5.6-2) 

with: h = the total height of the element in millimeters. 

The performance of concrete mixture in terms of splitting tensile and flexural strength improves by 
adding fine aggregate to the mixture (Yazici & Mardani-Aghabaglou, 2017). Broken aggregate material 
also provides higher tensile strength. However, higher tensile strength is not always desirable in 
relation to crack control. A higher tensile strength results in fewer cracks, but a higher crack width. 

The replacement of OPC by GGBFS has no significant effect on the relation between the flexural 
strength and compressive strength of concrete. Gruyaert concluded this by studying the relation 
between the flexural strength and compressive strength of concrete containing different amounts of 
GGBFS at ages ranging from 1 day up to 1 year. Gruyaert also obtained results from three-point 
bending tests on concrete prisms containing CEM III/A 42.5 and CEM III/C. The early flexural strength 
of the concrete decreased by increasing the replacement of OPC with GGBFS. After 28 days, concrete 
with 30-85% GGBFS reached or exceeded the flexural strength of OPC (Gruyaert, 2011). This is an 
equal relation to the effect that GGBFS has on the compressive strength of concrete.  

5.7. Modulus of elasticity 
The modulus of elasticity indicates the ratio between the magnitude of the stresses caused by the load 
and the elastic deformation due to these stresses. This relation is described by hook’s law: 

E=            (5.7-1) 

Where: 
E = modulus of elasticity (N/mm2) 
σ = stress (N/mm2) 
ε = strain = relative deformation (-) 
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Concrete is a heterogeneous material consisting of aggregates embedded in a matrix of cement stone. 
The modulus of elasticity of concrete is mainly determined by the type and grading of aggregates. This 
only holds if the aggregates have a higher modulus of elasticity than the cement stone. In general, the 
modulus of elasticity increases as the strength and density of the concrete increase.  

EN-1992 describes the relationship between the characteristic cylinder compressive strength of 
concrete based on the 28 day strength and the average modulus of elasticity by the following formula: 

Ecm = 22[(fcm)/10]0,3          (5.7-2) 

Regarding a variation of the modulus of elasticity in time, the following relation applies: 

Ecm(t) = (fcm(t) / fcm)0,3 Ecm         (5.7-3) 

The presence of GGBFS does not affect the relationship between the modulus of elasticity and 
compressive strength of concrete. The same methods for determining this value can be used for 
cement without GGBFS. From this, it is expected that the modulus of elasticity of concrete with GGBFS 
is lower at an early age and higher at late ages (Thomas, 2013). 

5.8. Shrinkage 
Apart from the reduced risk due to lower temperatures that is discussed in the literature review 
regarding shrinkage RILEM concluded conflicting observations regarding the influence of GGBFS on 
shrinkage. This appears both for drying shrinkage and autogenous shrinkage. Regarding drying 
shrinkage, curing keep being of high importance. Autogenous shrinkage generally increases with 
decreasing water-binder ratio. This should be taken in mind when designing with increasing amounts 
of GGBFS. More detailed conclusions about the shrinkage behavior of Slow concrete can only be drawn 
based on research to a specific mixture design.  

5.9. Creep 
Creep is an increasing, time dependent and mainly permanent deformation of concrete under the 
influence of external forces, in contrast to elastic deformation of concrete. The mechanism behind 
creep is the deformation of the gel structure caused by capillary stresses of the chemical unbound 
water. The extent of creep deformation is proportional to the elastic deformation of concrete. The 
relationship between the creep distortion (εф) and the elastic distortion (εbe) is indicated by the creep 
coefficient: 

εф=ф * εbe          (5.9-1) 

The amount of creep depends on many factors of the concrete design and the loading of the specific 
element. This explains conflicting results in the literature on the influence of GGBFS on the amount of 
creep. This variety of studies made use of different concrete designs and methods of testing. According 
to Thomas (2013), essential aspects to reduce creep are a high aggregate content, a low water content,  
a low water-binder ratio and adequate development of properties prior to loading. The latter is based 
on the effect of the relationship between loading stress and concrete strength on the amount of creep 
(Thomas, 2013). With this information is concluded that in general, concrete with high amounts of 
GGBFS has a higher creep rate than OPC when loaded at an early age because of the lower early 
strength. When loading starts at a later age when a higher strength is obtained, the concrete creep 
effect is less with high amounts of GGBFS compared to OPC. In order to make more specific statements 
about the creep factor of a specific concrete mixture, experimental tests must be conducted.  
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5.10. Heat of hydration 
A structural characteristic that not all structural designers deal with at a daily basis, but which is of 
great importance is the development of hydration heat in concrete. It is discussed in previous chapters 
that the temperature of concrete as a result of the hydration heat and the ambient temperature 
influences strength development of concrete. In addition, hydration heat has an impact on the risk of 
crack formation. Last, the hydration heat is an aspect to consider for instance regarding choices to be 
made during the construction process and might be decisive for the removal of formwork.  

It is concluded in Chapter 2.3 that heat production decreases when replacing OPC with GGBFS. The 
development of the hydration heat is far less explosive. See Figure 6 in Chapter 2.3 for the heat 
production rate of different concrete compositions. In addition, the total heat production due to the 
complete reaction of the cement decreases by increasing the replacement level of OPC by GGBFS. This 
holds especially for replacement levels higher than 50 %. The cumulative heat production at time 
infinity for the complete reaction of cement pastes with slag-to-binder (s/b) ratio of 0, 0.3, 0.5 and 
0.85 are respectively 425, 414, 395 and 271 j/g. 

Concrete compositions with low clinker content and high amounts of GGBFS seem to be advantageous 
for mass concrete because of the lower heat development which reduces the risk of crack formation. 
In addition, the high volume of concrete ensures enough hydration heat to encourage strength 
development. Therefore, the use of cement and binder with high amounts of GGBFS is growing in 
infrastructure projects. It is examined how this implies structural designs with smaller dimensions.  

Based on the research of (Paine, Dhir, & Zheng, 2007) the influence of the cement type, cement 
content, section thickness and formwork type on the temperature of concrete is studied. Figure 35 
confirms the lower temperature development of concrete containing blast-furnace cement compared 
to Ordinary Portland cement. Furthermore, a decrease in dimensions and cement content results in a 
decrease in temperature. The decrease in temperature is related to a decrease in strength 
development. The effect of using plywood formwork instead of steel formwork on the temperature 
development is visible. Due to higher insulating properties the use of plywood formwork might be 
beneficial when utilizing the effect of temperature development on strength development.  
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Chapter 6 

What is the effect of using Slow Concrete on the work of a structural 
engineer? 
Work of a structural engineer includes, in general, the design of a structure for the final phase of a 
building. Calculation methods and standards which are used for this, often relate to the strength of 
concrete based on the 28 days strength. At first sight, the capacity of concrete for a structural design 
can be used more optimal in terms of sustainability by using a value based on the 91 days strength. 
Dimensions can be adjusted to this higher strength and less concrete need to be used. The strength 
increase of some concrete mixtures including different types of cement are presented in Figure 36.  

However, fck,i must be reduced with the factor kt if i > 28 days. In figure 37 it becomes clear that only 
taking into account the ongoing strength development and reducing the dimensions has little 
sustainability benefits for CEM I 52,5 R. Another method to achieve a more sustainable structural 
design is to choose a more sustainable cement. Using mixtures with less Portland cement can have 
high sustainability benefits as discussed in Chapter 4. If also the strength development over time is 
taken into account, more optimal use of the capacity of these mixtures can be made. According to 
Figure 36 and 37 a strength increase of 20 % is found after 182 days including the kt factor compared 
to 28 days for Slow Concrete containing 30 % clinker.  
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Figure 36 Design value of 
the compression strength 
based on the 28 day 
strength (fcd) of concrete 
including different types of 
cement/binder. 

Figure 37 Design value of 
the compression strength 
(fcd) based on the i days 
strength, including the kt 
factor of concrete for 
different types of 
cement/binder. 
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The use of concrete with low clinker content in the construction industry can be increased by 
establishing a structural design based on the strength development of the applied concrete 
composition. This applies to structures in which the stress builds up over time which make it possible 
to use the capacity of the material more efficiently. This requires more optimization of the design by 
the structural engineer than only establishing the strength class which exclusively gives an indication 
about the strength at 28 days.  

The strength development of concrete including cement or binder with low clinker content and high 
amounts of GGBFS is characterized by a low early strength but continuing strength development over 
time. The influence of the clinker content on the strength development of concrete is shown in Figure 
38. It becomes clear that especially at early stages (2 days) the amount of clinker has a large influence 
on strength development. Furthermore, the strength also decreases at later stages if a very low clinker 
content (<30 %) is applied and replaced by GGBFS.  

Challenging is the low early strength of the studied sustainable Slow Concrete. However, during 
construction structural elements might not (yet) need the full strength on which the design for the 
final situation is based.   

 

Figure 38 Influence clinker content on compressive strength development over time. The clinker is replaced by GGBFS. 

6.1. Effects from mixture design till the completion of a concrete structure 
In this research the question is asked what the consequences are of using Slow Concrete on the 
structural design process and the structural design as completed by a structural engineer. However, 
the process of designing and constructing a concrete structure is a collaboration between multiple 
parties which carry out their own specialism. Together, these specialisms reach the final result.  

The various activities that are part of the total design and construction process of a concrete structure 
carried out by the individual parties might have a significant impact on each other (Figure 39). 
However, these are most of the time carried out separately by the responsible discipline. If these 
parties work together, chances for optimization of the structural design and possibilities for innovation 
in the traditional building industry increase. This requires a change in the approach to certain tasks for 
all parties involved. Instead of performing an activity based on only the preconditions from one 
concerning discipline, also looking further into aspects that can be taken into account from other 
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disciplines. Regarding the design and construction of a concrete structure related to this research, this 
involves activities performed by the concrete technologist, structural engineer and contractor.  

Before discussing the relevant aspects for the structural engineer, the role of the other parties 
involved in completing a concrete structure is discussed. Some leading results of the work of a 
structural engineer that is of influence for the work of other parties are determining the exposure 
class and required strength class of a specific element. A concrete technologist calculates a mixture 
design among other things based on these two requirements.  

When deviating from a traditional concrete mixture such as slow concrete, the structural feasibility of 
these concrete mixtures can be increased by good collaboration between the structural engineer and 
concrete technologist. The Eurocode sets requirements for the strength class and cement content of 
a concrete mixture based on the exposure class of the specific structural element, see Chapter 2.2. 
However, these requirements are not normative. It is possible to design a structure with an innovative 
concrete mixture if in collaboration with the concrete technologist the strength and durability 
requirements are proven to fulfill.  

Subsequently, the potential of design choices which the structural engineer has in mind for a concrete 
design can be expanded if collaboration is found in making choices about the construction phase. The 
contractor of a building project is responsible for the activities during construction. The contractor 
also receives information about the strength class and exposure class of a specific structural element 
from the structural engineer. This information relates to the final design and required strength at 28 
days. If this is requested, the required strengths during the construction phase are indicated by the 
structural engineer. However, this is very rare. It is more common that the contractor qualifies this 
strength and related moments in time itself. Cooperation between the structural engineer and 
contractor about finding an optimum between the strength that is needed at a certain moment during 
the construction process and the development of the strength might increase the possibilities of using 
Slow Concrete.  

 

Figure 39 Relation between work of the structural engineer, concrete technologist and contractor 
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6.2. Optimization steps for a structural engineer 
The feasibility of using sustainable Slow Concrete in the structural design can be increased by the 
structural engineer working together with the concrete technologist on the requirements and capacity 
of a concrete mixture. For a proposed concrete mixture must be justified by the concrete technologist 
if the intended strength and durability can be achieved by the manufacturer. In addition, more optimal 
use of the capacity of concrete can be made if the strength development of the concrete mixture is 
related to the construction process of a structure. Instead of designing a structure for the end situation 
only, it is aimed in this research to describe how it is possible for structural engineers to design a 
structure related to the load history over time while making use of the strength development of 
concrete over time.  

A step-by-step plan (Figure 40) is drawn up for optimizing a structural design when using Slow 
Concrete and make more optimum use of the capacity of this material. This information must 
encourage and support structural engineers to make sustainable design choices. If this is needed, 
collaboration with the concrete technologist can be found. It is described how to make more use of 
the capacity of concrete over time instead of making a design based on one fixed value at 28 days. The 
step-by-step plan also includes how the structural design can be optimized by relating the strength 
development to the construction process. The individual steps are discussed in more detail.  

Figure 40 
Step-by-step 
plan 
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Step 1: Check the strength class 
The cement content in concrete is, according to EN 206, dominated by the exposure class which is 
established for a specific structural element. The strength class of concrete is related to the cement 
content. Therefore, the first step is to determine whether the dimensions of a structural element are 
based on the correct strength class.  

It occurs in practice that a strength class is determined without taking into account the exposure class. 
Often, the concrete technologist increases the strength class of the concrete mixture to fulfill the 
durability requirements. However, the structural design is most of the time not optimized based on 
these adjusted properties of the concrete mixture. The capacity of the concrete element is not fully 
utilized. Therefore, it is good to be aware of the relations presented in Table 3 which explains that a 
specific exposure class results in a minimum strength class. Still, this is an informative table and 
deviating strength classes can be used in certain environments. When this applies, the concrete 
technologist must prove that the strength and durability requirements shall be fulfilled. 

Step 2: Optimize dimensions on element level 
If the dimensioning of the element is not based on the minimum strength class, a part of the capacity 
of the concrete might not be used and the high amount of cement is not used to the full. Therefore, 
when a too low strength class is chosen as a starting point this must be adjusted to the minimum 
strength class and the dimensioning of the structural element must be adapted to this. Similarly, the 
road map let structural engineers think again if a too high strength class is established for a structural 
element. In practice, this may occur if an identical strength class is chosen for multiple structural 
elements in the building design, while a distinction can be made. By following the first step, the 
improper use of the cement content is tried to prevent. If the minimum strength class corresponding 
to the exposure class is already assumed, the next step can be performed. 

Step 3: Determine cement or binder type 
If the required strength class is known, a cement or binder type for the concrete can be chosen. Table 
10 prescribes the recommended cement or binder types from a sustainability point of view which 
meet the strength performance of the related strength classes. Regarding exposure class XC1 and 
assuming a strength class C20/25 it is recommended to choose a CEM III/C 32,5 N cement or Ecocem 
80/20 binder. A reduction of 80-90 % of the carbon footprint can be achieved by using this type of 
binder compared to a Portland cement (CEM I). With the use of this table, structural engineers can 
also look for the most sustainable material choice for other strength classes. The strength values for 
the concrete at 28 days and 91 days are indicated. It can be determined if a desired cement or binder 
becomes more feasible when taking into account the 91-day strength.  

This table is based on concrete compressive strength that can be gained with a concrete composition 
containing the indicated cement or binder and a water-cement ratio of 0,5. As discussed in this 
research, the compressive strength can be increased by a lower water-cement ratio and vice versa. 
However, this might deteriorate the processability and quality of the concrete considerable.  
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Table 10 Recommended cement or binder based on W/C=0.5 

Required 
strength at 
28 days 
(fcm,cyl) 
[N/mm2] 

Required 
strength at 
91 days 
(fcm,cyl) 
[N/mm2] 

Strength class 
according to 
the Eurocode 

Recommended 
cement or binder 
type 

Carbon 
footprint 
(kg CO2 
per ton 
cement) 

Environmental 
benefit compared 
to Portland 
cement (CEM I)  

≤ 50 ≤ 45,6 ≤ C40/45 CEM I 52,5 R 900-1200 - 

≤ 50 ≤ 49 ≤ C40/45 CEM II B-S 52,5 N 670 25% 

≤ 50 ≤ 51 ≤ C40/45 CEM III/A 52,5 N 455 50% 

≤ 38 ≤ 41 ≤ C30/37 CEM III/B 42,5 N 
or Ecocem 70/30 

270 70% 

≤ 33 ≤ 36 ≤ C25/30 CEM III/B 32,5 N  180 80% 

≤ 29 ≤ 30 ≤ C20/25 CEM III/C 32,5 N  
or Ecocem 80/20 

100-200 80-90 % 

≤ 22 ≤22 ≤ C12/15 Ecocem 90/10 100 90 % 

Step 4: Request strength development data 
If the cement or binder type is determined, data from the strength development of this composition 
must be requested from the supplier. If a cement or binder from Table 10 is chosen, this information 
can be consulted from Appendix B and translated with formula 5.2.1-1 to concrete compressive 
strength if a water-cement ratio different than 0.5 is desirable. At all times, it is recommended to 
contact the supplier in case of any changes to this data.  

When obtaining strength development data from the manufacturer, it is recommended to request at 
least strength values at 2, 7, 28, 91 and 180 days. In most cases, obtained data is based on cement 
mortar tests. The supplier might have results available from concrete compressive tests including the 
requested cement or binder and chosen water-cement ratio. CUR-Aanbeveling 122:2018 can be 
consulted when calculating with values based on a strength determined later than 28 days (“CUR-
Aanbeveling 122:2018,” 2018). 

Step 5: Determine requirements for the removal of formwork and support structures 
It is aimed to optimize the design of the structure by relating the strength development of the concrete 
to the construction process. Therefore, information about the construction method and process need 
to be analyzed. In this step, relevant requirements for the removal of formwork and support structures 
must be determined for the considered structural element(s). The aspects to be considered for the 
removal of formwork are: support, protection, curing and temperature control. See Chapter 7 for 
more information about these requirements. The removal of support structures (i.e. props) is 
determined by the construction cycle which is drawn up for the floor structure. Requirements that are 
set to this period are related to the deflection of the floor.  
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Step 6: Translate to measurable requirements 
If the relevant functional requirements for the considered structural element(s) are determined these 
need to be translated to measurable requirements. In Chapter 7, values are given to most of the 
requirements. A structural engineer is often authorized to adjust these requirements, based on the 
standards if this appears necessary. With regard to a few requirements, it is even necessary to be 
established by a structural engineer by performing additional calculations.  

Step 7: Optimize the structural design and construction method 
When the requirements are established, the structural design and construction method can be 
optimized. This increases the potential of Slow Concrete. It must be determined for the considered 
structural element(s) whether it is subjected to normal forces or bending moments and/or shear 
forces.  

Structural elements subjected to normal forces 
The construction method can be optimized by matching the stress increase in the structure to the 
strength development of the concrete. The structural engineer must determine at what moment in 
time which design value of the compressive strength is needed for the considered structural element. 
In many cases, a high strength is only needed after a significant period of time.  

Elements subjected to mainly normal forces are for example structural wall elements. In many cases, 
the stress in these elements increases with the progress of the construction of the total structure. It 
might be beneficial to design based on the development of strength using the requested data at Step 
4. When calculating with a compressive strength based on a strength determined later than 28 days 
CUR recommendation 122-2018 need to be advised.  

Structural elements subjected to bending moments and shear forces 
Considering a structural design in exposure class XC1, elements subjected to bending moments and 
shear forces are for example floor structures. First of all, it is important to have a good insight into the 
structural scheme of the considered structure. It must be determined which parts of the structure are 
subjected to compression or tensile stresses. Concrete is known for its high compressive strength, but 
tensile forces may also arise in these elements. Therefore, reinforcement is designed for the structure. 
The amount of reinforcement must be determined based on the strength development of Slow 
concrete.  

Furthermore, a clear view of the construction planning and the construction cycle of pouring the 
concrete at different levels need to be established. With this information, the load history of a specific 
element can be regarded over time. This is useful to check the structure for strength (ULS) and stiffness 
(SLS) requirements related to the development of the concrete properties over time. The crack width 
need to be checked which is only a esthetical requirement for environmental class XC1. Regarding the 
stiffness, it is important to consider the effect of creep on the deflection of the structural element. 
Requirements are set to the total deflection (Wmax) of a floor structure. Considering a floor in 
environmental class XC1 the requirements set to the additional deflection (Wadd) are of high 
importance. After the initial deflection, a concrete floor screed is poured which again result in a flat 
surface of the floor. Therefore, a requirement is set to the additional deformation (Wadd) to reduce 
the risk of cracks and damage to the interior work such as non-load bearing separation walls and tiles 
caused by additional deflection. 
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Chapter 7 

What are the influences of using Slow Concrete on the construction 
method? 
This chapter presents the consequences of using a Slow Concrete on the construction of a concrete 
structure. The requirements that are set for the removal of formwork and supporting structures are 
discussed. It is questioned where these requirements are based on. In addition to determine under 
what conditions the formwork can be removed, it is examined how these values are determined 
during the construction phase. Information consulted from Betoniek and Royal BAM Group is used for 
this part of the research (Betoniek, 2018)(Ruijs, 2019).  

7.1. Required conditions 
The construction industry is often in search of possibilities to promote fast construction processes 
from a financial point of view. With regard to in situ concrete structures, this mainly applies to the 
time at which formwork and props can be removed. Often, this removal time relates to the 
construction process because formwork and props are planned to be used at various locations in the 
project. However, from a quality point of view requirements are set for the removal of formwork and 
props. To determine when formwork and props can be removed, it is necessary to know the conditions 
which determine that point in time.    

The European standard EN 13670 provides requirements for the execution of in-situ concrete 
structures. Functional requirements are set to the time at which formwork may be removed. This is 
related to various construction aspects. First, the formwork supports the hardening concrete 
structure. In addition, the formwork protects the concrete surface against freezing, penetration of 
harmful substances and mechanical damage during the construction phase. Furthermore, the 
formwork might be used to improve curing of the concrete surface. Finally, the formwork influences 
the temperature difference between the concrete in the core and at the surface of the structure. All 
these conditions are accompanied by functional requirements for the removal of formwork and props.  

Additional information is provided in a national additional code that contains information on 
parameters which are left open in Eurocodes for national choice. With this information the functional 
requirements set by EN 13670 can be converted into measurable requirements. These  measurable 
requirements are a guideline for the building process (Table 11).  

Regarding the support requirements, consequences when using Slow Concrete instead of concrete 
including OPC are discussed. Nevertheless, it is not possible to exactly predict the properties of 
concrete prior to the construction process due to environmental influences (real-crete). It is discussed 
in paragraph 7.2 how these properties can be measured. Requirements set to protection, curing and 
temperature control are even more dependent on specific design choices and environmental 
circumstances during the construction process. Therefore, guidelines are provided in the next 
paragraphs for the various conditions to which requirements are set.  
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Table 11 Requirements for the removal of formwork and support structures  

Conditions Functional requirement Measurable requirement 

Support   

- Vertical Strength and/or stiffness 
(compressive, tensile 
strength, modulus of 
elasticity, creep 
coefficient) 

Compressive strength: 5 MPa 

- Horizontal Strength and/or stiffness 
(compressive, tensile 
strength, modulus of 
elasticity, creep 
coefficient) 

Compressive strength: to be determined by 
structural engineer. If not determined, min 
value Table 12.  

Protection   

- Freezing Strength Compressive strength: min 5 MPa 

- Penetration Impermeability Compressive strength: to be determined by 
structural engineer/concrete technologist 

- Mechanical 
damage 

Strength Compressive strength: min 5 MPa 

Curing   

- General Concrete quality 
(strength and 
impermeability) 

Compressive strength: depending on curing 
class which is determined by structural 
engineer. 
Class 2: 35 % of 28 days compressive 
strength 
Class 3: 50 % of 28 days compressive 
strength 
Class 4: 70 % of 28 days compressive 
strength 

- Appearance Density of the pore 
structure 

Constant weighted maturity (no variation) 

Temperature 
control 

  

- General Temperature difference 
between the concrete 
and environment 

Temperature difference between the 
concrete and environment: determined by 
structural engineer 
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7.1.1. Support 
It is stated by EN 1370 that supporting structures and formwork may not be removed until the 
concrete has obtained sufficient strength to bear all loads acting on the concrete element at a specific 
moment. This include imposed loads during the construction of the element. In addition, 
displacements larger than permitted by the standard need to be avoided. These functional 
requirements set to the removal of non-load-bearing, load-bearing and support structures can be 
translated to measurable requirements using conditions from the national additional code.  

7.1.1.1. Formwork of non-load-bearing elements 
The Dutch additional code NEN 8670 provides additional requirements to the construction of concrete 
structures. It states that the average cube compression strength for non-load bearing concrete 
structures (fcm,cube) must be at least 3.5 N/mm2, with the aim to be greater than 5 N/mm2.  

Figure 41 shows the consequences in time for achieving this strength with Slow Concrete compared 
to concrete including ordinary Portland cement (CEM I). The required strength is achieved within 4 
hours using a concrete composition including CEM I 52.5 R, in which the R stands for Rapid strength 
development. If the same cement type is used with a normal strength development (CEM I 42,5 N), 
the required strength is achieved 10 hours after pouring the concrete. Comparing this to Slow 
Concrete consisting of 30% and 20% clinker, it takes respectively 17 and 20 hours to reach the required 
strength of 5 MPa. To conclude, it takes Slow Concrete four times as much time to meet the 
requirement set for non-load-bearing elements compared to rapid Portland cement and twice as 
much time compared to normal Portland cement. However, the analyzed concrete compositions all 
achieve the set value within one day (24 hours).  

 

Figure 41 Early concrete strength development 
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7.1.1.2. Formwork of load-bearing elements 

Dutch additional code 
Regarding load-bearing elements, the functional requirement to remove formwork is related to the 
strength and/or stiffness of the concrete. EN 13670 does not set any specific value to this requirement. 
The Dutch additional code NEN 8670 translates this functional requirement to measurable 
requirements. It is stated that if no value is specified by the structural engineer, the minimum average 
cube compression strength in Table 12 of NEN 8670 applies for stripping of load-bearing concrete 
elements.  

Strength class Required  fcm,cube  
(N/mm2) 

C12/15 15 
C20/25 25 
C30/37 35 
C35/45 40 

Slow Concrete including 30% clinker is classified as strength class C30/37. If no other value is 
determined by the structural engineer, the formwork of load-bearing elements can be removed if a 
compressive strength of 35 MPa is achieved. Figure 42 shows the strength development of relevant 
concrete compositions related to the stripping requirement of strength class C30/37. Slow Concrete 
including 30 % clinker reaches the prescribed strength after approximately 14 days. Concrete including 
CEM I 42,5 N is also classified with strength class C30/37 based on the achieved compressive strength 
at 28 days. The strength which is required to remove the formwork is obtained 6 days after pouring 
this concrete. Concrete including rapid hardening cement (CEM I 52,5 R) has the capacity to reach a 
higher strength class. However, in practice this cement is also used for structural elements in strength 
class C30/37 because of the high early strength. With this rapid cement, the required strength for 
formwork removal is achieved one day after pouring the concrete.  
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Slow Concrete including 20% clinker is classified as strength class C20/25. The formwork of load-
bearing elements classified by this strength class is allowed to be removed if a compressive strength 
of 35 MPa is achieved when no other value has been determined by the structural engineer. The 
strength development of relevant concrete compositions related to the stripping requirement of 
strength class C20/25 is presented in Figure 43. Slow Concrete including 20 % clinker reaches the 
prescribed strength after approximately 7 days. Concrete including Portland cement with rapid (CEM 
I 52,5 R) and normal (CEM I 42,5 N) cement can reach higher strength classes than C20/25 due to 
higher strength at 28 days. However, when CEM I 52,5 R or CEM I 42,5 N  are used to constructing 
concrete for structural elements in strength class C20/25 the required strength for stripping is 
achieved at respectively 1 and 2 days after pouring the concrete.  

 

Belgian additional code 
In Belgium, the EN 13670 for the execution of concrete structures is supplemented by the Belgian 
additional code NBN B15-400. Different from the Dutch additional code, a maturity coefficient is 
included for determining the removal strength of formwork and support structures. Furthermore, this 
standard expresses the required conditions in terms of time instead of compressive strength.  

However, just as in the Dutch additional code establishing the required value starts with analyzing the 
compressive strength. The removal time of formwork is dependent on the development of concrete 
strength. In the NBN B15-400 this is determined by the ratio fcm2/fcm28 representing the ratio between 
the compressive strength after 2 and 28 days. Regarding a binder containing 30 % clinker, this ratio is 
14/48=0,29. A binder containing 20 % clinker has a ratio of 12/39=0,3. Based on Table 13 these 
concrete compositions can be categorized as Slow Concrete.  

Based on the strength development of the concrete, the minimum formwork removal period can be 
read from Table 15 for vertical construction elements and Table 14 for horizontal elements. Removing 
the formwork of the horizontal elements still requires the props to be remaining. In the next 
paragraph, the removal of props is discussed. 
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If the average concrete temperature is lower than 20 degrees Celsius, these formwork removal periods 
are extended through a simplified calculation of the maturity of concrete according to Table 16. This 
maturity coefficient depends on the average concrete temperature for 24 hours. This calculation may 
only be carried out if the concrete temperature is at least 5 degrees Celsius during the first 72 hours 
after pouring the concrete. Without any other information, it is assumed that the ambient 
temperature is equal to the concrete temperature indicated by Table 16. The average daily 
temperature is equal to the average of the maximum and minimum temperature that is measured 
during the day (24 hours). A maturity coefficient k is assigned to each calendar day and the cumulated 
result is compared to the minimum periods of Table 14 and Table 15. The formwork removal period 
must be adjusted to this information (E104 “Beton,” 2016).  

Example 

The formwork of a floor element constructed of Slow Concrete can be removed after 8 days at an 
average temperature of 20 degrees Celsius. However, the average temperature is 7 degrees Celsius. 
Using linear interpolation, the maturity coefficient k is 0.51. Resulting in a formwork removal period 
of 8/0,51= 15,7 days.  

 

 

 

 

Average concrete 
temperature 

Maturity coefficient k 

≥ 20 1 
15 0,8 
10 0,6 
5 0,45 
0 0,3 
-5 0,15 

  

fcm2/fcm28 

 
Strength 
development 

≥ 0,5 Fast 
≥ 0,3 and < 0,5 Average 
≥ 0,15 and < 0,3 Slow 
< 0,15 Very slow 

Strength 
development 

Formwork removal 
period at average 
concrete temperature ≥ 
20 °C 

Fast 4 days 
Average 5 days 
Slow 8 days 

Strength 
development 

Formwork removal 
period at average 
concrete temperature ≥ 
20 °C 

Fast 2 days 

Average 2 days 

Slow 4 days 

Table 15 maturity coefficient (E104 “Beton,” 2016) 

Table 14 Formwork removal period of horizontal elements 
while maintaining the props(E104 “Beton,” 2016) 

Table 13 NBN B15-400 concrete strength development 
(E104 “Beton,” 2016) 

Table 16 Formwork removal period of vertical formwork 
(columns, walls and beam sides) (E104 “Beton,” 2016) 
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7.1.1.3. Supporting structures: props 
Horizontal in-situ concrete elements often need to be supported during the assembling of formwork, 
pouring of the concrete and curing. If the structure consists of multiple levels, the props are assembled 
at the underlying floor level. These floors often have not yet reached their final strength. In addition, 
they are not designed to resist the full load due to construction of the upper floor levels. To carry the 
imposed load due to pouring of the concrete, underlying floors are back propped over several floor 
levels. In this way, loads are transferred via one or more underlying floors to walls, columns and the 
foundation. Underlying structural elements must be dimensioned for these imposed construction 
forces. A structural engineer needs to take these forces into account in the design process. 
Construction criteria and loads need to be specified by the structural engineer. Figure 44 presents the 
load transfer of a back propped structure. 

It must be determined when the floor has developed enough strength to carry its weight. At this point 
in the building process jacking of the floor takes place. During this activity, the props are released and 
then tightened again. Due to this action, stresses imposed by the weight of the floor are transferred 
from the props to the in-situ concrete floor. The floors are now tensioned and carry their weight (RBO, 
n.d.). This changes the loading scheme of the underlying propped floors from the situation in Figure 
44 to the one in Figure 45. The props now only carry the imposed construction load of the poured 
upper floor. If the load is distributed over three floor levels, each floor carries 33% of this imposed 
construction load. 

 

 

EN 1370 only describes the functional requirement that supporting structures may not be removed 
until the concrete has obtained sufficient strength and stiffness to bear all loads and limit 
displacements. For the sufficient strength requirements reference is made to the values of Table 12 
for the removal of props for load-bearing elements. Often, when a structure exists of multiple floor 
levels a floor structure must be supported in such a way that the own weight and imposed loads are 
supported by two or three underlying floors. Detailed information must be given by the structural 
engineer based on an additional design calculation.  

100 % 

200 % 

300 % 

Figure 45 Load transfer after tensioning of floor elements 
redrafted from (RBO, n.d.) 

Figure 44 Load transfer back propped structure 
redrafted from (RBO, n.d.) 

33 % 

100 % 

66 % 

33 % 

33 % 
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The Belgian additional code translated the conditional requirements again to measurable 
requirements in terms of a time period. If it can be guaranteed that the structural element only needs 
to carry its weight after removal of the props Table 17 applies. For determining the strength 
development and temperature influence, reference is made to the previous paragraph.  

Table 17 Removal period of all props with guarantee that the element only carries its weight after removal 

Strength development Formwork removal period 
at average concrete 
temperature ≥ 20 °C 

Fast 9 days 
Average 10 days 
Slow 14 days 

7.1.2. Protection 
7.1.2.1. Freezing 
The concrete and especially the surface must be protected to damage by freezing until it is strong 
enough. The temperature of the concrete surface must not fall below 0 degrees Celsius until the 
concrete has reached a compressive strength of 5 MPa. The formwork can be used to meet this 
requirement. Therefore, it is needed to adjust the heat-insulating value of the formwork to the 
ambient temperature. A steel box has hardly any insulating value; a wooden box insulates better but 
does not insulate sufficiently in severe frost. In addition, the upper surface of the concrete can be 
covered with insulating materials or plastic sheets to protect the concrete to damage by freezing. 
Insulating material has the advantage in cold periods to prevent a too low temperature of the 
concrete.  

7.1.2.2. Penetration of harmful substances 
In specific cases it is important to protect the concrete to the penetration of harmful substances until 
the hydration reaction progresses enough to achieve sufficient impermeability. Formwork can be used 
as protection when this is required at for example constructions near the sea. In this case the 
impermeability is the functional requirement to the moment of stripping the formwork. If protection 
of the upper surface of the concrete is needed the top of the formwork can be covered with plastic 
sheets.  

7.1.2.3. Mechanical damage 
The formwork protects the concrete surface against mechanical damage during the construction 
process. In addition, the concrete surface and especially the corners must not be damaged during 
stripping. When determining the required strength of the concrete surface, the possible mechanical 
impact during the execution process must be considered. To remove the formwork attention must be 
paid to the shape of the concrete structure, the stripping method and forces which the element needs 
to carry. The functional requirement to remove the formwork is a strength value of the concrete 
surface. The measurable requirement is a value for the compression strength of the surface. This must 
be determined by the contractor, considering the aforementioned circumstances. NEN-EN 13670 does 
provide a guideline of at least 5 N / mm². 
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7.1.3. Curing 
A highly important factor for the final quality of the concrete is curing. There are multiple curing 
methods which can be used in practice, one of the methods is to not remove the formwork during the 
whole curing period. The curing duration is determined by the quality of the concrete surface (strength 
and impermeability). Curing classes are set up. The higher the class, stricter requirements apply to the 
concrete surface quality. The functional requirement for this aspect to remove the formwork is a 
requirement for the quality of the concrete surface. According to NEN-EN 13670 this functional 
requirement is translated into a measurable requirement concerning the compressive strength. Curing 
classes 2,3, and 4 are accompanied by a requirement which states that the compressive strength of 
the concrete surface must be at least respectively 35 %, 50 %, and 70 % of the specified characteristic 
compressive strength based on the 28 day strength. The curing class is determined by the designer of 
the structure.  

7.1.3.1. Appearance 
Mainly for concrete elements that remain visible, specific requirements can be set for the aesthetic 
quality of the surface. Regarding this exposed (architectural) concrete, the color intensity of the 
surface varies must vary only little. Many factors influence this factor, including the moment of 
formwork removal. The color intensity is among others determined by the density of the pore 
structure. This is determined by, among other things, the curing duration. Exposed (architectural) 
concrete is often cured by the formwork during the entire curing period. Therefore, the moment of 
formwork removal influences the color intensity. The density of the pore structure is the functional 
requirement. This functional requirement can best be translated into a measurable requirement to an 
equal-weighted maturity. The objective is namely to prevent variations in color intensity.  

7.1.4. Temperature control 
For various reasons, it is often desirable to remove the formwork as quickly as possible. The formwork 
might be needed for the construction of a new element or the element surface must be accessible for 
succeeding construction activities. If formwork is removed, the heat loss at the surface suddenly 
increases. When this happens early after pouring the concrete, the temperature at the surface and in 
the core is much higher than the ambient temperature. This results in a rapid drop of temperature of 
the concrete at the surface but the temperature in the core does not follow this fast drop in 
temperature, see Figure 46.  
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Figure 46 Effect of removing formwork on temperature shock (Betoniek, 2018) 
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As a result, the concrete at the surface intents to shrink, but its deformation is restrained by the core 
of the element. This restrained deformation causes considerable tensile stresses which might result 
in cracks at the concrete surface. If this results in non-acceptable crack widths, it is important to 
prevent the large temperature shock. The requirement to be allowed to remove the formwork then 
depends on the difference between the concrete temperature (in core and / or cover) and the 
ambient temperature (Betoniek, 2018). 

7.2. Determining the conditions 
Due to environmental factors, the exact time at which formwork can be removed is not known prior 
to pouring the concrete. This appears during the hardening process throughout the construction of a 
concrete element. Therefore, the development of the concrete properties must be monitored during 
hardening. It has been discussed in the previous part of this chapter that the measurable requirements 
are mainly expressed in compressive strength and a single one in terms of temperature difference. 
These conditions are both dependent on the temperature development of the hardening concrete. In 
addition to determining the requirements based on previous paragraphs, it is discussed in the 
following paragraphs how the conditions of these requirements can be measured during construction.  

7.2.1. Compressive strength 
Most of the construction work and determining the hardening progress is related to a value of the 
compressive strength of the concrete. This compression strength must be determined during 
construction because it cannot be assumed that this value is equal to the compression strength 
development determined from laboratory tests. Those tests are carried out at constant temperatures 
of 20 degrees Celsius. In practice, concrete is not exposed to such a continuous environmental 
temperature during the hardening process. In addition, the occurring temperature of the concrete is 
not only dependent on environmental conditions but also factors such as mortar temperature, mortar 
composition, structural dimensions, and the heat-insulating value of the formwork. Therefore, it is 
necessary to determine the specific compression strength development associated with the specific 
process of the concrete temperature. Particularly at the start of the hardening phase, the concrete 
temperature is usually higher in the core than in the surface zone. This results in a higher compression 
strength development in the core than at the surface of the construction element. This difference is 
greater for structures with large dimensions (i.e. mass constructions). Because of this, it is important 
to give clear instructions about the location where the required compressive strength applies. The 
weighted maturity method can be used. 

7.2.2. Weighted maturity of concrete 
Weighted maturity is an effective method to follow the strength development of the concrete in a 
structure. It is the sum of the products of hardening time and concrete temperature over a set of 
measuring intervals. This method is based on the principle that the achieved concrete strength of a 
specific concrete mortar composition always has a fixed relationship with the weighted maturity at 
that time, regardless of the temperature development along which this weighted maturity is achieved. 
Building practice has shown that this is a reliable method for concrete until it has developed a strength 
of 70 % of the 28-day strength (“Ontkisten vanaf het juiste moment,” 2017).  

Weighted maturity can be calculated with the use of formula 7.2.3-1. The C-value in this formula 
indicates the temperature sensitivity of the cement or binder that is used in the concrete. A C-value 
of approximately 1.25 applies when using ordinary Portland cement. Regarding blast-furnace cement, 
this value depends on the clinker content and can vary between 1.35 and 1.65. 
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𝑅𝑔 =
, , ,

        (7.2.3-1) 
Where: 
Rg = weighted maturity of concrete 
T= average temperature of the concrete during one hour 
C = C-value of the used cement or binder 
From the supplier of the concrete that is used, a regression line can be requested which indicates the 
relationship between the weighted maturity and compressive strength of that specific concrete 
composition. A minimum of five concrete specimens of this composition is tested at laboratory 
conditions. The concrete temperature of the hardening specimen is measured, and the weighted 
maturity can be calculated with formula 7.2.3-1. Subsequently, cube compressive strength tests are 
carried out on the specimen at different points in time. These values are placed in a coordinate system 
with the weighted maturity on the logarithmic x-axis and the compressive strength on the linear y-
axis. A linear regression line can be drawn from the values in the coordinate system.  

This regression line is not fully reliable due to uncertainties and deviations in the concrete 
compositions and the method. Therefore, the relationship between the development of weighted 
maturity and the compressive strength should not be based on the regression line but the calibration 
line. This is created by shifting the regression line vertically down a certain distance, see Figure 48. 
NEN 5970 can be used as a reference (Normcommissie 353 039 “Beton,” 2001).  

When the concrete consisting of the composition in question is actually poured on-site the 
temperature development during hardening must be measured again. In this way, the development 
of the weighted maturity of the hardening concrete can be determined. This can be done by sensors 
which must be placed at the location in the concrete that is subject to the requirement for removal of 
the concrete. With this information about the development of weighted maturity on-site and the 
calibration line from the manufacturer, the corresponding compressive strength development can be 
determined.  

For the development of the compressive strength at the concrete surface, it can be assumed that it is 
equal to the variation of the environmental temperature during hardening. The environmental 
temperature is usually lower than the concrete temperature, which makes it a worst-case approach.  

Example 
With use of the information 
from the study conducted by 
(Gruyaert, 2011) the 
weighted maturity method 
is explained by setting up an 
example. The temperature 
development of a concrete 
composition consisting of 70 
% GGBFS and 30 % OPC is 
indicated in Figure 47 by a 
grey line.  

  
Figure 47 Temperature development of concrete under adiabatic 
conditions (Gruyaert, 2011) 
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Based on this information the weighted maturity development is determined with formula 7.2.3-1. A 
part of the calculation results is shown in Table 18. For each average temperature during one hour, 
the weighted maturity is calculated and the sum over the past hours is determined. A number of 
pressure tests are carried out during hardening of the concrete. The first compressive strength value 
is determined after 10 hours, based on test results of this concrete composition by Gruyaerts 2010. In 
this way, a number of compressive strength values of the concrete are determined and from this 
Figure 48 is drawn. 

This example gives an indication of the application of the weighted maturity method which is used 
during the construction of a concrete structure.  

7.2.3. Temperature difference 
Next to the measurable strength requirements, a single aspect is expressed in measurable 
requirements set to the temperature differences. The relationship between the measured 
temperature development of the concrete and the development of the temperature difference 
requires less explanation. In addition to measuring the temperature development of the concrete the 
development of the environmental temperature must be tracked. In this way, the difference can be 
determined.  

 

Table 18 Part of weighted maturity calculation 

 

 

  

Time 
(Hours) 

Average 
Temperature 
during 1 
hour  
(°C) 

Weighted 
maturity (Rg) 

Strength 
(MPa) 

Hourly Sum 

0 - - - - 
1 22 26,7 26,7 - 
2 22 26,7 53,4  
3 22 26,7 80,1  
4 23 28,1 108,2  
5 23 28,1 136,3  
6 24 29,7 166  
7 25 31,2 197,2  
8 26 32,8 230  
9 27 34,5 264,5  
10 28 36,3 300,8 3 

Figure 48 Established calibration curve 
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Chapter 8 

Case study 
To study the optimization possibilities and consequences of using Slow Concrete on the structural 
design and construction of a building a case study is performed. The books CB2 and CB4 are used for 
this study (C. R. Braam & Lagendijk, 2011) (C. R. Braam, 2012). 

8.1. Project information 
The Maasboulevard project in Venlo, of which Arcadis was responsible for the structural design, is 
used to study the practical application of this research. This project area was previously an 
unattractive zone due to its location in the flooding area of the Maas river. The municipality of Venlo 
decided to start a redevelopment project to create an area where housing, business and recreation 
come together. The building process of the entire Maasboulevard project began in 2007 and was 
completed in 2011.  

The building serves as a flood defense for the Maas river. The Maasboulevard consists of an 
underground parking area, commercial spaces and apartments. These different parts of the complex 
are divided into sub-projects for design and construction. For the purpose of this research, the focus 
is on the structural design and construction of the Romertoren. The floor plan of this part of the 
project is shown, in Figure 50 and can also be found in Appendix C2. 

The Romertoren is a high-rise building consisting from bottom to top of three parking levels, two 
commercial levels and 18 levels for residential purpose. Each of these residential floor levels consist 
of three apartments. The building structure of The Romertoren consists of in-situ concrete and 
composite concrete floors with precast plates. The load-bearing partition walls also ensure the 
stability of the structure. At the lower floors, loads from the walls are transferred to columns for a 
more flexible floor plan. These columns are also constructed of in-situ concrete. 

For the construction of this project, Mebin prepared concrete mixtures based on strength class 
C28/35, taking into account an exposure class XC1 and consistency F4. Concrete mixtures with 
Portland cement and fly ash were designed. Depending on the weather conditions, a choice for the 
concrete mixture was made on the day the concrete was poured. The construction of the composite 
floors is monitored with the use of Concremote. Data of this monitoring system was made available 
for this research. Based on this information, it can be concluded that Portland cement was used for 
the construction of the Romertoren.  

  

Figure 49 Maasboulevard Venlo, project of 
Arcadis (PropertyNL, n.d.) 
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The construction planning of the Romertoren is studied. A construction cycle of 10 working days per 
floor level was included in the planning. This equals a period of two calendar weeks. Construction 
work in these two weeks includes setting up the formwork of the walls and pouring the concrete, 
placing the props and precast floor plates, setting the installations and finally pouring the concrete 
of the concerning floor. A complete construction schedule can be found in Appendix C3.  

For the purpose of this research, normative structural elements are considered subjected to normal 
forces and bending moments. First of all, a closer look is taken to the load distribution of the 
structure. The strength capacity of a wall element subjected to the highest normal force at one of 
the first floors is studied in more detail. Subsequently, the strength and displacement capacity of the 
floor structure is analyzed. This case study examines the consequences for the structural design and 
construction process when changing the traditional Portland cement concrete mixture to a Slow 
Concrete. The complete case study can be found in Appendix C. The most important findings are 
included in this chapter.  

 

  

Figure 50 Floor plan and section of the Romertoren 
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8.2. Vertical elements subjected to normal forces 
With the use of a load rundown calculation the stress increase in the walls and columns on the lowest 
levels of the building is determined during the construction process. The complete examination of 
these elements can be found in Appendix C4. One of the elements which are studied is the highest 
loaded wall at floor level 3.  

The walls at floor level 3 are designed of concrete in strength class C35/45. Figure 51 shows that the 
final stresses in the wall are close to the strength that can be reached at 28 days with a concrete 
mixture containing CEM I 52,5 R. However, these stresses reach this level when construction is fully 
completed and all building levels are constructed. Taking the construction cycle into account, it shows 
that at 28 days only a stress of approximately 6 N/mm2 occurs in the wall.  

 

 

Considering the construction cycle offers opportunities for making use of the capacity of Slow 
Concrete. Therefore, the same analysis is done for the stress increase in the wall related to the 
strength development of Slow Concrete including 30 % clinker (SC 30), see Figure 52. The final strength 
which is needed for the design cannot be reached at 28 days, but the building is still under construction 
and not fully loaded with all building storeys.  

When making use of the strength development of concrete at a later age than 28 days, the strength 
development must be reduced with the kt factor, as discussed in Chapter 5.5. When taking into 
account this reduction, it is not recommended to construct this floor level of Slow Concrete. The main 
reason for these high stresses is the significant bending moment in the wall due to the eccentricity at 
the transition from the wall to the column at floor level 2. This part of the structure must be considered 
a critical point and cannot be used as a general conclusion. See Appendix C5 for a detailed 
consideration of the load transfer from the wall to the column structure. 
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Figure 51 Stress increase in a wall at floor level 3 and strength increase of CEM I 52,5 R 
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On the other hand, more repetition takes place from level 4 till the top. Structural elements are 
located right under each other and these minimum eccentricities benefit the load transfer which 
results in lower stresses in the structural elements. Figure 53 shows this effect. A wall at floor level 4 
is considered. Significant lower stresses occur due to the normal forces induced by the weight of the 
upper levels and small bending moment due to minimal eccentricity. It can be concluded that the 
walls from level 4 till the highest level of the building can be constructed of Slow Concrete including 
SC 20. A design choice is made in the original project to construct level 2 till 4 in the same strength 
class C35/45 for efficiency reasons. Because of this, a lot of extra capacity of the concrete is not 
used. Substantial improvements can be achieved on sustainability level.  

 

Figure 53 Stress increase in a wall at floor level 4 and strength increase of SC 20 reduced with kt factor 

8.3. Horizontal elements subjected to bending moments 
The construction planning of the Romertoren is analyzed. By using this information, the construction 
phases of the floor levels are visualized. The planning and visualization of the construction cycles can 
be found in Appendix C3. At a few points during the construction phase the structural scheme changes 
due to construction work such as removal of supporting structures. It is analyzed what the impact is 
on the structure during these phases by analyzing the strength and stiffness of the structure.  
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Figure 52 Stress increase in a wall at floor level 3 and strength increase of SC 30 reduced with kt factor 
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8.3.1. Strength 
The calculation of the strength of the floor and required reinforcement can be found in Appendix C6.1. 
The precast floor plates are completed with in-situ concrete of strength class C28/35. By using this 
construction method, the floors are connected and this ensures that the largest bending moment 
occurs at the supports (partition walls). At this location it is found from the original drawings that 
reinforcement has been applied in the upper layer of the section with dimensions Ø 12-175 (As,prov = 
646 mm2). It is studied what the consequences are for the structural design related to the strength 
capacity of the floors if these elements are constructed of Slow Concrete.  

Using Slow Concrete result in lower early strength of the concrete. It can be concluded that the 
strength class of the concrete has no significant influence on the strength capacity of structural floor 
elements. It is known that the compression force capacity of concrete is much higher than the tension 
force capacity. Regarding elements subjected to bending moments such as structural floors, 
reinforcement is needed to transfer the tensile forces which mainly occur.  

From Table 19 it can be found that 
the required reinforcement ratio 
varies minimally for different 
strength classes. This can be 
explained by the relatively small 
height of the compression zone of 
the concrete compared to the lever 
arm in the concrete section 
measured from the upper side of 
the section till the location of the 
reinforcement (Figure 54).  

 

Figure 54 Stress-strain relationship of a concrete section 

8.3.2. Stiffness 
The stiffness of the floor is considered in more detail. The concrete floor at level 4 is discussed. In 
order to consider the capacity of the floor during the construction process and in the final phase, the 
load on the floor is visualized over time. This is called the load history of the floor and is shown in 
Figure 55. More detailed background of this load history graph can be found in Appendix C6.2. The 
four transitions in the graph are the most impactful moments during construction at which the 
structural scheme and/or the loading of the floor changes. These four points in time are discussed. 

 C30//37 C28/35 C20/25 C12/15 
As,req (mm2) 599 601 613 640 
As,prov  (mm2) 646 646  646 646 
αu (mm) 18,7 20,1 28,1 46,8 
Z 193 192 189 182 
Unity check 0,94 0,94 0,96 0,99 

Z 

αu 

Table 19 ULS floor calculation results of different strength classes 
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T1: Jacking 
The first moment during construction to have a closer look at takes place 14 days after pouring the 
regarded floor at level 4. The props which are set at a support system for the floor are jacked and the 
structure starts to carry its weight (Figure 56).  

T2: Removing the lower support props 
At day 36 of construction of the floors a further change in structural scheme occurs. At this moment 
in time, the props of level A which support the floor of level 4 are moved to level D to continue the 
construction process. The floor structure of level 4 is now regarded as fully loaded in the construction 
situation and can be checked with the related requirements. The construction load is still distributed 
over the three propped floor levels, see Appendix C6.2. for more information about this calculation.  

T3: Removing the upper support props 
The props of level B are moved to level E 50 days after the floor of level 4 is poured. At this moment, 
the load on the floor decreases again till only its weight and variable construction load.  

T4: Start interior work 
According to the construction planning, interior work starts 78 days after a specific floor level is 
poured. In this stage loads due to the finishing screed and non-loadbearing separation walls is 
applied. At that point in time it is assumed that the final design load needs to be transferred by the 
structure and also the facade is constructed. Therefore, from this point in time the structure is 
assumed as environmental class XC1, inside environment. In addition, the structure is now 
considered as the final design situation.  
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Figure 55 Load history of the floor structure of the Romertoren 
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8.3.2.1. Method to calculate the deflection 
The load history of the floor structure during the construction process and for the final design of this 
specific project is visualized. The deflection of the floor is considered in order to draw conclusions 
about the effect of using Slow Concrete. When calculating the deflection of a floor, various 
contributions are distinguished, according to EN 1990, see Figure 57.  

These include: 
Wc: the precamber of the structural member without loading  
W1: initial deflection under permanent loading 
W2: deflection under permanent loads and permanent part of variable loads due to the action of 
long-term effects 
W3: additional deflection due to variable loading 
Wadd: W2+W3 
Wtot: total deflection, calculated as the sum of W1, W2 and W3 
Wmax: total deflection minus the precamber 

 

Figure 57 Vertical displacements according to EN 1990 Normcommissie 351 001 “Technische Grondslagen voor 
Bouwconstructies” & THIS, 2011) 

Figure 56 Changes structural scheme during construction process 
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Requirements are set for the displacement of the floor in the end situation. The additional 
deformation must be limited to prevent damage to architectural elements like non-loadbearing walls 
and tiles.  
Wmax ≤ 0,004 * l = 0,004 * 6350 = 25,4 millimeters 
Wadd ≤ 0,002 * l = 0,002 * 6350 = 12,7 millimeters 
A precamber of 1/400 * l = 1/400 * 6350 = 15,9 is applied. As a result, Wtot should be smaller than 
25,4 + 15,9 = 41,3 millimeters.  
 
The total deflection (Wtot) of the floor is considered, including long term effects (creep). This is done 
for the traditional design of the floor constructed of concrete with CEM I 52,5 R. It is studied what the 
effect is when the concrete mixture design is changed to a Slow Concrete with cement/binder SC 30 
and SC 20.  

The strength development of the studied mixtures can be related to the load history. Therefore, first 
the development of the modulus of elasticity of a concrete mixture is studied. It is described in Chapter 
5 how the strength fcm(t) can be described over time with formula 5.4-1. With this strength data of the 
used concrete composition, the related modulus of elasticity can be determined over time according 
to EN 1992-1-1 by the following: 

𝐸 (𝑡) =  22 
( ) ,

   (8.3-1) 

In addition, the creep coefficient (ϕ (t,t0)) of the concrete floor over time is established. To do so, 
Annex B of EN 1992-1-1 is used. A variable that needs to be mentioned is the relative humidity of the 
environment (RH) which is indicated in percentages. Relative humidity of 70 % is assumed during the 
construction of the building because it yet cannot be considered as indoor environment. For the final 
design calculations, a relative humidity of 50 % is taken into account. Calculation of the creep 
coefficient can be found in Appendix C.6.1.1. 

For calculating the initial deformation, the established modulus of elasticity (Ecm(t)) at a certain 
point in time can be used. In order to determine the long-term deformation including creep effect 
the modulus of elasticity must be adjusted. This is done by the following rule: 

Ecm,eff = Ecm (t)/(1+ϕ (t,t0))   (8.3-2) 

Information about the load history and development of modulus of elasticity including creep are 
brought together to calculate the deflection of the floor. The following design rule is used: 

𝛿 =
∙

∙
      (8.3-3) 
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8.3.2.2. Deflection during construction – Concrete mixture with CEM I 52,5 R 
The floor structure of the original design of the Romertoren is considered during the construction 
process. First, the modulus of elasticity is determined based on the strength development which is 
known from the data of CEM I 52,5 R out of this research (Figure 58). The creep coefficients are 
established over time for the different starting points of loading (t01, t02, t03 and t04), see Figure 59. 
This information is combined with the load history and total deflections are calculated, see Figure 60. 
The displacement graphs first show a vertical line which indicates the initial deformation. 
Subsequently, the displacement increases due to the effect of creep. At the transition from t02 to t03 
the upper floor props are removed and instead of carrying a load from the upper floors the concerned 
floor only needs to carry its weight. This decrease in loading is considered as a negative load. This 
results in a negative deflection at t03. Figure 61 shows the total deflection after combining the values 
at the different load history points. A maximum total deflection of Wmax=16.5 mm is found, this 
includes Wadd = 7.5 mm.  
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Figure 61 Total deflection floor with CEM I 52,5 R 
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8.3.2.3. Deflection during construction – Concrete mixture with SC 30 
Following the same method, the floor is considered but the concrete mixture is changed to using 
cement/binder SC 30. A lower modulus of elasticity is found with this concrete mixture (Figure 62). 
The creep coefficients are nearly the same compared to concrete with CEM I 52,5 R (Figure 63). This 
can be explained by the fact that this coefficient is among others related to the average cylindrical 
compression strength based on the 28 day strength. The original floor design is made for strength 
class C28/35 and this is very close to the strength class C30/37 which can be reached with SC 30 at 28 
days. Therefore, the deflection increases just a little (Figure 64 and 65). Resulting in Wmax = 17.4 mm 
and Wadd = 7.8.  
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8.3.2.4. Deflection during construction – Concrete mixture with SC 20 
The same floor is also considered by adjusting the design to concrete with SC 20 cement/binder. The 
modulus of elasticity increases further and also the development is less explosive (Figure 66). Due to 
lower strengths the creep coefficient increases compared to the other mixtures (Figure 67). This is 
reflected in a higher deformation Wmax = 19,8 mm and Wadd = 9,6 mm (Figure 68 and 69). This is an 
increase in total deformation of 20 % compared to the traditional design with CEM I 52,5 R at the most 
critical point during the load history of the construction and final design.  
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Figure 69 Total deflection floor with  SC 20 
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8.3.2.5. Deflection final design after t04=78 days 
According to the construction planning, the construction of interior walls start 78 days after the floor 
of a specific level is poured. It is relevant to study the deflections of the floor starting at t04=78 days. 
At this time, construction of the facade is already done at this particular floor level. From this point 
in the construction planning, the structure is considered as the final design situation. This implies 
that the final loading combinations apply, and the structure must be regarded as indoor 
environment in exposure class XC1.  

By following the discussed method, the modulus of elasticity and creep coefficients are established 
for the final design situation. The final design loads at t4 = 78 are taken into account for the 
calculation of the deflections over a design period of 50 years (18250 days). An increase in deflection 
of approximately 15 % is found when changing the cement type in the concrete mixture from CEM I 
52,5 R (Figure 70) to SC 20 (Figure 72).  

The effect of considering the floor structure as a final design situation after 78 days instead of the 
traditional 28 days is studied. First of all, this influences the modulus of elasticity. The concrete had 
more time to develop its properties. Therefore, at 78 days instead of 28 the modulus of elasticity 
increases as can be seen in figure 57, 61, and 65. Furthermore, the creep behavior is considered at a 
later age based on increased development of concrete properties. This results in a reduction of the 
creep coefficients of approximately 18 %. See the results in Table 20.  

The total deflections (Wmax) are presented in Figure 70 till 72.  Considering the start of loading in 
the final design situation at 78 days instead of 28 days results in a reduction of 13 % of the total 
deflection. This deflection includes the effect of creep. In this way, the increased deflection (20,2 
mm) due to using Slow Concrete compared to the original concrete mixture including Portland 
cement can be reduced to almost an equal value (17,6 mm) of the deflection which occurs with the 
original mixture if considered at 28 days (17,3 mm) 

  

 t04 = 28 t04 = 78 
CEM I 52,5 R 2,46 2,02 
SC 30 2.40 1.97 
SC 20 2,79 2,3 
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Figure 70 Final design deflection floor with CEM I 52,5 R 

Figure 71 Final design deflection floor with SC 30 Figure 72 Final design deflection floor with SC 20 

20,2 
17,6 17,0 

14,9 

17,3 

15,1 

Table 20 Creep coefficient of the concrete floor 
after T=50 years at t0 = 28 and t0 = 78 
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8.3.2.6. Consequences on the construction process 
In chapter 7 is explained what the time related consequences are on the construction process when 
using slow concrete according to the standards. These conclusions are related to the strength 
requirements. However, reinforcement accounts for an important part of the strength compared to 
the compressive strength of concrete. It appears relevant to study the effects of using Slow Concrete 
on the stiffness of the floor. Mainly because this influences the deflection of the floor structure.  

This behavior is relevant for the floor in its final phase. Therefore, loads are assumed to equal the 
values as described for the case study at T4=78 days. This concerns a permanent load of 8,3 kN/m2 
and variable load of 1,75 kN/m2. 

The effect is described by calculating the creep coefficient of different concrete mixtures regarding a 
period of 50 years (18250 days). The creep coefficient increases with earlier removal of props for all 
mixtures, resulting in higher additional deflection. The effect is studied for the additional deflection of 
the floor because for the final situation requirements to this value are relevant.  

The consequences of using Slow Concrete on the removal of formwork are presented in Figure 73. For 
example, if the additional deflection should be limited to 20 mm the formwork can be removed one 
day after pouring of the concrete if the floor is constructed of concrete including CEM I 52,5 R. This 
period must be delayed until 7 days if the floor is constructed of Slow Concrete including 30 % clinker 
to stay within the same deflection limit. When constructing the floor of Slow Concrete including 20 % 
clinker, the delay of removal of formwork increases further until 15 days. A more stringent value to 
the additional deflection result in an increasing delay of removing formwork and/or support structures 
when using Slow concrete compared to concrete including CEM I.  

 

Figure 73 Effect of formwork removal time on additional deflection of a concrete floor constructed of different cement types 
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8.4. Effect of non-linear behavior 
Linear behavior of the material concrete is assumed for this research. However, the stress-strain 
relationship of concrete in compression is non-linear. To accurately map the stress-strain behavior of 
a specific concrete mixture, test must be carried out. Nevertheless, it is known for the material 
concrete that the values obtained do not prescribe a straight line but the shape corresponds well with 
a parabola (Figure 74). In order to take this behavior into account, this is often converted into a bi-
linear relationship. The first part until εc3 behaves linear, for the second part a plastic behavior is 
assumed (C. R. Braam & Lagendijk, 2011).  

 

For structural application, concrete is often combined with reinforcement steel. The concrete and 
steel work together to increase structural performance. For this research, stiffness (i.e. modulus of 
elasticity = Ecm(t)) is considered to develop in accordance with the compression strength over time, 
this is described in chapter 5.7. However, the bending stiffness of reinforced concrete varies during 
the loading phases. Often a M-N-κ-diagram is used to determine the bending stiffness. 

When the tensile strength of concrete (fct) is reached, cracks start to occur (σct = fctm). The bending 
moment just before reaching this value is called the moment of rupture (Mr). The stress in the 
compression zone is still low, εct << 1,75‰. The modulus of elasticity can be determined according to: 

𝐸𝑐 =
𝑓𝑐𝑑

1,75 ∙ 10
 

The modulus of elasticity reduces significant comparted to the used modulus of elasticity over time 
(Ecm(t)) in this research. Eventually the yield stress in the reinforcement is achieved (σs = fyd). The height 
of the compression zone decreased and the yield moment (My) is reached. The bending stiffness 
further decreases, this is presented by a less steep line of the K-M- diagram between point 1 and 2 
compared to the first part of the graph (Figure 75). The load increases till εc3 = 1,75‰. This again result 
in a decrease of the compression zone height. The corresponding plastic moment (Mc,pl) and curvature 
(κc,pl) show a decreasing stiffness. Eventually, if the load reaches εc3 = 3,5 ‰ the failure moment occurs 
(Mrd). As a result, the stiffness further decreases.  

Due to non-linear behavior of reinforced concrete the assumed stiffnesses of the various concrete 
mixtures over time might be lower in reality than assumed in this research. This applies to all loading 
stages which are discussed (rupture, yielding, plasticity and failure).  

  

Figure 74 Stress-strain 
relationship concrete until 
strength class C50/60 (C. R. 
Braam & Lagendijk, 2011) 
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Slow concrete is expected to show a lower moment of rupture compared to concrete including only 
ordinary Portland cement. This can be explained by the lower value of the tensile strength. Also, the 
plastic moment and failure moment occurs at lower values due to lower compressive strength 
compared to rapid hardening concrete including ordinary Portland cement.  

To conclude, taking into account the non-linear behavior of concrete still results in lower stiffness of 
slow concrete compared to OPC in the early stage of hardening due to lower compressive strength. 
Ultimately, taking into account the non-linear behavior might result in higher deflection values 
compared to the results shown in this study. However, this effect applies to all concrete mixtures 
studied in this research which make it a reliable comparison.  

 

Figure 75 Principle M-K- diagram (C. R. Braam & Lagendijk, 2011) 

8.5. Environmental impact of using Slow concrete  
The reduction of the environmental impact due to the reduction of carbon emission when 
constructing the structure of the Romertoren of Slow Concrete instead of concrete including CEM I 
52,5 R is calculated. This calculation includes the in-situ concrete load bearing walls and floors from 
level 3 untill the top level of the building.  

Each floor level of the Romertoren consist of approximately 80 m3 concrete for the floors and 84 m3 
concrete for the load bearing walls. In total this equals approximately 2700 m3 concrete from level 3 
until the roof.  

A water requirement of 170 l/m3 is assumed and the water-cement ratio equals 0,5. This result in a 
required cement content of 340 kg cement per m3 concrete. Subsequently, the required amount of 
cement for the floor levels 3 until the roof of the Romertoren appear to be equal to approximately 
918 000 kg cement.  

The original design of the Romertoren is constructed of concrete including CEM I 52,5 R which equals 
a carbon footprint of 823 kg CO2 per ton cement. The environmental impact of the regarded part of 
the floors and walls in the original design equals 755 500 kg CO2. When constructing these concrete 
elements of a mixture including Slow Concrete with only 30 % clinker, the environmental impact is 
reduced to 257 000 kg CO2.
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Chapter 9 

Conclusions 
Sustainability 
Due to the chemical process and fuel combustion high amounts of CO2 are emitted during the 
production of Portland clinker, resulting in a carbon footprint of 800-1200 kg CO2 per ton Portland 
cement. Blast-furnace cement is produced by combining Portland clinker with ground granulated 
blast-furnace slag (GGBFS). GGBFS is a by-product from the production of iron and steel in the blast-
furnace process. This residual product from the steel industry has a much lower carbon footprint. The 
reduction of clinker in cement is proportional to the reduction of the carbon footprint. Concrete 
including 30 %, 20 % and 10 % clinker equals a carbon footprint of less than respectively 280, 200 and 
100 kg CO2 per tonne cement. 

Increasing the sustainability of concrete can be achieved by using cement with less clinker or 
alternative binders with a lower carbon footprint. It can be concluded that equal sustainability profits 
can be gained in both cases when reducing the same amount of clinker.  

Concrete technology 
Assuming an optimum grading of aggregates and water, the cement content is determined by the 
water-cement ratio. This water-cement ratio is often established based on the desired strength of the 
concrete or by the requirements which are set to the exposure class. By decreasing the water-cement 
ratio, the pore size decreases, and this ensures an increase of cement’s strength and vice-versa. A too 
low w/c can cause problems with the processability.  

From a sustainability perspective, it is desirable to reduce the cement content as much as possible. 
However, a certain amount of cement is needed for strength and durability. When deviating from an 
optimum composition, it can be concluded that too little cement in a concrete mixture design results 
in air filling up the voids. On the other hand, too much cement causes more distance between the 
aggregates. Both situations result in a decrease in strength and durability.  

A global statement must be made that there are many variables in designing a concrete mixture which 
can make significant differences for the final properties of concrete. Certain assumptions are therefore 
been made to focus on the essence of this research. 

Structural properties 
Replacing OPC by GGBFS result in lower initial compression strength of the concrete but a relative 
higher strength development over time. Some concrete mixtures including blast-furnace cement 
reach higher late strength values than OPC. Cement with low clinker content and slower strength 
development require longer curing time. This increase the vulnerable period. 

Concrete containing high amounts of GGBFS is referred to as Slow Concrete. Generally, the clinker vs 
GGBFS content has a similar effect on the strength development irrespective of its use directly in the 
cement or as a supplement to the binder. Cement (CEM III/B 42,5 N) and binder (Ecocem 70/30) 
including approximately 30 % clinker show a comparable strength development and are indicated as 
SC 30. At 28 days a compressive strength of fcm,cube= 48 N/mm2 is achieved. According to the Eurocode, 
these properties are classified by strength class C30/37. Concerning a clinker content of 20 %, the 
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strength development of concrete containing a cement type CEM III/B 32,5 N or binder Ecocem 80/20 
is compared. SC 20 reaches a compressive strength of fcm,cube= 39 N/mm2 at 28 days and can be 
classified in strength class C20/25. Ecocem 90/10 includes only 10% clinker and reaches a compressive 
strength of fcm,cube= 28 N/mm at 28 days. This equals a strength class C12/15. Concrete including 
cement (CEM III/C 32,5 N) with only 10% clinker achieves a compressive strength of fcm,cube= 40 N/mm 
at 28 days. This equals a strength class C25/30.  

The strength development of Slow Concrete over time is described with formula 5.4-1 and 5.4-2. It is 
found to use a value of 0,42 for the coefficient s in this formula.  

If the design value of the concrete strength is described based on a strength determined later than 28 
days, the factor αcc,t need to be reduced with the factor kt=0,85 according to EN 1992-1-1. By increasing 
the amount of blast-furnace slag in the cement, more profit can be gained from making use of the 
ongoing strength development over time.   

Some additional concrete properties are studied, the majority of which depend on the compressive 
strength. The replacement of OPC by GGBFS has no significant effect on the relation between the 
tensile strength and compressive strength of concrete. The presence of GGBFS also does not affect 
the relationship between the modulus of elasticity and compressive strength of concrete. Therefore, 
it is expected that the modulus of elasticity of concrete with GGBFS is lower at an early age and higher 
at late ages. In line with this, concrete with high amounts of GGBFS has a higher creep rate than OPC 
if loaded at an early age. When loading starts at a later age (higher strength is obtained), the concrete 
creep reduces. 

The total heat production due to the complete reaction of the cement decreases by increasing the 
replacement level of OPC by GGBFS. Concrete compositions with low clinker content and high 
amounts of GGBFS seem to be advantageous for mass concrete because of the lower heat 
development which reduces the risk of crack formation. 

Structural design  
The structural feasibility of Slow Concrete can be increased by establishing a structural design based 
on the strength development of the applied concrete composition related to the load history of the 
regarded element. For this purpose, a step-by-step plan is drawn up that can be used by structural 
engineers. Proper collaboration between the structural engineer and concrete technologist combined 
with accurate knowledge about the strength development of a concrete mixture is needed. Table 10 
can be used to choose a suitable cement or binder type which meet optimal environmental profit and 
strength requirements. Also, Table F.1 from EN-206 can be consulted. This prevents using high 
amounts of cement to achieve durability requirements without utilizing the full-strength capacity in 
the structural design. Subsequently, the potential of design choices which the structural engineer has 
in mind for a concrete design can be expanded if the structural design is related to the load increase 
during the construction phases. Especially at early ages the amount of clinker has a large influence on 
the strength development. Therefore, challenging is the low early strength of Slow Concrete.  
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Construction method 
The construction method and planning of an in-situ concrete structure are mainly dependent on the 
time at which the formwork can be removed. Functional requirements are set to determine this 
moment. Aspects which need to be concerned are support, protection, curing and temperature 
control. These requirements are highly dependent on design choices and environmental 
circumstances during the construction phase.  

The strength requirements that are set in the standards to the removal of formwork of non-load 
bearing elements constructed of Slow Concrete are achieved within one day after pouring the 
concrete. The time of removing the formwork of load-bearing elements increases from 1 till 14 days 
for SC 30 compared to CEM I 52,5 R in strength class C30/37. The prescribed formwork removal 
strength for SC 20 (strength class C20/25) is reached after 7 days compared to 1 day for CEM I 52,5 R.  

Case study 
In general, much lower stresses seem to occur in concrete elements subjected to normal forces after 
28 days when the construction process is also taken into account instead of only considering the final 
design. It is shown that the strength requirements fulfill for elements subjected to normal forces with 
Slow Concrete.  

There are few consequences for the feasibility of the strength requirements of element loaded at 
bending moments and shear forces when using Slow Concrete because of the high importance of the 
reinforcement compared to the compression strength.  

Application of Slow Concrete influences the stiffness of a structural element. Deflection of the floor at 
the most critical moment during the construction phase increases with 20% when using SC 20 
compared to the original concrete mixture including CEM I 52,5 R.  

Considering the final design with a life span of 50 years, an increase in deflection of approximately 15 
% is found when changing the mixture from concrete including CEM I 52,5 R to SC 20. Therefore, the 
deflection is studied by considering the start of final loading at 78 days according to the construction 
planning instead of 28 days. This positively influences the creep coefficient and almost the same 
deflection is found compared to the deflection of the floor constructed of the original concrete 
mixture considered at 28 days.  

The use of Slow Concrete delays the removal of formwork compared to concrete including CEM I 52,5 
R if the requirements to additional deflection are kept equal. The exact delay in time depends on 
project related variables such as floor dimensions and loads. However, the Romertoren provides a 
relevant representation of the expected effect of using Slow Concrete on the construction process. 
Because, the case study represents common dimensions and loads for the suitable types of structures 
for the application of Slow Concrete in environmental exposure class XC1.  

Overall conclusion 
The use of Slow Concrete and reduction of the CO2 footprint of concrete is structural feasible when 
making optimum use of the capacity of concrete. This is done by making sustainable cement choices 
and relating the structural design to the strength development over time. The time delay regarding 
removal of formwork and support structures when using Slow Concrete can be limited by anticipating 
on the concrete’s capacity regarding the building process. A significant reduction of the environmental 
impact due to the consumption of concrete in a structural project can be achieved.  
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Chapter 10 

Recommendations 
Sustainability 
The carbon emission due to the steel industry is not taken into account in the carbon footprint of 
GGBFS by assuming it as a by-product. However, this by-product can be re-used in the production of 
concrete to make the total construction industry more sustainable. Thereby, the application of blast-
furnace slag in concrete is studied a lot in the last years and properties are relatively well known. 
Focusing on the replacement of clinker by GGBFS made it possible in this research to study the 
influences for structural engineers and the effect on the construction process. This allows further steps 
into better alternatives for the future. It is recommended to continue research into sustainable 
cement and concrete alternatives. There must be looked for alternatives that can account for a 
significant part of the large production quantities of concrete worldwide. Profit can be increased by 
developing a sustainable alternative for which sufficient availability of raw materials and possibilities 
to develop required techniques can be ensured worldwide.  

Concrete technology 
It is concluded that the replacement of clinker by GGBFS has a similar effect on the strength 
development irrespective of its use directly in the cement or as a supplement to the binder. In this 
way a relationship was found between the sustainability profit and effect on strength development. 
It must be stated that from a concrete technology point of view the use of raw material in the cement 
or as a supplementing binder does make a difference. It is advised to conduct further research 
supported with tests if very specific strength and other mechanical properties of a specific mixture are 
desired to know.  

Structural properties 
Formula 5.2.1-1 is used to describe the relationship between the standard strength of the different 
cement types, water-cement ratio and compression strength of concrete. This is a design formula in 
which some variables are assumed to be constant values. For the purpose of this research, the variable 
properties like water-cement ratio and type of granulates are assumed to be equal for all regarded 
concrete mixtures including different cement and binder types. In this way, a proper comparison is 
made. However, these variables in the design of a concrete mixture have significant influence on the 
final properties of concrete. If it’s desired to take the effect of these variables into account, this design 
formula is no longer suitable and a different research method need to be applied. It is recommended 
to perform tests if it is desired to conduct accurate information about material properties (e.g. creep, 
shrinkage and young modulus)  of a specific concrete composition.  

Structural design 
The long-term coefficient (αcc) is set to 1,0 because the sustained loading effect studied by Rüsch is 
assumed to be compensated by the strength development over time. However, several studies show 
that sustained loading can also have a strengthening effect on mechanical properties. Also, it needs 
to be questioned whether the sustained loading has significant magnitude that it induces long term 
effects. When describing the concrete strength at an age later than 28 days, the factor αcc,t needs to 
be reduced with the factor kt =0,85 according to EN 1992-1-1.  
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It is recommended to further study the strength development of a specific mixture design. This result 
in more accurate values for kt which might be assumed to be higher or even goes toward 1,0.  

A structural engineer uses the design value of the compressive strength based on the 28 days strength. 
In a same way the structural engineer can use the design value of the compressive strength based on 
the 91 days strength. However, it would be more accurate and very useful if required data of the 
strength development of different cement types can be registered in a central database. This must be 
provided by the concrete-mortar sector. 

Construction method 
Due to significant influence of design choices and environmental circumstances during the 
construction phase, conclusions about the removal of formwork and support structures in this 
research are mainly based on the support conditions. However, for some structures the protection, 
curing or temperature requirements might be normative. Therefore, it is recommended to determine 
prior to construction which requirements hold for the regarded structural design.  

Case study 
With respect to the case study, the majority of the structure is originally designed in strength class 
C28/35. However, a cement CEM I 52,5 R has been used for constructing the elements which can be 
classified as strength class C40/45 (w/c = 0,5). Creep coefficients in this study are calculated with the 
method described in Annex B of Eurocode 2. As a result, these coefficients are based on fcm,cyl which 
are related to the strength class instead of the actual strength of the concrete mixture. It would be 
interesting to study the creep factor with a different method to increase the accuracy to the actual 
creep coefficients. It is recommended to perform tests to examine the exact creep coefficient of a 
certain mixture.   
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Appendix A - Concrete technology 
A1. Cement compositions 
Table 1 products of common cements (Normcommissie 353007 “Cement,” 2014) 

Main 
types 

Cement Sub type 

Composition 
Clinker 
(K) 

Blast 
furnace 
slag (S) 

Silica 
fume 
(D) 

Pozzo-
lana (P) 

Fly ash 
(V) 

Burnt 
shale 
(T) 

Lime-
stone 
(L) 

CEM I Portland CEM I 95 -100 - - - - - - 

CEM II 

Portland - 
slag 

CEM II/B-S 65 -79 21 - 35 - - - - - 

Portland- 
silica fume 

CEM II/A-D 90 - 94 - 6 - 10 - - - - 

Portland - 
pozzolana 

CEM II/B-P 65 - 79 - - 21 - 35 - - - 

Portland- 
fly ash 

CEM II/B-V 65-79 - - - 21-35 - - 

Portland-
burnt 
shale 

CEM II/B-T 65-79 - - - - 21 – 
35 

- 

Portland – 
limestone 

CEM II/B-L 65-79 - - - - - 21-35

Portland – 
composite 

CEM II/B-M 65-79 21-35

CEM III 
Blast 
furnace 

CEM III/A 35-64 36-65 - - - - - 
CEM III/B 20-34 66-80 - - - - - 
CEM III/C 5-19 81-95 - - - - - 

CEM IV Pozzolanic CEM IV/A 65-89 - 11-35 - - 
CEM V Slag-

pozzolanic 
CEM V/B 20-38 31-49 - 31-49 - - 

CEM VI Composite CEM VI (S-L) 35-49 31-59 - - - 6-20

A2. Cement compositions 
Table 2 Standard strength requirements for cement (Normcommissie 353007 “Cement,” 2014) 

Strength class 
Cement mortar compressive strength MPa 
Early strength Standard strength 
2 days 7 days 28 days 

32,5 L - ≥ 12,0 
≥ 32,5 ≤ 52,5 32,5 N - ≥ 16,0 

32,5 R ≥ 10,0 - 
42,5 L - ≥ 16,0 

≥ 42,5 ≤ 62,5 42,5 N ≥ 10,0 - 
42,5 R ≥ 20,0 - 
52,5 L ≥ 10,0 - 

≥ 52,5 - 52,5 N ≥ 20,0 - 
52,5 R ≥ 30,0 -



A3. Production process Portland cement 

Figure 1 Schematization clinker and Portland cement manufacturing dry-process, based on (Berg et al., 1998)

Raw material Process Produce 
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Drying 
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Appendix B - Data ENCI and Ecocem 
Table 3 Cement compositions and cement mortar compressive strength data from ENCI and Ecocem

Raw material composition 
(%) Cement mortar compressive strength (N/mm2) 

Cement Clinker 

Blast 
furnace 

slag Filler Days 0 1 2 3 7 14 21 28 42 56 91 180 365 730 1825 3650 
CEM I 42,5 N 99 1 0 21,7 38,9 52,75 58,6 59,8 60 61,8 60,75 62,8 
CEM I 52,5 N 99 1 0 20,4 32,4 37,3 61,4 67,7 69,6 70,3 71,1 68,8 65,6 
CEM I 52,5 R 99 1 0 32,1 41,5 65,8 71 70 70,8 70,7 70,7 70,7 
CEM II/B-S 52,5 N 78 22 0 23,2 33,1 64,5 75,5 76,2 78,5 79,5 
CEM III/A 52,5 N 49 51 0 18,6 27 68,2 82,7 85,3 87,4 87 88 89 
CEM III/B 42,5 N 26 72 2 0 4,2 11,7 31,7 52,6 65,9 70,6 76,5 79,9 80,8 82,5 
CEM III/B 42,5 L 23 76 1 0 48,9 58,8 65,4 73,4 
CEM III/A 32,5 N 36 64 0 10,8 15,8 26,8 46,4 56,8 
CEM III/B 32,5 N 21 75 4 0 8,6 15,6 28,6 45,7 54,7 58,7 
CEM III/C 32,5 N 11 88 1 0 8,5 17,5 29,4 42,5 47,5 

0 

Ecocem (70/30) 
30% CEMI 

52,2 N 70% 0 6 25,2 40,6 50,2 54,9 63,1 66,8 70,8 81,4 81 81 88,2 

Ecocem (80/20) 
20% CEMI 

52,2 N 80% 0 3,9 21,5 30,6 38,4 42,2 46,9 

Ecocem (90/10) 
10% CEMI 

52,2 N 90% 0 4,3 14,4 20,8 26,8 27,5 30,1 
Ecocem (ref 100 
% CEM I)) 

100% CEMI 
52,2 N 0% 0 27,9 52,4 59,8 67,6 68,8 77 



Table 4 Average cube compressive strength fcm,cube of concrete with different cement types and w/c=0,5 

Concrete composition Average cube compressive strength fcm,cube (N/mm2) 
Cement type w/c Days 0 1 2 3 7 14 21 28 42 56 91 180 365 730 1825 3650 
CEM I 42,5 N 0,5 0,0 25,2 39,8 51,6 56,6 57,6 57,8 59,3 58,4 60,1 
CEM I 52,5 N 0,5 0,0 24,1 34,3 38,5 58,9 64,3 65,9 66,5 67,2 65,2 62,5 
CEM I 52,5 R 0,5 0,0 34,0 42,0 62,7 67,1 66,3 66,9 66,8 66,8 66,8 
CEM II/B-S 52,5 N 0,5 0,0 26,5 34,9 61,6 70,9 71,5 73,5 74,3 
CEM III/A 52,5 N 0,5 0,0 22,0 28,7 61,6 73,2 75,3 77,0 76,7 77,5 78,3 
CEM III/B 42,5 N 0,5 0,0 10,7 16,3 31,3 47,0 56,9 60,5 64,9 67,4 68,1 69,4 
CEM III/B 42,5 L 0,5 0,0 44,2 51,6 56,6 62,6 
CEM III/A 32,5 N 0,5 0,0 15,7 19,7 28,5 44,2 52,5 
CEM III/B 32,5 N 0,5 0,0 14,0 19,2 29,0 41,8 48,5 51,5 
CEM III/C 32,5 N 0,5 0,0 13,9 20,6 29,6 39,4 43,1 

Ecocem (70/30) 0,5 0,0 12,0 26,4 38,0 45,2 48,7 54,8 57,6 60,6 68,6 68,3 68,3 73,7 
Ecocem (80/20) 0,5 0,0 10,4 23,6 30,5 36,3 39,2 42,7 
Ecocem (90/10) 0,5 0,0 10,7 18,3 23,1 27,6 28,1 30,1 
Ecocem (ref 100 % 
CEM I)) 

0,5 
0,0 30,5 51,3 57,6 64,2 65,2 72,2 

SC 30 0,5 0,0 5,3 14,1 0,0 28,8 19,0 22,6 47,8 27,4 28,8 58,8 64,5 66,6 67,8 70,9 34,7 
SC 20 0,5 0,0 6,1 12,2 9,6 26,3 15,2 0,0 39,0 0,0 43,8 47,1 0,0 0,0 0,0 0,0 0,0 
SC 10 0,5 0,0 0,0 12,3 10,3 23,9 11,6 0,0 33,5 0,0 35,6 15,0 0,0 0,0 0,0 0,0 0,0 



Table 5 Average cylindrical compressive strength fcm,cyl of concrete with different cement types and w/c=0,5 

Concrete composition Average cylindrical compressive strength fcm,cyl (N/mm2) 
Cement type w/c Days 0 1 2 3 7 14 21 28 42 56 91 180 365 730 1825 3650 
CEM I 42,5 N 0,5 0 20 32 41 45 46 46 47 47 48 
CEM I 52,5 N 0,5 0 19 27 31 47 51 53 53 54 52 50 
CEM I 52,5 R 0,5 0 27 34 50 54 53 54 53 53 53 
CEM II/B-S 52,5 N 0,5 0 21 28 49 57 57 59 59 
CEM III/A 52,5 N 0,5 0 18 23 49 59 60 62 61 62 63 
CEM III/B 42,5 N 0,5 0 9 13 25 38 46 48 52 54 54 56 
CEM III/B 42,5 L 0,5 0 35 41 45 50 
CEM III/A 32,5 N 0,5 0 13 16 23 35 42 
CEM III/B 32,5 N 0,5 0 11 15 23 33 39 41 
CEM III/C 32,5 N 0,5 0 11 17 24 32 35 

0 
Ecocem (70/30) 0,5 0 10 21 30 36 39 44 46 48 55 55 55 59 
Ecocem (80/20) 0,5 0 8 19 24 29 31 34 
Ecocem (90/10) 0,5 0 9 15 18 22 23 24 
Ecocem (ref 100 % CEM 
I)) 0,5 0 24 41 46 51 52 58 

SC 30 0,5 0 11 23 38 47 52 53 54 57 
SC 20 0,5 0 5 10 21 31 35 38 
SC 10 0,5 0 10 8 19 9 27 29 12 



Table 6 Characteristic cylindrical compressive strength fck,cyl of concrete with different cement types and w/c = 0,5 

Concrete composition Characteristic cylindrical compressive strength fck,cyl (N/mm2) 
Cement type w/c Days 0 1 2 3 7 14 21 28 42 56 91 180 365 730 1825 3650 
CEM I 42,5 N 0,5 0 12 24 33 37 38 38 39 39 40 
CEM I 52,5 N 0,5 0 11 19 23 39 43 45 45 46 44 42 
CEM I 52,5 R 0,5 0 19 26 42 46 45 46 45 45 45 
CEM II/B-S 52,5 N 0,5 0 13 20 41 49 49 51 51 
CEM III/A 52,5 N 0,5 0 10 15 41 51 52 54 53 54 55 
CEM III/B 42,5 N 0,5 0 1 5 17 30 38 40 44 46 46 48 
CEM III/B 42,5 L 0,5 0 27 33 37 42 
CEM III/A 32,5 N 0,5 0 5 8 15 27 34 
CEM III/B 32,5 N 0,5 0 3 7 15 25 31 33 
CEM III/C 32,5 N 0,5 0 3 9 16 24 27 

Ecocem (70/30) 0,5 0 2 13 22 28 31 36 38 40 47 47 47 51 
Ecocem (80/20) 0,5 0 0 11 16 21 23 26 
Ecocem (90/10) 0,5 0 1 7 10 14 15 16 
Ecocem (ref 100 % CEM 
I)) 0,5 0 16 33 38 43 44 50 

SC 30 0,5 0 0 3 15 30 39 44 45 46 49 
SC 20 0,5 0 0 2 0 13 23 27 30 
SC 10 0,5 0 2 0,25 11 1 19 21 4 



Table 7 Design strength fcd of concrete with different types of cement and w/c = 0,5 

Concrete composition Design strength fcd (N/mm2) 
Cement type w/c Days 0 1 2 3 7 14 21 28 42 56 91 180 365 730 1825 3650 
CEM I 42,5 N 0,5 0 8 16 22 25 25 25 26 26 27 
CEM I 52,5 N 0,5 0 8 13 15 26 29 30 30 30 29 28 
CEM I 52,5 R 0,5 0 13 17 28 30 30 30 30 30 30 
CEM II/B-S 52,5 N 0,5 0 9 13 28 32 33 34 34 
CEM III/A 52,5 N 0,5 0 6 10 28 34 35 36 36 36 36 
CEM III/B 42,5 N 0,5 0 0 3 11 20 25 27 29 31 31 32 
CEM III/B 42,5 L 0,5 0 18 22 25 28 
CEM III/A 32,5 N 0,5 0 3 5 10 18 23 
CEM III/B 32,5 N 0,5 0 2 5 10 17 21 22 
CEM III/C 32,5 N 0,5 0 2 6 10 16 18 

0 
Ecocem (70/30) 0,5 0 1 9 15 19 21 24 25 27 31 31 31 34 
Ecocem (80/20) 0,5 0 0 7 11 14 16 17 
Ecocem (90/10) 0,5 0 0 4 7 9 10 11 
Ecocem (ref 100 % 
CEM I)) 0,5 0 11 22 25 29 29 33 

SC 30 0,5 0 0 2 10 20 26 29 30 31 32 
SC 20 0,5 0 0 1 0 9 15 18 20 
SC 10 0,5 0 1 0 7 1 13 14 3 



Table 8 Design strength fcd including kt factor of concrete including different types of cement 

Concrete composition Design strength fcd including kt factor when i>28 (N/mm2) 
Cement type w/c Days 0 1 2 3 7 14 21 28 42 56 91 180 365 730 1825 3650 
CEM I 42,5 N 0,5 8 16 22 21 22 22 22 22 23 
CEM I 52,5 N 0,5 8 13 15 26 25 25 26 26 25 24 8 
CEM I 52,5 R 0,5 13 17 28 26 26 26 26 26 26 13 
CEM II/B-S 52,5 N 0,5 9 13 28 28 28 29 29 9 
CEM III/A 52,5 N 0,5 6 10 28 29 30 30 30 31 31 6 
CEM III/B 42,5 N 0,5 0 3 11 20 21 23 25 26 26 27 0 
CEM III/B 42,5 L 0,5 18 19 21 24 
CEM III/A 32,5 N 0,5 3 5 10 18 19 
CEM III/B 32,5 N 0,5 2 5 10 17 17 19 
CEM III/C 32,5 N 0,5 2 6 10 16 15 

Ecocem (70/30) 0,5 1 9 15 19 21 20 22 23 27 26 26 29 
Ecocem (80/20) 0,5 0 7 11 14 13 15 
Ecocem (90/10) 0,5 0 4 7 9 8 9 
Ecocem (ref 100 % CEM 
I)) 0,5 11 22 25 29 25 28 

SC 30 0,5 2 10 20 22 25 26 26 28 
SC 20 0,5 1 9 15 15 17 
SC 10 0,5 1 0 7 1 13 12 2 



Appendix C – Case study 
The Maasboulevard project in Venlo, for which Arcadis was responsible for the structural design, is 
used to study the practical application of this research. The Romertoren is a high rise building which 
is part of the Maasboulevard project and consist from bottom to top of three parking levels, two 
commercial levels and 18 levels for residential purpose. 

The structure of the tower is an in-situ concrete structure combined with prefab floor slabs. The 
concrete load bearing partition walls ensure the stability of the building. At the lowest floor levels, a 
part of these walls change into a column structure. The columns and walls from floor level 0 till 4 are 
constructed of concrete in strength class C35/45. The walls at floor levels 5 till 20 are constructed of 
concrete in strength class C28/35. The precast floor slabs are finished with concrete in strength class 
C28/35. For all concrete element a concrete mixture with cement CEM I 52,5 R is used.  

A floor plan and section of the building is presented on the next page. For the purpose of this study, 
elements subjected to normal forces and bending moments are analyzed in more detail.  

C1. Loads 
A load calculation based on the following values is used to analyze the various structural elements. 

Floor 
Permanent load 

Live load  5,5 kN/m2 

Finishing floor 0,08 * 20 = 1,6 kN/m2 

Partition walls   1,2 kN/m2 + 
8,3 kN/m2 

Variable load 1,75 kN/m2 

Wall 
Permanent load 

Live load 0,4 * 20 = 8 kN/m2 

Combinations 

For the ULS calculations the following combination is used: 

q = 1,2 • Gk + 1,5 • Qk  

For the SLS calculations the following combination is used: 

q = Gk + 0,3 • Qk 



C2. Floor plan level 2 and section TD 

Section TD 



C2. Floor plan level 2 and section TD 



C3. Construction planning 
A construction method of in-situ concrete in combinations with precast floor slabs was chosen for 
The Maasboulevard project. A construction cycle of 10 working days per floor level was included in 
the planning. This equals a period of two calendar weeks. Construction work in these two weeks 
include placing of the props, setting up the formwork of the walls, pouring the concrete partition 
walls, placing the precast floor slabs and setting of the installations in the first week and the second 
week the concrete floor layer of the concerning floor level is poured. A complete construction 
schedule can be found below.  

Day 1 Day 8 Day 15 Day 22 Day 29 

Day 36 Day 43 Day 50 Day 57 Day 64 



Day 71 Day 78 Day 85 



C3. Construction planning 
Year
Month
Week 49 50 51 52 53 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52

Start End Duration

Nr. Describtion
Structural work 30/11/2009 23/07/2010 185

1 Pouring concrete floor V3 V4 V5 V6 V7 V8 V9 V10 V11 V12 V13 V14 V15 V16 V17 V18 V19 V20
V3 V4 V5 V6 V7 V8 V9 V10 V11 V12 V13 V14 V15 V16 V17 V18 V19

3 Jacking the props V2 V3 V4 V5 V6 V7 V8 V9 V10 V11 V12 V13 V14 V15 V16 V17 V18 V19 V20

Facade 25/01/2010 17/09/2010 231
4 2 weeks per level

Interior work 15/02/2010 03/12/2010 287
5 2,4 weeks per level

Construction of load bearing walls, 
assembling props and placing pre-cast 
floor slabs

2

Interior walls, installations, 
architectural finishes

Prefab concrete cavity walls, masonry 
walls, assembling window frames

Okt Nov Dec
20102009

May June July Aug SepDec Jan Feb Mar Apr

Moving the props



C4. Vertical elements subjected to normal forces 
The strength capacity of some structural parts situated at the lowest levels of the building which are 
subjected to significant normal forces are analyzed. The elements are located in section TD of the 
building. At the transition from level three to level two, the forces from the walls need to be 
transferred to a column structure. 

The normal forces in the structural elements are determined in a load calculation. By taking into 
account the eccentricity of the structural scheme of the elements, the bending moments and stresses 
in the elements are calculated. An overview can be found on the next page. Subsequently, by relating 
this information to the construction planning of the building an analysis of the stress increase in the 
structural elements over time is described.  



C4. Vertical elements subjected to normal forces 

Stress during construction 

Wall Level 4 
Construction 
of level 5 6 7 8 9 10 11 12 13 14 15 16 17 18 
Total upper 
floors 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
N 558 1115 1673 2231 2789 3346 3904 4462 5020 5577 6135 6693 7251 7808 
e 0,1 0,1 0,1 0,1 0,1 0,1 0,1 0,1 0,1 0,1 0,1 0,1 0,1 0,1 
M 56 112 167 223 279 335 390 446 502 558 614 669 725 781 
σ 0,9 1,8 2,7 3,6 4,5 5,4 6,3 7,3 8,2 9,1 10,0 10,9 11,8 12,7 

Wall Level 3 
Construction 
of level 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 
Total upper 
floors 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
N 558 1115 1673 2231 2789 3346 3904 4462 5020 5577 6135 6693 7251 7808 8366 
e 0,5 0,5 0,5 0,5 0,5 0,5 0,5 0,5 0,5 0,5 0,5 0,5 0,5 0,5 0,5 
M 279 558 837 1115 1394 1673 1952 2231 2510 2789 3068 3346 3625 3904 4183 
σ 1,7 3,5 5,2 7,0 8,7 10,5 12,2 13,9 15,7 17,4 19,2 20,9 22,7 24,4 26,1 

Column Level 2 
Construction 
of level 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 
Total upper 
floors 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
N 558 1115 1673 2231 2789 3346 3904 4462 5020 5577 6135 6693 7251 7808 8366 8924 
e 0,1 0,1 0,1 0,1 0,1 0,1 0,1 0,1 0,1 0,1 0,1 0,1 0,1 0,1 0,1 0,1 
M 56 112 167 223 279 335 390 446 502 558 614 669 725 781 837 892 
σ 2,6 5,2 7,8 10,4 13,0 15,7 18,3 20,9 23,5 26,1 28,7 31,3 33,9 36,5 39,1 41,7 

18
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7
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1
0



Column at level 2 
Based on the load calculation and construction cycle,  the load increase in the column on level 2 is 
analyzed over time. The column is designed in strength class C35/45 and constructed with a concrete 
mixture including cement CEM I R.  The combination of normal force and bending moment in the 
concrete result in to high stresses for the capacity of the concrete.  

Figure C3.1 Stress increase column and strength development CEM I 52,5 R 

The concrete has sufficient strength to transfer the normal forces. This is proven by calculating the 
stress due to the normal force.  

𝜎 =
𝑁

𝐴
=

8924 ∗ 10^3

441786
= 20,2 𝑁/𝑚𝑚  

Cconcrete is able to withstand the compression forces because the stress remains below the capacity: 
fcd = 35/1,5 = 23,3 N/mm2. 

However, reinforcement is add to the column to increase the moment capacity. Original computer 
calculations concluded As, req = 8771 mm2 and construction drawings show reinforcement 12 Ø 40 
(15084 mm2). 

𝐴𝑠 =
𝑀𝑒𝑑

𝑓𝑦𝑑 ∗ 𝑧
=  

892 ∗ 10^6

435 ∗ 675
= 3037 𝑚𝑚2 
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Wall at level 3 
The walls at floor level 3 are designed as concrete in strength class C35/45. Figure C3.2 shows that the 
final stresses in the wall are close to the strength that can be reached at 28 days with a concrete 
mixture containing CEM I R. However, these stresses reach this level when construction is fully 
completed and all building levels are constructed. Taking the construction cycle into account, shows 
that at 28 days only a stress of approximately 6 N/mm2 is present in the wall.  

Figure C3.2 Stress increase wall level 3 and strength development CEM I 52,5 R 

Taking into account the construction cycle offers opportunities for making use of the capacity of slow 
concrete. Therefore, a same analysis is done for the stress increase in the wall related to the strength 
development of Slow concrete including 30 % clinker (SC 30). The final strength which is needed for 
the design cannot be reached at 28 days, but the building is still under construction and not fully 
loaded with all building storeys. Stresses during the construction period and in the end situation are 
lower than the strength that can be gained with a concrete mixture including SC 30 (Figure C3.3).  

Figure C3.3 Stress increase wall level 3 and strength development SC 30 
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A remark must be made, the strength development must be reduced with the kt factor when making 
use of the strength development of concrete at a later age than 28 days. In Figure C3.4 can be seen 
that it is not responsible to construct the walls at level 3 with a slow concrete. The main reason for 
these high stresses are the significant bending moment in the wall due to the eccentricity at the 
transition from the wall to the column at floor level 2.  

Figure C3.4 Stress increase wall level 3 and strength development SC 30 including kt factor 

Wall at level 4 
Analyzing the wall element at floor level 4 shows a much lower stress in the structure. This can be 
explained by the minimum eccentricity in the force distribution to adjacent floor levels. A design 
choice is made in the original project to construct level 2 till 4 in a same strength class C35/45 for 
efficiency reasons. Due to this, a lot of extra capacity of the concrete Is not used. This is shown in 
Figure C3.5.  

Figure C3.5 Stress increase wall level 4 and strength development CEM I R 
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In Figure C3.6 and C3.7 is shown that the structure from level 4 and higher can be constructed of slow 
concrete consisting of 30% (SC 30) or 20 % (SC 20) clinker.   

Figure C3.6 Stress increase wall level 4 and strength development SC 30 

Figure C3.7 Stress increase wall level 4 and strength development SC 20 
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C5. Load transfer from wall to column 
The large stresses in the considered normative wall at level 3 can be attributed to the eccentricity and 
load which need to be transferred to the underlying column structure. It is studied how the structural 
system is designed at this location and how the loads are transferred. The structure is schematized as 
fixed connections. Due to the high normal forces from the wall and eccentricity to the column, a 
significant bending moment arise in the wall at level 3. This bending moment causes a pair of tensile 
and compression force in the floor. The design of these elements is discussed.  

Figure C4.1 Schematization 

Wall 
The stress distribution over the wall can be split into compression and tensile stresses. 

𝜎 =
𝑁𝑒𝑑

𝐴
=

8366 ∗ 10

400 ∗ 1905
=  10,9 𝑁/𝑚𝑚  

𝜎 =
𝑀𝑒𝑑

𝑊
=

4001 ∗ 10

1
6

∗ 400 ∗ 1905
=  16,5 𝑁/𝑚𝑚  

The normal force together with the bending moment causes a compressive stress of 27,4 N/mm2. 
The wall in strength class C35/45 has a capacity of fcd = 35/1,5 = 23,3 N/mm2. Compression 
reinforcement is placed to strengthen the structure.  

27,4-23,3 = 4 N/mm2 

𝐴𝑠 =
𝜎 ∗ 𝑏

𝑓𝑦𝑑
=

4 ∗ 400 ∗ 10^3

435
= 3678 𝑚𝑚2 

As,prov = Ø 20-100 (5026 mm2) over a length of 1905/2 

Due to the high bending moment a tensile stress of 16,5 - 10,9 = 
5,6 N/mm2 occurs in the wall.  

𝐴𝑠 =
𝜎 ∗ 𝑏

𝑓𝑦𝑑
=

5,6 ∗ 400 ∗ 10^3

435
= 5149 𝑚𝑚2 

As,prov = Ø 25-100 (7854 mm2) over a length of 1905/2 
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Figure C4.2 Moment distribution 
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Figure C4.3 Stress distribution wall 



Strut and tie model 
For studying the load transfer from the wall to the 
column, the wall is looked at as a strut and tie 
model.  

N = ¼ P 

𝐴𝑠, 𝑟𝑒𝑞 =  

1
4

 𝑃

𝑓𝑦𝑑
=  

1
4

∗ 8360 ∗ 10^3

435
= 4804 𝑚𝑚2 

As,prov = Ø 12-100 (5654 mm2) 

Beam 
For the purpose of the load transfer the structure 
includes a beam situated at floor level at the 
location of the column. The beam includes 
reinforcement to transfer the loads to the column.  

In Figure C4.1 is shown that the floor at level 3 is 
subjected to a compression force based on the schematization. 
The original framework model shows a bending moment of 834 
kNm in the beam.  

𝐴𝑠, 𝑟𝑒𝑞 =  
𝑀𝑒𝑑

𝑓𝑦𝑑 ∗ 0,9 ∗ 𝑑
=

834 ∗ 10^6

435 ∗ 0,9 ∗ 500
= 4260 𝑚𝑚2 

As, prov = 5 Ø 32 (4021 mm2) 

Also the shear force is accounted for by adding reinforcement. 

Vmax,d = 737 kN τd =  
∗ ^

∗
= 1,8 𝑁/𝑚𝑚2 <Vrd,max 

Vrd,max = 5,42 N/mm2 (C35/45) stirrups Ø 12-175 

Figure C4.5 Beam location 
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Figure C4.4 Strut and tie model wall 



Load transfer zone 
The normal force from the upper floors need to be transferred through the connecting surface area 
of the wall and column. This is an area of 900x400 mm2, see Figure C4.6. This results in a stress: 

𝜎 =
𝐹

𝐴
=

9282 ∗ 10

900 ∗ 400
= 26 𝑁/𝑚𝑚2 

In addition to the compression strength of the concrete, compression reinforcement is needed. 26-
23 = 3 N/mm2. 

𝐴𝑠 =
𝜎 ∗ 𝐴

𝑓𝑦𝑑
=  

3 ∗ 900 ∗ 400

435
= 2483 𝑚𝑚2 

Therefore, the column reinforcement is laid out over two levels. These reinforcement bars are 
marked yellow in Figure C4.6. As,prov 3 Ø 40 (3770 mm2). The in green indicated reinforcement bars 
on the other side of the column are also bent into the upper wall. At the location of the 
reinforcement bars which are indicated in gray, the wall is no longer above the column and these six 
reinforcement bars are bent into the beam.  

In addition, a bending moment arise due to an eccentricity of 40 mm. The normal force causes a 
bending moment of M=9282*0,04 = 371 kNm. 

𝐴𝑠 =
𝑀𝑒𝑑

𝑓𝑦𝑑 ∗ 𝑧
=  

371 ∗ 10^6

435 ∗ 0,9 ∗ 400
= 2369 𝑚𝑚2 

To transfer these forces, starter bars (indicated in red) are add to connect the wall to the beam. 
As, prov Ø 20-100 (5655 mm2) starter bars both sides over length of 900 mm. 

Figure C4.6 Load transfer area and reinforcement of the wall 



C6. Horizontal elements subjected to bending moments 

C6.1. ULS – strength 
The bending moments and shear forces in the floor are checked. Use is made of the GTB 2013 for 
these calculations. For the final design in strength class C28/35 floor reinforcement Ø12-175 is 
required. This match the information that is found in the original construction drawings.  

Final design - Strength class C28/35 
Information Final design 
l 6350 Strength class C28/35 
b 1000 fck 28 
h 230 fcd 18,7 
Cnom 30 Steel B500 
d 200 fyd 435 

Loads 
q 12,6 kN/m 
Med 51 kNm 
Ved 48 kN 

Bending moment - GTB method 
TABLE GTB Med/fcd*b*d^2 68,04 
TABLE GTB 100*k*p1 7 
k fyd/fcd 23,3 
p1 100*k*p1 0,0030 

Asreq 601 mm2 

Asprov 646 mm2 ф12-175 

Unity check 
α  3/4 
β  7/18 

ƩH = 0 α · b · αu · fcd = As · fyd αu = 20,1 mm 

Z = d - β · αu Z = 192 mm 
Mrd = As · fyd · Z Mrd = 54 kNm 

UC Med/Mrd 0,94 OK 

Shear forces 
τ Ved/bd = 0,24 N/mm2 

Vrdc = 0,52 N/mm2 

UC τ/Vrdc 0,46 OK 



The floors are checked for the final design in strength class C30/37 and C20/25. 

Final design - Strength class C30/37 
Information Final design 
l 6350 Strength class C30/37 
b 1000 fck 30 
h 230 fcd 20,0 
Cnom 30 Steel B500 
d 200 fyd 435 

Loads 
q 12,6 kN/m 
Med 51 kNm 
Ved 48 kN 

Bending moment - GTB method 
TABLE GTB Med/fcd*b*d^2 63,51 
TABLE GTB 100*k*p1 6,5 
k fyd/fcd 21,7 
p1 100*k*p1 0,0030 

Asreq 599 mm2 

Asprov 646 mm2 ф12-175 

Unity check 
α  3/4 
β  7/18 

ƩH = 0 α · b · αu · fcd = As · fyd αu = 18,7 mm 

Z = d - β · αu Z = 193 mm 
Mrd = As · fyd · Z Mrd = 54 kNm 

UC Med/Mrd 0,94 OK 

Shear forces 
τ Ved/bd = 0,24 N/mm2 

Vrdc = 0,54 N/mm2 

UC τ/Vrdc 0,44 OK 



Final design - Strength class C20/25 
Information Final design 
l 6350 Strength class C20/25 
b 1000 fck 20 
h 230 fcd 13,3 
Cnom 30 Steel B500 
d 200 fyd 435 

Loads 
q 12,6 kN/m 
Med 51 kNm 
Ved 48 kN 

Bending moment - GTB method 
TABLE GTB Med/fcd*b*d^2 95,26 
TABLE GTB 100*k*p1 10 
k fyd/fcd 32,6 
p1 100*k*p1 0,0031 

Asreq 613 mm2 

Asprov 646 mm2 ф12-175 

Unity check 
α  3/4 
β  7/18 

ƩH = 0 α · b · αu · fcd = As · fyd αu = 28,1 mm 

Z = d - β · αu Z = 189 mm 
Mrd = As · fyd · Z Mrd = 53 kNm 

UC Med/Mrd 0,96 OK 

Shear forces 
τ Ved/bd = 0,24 N/mm2 

Vrdc = 0,52 N/mm2 

UC τ/Vrdc 0,46 OK 



To compare the results, also a very low strength class (C12/15)  is looked at. 

Final design - Strength class C12/15 
Information Final design 
l 6350 Strength class C12/15 
b 1000 fck 12 
h 230 fcd 8,0 
Cnom 30 Steel B500 
d 200 fyd 435 

Loads 
q 12,6 kN/m 
Med 51 kNm 
Ved 48 kN 

Bending moment - GTB method 
TABLE GTB Med/fcd*b*d^2 158,77 
TABLE GTB 100*k*p1 17,4 
k fyd/fcd 54,4 
p1 100*k*p1 0,0032 

Asreq 640 mm2 

Asprov 646 mm2 ф12-175 

Unity check 
α  3/4 
β  7/18 

ƩH = 0 α · b · αu · fcd = As · fyd αu = 46,8 mm 

Z = d - β · αu Z = 182 mm 
Mrd = As · fyd · Z Mrd = 51 kNm 

UC Med/Mrd 0,99 OK 

Shear forces 
τ Ved/bd = 0,40 N/mm2 

Vrdc = 0,54 N/mm2 

UC τ/Vrdc 0,74 OK 



C6.2. SLS – stiffness 
Load increase 

The situation when floor level 6 is poured 
is concerned, see Figure.. Jacking of the 
floors is not taken into account. The floor 
structure is supported over three layers 
during construction. This suggests that 
the load of the floor which is poured is 
divided over three underlying floors. 
Therefore, each supporting floor carries a 
third of load P. For the support of floor 
level 5, only two floors are left to 
distribute the load. Therefore, the floor 
at level 4 and 3 also carry 3/6 of load P. 
At last, there is only one floor left to 
support the structure at level 4. This 
means an additional load of 6/6 P to 
distribute.  

In total, the upper supporting floor carries its own weight plus 2/6 P. The middle supporting floor 
carries its own weight plus 5/6 P. The lowest supporting floor carries its own weight plus 11/6 P. This 
can be checked by adding up all the loads. In total 18/6 P is transferred by the floors, this is equal to 3 
floors which is correct. When moving the props from level A to level D, the load in this floor is again 
distributed following the same ratio over the three supporting layers.  

Based on the construction planning, the load history is presented in Table…. 

Table 29 Load history 

Time after pouring the floor 
14 36 50 78 

Total permanent load 7,3 15,6 5,5 8,3 
Own weight 5,5 5,5 5,5 5,5 

Supporting weight of 
upper floors 

2/6 • 5,5 = 
1,8 

11/6 • 5,5 = 10,1 

Finishing floor and 
supporting walls 

1,6 + 1,2 

Total variable load - 1,5 1,5 1,75 
Construction 1,5 1,5 
Final building 1,75 

Figure 77 Load distribution 

Load = P 



C6.1.1 Creep coefficients 
Creep deformation is caused by sustained loading and the strain due to creep will not be recovered 
completely when the load is removed. Creep can be expressed by a creep coefficient. The creep 
coefficient ϕ(t,t0) is established according to EN 1992-1-1. The creep coefficient of strength class  

C28/35 in the end situation with t0=78 and t=50 years is calculated below. 
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Table 10, 11 and 12 present the calculation of the creep coefficient in the end situation for strength 
class C20/25, C28/35 and C30/37. 

For this research, the creep coefficient is also determined during the construction phase at the four 
stages of the load history graph. For this, t0 varies from t1, t2, t3 and t4 till 91 and the relative humidity 
is assumed to be 70%. An excel sheet has been set up for the generation of this data and is not 
presented in this appendix.   



Table 31 Creep coefficient strength class C20/25 in 
end situation t0=78 and t=50 years 

Table 30 Creep coefficient strength class C28/35 in 
end situation t0=78 and t=50 years 



Table 32 Creep coefficient for strength class C30/37 in end situation t0=78 and t=50 years 




