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Abstract 

Cast in-situ concrete is the most frequently used material intemationally for the construction 
of structural frames in low- medium rise house building. In Sweden, however, this technology 
is criticised for short slab spans (limited flexibility for future refurbishment), long production 
times, unhealthy work environment, indoor air problems etc. Many of these disadvantages are 
due to the fact that by tradition ordinary low-grade concrete is used in house building. 
Extensive concrete materials research on high performance concrete (HPC) and self­
compacting concrete (SCC) has revealed opportunities to counter the criticism, but the 
technologies are not yet utilised in house building to large extent. The research project aims at 
investigating the potential of HPC and SCC for competitive design, production and function 
of structural frarnes of cast in-situ concrete in house building. The method of the project 
include several parameter studies where HPC is compared to ordinary concrete as well as an 
interview study focusing on building process issues. The main conclusions are that use of 
HPC can increase the slab span significantly (by utilisation of increased tensile strength and 
E-modulus), reduce the production time strongly (by rapid drying and strength development) 
and also increase the building function (increased flexibility, acoustic and indoor air quality). 
Conceming SCC there is a large potential for improved work environment and productivity. 
There are also technical as well as building process related obstacles for the implementation 
of HPC and SCC, which are analysed and described together with proposed solutions. 
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Introduction 

Background 

There are several concepts for the construction of structural frames in low- medium rise 
buildings, e.g. cast in-situ concrete, prefabricated concrete elements, steel and wood. Since 
many decades, cast in-situ concrete has been the dominant structural frame building material 
both in Sweden and on the international market. In Sweden, however, cast in-situ concrete 
frames are criticised for short slab spans (limited flexibility for future refurbishment), long 
production times, unhealthy work environment, indoor air problems etc. Although novel 
concrete research presents technical solutions to the described problems and the market shares 
of competing materials are increasing, cast in-situ concrete within house building is still based 
on almost the same technology as decades ago. 

During the 80s and 90s, intense international concrete materials research has resulted in two 
novel concrete technologies, high performance concrete (HPC) and self-compacting concrete 
(SCC). These technologies may solve many of the problems cast in-situ concrete structural 
frames are criticised for. Still today though, HPC is mainly utilised within civil engineering 
construction and the delivered volumes of SCC are significantly limited. 

If HPC and sce are to be further utilised within the construction of structural cast in-situ 
concrete frames in low- medium rise buildings, a wide range of aspects probably must be 
considered, with re gard to benefits as weil as disadvantages. The studies of the project address 
the theoretical potential of HPC and SCC for exploiting and improving the performance of 
cast in-situ concrete structural frames with regard to structural design, production and future 
function. 

Aim 

The research project aims at investigating the potential of new concrete materials technology 
(HPC and SCC) for competitive construction of cast in-situ concrete structural frames in 
residentiallow- medium rise house-buildings. To avoid sub-optimisation, the focus is spread 
on structural design, production and building function related aspects. Regard is taken to both 
technical and building process related obstac1es. 

Methods 

Briefly, the foilowing methods are used within the project. For further descriptions, see the 
method section for each study. 

• Interviews (building process related issues) 
Interviews with a wide range of actors and experts within the house-building sector 
have been carried out with the aim of describing building process related issues 
conceming the choice of materials for structural frames. 

• Parameter studies (structural design aspects ofHPC) 
To estimate the design related potential of HPC, parameter studies using the PC­
program FEM-Design Plate (FEM-Design Plate, 2000) has been conducted. 
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• Parameter studies (production time related issues of HPC) 
To analyse production related aspects of HPC, two PC-tools have been used: 
- TorkaS l.0, for estimatinglsimulating influencing parameters on the concrete drying 
(TorkaS l.0, 1998) 
- Hett97, for estimating/simulating the effects relevant for the concrete strength 
development (Hett97, 1997) 

• Field studies (production oriented issues concerning SCC) 
To some extent, field studies have been carried out for describing varying experiences 
of SCC on site. 

• Desktop studies 
To analyse the parameter studies, desktop studies using MS Excel have been 
performed. Literature studies have been conducted for describing technical properties, 
international research and implementation experiences of HPC and SCe. 

Outline of the thesis 

Chapter 1 Concrete materials technology and the building process 
concerning house building today 

The concrete materials used in structural frames in Sweden today are described. Special focus 
is set on disadvantages of average house-building concrete compared to competing materials 
techniques. Also the house-building process of today is described, where special attention is 
paid to the actors' influence on decision-making regarding the chosen type of materials in 
structural frames. The latter study is based on interviews of actors within the building sector. 

Chapter 2 New concrete materials technology (HPC and SCC) 

Novel concrete materials technology is described, focusing on properties, international 
research and experiences of implementation. Also the potential of HPC and SCC for 
competitive construction of concrete structural frames in low- medium rise house-buildings is 
briefly described, as well as the techuical and building process related obstac1es for 
implementation. 

Chapter 3 Structural potential of HPC within house building 

Parameter studies are conducted in order to investigate the structural design related potential 
of HPC for concrete structural frames within low- medium rise house buildings. The studies 
are based on calculations, by using the PC- tool "FEM-design Plate" (FEM-Design Plate, 
2000), where the influence of concrete parameters (compressive and tensile strength, elastic 
modulus, concrete slab thickness etc), amount of reinforcement and type of structure (various 
slab/wall and slab/column structures) are simulated. The study primarilyaims at investigating 
the opportunity for increasing concrete slab spans through utilisation of HPC and secondary at 
exploring the potential for further rational utilisation of reinforcement. 
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Chapter 4 Production related potential of new concrete materials technology 

To analyse the production related potential of BPC, parameter studies both concerning 
concrete drying times and strength development are carried out. In the first study, the effects 
of concrete properties (water/cement ratio, cement content, silica fume content etc) and 
surrounding conditions (drying c1imate conditions, type of formwork, slab thickness etc) on 
the required time for reaching specific RH leve1s are estimated. U sed tool is the PC-program 
"TorkaS 1.0" (TorkaS, 1998), which simulates the drying process of concrete for various 
conditions. 
The latter study has aimed at estimating the strength development which affects, for instance, 
the formwork removal times and technical problems connected to casting wintertime. The PC­
tool "Hett97" has been utilised for estimating the effects of concrete properties (concrete 
quality, cement content etc) and surrounding conditions (outer air temperature, type of 
formwork etc) on the required time for reaching specific strength levels (Bett97, 1997). 
Special attention has been paid to how various winter casting methods (covering, insulating 
and heating of concrete) affect the strength development. 
The two studies have also been combined for simulating the effects on the drying time of cold 
climate conditions during the casting. 

The production related potential of SCC is exemplified by various benefits, both regarding 
improved work environment and increased rationality of the production. The study is limited 
to describing rather than investigating the potential of SCC. 

Chapter 5 Building function related potential of new concrete materials technology 

Synergy effects of using HPC on the function of the building are described, e.g. increased 
flexibility regarding future refurbishment, reduced moisture problems, increased acoustic 
quality and reduced energy consumption. The two latter effects can be seen as advantages for 
concrete structural frames in general, but HPC generates further opportunities for trouble-free 
building due to the short drying time that for NPC affects thick concrete structures in a 
negative way by extended drying/production times. 

Chapter 6 Obstacles for the implementation of new concrete materials technology 

The obstac1es for implementation and utilisation of BPC and SCC are discussed and divided 
into technical and building process related issues. The technical barriers consider difficulties 
in mix-proportioning, practical problems of the fresh concrete on site, as weIl as problems of 
the result with regard to the hardened concrete. AIso uncertain factors requiring more research 
are described. The building process oriented impediments discussed, are the general 
organisational barriers for inventions, as weIl as more specific obstac1es, e.g. responsibility 
questions and lowered need for manpower. The influence of the limitations in building 
regnlations is further discussed. 
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Chapter 7 Conclusions 

Finally, the main results of the study are discussed. Special attention is paid to the importance 
of the synergy effects, necessary further for realisation of the wide potential of HPC and see 
and for competitive construction of structural frames. AIso the limitations of the research 
project and the need for further research are discussed. 

Appendices 

Appendix A Structural design study - background information 

Appendix B Structural design study - results 

Appendix C Drying of HPC - results 
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Summary 

Decision criteria for the choice of building materials for structural frames are dependent on 
the actors involved, which further depend on the form of contract. Cast in-situ concrete is by 
tradition the most used structnral frame concept but is challenged by competing techniques. 
Generally, the usage of cast in-situ concrete in house building is based on average low-grade 
house-building concrete and further criticised both from technical and building process points 
of view. However, novel and intense concrete research has led to new concrete materials 
technologies, as for instance high perfonnance concrete (BPC) and self-compacting concrete 
(SCC). These technologies may solve many of the criticised issues, e.g. long production 
times, short slab spans, unhealthy work environment and indoor air problems, but today these 
technologies are seldom utilised within the production of low- medium rise house buildings, 
compared to civil engineering constructions or prestigious high-rise buildings. 

The project aims at estimating the potential for improved and cost-efficient structural design, 
production and function of residentiallow- medium rise buildings through utilisation of HPC 
and SCe. To estimate the theoretical potential, both technical and building process related 
issues are studied, and further the benefits as weIl as the obstac1es for implementation are 
discussed. 

Structural design issues 
The design study is based on parameter studies where effects on the structnral design 
performance of various concrete properties for normal performance concrete (NPC) are 
compared to BPC. The result presents a significant potential of HPC for increasing the slab 
spans or reducing the dimensions if increased tensile strength and/or elastic modulus are 
utilised. The design study also describes a more competitive method of utilising the 
reinforcement when required reinforcement is based on the varying moment instead of the 
maximum moment of the slab. 

Production issues 
HPC for increased structural design perfonnance also leads to the opportunities for shortening 
the production time and further reducing the production costs if synergy effects, as like the 
fast strength development and the reduced drying time are utilised. The HPC production 
study, which is based on parameter studies, results in analyses of influencing parameters on 
the concrete drying as weIl as the strength development. The influences of concrete 
properties, formwork systems, surrounding climate conditions etc are quantified. Also the 
production oriented potential of SCC is described, e.g. improved work environment, increased 
productivity and opportunities for producing advanced designed structures. 

Buildingfunction issues 
The third aspect of HPC:s potential lies in its' effects on the finished building function. 
Benefits, such as increased flexibility forfuture refurbishment (through increased slab spans), 
improved indoor air quality (reduced moisture based problems), higher acoustic quality (by 
utilising the opportunities for producing thicker constructions without extended production 
times) and future energy savings (due to the high level of heat capacity of concrete) are 
described. Some of the se are not only connected to HPC though, but to concrete structural 
frames in common. 
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Obstacles for the implementatian 
Technical as weIl as building process related obstacles for the implementation of new 
concrete materials technologies within house building are discussed. The main technical 
impediments of HPe are the difficulties in managing the high quality requirements regarding 
the mix ingredients, workability issues and performance problems of the hardened concrete. 
When it comes to see, the main technical is the risk for non-robust concrete due to improper 
mix design, which may be based on insufficient technical knowledge regarding the mix 
ingredients' influence on the self-compacting mechanism. 

Non-technical barriers for the exploitation of new technologies within the building sector are 
commonly based on econornical issues. The direct materials costs may seemingly exceed the 
cost-savings if not the total potential is taken into regard. Other building process related 
impediments are related to traditions concerning the choice of materials, improper 
cooperation between the actors, lack of information, insufficient feedback, limiting norms, 
unclear responsibility, lack of technical knowledge of the new materials etc. 

Total theoretical potential 
The study ends with a surnmarising discussion of the total theoretical potential of HPC and 
see for improving the structural design, production and function of structural frames in 
house buildings. Special attention is paid to the importance of the project planning phase and 
exploitation of the synergy effects instead of optirnising a few aspects, if a cost effident 
solution is going to be managed, also from a long time perspective. 
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Chapter 1 

Concrete materials technology and the building process concerning 
house building today 

1.1 Teehnieal aspeets 

1.1.1 5truetural frames in house building - generally 

Various eoneepts of struetural frames are used in residential buildings. Within the produetion 
of single-family houses and low-rise buildings in Sweden, prefabrieated wooden frames are 
the most frequently used material. Regarding multi-dwelling houses in the form of low­
medium rise buildings though, eonerete is the most used material, either as east in-situ (fresh 
eonerete transported to and east on the building site) or as prefabrieated elements. Other 
struetural frame eoneepts on the market are eonerete-steel composites and timber. Aeeording 
to a survey of market shares of materials in struetural frames produeed in 1998 in Sweden, by 
Mängda (1999), east in-situ eonerete is used to 65%, prefabrieated elements to 15%, eonerete­
steel composites to 10% and others, e.g. timber, to 10%. Due to the faet that there are 
possibilities for different eombinations of material types in struetural frames, the result of the 
survey should be seen as somewhat uncertain. 

1.1.2 5truetural frames of east in-situ eonerete 

In Sweden, east in-situ eonerete has been the dominant eoneept for producing struetural 
frames in multi-family dwellings. However, the method has been eriticised for not being as 
industrialised as eompeting materials eoneepts. From a teehnieal point of view, this eritieism 
has been foeused on design (short spans), produetion (low eost efficieney, long produetion 
times, non-rational methods, problem-related work environment) as weIl as building funetion 
related aspeets (moisture problems, non-flexible solutions for future refurbishment). Many of 
these problem-areas are related to that the same methods and teehnologies as used during the 
last decades still are used within the house-building sector. In order to follow the inereasing 
industrialisation within the eonstruetion sector, the use of east in-situ eonerete must be 
developed further in order to survive (Byfors, 1999). Below, a brief teehniealdeseription of 
the today in Sweden used east in-situ eoneept for struetural frames in multi-family dwellings 
are presented. 

From a design perspeetive, east in-situ eonerete struetural frames for low- medium rise 
buildings are normally produeed either by using steel tunnel-forms for slab or wall casting 
(see Figure 1.1) or casting the slab on prefabrieated thin eonerete floor slabs (so ealled 
"Filigran"). The thiekness of the eonerete slab is typieally 200 mm (sometimes up to 250 
mm), and 160 to 200 mm in inner walls. The building is often fumished with eurtain wall 
faeades, whieh are prefabrieated or built on site with studs of sheet steel or wood and c1adding 
of brieks or rendering on mineral wool. 
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Figure 1.1 Use of tunnel-form leads to the opportunity for casting both slab and wall at the same time. 
Figure according to Nilsson (1992). 

The most frequently used concrete type is an ordinary house-building concrete, defined as a 
mix with a high water/cement ratio (w/c ratio) of approximately 0,60 to 0,70 and concrete 
compression strength (fcc) of about 30 MPa. Generally, the reinforcement is non-tensioned. 
The relatively low structural capacity due to the average concrete quality and minimum 
reinforcement, only perrnits floor spans up to approximately 5 m. east in-situ concrete 
partition walls norrnally support the slabs to form a solid cell system, which is illustrated in 
Figure 1.2. This limits flexibility for the customer and the opportunity for future adaptation, 
compared to other layouts, which are common within the construction of office buildings, 
such as column-slab layouts and post-tensioned reinforcement. To some extent though, the 
latter concepts are introduced to the production of residential house-buildings. 

Figure 1.2 Commonly used type of cast in-situ concrete structural frame where the partition walls, 
supporting the slab, form a solid cell system, which reduces the future jlexibility. Figure according to 
Nilsson (1992). 

With regard to production related aspects, the high w/c ratio of a traditionallow-grade house­
building concrete, leads to long drying times before floor coverings can be applied, in order to 
avoid moisture related problems caused by emission from screeds, glue or carpets. Another 
example of how such average concrete might affect the production in a negative way, is when 
cold air temperatures wintertime either extends the time for reaching the required strength for 
forrnwork removal, or requires extemal concrete protection methods (e.g. covering, insulation 
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and/or heating of eonerete) for reducing the required formwork skipping time or avoiding 
early freezing of eonerete. Also, during normal outer air temperatures, the fairly slow strength 
development of low-grade concrete may lead to non-cost efficient production due to long 
required times until formwork skipping and/or before post-tensioning of reinforcement can be 
performed. Ordinary east in-situ concrete has to be vibrated and compacted with vibrators. 
The method is manpower-intensive and may lead to hearing impairment and/or vibration 
injuries (white fingers syndrome). 

Both the design and production properties mentioned, concerning east in-situ structural 
frames made with ordinary low-grade eonerete, affect the function of building. As mentioned, 
short floor spans combined with concrete partition walls limit future flexibility and 
refurbishment. 
With regard to presumptive future moisture problems, e.g. emissions from carpets or 
adhesives and mould growth in organic material, Swedish building regulations stipulate 
maximum allowable values for relative hurnidity, measured on the equivalent depth of 
concrete construction (Boverket, 1999). These values depend on the type of material used to 
cover the concrete floor. For most materials the maximum values are between 85% and 90% 
relative humidity, which usually requires a drying time of several months for average 
eonerete. 
For acoustical purposes, a thick concrete slab is advantageous (Ljunggren, 1995). However, in 
practice, the thickness of the concrete slab is limited because of the long drying times of 
normal eonerete. Partly for this reason, the highest sound insulation clas s (in accordance with 
Swedish building regulations) is seldom reached. 

1.2 Building process related issues concerning structural frames - based on an 
interview study 

1.2.1 Introduction 

The house-building sector has been criticised for the low level of co-operation between actors, 
lack of knowledge, poor inclination to innovate, unclear responsibility, inflexible roles and 
conservative decision-making etc. In Sweden, the Government's Building Cost Commission 
(BKD, 2000) has criticised the house-building sector for lack of customer orientation, lack of 
technical innovation, lack of holistic consideration (i.e. integration) regarding design, 
production and use and lack of co-operation between the actors. 

Many of the technical problems due to traditional usage of low-grade east in-situ concrete 
within the house-building sector, described above, may be solved if new concrete materials 
technologies are utilised, see further Chapter 2 "New concrete materials technology (HPC and 
SCC)". However, there are many obstacles for the implementation of new materials 
techniques for house building, see further Chapter 6 "Obstac1es for the implementation of new 
concrete materials technology" for more detailed description of both technical and building 
process related obstac1es. 

This section aims at describing building process related aspects of house building today, 
focusing on influencing parameters regarding the choice of structural frame materials, 
addressing for instance the form of contract and role of actors. The result of the analysis is 
largely based on interviews with persons representing various actors within the house­
building sector (Öberg and Peterson, 2000). The persons interviewed have by their expert 
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knowledge been selected with the aim of covering relevant areas within the sector regarding 
planning and production of multi-dwelling buildings. Important to notice is that this section 
consists of a summary of personal opinions. 

1.2.2 Influence of the form of contract on the choice of structural frame 

The opportunities for different actors to influence the choice of structural frame, is to a large 
extent dependent on the fonn of contract used in the particular project. In the general contract 
mode1 the investor in co-operation with the appointed consultants are the dedsion makers, 
and they produce the production documents. Thus the possibilities with regard to the 
influence on design of the building, are very limited for the general contractor inc1usive 
subcontractors and suppliers, see Figure 1.3. 

A contract mode1 with some similarities with the general contract is the divided contract. The 
difference is that by the general contract, the general contractor is responsible for production 
co-ordination while by the divided contract, the investor or the appointed construction 
management consultant takes this responsibility. 
In the case of a design and build contract mode1, there are greater possibilities for the 
contractor to influence the dedsion of structural frame and other aspects of the building. The 
investor provides only principal documents and the contractor is responsible for the 
production documents, according to Figure 1.1. A design and build contract model also tends 
to give more opportunity to subcontractors and suppliers, like the ready mix concrete 
producer, to influence the design. 
A special concept c10sely related to the design and build mode1 is the own development 
mode l, whereby the investor and the main contractor are within the same company. 

General contract 

Investor 
Architect 
Structural engine er 

Production documents .--______ -, 

-------t.~ L.1_G_e_n_er_al_c_o_n_tr_a_ct_o_r ..... 

Tendering 

The structural frame is decided 

Design and build contract 

Investor 
Principal documents 

• 
Tendering 

Design and Build- contractor 
Architeet 
Structural engineer 

The structural frame is decided 

Production 

Production .. ... 

Subcontractors 

and suppliers 

Subcontractors 

and suppliers 

Figure 1.3 The influence of the type of contract modelon the design decisions (Öberg and Peterson, 
2000). 
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1.2.3 Influence of actors on the choice of structural frame materials 

The building sector has been criticised for being not as industrialised as the manufacturing 
industry from an organisational and process oriented point of view. The major arguments 
concem the co-operation between the, in many cases, large number of actors which are 
involved in building projects. Especially the co-operation between the actors in the early stage 
of projects, the planning process, is criticised for being less developed compared to the 
manufacturing industry. 
Some state that the house-building sector is conservative and traditional which makes 
innovations difficult to implement. This can to some extent be referred to the fact that 
building s have to be safe and fnnctional for a very long period of time and that malfunction 
often causes dangerous and expensive consequences. 
This section aims at describing the role of the major actors within the building of concrete 
structural frarnes, addressing the actors' influence on the choke of structural frame material. 
The investigated actors within the study are the architect, the structural engineer, the 
contractor, the ready mix concrete producer and the concrete element producer. The focus is 
set on these actors regarding co-operation, competence and tradition. 
Within the house-building sector, there are some actors in the production process who seldom 
are involved in the planning process. For example, subcontractors or material suppliers, such 
as the ready mix concrete producer, do in most cases not co-operate with neither the architect 
nor the structural engineer. The reasons behind this tradition, its' effects and the possibilities 
for change will be discussed below. 

Today the contract type "own development projects" dominates the production of multi­
dwelling buildings. Many persons within the house-building sector believe that this concept 
promotes a higher grade of co-operation and feedback compared to traditional project forms, 
especially the general contract. On the other hand, the concept is criticised for being too much 
focused on the production phase and based on company standards and that the influence of 
some important actors, especially the architect, may be too small. Many believe that these 
participants have to break their own traditions if they want to be more active during the whole 
building process. 
Some trends influenced by the manufacturing industry can be seen in the house-building 
sector today. It is increasingly common that the contractor uses "system thinking" as a 
strategy, which means that a total concept is taken where different parts of the process are 
integrated. For exarnple, with regard to single-family houses, the productivity increased with 
45% between 1968 and 1997 by integrating the process of design and production, while the 
corresponding increase for multi-family dwellings was only 15%, (BKD, 2000). It is unc1ear 
if the "system thinking" trend will increase in the future and what consequences this will have 
for building process. 

Below, the possibilities of the studied actors for influencing the choice of structural frarne will 
be discussed. As already mentioned, the result is based on personal interviews and therefore 
will contain subjective points of views. 

1.2.3.1 The architect 

Traditionally, the architect has the key role in the planning of building projects and thus the 
responsibility, with the assistance of structural and technical supply engineers, for the overall 
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functional and esthetical quality and for the adaptation of the new building into the local 
environment. 
Regarding multi-dwelling buildings, it is increasingly common in Sweden that large 
construction companies such as JM, NCC and Skanska produce residential buildings as own 
development projects. See Figure 1.4. With the aim of increasing the productivity, 
standardised house-building concepts are being introduced. It is generally acknowledged that 
the productivity issue is important and pressure has been put on the building industry to 
address this, (BKD, 2000). 
Consequently, it is necessary that the standardised concepts are sufficiently flexible and open 
not to obstruct the freedom of the architect. Furthermore, attention should be paid to the risk 
that the architect's role could be limited in the context of own-development projects including 
company based, standardised technical solutions. 
In Sweden the architect is primarily involved in the early stages of the building process, a 
situation different from that in many other countries, where the architect is involved in the 
whole building process. In Denmark, for instance 1/3 of the architect's work is related to the 
production phase. Further, an obvious advantage of the architect' s increased learning through 
irnproved feedback from the production is the safeguarding of the realisation of the overall 
building quality. 

1.2.3.2 The structural engineer 

Similar to the architect, the Swedish structural engineer has a rather limited dialogue with the 
contractor and the material suppliers, such as the ready-rnix concrete producer, both in the 
planning and the execution phase. 
There are probably differences in the quality of the dialogue, depending on whether the 
structural engineer is hired as a consultant or employed in-house by the contractor. The 
competence in production technique and materials technology is of ten limited, maybe due to 
ambiguity of responsibility. 
The co-operation between the structural engineer and the contractor on the one hand and the 
ready mix concrete producer on the other, differs when comparing house building to civil 
engineering construction. The average structural engine er in civil engineering of ten practises 
significantly more advanced concrete technology compared to the structural engineer within 
house building. In civil engineering construction, there is normally also a frequent dialogue 
between the actors conceming advanced concrete technology. Many of the persons 
interviewed mean that this dialogue very of ten is missing within the house-building sector, 
where the utilisation of new concrete technology is less valued. 

1.2.3.3 The contraetor 

As shown in Figure 1.4 the contractor's role as a general contractor within house building has 
more and more been changed into to the role of own development contractor. 
By some of the interviewed persons, the own development and the design and build contract 
models are considered to encourage more production-oriented design and choice of materials. 
The competence and knowledge of each actor may more easily be shared if there are open 
dialogues. 

It is believed by many of the persons interviewed, that in the previously often used general 
contract models, the contractor is not able to influence the planning process, which leads the 
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investor together with the hired consultants to be decision makers within the early stages of 
house-building projects. 
In the design and build contract form though, there are probably increased opportunities for 
the contractor to influence the planning process. Eut some of the interviewed persons state 
that even for this contract form, "system thinking" inc1uding feedback and open dialogues 
with the subcontractors, e.g. the concrete producer, is seldom established. 
The interest for and utilisation of new concrete materials technologies, or advanced structural 
design, has often been low in the ordinary house-building sector, compared to the civil 
engineering sector. However, with regard to new concepts created within own development 
contract modeis, the opportunities for usage of new design, production and materials 
techniques may be c1earer, if the actors are able to have open dialogues during the planning 
process and feedback in the production phase. These concepts may further increase the 
utilisation of new technology without focusing on questions conceming, for instance, 
responsibility, which of ten is described as a main obstac1e today in the implementation of 
novel technology. 
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Figure 1.4 Production ofmulti-family dwellings in Sweden. Contract models 'proportion and relative 
production quantity according to SCE (2000). 

1.2.3.4 The concrete supplier 

Due to the aim of the research project, special attention is paid to the roles of the ready-mix 
concrete and concrete element suppliers. 
During the so-called "Million Programme" in Sweden 1965-1975, more than l million 
dwellings were produced. Some persons interviewed believe that the huge amount of ready­
mix concrete and prefabricated concrete elements that was needed further influenced the 
attitude of the concrete producers; the ready mix concrete producer did not have to make any 
big efforts in marketing the product. It was selling itself. The precast concrete industry 
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developed systems adapted to fit large-scale projects with great repetitiveness, and large 
precast plants were in operation in the vicinity of the larger cities. 
During the time af ter termination of the "Million Programme" until today, the production of 
ready mix concrete for the house-building sector, as well as the production of multi-family 
buildings, has decreased. 
However, the way of thinking and traditions, created during the "Million Programme" are still 
very strong, especially in the parts of Sweden remote from the big city areas and where there 
is a lower grade of competition between the concrete producers. 
The ready mix concrete producers are seldom engaged in the early stages of the house­
building process. Due to this fact, it is almost impossible for the concrete producer to 
influence the planning of house-building projects. In several cases, especially in the low 
competition markets, the concrete producer is described as being "only a supplier of concrete 
to the building site" . 
The concrete supplier's ca-operation with the architect and structural engineer is almost none. 
However, during the last years a fairly dose co-operation conceming the question of how to 
controI the drying of concrete in order to secure a healthy building has been established. This 
question often forms a decision criterion for the choice of concrete quality because of the 
close link to both production time and production costs. Another exarnple of increased co­
operation is the implementation of self-compacting concrete, SCC, which has set 
requirements for a dear dialogue between the ready-mix concrete producer and the contractor. 
The collaboration between the ready-mix concrete producer and other actors in the building 
process is normally limited to the contractor and in most cases co-operation starts af ter the 
planning process. The potential advantage of interaction in the early stages can be illustrated 
by the exarnple of the structural engineer making structural use of a high concrete strength, 
selected in order to meet the concrete drying criteria. The other actors' technical knowledge is 
of ten considered inadequate by the concrete producer, which limits the possibilities to reduce 
production cost and to increase the technical performance of the building. Spreading 
knowledge of novel concrete materials technology within the house-building sector may be 
difficult, due to the sector' s generally low interest in new concrete technique and due to the 
varying and occasionally also limited technical competence within the concrete ready-mix 
industry, especially in the low competition markets. 

The marketing arguments for the concrete element producer, in comparison to the ready mix 
concrete producer, partly consist of that the element producer is able to offer a total concept 
including structural design, which is seldom the case in the concrete cast in-situ alternative. 
The precast concrete producers can offer more or less complete packages of strnctural frames 
including the design and building erection phases. Some producers in Sweden, as for instance 
SCF Strömsund AB, Skanska Prefab and Strängbetong AB, have developed complete systems 
for multi-dwelling buildings incorporating not only the structural frarne but also finished 
facades including windows and technical systems for heating and ventilation. To exploit the 
precast technology properly it is deemed necessary that the precast pro duc er should be 
engaged early in the project planning process. 

One way for the ready-mix concrete industry to increase the co-operation between the 
involved actors in building of structural frames is to establish organisations, acting both as 
materials producer, structural engineer and contractor. In the city of Gothenburg the ready 
mix concrete producer Färdig Betong AB has started co-operation with contractors by 
forming a structural frame company, and in Stockholm the construction company 1M AB has 
introduced a special structural frarne organisation 1M Stombyggnad. This seems to be one 
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way to get more "system thinking" and feedback and clearer definitions of the responsibilities 
of the different partners involved in the production of structural frarnes. 

1.2.4 Building process related aspects on structural frames - summary and 
conclusions 

Within the house-building sector, some actors are seldom involved in the planning phases of 
projects. For example, in most cases subcontractors and material suppliers do not co-operate 
with either the architect or structural engineer. The opportunity for different actors to 
influence the choice of structural frarne is largely dependent on the form of contract adopted 
for the project. In Sweden, the production of multi-dwelling buildings is dominated by the use 
of a form of contract for self-development projects. This form of contract often embodies total 
concepts, which would promote a higher level of co-operation and feedback, compared to the 
more traditional general form of contract. On the other hand, the concepts can be criticised for 
being too focused on the production phase and based on company standards whilst reducing 
the influence of some actors. In the ready-rnix conerete industry, special frame-building 
companies have to some extent been established, addressing the potential for increasing the 
market shares by offering complete structural frarnes through organisations including the roles 
of both structural designer, concrete supplier and contraetor. With regard to the 
implementation of novel concrete materials technology, this may decrease the uncertainties 
regarding responsibility and lead to opportunities for increased competenee and feedback. 

Compared to the civil engineering sector, in house building, utilisation of new concrete 
materials technologies for the eonstruction of structural frarnes is limited, due to the 
traditionally low interest in novel technology and grade of co-operation between the involved 
actors. This leads to that the potential of concrete east in-situ structural frarnes is not fully 
exploited. During the last decade, new concrete materials technologies such as self­
compacting eoncrete (SCC) and high performance concrete (HPC) have been developed. A 
more frequent use of these teehniques would probably result in advantages in design, 
production and function of the buildings. See further Chapter 2 "New concrete materials 
technology (HPC and SCC)". However, if new concrete materials technology is to be 
integrated into house building, the tradition of low degree of co-operation between the actors 
as well as the low interest in developing the structural frarne has to be broken. 
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Chapter 2 

New concrete materials technology (HPC and SCC) 

Concrete materials research is petformed extensively around the world. During the past 
decade, considerable research effort has been put into both high petformance concrete (HPC) 
and self-compacting concrete (SCC). These new technologies have been implemented 
especially within civil engineering work (e.g. bridges, roads and offshore construction) and in 
the construction of prestigious high-rise buildings. In Swedish low- medium rise house 
building, HPC has been implemented to some extent with the aim of reducing the concrete 
drying times and/or formwork removal time. SCC has been used in attempts to obtain more 
rational production. But, most cast in-situ concrete is used in the sarne way and by the same 
kind of building process organisation as in past decades, despite the increasing 
competitiveness of other materials like wood or steel. 

However, the concrete materials research concentrates mainly on technical aspects. Non­
technical aspects concerning, for instance, obstac1es to implementation, or incentives, such as 
econornic benefit, are often lirnited. Some research though, has shown that rationalisation is 
possible when using new concrete technology. In Sweden, research results show practical 
advantages and cost savings from the use of HPC - see, for exarnple, Hallgren (1993) and 
Persson (1996) who describe some of the econornic benefits. Commonly though, just one or 
two aspects are exarnined in this type of research. A total concept that would highlight the 
range of opportunities available from using this novel technology is lacking. Indeed, the latter 
point is a fundamental issue for construction process improvement and forms the primary aim 
of the research project. 

By utilising novel concrete materials technology, the technical disadvantages of ordinary low­
grade house-building concrete for the construction of cast in-situ concrete structural frarnes, 
according to Chapter 1, can be countered. This chapter aims at describing the concrete 
materials technologies HPC and SCC, describing international research, materials 
characteristics and utilisation areas. Besides, it briefly describes the potentials with regard to 
design, production and function of structural frarnes in multi-dwelling buildings as well as 
obstacles (both technical and organisational) for implementation. 

2.1 HPC 

2.1.1 HPC - history 

2.1.1.1 International research and experience 

In the 1980s, concrete with silica fume in combination with super-plastisicers was developed 
to give increased strength, thereby creating new possibilities for concrete structures such as 
columns in high-rise buildings (Walraven, 1999). This new material was termed high strength 
concrete (HSC). However, the concrete had other properties such as high durability, and was 
used in other kinds of construction, for instance in offshore. These new properties led to the 
name being changed to that of high petformance concrete (HPC). The benefits of HPC lead to 
opportunities for its' utilisation within a range of applications. During the 1990s, research and 
applications of HPC have increased drarnatically (Helland, 1996). Over the past few years, 
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HPC has been common in offshore construction, bridges, tunnels, roads and high-rise 
buildings worldwide. Helland (1999) argues that the concrete sector has changed from a low­
tech to a high-te ch sector and must continue to develop and implement novel concrete 
materials technology in order to compete with other materials. According to Walraven (1993), 
the conservative construction sector has to extend international building codes and get 
accustomed to the idea of using HPc. Increased knowledge in new materials technology may 
be necessary for designers, if the new materials are to be fully exploited and their potential 
risks are to be properly handled (Walraven, 2000). Helland (1996) further argues that 
international codes must follow technical development in order to avoid major step changes. 

Regarding house building, international research on HPC concentrates mainly on high-rise 
buildings. In the US, HSC was at first used in columns in high-ris e buildings to achieve 
greater height and stiffness and to reduce column sizes (Russel & Fiorato 1994). Hoff (1993) 
gives an overview of HPC in high-rise buildings constructed in the VS before 1992. In Asia, 
the use of HPC in Japan is described by Ikeda (1993), in Singapore by Chew (1993) and in 
China by Chen & Wang (1996). Incentive for using HPC in high-rise building s in Asia has 
been its' high degree of earthquake resistance (Jinnai, 1999). In summarising the use of HPC 
in high-rise buildings, the incentive in most cases has been the increased strength of concrete 
columns, allowing greater height and larger floor area. 

2.1.1.2 Swedish research and experience 

A major Swedish research progranune on HPC was during the years 1991-1997 conducted by 
Swedish companies, institutes and universities. The programme was financed both through an 
industry consortium and through governmental funding. The main result is presented in two 
handbooks, one on material perfonnance and one on the design of HPC (Swedish Building 
Centre, 2000a, 2000b). The results cover a wide range of research areas but also detailed 
infonnation regarding technical aspects. The most relevant research concems concrete 
production, material properties (strength, defonnation, durability) and structural analysis. 
Hardly any of the result covers econornic or utilisation-related aspects. 

In Sweden, like the rest of world, HPC has been implemented mainly within civil engineering 
works. There are rnany examples of how the increased durability of HPC (due to the increased 
denseness of the material structure) has been utilised within the construction of bridges, 
tunnels etc. Another incentive for using HPC within the civil engineering area is the 
advantages through reduction of dead load and the possibilities for reduced material volume 
and/or increased bearing capacity. Also, from a production re1ated point of view, HPC has 
been utilised for earlier fonnwork stripping, early post-tensioning of reinforcement and 
reduction of problems connected to winter casting. 

However, within the Swedish house-building sector, HPC has been utilised mainly for reasons 
related to moisture-related problems. HPC with low waterlcement ratio has been utilised 
through its' self-desiccation properties. However, the automatically increased bearing 
capacity of concrete with low water/cement ratio is seldom utilised. To a small extent HPC 
has also been chosen for more rapid production cyc1es, especially during wintertime. 
Compared to the international utilisation of HPC in high-rise buildings, Sweden has very few 
examples, due to the fact that these types of buildings historically are very rare in Sweden, 
even in the big city areas. During the last years though, a small number of high-ris e building 
projects have been executed and some presumptive projects are in the planning phase. 
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Whether the utilisation of HPC will be increased for the se types of building is somewhat 
uncertain. 

2.1.2 HPC - som e important properties compared to NPC 

High performance concrete addresses function-related aspects. The most commonly required 
function of HPC is the increased compression strength and, as already mentioned, the former 
name was high strength concrete (HSC). However, concrete with a high level of compression 
strength often inc1udes a number of other properties with increased performance, e.g. more 
rapid strength development, higher tensile strength and elastic modulus, increased self­
desiccation and a more dense structure. These properties create opportunities for further 
increased functions with regard to other aspects than pure compressive strength. According to 
the Swedish nomenc1ature, HPC might be defined as concrete with cube compression strength 
of more than 80 MPa or more and a water/cement ratio (wie ratio) of 0,40 or less. The 
definitions concerning HPC differ around the world. 

Compression strength 
The compression strength, as weIl as many other properties of HPC, derives mainly from the 
low wie ratio, which is reached by increasing the amount of cement and/or reducing the water 
content by water reducing admixtures. Below, Figure 2.1 shows the relation between 
equivalent w/c ratio (regard is taken to that l kg of silica fume corresponds to 2 kg of cement) 
and compression strength, determined on 100 mm cubes at 28 days age. The reason for the 
spread in the result is that different types of aggregate were used in different mixes and that 
the compaction degree varied. The quality of the measurement equipment and the test 
procedure may affect the result. The smoothness of the surfaces significantly influences the 
result. Improper grinding of the plate surfaces may lead to a significant reduction of the 
estimated concrete strength. 
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Figure 2.1 Concrete cube compression strength at 28 days age as function of the equivalent 
water/cement ratio (Hassanzadeh, 2000), based on work by Hassanzadeh, Gabrielsson and Claesson. 
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Tensile strength 
The tensile strength is not increasing linearly with the compression strength of concrete. 
According to the Swedish building regulations, an increase of the compression strength from 
30 to 80 MPa only permits an increase of the characteristic tensile strength from 1,6 to 2,5 
MPa, if special investigations are not able to verify a higher value. Severallaboratory studies 
though show that the tensile strength may be increased to approximately 7 MPa. See Figure 
2.2 below, which displays the interaction between splitting tensile and compression strength 
(100 mm cubes, 28 days age). The spread of the result is probably based on the variety of 
used aggregate and differing types of concrete samp1es (Hassanzadeh's data corresponds to 
100x200 mm cylinders, Gabrie1sson's data to 100 mm cubes and Claeson's data to 150x300 
mm cylinders). 
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Figure 2.2 Concrete cube and cylinder splitting tensile strength as function of cube compression 
strength (Hassanzadeh, 2000). 

Deformation (Elastic modulus) 
Similar to the tensile strength, the e1astic modulus (E-modulus) of concrete does not increase 
linearly with the compression strength. Increased compression strength leads to a rather 
limited increase of the e1astic modulus. According to the Swedish building norms, it is 
allowed to utilise a characteristic E-modulus of 30 GPa for concrete corresponding to a 
strength dass of K30 (cube compressive strength). Of the maximum allowed concrete 
strength dass of K80 the allowed E-modulus is limited to 38,5 GPa. As with the tensile 
strength, the Swedish norm allows higher value of the E-modulus if special investigations are 
conducted. A method for increasing the E-modulus is utilisation of aggregate with high E­
modulus. Severallaboratory studies show that a value of approximate1y 50 GPa can be used if 
aggregate of type diabase is used. See Figure 2.3 below, which presents the e1astic modulus of 
concrete as function of the concrete cylinder compression strength (Hassanzadeh, 1998). 
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Figure 2.3 Elastic modulus of concrete as function of cylinder compression strength for various 
qualities of aggregate (Hassanzadeh, 1998). 

Autogenous shrinkage 
According to Figure 2.4 below, HPC leads to larger autogenous shrinkage (shrinkage without 
moisture loss), than NPc. This depends on the self-desiccation occurring in concrete with low 
w/c ratio. 
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Figure 2.4 Autogenous shrinkage as function of age of maturity. Fcc(28)=50-150 MPa, 
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Drying peiformance, self-desiccation effect 
The drying process for HPC also differs significantly from that of ordinary concrete (Persson, 
1998). In HPC there is a significant self-desiccation caused by cement hydration. Self­
desiccation also occurs in NPC, but in HPC it also causes a lowering of the w/c ratio. This 
depends on the shape of the sorption isotherm curve, which for HPC is significantly more 
flattened than for NPC, see Figure 2.5. For HPC, a self-desiccation of 25% of the moisture 
content (Wn), leads to a RH level of approximately 70%. Compared to NPC, the same level of 
self-desiccation only reduces the RH level to approximately 96%. 
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Figure 2.5 Sorption isotherm of HPC compared to NPC (Fager/und, 1994) 

Self-desiccation of HPC reduces the required time for reaching the desired RH level. Figure 
2.6 displays the correlation between w/c ratio and the required drying time for reaching 85 
and 90% RH on 36 mm depth from the surface in a 180 mm concrete slab with two-sided 
drying. Note that two of the concrete types include 5% of silica fume (market with "Si"), 
which further increases the drying effect. The cement is a Swedish high-alkali OPC (Slite 
Std). 
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Figure 2.6 Drying time as function of w/b ratio (Hedenblad, 1996). 

Rapid strength development 
Compared to NPC, HPC gives significantly more rapid strength development, due to the low 
w/c ratio and high amount of cement. Figure 2.7 shows strength development curves for 
different concrete strength c1asses. Time is expressed in terms of maturity time at +20°C. The 
curves are valid for the Swedish cement type "Std Degerhamn", which is a low-alkali sulphate 
resistant cement. The strength development of concrete with Swedish OPC is more rapid. For 
a K40 concrete, approxirnate1y 180 hours is required, compared to a KI20 concrete, which 
requires approximately 30 hours. 

Compression strength, MPa 
lee (~fJ) 

140 

l' Hl 100 1{)O(J 
Maturity, h 

Figure 2.7 Concrete compression strength as function of the age of maturity for various concrete 
strength classes (Emborg, 2000). Maturity is dejined as the curing time at +20 "C. 
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Other important properties of HPC 

• Service life (durability) 
The dense structure of HPC creates opportunities for increased service life of concrete 
structures. 

• Environmental aspects 
When it comes to energy consumption, the negative effects of increased cement 
content of HPC may be partly balanced by decreased volume of concrete if the 
increased load- carrying capacity is considered. When estimating the energy 
consumption of buildings, it is important to consider the total service life 
consumption, which is assumed to consist of 85% during the usage phase and 15% 
within the production phase (also inc1uding the manufacturing of building materials). 
HPC creates opportunities for further increased building function related energy 
savings, see Chapter 5.4 "Decreased energy-consumptions by utilisation of HPC". 

The described properties of HPC, derived largely from its' low w/c ratio, allow increased 
function and more efficient production of concrete structures. The list below briefly displays 
correlations between technical properties and main potential function areas of HPC. Further 
descriptions of the various beneficial functions are presented in the next sub section, 2.1.3 
HPC - benefits (generally). 

• High compression strength (28 days) - improved design 
• High tensile strength (28 days) - improved design 
• High elastic modulus - improved design 
• Dense structure - improved serviceability (ductility) 
• Self-desiccation - more efficient production 
• Rapid strength development - more efficient production 

2.1.3 H PC - benefits (generally) 

As rnentioned, within the international house-building sector, HPC is to the largest extent 
utilised for the production of high-rise buildings. The high compression strength of HPC 
provides opportunities for HPC-columns to increase the building height and/or reducing 
materials costs. Occasionally, the fast strength development of HPC is utilised for rapid 
production cyc1es. 

This sub section describes generally the potential benefits of HPC in low- medium rise house 
buildings. The section is divided into three parts: structural design, production and building 
function related benefits of HPC for house building. For further details, see chapters 3, 4 and 
5, which present conducted studies ofpresumptive benefits. 

2.1.3.1 Structural design related potential of HPC 

For low- medium rise buildings, HPC enables three main benefits cornpared to NPC, from a 
structural design related perspective: 

• Increase of slab spans 
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• Reduction of amount of concrete material 
• Reduction of amount of reinforcement 

To increase slab spans by using HPC, it is necessary to utilise the potentially higher tensile 
strength and/or E-modulus of HPC, compared to NPc. A high value of the concrete 
compression strength itself does not significantly affect the possibilities for increased slab 
spans to large extent, neither with re gard to the ultimate nor the serviceability limit state. The 
conducted structural design study (see Chapter 3) using increased values of tensile strength 
and E-modulus, presents a significant potential of HPC for increasing slab spans, both for 
slab/wall and slab/colurnn structures. For instance, the span for slab/wall structures can be 
increased by 20% and slab/colurnn structures by 50% when the tensile strength is increased 
from 2,5 to 5,0 MPa. The same comparison but with regard to an increase of the E-modulus 
from 30 to 50 GPa results in increase of 15 and 15%. These possibilities of increasing the 
span are based on non-stressed reinforcement. If post-stressed concrete is used, the span can 
be further increased due to the high compressive strength. This possibility has not been 
investigated in the project. 

The potential for increased slab span also creates opportunities for reducing the slab thickness 
and/or reducing the reinforcement amount if the slab span is not increased. Especially 
concerning slablcolurnn structures there is a significant potential if re gard is taken to the risk 
for concrete punching, which of ten is managed by increase of concrete thickness and/or 
increase of reinforcement. 

Another advantage of HPC, both from perspectives of structural design and production, is the 
self-desiccation effect. This enables a significantly faster drying process for HPC than NPC. 
Furthermore, in HPC the drying time becomes more independent of the concrete thickness, 
which for NPC may be a critical factor, due to the heavy extended drying and production 
time. In other words, it is possible to produce thicker structures without any extended drying 
times if HPC is utilised. 

To summarlse, HPC has potential for producing larger spans or slimmer constructions for 
low- medium rise house buildings, as weil as reducing the amount of reinforcement and/or 
concrete material amount. 

2.1.3.2 Production related potential of HPC 

Fast drying 
From a production perspective, the reduced drying time of HPC, by utilisation of the self­
desiccation effect, allows floor coverings to be applied earlier. According to Swedish praxis, a 
relative humidity (RH) level of 85 or 90%, measured on the equivalent depth in the concrete 
structure, is required for many often-used floor-covering materials. Equivalent depth is the 
depth from the drying surface of which RH has the same value as will appear af ter long time 
on the bottom side of a flooring material that is 100% impermeable to moisture. Chapter 4 
aims at investigating the production related potential of HPC. The results present large 
differences in drying time required for reaching 85 and 90% RH for different concrete 
qualities, formwork-systems, slab thickness, surrounding climate conditions etc. For instance 
the results shows that a concrete slab needs 15 months of drying time for reaching a RH-level 
of 85% when NPC is used, compared to 3 months if a certain type of HPC is utilised, for the 
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same eonditions, see Figure 2.8 below. This advantage of HPC gives opportunities for both 
shorter total produetion time and lower production eost. 
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Figure 2.8 Required drying time for reaching 85 and 90% RH at the equivalent depth (for definition, 
see above) as fimction of w/c ratio. Data from Chapter 4. The result is based on calculations by the 
PC-program TorkaS 1.0 (1998). Conditions are slab thickness 0,20 m, double-sided drying and 
controlled drying climate (air RH 60% and air temperature 18 'e) from the start of casting. 

Rapid strength development 
The fast development of strength of HPC can be utilised for redueed produetion time and cost, 
through decreased time for reaehing the minimum strength value required for formwork 
removal etc. This enables rational use of formwork systems and shorter production cyc1es. 
Also, for post-tensioning of reinforeement, the time for reaching the required minimum 
strength level can be redueed. Espeeially during wintertime the rapid heat and strength 
development of HPC can be used for reduction of problems with early freezing and long 
fonn-skipping time. According to the second part of Chapter 4, which presents the result of a 
study airning at estimating the benefits of HPC regarding rapid strength development, an 
increase of the cement content also significantly reduees the risk of early freezing of the 
conerete strueture, (Fagerlund et al., 1999). Not only can the eosts for redueed produetion 
time be decreased. There are also the opportunities for eost-savings by reduetion or 
elimination of winter eonerete proteetion methods sueh as eovering, insulating and heating of 
the eonerete. Figure 2.9, below, presents result from the produetion study of Chapter 4 and 
displays the estimated time for reaehing eompression strength of 20 MPa as funetion of 
various eonerete qualities, with re gard taken to three kinds of surrounding c1imate. 
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Figure 2.9 Required time to reach a concrete compression strength of 20 MPa as function of various 
concrete qualities, with regard taken to three kinds of surrounding climate. The result is based on 
caleulations according to the production related study of Chapter 4 through the PC-program Hett 97 
(1997), which estimates the heat and strength development of concrete structures with regm-d to 
various climate conditions and production methods. By winter conditions means -5°C air temperature 
and summer conditions +15 °C air temperature. In the calculations, used protection methods are 
covering, heat insulation of form and heating of concrete by irifra heaters. Slab thickness 0,20 m. 
Plywood form 19 mm. Concrete temperature at casting during winter is +15 CC. See Chapter 4 for 
fitrther details. 

2.1.3.3 Building function related potential of HPC 

HPC also provides advantages concerning the function and use of the building. Larger spans 
in combination with light, easy dismountable, partition walls allows a higher grade of 
flexibility through increased rebuilding possibilities. Concerning the fast drying process, an 
advantage may also be the possibility to, in a rationaI way, avoid moisture re1ated health 
problems that sometimes have been blamed on inadequate drying time before floor covering. 
The self-drying effect can also be used to improve acoustic qualities by allowing thicker slabs 
without any extended production time. Thicker slabs also allows for increasing the free span 
between walls and columns. 
Chapter 5 further describes the building function related benefit of HPC. 

2.1.4 HPC - obstacles (generally) 

There have been obstac1es for utilising HPC, from technical as well as organisational and 
econornical perspectives. Many of the impediments for exploitation of HPC have been 
managed, for instance through research and deve10pment of the technology and in 
combination with feedback from successful projects. However, there are still irnplementation 
problems to solve, especially within the low- medium rise house-building area. This section 
briefly describes the obstac1es for HPC within house building in Sweden. See Chapter 6 for 
further detailed descriptions. 
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2.1.4.1 Technical obstacles 

Technical obstac1es for the implementation of HPC concem both the production of ready-mix 
HPC with regard to the quality of ingredient materials (cement, aggregate, admixtures) and 
the requirements for increased quality controlof the ready-mix concrete process. Besides, 
there might be technical performance problems of the fresh and hardened concrete on site. 
The list below displays three main areas of obstac1es and issues for implementation of HPC. 
Also, solutions to these main obstac1es, based on novel research, are exemplified. 

• Ready-mix concrete production (development of new cements and admixtures, 
investigations of the availability of high-quality aggregates, development of methods 
for mix-proportioning) 

• Fresh concrete (e.g. development of methods for studying workability and stiffening 
of the concrete mass) 

• Hardened and hardening concrete (increased knowledge of mechanical, physical and 
chernical properties ) 

2.1.4.2 Obstacles with regard to the building process 

In comparison to the technical obstades, many of the building process related problems for 
utilisation of HPC are still unsolved, mainly within the house-building sector. The main 
obstacles for increased utilisation of HPC within house building are: 

• Conservatism 
• Lack of knowledge and low interest for innovations 
• Missing feedback between the actors 
• Unc1ear responsibility 
• Limits within the building codes 
• Economy issues focused on direct materials costs and not the total life cyc1e for 

buildings 
• Sub-optimisation (no regard taken to multi-benefits) 
• Prising of HPC (criticised product costs with regard to "true" materials costs) 
• Added costs to HPC due to the high quality (added controls etc) 

2.2 see 
2.2.1 see - history 

2.2.1.1 International research and experience 

Self-compacting concrete (SCC) is based on new types of highly efficient water-reducing 
admixtures combined with high filler contents, e.g. limestone or special fine-grained sand. 
The main advantage of SCC is that compacting work with vibrators can be elirninated. 
Research into SCC started in Japan in the 1980s. The intention was to manage durability 
problems caused by insufficient compacting of concrete (Okamura & Ouchi, 1999). The first 
prototype rnixes became available in 1988 and made concrete casting possible without 
vibration. This material was, in fact, named high performance concrete. In Japan, the 
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definition HPC inc1udes self-compacting concrete. Over the past few years, SCC has been 
introduced progressively around the world but the amount of work is still only a fraction of 
total concrete production. In 1997, SCC amounted to a mere 0.1 % of the total production of 
ready-mix concrete in Japan (Ouchi, 1999). 

2.2.1.2 Swedish research and experience 

No major national research prograrnme, like that performed on HPe, has been conducted on 
SCC in Sweden. However, Swedish research on sec has been carried out since the middle of 
the 1990s. The first full-scale project inc1uding sec, a road bridge, was carrled out by the 
Swedish National Road Administration in 1998. Incentives for utilising SCC within this 
project consisted mainly of potentially improved strength, assumed increased service life, 
better aesthetic quality and higher cost-efficiency (Skarendahl, 2001). The project was 
successful and resulted in a nurnber of projects where sec was used with the aim of 
e1iminating vibration work, since this is personnel demanding and causes work environmental 
disadvantage when used for cast in-situ concrete. SCC also causes high-quality concrete 
surfaces with less finishing-work as result. Within both the civil engineering and house­
building sector, the use of sec has increased in Sweden during the last five years and has 
been regarded as one of the most important technical innovations for a more rational way of 
building with cast in-situ concrete. There are also projects where sec has led to technical 
problems, as for instance concrete segregation with non-satisfying surfaces as result, concrete 
cracking due to plastic shrinkage and form failure due to high form pressure. An extensive 
development and utilisation of new concrete additives has taken place, and on the Swedish 
market, several SCC-concepts are practiced. It is believed that further research on see is 
required to secure a robust and fully satisfying product. In a recent report on SCC, published 
by the Swedish Concrete Association (2002), properties, research, recommendations etc, are 
presented. Required research areas and the organisating of a presumptive national see 
research prograrnme are also described by Emborg (2002). According to the report of the 
Swedish Concrete Association, the following areas exernplify where sec-research is ongoing 
in Sweden: 

• Filler effect (increased strength for the same w/c ratio) 
• Form pressure 
• Shrinkage 
• Cracking 
• Quality of concrete surface 
• Separation 
• Stiffening and tixotropy 

See 2.2.4 "scc - obstac1es (generally)" and 6.1.2 "Technical obstac1es for the 
implementation of SCC" for further descriptions of technical issues concerning SCC. 

2.2.2 see - technical properties 

Ordinary concrete requires external compacting work by internal or external vibrators for 
proper compaction of the concrete, filling the form and covering the reinforcernent. In order 
to create the self-compacting effect of SCC, which elirninates the need for vibration work, the 
friction between the partic1es needs to be reduced, plus, the stability of the fresh concrete has 
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to be managed. This can be done by utilising a high content of filler (partic1es < 0,125 mm) 
together with high-efficient super plastisicing and/or viscosity increasing additives. High filler 
contents, e.g. lime stone or glass filler, increase the viscosity of the water phase, which aims 
at keeping larger partic1es suspending and further avoiding concrete separation. Super­
plastisicers aim at increasing the dispersing-effect and further decreasing the friction between 
the partic1es. 

There are several concepts for producing see. The most frequently used concept consists of a 
combination of very efficient additives and limestane filler together with increased cement 
content. Alternative concepts of ten contain other types of filler, as for instance glass filler, or 
no filler at all. Below, three different kinds of mix-concepts for see are presented, of which 
the first one, that contains both super-plastisicer and filler, is the most commonly used in 
Sweden: 

1. see based on super-plastisicer (dispersing) and filler 
A proper mix of partic1es, water and super-plastisicer may result in satisfying stability, 
viscosity and flow. The balance between flow and stability is very important. The 
filler properties affect the stability and viscosity and the super-plastisicer affects the 
flow performance. 

2. see based on super-plastisicer and viscosity increasing admixture combined with 
reduced amount of filler 
Utilisation of additives, which increase the viscosity, leads to that the required amount 
of filler is reduced. However, this concept requires a finer gradation curve of the 
grave1 than concept 1. 

3. see based on super-plastisicer and viscosity-increasing admixture 
In this type of see, stability is achieved by the viscosity-increasing admixture. No 
filler is required. The balance of the additives is very important and in practise hard to 
manage. 

Various new types of test methods are deve10ped in order to measure important properties of 
the fresh see, for example, the L-box, slump flow test (w/wo T50), Tixomethod, J-ring and 
V-funnel. see requires increased testing on the ready-mix plant as weIl as on the building 
site, in order to verify that the required self-compacting ability and stability of the fresh 
concrete are achieved. 

2.2.3 see - Benefits 

2.2.3.1 General 

With see there are new possibilities conceming design. For instance, densely reinforced 
structures, which are difficult or irnpossible to produce according to traditional production 
methods, can now be produced. 
see is also a solution to problems with work enviromnent. White fingers on concrete workers 
will be eliminated and the building site will be significantly more si1ent without the noise 
from concrete vibrators. Furthermore, the elimination of the vibration means rationalised 
casting technique with need of less personne1 and presumptively reduced production costs. 
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Smooth, high quality surfaces can be produced directly without the expensive finishing work 
often needed when concrete is cast traditionally. 
The two main beneficial areas of see therefore are: 

• Improved work environment and increased productivity 

• Possibilities for designing more advanced concrete structures with more densely spaced 
reinforcement 

2.2.3.2 Production related potential of see 

Mizobuchi et al., (1999) have described see as one of the most innovative developments in 
the field of concrete technology. Byfors (1999) discusses the use of see in the context of the 
industrialisation of cast in-situ concrete, which eliminates compaction work. There are many 
advantages in using see, not least the improved work environment. The elimination of 
vibration work leads directly to a reduction in manpower on job sites. It accelerates the 
production process and improves quality, durability and reliability of concrete structures, all 
of which generate cost savings (Grauers, 1999). Smooth, high quality surfaces can be 
produced directly without expensive finishing work, which is of ten needed when casting 
concrete traditionally. Also, the proportion of heavy work is reduced and job sites can be 
significantly quieter without the noise of concrete vibrators: this is an advantage both for 
safety on site and for the neighbourhood. 

2.2.3.3 Design related potential of see 

There are also opportunities for designers. For instance, densely reinforced structures, which 
are difficult or even impossible to construct using traditional methods, can be achieved with 
see. One exarnple is the design of the Millennium Tower in Vienna, which is described by 
Pichler (1999) as impossible to build without see. 

2.2.4 see - obstacles (generally) 

2.2.4.1 Technical obstacles 

eompared to HPe, there is a wide range of unsolved technical issues connected to see. 
These technical obstacles for the implementation can be generally divided as follows: 

• Problems related to the production process of ready mixed see (e.g. controi of mix 
ingredients) 

• Problems related to fresh concrete (segregation, form pressure etc.) 
• Problems related to hardened concrete (variety of the quality concerning concrete 

surfaces and covering of the reinforcement, cracking etc.) 

See 6.1.2 "Technical obstac1es for the implementation of see" for further descriptions of 
technical issues concerning see. 
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2.2.4.2 Obstacles with regard to the building process 

Obstac1es for SCC related to the building process are principally similar to those for HPC, and 
to the impediments for technical innovations in general withln the house-building sector. 

• Conservatism 
• Lack of competence and low interest for innovations 
• Missing information-spread and feedback between the actors 
• Unc1ear responsibility (increased responsibility for the concrete supplier due to 

elimination of the traditional compacting work by the contractor) 
• Risks of concrete workers loosing their jobs due to less personne1 requirements 
• Economy issues focused on direct materials costs instead of total project cost 
• Pricing of SCC (criticised product price compared to "real" materials costs) 
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Chapter 3 

Structural potential of HPC within house building 

3.1 Introduction 

Background 

Concrete structural frames are sometimes criticised for leading to short slab spans and limited 
grade of flexibility concerning future adaptation. The criticism is based on the fact that the 
frame is built of traditional low-grade, cast in-situ house-building concrete, in combination 
with supporting concrete partition walls. Other criticism concerns the long drying times that 
lead to extended production times, moisture problems, and specific complications and costs 
when casting during winter conditions. 

The low w/c-ratio of HPC gives higher and more rapid strength development, but also 
increased elastic rnodulus and self-desiccation effect. These properties create advantages in 
structural frames from design, production and building function related point of views. 

HPC has been utilised internationally in high-ris e buildings during the 90s. The incentives 
have been higher bearing capacity that leads to taller buildings and slimmer constructions. 
Within the Swedish house-building sector, HPC has to some extent been used with the aim of 
shortening the concrete drying times, by utilising the self-desiccation effect. To a minor 
extent, HPC is used in Sweden because of its' rapid form removal times and/or less winter 
casting problems. Eut the incentive for using HPC in house building in Sweden has seldom 
been its' larger bearing capacity. 

If the described benefits of HPC are to be gained, various obstacles have to be managed. 
There are technical, econornical and building-process related obstacles for a higher grade of 
utilisation of HPC in the productian of multi-dwelling buildings in Sweden. Benefits from 
many points of view probably must be taken into account if disadvantages, as for example 
higher materials costs, are to be accepted. Therefore it is motivated to focus on the structural 
design related advantages of HPC, which is an of ten forgotten area in the house-building 
sector. 

Aim 

The aim of the study is to investigate the potential of HPC in house building with re gard to 
structural design, e.g. increased spans and decreased slab thickness. Besides, the arnount of 
reinforcement in HPC is analysed. 
By input of "real" measured concrete materials data (compression and tensile strength, elastic 
modulus and creep ratio), different kinds of slab types are calculated without paying attention 
to economical or production related effects (e.g. large amounts of reinforcement and high 
aggregate quality requirements). 

The result of the calculations is aimed to show the structural design potential of HPC. This 
forms the basis for further analysis of synergy effects with regard to the production and the 
function of the building. 
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Method 

Finite element methods (FEM) are conducted by using the PC-program FEM Design Plate 
(2000) developed by "Skanska IT Solutions". For calculations in the ultimate limit state, 
different kinds of spans are simulated, and the required reinforcement with re gard to 
maximum moment for each kind of slab type is calculated. Regard is taken to punching when 
columnlslab structures are used. Variables in these calculations are: the characteristic 
compression strength (21,5 and 56,5 MPa, corresponding to the Swedish K30 and K80 
respectively), the characteristic tensile strength (1,60, 2,50 and 5,0 MPa corresponding to 
K30, K80 and HPC with increased tensile strength) and the slab thickness (0,20 and 0,24 
meters). The theoretical amount of reinforcement based on the real varying moment of entire 
slab sections has also been calculated by summing up the ca1culated amount of reinforcement 
in each FEM node and thereafter calculating the average value. 

In the serviceability limit state, maximum displacement has been calculated and compared to 
the maximum allowed deformation criteria. This method provides the maximum allowed 
spans with regard to deformation. The variables are: the characteristic compression strength 
(same values as defined above), the characteristic tensile strength (same values as defined 
above), the slab thickness (same values as defined above) and the elastic modulus (30, 40 and 
50 GPa) and creep ratio (O and 2). For further description of the method of calculation, see 
section 3.3 "Structural calculations" and Appendix A. 

3.2 Slab constructions - general conditions 

3.2.1 Concrete parameters 

With the aim of estimating the structural design related potential for HPC in house building, 
the effects of a number of concrete parameters are theoretically estimated through finite 
element calculations. As mentioned in the introduction of the chapter, the structural potential 
mainly means the opportunity for increasing the slab spans. 

Concrete compression strength 
To define significant concrete parameters for the opportunities for increasing the slab spans, a 
pre-study was conducted. Examples of the result, see Figure 3.1, display that high levels of 
concrete compression strength, as compared to low, generally do not affect the possibilities 
for increasing the slab spans, unIess the reinforcement amounts exceed the limits for balanced 
reinforcement. Balanced reinforcement is the amount of reinforcement when yield in 
reinforcement occurs at the same time as compression failure in the eonerete. The levels for 
balanced reinforcement (reinforcement quality KS 500) are 1,89% for K30 and 4,55% for 
K80, which strongly exceeds normal amounts used in house building. The concrete 
compression strength does not influence the opportunities for increasing the slab spans when 
using within house building commonly used reinforcement amounts (approximately 0,1-
0,3%). Further, for amounts of 0,5- 1,0%, the differences are significantly less than for other 
parameters like the concrete slab thickness. 
However, the pre-study also indicates that deformations within the serviceability limit state 
strongly limit the slab spans with regard to the in practice often used maximally allowed 
deflection (as for instance span divided with 400, L/400). The pre-study shows that the 
influence of concrete compression strength on the deformations is of minor importance, when 
comparing to other concrete parameters as the elastic modulus (creep ratio) and the tensile 
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strength. On the basis of the pre-study result, the levels of compression strength for the main 
structural design study are lirnited to K30 and K80. According to the Swedish building 
regulations, the K-value defines the minimum level allowed of concrete cube compression 
strength corresponding to the statistic level of the lowest 5%-fractile. Further, the 
characteristic compression strength defines the level that corresponds to 85% of the concrete 
cylinder compression strength. This leads to the characteristic levels of 21,5 and 56,5 MPa for 
K30 and K80 respectively. 

Slab span (m) 

25.-----------------------------------------~ 

20 Ultimate limit state (uls) -II-- K30 0,24 uls 

15 
-*'- K80 0,24 uls 

10 - .. -- -----_.-
- - - K80E30 0,24 sis 

5 Serviceability limit state (sIs) 

o+---------~--------~--------~------~ 

° 2 3 4 

Amount 01 bottom reinlorcement (%) 

Figure 3.1,' Result of the pre-study displaying the irifluence of concrete compression strength on the 
maximum slab span allowedfor a one-way reinforced slab. Regard is taken to the ultimate limit state 
and the possible slab span within the serviceability limit state (maximum deflection allowed = 
span/400). 

Concrete tensile strength, elastic modulus and creep ratio 
For each K-value, the Swedish building regulations allow utilisation of specific characteristic 
levels of the tensile strength as weil as the e1astic modulus. Therefore the values of the 
characteristic concrete tensile strength used in the calculation are set to 1,6 and 2,5 MPa 
corresponding to K30 and K80 respectively. However, if special investigations verify higher 
levels, the Swedish norm allows exploitation of increased levels. Therefore, also the effects of 
characteristic tensile strength of 5,0 MPa are calculated. Though high, this value is assumed to 
be realistic for a well-designed HPC, see further Chapter 2.1.2. "HPC- some important 
properties compared to NPC". 

Further, the Swedish building regulations allow usage of characteristic E-modulus levels of 30 
GPa for K30 and 38,5 MPa for K80. As in the case of the tensile strength, it is allowed to 
utilise higher values if investigations verify this. Therefore the effect is calculated for three 
levels of characteristic elastic modulus, 30, 40 and 50 GPa. These values are assumed to be 
realistic if high quality aggregate is used. By using different values of E-modulus, the creep 
ratio is considered. Therefore the creep ratio is set to O. For some calculations however, the 
creep ratio is set to 2 in order to only display the effect of increased creep ratio, and not 
varying the elastic modulus. For potential exploitation of increased tensile strength and elastic 
modulus, see further Chapter 2.1.2. 
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Summary ofused concrete parameters 
In Table 3.1, the concrete parameters used within the study are displayed. The characteristic 
values are further reduced to design levels using partial coefficients, see further section 3.3.3 
"Material data" and Appendix A "Structural study - background infonnation". 

Table 3.1: K-values. characteristic strength, elastic modulus and creep ratio of the concrete 
parameters usedwithin the study. 

Concrete parameter 

K-value (Swedish Building Standards) 
Characteristic concrete compression strength, feek 

Characteristic concrete tensile strength, folk 
Characteristic concrete elastic modulus, E"k 
Concrete creep rado, <p 

3.2.2 Loads 

Levels 

30 and 80 
21,5 and 56,S 
1,6, 2,5 and S,O 
30,40 and SO 
Oand2 

Unit 

MPa 
MPa 
GPa 

Loads are set in accordance with the Swedish building nonn, BKR99 Chapter 2:321 and 3:4 
(Boverket, 1999), for multi-family residential buildings. The load values and partial 
coefficients, with regard to the ultimate and serviceability limit state for each load type, are 
shown in Table 3.2. For further details, see Appendix A. 

Table 3.2: Characteristic load values used, together with partiaI coefficients (YtJ for both the ultimate 
and serviceability limit state and load reduction coefficients If/. 

Load type Value 

Gk Dead load 2,4 kN/m2 
Qk Variable bound O,S kN/rn2 
Qk Variable free 1,S kN/m2 

3.2.3 Deflection 

Partial coeff. Yr (ultim.) Partial coeff. Yr (serv.) Load red. coeff. \jI 

1,0 
1,3 
1,3 

1,0 
1,0 
1,0 

1,0 
0,33 

The maximum deflection allowed is in the study set to Ll400, where L is the slab span (in 
meters). As a comparison, the effects of the criterion Ll300 also have been estimated. See 
3.5.3 Additionai results. 

3.2.4 Reinforcement 

The reinforcement used in the study is ribbed bars of quality Ks 500, in accordance with the 
Swedish building nonns. See Appendix A for further details. 
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3.2.5 5tudied slab types - general properties 

Six types of reinforced concrete slabs have been analys ed. They represent the most frequently 
used structural frarnes in multi-dwelling buildings. Each slab type induding characteristic 
basic data are presented below. 

Slab type 1: One-way reinforced slab (slab/wall-structure) 

Conditions 
• Slab span, L, varies between 5,0 and 15 m 
• Slab width is set to 1,0 ffi 
• Slab thickness 0,20 and 0,24 m 

• Wall thickness 0,3 m 
• Wall height 3,0 m 

• Hinged connections 
• Uplift of slab end not allowed 
• Safety dass 2 (see Appendix A) Figure 3.2 Slab type 1, one-way reinforced slab 

Sia b type 2: Single, two-way reinforced slab (slab/wall- structure) 

Conditions 
• Slab span, L varies between 5,0 and 15 m 
• Slab thickness 0,20 and 0,24 ffi 

• Wall thickness 0,3 m 
• Wall height 3,0 m 

• Hinged connections 
• Uplift of slab end not allowed 
• Safety dass 2 
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Figure 3.3 Slab type 2, single two-wlry 
reinforced slab. 



Slab type 3: Two-way reinforced inner field (slab/wall- structure) 

Conditions 
• Slab span, L varies between 5,0 ffi 

and 15 ffi 
• Slab thickness 0,20 and 0,24 ffi 

• Wall thickness 0,3 ffi 
• Wall height 3,0 ffi 

• Hinged connections 
• Uplift of slab end not allowed 
• Safety dass 2 

Figure 3.4 Slab type 3, Two-way reinforced 
inner field. 

Slab type 4: Indefinite long girderless floor (slab/column- structure) on facade walls 

Conditions 
• Slab span between columns, L varies 

between 5,0 and 15 ffi 
• Slab thickness 0,20 and 0,24 ffi 

• Column width 0,3 ffi 
• Column height 3,0 ffi 

• Hinged connections 
• Uplift of slab end not allowed 
• Safety dass 2 
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Figure 3.5 Indefinite long girderless 
floar on facade walls. 



Sia b type 5: Indefinite long girderless floor (slab/column- structure) on facade columns 

Conditions 
• Slab span between columns, 

L varies between 5,0 and 15 m 
• Slab thickness 0,20 and 0,24 m 

• Colunm width 0,3 m 
• Colunm height 3,0 m 

• Hinged connections 
• Uplift of slab end not allowed 
• Safety dass 2 Figure 3.6 Indefinite long girderless floar on 

facade columns 

Slab type 6: Inner field of indefinite girderless floor (slab/column- structure) 

Conditions 
• Slab span between columns, L 

vanes between 5,0 and 15 m 
• Slab thickness varies between 

0,20 and 0,24 m 

• Column width 0,3 m 
• Column height 3,0 m 

• Hinged connections 
• Uplift of slab end not allowed 
• Safety dass 2 Figure 3.7 Slab type 6, Inner field o/indefinite 

girderless floar. 
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3.3 Structural calculations 

3.3.1 Calculations performed 

For each of the 6 slab types described above, calculation of the ultimate and serviceability 
limit state was perfonned using the FEM-program FEM-Design Plate 3.50 (2000). The 
calculation was made according to the following steps. 

Step 1 Choice of slab 
• Type of slab 
• Dimensions 

Step 2 Choice of material parameters 
• Concrete parameters 

• Compression strength 
• Tensile strength 
• Elastic modulus 
• Creep ratio 

• Reinforcement parameters 
• Reinforcement quality (only one type used, KS 500) 
• Amount of reinforcement (to simulate effects within the serviceability limit 

state) 

Step 3 Consideration to eraeking and load conditions 
• No regard to crac1dng of concrete in the ultimate limit state 
• Regard to cracldng of concrete in the serviceability limit state 
• Regard to different load combinations 

Step 4 Results 
• Required bottom and top reinforcement amounts in x- and y-direction (ultimate 

limit state) 
• With regard to maximum moment 
• With regard to varying moments over the slab 

• Punching effects if slab/colurnn structure (ultimate limit state) 
• Displacements (serviceability limit state) 

• Comparison between estimated and maximum allowed displacement 

Step 5 Repetition of calculation cycles 
• For each type of slab, the calculation cyc1es are repeated with other slab spans and 

materials parameters 

Step 6 Presentation of results 
• All results are exported to Excel sheets and presented both as table s and diagrams 
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3.3.2 Method of calculation - norms and equations (Swedish Building Code 
BBK94) 

For more detailed description of the method of calculation, see further Appendix A 
"Structural design study - background information", where equations according to the 
following literature are presented: 

• The Swedish Building Code BBK94 (Boverket, 1994) 

• Handbook of Concrete-Design, "BHK" (Swedish Building Centre, 1990) 

A brief description of the method of calculation is given below. 

Ultimate limit state 

Main reinforcement 
Section force s and design moments in the slabs are ca1culated by e1astic theory, according to 
the Swedish Building code BBK94 Chapter 6.5.3.2 and "B HK" , Chapter 3.2:125. 
Required bending reinforcement is designed according to "BHK" 3.6:43, Figure 3.6:12b. 

She ar capacity 
Shear capacity of the concrete is calculated according to BBK94 3.7.3.2. 

Punching 
The slab capacity with regard to punching is calculated according to BBK94 6.5.4-5 and BHK 
6.5:34. 

Serviceability limit state 

Method of solution 
Calculations of deflections and cracks within the serviceability limit state are performed for 
allload combinations in accordance with BHK 4:5 and 4:6. 

The decrease in slab stiffness due to eraeking has been considered in the calculations. In the 
ca1culations, slabs are first assumed to be uncracked and cross-section forces are calculated. 
In the next step, the calculated moments are controlled and compared to the crack moments to 
estimate whether sections are belonging to "Stadium I" (uncracked condition) or "Stadium II" 
(eraeked condition). Required bending reinforcement is calculated for each element as the 
maximum value for allload combinations. 
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3.3.3 Material data 

According to BBK94 2.3, the characteristk values described within section 3.2.3 of this 
chapter have to be reduced to the design values as fol1ows: 

Ultimate limit state 

Concrete compression strength, fcc=fccwl,SYn 

Concrete tensile strength, fct=fctki'l,SYn 

Concrete elastic modulus, Ec=Ecw1,2Yn 

Steel tensile strength, fst=f yW 1,1 Yn 

Steel e1astic modulus, Es=Esw1,OSYn 

The values of Yn are, according to "BHK", Table 2.3:2 (Swedish Building Centre, 1990), 
dependent on safety c1ass, as follows: 
Yn=1,O for safety c1ass 1 (low) 
Yn =1,1 for safety c1ass 2 (normal) 
Yn =1,2 for safety c1ass 3 (high) 

Serviceability limit state 

Concrete tensile strength, fct=fctk/l,O 

Concrete elastk modulus, Ec=Eck 

3.4 Result 

3.4.1 Comparison between NPC and HPC regarding maximum slab span 

The study has resulted in a large number of diagrams that are presented in Appendix B, 
displaying the slab span as function of required amount of reinforcement. Regard has been 
taken to both ultimate and serviceability limit state and effects of concrete compression 
strength, tensile strength and e1astic modulus. The effects of concrete slab thickness, creep 
ratio and alternative deformation criteria are also presented. 

Table 3.3 below summarises the result of the design study by presenting the maximum span 
with regard to ultimate and serviceability limit state for HPC and NPC respectively. To 
clearly display the differences in effects of the studied concrete types, the chosen HPC 
represents the most optimised HPC, or in other words, both tensile strength and elastic 
modulus are increased although within arange, assumed to be realistic with regard to practical 
production. The result is based on calculations where slab thickness and maximum 
displacement allowed are set to 0,2 meter and Ll400 respectively. The creep ratio is 
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constantly set to O. In order to simulate creep effects, various levels of E-modulus are used in 
the calculations. 

Conceming the reinforcement amounts presented, the required amount of bottom 
reinforcement is calcuIated for the maximum sIab moment for one single axis (x). The in 
average required bottom reinforcement is estimated as the mean value of the required 
reinforcement, with regard taken to the varying moments in the finite elements of the sIab 
section. The required reinforcement is bas ed on the ultimate limit state. 

The most significant parameters when addressing the possibility for increasing the sIab spans 
are the amount of reinforcement (ultimate limit state), slab thickness (ultimate and 
serviceability limit state), concrete tensile strength (ultimate and serviceability limit state) and 
concrete elastic modulus (serviceability limit state). For slab types 1, 2 and 3 (slab/wall 
structures), the most important factor that reduces the maximum slab span is the deflection 
criterion with regard to the serviceability limit state. High levels of concrete tensile strength 
and/or E-modulus, however, increase the maximum sIab span al10wed with regard to the 
serviceability limit state. For sIab types 4, 5 and 6, (slab!coIumn structures), the punching 
effect strongIy reduces the maximum sIab span with regard to the ultimate limit state. A large 
increase in sIab span is however possibIe if an increased level of concrete tensile strength is 
utilised. 

Table 3.3 Comparison between HPC and NPC regarding the maximum span allowedfor all studied 
slab types (1-6). 

Slab Concrete Cbaracteristic Characteristic Characteristic Maximum Maximum l\tlaximum Mean 
type type compression teosile E-modulus span span bottom reinforcement 

strengtb strength (GPa) ultimat. sen'iceability reinforcement amount(%) 
(MPa) (MPa) limit state limit state amount(%) 

(ml (m) 
NPC 21,5 1,6 30 6,0 0,259 0,171 
HPC 56,5 5,0 50 8,5 0,344 0,277 
NPC 21,5 1,6 30 9,5 0,229 0,174 

2 HPC 56,5 5,0 50 13,0 0,329 0,25 
NPC 21,5 1,6 30 14,0 0,245 0,074 
HPC 56,5 5,0 50 20,0 0,354 0,106 

4 NPC 21,5 1,6 30 6,0 0,137 0,Q25 
4 HPC 56,5 5,0 50 9,0 0,327 0,055 

NPC 21,5 1,6 30 5,0 0,121 0,Q35 
HPC 56,5 5,0 50 8,5 0,299 0,087 
NPC 21,5 1,6 30 5,0 0,06 0,02 
HPC 56,5 5,0 50 11,0 0,294 0,1 
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Figure 3.8 presents the main result of Table 3.3 visualised in the form of a diagram. 

Maximum span (m) 

25,-------------------------------------~ 

20 I_NPC I DHPC 

Slab 1 SIab2 Slab 3 Slab 4 Slab 5 Slab 6 

Figure 3.8. Comparison between normal house-building concrete (NPC) and high peiformance 
concrete (HPC) with regard to maximum slab span allowed in all studied slab types. 

3.4.2 Effects of concrete properties on maximum slab span for slab/wall 
structures 

The effects of the studied parameters on the maximum slab span for slab/wall structures for 
slab type 1 are shown in Figure 3.9. The parameters are explained in Table 2. For NPC, the 
maximum span for slab type 1 is limited to 6 metres, even when increasing the reinforcement. 
This limit is bas ed on the fact that the maximum span is determined by deflection. An 
increase in the amount of reinforcement allows for larger slab spans, provided that the 
displacement criterion (L/400) regarding the serviceability limit state is not exceeded. 
Conceming HPC though, both the maximum slab span and the reinforcement amount are 
possible to increase further, if increased values of concrete E-modulus and/or tensile strength 
are utilised. 

Maximum span (m) 

9 ,----------------------------------------------------------------, 
8 
7 
6 
5 

4 
3 
2 
1 
O 

NPC 1 NPC 2 NPC 3 HPC 1 HPC 2 HPC 3 HPC 4 HPC 5 HPC 6 

Figure 3.9 Effects of various concrete and slab parameters on maximum slab span. Slab type l. 
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Table3.4 Definition of the parameters used in Figure 3.9. 

Concrete type 
NPC 1 
NPC2 
NPC3 
HPC 1 
HPC2 
HPC3 
HPC4 
HPC5 
HPC6 

Description 
NC, reinforcement amount 0,1 %, thickness 0,20 m 
NC, thickness 0,24 m 
NC, reinforcement amount 0,25%, thickness 0,20 m 
HPC, reinforcement amount 0,1 %, thickness 0,20 m 
HPC, thickness 0,24 m 
HPC, reinforcement amount 0,25%, thickness 0,20 m 
HPC, E-modulus 50 GPa (reinforcement amount 0,34%) 
HPC, tensile strength 5,0 MPa (reinforcement amount 0,4%) 
HPC, tensile strength 5,0 MPa, E-modulus 50 GPa, (reinforcement amount 0,5%) 

3.4.3 Effects of concrete and slab parameters on maximum slab span for 
slab/column structures 

Figure 3.10, which corresponds to Figure 3.9, presents slab/colurnn strnctures (slab type 4). 
Here, punching with regard to the ultimate limit state is the most significant reduction effect 
on the maximum slab span. The result indicates that concrete tensile strength is the most 
important propert y for increasing the maximum slab span, when regard is taken to punching. 
A high value of concrete tensile strength and an increased slab thickness will perrnit the use of 
larger spans in the ultimate limit state. Increased tensile strength and/or increased E-modulus 
must be used in order to decrease deflections. The diagram displays large differences between 
NPC and HPC in their respective potential for utilisation of increased tensile strength and 
elastic modulus in order to increase the span. 

Maximum span (m) 

12.----------------------------------------------------------------. 

10 

8 

6 

4 

2 

o 
NPC 1 NPC2 NPC3 HPC 1 HPC 2 HPC 3 HPC 4 HPC 5 HPC 6 HPC 7 

Figure 3.10 Effects of different concrete and slab parameters on maximum slab span for slab type 4. 
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Table 3.5 Explanation to parameters used in Figure 3.10. 

Concrete type 
NPC1 
NPC2 
NPC3 

Description 
NC reinforcement amount 0,09%, thickness 0,20 m 
NC thickness 0,24 m 
NC reinforcement amount 0,14%, thickness 0,20 m 
HPC reinforcement amount 0,09%, thickness 0,20 m 
HPC thickness 0,24 m 
HPC reinforcement amount 0,14%, thickness 0,20 m 

HPC 1 
HPC2 
HPC3 
HPC4 
HPC5 
HPC 6 
HPC 7 

HPC E-modulus 50 GPa (reinforcement amount 0,14%) 
HPC tensile strength 5,0 MPa (reinforcement amount 0,29%) 
HPC tensile strength 5,0 MPa, E-modulus 50 GPa, (reinforcement amount 0,33%) 
HPC tensile strength 5,0 MPa, E-modulus 50 GPa, thickness 0,24 m 
(reinforcement amount 0,33%) 

3.4.4Summary 

For the studied slab/wall structures (slab types 1-3), the maximum allowed slab span is to a 
large extent dependent on the maximum deflection allowed. The presented result is based on 
displacement limits defined as L/400, where L is the slab span. The concrete parameters most 
influential on maximum slab span are tensile strength and E-modulus. High levels of these 
concrete properties and increased slab thickness also allow utilisation of high amount of 
reinforcement. 
Conceming studied slab/column structures (slab types 4-6), the punching effect of the 
ultimate limit state considerably reduces the possibilities for larger spans. The most potential 
concrete propert y to optimise in order to reduce the punching effect is, according to the 
conducted calculations, the tensile strength. If this is set twice as high as the normally used 
level (5,0 MPa), opportunities are created for largely increased spans. However, to manage 
the displacement limit, it is also important to increase the E-modulus. The slab thickness 
affects the span in both ultimate and serviceability limit state. 
Approximate effects of studie d parameters on the maximum slab span are displayed in Table 
3.6. See also Appendix B "Structural design study - results". 

Table 3.6 Summarised approximate quantification of the studied parameters' injluence on the 
possibility for increasing the maximum slab span allowed when regard is taken both ultimate and 
serviceability limit state. 

Parameter Slab 1-3 Slab 4-6 
(slab/wall structures) (slab/column structures) 

Ultimate Serviceability Ultimate Serviceability 
limit state limit state limit state limit state 

Concrete slab thickness 
2S% 15% 20% lS% 

(increase from 0,20 to 0,24 m) 
Concrete compressian strength 

<5% <S% 0% <S% 
(increase from 21,5 to 56,5 MPa) 
Concrete tensile strength 

0% 20% SO% 20% 
(increase from 2,S to 5,0 MPa) 
Concrete elastic modulus 

0% lS% 0% lS% 
(increase from 30 to SO GPa) 
Amount of reinforcement 

3S% <8% 20% <8% 
(increase from 0,1 % to 0,2%) 
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3.5 Additional discussion of result 

3.5.1 Ultimate limit state 

Amount of reinforcement versus concrete quality 

With regard taken to the ultimate limit state, the most significant parameter affecting 
maximum slab allowed span is the amount of reinforcement. For instance, if the amount of 
reinforcement in a slab of type l is increased from 0,1 % to 0,35%, the theoretical maximum 
span is increased from 4 to 8 metres, with slab thickness constantly set to 0,24 m and concrete 
quality to IGO. If even larger amount of 1,6% is used, whlch is just less than the amount of 
balanced reinforcement for IGO eonerete, the maximum span in the ultimate limit state can be 
increased up to 16 m. If the amount of reinforcement ever is larger than the balanced, the 
reinforcement starts to yield before the concrete breaks in compression. Since higher concrete 
qualities increase the level for balanced reinforcement, the possibilities for constructing larger 
spans can only be increased when extremely large amounts of reinforcement is used, amounts 
which are above the level of balanced reinforcement. However, when normal amount of 
reinforcement is used, the concrete compression strength does not affect the opportunity for 
building larger spans if only the ultimate limit state is considered. 

Required reinforcement due to maximum moment versus average moments 

The calculations for estimating the required reinforcement are based on the maximum 
moment of the slabs. Further, in practise, the most used method for ordinary one-way 
reinforced slabs (type l) is to design all reinforcement with regard to the maximum moment, 
which can be described as an easy design and production method in practice but not as an 
optimal method, considering the materials costs of reinforcement. 
However, the total amount of reinforcement required, based on the maximum moment, is 
significantly larger than the theoretical amount, based on the varying moment in the slab. 
With the aim of estimating the differences in required amounts of reinforcement, the mean 
reinforcement amount has also been calculated. These calculations are based on the 
theoretically required reinforcement in every FEM-node. When summarising and dividing 
with the number of nodes within the slab, a mean value is calculated. The difference between 
the mean and maximum value is in some cases large. For instance, theoretically, the 
reinforcement can be reduced by approximately 30% for one-way reinforced slabs like type 1. 
However, to further utilise this benefit in reality, CADCAM- produced reinforcement nets are 
required. See further 3.5.3 "Additional results" and 3.5.4 "Conc1uding remarks - additional 
results". 

Punching 

For the slab/colurnn structures (slab type 4 to 6), the dominating limitation for increase of slab 
spans is punching. The calculations show that when ordinary concrete is used, the maximum 
span is heavily reduced due to punching, even if reinforcement or the slab thickness is 
increased. The calculations further show that the concrete tensile strength significantly 
reduces the risk of punching. For many of the calculated slab types, the maximum span might 
be increased by approximately 50% when the characteristic concrete tensile strength is 
increased to 5 MPa. 
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Examples of diagrams of calculation result 

Appendix B contains all results from the calculations in the form of diagrams for each type of 
slab, for both the ultimate and serviceability limit state. Explanations to the diagrams 
regarding the ultimate limit state are presented in the following figures (3.11-3.l3), where the 
different curves show the possible slab spans as function of the amounts of reinforcement 
regarding the ultimate limit state. Each curve represents a specific concrete quality (K-value) 
and slab thickness. The first diagram (Figure 3.11) represents slab type l and the two next 
following figures represent slab type 4 (slab/column structure). When comparing the two 
latter with each other, the effect of punching c1early shows that possible spans are heavily 
reduced when standard values of tensile strength are used. The grey curves show the possible 
span in the serviceability limit state. 
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Figure 3.11 Example of diagrams for slab type 1. The bold curves indicate the maximum slab span 
regarding the ultimate limit state (uls). Reinforcement is calculated on basis of the maximum moment. 
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Slab span (m) 

16r---------------------------------~ 

14 

12 

10 

8 

6 

4 

2 

o+----r----~---~----r_--_T----~--~ 

0,0 0,2 0,4 0,6 0,8 1,0 1,2 1,4 

Sottom reinforcement in x-direction (%) 

....... K30 0,20 uls 

-et- K30 0,24 uls 

'""t!I- K80 0,20 uls 

........ K80 0,24 uls 

~)\j 'K30 E30 0,20 sis 

M~':>' K30 E40 0,20 sis 

-I-K30 ESO 0,20 sis 

',M"',,, K30 E30 0,24 sis 

'm""" K30 E40 0,24 sis 

K30 ESO 0,24 sis 

'K80 E30 0,20 sis 

"wIe'''' K80 E40 0,20 sis 

"''<o W K80 ESO 0,20 sis 

K80 E30 0,24 sis 

M"~;" 'K80 E40 0,24 sis 

), K80 ESO 0,24 sis 

Figure 3,12 Example of diagrams for slab type 4 (slab/column structure), where the bold curves 
indicate the maximum slab span regarding the ultimate limit state (uls) but not including the punching 
effects. Reinforcement is calculated on basis of the maximum moment. 
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Figure 3.13 Example of diagrams concerning slab type 4 (slablcolumn structure), where the bold 
curves indicate the maximum slab span regarding the ultimate limit state (uls) and including the 
punching effects. Reinforcement is calculated on basis of the maximum moment. 
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Summary of signiticant parameters in the ultimate limit state 

In the ultimate limit state, the most significant parameters determining the opportunity for 
inereasing the slab span are the amount of reinforeement and slab thiekness. Coneeming the 
eonerete properties, the tensile strength is the most important parameter for inereased slab 
span in sueh slab/eolumn struetures for whieh punehing is the determining faetor. The 
eompression strength has marginal effeet. The elastic modulus though, only affeets the 
maximum slab span eonsidering to deformations in the serviceability limit state (see next 
seetion). 

3.5.2 Serviceability limit state 

Amounts of reinforcement 

The amount of reinforeement does not affeet the possibilities for inereased slab spans in the 
servieeability limit state, as mueh as in the ultimate limit state. To some extent though, a 
higher grade of slab stiffness is ereated if the amount of reinforeement is hugely inereased. 
This gives a eertain possibility for larger spans. 

Example diagrams 

In Figure 3.14 below, the bold eurves display possible spans as funetion of the amount of 
reinforeement for the serviceability limit state. Each eurve represents a specifie eonerete 
quality (K-value), E-modulus and slab thiekness. The maximum defleetion allowed, is limited 
to the slab span divided by 400 (L/400). The grey curves show the possible span in the 
ultimate limit state. All result diagrams for eaeh type of slab eonsidering both ultimate and 
servieeability limit state are further presented in Appendix B. 
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Figure 3.14 Example of result diagram conceming slab type 1, where the bold curves indicate the 
maximum slab span with regard to the serviceability limit state (sIs). Maximum deflection allowed is 
L/400. Reinforcement is calculated on basis of the maximum moment. 
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Summary of significant parameters in the serviceability limit state 

The most significant parameters concerning increased slab span, with regard to deformation 
of the slab within the serviceability limit state, are the E-modulus, the slab thickness, and the 
concrete tensile strength. Besides, the criterion for maximum displacement has great 
importance. 

3.5.3 Additional results 

Required reinforcement based on the average moment in the slab 

As shown in Figure 3.16, there is a significant difference between the required amount of 
reinforcement based on the maximum moment and the mean required amount of 
reinforcement based on the average moment for the slab. For instance, the reduction of 
reinforcement concerning slab 3 is approximately 70%. This indicates the potential of a more 
rational method for utilisation of reinforcement, where the reinforcement is based on the real 
moment curve and not only dimensioned with regard to the maximum moment in the slabs. 
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Figure 3.16 Comparison between required reinforcement based on the maximum and the average slab 
moment. 

Effects of creep ratio and deflection requirements on the maximum allowed slab span 

Figure 3.17 illustrates the effect of an increase in the creep ratio from O to 2 on the 
deflections. The maximum slab span is reduced by approximately 15%. However, instead of 
varying the creep ratio in the FEM-calculations, the E-modulus has been varied and the creep 
ratio constantly been set to O. 
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The diagram also shows the effects of an alternative maximum deflection limit allowed. 
When reducing this from Ll400 to Ll300 (L= slab span), the maximum allowed slab span is 
increased by approximately 15%. 
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Figure 3.17 Estimated influence of increased concrete creep ratio (from O to 2) and decrease of the 
deformation criteria (from L/400 to L/300) on the maximum slab span allowed for slab type 1. 
Concrete quality K30. 

Effects ofthe concrete tensile strength on the deflections within the serviceability limit 
state 

According to Figure 3.18 below, the maximum span with regard to deflections increases by 
20% when increasing the characteristic concrete tensile strength, felk. from 2,5 MPa (which 
corresponds to K80 according to the Swedish building norm) to 5,0 MPa. The figure also 
displays the effect of increased amount of reinforcement on slab stiffness. However, as 
already mentioned, extremely large amount of reinforcement is reqnired to increase the slab 
stiffness by the reinforcement itself. 
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Figure 3.18 Estimated influence of increased concrete tensile strength (from 2,5 to 5, O MPa) on the 
maximum slab span allowedfor s/ab type 1 considering the serviceability limit state. 
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3.5.4 Concluding rem arks 

Increased concrete quality is traditionally characterised as concrete with increased 
compression strength, but as shown in this stndy, increased compressive strength is not a 
potential for increased slab spans. It is necessary to utilise other properties of HPC, e.g. high 
tensile strength and high e1astic modulus. 

Main results 

EjJects of concrete properties on maximum slab spans allowed regarding to the ultimate limit 
state 
When sumrnarising the effects of parameters concerning the potential for increased slab spans 
in structural frames, there are various aspects to take into regard. For slab/wall structnres (slab 
type 1-3) without colurnns, where punching is not relevant, the significant parameters for 
increase of spans are mainly amount of reinforcement and slab thickness. If there is no 
punching effect, the concrete quality does not affect the potential for increased spans when 
re gard is only taken to the ultimate limit state, and unless extremely high amount of 
reinforcement (above balanced reinforcement) is used. For slab/column structures though, the 
concrete tensile strength is a significant parameter for the increase of slab spans, since 
increased tensile strength increases the punching capacity . When sununarising the effects of 
HPC on the maximum slab span regarding the ultimate limit state, it creates possibilities for 
increased spans only for slabs supported by columns. 

EjJects of concrete properties on maximum slab spans regarding the serviceability limit state 
Conceming the serviceability limit state though, the concrete properties affect the possibilities 
for increasing the slab spans to larger extent than is the case with the ultimate limit state. If 
HPC with increased levels of e1astic modulus and/or tensile strength is utilised, the maximum 
span for all studied slabs (slab type 1-6) may be significantly increased. Other parameters 
affecting deflections are slab thickness and to some extent the amount of reinforcement. 

Additional results 

EjJect of the creep ratio on deflections 
The main result of the stndy is based on calculations where the creep ratio has been set to 0, 
while three levels of the e1astic modulus (30, 40 and 50 GPa) have been used. In paragraph 
3.5.3 some results of the calculation of the effects of the creep ratio are briefly presented. 
When increasing the creep ratio from ° to 2, the maximum slab span regarding the 
serviceability limit state is reduced by approximately 15%. 

EjJects of the concrete tensile strength on deflections 
The study is mainly based on atensile strength of concrete in accordance with the Swedish 
building regulations. It is 2,65 MPa for concrete with a quality of K80, except from the 
slab/column structures (slab type 4-6) where also tensile strength of 5 MPa is used in order to 
cope with punching. An increased level of tensile strength will result in increased stiffness 
due to increased cracking load. The result shows a significant potential for increasing the 
maximum slab span with re gard to deflections, e.g. 20% for slab type 1 when the tensile 
strength is increased to 5 MPa. This level is not umealistically high for HPC but requires 
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high-quality ingredients and proportion. In reality, another problem is the limitations within 
the building codes. For utilising higher values than 2,65 MPa, the Swedish codes state that 
special investigations are required. See further Chapter 6.1.1 "Teehuieal obstac1es for the 
implementation of HPC". 

EfJects ofvarious regulations of the maximum allowed deflection 
The Swedish building regulations do not stipulate any maximum levels regarding the allowed 
defleetion for eonerete slabs in house-buildings. The value is dependent on the requirements 
valid for the speeifie building projeet. However, the general deformation eriterion in praetise 
is of ten a maximum deflectlon, equal to slab span divided with 400 (Ll400). To estimate the 
effeets of alternative defleetion criteria, Ll300 has been studied. It was shown that the 
maximum allowed slab span regarding defleetions eould be increased by 15% for slab type 1. 

Potential for utilisation of ration al reinforcement 
The struetural design study points out the possibility of using signifieantly decreased amount 
of total reinforeement if it is designed with regard to the real varying moment of the slab and 
not to the maximum moment. The difference between maximum and average amounts is large 
for all types of studied slabs. For some slabs the differenee is 70%, whieh may lead to 
signifieant eost savings. Today the usage of reinforeement is of ten based on the maximum 
moment. If methods based on the average amount are praetieed, as for instauce through 
utilisation of CADCAM-methods, opportunities for large eost savings may be ereated. 
Another way of rationalising the usage of reinforeement is to eombine nets designed for either 
maximum or average moment. Further, rational reinforeement methods already exist on the 
market place today, as for instanee the BAMTEC-method (see Figure 3.19), whieh consists of 
prefabrieated reinforeement nets, able to be rolled on the eoncrete slabs by only two persons 
(Fundia, 2002). 

Figure 3.19 The BAMTEC-system is an example of competitive reinforcement solution (Fundia, 2002). 
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Utilisation of the result 

The study indicates a number of structural design benefits by utilisation of HPC for building 
structural frames in low- medium rise house-buildings. Economic effects are not analysed but 
the result can be used for an econornical analysis, in which higher material cost of BPC can 
be compared with cost savings during production and econornical benefit of a more flexible 
building. Direct economical benefits, according to the result are the presumptive reduction of 
concrete and/or reinforcement amounts by utilisation of BPC. There are also presumptive 
secondary economical benefits, as for instance reduced production costs by rapid production 
cycles through BPC (see Chapter 4.1 "Utilisation of BPC for increased productivity") and 
further future cost savings with regard to the function of the building (e.g. flexibility, see 
further Chapter 5, "Building function re1ated potential of new concrete materials"). 

Bowever, there are also technical, economical and building process related obstacles for the 
implementation of BPe. These obstac1es are not discussed within this chapter but further 
described in Chapter 6, "Obstacles for the implementation of new concrete materials 
technology" . 
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Chapter 4 

Production related potential of new concrete materials technology 

4.1 Utilisation of HPC for increased productivity 

The study aims at estimating the potential of HPC in house building with regard to production 
related aspects. The main potential benefit is the possibility for reducing the production time 
either by decreasing the concrete drying time or by utilising the rapid strength development. 
The study consists of two separate studies where drying times and strength development are 
estimated with regard to various kinds of concrete qualities. Used tools are the PC-programs 
TorkaS 1.0 (1998) and Hett97 (1997) that simulate the concrete drying process and concrete 
strength development respectively. For both drying time and strength development, the 
surrounding conditions affect the result to large extent. With the aim of simulating realistic 
conditions on building sites, regard has been taken to various weather conditions, e.g. cold 
temperature and rain, as weIl as practical production methods, e.g. insulating, covering, and 
heating of concrete. 

4.1.1 Utilisation of HPC for reduced drying time 

4.1.1.1 Introduction 

Background 

A frequently discussed problem with cast in-situ concrete frarnes is the long drying times 
needed to avoid future moisture problems caused by floor covering applied on concrete slabs 
before a satisfying level of the concrete humidity was reached. These problems are related to 
ordinary house-building concrete used in production. RH 85 or 90% is often required 
according to the Swedish building norms. For a concrete quality of K30 (required 
compression strength level of 30 MPa), the required drying time can be as long as one or two 
years if the concrete is not protected from rain and/or cool surrounding temperatures and if a 
permanent formwork system as for exarnple steel is used. This type of formwork leads to slow 
drying in only one direction. In many cases special methods or materials applied on the 
concrete must be utilised in order to keep the production time within acceptable limits and/or 
avoiding potential future moisture problems. If HPC with a low water/cement ratio is utilised, 
many of the described problems may be avoided. There are a number of field studies that 
indicate the efficiency of HPC for rapid drying during various climate conditions. For 
example, Persson (1999) has conducted field studies where the moisture levels in concrete 
slabs (of both NPC and HPC) have been measured. 

Aim of the study 

There are various parameters affecting the concrete drying time. The study aims at estimating 
the potential for reduction of drying time by taking primarily re gard to concrete properties but 
also to parameters concerning surrounding conditions. 
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Method of the study 

Calculations of drying times in concrete slabs have been carried out by using the PC-program 
TorkaS 1.0 (1998). The PC-program is based on a theoretical analysis of moisture transport in 
concrete and is calibrated against laboratory studies conducted on RH-measurement of large 
amounts of concrete specimens for various concrete qualities. TorkaS 1.0 simulates the 
concrete drying process by using the time development of degree of hydration. This is based 
on measurements of chernically bound water at varying levels of temperature and relative 
hurnidity in the surrounding air. 

The parameters in Table 4.1 were used in the calculations of drying. 

Table 4.1 Parameters included with in the production study of concrete drying. 

Parameters 
Water/cement ratio 
Cement content 
Silica fume content 
Slab thickness 
Type ofform 
Air temperature and rain frequency 

Casting weather conditions 
Covering (protected from rain) 
Controlled drying climate 
Winter concrete temperature data 

Levels 
0,65, 0,50, 0,40 and 0,35 
300, 400, 450 and 500 kg/m3 
° and 5% 
0,15, 0,20, 0,25 and 0,30 m 
Filigran and steel 
Average weather data from SMHI (The 
Swedish Metrology and Hydrology Institute) 
valid for Bromma airport, Stockholm 
Summer and winter 
Directly af ter casting and af ter 10 days 
Directly af ter casting and af ter 1 month 
Default and calculated by the PC-program 
Hett97 

As shown in Table 4.2, the calculations of the study have been conducted for five different 
types of surrounding climate conditions, of which the first corresponds to controlled drying 
from casting (season independent), the second to summer conditions where controlled drying 
starts a month af ter casting and the last three to winter conditions. Conceming the first three 
simulated climate conditions, the default weather data within the PC-program are used 
directly, which means that the outdoor air temperature is used as concrete temperature data. 
This leads to an underrating of the concrete hydration during wintertime, since the concrete 
temperature is significantly higher than the air temperature during the first days af ter casting. 
The fourth and fifth climate conditions aim at simulating the effects of utilising the early heat 
development of concrete. Therefore, in Climate 4, the surrounding air temperature during the 
first 10 days af ter casting is 10°C, which within the PC-program simulates a concrete 
temperature of the same value. For the fifth c1imate condition, concrete heat development data 
ca1culated by the PC-program Hett97 (1997) have been utilised. This program calculates the 
heat and strength development of concrete constructions with regard taken to multiple 
surrounding factors, as for instance air temperature, formwork system and winter concrete 
protection methods, e.g. covering, insulation and heating of concrete. The fifth climate 
condition is assumed to be the most correct conceming hydration of concrete in winter 
c1imate, due to the fact that it uses the real hydration when winter concrete methods are used. 
Below, the differences between the simulated c1imate conditions are briefly displayed. 
Detailed descriptions for each climate condition are presented in the further sections. 
Concerning the result of the influence of climates on drying, some selected diagrams are 
presented within each c1imate section. See further Appendix C for all result diagrams 
concerning the effects of climate condition on concrete drying times. 
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Table 4.2 Brie/ description o/the five studied climates. 

Climate Casting date Covering Controlled d!:ying Season Notes 
1 1 July 1 July 1 July Controlled drying directly 
2 1 July 11 July 1 August Summer 
3 1 January 11 January 1 February Winter Default temp data 
4 1 January 11 January 1 February Winter Temp lOoe first 10 days 
5 1 January 11 Januar~ 1 Februar~ Winter Tem]2 data from Hett97 first 4 da~s 

Calculations have been made for two levels of relative humidity on the "equivalent depth" in 
the concrete slab, 85% and 90%. "Equivalent depth" is defined as the depth from the concrete 
top surface, on which the relative humidity during drying equals the final relative humidity 
that is reached under a 100% impermeable flooring material put on top of the slab. For a slab 
drying in two directions, the "equivalent depth" is about 20% of the slab thickness. For one­
sided drying it is about 40%. 

4.1.1.2 Calculation for Climate 1 
- estimation of drying time with regard to controlled drying environment 
directly from start of concrete casting 

Introduction 

The first simulated c1imate condition simulates a surrounding environment where the 
construction directly from the start of casting is protected against rain, and where both the 
relative humidity in the air and the air temperature are controlled and constantly set to 60% 
and 18°C respectively. This simulates concreting under indoor conditions such as within a 
sheltering tent. The use of weather protecting methods in the form of heated tents is 
increasing within house building in Sweden, see Figure 4.1, which exemplifies a weather 
protection tent by Jonsereds (2002). This method does not only proteet the building materials 
from rain and speed up the drying of concrete through dryer and warmer drying c1imate, it 
also creates an advantageous work-environment, especially during the winter season. 

Figure 4.1 Commonly utilised type o/weather protecting tent (Jonsereds, 2002). 
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The aim of the calculations on Climate 1 is to estimate the difference in required drying time 
between different concrete qualities for a climate condition where controlled drying is used 
af ter one month af ter casting by utilising the built structural frarne as the main weather 
protection, which of ten is common practise. As with the other simulated climates, the effects 
on required concrete drying time for reaching relative humidity of 85 and 90% respectively, 
with regard to variables as slab thickness, silica content and form type, are studied and 
presented in the separate diagrams. 

Conditions 

In Figure 4.2 the simulated climate conditions during the first 40 days af ter concrete casting 
are presented. Also during the remaining time of the simulation, the surrounding climate is 
constantly set to 18°C surrounding air temperature and 60% relative hurnidity of the 
surrounding air. 
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Figure 4.2 Surrounding climate conditions for Climate 1 during the first 40 days after concrete 
casting. 

Results 

Five types of results are presented. See the figures 4.3 to 4.7, displaying the difference in 
required drying time with regard to: 

• Water/cement ratio 
• Type of formwork 
• Slab thickness 
• Silica fume content 
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Figure 4.3 Calculated effect of the wie ratio on the concrete drying time in Climate l for reaching a 
relative humidity of 85% or 90% on the equivalent depth. Filigran as formwork and 20 cm slab 
thickness exclusive formwork are constantly used w ith in the calculations. 

Figure 4.3 indicates that the drying time significantly decreases for concrete with reduced w/c 
ratio. The calculations are made for the same type of formwork (permanent concrete elements, 
Filigran), as well as for the same slab thickness (0,20 m). None of these calculations inc1udes 
silica fume in the eonerete. 
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Figure 4.4 Calculated effect of the type offormwork on the concrete drying time for different concrete 
qualities (wie ratios) for reaching 85% or 90% relative humidity on the equivalent depth. The letter 
"f" indicates that permanent concrete elements, so called "Filigran" are used as formwork and "s" 
that permanent formwork of steel is used. Concerning the result of the Figure, all calculations are 
based on no utilisation of silica fume. The total concrete slab thickness including formwork is 
constantly set to 0,25 (Filigran-formwork has a thickness of 5 cm). 

With regard to formwork system (preeast permanent concrete formwork element, so called 
"Filigran" and permanent formwork of steel), the required drying time differs for various w/c 
ratios as shown in Figure 4.4. The total concrete slab thickness is for both types of formwork 
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systems constantly set to 0,25 meter. A 0,20 m concrete slab on "Filigran" formwork 
corresponds to a 0,25 m concrete slab on steel fonnwork regarding total concrete thickness, 
due to the fact that the thickness of Filigran-form is 0,05 m. The main reasons to the displayed 
differences in required drying time for the two fonnwork systems the difference in the east 
concrete thickness and the fact that a "Filigran" formwork allows drying in two directions 
(compared to steel formwork that only allows single direction drying). 
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Figure 4.5 Estimated efJects o/the slab thickness on the required drying time/or reacl,ing 85 and 90% 
RH on the equivalent depth. For the calculations, permanent concrete /ormwork "Filigran" is used. 
No silica/ume is used. 

As shown in Figure 4.5, the concrete slab thickness has a strong effect on the drying time. An 
increase in slab thickness leads to an increase in required drying time. For concrete with low 
w/c ratios, the self-desiccation effect makes the difference in drying time caused by slab 
thickness smaller. The self-desiccation in low w/c-concrete occurs homogenously over the 
entire concrete thickness. For high w/c ratio, drying is almost entirely caused by physical 
drying through moisture transport to the surroundings. In this case the effect of slab thickness 
is strong. 
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Figure 4.6 Estimated eifeets o/ siliea /ume eontent (marked as "S'') on the eonerete drying time. 
Caleulations are based on eonstant use o/permanent eonerete elements, "Filigran" as /ormwork and 
a east eoncrete slab thickness is 0/0,20 m. 

In Figure 4.6, the letter "S" indicates that a silica fume content of 5% is included. For each 
w/c ratio, drying times for concrete with and without silica fume are presented. For reaching 
the RH level of 85%, concrete including silica fume needs approximately ab out 2/3 of the 
required drying time of concrete including no silica fume. 

4.1.1.3 Calculation for Climate 2 
- estimation of drying time with regard to controlled drying 1 month af ter start 
of concrete casting (summer conditions) 

Introduction 

When a weather-protecting tent is not used, a common and traditionai alternative is to use the 
concrete structural frame as a tool both for protection against rain (when next floor above the 
actual is built) and for controlled drying climate, provided that openings for windows, doors, 
etc. are covered and heating systems are utilised for getting an effective drying climate. The 
advantage of this method is that it is not as expensive as an external tent. However, there are 
risks for extended drying times if the coverings are not properly done and/or long time is 
required for next floor production. This production method is called Climate 2. 

Conditions 

In comparison to the calculations on Climate 1 where controlled drying is applied directly 
from the start of casting, Climate 2 simulates surrounding conditions where controlled drying 
starts one month af ter the casting during summertime. During the first 10 days the concrete 
construction is simulated as unprotected, which, based on statistical weather included within 
TorkaS 1.0, leads to 1 day ofrain. 
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Figure 4.7 Surrounding climate conditions for Climate 2 during the first 40 days after concrete 
casting. 

Results 

See Appendix C for all result diagrams concerning Climate 2, displaying effects of formwork 
type, concrete slab thickness and silica flLme content on the required d.rying time for reaching 
RH leve1s of 85% and 90%. A diagram showing the effect of w/c ratio on the drying time is 
presented below. 
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Figure 4.8 Estimated ejJects ofvarious w/c ratios on the concrete drying time/or Climate 2. 
Constant type offormwork (permanent concrete elements, "Filigran'') and slab thickness (0,20 m) is 
used with in the calculations. No silica fume. 
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As for Climate 1, the effect of a lowered wie ratio gives a considerable reduction in drying 
time. The difference between Climate 1 (tig. 4.3) and Climate 2 is not very big. Climate 2 
only leads to a couple of weeks longer drying time. 

4.1.1.4 Calculation for Climate 3 
- estimation of drying time with regard to controlled drying 1 month after start 
of concrete casting (winter, default data) 

Introduction 

The third climate condition represents winter climate conditions based on the default 
surrounding air temperatures within TorkaS 1.0, using statistical weather data. The PC­
program assumes that the concrete temperature is equal to the surrounding air temperature but 
protected from early freezing of concrete, i.e. no consideration is taken to the fact that 
warmed concrete is delivered wintertime and to the heat development during cement 
hydration. 

Conditions 

According to Figure 4.9, the controlled drying starts one month af ter casting. During the first 
ten days, 1 day of rain (or snow) will occur, based on the statistical weather data used by 
TorkaS 1.0. Mter ten days, the concrete will be covered and protected from further rains. 
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Figure 4.9 Surrounding climate conditions for Climate 3 during the first 40 days afier concrete 
casting. 
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ResuIt 

Figure 4.10 shows a considerable increase in drying time, compared to that shown in 
diagrams for Climate 1 and 2. This is an effect of the very slow cement hydration occurring at 
the very low concrete temperature used in the calculations (concrete temperature equals outer 
temperature ). 
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Figure 4.10 Estimated eifeets of various w/e rotios on the eonerete drying time for Climate 3. 
Constant type offormwork (permanent eonerete elements, "Filigran") and slab thiekness (0,20 m). No 
siliea fume. 

4.1.1.5 Calculation for Climate 4 
- estimation of drying time with regard to controlled drying 1 month af ter start 
of concrete casting (winter, temperature constantly 10°C first 7 days af ter 
casting) 

Introduction 

The normally occurring increased temperature level of the concrete during the first days af ter 
casting due to heat development during hydration, leads to faster strength development in cold 
surrounding temperatures and a reduced risk for early freezing of the concrete. A high 
concrete temperature is also positive for the drying process. In order to calculate the effects of 
a higher concrete temperature leve!, than that of Climate 3. Climate 4 simulates the real 
temperature conditions by using fixed concrete temperature of + 10°C during the first week. 

Conditions 

As implied in Figure 4.11, the climate condition 4 simulates the concrete temperature is 
+ 10°C during the first 7 days af ter concrete casting. Thereafter and until controlled drying is 
taking place (from 8 until 30 days af ter casting), the concrete temperature is set to be equal to 
the surrounding air temperature. During this time the concrete will be unprotected from rain, 
which due to the statistical weather data leads to that one day rain will occur. 
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Figure 4.11 Surrounding climate conditions for Climate 4 during the first 40 days after concrete 
casting. 

Result 

The result for varying w/c ratio is shown in Figure 4.12. It displays a certain decrease of the 
required drying time for reaching a RH level of 85 and 90%, compared to the climate 
condition 3 (Figure 4.10). Thus, the fact that the concrete is warmer during the first week has 
a positive effect on drying. 
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Figure 4.12 Estimated effects of various w/c ratios on the concrete drying time for Climate 4. 
Constant type offormwork (permanent concrete elements, "Filigran") and slab thickness (0,20 m) is 
used in the calculations. No silicafume. 
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4.1.1.6 Calculation for Climate 5 
- estimation of drying time with regard to controlled drying 1 month after start 
of concrete casting (winter, temperature calculated by Hett97 during the first 4 
days) 

Introduction 

Methods for protecting concrete from early freezing and/or from obtaining slow rate of 
hydration during cold surrounding air temperatures are, for instance, covering of the concrete 
surface, insulation of the formwork and heating the concrete. This can be done in combination 
with utilising the larger heat development in concrete qualities with high cement content 
compared to ordinary house building concrete. As mentioned, the early hydration of the 
concrete affects the drying process, especially the self-desiccation in concrete with low w/c 
ratio. The calculations using Climate 5 aims at simulating larger but probably more realistic 
heat development and hydration, in comparison to the other winter climate conditions studied 
(Climate 3 and 4). 

Conditions 

For Climate 5, realistic concrete temperature development data have been utilised by 
importing result from the PC-program Hett97 (1997), which simulates temperature, maturity 
and strength development in concrete constructions for various concrete qualities, types of 
constructions, weather conditions etc. Figure 4.13 shows the average concrete temperature 
according to Hett97, during the first 4 days af ter casting. The calculations with Hett97 are 
based on outer climate conditions, sirnilar to the climate conditions for Climate 5 (see Figure 
4.14). The diagram shows the result when formwork system of "Filigran" is used, slab 
thickness 0,20 m, concrete temperature at casting 20°C, infra heating (350 kW/m2

) during the 
first 24 hours and "high-quality" covering (definition according to Hett97). 
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Figure 4.13 Used concrete temperature data during the first four days, based on calculations through 
the PC-program Hett97 (1997) for the surrounding air temperature of Climate 5. Slab thickness 0,20 
m, Filigran-form, concrete temperature at casting 20 CC, infra heating (350 kW/m2

) during the first 24 
hours and "high-quality" covering (definition according to Hett97). 
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As shown in Figure 4.14, the concrete will, as in the case of other winter c1imate conditions 
(Climate 3 and 4), have a temperature equal to the surrounding air temperature (based on 
statistical weather data) from the Yth day until the 30'th day af ter casting. Af ter the fourth 
day the concrete will be non-covered and therefore be affected by one day of rain (due to the 
statistical weather data) until the tenth day, when covering (protection from rain) will take 
place. 
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Figure 4.14 Surrounding climate conditions and concrete temperature for Climate 5 during the first 
40 days ajter casting. 

Result 

The required concrete drying time for Climate 5 can be seen in Figure 4.15. Additional 
information is given in section 4.1.1.7 "Effect of concrete temperature". A comparison of the 
results in Figure 4.15 with the results for Climate 4 in Figure 4.12 shows that the calculated 
drying time is shortened by about 1 Yl to 2 months for concrete with low w!c-ratio when 
realistic concrete temperature is used. For concrete with higher w/c-ratio, the effect is smaller. 
This indicates that concrete temperatures mostly affect the self-desiccation, which in tum is 
more favorable in Climate 5 than Climate 3. For nonnal concrete, physical drying is more 
important. The rate of physical drying is less dependent on concrete hydration. Therefore, for 
NPC the Climates 3, 4, and 5 give almost the same drying time. 
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Figure 4.15 Estimated effects of various wie ratios on the concrete drying time for Climate 5. Constant 
type offormwork (permanent concrete elements "Filigran ") and slab thickness (0,20 m) is used within 
the calculations. No silicafume. 

4.1.1.7 Effect of concrete temperature 

Comparison of results regarding the winter climate conditions (Climate 3-5) for different w/c 
ratio is presented in the Figure 4.16 "a" and "b". 
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Figure 4.16 Effect of different early concrete temperatures on the calculated required drying time for 
reaching RH 90% (a) and 85% (b). Constant type offormwork (permanent concrete elements, 
"Filigran 'j and slab thickness (0,20 m) is used within the calculations. No silicafume. 

Analysis/conclusions 

As seen in Figure 4.16 "a" and "b", the difference in required drying time between different 
simulated concrete temperatures during the first days are larger for HPC than for NPC. The 
effect can be explained as follows. 
Drying depends on the mechanisms: (1) self-desiccation caused by volume reduction of 
chemically bound water, (2) physical drying caused by moisture transport to the surface, For 
HPC, self-desiccation is the dominant mechanism. It is very much affected by the rate of 
cement hydration. This increases with increased concrete temperature. Therefore, Climate 5 is 
more favourable than Climate 4. 

Two conclusions can be drawn conceming the effect of concrete temperature on drying and 
on the use of TorkaS 1.0 for estimating the drying time: 

1. Calculations by TorkaS 1.0 show that the selected value of concrete temperature has 
very big effect on the calculated drying time, especially for concrete with low w/c­
ratio. Thus, it is recommended that as precise values as possible for concrete 
temperature are used as input parameter in TorkaS 1.0, and not the outdoor 
temperature. They can be calculated by the PC-program Hett97. 

2. The results show the importance of using winter concreting methods that give rapid 
hydration when efficient drying process and rapid drying times are required. Thus, the 
use of warm concrete, high cement content, rapid cement, heat-insulated formwork, 
heating of concrete by infra-heaters and early covering of the concrete surface are 
essential. 
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4.1.1.8 Effect of outer climate conditions 

Figure 4.17 "a" and "b" present the effect of the five c1imate conditions studied on the 
required drying time for reaching 90% and 85% RH. 
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Figure 4.17 Comparison ofresultsfrom all studied climates on the required drying time for reaching 
RH 90% (a) and 85% (b) for various w/c ratio. Constant type offormwork (permanent concrete 
elements, "Filigran 'j and slab thickness (0,20 m) is used within the calculations. No silicafume. 
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4.1.1.9 Analysis 

The difference in required drying time for different climate conditions is significantly smaller 
for NPC than for HPC, especially when the required RH level is set to 85%. Several 
conclusions can be made. For instance, according to Figure 4.17 b (required RH of 85%), 
utilisation of controlled drying from the start of casting through weather-protecting tents, 
which is an expensive method, only reduces the drying time of NPC (wie 0,65) from 16 
(Climate 2) to 15 months (Climate 1) during summer conditions, and from 18 (Climate 3) to 
15 months (Climate 1) during winter conditions. The same comparison but considering HPC 
(wie 0,35) also indicates a small difference during summer conditions. During winter 
conditions though, the difference in drying time is significantly larger, 6 months (Climate 5) 
compared to 3 months (Climate 1). 

When 90% is used as required RH level, a c1ear difference in drying time with regard to 
surrounding climate conditions also can be seen for NPC (wie 0,65), 3,5 months (Climate 1) 
compared to 5 months (Climate 5). 

Thus, the high importance of providing for good conditions for early rapid hydration, causing 
rapid self-desiccation, is most pronounced for HPC during wintertime. 

Another conclusion is, that for all studied climates, HPC leads to significantly reduced 
required drying time. For Climate 1, the drying time can be reduced from 15 to 3 months and 
for Climate 5, from 17 to 6 months, when HPC is utilised instead of NPc. 

4.1.1.10 Discussion 

The results of the study reveal in what degree the studied parameters water/cement ratio, silica 
fume content, slab thickness and type of formwork affect the concrete drying time for 
different types of surrounding climate conditions. Limitations of the parameters and climate 
conditions have had to be made. However, values of the variables are intended to correspond 
to realistic conditions. 

There are also limitations in the used calculation tool, the PC-program TorkaS 1.0. In order to 
simulate the drying time for constructions east in winter, real concrete heat development data 
during the first days af ter casting have been used instead of the default data used in the 
original version of program. These changes are assumed to be more correct compared to the 
original data, especially for HPC. 
Another aspect of the use of TorkaS 1.0 is that the required drying time in reality may be 
different from the calculated. Probably the calculated values are too big. However, the 
ca1culations aim at presenting the potential for shorter drying times using HPC, and there are 
no risks for that calculated drying times are shorter than the real. 

Generally, decreased wie ratio and slab thickness together with increased content of silica 
fume reduces the drying time significantly for all studied climates. Another result is that 
Filigran-formwork leads to shorter drying times compared to steel forms, due to that double 
sided drying is enabled instead of single direction drying. Comparing ordinary concrete with 
wie ratio of 0,65, steel form and without silica fume to HPC containing silica fume, with wie 
ratio of 0,35 and Filigran-form, leads to a significant difference in required drying time. To 
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reach a relative humidity of 85%, the first concrete concept requires a drying time of more 
than 20 months and the latter about two months. 

Effects of self-desiccation 
A low w/c ratio reduces the drying time significantly due to the self-desiccation effect. 
Besides, concrete with a high degree of self-desiccation is less sensitive to variations such as 
slab thickness, use of steel form etc. The self-desiccation effect can in other words be utilised 
for a more versatile way of building, since aspects that normally affect the drying time can be 
more or less ignored. The advantages of using self-desiccating HPC for obtaining good 
acoustic indoor quality are obvious. When using normal eonerete, good acoustic quality 
requires thick concrete slabs, but this will give unacceptable long drying time if NPC is used. 
By using HPC, thick slabs can be produced with short drying times. 
In order to utilise the self-desiccation effect of HPC when casting in winter, it is important to 
use winter concrete protection methods, in order to create high-quality conditions for concrete 
hydration. Otherwise, a significant difference in drying times will occur. 

Silicafume 
Regarding silica fume, the result of the calculation displays an obvious effect on the drying 
time. For instance, a reduction of drying time between 30 and 50% is possible when a silica 
fume content of 5% is used during Climate 1. The reason for the positive effect of silica fume 
is that it increases self-desiccation. 

Winter eonereting 
Three types of temperature data conceming winter casting have been used. The first climate 
condition uses the default values within the PC-program TorkaS 1.0. For the second condition 
the concrete temperature has been set to constantly 10 °c during first week. For the third 
climate condition, concrete temperature data from the PC-program Hett 97 have been used. 
The difference between the three types of climate is relatively big. Especially for HPC, the 
differences in drying time are significant. According to earlier mentioned explanations, the 
reason for this is that HPC to alarger extent is dependent on rapid hydration for the self­
desiccation effect to be efficient. 

Controlled drying- weather protections 
The most efficient c1imate for a reduced drying time is of course Climate 1, where controlled 
drying starts immediately af ter the concrete is east. For the other climates, the controlled 
drying is assumed to start af ter one month. As shown in figures 4.17 "a" and "b", the 
difference between the summer climates 1 and 2, where the latter simulates controlled drying 
af ter one month, is much smaller than the difference between Climate 1 and 3-5, where the 
concrete is cast wintertime and protected by various winter concrete methods. 

4.1.1.11 Conclusions 

According to the analysis, the main positive effects of HPC, compared to NPC, concerning 
drying time are as follows: 

• HPC leads to significantly shorter drying times for all studied climate conditions (20-
50% of drying time required for NPC) 
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• Drying of HPC is nearly independent of the concrete slab thickness 

• HPC creates possibilities for short drying times even when impermeable fonnwork 
systems as steel (leading to drying in one single direction) are used 

Other conc1usions conceming concrete drying are: 

• Formwork 
For NPC, fonnwork that does not allow drying in two directions (e.g. stee1) leads to 
approximately 70% increase in drying time for a 20 cm slab, compared to Filigran­
formwork, which enables drying in two directions. 

• Silica fume 
Concrete (wie ratio of 0,35 to 0,50) inc1uding silica fume needs approximately about 
2/3 of the required drying time, compared to concrete without silica fume, for reaching 
85% RH on the equivalent depth. 

• Concrete slab thickness 
If the concrete slab thickness is increased from 0,15 to 0,25 meters, the required 
drying time for NPC for reaching 85% RH will be extended by 100% when Filigran­
formwork is used. 

• Concrete temperature during the first days af ter casting during wintertime 
In order to utilise the self-desiccation effect of HPC, rapid hydration during the first 
days af ter casting is important. Therefore it is important to use high quality protection 
of the concrete during the first days. 

• Surrounding climate conditions 
For HPC, the drying time for reaching RH 85% when controlled drying is used from 
casting (Climate 1) is 50% of the time required for the realistic Winter climate 5. 
Similar comparisons regarding NPC though, result in smaller differences. For NPC to 
reach RH 85%, the required drying time in Climate 1 is 90% of the drying time 
required for Climate 5. 

4.1.1.11 Utilisation of result for rationalised production 

The results of the study show examples of benefits in· the fonn of reduced drying times by 
utilisation of HPc. This may create possibilities for reduction of the total production time. 
The study does not onlyestimate the potential of HPC but also the effects of other parameters 
on the concrete drying time for NPC and HPC. Analysis of economical aspects is not the aim 
of the study, since this is limited to estimating the potential for reduced production time. The 
influence of the drying time on the total production time is assumed to be complex and to a 
large extent related to the type of building project. To calculate detailed economical benefits, 
field studies are probably required. 

There are some potential risks with HPC that have not been analys ed within this chapter. Such 
risks are reduced workability, increased risks for emissions from flooring materials etc. These 
and other risks might be some obstac1es for a wide utilisation of HPc. See further Chapter 6 
"Obstac1es for the implementation of new concrete materials technology". 
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4.1.2. Utilisation of HPC for rapid strength development 

4.1.2.1 Introduction 

Background 

The production cyc1es for cast in-situ concrete may be strongly dependent on the required 
time untiI stripping the formwork and/or post-tensioning of reinforcement can be made. This 
time depend on the rate of strength development of the concrete, which in tum, to a large 
extent depends on the concrete quality and surrounding air temperature. Winter conditions 
inc1uding cold air temperature significantly decrease the rate of strength deveIopment and 
thereby also increase the required formwork stripping time. There are aIso the risks for early 
freezing of the concrete that may lead to risks for serious damage of the construction. To 
increase the strength development of concrete, the cement content is of ten increased and 
during winter conditions, external protection methods as insulating the formwork, covering 
the concrete surface and heating of the concrete (by using infra-heaters) may have to be 
utilised in order to increase the strength development and protect the concrete from early 
freezing. 

Aim 

The study aims at estimating the potential for reduction of production time, by utilising the 
rapid strength development of HPC caused by the high cement content and low water/cement 
ratio. Studied areas concentrate on presumptive beneficial effects of HPC, as for instance 
decreased time required unti! formwork stripping and post-tensioning of reinforcement can be 
made, and reduced risk for earIy freezing of the concrete during winter conditions. Required 
time to reach specific strength levels and risk for early freezing with regard to various c1imate 
conditions and production methods are estimated and comparisons between NPC and HPC are 
made. 

The study is divided into the following main parts: (1) strength development for formwork 
stripping, (2) strength for post-tensioning of reinforcement and (3) the risk for freezing. All 
three parts inc1ude the subsections: (1) introduction, (2) calculations, (3) result and (4) 
conc1usions. Finally, the study ends with a discussion of the results and summarised 
conc1usions. 

Method 

Parameter studies of variables influencing the strength deveIopment in concrete slabs are 
carrled out by the PC-program Hett97 (1997). This PC-tooI estimates the deveIopment and 
gradients within the cross-section of temperature, age of maturity and compression strength in 
various types of concrete structures. Further, Hett97 inc1udes various concrete qualities by 
using tendency curves for the strength development of different concrete types. The tendency 
curve gives the strength development for a constant reference temperature (+20°C). A number 
of construction types can be analysed (e.g. walls, columns, slabs on ground and slabs 
inc1uding various formwork systems). The input data concerning surrounding conditions are, 
for example, temperature of concrete at casting, air temperature, wind conditions, covering, 
insulation and heating of concrete. 
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The influence of various concrete qualities in combination with different outer conditions are 
simulated with the aim of estimating the difference between HPC and NPC conceming time 
required for reaching a concrete strength of 20 MPa and also the risk for early freezing of the 
concrete structures (required strength level is 5 MPa before freezing). The results of the 
calculations are presented as diagrams in each result section. 

4.1.2.2 Early stripping of formwork 

Introduction 

Construction codes inc1ude requirements for concrete compression strength when stripping 
the formwork, in order to eliminate the risk for collapse. Concerning concrete slabs, the 
Swedish Building norm requires a minimum strength of 70% of the strength c1ass required for 
the concrete construction. The required concrete compression strength regarding vertical 
formwork needed for walls is set to 6 MPa according to the Swedish building norm. On the 
market there are a number of measurement systems to estimate the strength level of eonerete. 
For all systems it is important to conduct the measurement in relevant parts of the structure. In 
concrete slabs, measurement should be conducted in zones with the highest compressive 
stress and in walls at the outer surface of the lower parts, where stresses are highest and 
temperature (hydration) lowest. 

Stripping of slab formwork during summertime can normally be made a few days af ter 
casting but can nevertheless be a critical parameter with regard to the total production time 
when demands on rapid production are high, especially during the colder parts of the year. For 
walls, the normal stripping time is less than 24 hours, and this time should preferably be kept 
during cold weather. There are a number of solutions for reducing the required time for 
removal of formwork. One often-used method is to increase the amount of cement, which 
means a decrease of the w/c ratio. Surrunertime, a moderate increase in strength c1ass (from 
K30 to K40 or K50) significantly reduces the formwork stripping time. During the cold part 
of the year though, when the air temperature falls to levels around or below zero, increased 
concrete quality of ten is supplemented by external winter concrete methods, as for instance 
heat insulation, covering of the surface and heating of the concrete. However, utilisation of 
concrete strength c1asses corresponding to HPC, which according to the Swedish tradition 
requires concrete compression strength of at least 80 MPa, with the main aim of decreasing 
the formwork removal time is seldom practised, neither in summer nor in winter. 

Within the study, formwork-stripping time is ca1culated by simulating important parameters. 
The calculations aim at comparing HPC with NPC, assessing different winter concrete 
methods and different kinds of c1imate and formwork. Only slabs are considered. 

Calculations 

Table 4.3 displays the parameters investigated. The values of these have been varied, in order 
to investigate the effect of the early strength development of concrete. 

Due to the fact that the concrete types considered within the PC-program are limited to a 
maximum strength level of 70 MPa, the two highest concrete qualities (K90 and KlIO) have 
been manually introduced in the PC-program by increasing the cement content with 30 kg/m3 

75 



per strength c1ass together with increasing the strength of 28 days maturity to the actual K­
values. Used type of cement is in all simulated cases of type Swedish Std Portland. The slab 
thickness is permanently set to 0,20 meters. Studied fonn types are plywood with a thickness 
of 19 mm and Filigran with a thickness of 50 mm. For simulations for summertime, the 
surrounding air temperatnre is constantly set to 15°C and during winter time, three levels of 
air temperature are simulated, 0, -5 and -10°C. Concerning external winter concrete methods, 
aiming at utilising the internai concrete heat development during the first couple of days after 
casting, three types are simulated: heating the formlconcrete from below using infra heaters 
(350 kW/m2 during the first 24 hours) , "well-insulating" heat insulation of the formwork 
(definition according to Hett97) and "high-quality" covering of the concrete from above 
(definition according to Hett97). The concrete temperature at casting has for simulations 
during summer c1imate been set to 15°C and during winter to 20°C, which means that during 
winter, the concrete has been heated in the concrete factory to alevei that can be regarded as a 
standard value for Swedish winter conditions. Also +25 °C has been considered. 

The required level of strength at stripping of formwork has for all simulations within the study 
been set to 20 MPa that is a common required level in practice. The Swedish norm requires a 
minimum level of 70% of the total strength required with regard to design aspects when 
stripping the formwork. This value (70%) is, however, in most cases much too high for HPC. 

Table 4.3 Studied parameters within the production related study of early strength development 

Parameters 
Concrete strength dass (K-value) 
Cement content (Std Portland) 
Slab thickness 
Types of forms 
Air temperature 
Heating of concrete by infra heaters 
Heat insulation of fonuwork 
Covering 
Concrete casting temperature 

Result 

Levels 
30,50,70,90 and 110 MPa 
270, 420, 450, 570 and 690 kg/m3 
0,20 m 
Plywood (P) 19 mm and Filigran (P) 50 mm 
Summer (15°C) and Winter (O, -5 and -10°C) 
Yes (350kW/m2 24hours) and no (none) 
Yes ("well-insulated") and no (none) 
Yes ("high-quality" 672 hours) and no (none) 
Summer (15°C) and Winter (20 and 25°C) 

The time required for reaching 20 MPa for various concrete strength c1asses, from NPC (KJO) 
to HPC (KIlO), during summer conditions (outer air temperature of 15°C) is shown in Figure 
4.18. An increase to KSO from K30 leads, independent of formwork type, to a significant 
reduction of time required (l day in relation to 5 days) for reaching the strength level of 20 
MPa in the slab. When using an even higher concrete quality (e.g. KlIO), the time required 
can be reduced to approximately 0,5 day. 
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Figure 4.18 Calculated time required for reaching 20 MPa for various concrete strength classes 
(summer conditions). 19 mm plywood f orm. 

The effect of cold winter dimate is c1early displayed in Figure 4.19. With a surrounding air 
temperature of O °C an increase from K30 to K50 leads to a significant reduction of the 
stripping time required, but with an outer air temperature of -5°C, an even higher strength 
dass is required if short time is wanted. Only when using a strength dass as high as K90, the 
time required is less than 10 days. The table also shows that when the outer air temperature is 
as low as -lQ°C, a high strength c1ass is not enough if an acceptable stripping time is wanted. 
Nate that none of the analysed structures indude any winter concrete methods. The result is 
based on simulations where only plywood is used as formwork system and the concrete is not 
heated by infra-heaters, heat insulated or covered. 
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Figure 4.19 Calculated time for reaching 20 MPa in concrete of different strength class at different 
outer air temperatures. No winter precautions. Only 19 mm plywood fornt Casting temperature 
+20'('. 

Calculations of the effect of type of non-insulated formwork on the time for reaching 20 MPa 
at outer temperature -5°C are shown in Figure 4.20. The highly negative effect of using non-
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insulated concrete Filigran-elements is obvious. The high difference between plywood and 
Filigran-formwork reflects the much lower heat conduction coefficient of wood. 
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Figure 4.20 Calculated time to reach 20 MPa at an outer temperature of _5°C and use of non­
insulated form and no winter precautions. Casting temperature +20 0c, 

The effect of utilising all winter concrete methods simultaneously (heat insulated formwork, 
covered concrete surfaces and heated concrete by infra-heaters) is shown in Figure 4.21. The 
result is based on a surrounding air temperature of -SaC and that plywood has been used as 
formwork. The diagram shows a significant reduction of time required for reaching the 
strength level of 20 MPa for all studied concrete strength c1asses when all studied winter 
concrete methods are used together simultaneously. The time required to reach 20 MPa for 
K30 and KIlO, when both are including winter concrete methods are approximately l day and 
0,2 days respectively. In comparison, a KIlO concrete without winter concrete methods needs 
I,S days for reaching 20 MPa. 
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Figure 4.21 Calculated time to reach 20 MPa at outer temperature of -5 "G. Effect of winter 
precaution activities. 19 mm plywood form. Casting temperature +20 0c, 
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The effect of the winter concrete precaution activities separately and in various combinations, 
is presented in Figure 4.22. An insulated K70 leads to nearly the same fonn stripping time as 
a K30 that is protected by insulation, covering and heating. The result is based on an outer air 
temperature of -soC. 
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Figure 4.22 Example of the ejJect of different winter precaution activities on the time needed to reach 
20 MPa at an outer temperature of -5°C. 19mm plywood form. Casting temperature +20 'C'. 

Early formwork stripping - Conclusions 

There are a number of factors that can be optimised to minimise the time required for 
reaching a specific strength leve1 required for stripping of the formwork. An increase of the 
concrete quality, causing more rapid early strength development, can significantly reduce the 
time required. This is valid during summer as weil as during winter. Depending on 
surrounding air temperature, there are various combinations of concrete strength c1asses and 
winter concrete methods that can be used in order to reach a specific strength value at a 
specific time. 

According to Figure 4.19, an ordinary house-building concrete without use of any winter 
concrete protective methods is not enough to get short (or normal) form stripping time. For an 
outer air temperature of O°C, an increase in concrete quality from K30 to KSO leads to a 
significant improvement in tenns of reduced stripping time. For lower air temperatures like -
SOC, HPC (K90 or higher) is needed in order to get a satisfying strength development when 
no winter concrete methods are used. With an air temperature of -10°C, even a KIlO concrete 
is not enough, unless winter protective methods are used. 

It is quite c1ear from to the result that concrete has to be protected during wintertime castings. 
Figure 4.21 shows that an ordinary K30 concrete inc1uding all winter concrete methods used 
together (insulation, covering and heating), leads to approximately the same strength 
development time required as a KIlO concrete without any winter concrete protective 
methods. When studying the effects of various winter concrete methods separately (Figure 
4.22), a KlIO concrete inc1uding only insulation and/or covering leads to approximately the 
same strength development time required as a K30 concrete inc1uding both insulation, 
covering and heating. 
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4.1.2.3 Freezing of concrete 

Introduction 

Concrete casting when the surrounding air temperature is below O°C may lead to early 
freezing of the water in concrete, which causes a severe risk for frost damages in the concrete. 
To prevent such damages, the Swedish building code includes requirements for a compression 
strength of minimum 5 MPa before the concrete temperature is allowed to fall below O°C. 
When measuring the compression strength of concrete, which has started to freeze, there 
might be risks for false overestimations of the strength as a result of that the strength of ice is 
included. When the ice melts, the real strength of the concrete will be reduced dramatically, 
which in worst case may lead to serious safety problems as result. The reason to that 5 MPa is 
used as criterion is not that 5 MPa is high enough to sustain the stresses occurring at freezing, 
but that 5 MPa corresponds to an internal drying caused by hydration that is big enough to 
take care of the 9% volume increase, when water is transforrned to ice, Fagerlund (1980). 

The internai temperature of concrete increases during the first days af ter casting, even when 
the outer air temperature is low. However, at an air temperature below O°C, the risk of 
freezing is high also in concrete of high quality, if no externai winter casting concrete 
methods are utilised. The most common methods to increase the strength development of 
concrete during cold outer temperatures are, as already mentioned insulation, covering and 
heating of concrete. As an alternative to the external rnethods, an increase of the concrete 
quality may be enough with regard to early strength development and elimination of the 
freezing risk, provided that the temperature is not too low. 

The aim of this part of the study is to estimate the potential of HPC for reducing or 
eliminating the risk of early freezing concrete. The freezing risk of HPC combined 
with/without externai winter concrete methods are calculated and compared to NPC 
with/without external winter concrete methods. 

Calculations 

Similar calculations as perforrned in the previous section of the chapter, regarding early 
strength development, are conducted with the aim of calculating the strength level in the 
concrete structure when the minimum internal concrete temperature passes below O°c, The 
PC-program Hett97 has been used. With the aim of estimating the differences regarding 
freezing, protecting methods for HPC and NPC, various external winter concrete methods and 
surrounding air temperatures are simulated. The cement type is Swedish Std Portland. Only 
20 cm thick slabs are considered. 

Result 

The first results concern the effects of surrounding air ternperature on the freezing risk of 
concrete, i.e. freezing before the strength has reached 5 MPa, see Table 4.4. Other parameters 
are concrete quality and winter protective methods. 
Note that the result is based on a concrete temperature at casting of +20 °C, forrnwork of 
plywood and that winter casting methods consist of heat insulation, covering and heating by 
infra-heaters of concrete. The details of these methods are described in 4.1.2. 
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The table shows that no studied concrete will freeze if all winter concrete methods are used 
simultaneously. Further, if no winter concrete precaution methods are used, a concrete quality 
of at least K90 is required when the surrounding air temperature is -SaC. 

Table 4.4 Estimated risk of early concrete freezing with regard to the surrounding air temperature, 
concrete quaIity and utilisation of winter concrete methods. Plywood 19 mm is used as formwork. 
Temperature of concrete at casting 20°C. Winter concrete methods consist of a combination of 
insulation, covering and heating of concrete. Swedish Std Portland cement. 
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Table 4.5 presents the effects of each studied winter concrete method, used separately or in 
combination with other methods, on the freeze risk for various concrete strength c1asses (K30 
- KIlO) and different intema1 concrete casting temperatures (20°C and 25°C). The potential 
of HPC is dear. For example a K70 concrete does not need to be protected against early 
freezing by external winter concrete methods if the concrete temperature at casting is 25°C. 
An ordinary K30 concrete requires both covering and insulation irrespectively of the casting 
temperature. 
Another result is that heating of concrete is not required. However, heating of concrete is still 
an efficient method in order to reach a specific strength level with regard to forrnwork 
stripping, as described above. 
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Table 4.5 Estimated risk for early freezing of concrete depending on various winter concrete methods. 
The outer air temperature is constantly set to -10°C. Plywood 19 mm is used for all calculations. 

K-value Cement (kg/m 3) Insulated form Covering Heating Freeze risk Freeze risk 
Concrete Concrete 
temperature at temperature at 
casting = 20 'C casting = 25 "C 

30 270 
yes yes 

x yes yes 
x yes yes 

x x no no 
x x no no 

x x x no no 

50 450 
yes yes 

x yes no 
x no no 

x x no no 
x x no no 

x x x no no 
70 470 

yes no 
x yes no 

x no no 
x x no no 

x x no no 
x x x no no 

90 570 
yes no 

x no no 
x no no 

x x no no 
x x no no 

x x x no no 
110 690 

yes no 
x no no 

x no no 
x x no no 

x x no no 
x x x no no 

Conclusions 

If the temperature of the concrete passes below O°C before the strength of the concrete has 
reached a level of 5 MPa, there are risks for freezing darnages in the concrete structure. 
Different types of methods to protect against early freezing of concrete have been 
investigated. These methods consist of increased cement content (and strength), various 
external winter concrete methods (insulation, covering and heating of concrete) and various 
combinations of these variables. By using the PC-program Hett97, the effects of the methods 
are simulated for various types of formwork and surrounding air temperature. The study 
results in diagrams presenting the risks of early freezing of concrete with regard taken to 
protection methods and surrounding conditions. 
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Main conc1usions are: 

• When simultaneously utilising all studied winter concrete methods, there are no risks 
for early freezing of the concrete, independent of the concrete strength level, even if 
the surrounding air temperature is as low as -10oe and the concrete temperature at 
casting is 20°e. 

• A concrete quality of at least K90 is required for eliminating the risks for early 
freezing when no winter protecting methods are used at the same time as the outer air 
temperature is -soe and the temperature of the fresh concrete is 20°e. 

• If the concrete temperature at the start of casting is 2SoC, no extemal winter concrete 
methods have to be used regarding the risk for early freezing for concrete qualities of 
K70 or more, even if the surrounding air temperature is as low as -lOoe. For the same 
conditions, a KSO concrete needs heat insulation of the formwork and a K30 must be 
both insulated (of the formwork) and covered (of the concrete surface) to avoid early 
freezing of the concrete. 

4.1.2.4 Early post-tensioning 

Introduction 

In order to produce post-tensioned elements in a rational way, it is important that the concrete 
has a rapid strength growth. The strength required when post-tensioning can be made, 
depends on the type of element and is of ten more than 20 MPa. The same requirement for 
rapid strength growth is valid for in-situ casting, like "Freivor-Bau" of bridges. One can 
seldom wait more than 3 days until post-tensioning has to be made, in order that one shall be 
able to move the mould outwards. 

Calculations 

The calculations are similar to the ones performed befare regarding stripping time of 
formwork. The value of required strength regarding post-tensioning of reinforcement is 
therefore set to 20 MPa, which is equal to the value set for stripping of formwork. As for the 
earlier ca1culations, the pe-program Hett97 is used as calculation tool, where the effects of 
various concrete qualities, surrounding air temperatures and winter concrete methods, on the 
strength development are estimated. Only the cast in-situ condition is considered. The cement 
type is of type Swedish Std Portland. 

Result 

Figure 4.23 shows the time required for reaching a concrete strength level of 20 MPa during 
summer conditions (lS°C) as well as during winter conditions (-S°C). The member thickness 
is 0,20 m and the mould is 19 mm plywood. The result conceming winter conditions is further 
divided into two groups, based on whether extemal protecting winter concrete methods 
(insulation, covering and heating of concrete) are used or not. 
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Figure 4.23 Time needed to reaeh a eompressive strength 0/20 MPa in a 0,2 m thiek member east in 
19 mm Plywood/orm. Effeets o/ eonerete quaiity and winter precautions are shown. Swedish Standard 
Portland Cement. 

4.1.2.5 Summary of results and conclusions 

Concreting during summer conditions 

The result of the study concerning summer conditions shows that the time required for 
reaching a strength level of 20 MPa can be reduced by 80%, i.e. from S days to l day, when 
utilising a KSO concrete instead of a conventionaI house-building concrete K30. Furthermore 
a KlIO concrete needs O,S day to reach the same strength level. This effect is caused by the 
lower wie ratio in concrete with high strength and can be utilised for rapid fonn removal 
and/or early post-tensioning of reinforcement. 

Concreting during winter conditions 

The largest potential for utilising the rapid strength deve10pment of HPC is connected to 
winter conditions, especially when the surrounding air temperature passes below oec. 
Concrete qualities with different strength levels (K30 - KlIO) and various kinds of external 
winter protecting methods are analysed in the study, e.g. the use of fonn insulation, infra­
heating of concrete, covering of the concrete surface and increased concrete casting 
temperature. 

The analysis shows that there is a large potential for reducing the production time when 
utilising the fast strength development of HPC or in combination with winter protection 
method/methods. For an example the time required to reach 20 MPa can be reduced from 
more than 28 days to only 1 day, by using a K70 instead of K30, when only covering is used 
as winter concrete protection method and the concrete temperature at casting is 20eC and the 
outer air temperature is -sec. Further a HPC (KlIO) without any winter protection methods, 
requires approximately the same time for reaching 20 MPa as a NPC (K30) fumished with 
heat insulation of formwork, covering of the concrete surface and heating of the concrete, for 
the same casting temperature and outer temperature as above. 
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Freezing of concrete 
HPC has considerable potential for eliminating the risk of early freezing of concrete that 
otherwise may lead to serious damages on the concrete structure. The calculations show that 
there is no frost damage risk for a K70 concrete without use of any winter protection methods, 
compared to a K30 concrete that needs both covering and insulation of the concrete for the 
same conditions (outer air temperature of -10°C and concrete temperature of 25°C at casting). 

Concrete temperature at casting 
There is a significant effect on the strength development during winter conditions by the 
temperature of concrete at casting. For instance, an increase from 20°C to 25°C leads to that a 
K70 concrete does not need the use of any winter protection methods, in comparison with a 
starting temperature of 20°C, which requires covering to avoid early freezing damages. 

Economical aspects 

The study shows that there are multi-interactions between different parameters affecting the 
concrete strength development. When summarising the results of the study, there is a potential 
for reducing the production costs by decreasing the required production time, both for 
summer and winter conditions when utilising the rapid strength development of HPC. 
However, the study does not aim at making a detailed assessment of the difference between 
HPC and NPC considering added materials costs and reduced production costs. The 
interaction between these costs is complex and also to a large extent dependent on specific 
conditions of various building projects. Therefore, only a brief description of the potential 
based on the result of the study is presented below. 

• For summer conditions, utilisation of HPC instead of NPC inc1udes a potential for 
reducing the production time through early stripping of formwork and/or early 
tensioning of post-tensioned reinforcement 

• During winter conditions, HPC significantly reduces the production time by the same 
reasons as for summer conditions mentioned above, but also through the potential for 
reducing or eliminating the added costs connected to external winter protection 
concrete methods, which may be needed for early stripping of formwork in order to 
avoid early freezing of concrete 

When discussing economical aspects it is also important to consider practical matters. With 
the aim of reducing the building costs during wintertime, it is important to predict the climate 
conditions during production in order to optimise the concrete quality (strength level) in 
relation to required extemal winter protection concrete methods. For example rnissing parts of 
extemal protection rnethods can lead to local freezing damage. It can also be time-consuming, 
expensive and create logistical problems if necessary changes have to be made of the planned 
methods, due to unexpected difference in surrounding air temperatures in relation to the 
predicted. However, a HPC of which the rapid heat and strength growth are utilised probably 
is also the most flexible and safe solution regarding unexpected problems and hard­
predictable factors such as unexpectedly low outer temperature af ter casting. A large increase 
of the concrete quality, with the aim of only reducing the strength development time when 
winter casting, may however lead to econornical sub-optimisation. In a more detailed 
economical analysis of the benefit of using HPC, consideration should be taken also to other 
aspects, as for instance shorter drying time and possibilities for improved structural design. 

85 



4.2 Utilisation of see for more rationai production 

see is claimed to be one of the most innovative developments in concrete materials 
technology. By utilisation of see, the traditionally required vibration work for compacting 
ordinary concrete can be eliminated. Due to this opportunity, a wide range of benefits within 
concrete east in-situ production is created. This section concentrates on the two main 
beneficial areas work environment and increased productivity. 

4.2.1 Work-environmental aspects 

Traditional in-situ east concrete is criticised for causing work-environmental disadvantages 
due to the required vibration work. Concrete vibrators may lead to vibration injuries on 
concrete workers. Besides, it rnight cause heavy work and/or hearing impairment. Another 
aspect is the decreased safety on site due to high noise levels of the concrete vibrators. 
However, sec may be a solution to these problems that are further described be1ow. In 
Sweden today there are no demands coupled to health aspects related to vibration work of 
concrete. Whether these types of demands will be introduced, since see is available, is 
uncertain but discussed. 

4.2.1.1 Elimination of the "white fingers syndrome" 

Long-time use of hand-held concrete vibrators may cause injuries called "white fingers 
syndrome" or HA VS (Hand Arm Vibration Syndrome). A large percent of concrete workers 
are pre-retired due to this reason. Increased usage of SCC result in a reduced need for 
concrete vibrators on site and may affect the work-environment strongly in a positive way. 

4.2.1.2 Reduction of heavy work 

Another work-environmental disadvantage of normal concrete is that somewhat injurious 
working methods sometimes are required. Examples are heavy lifts and forced operating 
positions. sec in combination with pumping creates opportunities for earlier working 
methods. The role of the concrete worker will merely be to controI the casting process. 

4.2.1.3 Noise decrease 

By elirninating the concrete vibrators, the noise levelon the building site may be significantly 
decreased. This is not only a question of reducing the risks for hearing impairment, but is also 
a potential for reducing the general safety risk. Lower noise level creates possibilities for 
easier communication on site during concrete casting. Perhaps the work environment will 
therefore be considered as more comfortable in general. Besides, people living or working 
c10se to the building site rnight probably appreciate quieter building sites. 
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4.2.2 Potential of see for more rationai production methods 

The fact that see comprises the elimination of vibration may be seen not only as a possibility 
for improved work-environment, but also as a possibility for an increased competitiveness 
concerning production economy, compared to traditional concrete. Below, five potential 
benefits of see are exemplified with regard to production economy aspects. 

4.2.2.1 Reduction of personnel 

There have been discussions whether see decreases the manpower requirement or not. The 
need for personne1 obviously decreases with the fact that no vibration has to be done. But 
see may also lead to the need of more manpower for preparation of formwork (making this 
more strong and tight). 1t is clear that the possibility to reduce manpower to a large extent 
depends on the type of building project. 

4.2.2.2 Reduction of finishing work 

A properly proportioned see may lead to smooth concrete surfaces with low amount of 
surface pores. eompared to an average concrete, this gives potential cost savings by reducing 
the often-needed finishing work of the concrete surfaces. 

4.2.2.3 Increased productivity 

The two earlier mentioned aspects of see:s potential, personnel reduction and reduction of 
finishing work, affect the productivity indirectly. An additional but direct advantage is that 
see may increase the volume of cast concrete per time unit. Much of the time spent on 
vibration work for traditional concrete may through see be utilised for casting instead. 
However, this potential advantage is somewhat dependent on the type of construction. For 
instance, casting of wall structures may be time demanding also for see, due to the demand 
for slow rise of concrete level in order to avoid concrete separation, low-quality surfaces and 
high form pressure. Casting of horizontal structures, e.g. concrete slabs, is not as sensitive as 
vertical structures. However, it has tumed out by practical experiences that see can be used 
with success both for vertical and horizontal structures but that vertical structures require 
more solid fonnwork. 

4.2.2.4 Casting of advanced structures 

There are also the benefits of see with regard to the casting of advanced designed and 
geometrically complicated structures. For instance, in cases where the structures are densely 
reinforced, traditional concrete plus vibration work are very time demanding and nearly 
impossible to manage in practice. In these cases, see can be utilised as a competitive method 
and for some cases as the only possible solution in practice. One specific technical solution to 
advanced designed and vertical concrete structures (e.g. walls), is to pump see from below 
through special valves in the formwork and further letting the see automatically compact 
itself and fill the formwork. 
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4.2.2.5 Economical aspects 

There is eonsiderable economie potential of using see. In a long-time perspeetive, see may 
reduee presumptive future eosts (for reparation etc) by inereasing the strueture durability 
through guaranteeing the quality of eonerete eompaetion, e.g. eompaetion around 
reinforeement bars. There are also the aspeets of future eost savings related to redueed health 
care for eonerete workers. 

In a shorter perspeetive, for see to be profitable considering the direet produetion eost, the 
produetion eost savings must be larger than the added direet materials eosts of see. 

However, potential eost savings by using see differs for different types of building projeets 
and are therefore, in general, diffieult to quantify. It is still today also common that the 
benefits of see for specifie projeets are discovered and utilised ad hoe during the exeeution 
of projeets. Proper planning within the early stages of projeets, where regard is taken to the 
total effeets of see, is probably neeessary for utilising the total eeonomieal potential of see. 
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Chapter 5 

Building function related potential of new concrete materials 
technology 

5.1 Increased flexibility/future refurbishment by utilisation of HPC 

Structural frames produced of average concrete and designed as solid slab/wall structures 
often limit the flexibility for future changes and adaptation to new use of the building. The 
low bearing capacity of average house-building concrete reduces the maximum allowed slab 
spans. Bearing walls of solid eonerete, limits the possibilities for future refurbishment in 
comparison with slab/column structures including easily dismountable walls. Chapter 3 
"Structural potential of HPC within house building" indicates possibilities for increased 
flexibility, such as increased possibilities for the user to change the function of the rooms to 
meet future requirements. Increased floor spans and/or dismounting or mounting of light walls 
create possibilities not only for further arranging of furniture but also for new functions of the 
rooms. To meet the presumptive increased requirements for working at home in the future, 
residential functions more frequently have to be rebuilt into office functions. 
Below, Figure 5.l illustrates the potential of HPC and slab/column structures for increased 
flexibility. "A" illustrates a solid concrete slab/wall structure of NPC and "B" of HPC. The 
span is significantly increased for "B" but future requirements for refurbishment is however 
limited compared to "C" and "D", which illustrate slab/wall structure supported by column, 
including two alternatives for placing the internal dismountable walls. Another possibility is 
to use bigger slab/column structures with large span between the columns. 

A(NPC) 

C (HPC) D (HPC) 

Figure 5.1 Examples of increased flexibility regarding future refurbishment by the use of HPC. 
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5.2 Reduced moisture problems by utilisation of HPC 

Insufficiently dried concrete may indirectly contribute to moisture related health problems in 
the finished building, the so called "sick building syndrome". The reason is that organic 
flooring material or other organie materials in contact with moist alkaline concrete emits 
unpleasant gases to the room. These are measured as VOC (volume of organic compounds) or 
TVOC (total volume of organie compounds). The concrete itself has negligible emission, 
even when re gard is taken to chemical additives. Another problem is mould growth, which 
may occur if concrete with high moisture content is in direct contact with wood or other 
organie materials. Therefore it is important to dry out concrete before sensitive materials are 
placed in contact with it. Generally accepted values in Sweden on the maximum concrete 
hurnidity with regard to various floor-covering materials are presented in Table S.l below. 

Table 5.1 Allowed maximum levels of concrete relative humidity (RH) according to Swedish rules, 
measured on the equivalent depth, for different type of jloor-covering materials. 

Materials RH requirements (%) 

Textile :s; 90% 
Cork :s; 85% 
Linoleum :s; 90% 
Rubber :s; 85% 
PVC (> 50% filling material) :s; 90% 
PVC (:S; 50% filling material) :s; 85% 

To reach a relative humidity of 90%, an average house-building concrete needs approximately 
6 months, which in the worst case may extend the total production time by the same time. For 
RB levels of 8S%, the required drying time can be nearly impossible to manage in practice. If 
permanent steel formwork and no controlled drying are used, drying times of over 20 months 
are of ten required. However, if BPC with low w/c ratios and self-desiccation, is utilised 
instead of NPC, the required drying time can be significantly reduced. RH leve1s of 8S% are 
then possible to reach within a couple of months. Local moisture problems related to various 
dimensions of the constructions are also easier to avoid if HPC is used, since the self­
desiccation effect makes the drying time of BPC nearly independent of the construction 
thickness. See Chapter 4.1. 

There are ongoing discussions on whether BPC, because of its' dense structure, may cause 
emissions due to the smaller permeability. Also a pre-dried BPC has to absorb water from 
water-based adhesives used for bonding flooring materials. This effect, together with the high 
alkali content of HPC, are c1aimed to lead to increased emissions from the floor adhesives. As 
a preventing method, alkali-resistant screeds can be used. 

5.3 Increased acoustic quaiity by utilisation of HPC 

Concrete structural frames normally result in high levels of acoustic insulation. There are two 
main types of sound transmission within a building, (1) impact sound caused by impact (like 
steps) directly on the concrete and (2) airbome sound (talk or music) transmitted from air to 
the building frame. Airbome sound can be transmitted in two ways, through direct 
transmission (directly crossing a slab or wall) or flank transmission (crossing via connected 
walls or slabs). One of the most significant affecting parameter on the acoustic quality is the 
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concrete thickness, especially for isolation against low frequency sound. However, there are 
many other factors affecting the sound insulation, e.g. the type of structural frame, partial wall 
properties, installation systems, floor covering materials and proportions of the rooms. 

According to the Swedish building regulations (Boverket, 1999), there are four recommended 
acoustic quality c1asses; A (the highest dass), B, C and D, of which C is the minimum 
required for production of new house-buildings (D is required for renovation projects). The 
c1asses are set with regard to two types of acoustic aspects, airbome sound insulation and 
impact sound level. 
For concrete slabs, a thickness of approximately 0,28 m is required for Class A and 0,22 m for 
B, with regard to vertical airbome sound insulation. Regarding impact sound level, the 
required concrete slab thickness for the two acoustic c1asses is approximately 0,25 and 0,19 
m. 

An obstac1e for utilising the high sound insulation properties of concrete structural frames has 
been the extended drying time for increased thickness of concrete constructions. Reaching 
high-quality sound insulation has generally been irnpossible if short production times are 
required and conventional house-building concrete is used. But if HPC with low wie ratio is 
used, the effects of self-desiccation can be utilised, which gives reduced drying time, even for 
concrete members with big thickness, see the figures 5.2 a and b below. The result is based on 
the ca1culations of required drying times made in Chapter 4 "Production related potential for 
new concrete materials technology". Constant parameters for the calculations are formwork of 
permanent steel and the climate condition (l8°C, 60% RH) from the start of casting. In HPC 
(wie ratio of 0,35) a silica fume content of 5% is used. 

Required drying 
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Figure 5.2 Drying times for various concrete qualities according to the result of the production study 
in Chapter 4, recalculated with regard to acoustic classes according to the Swedish Building norm. 
Figure "a" presents the required drying time for reaching 85% RH and "b" for reaching 90% RH, 
with regard to criteriafor acoustic sound class A versus B. 

According to Figure 5.2, when HPC is utilised, high acoustic quality is possible to manage 
even if short production time is required. 

5.4 Decreased energy-consumplion by utilisalion of HPC 

Many studies of the energy consumption related to house-buildings, indicate that 
approximately 85% of the total energy consumption is connected to the usage phase and only 
15% to materials production, building erection, renovation, demolition etc. (Adalberth, 2000). 
In Sweden, the energy consumption related to the building sector is ab out 40% of the total 
energy consumption in Sweden. The concrete house-building sector is sometimes criticised 
for being more energy demanding than competing materials for the building of structural 
frarnes, such as wood or steel, but considering the entire life cyc1e, concrete is probably not 
more energy demanding than other materials. 

The major advantage of concrete structural frarnes, when it comes to indoor thermal comfort, 
is the high weight. A structural frarne of concrete is able to buffer and store heat to larger 
extent than wooden or light building structural frarne systems, depending on the high heat 
capacity. As a result, the heat capacity of concrete affects both the indoor air quality and the 
costs during the total usage phase. One important prerequisite though, is that day-re1ated 
variations of the indoor air temperature can be accepted by the resident and tolerated by the 
heating and ventilation system. Otherwise, the opportunity for buffering heat within the 
concrete construction will be elirninated. 

The thickness of the concrete structural frarne is important not only for acoustic aspects, but 
also for the thermal aspects. The thickness of a concrete wall has to be at least 10 to 15 cm for 
having maximum capacity of storing heat. An even thicker wall does not increase the 
capacity . Because of the extended production time associated with increased concrete 
thickness using ordinary house-building eonerete, there is a potential for HPC also with 
regard to thermal aspects. When summarising the life cyc1e heating and cooling costs for 
house buildings, the added materials costs for HPC may be easier defended. 
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Chapter 6 

Obstacles for the implementation of new concrete materials 
technology 

6.1 Technical obstacles 

6.1.1 Technical obstacles for the implementation of HPC 

Technical obstacles for the implementation of cast in-situ HPC relate to difficulties in 
production of ready-mix concrete, to technical perforrnance problems of the fresh and 
hardening concrete on site and to uncertainties in the function of the hardened concrete. 
Below, the main issues regarding technical obstac1es and uncertainties for the implementation 
of HPC within house building are briefly presented. Note that many technical barriers have 
been managed by means of solutions based on research. 

6.1.1.1 Technical obstacles related to the ready-mix concrete production 

Generally, the requirements are higher for all ingredients used in HPC, compared to NPC. 
Increased controI of properties and variations in ingredients, as weIl as proper mix 
proportioning is necessary to achieve the desired perforrnance. 

• Mix proportions (Petersons and Åberg, 2000) 
Mix proportioning of HPC is more complicated than for NPC, because of the 
contradicting requirements for good workability and low amount of water. Often, 
the se parameters have to be compromised and balanced to create an acceptable level 
of the workability in relation to the low water content. Compared to NPC, HPC is 
significantly more dependent on proper mix proportioning where regard is taken to all 
included sub materials, to achieve the desired perforrnance. As for instance, the 
strength of the cement paste deterrnines the strength of NPC. For HPC though, all 
ingredients (as cement and aggregate) and the interaction between these (as the 
interface between cement paste and aggregate) strongly influence the strength of HPC. 
Mix proportioning of HPC can be summarised as a process that requires increased 
controI of the quality of ingredients as weIl as controlling the amount of all 
ingredients. 

• Cement (Sandberg, 2000a) 
For HPC used for civil engineering constructions, coarse-ground, sulphate resistant 
and low alkali cement is norrnally used in order to achieve low heat development (to 
avoid cracks), high final strength and low water need. The latter increases the 
workability of HPC and further makes the mix less sensitive to variations in 
ingredients. However, within house building, the requirements of ten include fast 
strength development and rapid drying. Therefore fine-ground cement is of ten used. 
This cement type of ten has higher alkali content, which increases the need for mixing 
water, and also affects the workability in a negative way. This can however be 
balanced by means of water reducing additives. 
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• Additives (Sandberg, 2000b) 
Super plasticisers, water reducers and air entrainrnent are the main types of additives 
for HPC. Super plasticisers are always required for managing the low w/c ratio of 
HPC, but the content must be limited in order to avoid retarded hydration, concrete 
separation and plastic eraeking. There are also risks for increased air content when 
water reducers are used. This will decrease the strength of the eonerete. Of ten, 
strength is no problem. Then the use of air entrainment may affect HPC positively by 
increasing the workability. 

• Pozzolans (Sandberg, 2000a) 
HPC including silica fume affects the stability and strength in a positive way. Further, 
within house building, silica fume is of ten added with the aim of increasing the self­
desiccation effect and reducing the drying time. The amount of silica fume in HPC is 
set to 5 % of the cement content in order to limit the increased stickiness of the fresh 
concrete caused by silica fume. 

• Aggregates (Fagerlund, 2000) 
For HPC, the type, amount and gradation of aggregate significantly affect the 
workability of the fresh concrete as weIl as the performance of the hardened eonerete. 
Therefore it is even more important to contral and test the effects of aggregate on HPC 
even regarding small variations in aggregate properties. 
The cement paste in HPC is very strong. Therefore the aggregate can be the weak link 
if precautions are not taken to avoid inferior aggregate. Also other properties of HPC 
(E-modulus, tensi1e strength) are to a high degree dependent on the properties of the 
aggregate. By se1ecting suitable aggregate, the stiffness and tensile strength can be 
increased above normal values. This is very important for efficient use of HPC as 
structural material, see Chapter 3. 
The control of the performance of aggregates is for that reason also important 
regarding the hardened eonerete. Unusually high quality aggregate may be required, 
which can be problematic since such aggregate (like diabase) is scarce. 

6.1.1.2 Technical obstacles related to the fresh concrete on site 

• Casting conditions, e.g. workability (Byfors, 2000 and Nykvist, 2000) 
The increased cement content and decreased water content of HPC (the low w/c ratio), 
together with silica fume, may make the concrete "sticky", due to the increased 
cohesion. This might cause trouble with compaction and with finishing of surfaces. 
Special attention should also be paid to the more rapid stiffening (e.g. slump loss) of 
HPC. One positive effect of casting HPC is the reduced risk for concrete separation, 
which depends on the decreased water content and increased fines content. An open 
dialogue between the concrete supplier and the contraetor is recommended on 
information about workability, vibration efforts etc. 
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6.1.1.3 Technical obstacles related to the function of the hardened concrete 

• Cracking (Emborg, 2000) 
Due to the high cement content of HPC, the risks for temperature cracks increase. 
Also, the plastic and autogenous shrinkage in HPC may lead to increased risk of early 
cracking of HPC structures. 
As with NPC, it is also for HPC recommended to limit the early heat development of 
the concrete structure, in order to reduce the temperature difference within the 
structure and between the structure and surrounding structures or rock. 

• Emission (Nilsson et. al., 2000) 
The dense structure of concrete surfaces in combination with the increased alkali 
content of HPC might lead to potentially increased risks for emissions from water­
bas ed adhesives and flooring materials. It is not known though if this possible risk is 
real or not. The possible problems might be avoided by using alkali-resistant adhesives 
and low-emitting flooring materials. 

• Fire resistance (Anderberg, 2000) 
Due to the dense structure of HPC, the possibilities for vapour and moisture transport 
are limited. In the case of fire, high vapour pressures may appear, which may lead to 
risks of surface spalling of HPC. The interaction between affecting parameters is 
complex. To pre vent from surface spalling, polypropen fibres can be added. In the 
case of fire, the fibres will melt and create a fine pore system, which reduces the 
vapour pressure and thereby decreases or eliminates the risk for surface spalling. 

6.1.2 Technical obstacles for the implementation of see 

In comparison to ordinary concrete, SCC requires extended controI of the mix proportions as 
well as the concrete casting conditions. Small differences in mix proportions or in in-situ 
conditions can result in a number of technical quality problems, which are described in the 
section 6.1.2.1. There are also the impediments for increased utilisation addressing the lack of 
knowledge of certain properties of hardened SCC (e.g. fire resistance, creep and shrinkage), 
see further the section 6.1.2.2. 

6.1.2.1 Technical obstacles due to production difficulties 

Mix-proportioning 

As mentioned, SCC is, compared to nonnal concrete, significantly more sensitive to 
variations in the mix proportions and production conditions. Small differences in quality and 
amount of filler, water, cement, aggregate and additives may for example lead to concrete 
segregation and early loss of self-compacting ability. If the SCC-mix is not properly balanced 
there are risks for problems on site. Therefore increased control of SCC is required, both at 
the ready-mix concrete factory and on site. Also, incorrect handling of the fresh concrete, for 
instance when transporting or casting, may lead to negative results as described below. 
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Production problems 

• Robustness of the mix 
The self-compacting properties may easily be lost during transport and handling of the 
concrete, especially when there is long time between mixing and casting. As a result 
there might be insufficient compaction and enclosure of reinforcement bars. It is 
important to develop mixes that are robust so that these problems do not occur. 

• Pores in the concrete surface 
One of the main benefits of see is the high quality of the concrete surface, which 
reduces the expensive costs for finishing work. However, there are several factors that 
may affect the quality of the concrete surface in a negative way. If the rise of the 
concrete front is to fast, air content in concrete may not be released properly, which 
may cause an unacceptably porous concrete surface. 

• eracking 
see may lead to crac1dng due to increased plastic shrinkage when high filler contents 
are used. 

• Transportation 
eompared to normal concrete, see is more sensitive to variations in transport. During 
long transport the self-compacting ability may be impaired or lost, especially when the 
mix contains big amount of super-plasticiser. One solution to this problem is to add 
some of the admixture at the building site. This requires the use of truck mixing. 

• Pumping 
see is normally weIl suited for pumping, but at high pump pres sure , there may be 
problems with slump loss and/or decrease of air content. 

• Formwork 
The form pressure of see might be considerably higher than that of normal concrete. 
Therefore, stronger formwork will normally be needed for vertical structures (walls, 
columns). 

6.1.2.2 Technical obstacles due to lack of knowledge 

Even though there has been intense research on see during the 1990s, there are still areas 
where knowledge is partly lacking. In particular, the effects of the high filler content of see 
need further research. It is often observed that the strength is increased for see with 
increased content of lirnestone filler, even at constant wie ratio. The reasons may be physical 
effects, as for instance improved microstructure and/or chemical effects, e.g. chemical 
reaction between cement components and filler, which may lead to more dense structure. 
Below, the most relevant areas for further research of see with regard to house building are 
presented briefly: 

• Plastic shrinkage and drying shrinkage 
The research and the experience of shrinkage of see are contradicting. The high filler 
content of see may lead to increased plastic shrinkage due to early drying. The effect 
of type of filler is however not clarified. The drying shrinkage ought to be somewhat 
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higher for see due to the high filler content. No systematic studies on the issue 
comparing see with normal concrete seem to have been perfonned. 

• Form pressure 
The form pre s sure of see is assumed to be related to the type of see, mix­
proportions and tixotropy. Another effect on the form pressure is the rate of the rise of 
the concrete level. Higher speed leads to increased form pressure. The relation 
between form pressure, rate of casting and rheological properties of the fresh see has 
to be investigated. 

• Drying time 
Compared to normal concrete, sce leads to a higher strength for the same w/c ratios 
due to the filler effect. This may cause longer drying times for SCC than for normal 
concrete with the same strength. The fact that lower cement content can be used, also 
contributes to a reduced self-desiccation effect. 

• Concrete performance during winter conditions 
The lower cement content in sce at a given strength leve1 may, during low 
surrounding temperatures, lead to lower degree of heat development and slower 
strength development, in comparison with normal concrete. This can be easily 
compensated for, by increasing the strength of the concrete. 

• Fire-resistance 
sce with high filler content (lime stone) seems to increase the risk of spalling during 
fire, (Persson, 2003). Though, this problem has to be studie d more before any safe 
conclusion can be drawn. The problem can be handled by mixing polymer fibers in the 
concrete. 

6.2 Obstacles related to the building process 

6.2.1 Organisation 

Uke other innovations to be implemented within the building sector, the introduction of new 
concrete materials technologies meets barriers related to how the building sector is organised. 
Below, the most significant barriers are presented, of which the two latter are connected to 
new concrete materials technology and not to innovation in general. 

• Conservatism among the actors 

• Lack of knowledge and low interest for innovation 

• Missing information-spread and feed-back between and within the actors 

• Undear responsibility 
(Example: It is not always dear who is responsible for compaction of see. Is it the 
ready-mix producer delivering the mix or the constructor casting the mix? When 
problems with compaction occur, the responsibility of the two participants might be a 
matter of controversy. 
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• Risks for concrete workers loosing their jobs due to less need for personne1 when 
utilising sec 

6.2.2 Economy 

Of ten, the econolllical issues within house building are focused on production economy and 
not on the whole life cyc1e of buildings. To predict future costs and benefits in comparison to 
other materials can be difficult. Some factors are also hard to quantify in econornical terms, as 
in the case of different types of quality of (serviceability, functionality, aesthetics etc.). 
However, such factors are seldom affected by the choice of materials in the structural frame. 
Another aspect is that the multi-benefits of new materials technologies are se1dom analysed. 
When discussing new materials technology, it is conunon that the discussion addresses one 
single production econornical benefit, which may lead to sub-optirnisation. The full range of 
the potential of new technology is therefore seldom utilised. 

Another aspect of the econornical barriers for new concrete materials technology is that of the 
direct costs. Of ten the suppller of concrete set a higher price level for new concrete types, 
compared to the direct materials costs and ready-rnix concrete production costs. The reasons 
are often the increased risk for failure, which is connected to the low amounts of delivered 
new concrete technology. With SCC, the set price is also affected by the increased 
responsibility for the supplier due to the elimination of traditional vibration work that for 
normal concrete has been inc1uded within the responsibility of the contractor. As for HPC, the 
increased concrete quality of ten requires extra tests on site, which leads to added costs. Below 
the discussed econolllical barriers are summarised: 

• Economy questions of ten focused on direct materials costs and not the total production 
cost or the total life cyc1e for buildings 

• Sub-optilllisation (re gard is seldom taken to multi-benefits) 

• Pricing of HPC (product cost criticised for being set too high if regard is taken to the 
real materials costs) 

• Pricing of SCC (price of SCC criticised for being set too high compared to real 
materials costs) . 

• Added costs (due to presumptive extra required testing of HPC and SCC) 

6.2.3 Building codes 

The Swedish building code BBK 94 (Boverket, 1994) inc1udes concrete qualities with a 
maximum cube compression strength of 80 MPa (K80). If higher levels of the concrete 
strength c1ass are to be used, special investigations have to be conducted. However, the new 
Swedish HPC Design Handbook (Swedish Building Centre, 2000b) treats strength c1asses up 
to 120 MPa. 
In the planning phase of building projects, the norms rnight discourage from use of HPC, due 
to presumptive added costs for concrete testing and/or uncertainties regarding risks for 
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technical problems. International codes differ regarding the maximum allowed strength level. 
See further Table 6.1 below (FIP/CEB, 1994). Building codes have therefore been criticised 
for not being updated with regard to novel concrete materials. For example, the Swedish 
building regulations stipulate specific design values not only for compression strength, but 
also for tensile strength and elastic modulus (E-modulus). The latter two are both coupled to 
the compression strength dass. These values are based on standard values addressing the 
correlation between testing on concrete cubes or cylinders and not the finished construction. If 
higher levels of tensile strength and E-modulus are to be utilised, special investigations have 
to be conducted. 

Table 6.1 Examples ofvarious international codes, which cover HPC according to FIP/CEB (1994). 

Couutry Building code Max. comp. strength (MPa) Test specimen 
Sweden BBK94 SO Dry cube 150 mm 
Sweden HPC Design Handbook 120 Dry cube 150 mm 
International CEB-PIP MC-90 80 Wet cylinder 150/300mm 
International ex!. CEB-PIP MC-90 100 Wet cylinder 150/300mm 
VS ACI318-89 no maximum specified Wet cylinder 152/304 mm 
Germany Suppl. to DIN 1045, 

488 and 1055 115 Dry cube 200mm 
Norway NS 3473 105 Dry cube 100 mm 

94 Wet cylinder 150/300 mm 
Japan Specification for HPC 80 Wet cylinder 100/200 

Contrary to HPC, see is within the Swedish building regulations today not separated from 
normal concrete. Therefore the codes are not seen as barriers for SCe. However, the strength 
dass of SCC due to the filler-effect of ten automatically increases, even though the same wie 
ratio and amount of cement are used. This fact may for instance lead to requirements for 
increased amounts of reinforcement, which in tum itself can be an obstac1e. 
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Chapter 7 

Conclusions 

Conc1usions from the study are presented below. They are divided under three headings: 

1. Possibilities 
2. Obstac1es 
3. Future research 

1. Possibilities 

Structural design (HPC) 

The structural analyses show that utilisation of HPC with increased concrete tensile strength 
(to 5,0 MPa) and/or increased elastic modulus (to 50 GPa), will lead to the following 
possibilities: 

• Increased slab spans by approximately 40% for slab/wall structures (with re gard to 
reduced deflection in the serviceability limit state) and approximately 50% for 
slab/column structures (with regard to reduced risk for punching in the ultimate 
limit state). 

• Decreased slab thickness or decreased amount of reinforcement as an alternative to 
increase of the slab spans. 

Increased compression strength itself does according to the studies not affect the opportunities 
for increasing the slab spans to any significant extent, unless exceptionally large amount of 
reinforcement is used. 

Reinforcement in a slab can be designed according to two main principles: 

1. Based on the maximum moment in field or over support 
2. Based on the actual moment curve 

The study shows that the following reduction of reinforcement can be made if principle 2 is 
used: 

• 25 - 80% for slab/wall structures 

• 50 - 80% for slab/column structures 

Structural design (S CC) 

There are some structural design related benefits of SCC (only briefly described within the 
project), addressing the ability for casting advanced concrete constructions with dense 
reinforcement through elimination of the vibration work. 
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Production (HPC) 

The analysis perlonned in the project shows that potential production related benefits of HPC 
are as follows: 

• The required drying time for reaching 85 and 90% RH on the equivalent depth in 
concrete slabs is significantly reduced in HPC with low w/c-ratio, especially when 
silica furne is included. In comparison with normal house-building concrete, the 
use of HPC during summer conditions can, for instance cause a reduction from 16 
months to less than 2 months to reach RH 85 %. For cold surrounding air 
temperatures though, the study indicates the importance of achieving rapid 
concrete temperature development also in HPC during the first days af ter casting, 
in order to utilise the significant self-desiccation effect and thereby enable rapid 
drying. 

• The results of the study indicate significantly faster strength development of HPC 
compared to NPC, especially during cold surrounding air temperatures. This 
creates beneficial potential for earlier formwork skipping, earlier post-tensioning 
of reinforcement and reduction of the risks of early concrete freezing. Another 
aspect of the result is the ability for eliminating or reducing the requirements for 
external winter concrete methods (e.g. insulating, covering and heating of the 
concrete) for HPC compared to NPc. 

Production (S CC) 

The potential of sce addresses, by the elimination of vibration work, the following aspects: 

• Improved work environment (eliminated risk for vibration injuries, less heavy 
work and reduced risk for hearing impainnent) 

• Higher safety (decreased noise levels on site creates opportunities for easier 
communication) 

• Reduced need for manpower (during concrete casting, less personnel is required) 

• Increased productivity (e.g. larger amounts of concrete may be cast per time unit 
with the same efforts) 

• Less finishing work (utilising potential high-quality concrete surlaces) 

Building function 

The presumptive benefits of HPC:s effects on building function are described below. They 
can be seen as synergy effects of the positive effects on structural design and production: 

• Increased flexibility in future refurbishment (based on increased slab spans in 
combination with dismountable inner walls) 
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• Improved indoor environment (due to less moisture problems according to faster 
drying) 

• Increased acoustic quality (addressing the opportunity for building heavier, and 
thereby also more sound insulating concrete structures without any extended 
drying/production time) 

• Reduced energy consumption (addressing the opportunity for building heavier, and 
thereby also more heat buffering concrete structures without any extended 
drying/production times) 

2. Obstacles 

Technical obstacles 

The study describes technical obstac1es, inc1uding proposals for solutions, for the 
implementation of HPC and SCC within house building. Below, the main obstac1es are listed 
together with examples of specific problems: 

HPC 

SCC 

• Problems related to the ready-mix concrete production process (more complex mix 
design, increased controlof quality of ingredients etc) 

• Problems related to handling of fresh concrete on site (low workability) 

• Problems related to the function of the hardened concrete (increased tendency for 
cracking, increased risk of emissions from adjacent materials, decreased fire 
resistance) 

• Problems related to production 

• Mix design (sensitive to small changes in mix, increased quality control 
of ingredients needed) 

• In-situ production (loss of self-compaction, increased risk of plastic 
shrinkage, increased form pressure ) 

• Problems caused by lack of knowledge (interrelations between mix composition 
and rheological properties, form pressure, mechanical properties of hardened 
concrete) 
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Building process related obstacles 

Such obstacles are related to: 

• Organisation (improper co-operation between actors, lack of competence and 
interest conceming novel technology, tradition related decision criteria for the 
choice of materials etc) 

• Economy (sub optimisation - materials costs versus direct economical benefits, 
prising of new concrete materials technologies etc) 

• Building codes (e.g. limitations and requirements for added controlling) 

3. Future research 

Future research ought to focus on the following issues: 

l. Field studies comparing HPe and see with normal concrete with regard to economy, 
productivity, work environment and indoor environment, drying, and quality of the 
finished structure. The field studies ought to be conducted for different types of 
structure and at different climate, summer and winter. 

2. Further and deeper analyses of obstacles, technical and others, for implementation of 
HPe and SCC. The main focus should be on see since this is a material with 
extraordinary big potential. 

3. Further analyses of the advantages of HPC for the function of the building. 

4. Experimental work, in order to identify technical problems related to see and to give 
advice, as to how to avoid the se problems. 
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Appendix A 

Structural design study - background information 

1. Material properties 

2. Method of calculation - norms and equations 
2.1. Ultimate limit state 
2.2. Serviceability limit state 

3. Loads 





1. Materials properties 

According to Swedish Building Centre (1990), chapter 2.3, the following data shall be used 
for concrete and reinforcing steel. 

Design concrete compression strength 
Ultimate limit state: 

(design compressive strength) 

fcck=21,SMPa for K30 and fcck=S6,S MPa for K80 (characteristic compressive strength) 

Design concrete tensile strength (if no investigation is performed) 
Ultimate limit state: 
fc,=fctJJ1,SYn (design tensile strength) 

Serviceability limit state: 
fct=fctk/l,O 

fctk=I,6 MPa for K30 and fctIt=2,6S MPa for K80 (characteristic tensile strength) 

Design concrete elastic modulus (if no investigation is performed) 
Ultimate limit state: 
Ec=EcJl,2Yn (design value) 

Serviceability limit state: 
Ec=Eck 

Eck=30GPa for K30 and Eck=38,S GPa for K80 (characteristic value) 

Design steel tensile strength (if no investigation is performed) 
fs,=fyk/l,IYn (design strength) 
Es=EsJl,OSYn (design E-modulus) 
Esk=200GPa (characteristic E-modulus) 

Yn =1,0 for safety dass l (low) 
Yn =1, l for safety dass 2 (normal) 
Yn =1,2 for safety dass 3 (high) 
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2. Method of calculation - norms and equations (Swedish Building Code 
BBK94) 

The calculations are performed by the pe-program FEM Design Plate 3.50. For more details 
concerning the below described method of solution, see FEM-Design Plate 3.50 Manual (2000). 

2.1 Ultimate limit state 

Main reinforcement 
According to the Swedish building code BBK 94, the calculation of section force s for slabs may be based on 
elastic theory, BBK94 6.5.3.2. The design of the slab is performed with respect to the design moments described 
as follows: 

The main applied moments, which have to be catered for by reinforcement, are the principal moments MI and 
M 2 and this is most economically done by placing the steel in these directions where steel with lowest cover is 
placed in the direction of maximum moment. However, as the directions of MI and M 2 vary from point to point 
and may, at a given point, have different directions for various load cases, it is more convenient to place the 
reinforcement in overall directions X and Y. When this is done, the components of the tensile resistance of the 
reinforcement in the directions of the principal tension must be sufficient to resist the principal tensile force. 
Reinforcement not placed in the principal directions are for this reason designed for a combination of bending­
and twisting moments. The program calculates the design moments based on the theory for orthogonal 
reinforcement as described to include skew reinforcement. 
M,' My' = Design moments for reinforcement placed in overall directions X and Y. 
Ma' = Design moment for skew reinforcement placed an angle a measured from the X axis. 
At a = 90°; M,' = My' 

ty /' 
0>x 

Design moments 
FEM-calculated moments of the plate (according BHK 3.2: 125 and BBK94 6.5.3.2) 
Positive moments: 
Mxt=mx+JlI * l tx l 
Myt=my+l/JlI* l ty l 

Negative moments: 
Mxt=mx-Jl2 * l tx l 
Myt=my -lIJl2 * l ty l 

where: 
mx and my = bending moment in x- and y-direction 
tx= torsion moment (according to BHK 6.5:33) 
J.11 and Jl2 = positive number, dependent on practical issues (normally set close to l) 

Required bending reiriforcement 
hl order to minimise cracking in the slab a good way is to reinforce according to the elastic moments which 
normally also leads to good reinforcement economy. 
The required bending reinforcement is designed according to BHK 3.6:43 where a stress distribution according 
to BHK (figure 3.6: 12b) has been assumed, see figure 1 below. 
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Figure l: Stress distribution according to BHK 3.6:43, figure 3.6: 12b, (a) real distribution of compressive 
stress, (b) simplijied distribution 

The relative moment m=M1fcebd2 

Relative effective compression zone height coe=0,8x1d 
Mechanic reinforcement amount cos=cr,lfee *p 
Reinforcement amount p=Asfbd 

A lower limit for the lever R has been set to 0.1 x the effective depth. 
If the current moment is bigger than the moment representing balanced design, compression reinforcement will 
be provided. If the spacing regulations for the reinforcement are exceeded before adequate moment capacity can 
be reached, a warning message will be given by the PC-program. 

The reinforcement is practically arranged regarding reinforcement distances according to BBK94 3.9.6 and BHK 
3.9.5. 

Shear capacity 
The shear capacity V c is calculated according to BBK94 3.7.3 and is assumed to be sufficiently high if: 

where: 
V Sd is the shear force caused by the design load 
Ve is the shear capacity of concrete (according to BBK 3.7.3.2-5) 
Vi is the influence of variable effective height (according to BBK 3.7.3.6) 

where: 
bw is the section width within the effective height in current cross-section 
d is the effective height 
fv is the basic design shear strength, given by: 

f v = W+50)0,30fct 

~=1,4 
~ = 1,6-d 
~ = 1,3-0,4d 
~=0,9 

p = Asof(bvd) 

for d:O; 0,2 m 
for 0,2m < d:O; 0,5 m 
for 0,5 m < d:O; 1,Om 
for 1,Om<d 

maximum allowed p = 0,02 

where: 
Asa is the minimum bending reinforcement area of the tensile zone. 
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Punching 
The slab capacity with respect to punching at columns is calculated according to BBK94 6.5.4-5 and BHK 
6.5:34. Possible shear reinforcement is calculated. The slab capacity according to BBK is the sum of a 
contribution of both the tensile strength of concrete and a contribution from the shear reinforcement. The 
ca1culation according to BHK is more dependent on the reinforcement. 
By small amounts of reinforcement, the capacity of the slab can be calculated by BBK, but for increased 
reinforcement, more beneficial values may be estimated with the method according to BHK. 
The maximum capacity according to the method of BHK is for slabs without shear reinforcement limited to the 
basic shear strength according to BHK6.5:342. 
Within the calculation according to BHK (figure 6.5:37) the slab diameter C is estimated as: 

C=O.5~ 

where F is current punching load and q is evenly distribution of load on the slab per surface unit. For various 
amount of reinforcement in the two perpendicular directions, the average value calculated according to BBK is 
used also for the method of ca1culation in BHK. A column is calculated as a corner column if the distance 
between slab edge and column edge both in either the X- or the Y-direction is smaller than the slab thickness. A 
column is calculated as an edge column if the distance between slab edge and column edge in X- or Y direction 
is smaller than the slab thickness. In all other cases the column is treated as an interior column. 

Critical perimeter (design size of the column) 
For calculation of the risk of punching failure the following "critical perimeter" of the columns is used (critical 
perimeter is the effective size of the column). 

Jnterior column 

Edge column 

Free 
edge 

d/2 

tf 

lIJ 

Free 
edge 

s 

d/2 

For the distance S shown above is maximum=the slab thickness 
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Corner column 

* 

The maximum distances SI och S2 above, are equal to the slab thickness. 
If the section of the column is large or oval the "critical perimeter" will be divided into one part Uj, which is 
calculated regarding punching and one part Uo, which is calculated regarding shear strength. Total capacity 
consists of the summary of the different two parts. 

Shear reinforcement 
If the shear capacity is insufficient, shear reinforcement will be calculated according to BHK 6.5 :345 for internai 
and edge columns. The shear reinforcement is assumed to consist of bent reinforcement where the bending angle 
is chosen to 60 degrees. 

2.2 Serviceability limit state 

The pe-program FEM-Design Plate (1990) performs crack- and deflection controi for allload combinations 
according to BHK 4:5 and 4:6. Two limiting conditions are assumed to exist for the calculations: Stadium I 
(uncracked condition) and Stadium II (fully cracked condition) 

The program considers the decrease in slab stiffness due to cracking. This means that the program performs an 
iterative calculation where the slab in the beginning is assumed to be uncracked when the section forces are 
calculated. As the next step, the moment is compared to the crack moment of the slab in order to differ the parts 
of the slab, which belongs to stadium I versus Stadium II. 

In the next step a new calculation based on the new stiffness distribution is performed, and so on. When the 
deflection values resulting from two calculations do not differ more than a specific percentage of the first one ore 
the maximum number of allowed calculations has been reached the calculation is stopped. 

The criteria when the concrete should be considered as cracked is at a state of pure bending: 
O'm ::; k (fctl S) 

where O'm is stresses resulting from moments, fet is the design concrete tensile strength, S is a crack safety factor 
and k is a coefficient according to BBK figure 4:5.1 or as follows: 

k = 0.6 + 0.4 

4h 
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Crack width is, according to BBK 94 4.5.5, calculated as: 

where: 
O's is the stresses of reinforcement in the crack, 
Snu is the average final crack spacing, 
v is a coefficient regarding the influence of concrete located between eraeks, 

where: 
O'st is the stress of reinforcement in the crack when crack load, 
~ is a coefficient considering the influence of long time load and repeated load 

~ = 1.0 for the first load, 
~ = 0.5 for long time load and repeated load, 

Xl is a coefficient considering reinforcement bond, 
Xl = 0.8 for anchored bars, 
Xl = 1.2 for ribbed bars, 
Xl = 1.6 plain bars. 

The average final crack spacing, Snu: 
Snu = 50 + X1X2~ / pr 
where: 
Pr=(A/Aef) 
As is reinforcement area, 
Aef is the effective area of eonerete, defined according to the figure below, 
X2 is a coefficient considering the strain within Aef, see figure: 

e2 

el 

Deformations 
Stadium I: Uncracked condition 
Load dependent curvature is ca1culated as: 
1/ rf = M / Eec Il 
where: 
M is current moment, 
Il is moment of inertia in Stadium I, 
Eec is the modulus of elasticity for concrete considering creep. 
The modulus of elasticity is calculated as: 
Eec = Ee / (1 + cp) where <Il is the creep coefficient. 
Curvature with respect to shrinkage is not considered in the calculations. 
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Stadium II: FuUy eraeked condition 
Load dependent curvature is calculated as: 
1 1 rf = M 1 Eec 12 

where: 
Eec is the modulus of elasticity as shown above, 
12 is the moment of inertia in stadium II, 
M is current moment. 
Curvature with respect to shrinkage is not considered in the calculations. 

Sections which are elose to cracking are supposed to behave in a manner intermediate between the uncracked 
and fully eraeked conditions and an adequate prediction ofbehaviour is given by: 
a=v an+(l-v) a, 
where: 
a is the curvature calculated from the curvature of the uncracked al and fully eraeked an conditions, 
v is a coefficient, which considers the influence of tensioned concrete between cracks according to BBK94 4.5.5: 
v = 1 - (~I 2.5 Xl) (eJ" 1 eJs) 

where: 
v ~ 0.4 for fuUy eraeked sections and O for uncracked sections, 
XI and ~ are coefficients taking account of bond properties and duration of loading respectively, see above. 
eJs is the (steel) stress at the crack according to BBK94 4.3, 
eJsr corresponds to the value of eJs calculated on the basis of a eraeked section under the loading which will just 
cause eraeking at the section being considered. 

3. Loads (according to the Swedish Code BBK94) 

Load type Value Partial coeff. Yf (ultim.) 

Gk Dead load: 2,4 kN/rn2 1,0 
Qk Variable bound load 0,5 kN/m2 1,3 
Qk Variable free load 1,5 kN/m2 1,3 

Ultimate limit state: 
Design situations with ouly one variable action Qk,l 
BBK94 Sd = L YG Gk + YQ <b.1 
Design situations with two or more variable actions Qk,i 
BBK94 Sd = L YG Gk + YQ <b,1 + L \jI Qk,i 

Default valnes: 
Permanent load Min. safety factor 0.85 and max safety factor 1.0, 
Variable load Safety factor 1.3 and same time factor 0.5, 

Partial coeff. Yf (serv.) Load red. coeff. 

1,0 
1,0 1,0 
1,0 0,33 

All variable loads will in turn be considered as Main load and thereby be considered as Qk,l and be multiplied 

bYYQ· 
Note: The above will cover combination 1 and 2, see BKR99 2:321. To also cover combinations 3 and 4, the 
user will have to change these factors. 

Serviceability limit state: 
Onl y one variable action Qk,l 
Sd = L Gk+~,1 
Two or more variable actions Qk,i 
Sd=LGk+~1 +L\jI~i 
Sd = L Gk + L \jI Qk,i 
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Example: 
One permanent load Gk and three variable loads Qk,l, Qk,2 and Qk,3. The user has chosen 1.0 as both max and 
min. safety factor for the permanent load Gk but has accepted the other default values described above. The 
required combinations put up by the programme will in this case be the following 13: 
1. 1.0 Gk 2. 1.0 Gk + 1.3 Qk,1 3. 1.0 Gk + 1.3 Qk,2 4. 1.0 Gk + 1.3 Qk,3 5. 1.0 Gk + 1.3 Qk,1 + 0.5 Qk,2 6. 1.0 Gk + 1.3 
Qk,1 + 0.5 Qk.3 7. 1.0 Gk + 1.3 Qk,2 + 0.5 Qk.1 8, 1.0 Gk + 1.3 Qk,2 + 0.5 Qu 9. 1.0 Gk + 1.3 Qk,3 + 0.5 Qk,l 10. 1.0 
Gk + 1.3 Qk,3 + 0.5 Qk,2 11. 1.0 Gk + 1.3 ~1 + 0.5 Qk,2 + 0,5 ~,3 12. 1.0 Gk + 1.3 Qk,2 + 0.5 Qk,l + 0.5 ~3 13, 
1.0 Gk + 1.3 Qk,3 + 0,5 Qk,1 + 0.5 ~,2 
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1. Diagrams 

1.1 General 

This appendix presents result diagrams for all slab types (span as function of amount of 
evenly distributed reinforcement based on the maximum moment, with regard to slab 
thickness, compressive strength and tensile strength), shown in paragraph 1.2 -1.4. 

1.2 Ultimate limit state 

In diagrams 1 and 2 below the bold curves show the possible spans with regard to various 
arnount of reinforcement in the ultimate limit state. Each curve represents a specific strength 
dass (K-value) and slab thickness. 
Diagram 3 shows the effect of punching. Comparison with Diagram 2 shows that the possible 
spans are heavily reduced when ordinary tensile strength is used. 
The grey curves show the possible span with regard to serviceability limit state. 

Diagram 1: Slab type 1 (see Figure 3.2) 
Relation between the amount of reinforcement (designed for maximum field 
moment) and the possible span) 

Slab span (m) 

20 T-----------------------------------~ 
18 

16 

14 

12 

10 

8 

6 

4 

2 

O+-------~--------_r--------,_------~ 
0,0 0,5 1,0 1,5 2,0 

Bottom reinforcement (%) 

Bl 

...... K30 0,20 uls 

-e- K30 0,24 uls 

-6- K80 0,20 uls 

-M- K80 0,24 uls 

~,~ K30 E30 0,20 sis 

-'0-K30 E40 0,20 sis 

-'!;,-- K30 E50 0,20 sis 

._~ K30 E30 0,24 sis 

-,,- K30 E40 0,24 sis 

-4-K30 E50 0,24 sis 

""i;?" K80 E30 0,20 sis 

..."..., K80 E40 0,20 sis 

~(""- K80 E50 0,20 sis 

~'~ K80 E30 0,24 sis 

-i!:- K80 E40 0,24 sis 

-<,~, K80 E50 0,24 sis 



Diagram 2: Slab type 4 (see Figure 3.5) 
Relation between the amount of reinforcement (designed for maximum field 
moment) and the possible span. No consideration to punching. 

Slab span (m) -+- K30 0,20 uls 

16~----------------------------------""t 

14 

12 

10 

8 

6 

4 

2 

O+---~----~--~----~--~----~--~ 
0,0 0,2 0,4 0,6 0,8 1,0 1,2 1,4 

Bottorn reinforcernent in x-direction (%) 

Diagram 3: Slab type 4 

-e- K30 0,24 uls 

""'I!r- K80 0,20 uls 

'"*"" K80 0,24 uls 

K30 E30 0,20 sis 

.,.,',' .. K30 E40 0,20 sis 

-I-K30 E50 0,20 sis 

K30 E30 0,24 sis 

.. K30 E40 0,24 sis 

K30 E50 0,24 sis 

K80 E30 0,20 sis 

K80 E40 0,20 sis 

.'" K80 E50 0,20 sis 

.. KBO E30 0,24 sis 

'" K80 E40 0,24 sis 

K80 E50 0,24 sis 

The same as Diagram 2 but consideration taken to punching 

Slab span (m) 
14 

12 

10 

8 

6 

ra 
4 

2 

° 0,0 

- o()- K30 0,20 uls 

- tJ- K30 0,24 uls 

- 'å- K80 0,20 uls 

-~- K80 0,24 uls 

.... cc ... · ..... K30 E30 0,20 sis 

", •• K30 E40 0,20 sis 

K30 E50 0,20 sis 

... K30 E30 0,24 sis 

K30 E40 0,24 sis 

K30 E50 0,24 sis 

K80 E30 0,20 sis 

K80 E40 0,20 sis 

,'J K80 E50 0,20 sis 

..... ,. K80 E30 0,24 sis 

'H' c •.••. K80 E40 0,24 sis 

.. ' ....... K80 E50 0,24 sis 

-+- K80 0,20 fctk=5 uls 
0,2 0,4 0,6 0,8 1,0 

Bottom reinforcement in x-direction (%) -B-tK80 0,24fctk=5 uls 
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Slab 1: Required 
reinforcement 

Slab 4: Required 
field reinforcement 
in x-direction 

Slab 4: Required 
top reinforcement 
in x -direction 

Slab 2: Required 
field reinforcement 
in x-direction 

Figure 3.1: The required reinforcement for slabs 1, 2 and 4 
are exemplified. Most dark area indicates 
required reinforcement considering maximum 
moment. Lightest area indicates no required 
reinforcement. Also the span (L) is shown. 
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Slab 2: Required 
top reinforcement 
in x-direction 



1.3 Serviceability limit state - slab type 1 

Result examples 

In diagram 4 below (the same as Diagram l) the bold curves displays possible spans with 
regard to various evenly distributed amount of reinforcement in the serviceability limit state. 
Each curve represents a specific strength dass (K-value), E-modulus and slab thickness. The 
displacement is limited to span divided with 400. The grey curves show the possible span 
with regard to the ultimate limit state. 

Diagram 4: Slab type l (Figure 3.2) 
Relation between the amount of reinforcement (designed for maximum field 
moment) and slab span for a maximum acceptable deflection of Ll400 where L 
is the span. 

Plate span (m) 

20 ~----------------------------------~ 
18 

16 

14 

12 

10 

8 

6 

4 

2 

° +-------~--------~------_r------__4 
0,0 0,5 1,0 1,5 2,0 

Bottom reinforcement (%) 

1.3 Diagrams for all slab types 

..... K30 0,20 uls 

-e- K30 0,24 uls 

...... K80 0,20 uls 

""*"" K80 0,24 uls 

-w;\-- K30 E30 0,20 sis 

~'i'- K30 E40 0,20 sis 

~"*:'*- K30 E50 0,20 sis 

,,,,,,,- K30 E30 0,24 sis 

_ •. ,-K30 E40 0,24 sis 

~"'~- K30 E50 0,24 sis 

. K80 E30 0,20 sis 

-,~ K80 E40 0,20 sis 

-.'i'- K80 E50 0,20 sis 

""""i'i'- K80 E30 0,24 sis 

-'1w- K80 E40 0,24 sis 

-j-K80 E50 0,24 sis 

Below, the result of the design study is presented as diagrams. There are diagrams for each 
type of slab. Each diagram displays possible span as a function of maximum required top 
respectively bottom reinforcement. 
The reinforcement is designed for maximum moment in field and over support. E-modulus, 
and slab thickness is varied. The design tensile strength is 1,6 MPa for K30 and 2,5 MPa for 
K80. For slab 4-6 the effect of increasing to 5 MPa is ca1culated. Curves limited by either the 
ultimate limit state or the serviceability limit state, are displayed for each diagram. For the 
serviceability limit state the maximum deflection is L/400. In the ultimate limit state, the 
reinforcement amount and the plate thickness are the significant parameters. In the 
serviceability limit state, especially the E-modulus, the tensile strength and the plate thickness 
are the significant parameters. 
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Slab type 1 (Figure 3.2) 

Plate span (m) 
Slab type 1 

-+-K30 0,20 uls 

-II- K30 0,24 uls 

l;;' tK80 0,20 uls 

I .... ~ . K80 0,24 uls 

..... / V 
~ 

V --.- K30 E30 0,20 sis 

...:::;,. ~ ./'" V -.-K30 E40 0,20 sis 

.~---~ -+- K30 E50 0,20 sis 

';-::: - K30 E30 0,24 sis 
JJ~~';"';;'JP:~;;,,;;;;:J:2;:::i!i:,,:::~::=::I;:~;;:;:;;'";';;;3: 

'W'~'" K30 E40 0,24 sis 

]f' K30 E50 0,24 sis 

K80 E30 0,20 sis 

K80 E40 0,20 sis 

,K80 E50 0,20 sis 

20 
18 
16 
14 
12 
10 

8 
6 
4 
2 
O 

° 0,5 1,0 1,5 2,0 K80 E30 0,24 sis 

Amount of bottom K80 E40 0,24 sis 

reinforcement (%) . K80 E50 0,24 sis 
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Slab type 2 (Figure 3.3) 

(a) Reinforcement in x-direction 

Plate span (m) Sia b type 2 
--+- K30 0,20 uls 

40 -IIIf- K30 0,24 uls 

35 
K80 0,20 uls 

K80 0,24 uls 

30 
/~ 

""*- K30 E30 0,20 sis 

25 
--+- K30 E40 0,20 sis 

V''':;' ---- -+- K30 E50 0,20 sis 

20 ~ -- - K30 E30 0,24 sis 

15 ~-
~,,~~,,~ K30 E40 0,24 sis 

, ".'. ,m, ...... :; .. ,"'''''': .. 
:' . , .. 'm.,.:,. K30 E50 0,24 sis 

10 ! 
K80 E30 0,20 sis 

50 
•• {<" K80 E40 0,20 sis 

K80 E50 0,20 sis 

O mw:Xo"'w K80 E30 0,24 sis 

O 0,5 1,0 1,5 2,0 "m4%"m., K80 E40 0,24 sis 
Amount of bottom reinforcement x- ,K80 E50 0,24 sis 
direction (%) 

(b) Reinforcement in y-direction 

Plate span (m) Slab type 2 

40 
--+-tK30 0,20 uls 

-IIIf- tK30 0,24 uls 

35 tK80 0,20 uls 

,tK80 0,24 uls 
30 ""*- K30 E30 0,20 sis 

25 ~ --+- K30 E40 0,20 sis 

~"~" =---- -+- K30 E50 0,20 sis 

20 - K30 E30 0,24 sis 

,'~~ 1------
"'~~ K30 E40 0,24 sis 

15 
;:~V '''m'' ''''''m .. '·m···· K30 E50 0,24 sis 

10 ~' " 
, K80 E30 0,20 sis 

K80 E40 0,20 sis 

5 K80E 50 0,20 sis 

O 
K80 E30 0,24 sis 

O 0,5 1,0 1,5 2,0 
K80 E40 0,24 sis 

'"'' m K80 E50 0,24 sis 
Amount of bottom reinforcement y-direction (%) 
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Plate span (m) Slab type 2 

40 

35 

m 
30 

25 

20 7' 
15 rl~ J 

xfft?' i,,· ...... ..... : ... """""::::: .. :1: 
10 

[l~ 
5 

o 
o 0,5 1,0 1,5 2,0 

Amount of top reinforcement x-dir (%) 

Plate span (m) Slab type 2 

40 

35 

30 

25 

20 

15 

10 

5 

o 
o 0,5 1,0 1,5 2,0 

Amount of top reinforcement y-direction (%) 
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-+- K30 0,20 uls 

-fi-tK30 0,24 uls 

tK80 0,20 uls 

··'tK80 0,24 uls 

-lIE- K30 E30 0,20 sis 

-+- K30 E40 0,20 sis 

-!- K30 E50 0,20 sis 

- K30 E30 0,24 sis 

K30 E40 0,24 sis 

K30 E50 0,24sls 

K80 E30 o ,20 sis 

K80 E40 0,20 sis 

""'" K80 E50 0,20 sis 

K80 E30 o ,24 sis 

· .. ·+0" .. K80 E40 0,24 sis 

K80 E50 0,24 sis 

-+-tK30 0,20 uls 

-fi-tK30 0,24 uls 

tK80 0,20 uls 

.. ·c., .. ·• K80 0,24 uls 

-lIE- K30 E30 0,20 sis 

-+- K30 E40 0,20 sis 

-!-K30 E50 0,20 sis 

- K30 E30 0,24 sis 

__ 'w K30 E40 0,24 sis 

K30 E50 0,24 sis 

K80 E30 0,20 sis 

K80 E40 0,20 sis 

K80 E50 0,20 sis 

.. ·""fh .. • .. K80 E30 0,24 sis 

··4+," K80 E40 0,24 sis 

K80 E50 0,24 sis 



Slab type 3 (Figure 3.4): Field reinforcement 

(a) Reinforcement in x-direction 

Slab type 3 

Plate span (m) 

50 

45 

40 ::." 
~ ./ 

35 .. / 

~ /'" 30 

./ ~ 25 

20 ./ ~ 
~i;;: 

15 c,r: , 

Jf7 
10 

W 5 

o 
o 0,5 1,0 1,5 2,0 

Amount of bottom reinforcement 
x-direction (%) 

(b) Reinforcement in y-direction 

Slab span (m) Slab type 3 

50 

45 

40 

35 

30 

25 

, . .;::,:/ 

20 

15 

10 

5 

o 
o 

/~ 
.... ~ ~ 

/~ V~ 

~~~ 
r[7 

~, 
>Jf{ 

.i< 

0,5 1,0 1,5 2,0 

Amount of bottom reinforcement y-direction (%) 

B8 

-+- K30 0,20 uls 

-III- K30 0,24 uls 

K80 0,20 uls 

,K80 0,24 uls 

--"JIE- K30 E30 0,20 sis 

-+- K30E40 0,20 sis 

--I- K30E50 0,20 sis 

-K30E30 0,24 sis 

_.,'""". K30 E40 0,24 sis 

K30 E50 0,24 sis 

K80 E30 0,20 sis 

K80 E40 0,20 sis 

K80 E50 0,20 sis 

.~, .... )y;, .. K80 E30 0,24 sis 

K80 E40 0,24 sis 

K80 E50 0,24 sis 

-+- K30 0,20 uls 

-III- K30 0,24 uls 

K80 0,20 uls 

K80 0,24 uls 

--"JIE- K30E30 0,20 uls 

-+- K30 E40 0,20 sis 

--I- K30 E50 0,20 sis 

_ K30 E30 0,24 sis 

~~ K30 E40 0,24 sis 

K30 E50 0,24 sis 

K80 E30 0,20 sis 

K80 E40 0,20 sis 

K80 E50 0,20 sis 

K80 E30 0,24 sis 

'_\Il_" K80 E40 0,24 sis 

K80 E50 0,24 sis 



Slab type 3 Top reinforeement 

(a) Reinforeement in x-direetion 

Slab span (m) Slab type 3 

50 

45 

40 

35 

30 

25 

20 

15 

10 

5 

o 

-+-tK30 0,20 uls 

-lit- K30 0,24 uls 

tK80 0,20 uls 

.... c'·· tK80 0,24 uls 

-lIE- K30 E30 0,20 sis 

"""'" -+-K30 E40 0,20 sis 

.... ~ -I-K30 E50 0,20 sis 
+--------4--------~------~~~----~c~ 

~r---- __ K30 E30 0,24 sis 

+-____ --,,~~~$c~fr ~~~~w ~:~ ::~ ~:~:::: 
----'...},r~ K80 E30 0,20 sis 

-~ ~~~~ 
r:? .w v" K80 E50 0,20 sis 

o 0,5 1,0 1,5 2,0 

Amount of top reinforcement x-direction (%) 

'''ii".·· K80 E30 0,24 sis 

-0:+,., K80 E40 0,24 sis 

K80 E50 0,24 sis 

(b) R " f em orcemen t" In y-d" r Iree lon 

Slab span (m) Slab type 3 

50 

45 
-+- K30 0,20 uls 

-lit- tK30 0,24 uls 

40 tK80 0,20 uls 

35 
"O'.w.; " .. tK80 0,24 uls 

-lIE- K30 E30 0,20 sis 
30 

~~ 
-+- K30 E40 0,20 sis 

25 -I- K30 E50 0,20 sis 

20 ~ :::---r- --K30 E30 0,24 sis 

;4Å~ - K30 E40 0,24 sis 
i:.~ 

,. 
15 "T" ,. 

;:t:~ i-- K30 E50 0,24 sis 

10 

~r7 
K80 E30 0,20 s Is 

5 
K80 E40 0,20 sis 

w,,, ".w, K80 E50 0,20 sis 
o 

w'1>'" K80 E30 0,24 sis 
o 0,5 1,0 1,5 2,0 

.,'#>~ K80 E40 0,24 sis 
Amount of top reinforcement top y-direction (%) 

K80 E50 0,24 sis 

B9 

r 



Slab type 4 (Figure 3.5): Field reinforcement 
The effect of increasing the tensile strength Fctk from 2,5 MPa to 5,0 MPa for K80 is 
shown. 

(a) Reinforcement in x-direction 

Slab span (m) Plate type 4 

14 

12 
, •...... " :;"'i, 

10 

~ =:~ 
-,' 

~ 

;; l,Jt 8 

6 

m,·\ 
4 

2 

° ° 0,2 0,4 0,6 0,8 1,0 

Amount of bottom reinforcement x-direction (%) 

(b) Reinforcement in y-direction 

Slab span (m) Slab type 4 

14 

12 

10 

8 

6 

4 

2 

° 
° 0,2 0,4 0,6 0,8 1,0 1,2 

Amount of bottom reinforcement y-direction (%) 

BIO 

-+- K30 0,20 uls 

-III- K30 0,24 uls 

K80 0,20 uls 

K80 0,24 uls 

-!lE- K30 E30 0,20 sis 

___ K30 E40 0,20 sis 

-I- K30 E50 0,20 sis 

- K30 E30 0,24 sis 

'~',""~~ K30 E40 0,24 sis 

K30 E50 0,24 sis 

K80 E30 0,20 sis 

K80 E40 0,20 sis 

K80 E50 0,20 sis 

K80 E30 0,24 sis 

K80 E40 0,24 sis 

K80 E50 0,24 sis 

--A_ K80 0,20 fctk=5 uls 

-!lE- K80 0,24 fctk=5 uls 

-+- K30 0,20 uls 

-III- K30 0,24 uls 

K80 0,20 uls 

K80 0,24 uls 

-!lE- K30 E30 0,20 sis 

___ K30E40 0,20 sis 

-I- K30 E50 0,20 sis 

- K30E30 0,24 sis 

",--" K30 E40 0,24 sis 

K30 E50 0,24 sis 

K80 E30 0,20 sis 

K80 E40 0,20 sis 

K80 E50 0,20 sis 

K80 E30 0,24 sis 

"'-44-" K80 E40 0,24 sis 

K80 E50 0,24 sis 

--- K80 0,20 Fctk=5 uls 

"-,, K80 0,24 Fctk=5 uls 



Slab type 4 Top reinforcement 

(a) Reinforcement in x-direction 

Slab type 4 
Slab span (m) 

14 

12 
... 

. "."" ... ,. 
, .. y'" 

/f~ ~ 
'J/JI~ 
i 

10 

8 

6 

~~ 

4 

2 

--+- K30 0,20 uls 

-l1li- K30 0,24 uls 

K80 0,20 uls 

K80 0,24 uls 

.....- K30 E30 0,20 sis 

__ K30 E40 0,20 sis 

-+- K30 ESO 0,20 sis 

- K30 E30 0,24 sis 

~,._~"" K30 E40 0,24 sis 

K30 E50 0,24 sis 

K80 E30 0,20 sis 

K80 E40 0,20 sis 

•• w K80 E50 0,20 sis 

K80 E30 0,24 sis 

K80 E40 0,24 sis 

o K80 ESO 0,24 sis 

o 1,0 2,0 3,0 4,0 _ K80 0,20 Fctk=S uls 

Amount of top reinforcement x-direction (%) K80 0,24 Fctk=S uls 

(b) Reinforcement in y-direction 

Slab span (m) Slab type 4 

14 

12 

10 

8 

6 

4 

2 

o 
o 0,5 1,0 1,5 2,0 2,5 

Amount top reinforcement y-direction (%) 

BlI 

3,0 

--+- K30 0,20 uls 

-l1li- K30 0,24 uls 

K80 0,20 uls 

. K80 0,24 uls 

.....- K30 E30 0,20 sis 

__ K30 E40 0,20 sis 

-+- K30 E50 0,20 sis 

- K30 E30 0,24 sis 

K30 E40 0,24 sis 

K30 E50 0,24 sis 

K80 E30 o ,20 sis 

K80 E40 0,20 sis 

K80 ESO 0,20 sis 

. .....;g,..",. K80 E30 0,24 sis 

~~ K80 E40 0,24 sis 

K80 ESO 0,24 sis 

- K80 0,20 Fctk=5 uls 

.~- K80 0,24 Fctk=S uls 



Slab type 5 (Figure 3.6): Field reinforcement 

(a) Reinforcement in x-direction 

Slab type 5 
Slab span (m) 

14~-------,--------,---------,--------. 

12+-------~--------~--------+_------~ 

6 +-~-----_+--------~------_r------~ 

4+---------r_------~--------+_------_4 

2+-------_+--------~------_+------_4 

0+-------~r_------~--------+_------_4 

o 0,5 1,0 1,5 2,0 

Amount bottom reinforcement x-direction (%) 

(b) Reinforcement in y-direction 

Slab span (m) Slab type 5 

12+--------+--------~------4_------_i 

4+--------+--------r_------4--------i 

2+_-------+------~r-------4--------i 

O+-------~------_r------_+------~ 

o 0,5 1,0 1,5 2,0 

Amount of bottom reinforcement y-direction (%) 

BI2 

-+- K30 0,20 uls 

--II- K30 0,24 uls 

K80 0,20 uls 

, K80 0,24 uls 

-lIE- K30 E30 0,20 sis 

-+- K30 E40 0,20 sis 

-t- K30 E50 0,20 sis 

- K30 E30 0,24 sis 

K30 E40 0,24 sis 

K80 E30 0,20 sis 

K80 E40 0,20 sis 

K80 E50 0,20 sis 

K80 E30 0,24 sis 

K80 E40 0,24 sis 

K80 E50 0,24 sis 

K80 0,20 Fctk=5 uls 

~ K80 0,24 Fc!k=5 uls 

-+- K30 0,20 uls 

--II- K30 0,24 uls 

K80 0,20 uls 

K80 0,24 uls 

-lIE- K30 E30 0,20 sis 

-+- K30 E40 0,20 sis 

--I- K30 E50 0,20 sis 

- K30 E30 0,24 sis 

M_~_ K30 E40 0,24 sis 

K80 E30 0,20 sis 

K80 E40 0,20 sis 

K80 E50 0,20 sis 

"'o""' -,-- K80 E30 0,24 sis 

~-"·J!k··· K80 E40 0,24 sis 

w""@.,,. K80 E50 0,24 sis 

,tK80 0,20 Fctk=5 uls 

_ K80 0,24 Fctk=5 uls 



Slab type 5: Field reinforcement 
(a) Reinforcement in x-direction 

Slab span (m) Slab type 5 

14 T-------~--------~------~--------r___, r---~--____ ---, 
_ K30 0,20 uls 

12 +-------~--------+-------_+--------r_~ 

6 
~i 

4 

2 

o 
o 1,0 2,0 3,0 4,0 

Amount of top reinforcement x-direction (%) 

(b) Reinforcement in y-direction 

Slab span (m) Slab type 5 
14 

12 

::~! ..... " ,~'::j; 
10 

y/!~(=: ~.~:=::::::::::~ l""'''' f-' ---:--- .... 

8 ~ -
,/; V~ ... 

6 

~"" 
4 

2 

o 
o 1,0 2,0 3,0 4,0 

Amount of top reinforcement y-direction (%) 

B13 

-illl-K30 0,24 uls 

K80 0,20 uls 

"K80 0,24 uls 

-ilE- K30E30 0,20 sis 

_ K30 E40 0,20 sis 

--+- K30 ESO 0,20 sis 

_ K30 E30 0,24 sis 

,·,·,=,~,K30 E40 0,24 sis 

K30 ESO 0,24 sis 

K80 E30 0,20 sis 

K80 E40 0,20 sis 

"K80 ESO 0,20 sis 

""~%'M K80 E30 0,24 sis 

"'+ii~' K80 E40 0,24 sis 

,K80 ESO 0,24 sis 

__ K80 0,20 Fclk=S uls 

", .. w",."" K80 0,24 Fclk=S uls 

_ K30 0,20 uls 

-iIII- K30 0,24 uls 

K80 0,20 uls 

K80 0,24 uls 

-ilE- K30 E30 0,20 sis 

_ K30 E40 0,20 sis 

--+- K30 ESO 0,20 sis 

- K30 E30 0,24 sis 

K30 E40 0,24 sis 

K30 ESO 0,24 sis 

K80 E30 0,20 sis 

K80 E40 0,20 sis 

K80 ESO 0,20 sis 

K80 E30 0,24 sis 

-"'*'~,, K80 E40 0,24 sis 

K80 ESO 0,24 sis 

- K80 0,20 Fclk=S uls 

K80 0,24 Fctk=S uls 



Slab type 6 (Figure 3.7): Field reinforcement 

(a) Reinforcement in x-direction 

Slab span (m) Slab type 6 
16 

14 
!, 

i::;; 
l,.~;;10 

12 
~.::t, 

~ p~ 
10 

j~ 

/y(/ m ~ 
8 

/ 

/~ /" 
6 

Ir~/ 
4 

2 

O 

O 0,1 0,2 0,3 0,4 

Amount of bottom reinforcement x-direction (%) 

(b) Reinforcement in y-direction 

Slab span (m) 
Slab type 6 

16 

14 

12 

10 

8 

6 

4 

2 

O 

O 0,5 1,0 1,5 2,0 2,5 3,0 

Amount of bottom reinforcement x-direction (%) 

B14 

_ K30 0,20 uls 

-111!- K30 0,24 uls 

K80 0,20 uls 

K80 0,24 uls 

~ K30 E30 0,20 sis 

--.- K30E40 0,20 sis 

-+- K30 ESO 0,20 sis 

- K30 E30 0,24 sis 

K30 E40 0,24 sis 

K30 ESO 0,24 sis 

K80 E30 0,20 sis 

K80 E40 0,20 sis 

K80 ESO 0,20 sis 

80 E30 0,24 sis 

K80 E40 0,24 sis 

K80 ESO 0,24 sis 

--K80 0,20 Fclk=S uls 

_ K80 0,24 Felk-S uls 

_ K30 0,20 uls 

-111!- K30 0,24 uls 

K80 0,20 uls 

""w'A~"" K80 0,24 uls 

~ K30 E30 0,20 sis 

--.- K30 E40 0,20 sis 

-+- K30 ESO 0,20 sis 

_ K30 E30 0,24 sis 

~ K30 E40 0,24 sis 

K30 E50 0,24 sis 

K80 E30 0,20 sis 

K80 E40 0,20 sis 

" K80 E50 0,20 sis 

.... +" ,K80 E30 0,24 sis 

K80 E40 0,24 sis 

K80 E50 0,24 sis 

---- K80 0,20 Fclk=S uls 

~ K80 0,24 Fclk=S uls 



Slab type 6: Top reinforcement 

(a) Reinforcement in x-direction 

Slab type 6 
Slab spa n (m) --+- K30 0,20 uls 

16 
-I1i- K30 0,24 uls 

K80 0,20 uls 

14 ",w,,"",,,,. K80 0,24 uls 

12 

10 

I •• ;;~:tf~ w! ~ K30 E30 0,20 sis 

~- -.-K30 E40 0,20 sis 
pd.~""~ -+- K30 ESO 0,20 sis 

'~~ 
8 

6 

/)// 

A~~· 
w.f/ 

4 

2 

o 
o 0,5 1,0 1,5 2,0 2,5 

Am ount of top reinforcement x-direction (%) 

(b) Reinforcement in y-direction 

Slab span (m) Slab type 6 

16 

14 

12 

10 

8 

6 

4 

2 

o 
o 

Amount of to reinforcement 

BIS 

3 

3,0 

---- K30 E30 0,24 sis 

~-,._. K30 E40 0,24 sis 

K30 ESO 0,24 sis 

K80 E30 0,20 sis 

K80 E40 0,20 sis 

K80 ESO 0,20 sis 

K80 E30 0,24 sis 

K80 E40 0,24 sis 

K80 ESO 0,24 sis 

- K80 0,20 Fctk=S uls 

K80 0,24 Fctk=S uls 

--+- K30 0,20 uls 

-III- K30 0,24 uls 

K80 0,20 uls 

w·,JHcww, K80 0,24 uls 

~ K30 E30 0,20 sis 

-e- K30 E40 0,20 sis 

--+- K30 ESO 0,20 sis 

- K30 E30 0,24 sis 

__ K30 E40 0,24 sis 

K30 ESO 0,24 sis 

K80 E30 0,20 sis 

K80 E40 0,20 sis 

K80 ESO 0,20 sis 

K80 E30 0,24 sis 

W'4!:,,,,w K80 E40 0,24 sis 

K80 ESO 0,24 sis 

--- K80 0,20 Fctk=S uls 

~_ww K80 0,24 Fctk=S uls 



Result tables 

Explanations 

B Amount of bottom reinforcement (%) 
T Amount of top reinforcement (%) 
x Amount in x-direction (%) 
y Amount in y-direction (%) 
Uls Maximum allowed slab span when regard is taken to the ultimate limit state 
Sis Maximum allowed slab span when regard is taken to the serviceability limit state 
0,20 Slab thickness 0,20 m 
0,24 Slab thickness 0,24 m 
K Concrete strength class (K-value) 
E Elastic modulus 
bal R Balanced reinforcement 

Strength Ultimate limit state Serviceability limit state (L/400) 
class 
I thickness Bottorn Top Max BoUorn Top Max 

reinforcernent reinforcernent ~pan reinforcernent reinforcernent span 

Slab 1 

K300,20 Bx(%) By(% Tx(%) 'y(%) UlsK300,20 Bx(%) By(% Tx(%) Ty(%) SIsK30E30 0,20 

bal R 1,890/. 0,111 o,ooe 4,0 0,259 6,0 

0,216 o,ooe 5,e 0,524 6,0 

0,259 o,ooe 6,0 Bx(% By(% rr x (%) Ty(% SIsK30E40 0,20 

0,306 o,ooe 6,e 0,259 6,0 

0,359 o,ooe 7,0 0,524 6,5 

0,416 o,ooe 7,e Bx(% By(% Tx(%) Ty(% SIsK30E50 0,20 

0,478 o,ooe 8,0 0,306 6,5 

0,54r o,ooe 8,e 0,524 7,0 

0,799 o,ooe 10,0 

1,27r o,ooe 12,0 

2,206 0,873 16,0 

K300,24 Bx(% By(%)Tx(%) Ty(%) UlsK300,24 Bx(%) By(%) Tx(%) Ty(%) SIsK30E30 0,24 

bal R 1,890/. 0,084 0,000 4,0 0,229 6,5 

0,162 0,000 5,e 1,895 8,e 

0,229 0,000 6,e Bx(% By(% Tx(%) Ty(% SIsK30E40 0,2 

0,269 0,000 7,C 0,269 7,0 

0,310 0,000 7,5 1,895 9,0 

0,355 0,000 8,0 Bx(% By(% Irx (%) Ty(% SIsK30E50 0,24 

0,404 o,ooe 8,5 0,310 7,5 

0,579 o,ooe 10,0 1,895 9,5 

0,720 o,ooe 11,0 

0,888 0,000 12,0 

1,085 0,000 13,0 

1,693 0,321 16,0 

2,103 0,730 18,0 

B16 



KBOO,20 Bx(% By(%) Tx(%) Ty(%) UlsKBOO,20 Bx(% By(%) Tx(%) Ty(% SlsKBOE300,20 

bal R4,55% 0,100 O,OOC 4,0 0,251 6,0 

0,210 0,000 5,5 0,52 6,c 

0,251 0,000 6,0 Bx(% By(% Tx(%) 'y(% SIsKBOE40 0,20 

0,29c 0,000 6,5 0,29c 6,c 

0,34 0,000 7,0 0,52 7,0 

0,396 0,000 7,5 Bx(%) By(%) Tx(%) 'y(% SlsKBOE500,2C 

0,451 0,000 8,0 0,344 7,0 

0,51~ O,OOC 8,5 0,524 7,c 

0,719 0,000 10,0 

1,061 0,000 12,0 

2,O1~ 0,000 16,0 

3,55 0,050 20,0 

5,403 1,901 25,0 

KBOO,24 Bx(% By(% Tx(%) Ty(%) UlsK800,24 Bx(% By(% Tx(%) Ty(% SIsK80E30 0,2 

bal R4,55 % 0,083 0,000 4,0 0,258 7,C 

0,159 O,OOC 5,5 4,602 9,E 

0,223 0,000 6,5 Bx(%) By(%) Tx(%) Ty(%) SIsKBOE40 0,2 

0,258 0,000 7,0 0,29r 7,E 

0,297 0,000 7,5 4,602 10,0 

0,338 0,000 8,0 Bx(%) By(% Tx(%) Ty(%) SlsKBOE500,2 

0,383 0,000 8,5 0,338 8,0 

0,778 0,000 12,0 4,60 10,E 

1,462 0,000 16,0 

1,914 0,000 18,0 

2,470 0,000 20,0 

4,163 0,55 25,0 

SIab2 

K300,20 Bx(% By(% Tx(%) Ty(%) UlsK300,20 Bx(% By(% Tx(%) Ty(% SIsK30E30 0,20 

bal R 1,89 % 0,062 0,066 0,054 0,05r 5,5 0,229 0,245 0,194 0,20 9,5 

0,122 0,130 0,104 0,111 7,C 2,5<\!: 2,545 2,545 2,54c 10,5 

0,205 0,219 0,173 0,185 9,0 Bx(%) By(%) Tx(%) fry (%) SIsK30E40 0,20 

0,229 0,245 0,194 0,20r 9,5 0,255 0,273 0,215 0,230 10,0 

0,255 0,273 0,215 0,230 10,0 2,545 2,545 2,545 2,54c 11,0 

0,283 0,302 0,238 0,255 10,5 Bx(% By(% Tx(%) b(% SIsK30E50 0,20 

0,31~ 0,334 0,262 0,281 11 ,C 0,283 0,302 0,238 0,25E 10,c 

0,44 0,481 0,373 0,400 13,0 2,545 2,545 2,545 2,54E 11,5 

0,713 0,77 0,58 0,634 16,0 

1,941 2,1285 1,646 1,784 25,0 

Bl7 



K300,24 Bx(% By(%) Tx(%) Ty(%) UlsK300,24 Bx(%) By(%) Tx(%) Ty(%) SlsK30E300,24 

bal R 1,89 'li 0,04 0,049 0,041 0,043 5,5 0,21 0,223 0,180 0,189 10,0 

0,092 0,097 0,079 0,083 7,0 2,120 2,120 2,120 2,120 12,0 

0,121 0,128 0,103 0,109 8,0 Bx(%) By(% Tx(%) Ty(% SlsK30E400,24 

0,154 0,163 0,131 0,138 9,0 0,256 0,270 0,216 0,228 11,0 

0,192 0,202 0,163 0,171 10,0 2,120 2,120 2,120 2,120 12,0 

0,212 0,223 0,180 0,189 10,5 Bx(%) By(%) Txj%) Iry(%) SIsK30E50 0,24 

0,233 0,246 0,198 0,208 11,0 0,280 0,296 0,237 0,250 12,0 

0,256 0,270 0,216 0,228 11,5 2,120 2,12C 2,120 2,120 13,C 

0,280 0,296 0,23 0,250 12,0 

0,33 0,351 0,279 0,295 13,0 

0,389 0,412 0,32E 0,345 14,0 

0,521 0,553 0,433 0,459 16,0 

0,680 0,727 0,561 0,597 18,0 

2,09 2,244 1,78( 1,894 30,0 

K800,20 Bx(% By(%) IT x (%) Ty(%) UlsK800,20 Bx(%) By(%) Tx(%) ITy (%) SIsK80E30 0,20 

0,062 0,065 0,05< 0,057 5,( 0,24~ 0,264 0,210 0,22~ 10,G 

0,120 0,128 0,10 0,110 7,0 2,540 2,540 2,545 2,54< 11,0 

0,200 0,213 0,17C 0,181 9,0 Bx(% By(% Tx(%) Ty(% SlsK80E400,20 

0,248 0,264 0,21C 0,224 10,0 0,301 0,320 0,255 0,271 11,0 

0,301 0,320 0,25( 0,271 11,0 2,54< 2,545 2,545 2,54< 12,C 

0,329 0,351 0,271 0,297 11,( Bx(% By(% Tx(%) Ty(% SIsK80E50 0,20 

0,423 0,451 0,35 0,381 13,0 0,329 0,351 0,278 0,29 11,0 

0,651 0,696 0,54E 0,583 16,0 2,540 2,545 2,545 2,540 12,5 

3,863 4,148 3,1 s:: 3,453 35,0 

K800,24 Bx(% By(% Tx(%) ITy(% UlsK800,24 Bx%) By(% Tx(%) Irv(% SlsK80E300,24 

0,047 0,049 0,041 0,04;: 5,( 0,249 0,262 0,211 0,22~ 11,0 

0,092 0,096 0,079 0,082 7,0 2,120 2,120 2,120 2,120 12,5 

0,120 0,125 0,103 0,108 8,OBx %) By(% Tx(%) Ty(% SlsK80E400,24 

0,152 0,159 0,130 0,136 9,0 0,27~ 0,285 0,230 0,243 12 

0,188 0,197 0,160 0,168 10,( 2,125 2,12C 2,120 2,12C 13,C 

0,207 0,218 0,176 0,180 10,5 Bx%) By(%) Tx(%) 'y(%) SlsK80E500,24 

0,228 0,239 0,193 0,20;: 11,( 0,320 0,336 0,271 0,280 13,C 

0,249 0,262 0,211 0,22 11,( 2,120 2,120 2,120 2,120 14 

0,272 0,285 0,230 0,243 12,0 

0,320 0,336 0,271 0,285 13,0 

0,372 0,392 0,314 0,331 14,0 

0,490 0,516 0,413 0,434 16,( 

0,625 0,660 0,525 0,55 18,0 

2,771 3,000 2,223 2,38 35,0 

BIS 



SIab3 

K300,20 Bx(% By(%) Tx(%) Ty(%) UlsK300,20 Bx%) By(%) Tx(%) Ty(%) SIsK30E30 0,20 

bal R 1,89 % 0,044 0,046 0,095 0,101 6,( 0,24< 0,262 0,556 0,604 14,0 

0,Q78 0,083 0,170 0,182 8,( 0,70 0,74" 1,674 1,8H 15,0 

0,122 0,130 0,270 0,291 10,( Bx%) By(%) Tx(%) Ty(% SIsK30E40 0,20 

0,178 0,189 0,398 0,429 12,( 0,283 0,302: 0,645 0,70t 15,0 

0,245 0,262 0,556 0,60~ 14,( 0,70 0,744 1,674 1,818 16,0 

0,283 0,303 0,645 0,708 15,( Bx(% By(% Tx(%) Ty(% SIsK30E50 0,2C 

0,32 0,348 0,752 0,82~ 16,( 0,32~ 0,3475 0,752 0,824 16,0 

0,417 0,449 1,00 1,10 18,0 0,70 0,744 1,674 1,818 17,0 

0,526 0,567 1,321 1,41C 20,0 

2,315 2,563 4,641 5,29 40,0 

K300,24 Bx(% By(%) x(%) Ty(% UlsK300,24 Bx(%) By(% Tx(%) Ty(%) SIsK30E30 0,24 
0,256 

bal R 1,89% 0,033 0,035 0,071 0,07< 6,0 0,243 5 0,551 0,590 16,0 

0,059 0,062 0,128 0,136 8,0 0,58~ 0,6 1,395 1,515 17,0 

0,092 0,097 0,203 0,21< 10,0 Bx(%) By(%) Tx(%) 'y(% SIsK30E40 0,24 
0,2912 

0,134 0,141 0,298 0,316 12,0 0,276 5 0,633 0,676 17,0 

0,184 0,194 0,413 0,439 14,0 0,589 0,62 1,395 1,51< 18,0 

0,243 0,256 0,551 0,59C 16,C Bx(% By(% Tx(%) Ty(%) SIsK30E50 0,24 
0,328 

0,276 0,291 0,633 0,676 17,C 0,311 < 0,721 0,773 18,0 

0,311 0,329 0,721 0,773 18,C 0,589 0,62 1,395 1,51< 19,0 

0,390 0,413 0,923 0,998 20,C 

1,809 1,926 3,568 3,906 40,C 

K800,20 Bx(% By(% x(%) Ty(% UlsK800,20 Bx(%) By(% Tx(%) h(% SIsK80E30 0,20 

0,044 0,046 0,093 0,100 6,C 0,274 0,2915 0,598 0,64 15,0 

0,077 0,082 0,16 0,178 8,C 0,707 0,744 1,674 1,8H 16 

0,121 0,128 0,263 0,280 10,C B x(%)IB y (%)IT x (%) ~y(% SIsK80E40 0,20 

0,174 0,185 0,379 0,406 12,C 0,312 0,332 0,685 0,73 16 

0,238 0,253 0,517 0,556 14,( 0,707 0,744 1,674 1,8H 17,0 

0,274 0,292 0,598 0,642 15,( B x(%)IB y (%)IT x (%) ~y(% SIsK80E50 0,20 

0,312 0,332 0,685 0,73~ 16,( 0,354 0,3765 0,777 0,833 17,0 

0,35 0,377 0,777 0,833 17,( 0,707 0,744 1,674 1,818 H 

0,39 0,424 0,871 0,93E 18,( 

0,493 0,527 1,091 1,17~ 20,( 

2,151 2,342 4,82 5,279 40,0 

K800,24 Bx(% By(%) Tx(%) TV(% UlsK800,24 Bx(% BV(%) x(%) TV(% SIsK80E30 0,24 

0,033 0,035 0,071 0,07< 6,0 0,26E 0,282 0,586 0,620 17,0 

0,059 0,062 0,127 0,13 8,0 0,589 0,620 1,395 1,515 18 

0,092 0,096 0,199 0,210 10,0 Bx(%) Bv(%) [Tx(%) Ty(% SIsK80E40 0,24 

0,132 0,139 0,28 0,30~ 12,0 0,300 0,316 0,659 0,696 18 

0,180 0,190 0,394 0,416 14,C 0,589 0,620 1,395 1,515 19,0 

0,236 0,249 0,518 0,541 16,C Bx(% By(% [Tx(%) [Ty(% SIsK80E50 0,24 

0,268 0,282 0,586 0,620 17,C 0,354 0,372 0,775 0,823 19,< 

0,300 0,316 0,659 0,696 18,C 0,589 0,62C 1,395 1,51< 20 

0,354 0,372 0,775 0,823 19,: 

0,373 0,392 0,81S 0,868 20,C 

1,861 1,999 4,295 4,56 43,C 

B19 



Slab 4 

K300,20 Bx(% B_y(% Tx(%) Ty(% UlsK300,20 Bx(%) By(% Tx(%) Ty(% SIsK30E30 0,20 

0,093 0,128 0,439 0,432 5,0 0,259 0,3390 1,067 1,031 8,0 

0,13 0,186 0,59C 0,572 6,0 0,778 0,98 2,957 2,821 9,0 

0,22~ 0,296 0,966 0,953 7,5B x(%) By(%) [T x(%) Ty(%) SIsK30E40 0,20 

0,259 0,340 1,06 1,031 8,0 0,295 0,38 1,223 1,17/ 8,5 

0,295 0,387 1,223 1,17 8,5 0,778 0,98 2,957 2,821 9,5 

0,340 0,438 1,396 1,367 9,OBx(%) By(% Tx(%) Ty(% SIsK30E50 0,20 

0,43 0,554 1,61E 1,563 10, 0,340 0,43E 1,396 1,36/ 9,0 

0,541: 0,691 1,879 1,824 11,( 0,778 0,98 2,957 2,821 10,0 

1,26 1,466 3,081 2,997 15,( 

K300,24 Bx(%) By(%) Tx(%) Ty(%) UlsK300,24 Bx(%) By(%) [T x (%) Ty(%) SIsK30E30 0,24 

0,07C 0,096 0,321 0,306 5,( 0,245 0,32 1,034 0,980 9,0 

0,10 0,138 0,456 0,436 6,( 0,648 0,823 2,464 2,351 10,5 

0,16~ 0,219 0,708 0,675 7, Bx(%) By(% Tx(%) Ty(% SIsK30E40 0,24 

0,245 0,322 1,03~ 0,980 9,0 0,276 0,361 1,164 1,101 9,5 

0,276 0,361 1,164 1,101 9, 0,648 0,823 2,464 2,351 11,0 

0,310 0,403 1,311 1,237 10,( Bx(%) By(% Tx(%) Ty(%) SIsK30E50 0,24 

0,38 0,497 1,536 1,458 11,( 0,310 0,403 1,311 1,23 10,0 

0,430 0,548 1,643 1,563 II,e 0,648 0,823 2,464 2,351 11,0 

0,843 1,036 2,470 2,356 15,( 

K800,20 Bx(% By(% Tx(%) Ty(% UlsK800,20 Bx(%) By(% Tx(%) Ty(% SIsK80E30 0,20 

0,092 0,126 0,416 0,408 5,( 0,287 0,369 1,025 0,981 8,5 

0,135 0,182 0,548 0,525 6,( 0,778 0,98 2,957 2,821 9,5 

0,219 0,286 0,846 0,828 7,EBx(%) By(% Tx(%) [Ty (%) SIsK80E40 0,20 

0,28 0,369 1,025 0,981 8, 0,32/ 0,415 1,159 1,13 9 

ctk=5 0,32 0,415 1,159 1,132 9,( 0,778 0,98 2,957 2,821 10,0 

0,370 0,463 1,273 1,24 9, Bx(%) By(%) Tx(%) Ty(%) SIsK80E50 0,20 

0,412 0,516 1,380 1,311 10,( 0,370 0,463 1,273 1,24 9,5 

0,513 0,629 1,651 1,558 11,( 0,778 0,98 2,957 2,821 11 

1,055 1,224 3,118 2,851 15,( 

K800,24 Bx(%) By(%) Tx(%) Ty(%) UlsK800,24 Bx(%) By(%) [Tx(%) Ty(%) SIsK80E30 0,24 

0,070 0,095 0,309 0,293 5,( 0,268 0,346 0,993 0,939 9,5 

0,101 0,137 0,432 0,411 6,( 0,648 0,823 2,464 2,351 10,5 

0,161 0,21~ 0,648 0,616 7, Bx(%) By(% Tx(%) [Ty(% SIsK80E40 0,24 

0,238 0,310 0,900 0,853 9,( 0,334 0,425 1,191 1,12 10,5 

0,261: 0,346 0,993 0,939 9, 0,648 0,823 2,464 2,351 11,0 

0,30C 0,385 1,090 1,029 10, Bx(%) By(%) Tx(%) Ty(% SIsK80E50 0,24 

ctk=5 0,334 0,425 1,191 1,122 10" 0,370 0,46E 1,297 1,219 11,0 

0,37C 0,468 1,29 1,219 11,( 0,648 0,823 2,464

1 

2,351 11,5 

0,409 0,513 1,408 1,320 11" 

0,75 0,896 2,356 2,160 1 
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Slab 5 

K300,20 Bx(%) By(%) Tx(%) Ty(% UlsK300,20 Bx(%) By(% Tx(%) Ty(% SlsK30E300,20 

bal R 1,89 % 0,121 0,152 0,672 0,766 5,! 0,203 0,250 1,145 1,323 7,0 

0,203 0,250 1,145 1,323 7,( 1,743 2,401 4,232 4,720 8,5 

0,236 0,289 1,347 1,49E 7,!Bx(%) By(%) Tx(%) n-y(%) SIsK30E40 0,20 

0,272 0,332 1,498 1,682 8,( 0,236 0,289 1,347 1,498 7,5 

0,322 0,378 1,654 1,87~ 8,! 1,743 2,401 4,232 4,720 9,0 

0,396 0,482 1,989 2,28 9, Bx(%) By(% Tx(%) Ty(% SlsK30E500,20 

0,551 0,671 2,542 2,963 11,( 0,272 0,332 1,498 1,682 8,0 

0,674 0,826 2,945 3,45E 12,( 1,743 2,401 4,23 4,720 9,: 

0,985 1,232 3,833 4,550 14, 

K300,24 Bx(%) By (%)Tx (%) Ty(%) UlsK300,24 Bx(%) By(%) Tx(%) Ty(% SlsK30E300,24 

bal R 1,89 o/. 0,090 0,114 0,509 0,56 5,5 0,201 0,245 1,142 1,31 8,C 

0,175 0,215 0,984 1,120 7, 1,453 2,000 3,526 3,933 10,: 

0,201 0,245 1,142 1,31 8,( Bx(%) By(%) Tx(%) Ty(%) SIsK30E40 0,24 

0,229 0,279 1,323 1,45! 8,t 0,229 0,279 1,323 1,455 8,5 

0,260 0,315 1,466 1,603 9,( 1,453 2,000 3,526 3,933 11,0 

0,292 0,352 1,599 1,760 9,5Bx(%) By(%) Tx(%) Ty(% SlsK30E500,24 

0,327 0,394 1,734 1,919 10,0 0,260 0,315 1,466 1,603 9,C 

0,403 0,485 2,021 2,259 11,0 1,453 2,000 3,526 3,933 11,0 

0,490 0,588 2,329 2,623 12,0 

0,825 1,000 3,372 3,858 15,C 

K800,20 Bx(%) By(% Tx(%) Ty(% )UlsK800,20 Bx(%) By(%) Tx(%) Ty(%) SlsK80E300,20 

0,120 0,150 0,617 0,686 5,: 0,230 0,280 1,111 1,251 7,! 

0,230 0,280 1,111 1,251 7,5 1,743 2,401 4,232 4,720 9 

0,263 0,319 1,259 1,422 8,OB x(%) By(% Tx(%) Ty(% SIsK80E40 0,20 

clk=5 0,299 0,361 1,417 1,606 8,: 0,263 0,319 1,259 1,422 E 

0,378 0,452 1,769 2,028 9,: 1,743 2,401 4,232 4,720 9,! 

0,515 0,613 2,407 2,80 11,C Bx(%l Bv(% fr x (%) Ty(% SIsK80E50 O,ZC 

0,619 0,735 2,928 3,424 12,C 0,299 0,361 1,417 1,606 8,! 

0,861 1,020 3,994 4,516 15,C 1,743 2,401 4,232 4,720 10 

K800,24 Bx(%) By(%) Tx(%) Tv(% )UlsK800,24 Bx(%) By(%) Tx(%) 'y(%) SIsK80E30 0,24 

0,089 0,113 0,478 0,523 5,! 0,22 0,270 1,097 1,215 8,! 

0,172 0,210 0,863 0,95 7,! 1,453 2,000 3,526 3,933 1O,! 

0,197 0,239 0,977 1,079 8,(Bx(% Bv(%) Tx(%) Ty(% SIsK80E40 0,24 

0,224 0,270 1,091 1,215 8,! 0,283 0,33E 1,362 1,518 9,! 

0,252 0,303 1,225 1,360 9,C 1,453 2,00C 3,526 3,933 11,0 

0,283 0,338 1,362 1,518 9,! Bx(%) Bv(% x(%) Ty(%) SIsK80E50 0,2 

clk=5 0,315 0,376 1,505 1,680 10,( 0,311 0,376 1,505 1,680 10,0 

0,385 0,457 1,820 2,050 11,( 1,453 2,000 3,526 3,933 11,5 

0,463 0,546 2,182 2,471 12,( 

0,743 0,870 3,618 3,95 15,( 
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SIab6 

K300,20 Bx(%) By(%) Tx(%) Ty(%) UIsK300,20 Bx(%) By(%) Tx(%) [ry(%) SIsK30E30 0,20 

bal R 1,89% 0,060 0,063 0,36 0,394 5,( 0,19E 0,210 1,422 1,52 9,0 

0,118 0,125 0,771 0,841 7,( 0,40< 0,402 2,534 2,53 11,e 

0,198 0,210 1,422 1,522 9,( Bx(%l By(%l Tx(%) Ty(%) SIsK30E40 0,20 

0,22 0,237 1,570 1,696 9,' 0,22< 0,237 1,570 1,696 9,e 

0,248 0,264 1,72 1,878 10,( 0,40< 0,402 2,534 2,53 12,0 

0,304 0,326 2,06 2,269 11,( Bx(%l By(% Tx(%) Ty(% SIsK30E50 0,20 

0,440 0,473 2,82, 3,156 13,( 0,24E 0,26 1,727 1,87E 10,0 

0,610 0,662 3,70( 4,181 15,( 0,40< 0,40 2,534 2,53" 12,5 

K300,24 Bx(% By(%) Tx(%) Ty(% UIsK300,24 Bx(%) By(% Tx(%) Ty(%) SIsK30E30 0,24 

bal R 1,89 % 0,045 0,048 0,271 0,293 5,( 0,18 0,19 1,341 1,410 10,0 

0,089 0,094 0,56, 0,601 7,( 0,33e 0,33, 2,112 2,11_< 12,5 

0,149 0,156 1,01, 1,097 9,( Bx(% By(% Tx(%) Ty(% SIsK30E40 0,24 

0,184 0,194 1,341 1,410 10,( 0,22E 0,231 1,598 1,68E 11,0 

0,225 0,238 1,591 1,688 11,( 0,33E 0,33, 2,112 2,1~ 13,S 

0,24 0,261 1,72E 1,834 11,E Bx(%) By(% Tx(%) Ty(%) SIsK30E50 0,24 

0,323 0,342 2,160 2,320 13,( 0,24 0,261 1,728 1,83 11,S 

0,445 0,468 2,810 3,051 15,( 0,33E 0,33E 2,112 2,11< 14,0 

K800,20 Bx(% By(%) Tx(%) Ty(%) UIsK800,20 Bx(%) By(%) Tx(%) y(%) SIsK80E30 0,20 

0,059 0,063 0,353 0,376 5,e 0,240 0,256 1,493 1,613 10,0 

0,116 0,124 0,699 0,747 7,e 0,40< 0,40< 2,534 2,534 12 

0,193 0,205 1,186 1,276 9,( Bx(%) By(% x(%\ :y(% SIsK80E40 0,20 

0,240 0,256 1,493 1,613 10,( 0,240 0,256 1,493 1,613 10 

0,266 0,284 1,664 1,803 10,E 0,402 0,40< 2,534 2,53 12,S 

ctk=5 0,294 0,313 1,85e 2,013 11,e Bx(%) By(%) x(%) 'y(%) SIsK80E50 0,20 

0,400 0,445 2,76 3,067 13,e 0,266 0,28 1,664 1,803 10,S 

0,566 0,605 3,86 4,149 15,e 0,402 0,40< 2,534 2,534 13 

K800,24 Bx(% By(% Tx(%) Ty(% UIsK800,24 Bx(%) By(% x(%) 'y(% SIsK80E30 0,24 

0,045 0,048 0,27e 0,285 5,e 0,220 0,231 1,364 1,44E 11,0 

0,088 0,093 0,53e 0,558 7,e 0,33e 0,33E 2,112 2,11< 13,5 

0,146 0,153 0,88S 0,940 9,e Bx(%) By(% Tx(%) 'y(% SIsK80E40 0,24 

0,180 0,190 1,11C 1,176 10,e 0,241 0,25 1,500 1,596 11,e 

0,220 0,231 1,364 1,448 11,e 0,33e 0,33E 2,112 2,11~ 14,0 

0,241 0,254 1,500 1,596 11,E Bx(%) By(%) x(%) y(%) SIsK80E50 0,24 

ctk=S 0,263 0,277 1,64E 1,756 12,e 0,263 0,27 1,648 1,7S6 12,0 

0,313 0,328 1,98< 2,123 13,e 0,33e 0,33E 2,112 2,112 14,5 

0,423 0,444 2,800 3,033 15,e 
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Appendix C 

Drying of HPC - results 





Climate 1 Controlled drying directly after casting (summer conditions); see Figure 4.2 

Effects of various wlc ratio on the concrete drylng time concerning 
Drying time climate 1 (eonstant controlled drying) 
(months) 

16,--------------------------------------------, 
14 

12 
10 

0,65 0,50 0,40 0,35 

w/cratio 

Drying time Drylng time as funtlon of form type for various w/c ratlos 
(months) 

20+-----____ --------------------------------~ 

15t,mr---Ia---------.. ----------------------~ 

10~~---Ia---____ --.. --------_==_----------~ 

0,65fO,20 0,65s0,25 0,50fO,20 0,5050,25 0,4010,20 0,4080,25 0,35fO,20 0,35s0,25 

wfe ratlo I form type I slab thickness 

Effeets of the plate thiekness on drylng time for varlo"s wie ratios 
Drying time (months) 

25,---------------------------------------, 
20+--------.r---------------------------------~ 

15+---__ r--e~--------------------------------~ 

10tl~_m~_m~----.. --~----------------------_4 

wie rallo I slab thickness 

Drying time Required drying time with regard to silica fume content 
(months) 

12,0,--------------------------------------, 

10,0 +--------------------------------------------1 

0,50 0,50S 0,40 0,40 S 0,35 0,35 S 

wie ralio 

el 

IIRH85 

IilRH90 

In this Appendix results of 
calculation of drying time to 
85 % RH and 90 % are 
presented. Variables for 
each climate are wJc-ratio, 
slab thickness, form type 
and use of silica fume. 

Filigran-form 
20 cm slab thickness 

f= Filigran-form 
s= steel form 

Filigran-form 

20 cm slab thickness 
S= 5 % silica fume 
Filigran-form 
w/c=water/Portland cement 



Climate 2 Controlled drying after one month (summer conditions); see Figure 4.7 

Effects of various wlc ratia on the concrete drying lime 
Drying time ~limate ~ (controlled dryingafter 1 monlh from casting, 
(months) 

18r---------------------------------------------, 
16 
14 
12 
10 

0,65 0,50 0,40 0,35 

w/cratio 

Drying time Drying time as funlion of form type for various wIe ralias 
(months) 

25~----------------------------------------__, 

20+------,mr-------------------------------------1 

15~~--_t~--------_t~-------------------------1 

10t1g---il~--__ --_II_------~~----------_4 

0,65fO,20 O,65s0,25 0,50fO,20 0,5050,25 0,65fO,20 0,50s0,25 0,35fO,20 0,35s0,25 

wlc ratio f form type I slab thickness 

Drying time Effects ofthe plate thickness on drying time for varlous wie ratlos 
(months) 

25r-----------------------------------------~ 

20+--------,._-------------------------------------1 

15+---il--.. --------------------------------~ 

10tl~~~~~----.. --~----------------------_4 

wie ratio I slab thickness 

Drying time Requlred drylng lime with regard lo slllca fume conlenl 
(months) 

12r-----------------------------------------------~ 

10+------------------------------------------------1 

0,50 0,50 S 0,40 0,40 S 0,35 0,35 S 
wie ratio 

C2 

Filigran-form 
20 cm slab thickness 

f= Filigran-form 
s= steel form 

Filigran-form 

20 cm slab thickness 
S= 5 % silica fume 
Filigran-form 
w/c=waterlPortland cement 



Climate 3 controlled drying after 1 month (winter conditions, default temperature data); see 
Figure 4.9 

Effects of various wIe ratio on the concrete drying time concernlng 
climaIe 3 (conIrolIed drying after 1 monlh from casting, Winler dalaull 

Orying time data) 
Imonths) 

20r-------------------------------------------~ 

18 
16 
14 
12 
10 

Orying 
time 
(months) 

0,65 0,50 0,40 0,35 

wlc ratio 

Drylng lime as funcllon of form type for varlous wie rallos 

25,-------------------------------------------, 

20t------..---------~r_------_.Br------------, 

15+1~--_I~--------~~------_I~--------~~4 

10 

0,66fO,20 0,65$0,250,50fO,20 0,5050,250,40fO,20 0,4050,250,35fO,20 0,3Ss0,25 

wlc ratio I form type I slab thickness 

Drying time Effects of t e p ate t Ickness on ryl ng time for varlous wIe ratlos 
(months) 

25,0,---------------------------------------, 

20,0 t----------....------------------------------------j 

15,0 t:::---IIIIf---IIIIf---------III------------Jlr-----------i 

10,0 

5,0 

0,0 

wie ratio I slab thickness 

Drying Requlred drying lime wilh regard lo silica tume conlenl 
time 

0,50 0,50 S 0,40 0,408 0,35 0,358 

w/cratio 

C3 

Filigran-form 
20 cm slab thickness 

f= Filigran-form 
s= steel form 

Filigran-form 

20 cm slab thickness 
S= 5 % silica fume 
Filigran-form 
w/c=water/Portland cement 



Climate 4 controlled drying after 1 month (winter conditions, modified temperature 
data, 10 DC during the first week after casting); see Figure 4.11 

Effects of varlous wIe ratlo on the concrete drylng time concernlng 
Drying cllm.te 4 (controlled drylng .fter 1 month from casting, Wlnter 10°C flrst 
time week) 
(months) 

1B~-----------------------------'----------------' 
16 14 
12 

10 
B 

0,65 0,50 0,40 0,35 

w/cratio 

Drying time Drying time as funtlon of form type for various wIe ratios 
Imonths) 

15+1~--~~-------i~-------i~-----------4 

0,6510,20 0,65s0,25 0,5010,20 0,50s0,25 0,40fO,20 0,4050,25 0,3510,20 0,3550,25 

wie ratio I form type I slab thickness 

Drying time Effects of the plate thickness on drylng time for varlous wlc ratlos 
(months) 

25,0 ~-----------------------------------, 

20,0 +-----...---------------------------1 

15,0 +---1111--1111----------111----------------------1 

wlc ratio I slab thickness 

Drying time Requlred drylng time with regard to slllca fume content 
(months) 

14r---------------------------------------, 
12 

0,50 0,50 S 0,40 0.408 0,35 0,358 

w/cratio 

C4 

Filigran-form 
20 cm slab thickness 

f= Filigran-form 
s= steel form 

Filigran-form 

20 cm slab thickness 
S= 5 % silica fume 
Filigran-form 
w/c=waterlPortland cement 



Climate 5 controlled drying after 1 month (winter conditions, used concrete 
temperature data from Hett97 during the first four days after casting); see Figure 4.14 

Drying 
time 
(months) 

18 
16 14 
12 

10 

Effects of various wIe ratia on the concrele drying lime concerning 
climate 5 (controlled drylng after 1 month from casting, Winter Hett97 

data) 

0,65 0,50 0,40 0,35 
wfcratio 

Drying Drying time as function of form type for various wIe ralias 
time 
(monthsl 

25~--------------------------------------~ 

20+------.m----------.mr------------------------~ 

15tilr--il~------_II-------~Ir----------~ 

0,6510,20 0,65$0,25 0,5OfO,20 0,50s0,25 O,40fO,2S 0,40s0,25 0,3510,20 0,35s0,25 

wie ratio I form type I slab thickness 

Drylng time ElIeels of the plate thlckness on drylng time for varlous wie ratlos 
{months) 

25,0..----------------------------------------------, 

20,0 t---------...-------------------------------------j 

15,0 +::;;--D---fl------jlr--------------j 

10,0 

5,0 

0,0 

wIe ratio J slab thickne88 

Drying time Required drying time with regard to sllica fume content 
(months) 

14~----------------------------------------_, 

12 

10 

0,50 0,508 0,40 0,408 0,35 0,358 
wie ratio 

cs 

Filigran-form 
20 cm slab thickness 

f= Filigran-form 
s= steel form 

Filigran-form 

20 cm slab thickness 
S= 5 % silica fume 
Filigran-form 
w/c=waterlPortland cement 






