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ABSTRACT 

The causes for the slow development of the construction industry is often attributed the traditional 
”peculiarities of construction“, including such factors as one-of-a-kind products, temporary 
organisation, and on-site production. However, signs of new thinking are becoming apparent in the 
construction industry in Sweden that emphasise change. Globalization and increased competition are 
factors for change. The possible future shortage of available qualified workers, demand for shorter 
construction times and calculated higher risks for projects are also catalysers for the implementation 
of new and alternative solutions. Still, new production methods and construction ideas are rarely 
introduced in construction projects, with low or no productivity increase of the industry as a result.  

Within the scope of this thesis work, the combination of creating buildability during the design 
phase and utilizing the philosophies of lean construction during the construction phase has been 
adapted to improve civil engineering concrete construction work. Several full scale projects have 
been studied and a questionnaire survey has been performed. 

In order to be able to introduce changes such as prefabricated reinforcement solutions, left concrete 
form systems and Self-Compacting Concrete (SCC) as a mean to increase productivity at site, there 
is a need to create projects that are buildable and able to be constructed, i.e. constructions that we 
know in advance are practically feasible and productive. All involved participants throughout the 
whole project are therefore responsible for creating buildability in the project. The case studies show 
that the potential increase in productivity can be vast. 

The introduction of prefabricated rebar sections, e.g. rebar carpets and rebar cages, decreases time 
spent on fixing reinforcement with up to 80%. The use of SCC potentially saves 65% on time spent 
during casting. Both methods improve the working environment substantially. However, the 
introduction of new methods also put demands on properly planned, communicated and managed 
construction operations on-site.  

Thus, the use of Buildability in the design can promote new solutions together with Lean 
Construction philosophies in management of these alternatives are suitable tools in changing the 
construction industry. Buildability deals with creating design for “ease of construction” whilst Lean 
construction focus on planning of a productive flow of work tasks and resources for the selected 
production methods. 

The combination of buildability in the “design for” part and lean construction philosophy in the 
“ease of construction” part within one of the most accepted definitions of buildability i.e. “the 
extent to which the design of a building facilitates ease of construction” will be able to encourage an 
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increase in productivity at construction sites. This is possible if important factors are considered and 
utilised sufficiently. Some of these important factors highlighted in this thesis work are: 

• early project involvement of contractor, to increase construction knowledge during design, a 
result from the questionnaire survey;  

• design projects in 3D and create adequate virtual work instructions for workers to study prior 
to performing the work task, a result from full scale studies; 

• plan the construction work tasks and material supply thoroughly using lean tools, a result 
from full scale studies; 

• make sure adequate attention is spent on the working environment early in a project, this 
will result in workers feeling confident in a safe work environment, a result from full scale 
studies.  

The thesis corroborates the conclusion that, if these factors are considered and encouraged there is a 
potential for improvement of productivity at site, enhanced quality of finished structures as well as 
lowered costs for constructing structures in the future. 

 

Keywords: Buildability, Constructability, Working environment, Lean Construction, Productivity, 
Self compacting concrete, Simulation, Visualisation, BIM, Design, prefabrication, reinforcement, 
rebar carpets. 
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SAMMANFATTNING 

Orsakerna till den långsamma utvecklingen av byggindustrin sägs ofta vara de traditionella 
egenheterna/särdragen för byggindustrin exempelvis att byggnaderna är enstycksproducerade, 
innehar en temporär organisation och att de är platsbyggda. Det finns emellertid tecken som tyder på 
att en förändring är på gång inom byggindustrin i Sverige (och mest troligt också i andra länder). 
Den pågående globaliseringen och den ökande konkurrensen på markanden är två faktorer som 
pekas ut som möjliga orsaker till förändringsbenägenheten inom branschen. Ytterligare en faktor som 
påverkar intresset för förändring kan vara att antalet kunniga hantverkare minskar på marknaden. Det 
kan därför vara svårt att få tag på hantverkare till de planerade arbetsuppgifterna och det kanske 
därför inte längre är ekonomiskt försvarbart att använda tidskrävande och ohälsosamma 
arbetsmetoder. Andra faktorer vilka kan tänkas påverka det ökade intresset för alternativa 
produktionsmetoder kan vara, en allt kortare byggtid och större av företagen kalkylerade risker i 
projekt. Alternativa produktionsmetoder och konstruktionstekniska lösningar är tillsammans med 
stora produktivitetsökningar fortfarande ganska ovanliga inom byggindustrin.  

Inom ramen för det här avhandlingsarbetet har kombinationen mellan buildability och Lean d.v.s. att 
skapa byggbarhet inom projekteringsstadiet och ett bra flöde för arbetsuppgifterna på arbetsplatsen 
sökts för att försöka förbättra anläggningsbyggandet i Sverige. Flera fullskaleprojekt har studerats 
samtidigt som en enkätundersökning genomförts för att försöka analysera aktörernas syn på 
byggbarhet och på dess påverkan på produktivitet på arbetsplatserna. 

Byggbarhet handlar om att ”projektera för enkelhet vid byggnationen” genom att spendera 
tillräckligt med kraft och energi i projekteringen. Konstruerbarhet handlar om att ”använda 
tillgängliga resurser på ett optimalt sätt”. Lean teorier och filosofier handlar om att skapa ett flöde av 
de ingående arbetsuppgifterna och se till att flödet sker utan avbrott. Det sker genom en att skapa en 
bra planering av arbetsuppgifternas innehåll och dess inbördes ordning så att de kan utföras utan 
avbrott så att produktionen optimeras.  

För att möjliggöra en introduktion av tex. förtillverkade armeringsenheter, kvarsittande 
betongformar och självkompakterande betong (SKB) behövs det skapas enkelhet i byggfasen. 
Enkelhet skapas i de tidiga skedena av ett projekt och fortsätter sedan genom samtliga 
projekteringsstadier av ett projekt fram till start byggnation. Enkelhet skapas genom att projekten 
projekteras så att det i förväg går att veta att de är fysiskt genomförbara. Alla involverade parter är 
därför tillsammans ansvariga för att skapa enkelhet i projekten.  

Fullskalestudierna visar att potentialen för att förbättra produktiviteten är stor. Vid införandet av 
förtillverkade armeringsenheter tex. rullarmering och armeringskorgar kan så mycket som 80% av 
tiden spenderad på att armera traditionellt sparas om användning av rullarmering möjliggörs. 
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Omkring 65% av all tid spenderad på att gjuta traditionellt kan minskas om SKB används istället och 
om hantverkarna instrueras med andra arbetsuppgifter då det inte behöver vibrera betongen vid 
gjutning längre. Även arbetsmiljön blir förbättrad om alternativa arbetsmetoder möjliggörs, både 
förtillverkade armeringsenheter och SKB förbättrar arbetsmiljön med tre gånger i jämförelse med 
traditionella arbetsmetoder. Det ställs dock krav på att arbetet är väl planerat, kommunicerat och att 
hantverkarna förstår det innan det startar.  

En slutsats som arbetet tagit är att genom att kombinera dessa båda teorier och använda 
byggbarhetens ”projektera för” för att sedan kombinera det med att skapa ”enkelhet i byggnationen” 
genom att där använda lean teorier kan byggindustrin ta ett steg framåt i produktivitet på 
arbetsplatserna. Det blir möjligt om några viktiga faktorer hanteras på rätt sätt vid rätt ögonblick. 
Några av de viktiga faktorerna vilka är poängterade i avhandlingen är: 

• tidigt engagemang av entreprenören i projekten för att öka på byggkunskapen i 
projekteringsfasen, ett resultat av enkätundersökningen 

• projektera konstruktionerna i 3D och skapa lämpliga virtuella arbetsbeskrivningar för att 
hantverkarna ska kunna studera arbetsuppgifterna innan de ska utföras, ett resultat från 
fullskaleförsöken 

• planera arbetsuppgifterna och dess materialanvändning och hantering noga med hjälp av lean-
verktyg, ett resultat från fullskaleförsöken 

• se till att arbetsmiljön får tillräckligt med tillsyn och att det blir utarbetat på rätt sätt, det 
kommer att skapa hantverkare som känner sig trygga i sina arbetsuppgifter och som kan 
stanna kvar på marknaden. Ett resultat från flera fullskalestudier 

Tas det tillräcklig hänsyn till de här faktorerna och att det uppmuntras att arbeta med dem finns en 
stor potential för att öka produktiviteten på arbetsplatserna, öka på kvaliteten på de slutliga 
produkterna och att bygga till lägre kostnader i framtiden, det är en av de viktigaste slutsatserna i den 
här avhandlingen. 

 

Nyckelord: Byggbarhet, konstruerbarhet, Arbetsmiljö, Lean construction, Produktivitet, 
Självkompakterande betong, Simulering, Visualisering, BIM, projektering, förtillverkning, armering, 
rullarmering. 
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1 INTRODUCTION 

1.1 Background 

The quotation by Tage Danielsson (a late Swedish poet, writer, director, actor and comedian); “If 
you refuse to look back and do not dare to look ahead, you need to look out” can in some sense be applied 
on the construction industry. Most construction companies do not look back, i.e. learn from their 
mistakes in the past, hence experience feedback is seldom used in project based industries (Prencipe 
and Tell, 2001; Dubois and Gadde, 2002). Also, focus in the construction industry is on projects 
rather than processes as in the manufacturing industry, (Riley and Clare-Brown, 2001), making it 
difficult to look ahead and introduce new production methods and processes. The result is looking 
out and putting out fires (mostly the same fires as experienced in previous projects). Therefore, as in 
other western countries (Teichholz, 2004; Latham, 1994; Egan, 1998; Huang et. al., 2009), the 
Swedish construction industry has been accused of low productivity in several public investigations 
(Byggkommisionen, 2002; Byggkostnadsdelegationen, 2000; Statskontoret, 2009). The ”peculiarities 
of construction“, including one-of-a-kind products, temporary organisation, the separation of design 
from production, and site production, are often cited as the root causes for the slow development of 
the construction industry (Koskela, 1992; Winch, 1998). 

Industrialisation, providing new and improved production methods, can be a solution to shorter 
construction times and higher profit margins if these are managed properly, (Simonsson, 2008). 
However, new production methods require that constraints imposed on the design be 
communicated early in the design to different stakeholders to achieve the benefits (Koskela, 2003; 
Jensen 2008).  

While Lean construction are focused on minimising the production of different types of waste 
(Womack and Jones, 2003), buildability and/or constructability theory emphasize the integration of 
design and construction (BCA, 2004; Jarkas, 2010; Fox et al., 2002).  The term buildability deals with 
creating “ease of construction” mostly during the design phase whilst constructability is said to 
describe “the optimum use of overall construction knowledge”. When buildability theory is coupled 
with Lean tools, new production methods can be introduced and managed on the construction site 
shielded from the disordered flow of material and work resulting from loosely coupled supply chains. 
Both theories strive to create a natural flow of work tasks and offer a theoretical framework for the 
researcher. 

Therefore, the focus of this thesis is to study how buildable designs can be created in civil engineering 
project. The big idea is to combine buildability theory and lean tools in order to implement new and 
more productive methods in construction of civil engineering structures. 
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1.2 Objective 

The objective of this thesis is to investigate how buildability can be combined with lean construction 
theories in order to create designs that can facilitate the introduction of new technologies and 
production methods on-site. Which means methods and technologies that can utilize effects from 
having repetitive work, good working environment and improved work instructions, i.e. designs 
that can be understood, erected in an easy and safe manner by the production operatives. 

1.3 Research questions 

The objective of defining how buildability can influence a civil engineering project, from idea to 
completion, involves several steps. To be able to turn the execution phase into a productive unit, the 
creation of a feasible design for production is important. With this in mind the research questions are 
focused on how buildability can be created in a construction project and how it can form the 
feasibility of construction work tasks formulated as follows: 

RQ 1: What is buildability, and how is it related to lean construction? 

The first research question aims to define buildability in relation to lean construction, i.e. how can 
buildability and lean construction interact. 

RQ 2: What does buildability consist of? 

The second research question aims at breaking down the buildability concepts into a number of 
factors that can be analyzed, and implemented in the design of civil engineering projects  

RQ 3: How can buildability be created in a construction project? 

The final research question aims at proposing when and by whom the buildability factors can be 
realized and managed in a typical Swedish civil engineering project. 

1.4 Limitations 

During the progress of the project, the range of interesting questions in need of answers increased. 
Since, the author is interested in developing the construction industry as a whole; it was difficult to 
actually minimize the field of questions piling up. Also, the full scale projects executed show that the 
involved process steps are linked, and it is thus difficult to exclude parts of the chain and still get the 
same results. It is, on the other hand, not easy to try to include the whole process of the construction 
industry in one thesis, even though that was the ambition and intention at first. Consequently there 
have been limitations:  

Firstly the research in this thesis includes only civil engineering structures, at first the intention was 
merely bridges. However, this intention changed during the progress of the thesis work since the 
participating contractor won tenders for other civil engineering structures, a concrete trough and 
wind power turbine foundations. The findings and influences described in this thesis can however 
also be applied to other civil engineering structures such as tunnels, harbour projects etc., the main 
objective is nevertheless bridge construction. This also implies that no house building projects have 
been used in this thesis.  

Secondly, the operation and maintenance phase has not been covered. 
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Thirdly, contracting or purchasing has not been addressed at all in this thesis, it is only pointed out in 
the literature study by different authors that it is an important issue for creating buildability in a 
project. If contracting is of interest it is recommended to read for example the thesis presented by 
Toolanen (2008) on this subject. 

Moreover, ground works, e.g. work with pile driving, investigating the ground conditions and 
specific ground works etc have not been within the scope of this thesis. It should be mentioned here 
that, many researchers point out ground research as a major factor affecting buildability, see e.g. 
Adams (1989) who states “design for minimum time below ground level” as one aspect of 
buildability, see also Ferguson (1989) or Wong et al. (2006). 

Finally, only the construction of on-site concrete structures has been in focus, for example no totally 
prefabricated bridges, steel or wooden bridges have been studied. However, prefabrication of some 
bridge parts such as prefabrication of reinforcement sections have been studied within the scope of 
the thesis. 

1.5 Outline 

This thesis is based on four appended papers and a cover paper, divided into seven chapters, 
discussing theories regarding buildability and lean. 

Chapter 1 gives a short introduction to the subject, objective of the research project and formulated 
research questions. 

Chapter 2 describes the methods chosen and how they were used for this research. 

Chapter 3 includes a theoretical framework. The chapter includes a description of principles and 
factors affecting buildability and constructability and also the philosophies concerning 
Lean Production and Lean Construction.  

Chapter 4 contains a short summary of appended papers. 

Chapter 5 presents a questionnaire survey on the topic of buildability performed within the thesis 
work. 

Chapter 6 presents the analysis of the thesis; here the factors affecting buildability together with the 
lean philosophies are consolidated and explained. How buildability and lean is perceived 
to connect into creating flow of production is elaborated upon. 

Chapter 7 comprises the concluding remarks and future work. 
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1.6 Additional publications 

Besides the appended papers the following publications have been accomplished during the research 
work. 

Journal papers 

Emborg, M. and Simonsson, P. (2010). Increasing the market share of SCC. Concrete Plant 
International, 5 pp. 

Simonsson, P. and Emborg, M. (2009). Increasing productivity through utilization of new 
construction techniques and lean construction philosophies in civil engineering projects. Nordic 
Concrete Research, No. 39, 20 pp. 

Conference papers 

Emborg, M., Jonasson, J., Nilsson, M., Utsi, S. and Simonsson, P. (2005). Designing robust SCC for 
industrial construction with cast in place concrete. Proceedings SCC 2005, 8 pp. 

Ojanen, J., Rwamamara, R. and Simonsson, P. (2010). Advantages of industrialized methods used in 
small bridge construction. Proceedings IGLC-18, 10 pp. 

Rwamamara, R. and Simonsson, P. (2009). Health and safety in concrete casting processes. 
Proceedings 25th Annual ARCOM Conference, 10 pp. 

Simonsson, P. and Carlswärd, J. (2005). Evaluation of a GPS support system for fleet management 
control. Proceedings IGLC-13, 12 pp. 

Simonsson, P. and Emborg, M. (2007). Industrialization in Swedish bridge engineering: a case study 
of Lean construction. Proceedings IGLC-15, 10 pp. 

Simonsson, P. and Emborg, M. (2008). Industrialized construction with SCC obtaining many 
important benefits. Proceedings SCC 2008, 10 pp. 

Simonsson, P. and Rwamamara, R. (2007). Consequence of industrialized construction methods on 
the working environment. Proceedings IGLC-15, 10 pp. 

Simonsson, P. and Rwamamara, R. (2009). Ergonomic exposures from the usage of conventional 
and self compacting concrete. Proceedings IGLC-17, 10 pp. 
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2 METHOD 

This chapter briefly describes the research carried out and methods used for performing the research. 

2.1 Research strategy 

According to Yin (1994) research strategies can be in the form of case studies, experiments, surveys, 
history, and computer based analyses of archival records. Some of the most commonly used research 
strategies within construction are, according to Woksepp (2007) interviews, experiments, case studies, 
ethnographic research and action research. It is also important to bear in mind that the method selected for 
collecting data affects the analysis of the data (Fellows and Liu, 2003). Furthermore, how the 
researcher views the subject affects the complete research process (Merriam, 1988). 

Case studies 

The method of case study has different definitions; it varies to some extent from author to author. 
The definition by Meredith (1998) states: “a case study examines a phenomenon in its natural 
setting, employing multiple methods for data collection to gather information from one or a few 
entities.” Benbasat et al. (1987) define the case study as “an examination of a specific phenomenon 
such as a program, an event, a person, a process, an institution, or a social group”. Yin (1994) 
provides a technical definition of a case study; “A case study is an empirical inquiry that; investigates 
a contemporary phenomenon within its real-life context, especially the boundaries between 
phenomenon and context are not clearly evident”. According to The Free Dictionary on the 
Internet the definition of case study is: “A detailed intensive study of a unit, such as a corporation or 
a corporate division that stresses factors contributing to its success or failure”. Moreover, Merriam 
(1988) reflects that there are a few factors which are decisive if the method of a case study should be 
used, “the nature of the research questions, the amount of control, and the desired end product”. 
There is also a fourth decisive factor which is whether the investigation can be considered as a 
bounded group. Merriam (1988) also states that he believes that “research focused on discovery, 
insight, and understanding from the perspectives of those being studied proposes the greatest promise 
of making significant contributions to the knowledge base”. Benbasat et al. (1987) mentions three 
motives why case study research is a viable information system research strategy. Firstly the 
researcher can study the phenomenon in its natural surroundings. Secondly the case method allows 
the researcher to answer the why and how questions which in turn explain the nature and 
complexity of the process studied, and thirdly a case study is a proper method in an area where a 
small number of previous studies have been carried out. Yin (1994) argues that case studies have a 
distinct advantage when a “how” or “why” question is being asked about “a contemporary set of 
events over which the investigator has little or no control”. 
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Experiments 

It is presumed that in the case of experimental research the researcher can manipulate the variables of 
interest. The researcher has control over the experiments and the research is distinguished by the 
cause and effect relationships, where the researcher deliberately manipulates one variable (cause) to 
examine what happens to the other(s) the effect (Merriam, 1988). The negative aspect of 
experiments is that it might not be possible to control all the interesting variables and hence, a factor 
of error can occur. 

Interviews 

One of the most significant sources of information gathered in a case study is through interviews 
(Yin, 1994). Interviews are important when the researcher is unable to observe behaviour, feelings, 
or how people interpret activities or occurrences around them (Merriam, 1988). There are several 
types of interviews. Yin (1994) argues there are three different types- an open-ended interview, a 
focused interview and a formal survey. In an open-ended interview the researcher can ask the 
respondent for facts as well as his or her opinions and insights in the question. The more assistance 
the respondent provides the more of an informant he or she becomes. A focused interview is 
conducted for a specific amount of time. Here the respondent and researcher may still use an open-
ended format but the interview is more likely to follow a certain set of questions. The final type of 
interview proposed by Yin (1994) is the formal survey, which entails more structured questions. 

Combining the methods 

This research has been performed over a number of years. Several methods have therefore been 
utilized to collect necessary data. From the licentiate thesis and onwards several case studies have 
been investigated regarding buildability, productivity, working environment, possibilities for the 
introduction of new production methods and materials, and studies of waste in the construction 
industry. The research also includes literature reviews on the topics of SCC (Self Compacting 
Concrete), Lean production and construction, buildability and constructability, working 
environment and computer aid in design and production. To this purpose, a questionnaire survey on 
the subject of buidability has been performed. It was addressed to designers, clients and contractors 
within the Swedish construction industry. Moreover, the robustness of Self Compacting Concrete 
(SCC) has been studied in the laboratory regarding contents of filler, viscosity modifying agents and 
moisture in ballast. SCC has also been studied regarding productivity in comparison to TVC 
(traditional vibrated concrete) in some of the full scale projects followed by the researcher. 

Bearing in mind the discussion above, a method of combining case study research, experimental 
research, interviews and questionnaire survey seems appropriate for the research in this project. 

2.2 Literature review 

The literature review concerning buildability and constructability was performed in order to try to 
find the key concepts of or factors affecting buildability and constructability, e.g. to form a state of 
the art summary of these methods. When these key factors had been pointed out and investigated, 
they should later on be used to try to find prerequisites for constructing in an optimum manner, 
using resources adequately in appropriate full scale projects. The literature review was also the 
foundation for the questionnaire study performed. The literature review on buildability and 
constructability is not presented in any greater detail in any of the appended papers. Thus, this 
section is new in the cover paper of the thesis. Other literature reviews on specific tasks are presented 
in the appended papers. 
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2.3 Questionnaire survey 

The questionnaire study originated from the basic point of understanding the different stakeholders’ 
difficulties within a construction project. At first the intention was to interview representatives of 
different construction expertise, however having conducted an interview during the licentiate studies 
the experience proved that it is time consuming and thus a questionnaire study was chosen instead. 
The questions utilized in this questionnaire are originally formulated by the author; thereafter they 
were discussed, modified and rephrased within the reference group of the Ph.D project. Some of the 
questions were conceived during the literature study summarized in Chapter 3, where other 
buildability and constructability surveys published have been studied. The survey questions were also 
formed so that the respondents could write their own comments to each questions asked; and 
positively there were lots of comments written in connection to the questions. 

2.4 Laboratory studies 

In the laboratory studies self compacting concrete was examined with regard to the robustness of the 
product. Different parameters were varied intentionally to cause effects on the concrete and to 
scrutinize the performance and robustness of the concrete. Parameters varied were filler content, 
moisture content in the gravel, amount of added viscosity modifying agent and also the amount of 
added superplasticizer in the different mixes.  

Furthermore, in the laboratory studies it is of interest to examine the repeatability of the 
experimental results. The results from the laboratory studies can be compared with the results from 
the full scale castings of concrete. 

2.5 Case studies 

Several case studies have been followed by the author during the progress of the thesis work and all 
involving the same contractor, i.e. the one supporting the project. There have been several 
intentions for studying the case studies; e.g. to verify the possibilities of introducing alternative 
production methods, environmental studies, SCC productivity and robustness, the effect of 
introducing virtual work instructions, creating a value flow analysis to mention but a few reasons. 
Below a list of main case studies is presented with short comments on how the researcher 
participated in them. The list is not in any chronological order. 

Bridges, road 31, south of Jönköping 

Ten concrete bridges of varying size were to be constructed during this road construction project. 
Calculations on the construction of the ten concrete bridges were followed during the bidding stage. 
Theoretical calculations on probable benefits of introducing alternative construction methods were 
performed and several meetings attended. Unfortunately, the contractor did not win the bid and 
consequently no follow-ups of the anticipated benefits could be performed during the construction 
of these bridges. 

Bridges, road 73, south of Stockholm 

Several bridges were to be constructed in this project. Both productivity and SCC were studied in 
round one of this project. In the first round, two bridges were cast only using SCC (Self Compacting 
Concrete). During the construction of these bridges the improvement of work environment was 
studied along with different specific casting solutions for the SCC from a productivity perspective. In 
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round two, discussions of introducing prefabricated reinforcement sections took place but 
unfortunately no follow-ups were performed due to various circumstances. 

Bridge, Skee, close to the Norwegian border in Bohuslän 

A fairly large bridge was to be constructed by the contractor. This project was followed for a short 
while after the bidding stage; topics discussed were the possibility of introducing different production 
methods. The author participated during some meetings and performed a few calculations on the 
theoretical benefits from introducing alternative construction methods. 

Roundabout in Linköping 

Initial studies were performed on the possibilities of introducing alternative construction methods 
while constructing a roundabout consisting of three small bridges and lots of supporting walls. This 
project was not suitable for rebar carpets or any other prefabricated reinforcement in any large 
amounts. Therefore the studies only included SCC. 

Bridge over Mjöträskets outflow, Northeast of Luleå 

Constructing this bridge made it possible for industrialization studies early in the Ph.D. thesis work. 
A 15 meter long and 10 meter wide bridge was to be constructed. Here, rebar carpets and 
prefabricated reinforcement cages for the foundations were introduced. The bridge was also cast 
entirely with SCC. The producer of RMC (ready mix concrete) in the proximity of the bridge i.e. 
the concrete supplier had never delivered any SCC for civil engineering before. Consequently, the 
specific concrete needed to be developed before it was approved to be used during the bridge 
castings. There was an attempt to introduce left formwork in this project too but it failed for a 
number of reasons. During the project, studies was performed on the productivity of workers during 
rebar carpet fixing and rebar cage mounting into the formwork along with working environment 
studies for rebar fixing and SCC casting. This project probably comprises the most comprehensive 
studies performed during this thesis work. 

Banaväg in Väst, railroad station, Göteborg 

In this project a small railroad station was to be constructed. The use of SCC during this 
construction was followed only partly by the author, since the travelling distance was a bit too far. 
However, a follow-up meeting was attended were the pros and cons were summarised. 

Railroad bridge, close to Haparanda 

Casting of traditional concrete on the superstructure of a railroad bridge was followed during this 
project. Here, the focus was on performing working environment studies; noise levels during casting 
of traditional concrete were recorded and ergonomic studies of workers using poker vibrators for 
compacting the concrete were performed. 

The Rajala project in Haparanda, bridge between Sweden and Finland 

In the project the author studied the traditional casting of a supporting wall from a working 
environment point of view. The project consisted of constructing a bridge between Sweden and 
Finland, constructing pathways for cyclists and pedestrians and also different supporting walls. 
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Bridges, E22 Malmö 

In this project several smaller bridges were to be constructed. This project was only followed during 
the early tendering stages, calculating and suggesting possible benefits from using alternative 
production methods. There were however issues complicating the construction which made the risks 
in the project too great and hence the contractor did not win the bid. 

Bridge in Skövde 

A single bridge followed during the tendering stage, suggestions made of possible benefits from using 
alternative construction methods. 

Concrete trough, RoslagsbananTäby, Northeast of Stockholm City 

During this construction of a concrete trough and four bridges, several studies were performed. The 
project was followed from early tendering stage i.e. participating in the calculation of the tender and 
onwards from a productivity perspective of reinforcement fixing and concrete casting only. This 
project became one of the most comprehensive studies undertaken in this thesis work. In the early 
stages, calculations were performed on the benefits of introducing rebar carpets and SCC into the 
concrete trough. Also, a mock-up test was initiated at the rebar supplier’s factory for clarifying the 
possibilities of using rebar carpets in the trough. Productivity studies of traditional vibrated concrete 
were performed at site, since SCC was not utilized. Furthermore, productivity studies of traditional 
fixing of reinforcement were performed since most of the rebar were fixed normally, and hence 
rebar carpets were not utilized during the first sections of the trough which were studied by the 
researcher. Nevertheless, rebar carpets became more and more accepted throughout the duration of 
the project and were to a large extent utilized in the last sections of the trough. Some studies on the 
deliveries and on-site handling of reinforcement were performed during this project also. 

Wind power turbines, central Sweden 

The construction of foundations for wind power turbines was the last case followed during the thesis 
research. Here, the reinforcement handling on-site was studied along with productivity of the 
different reinforcement fixing activities. 
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3 THEORETICAL FRAMEWORK 

This chapter describes theories of buildability and the related term constructability. Definitions of both terms are 
elaborated upon and the factors affecting them are discussed from different authors’ viewpoints. This chapter also 
describes the theory of ‘Lean’, with the aim of showing how it can be used within the construction industry. With 
respect to the terms ‘buildability’ and ‘constructability’, the author uses the term buildability throughout the rest 
of this thesis. The author also in this thesis views Lean Construction as “on-site Lean” and Lean Production as 
“Lean in factories”. 

3.1 Introduction 

A number of public investigations (Byggkommisionen, 2002; Statskontoret, 2009; 
Byggkostnadsdelegationen, 2000) have accused the Swedish construction industry of low 
productivity, mirroring accusations in other western countries (Teicholz, 2004; Latham, 1994; Egan, 
1998; Huang et al., 2009).  

The ”peculiarities of construction“, including one-of-a-kind products, temporary organisation, and 
site production, are often cited as the root causes for the slow development of the slow development 
of the construction industry (Koskela, 1992). The peculiar relationship between design and 
production in the construction industry has also been recognised by Winch (1998); indeed, this had 
already been described by Emmerson in 1962, cited by Murray and Langford (2003), and by Banwell 
in 1964, cited by Griffith and Sidwell (1997), as an impediment to construction. Banwell had already 
argued in 1964 that “design and construction must be considered together and that in the traditional 
contracting situation, the contractor is too far removed from the design stage at which his specialised 
knowledge and techniques could be put to invaluable use” (Griffith and Sidwell, 1997). The 
construction of houses, bridges and the like are often long term projects, using a small number of 
standardised parts (Nam and Tatum, 1988), and where 75 % or more of the product value comes 
from suppliers and subcontractors (Dubois and Gadde, 2000). In addition, the leadership of, and 
responsibility for, the project varies throughout its lifetime moving between actors such as the 
owner, the principal contractor, the principal designer, the subcontractors and the suppliers (Koskela, 
2000).  

Several factors affect the productivity at a construction site, with buildability being one of the most 
important (BCA, 2004; Jarkas, 2010). Along with other issues, Simonsson (2008) identified ”not 
designed for production“ as a major obstacle to the improvement of productivity. Velasco (1998) 
showed how productivity is brought about by the technical expertise and the quality of the 
performance of the worker i.e. the physical abilities of the worker (Abdelhamid and Everett, 2002). 
In addition, the skills and experience of the management in planning and carrying out work tasks 
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have an effect on productivity. Hence, the ability to design the site layout efficiently and to create a 
proper flow of work affects productivity (Jongeling and Olofsson, 2007). Moreover, keeping work 
instructions uncomplicated and also standardising different parameters increases productivity (Poh 
and Chen, 1998). Jergeas and Van Der Put (2001) identified three major barriers to achieving 
efficiency in construction: congestion around construction sites, specifications that limit design and 
the lack of communication between designers and contractors.  

In Lean construction, the key issues are increasing value to the customer and minimising the 
production of different types of waste (Womack and Jones, 2003). Creating value focuses on the 
creation of a flow of value through an organisation or production process of some sort, while 
minimising waste strives to remove activities that do not add value.  

Buildability and/or constructability theory integrates design and construction. When this theory is 
coupled with Lean tools, production on the construction site can be shielded from the disordered 
flow of material and work resulting from loosely coupled supply chains. Both theories strive to create 
a natural flow of work tasks and therefore offer a theoretical framework for the researcher. Thus, the 
core of Lean theory applied to construction and buildability theory together create the foundation 
for the research work described in the following chapters. 

3.2 Lean theory 

“Lean” originates from the Toyota Production System (Liker, 2004). Womack and Jones (2003) 
stated that “Lean Production is Lean because it provides a way to better and better meet customer 
requirements while using less of everything; less material, less design hours, less manufacturing hours, 
less energy, less space.” Lean is about producing a product with the specific requirements of a 
specific customer and delivering it instantly without maintaining any significant inventory (Liker, 
2004; Womack et al., 1990).  

In Lean construction, the employees are constantly encouraged to seek new and improved solutions 
to production issues, and to implement them. Communication, therefore, plays an important part in 
ensuring that production functions properly. Thus, it is important that, for example, machinery used 
in production is not so noisy as to prevent communication (Womack and Jones, 2003). 

Five fundamentals of Lean 

As noted by Womack and Jones (2003), there are five fundamental Lean principles: 

i) the specification of customer Value; 
ii) the identification of the Value stream; 
iii) making value Flow without interruptions; 
iv) letting the customers Pull the value from the producer; 
v) the pursuit of Perfection in all parts of the production chain. 

Customer Value 

Value can only be specified by the customer. Value is only significant if, for example, a product 
meets customer demands at a specific time and a specific price (Womack and Jones, 2003). The 
manufacturer creates the value but does not specify it. Therefore the definition of value can vary 
from company to company.  

The customer is an important concept in Lean. The term ‘customer’ does not only apply to the end 
customer. W Edwards Deming (an American statistician who worked on quality issues in Japan) 
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introduced the idea that “The next process is the customer”, which suggests that there are both internal 
and external customers (cited by Liker, 2004). Thus, the internal customer is the next process along 
the production line. It has to be supplied with what it needs, when it needs it, exactly as if it was the 
final external customer. 

Value stream 

The value stream concerns all activities arising from: 

i) problem solving associated with the concept, detailed design and production planning; 
ii) information handling from order acceptance to detailed planning of delivery; 
iii) transformation of raw materials into the final product or goods to the customer (Womack and 

Jones, 2003). 

Activities in the value stream in a company are often classified into three categories: value-adding 
activities; necessary, non-value-adding activities (type 1 muda); and unnecessary, non-value-adding 
activities (type 2 muda). While type 1 muda cannot be removed due to factors such as the selected 
method of production, type 2 muda can be directly excluded without any adverse effects. 

Flow 

The product, goods and/or service should flow through the value-adding activities at the same pace 
as customer orders arrive. Unnecessary stops, waiting times and stocks are to be excluded from the 
production sequence (Womack and Jones, 2003). 

Pull 

Pull systems are those in which no products are produced unless an end customer has ordered them. 
This means that even internal customers are not provided with products until they ask for them. Pull 
systems are generally more robust than push systems when it comes to projects where variability is an 
important factor (Hopp and Spearman, 1996). 

Perfection 

Perfection is achieved by the complete elimination of waste such that all activities along the value 
stream create value (Womack and Jones, 2003). 

Elimination of waste 

Lean Production is simple: deliver what the customer wants, when the customer needs it, in the 
required quantity (Liker, 2004). A key issue is the focus put on the production of waste or “muda” 
i.e. any human activity that absorbs resources without creating any value, as defined by Womack and 
Jones (2003). Suzaki (1987) had another definition of waste: “anything other than the minimum 
amount of equipment, materials, parts, space, and workers’ time, which are absolutely essential to 
add value to the product”. Suzaki (1987) also stated that as early as the 1920s, Henry Ford defined 
waste in his book “Today and Tomorrow” with the phrase “If it doesn’t add value it’s waste”. 
According to Lean Forum (2002), there are 7+1 different muda: 1) overproduction; 2) waiting; 3) 
unnecessary transport of materials or people; 4) incorrect processes; 5) unnecessary inventory; 6) 
unnecessary movement of machines or people; 7) defective goods; and 7+1) defective designs that 
do not meet customers’ needs. (The seven original muda have been extended with an eighth, hence 
the “+1” notation.) According to Liker (2004) the eight waste is unused employee creativity, hence 
there are different versions of the eight waste. 
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Suzaki (1987) stated “The difficulty in eliminating waste is that most of us have not directed our 
efforts to finding waste and eliminating it.” When applied to the construction industry, this is, to 
some extent, verified by Koskela (2000), who argued that there had never been a systematic attempt 
to observe all waste production in a construction process. However, there have been studies within 
individual areas of construction that can indicate the total extent of waste production in construction 
projects. Typical areas where waste is created during a construction project include the poor or 
inappropriate quality of the product, reworking a product during construction, the disposal of 
excessive or left over material, wasting time due to superfluous handling of materials (e.g. 
unnecessary transport), the waste of keeping material in stock, working under suboptimal conditions, 
and so on (Macomber and Howell, 2004; Mossman, 2009; Koskela, 2000). 

Lean tools 

This section describes some existing lean tools, but only includes those that have had some relevance 
to this thesis. 

The key to successful implementation of Lean is not the function of a single method but how all the 
methods are connected and implemented in the production system, Fujio Cho, chairman Toyota 
(2006-). 

Standardised work tasks: 

Standardised work tasks are used to organise parts and operations so that all tasks are carried out in 
the most efficient order, and use resources most effectively. Workers and management should 
develop standardised work tasks together. The aim of standardising work tasks is to make work 
easier, thus resulting in less confusion and fewer errors; work then becomes simpler and more 
reliable. The work process is documented in writing, with photographs, with the intention that 
anyone can follow the instructions and be able to perform the tasks with no more than three days 
training. The successful standardisation of work tasks helps to ensure the high quality of products, 
reduced variability, satisfied customers and profitability for the company (Liker, 2004; Nakagawa, 
2005). 

Workplace organisation, the 5S system 

Workplace organisation refers to the creation of an environment where operations can be 
successfully carried out. A manufacturing plant will have difficulty in being profitable if its 
workplaces are disorganised and dirty. Poor workplace conditions can lead to unnecessary waste such 
as the extra time spent searching for machinery or material. The 5S system helps organise workplaces 
by Sorting the material; Storing the material correctly; Sanitising the workplace consistently; 
Standardising all the work areas and finally Sustaining discipline such that work becomes a habit. In 
addition, an organised, clean workplace gives the customer a good impression of the company 
(Sörqvist, 2004). 

Kaizen 

The word kaizen denotes continuous improvements: kaizen work seeks to improve product 
development continually. Constant improvement is achieved through the participation of all the 
workers. The fundamental idea is that continuous improvements should be a natural part of everyday 
work. According to Imai (1986), cited in Sörqvist (2004), the kaizen work should be carried out at 
three different levels within a company: corporate, group and individual. 
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JIT  

Just In Time is a strategy for controlling inventory that aims to improve the return on investment by 
reducing both the inventory and the costs associated with carrying it. JIT includes such areas as 
reduction in stock, quality control, reduction in complexity, reduction in cassation, delegation of 
decisions etc. Kiichiro Toyoda said “Just in time (JIT) is the central principle in my plan. The rule is that 
no gods should be transported to early or too late.”  

Value Stream Mapping (VSM) 

VSM originates from the manufacturing industry and is a methodology that allows the visualisation 
of the flow of material and information, and makes these flows transparent to all the production staff 
(Rother and Shook, 2004). VSM can also be used as a good communication tool for practitioners, as 
well as a reference model for theoretical analysis (Alvarez et al., 2009; Mehta, 2009). By focusing on 
continuous flows rather than on the use of machinery, transport or personnel, the likelihood of sub-
optimisation is reduced (Ballard et al., 2003). 

Lean construction 

Construction combines mass production with craft-based techniques (Simonsson, 2008). A large part 
of on-site work uses craft-based methods, involving many trades often working in demanding 
situations (Rwamamara and Simonsson, 2007). Ballard and Howell (1998) argued that in order to 
“minimize the peculiarities in construction”, parts and components should be manufactured to take 
advantage of the lean tools developed by the manufacturing industry, and lean techniques that have 
been adapted to the dynamics of a construction site should be developed.  

Koskela (2000) introduced the Transformation, Flow and Value model of production in construction 
(Table 1) as being equivalent to lean production in construction.  

Table 1. An overview of the TFV-theory by Koskela (2000) for the implementation of the Lean Production 
principles to Lean Construction. 

 Transformation view Flow view Value generation view 

Conceptualisation of 
production 

As a transformation of 
inputs to outputs 

As a flow of material, 
composed of transformation, 

inspection, moving and 
waiting 

As a process where value for 
the customer is created 

through fulfilment of their 
requirements 

Main principles Getting production realised 
efficiently 

Elimination of waste (non-
value-adding activities) 

Elimination of value loss 
(achieved value in relation to 

best possible value) 

Methods and 
practices (examples) 

Work breakdown 
structure, MRP, 
Organisational 

Responsibility Chart 

Continuous flow, pull 
production control, 

continuous improvement 

Methods for requirements 
capture, Quality Function 

Deployment 

Practical contribution Taking care of what has to 
be done 

Taking care that what is 
unnecessary is done as little 

as possible 

Taking care that customer 
requirements are met in the 

best possible manner 

Suggested name for 
practical application 

of the view 
Task management Flow management Value management 
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To the list of the seven plus one wastes described in lean production, Koskela (2004) added another 
which, in construction, he called ”making do“. “Making do” is defined as starting construction work 
without all the prerequisites being met (see Figure 1). It is difficult to predict which preconditions 
will not be met, but some common failures include information missing from documents at the start 
of the construction and parts of the workforce being located on different sites. 

 

Components and materials

Workers 

Space

Connecting works 

External conditions 

Equipment Task 

Construction design 

 

Figure 1. Preconditions for completing a construction task, according to Koskela (1999). 

The Last Planner System (LPS) can be defined as a Lean construction tool, designed to shield on-site 
production from “making do”(LPS can also be used for manufacturing in factories). This is achieved 
through active learning and by the thorough planning and preparation of upcoming work tasks 
(Ballard, 2000). Also, the LPS stresses the importance of keeping a buffer of work that can be 
undertaken should problems arise with the current work tasks. 

The Last Planner System is based on five principles (Ballard and Howell, 1998; Koskela, 2000; 
Ballard, 2000): 

i) Assignments should be clear as to what their prerequisites are i.e. avoid “making do”.  
ii) The realisation of assignments is measured and monitored. Measuring realisation diminishes 

the risk of variability propagating to downstream flows and tasks. Percent Plan Completed 
(PPC) is often used as a measurement of realisation. 

iii) Causes for non-realisation of assignments are investigated and removed, creating a continuous 
improvement process. 

iv) There is a buffer of work tasks ready to be performed if a suggested task cannot be 
accomplished. 

v) Perform look-ahead planning. The time horizon should be approximately three to six weeks, 
and scheduled upcoming work tasks should be actively prepared to be undertaken during this 
period. 

3.3 The concepts of buildability and constructability 

Buildability and Constructability are two concepts that share a similar goal but have slightly different 
approaches. They both strive to improve the productivity and safety of on-site production while 
reducing costs (Jergeas and Van Der Put, 2001). The term “buildability” was coined by CIRIA 
(Construction Industry Research Information Association) in the UK, whereas the term 
“constructability” originated from the CII (Construction Industry Institute), based in the USA. Both 
concepts were originally presented in the late 1970s and early 1980s. The idea of constructability 
includes management functions, whilst the idea of buildability does not. 
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If managed properly, creating buildability or constructability within in-situ cast concrete structures 
such as bridges and other civil engineering products can improve productivity, resulting in a shorter 
construction time and a higher profit margin (Ray et al., 1996)). Reduced construction time also 
helps to reduce the environmental impact of the construction through factors such as reduced traffic 
and reduced energy consumption (Simonsson, 2008). 

Designers play a vital role in the implementation of buildability/constructability concepts in 
construction projects (Fischer and Tatum, 1997). However, most projects do not adopt these ideas 
because of a lack of knowledge of their effects and uncertainty of how buildability or constructability 
can be integrated into the design (Jergeas and Van Der Put, 2001). According to Business 
Roundtable (1982), cited by Lam et al. (2006), the benefits of incorporating buildability/ 
constructability into a construction project is 10 to 20 times the cost of integration. Jergeas (1989), 
cited by Francis and Sidwell (1996), pointed out that designers do not, generally, take account of the 
construction methods proposed by the contractor in the design. Often, it is inexperienced junior 
designers who finish the details of the design. 

Buildability 

Definitions 

Ferguson (1989) defined buildability as “the ability to construct a building efficiently, economically 
and to agreed quality levels from its constituent materials, components and subassemblies”. Ray et al. 
(1996) uses the definition given by the Institution of Civil Engineers: “the extent to which the 
design of a project facilitates ease of construction, allowing the most efficient and economic use of 
resources, subject to the overall requirements for the completed project”. This is almost the same 
definition as that given by Adams (1989): “the extent to which the design of a building facilitates 
ease of construction, subject to the overall requirements for the completed building”. This definition 
from Adams (1989) is the one most commonly cited (e.g. Ray et al., 1996; Wong et al., 2006; BCA 
2004; Moore, 1993) and has two major implications: first, buildability exists on a scale from good to 
bad and second, each project can have requirements preventing good buildability i.e. the optimum 
buildability should be selected based on the individual requirements of each project and client. 
Adams (1989) also argued that the incorporation of buildability into a design is the responsibility of 
the design team, an argument that is supported by the results of a survey performed by Lam et al. 
(2006).  

Principles and factors 

Over the years, researchers and government agencies have tried to highlight the principles and factors 
that affect buildability. Some of the main suggestions are as follows: 

• Ferguson (1989) listed a number of principles which he believed were crucial for 
implementing good buildability. He suggested that the assembly of parts is highly dependent 
on a number of factors such as tolerance, the variety of different parts, conversion of materials 
into sub-assemblies or finished structures, “handling” of parts on- and off-site, repetition of 
work and the co-ordination of dimensions. 

• Griffith (1986) argued that “a design that has appreciated its implications upon the 
construction should be easier, quicker and more economic to construct”. Griffith also argued 
that elements within the construction industry are more focused on blaming each other for 
problems that arise during a project than working as a team to solve those issues. This, 
according to Griffith, occurs because of legal contracts that separate design from construction.  
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• The government of Singapore has outlined regulations for the construction of houses. 
Singapore’s Code of Practice on Buildable Design, called the BDAS (Buildable Design 
Appraisal System), BCA (2004), states that it is essential to adopt labour efficient designs and 
use more prefabricated products. A builder and/or contractor needs to achieve a minimum 
buildability score to be granted a building permit. The principles for buildable design used are 
based on Standardisation, Simplicity and Single integrated elements. The buildability score is 
designed to increase the quality of buildings because of the relative ease of construction, 
without limiting architectural designs.  

• Pheng and Abeyegoonasekera (2001) stated that buildability is related to all the aspects of a 
project that enable the optimum use of resources during construction. Furthermore, they 
recognised the importance of a stable flow of materials, components and sub-assemblies that 
helped to progress the construction work and achieve efficient, cost-effective on-site 
construction. The efficiency increased as a result of the use of standardised structural 
components that created repetitive work cycles on-site. 

• CIRIA (1983), cited in Francis and Sidwell (1996), recommended seven different steps for 
achieving good buildability: Carry out thorough investigation and design; Plan for essential site 
production requirements; Plan for a practical sequence of operations and early closure; Plan for simplicity 
of assembly and logical trade sequences; Detail for maximum repetition and standardisation; Detail for 
achievable tolerances; and Specify robust and suitable materials. CIRIA had accordng to Francis and 
Sidwell three main criteria defined in their report: Simplicity, Standardisation and clear 
Communication according to Adams (1989). 

• Adams (1989) further elaborated the seven CIRIA steps and developed 16 steps: Investigate 
thoroughly; Consider access at the design stage; Consider storage at the design stage; Design for 
minimum time below ground; Design for early enclosure; Design for skills available; Design for simple 
assembly; Use suitable material; Plan for maximum standardisation/repetition; Maximise use of plant; 
Allow for sensible tolerances; Allow a practical sequence of operations; Avoid return visits by trades; Plan 
to avoid damage to work by subsequent operations; Design for safe construction; and Communicate 
clearly. Furthermore, the designer is usually contracted by the client and therefore has no 
obligation or incentive to include buildability concepts for the contractor to benefit from. 
Hence, the contractor is only supposed to follow the designer’s plans. The lack of dialogue 
between design and construction has hampered the productivity of the construction industry.  

• Hon (1988), cited in Francis and Sidwell (1996), split factors affecting buildability into 
technical and non-technical categories, see Figure 2. The technical factors were then 
subdivided into design rationalisation, construction methods and processes and project 
planning. The non-technical factors were subdivided into personalities, management systems 
and other factors. Hon concluded that the benefits of designing with buildability in mind are 
quality assurance, client satisfaction and maintaining good industrial relations.  

• Decisions made early on in a project have a large impact on its buildability. Wong et al. 
(2004) stated that design decisions affect how a building is to be built and determine the 
types, as well as level, of resources to be involved in the construction process. In a report 
from 1964, cited in Griffith and Sidwell (1997), Banwell highlighted the lack of pre-contract 
planning and design as a cause of unnecessary and inefficient construction practices. 
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Figure 2. Factors affecting buildability, derived from Hon (1988), cited by Griffith and Sidwell (1995).  

Buildability applied to bridges 

In one of their reports, CIRIA focused on buildability concepts applied to the construction of 
bridges, Ray et al. (1996). Factors such as the shape of the bridge, choice of materials, and specific 
design details all affect the ease of construction of the bridge. The design was divided into two stages, 
conceptual and detail. CIRIA concluded that the creation of buildability was best achieved during 
the conceptual design stage. Apart from the structural requirements of strength and durability, they 
highlighted that a good design would “produce a structure which is buildable, durable, maintainable 
and aesthetically pleasing”. CIRIA concluded that the interaction between buildability, durability 
and maintainability have to be considered during design in terms of the effect they have on quality, 
and the life-cycle cost of the structure. In the report, the following were considered to be conceptual 
design parameters: access; communication; durability; existing structures; facilitation of building; geometry; 
speed and economy; standardisation; maintenance; geotechnical data; local planning; aesthetics; tolerances; erection 
and easement. Ray et al. (1996) considered the detail design parameters to be feedback, innovation and 
rationalisation.  

Fox et al. (2002) stated, in their study of bespoke buildings, that “designers of bespoke buildings 
participate in customer-led location-specific design that results in little, or no, repetition of post-
order design certainty.” This statement is equally valid for civil engineering projects. For example, 
most bridge construction is customer-led and site-specific and most often has a one-of-a-kind nature 
(Simonsson, 2008). Fox et al. (2002) also stated that this behaviour results in less well-developed 
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production methods. Thus, many different work tasks have to be performed, since it is not 
economically viable to invest in machinery that would assist in more efficient construction. 

Constructability 

The term “constructability” is used within construction projects when the different work tasks have 
low repeatability (Uhlik and Lores, 1998). According to Fox et al. (2002), the rules relating to 
constructability are one method of transferring construction knowledge to building designers. A well 
recognised definition of constructability is “the optimum use of construction knowledge and 
experience in planning, design, procurement, and field operations to achieve overall project design”, 
CII (1986) (cited by Francis and Sidwell (1996). Constructability is incorporated during the design 
process but this is often neglected during the early stages of a project when different designers 
become involved. A controversial view is that it is during these early stages that most of the decisions 
required to make the project constructible are made (Lam et al., 2006; Jergeas and Van Der Put, 
2001). Jergeas (1989) cited by Francis and Sidwell (1996), page 23, claimed that, since the contractor 
is chosen after the design has been completed, there is little opportunity for the designer to take into 
account any specific skills that the contractor may have, and modify the design accordingly before 
construction commences. 

Principles and factors  

By talking with contractors, clients, designers and architects, Francis and Sidwell (1996) derived 12 
constructability principles:  

i) Integration, 
ii) Construction knowledge, 
iii) Team skills, 
iv) Corporate objectives, 
v) Available resources, 
vi) External factors, 
vii) Program, 
viii) Construction methodology, 
ix) Accessibility, 
x) Specifications, 
xi) Construction innovation and 
xii) Feedback. 

The first three principles focus on making constructability a part of normal procedures within a 
project. The fourth principle focuses on how constructability can be enhanced when the project 
team understands the objectives. The fifth and sixth principles recognise that the project team are not 
able to control all the factors affecting constructability. The seventh principle highlights the 
importance of having a realistic construction plan with which all team members are confident. 
Principles eight to ten stress the need for correct building documents and accurate documentation of 
the project. The eleventh principle stresses the importance of development and new thinking within 
the industry. “Where constructability is correctly incorporated into a project, the best solution has 
already been identified, evaluated and documented” Francis and Sidwell (1996). The twelfth 
principle, that of feedback, suggests that construction is a cyclical process, and hence information 
acquired in one project can be used in similar projects in the future. 

Analysis of a questionnaire survey by Jergeas and Van Der Put (2001) showed that upfront 
involvement of construction personnel, the use of construction-sensitive schedules and the use of 
designs that aid the efficiency of the construction are the three areas that have the most potential for 
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improving the construction process. The study also indicated that if there is to be any significant 
advantage gained from construction planning, experts have to contribute from the very start of the 
project design. 

Uhlik and Lores (1998) claimed that it is impossible for one person to manage all the information 
required in the planning, designing and construction of a project as the master builder used to. The 
authors argued that projects are more complex and fragmented and therefore difficult to manage as a 
result of conflicts of interest among participants such as architects, clients, designers and contractors 
coupled with tighter design rules and design-limiting regulations. Hence, Uhlik and Lores (1998) 
endorsed the introduction of constructability as a solution to the problems of exchanging knowledge 
in the early stages of a project. 

Implementation issues 

As buildability and constructability are about making on-site construction as simple as possible, there 
are few, if any, disadvantages in implementing either constructability or buildability in practice. 
However, there are factors that need to be considered during the early stages of the design in order 
to deliver the requested product. These factors include making the construction aesthetically 
pleasing, making it function as specified, making it safe and easy to maintain, achieving the required 
quality of the finished structure and also keeping costs within the project budget. If these factors are 
not considered, the concepts of buildability and constructability are not fully utilised (fib, 2000; Ray 
et al., 1996; Fox et al., 2002). 

There are also other factors that hinder the utilisation of buildability. Wong et al. (2004) asserted that 
the present-day construction industry often lacks all the information required to make correct 
decisions, as an overview of all the influencing factors is not always available. Designers often lack 
both the practical knowledge and the incentive to make the right decisions (Wong et al., 2004). 
Also, a methodology for choosing, say, the correct bridge type and shape does not exist (Troive, 
2000). Pheng and Abeyegoonasekera (2001) reported that the largest obstacle to buildability that they 
perceived was persuading the client and consultants to accept alternative construction solutions.  

Obstacles to the introduction of constructability concepts have been listed by Griffith and Sidwell 
(1995). They felt that the most significant of these were client resistance, the traditional building 
process, professional demarcation, project priorities, incentives, education, and experience. The 
autors also stated that the reasons for these obstacles were the segregated nature of the construction 
industry, the procurement of materials and services, along with contractual arrangements  

Uhlik and Lores (1998) undertook a questionnaire study of constructability amongst contractors, and 
noted that there were perceived barriers to adopting constructability such as: designing without 
construction input; designers lacking construction knowledge; types of contract often stifling the 
introduction of constructability; and an adversarial attitude existing between contractors and 
designers. These arguments are supported by Jergeas and Van Der Put (2001), who also cited 
communication problems between designers and contractors, as well as a lack of commitment and 
desire by the client to implement constructability, as factors that should be taken into account. Lam 
and Wong (2008) considered the difficulty to be designers valuing aesthetics more than buildability, 
and a lack of incentives for introducing the buildability concept. 

Almost all the literature described contractual arrangements as being a major barrier to the 
implementation of either buildability or constructability. 
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Buildability tools 

Visual communication 

The first precondition for a sound work task, construction design, is about having essential 
blueprints, work descriptions, et cetera available at planned start of the task, (Koskela 2000). 
However, the construction design of e.g. reinforcement can be intricate and difficult to understand 
and perform. In this case commitments might be misused and without intention which can result in 
that experience workers commits to do their best but really do not understand the task well enough 
because of its complex nature. Thus, it is important to know that a work task CAN be performed 
but also HOW it should be performed, (Ballard 2000). Decisions made early in the design phase 
impact the HOW a construction process can be performed on-site. Therefore, the designer should 
collect knowledge from experienced actors in the project to enable design for buildability such as 
simple assembly, plan for maximum repetition/standardization and allow for a practical sequence of 
operations. 

Today, most blueprints used for communication of the design only present’s two dimensions of the 
real object to be built, which can be difficult to interpret in more complex projects. Lack of 
communication between design and construction results in waste on-site (Josephson and 
Hammarlund, 1999), but can also impact on structural integrity, (Brown and Yin, 1988). 

Nakagawa and Shimizu (2004) compared conventional construction with lean construction and 
proposed a number of measures to minimize waste on-site. Most of the proposals concerned 
communication between site managers and work force. They highlighted the use of Standard 
Operating Procedure Documents (SOPD) to improve the communication, but also the engagement 
among construction workers. SOPD is a manual describing, step by step, how to perform each type 
of work task on-site. The manual also consists of planned duration and precautions including 
movement and preparations. It was also proved that the utilization of SOPD flattens the shape of the 
learning curve which results in increased productivity on-site. Nakagawa and Shimizu also advocated 
the use of visualization to support so called unique operation procedures. Mourgues (2008) presented 
a kind of SOPD applied in cast in place concrete projects. Mourgues means that today’s way of 
deliver work instructions, in the shape of verbal communication and construction drawings, often 
fails. He defined a work instruction template for concrete work based on eight criteria for good 
instructions; clear, concise, complete, error-free, meaningful, relevant, accurate, and timely. In 
contrast to SOPD, the work instruction created by Mourgues is based on Building Information 
Models (BIM) and defined for a specific work task with actual dimensions, quantities, et cetera. 
Instructions specific to a project, activity, and location, are more useful for practitioners than generic 
instructions, such as SOPD. 

The resulting template, which can be seen in Figure 3, contains of four main sections; 1) Drawing, 
2) Instructions, 3) BOM, and 4) Equipment and Tools. The Drawing section is subdivided into four 
views; 1) Model view, 2) Detail view, 3) Key plan, and 4) Color coding legend. These views 
together address several characteristics of good instructions, e.g. it is self-contained, it uses colour 
coding, and it is independent of other drawings. The Instructions section shows a step-by-step 
description how the contractor wants to perform the specific work task. According to the SOPD, 
the description is based on the best practice of the company instead of a particular foreman´s 
experience. The Equipment and Tools section complements the Instructions section by a list of 
necessary tools. The BOM section lists required material for the specific work task. The name of the 
work task is standardized according to the AROW ontology (Mourgues, 2008). Using this ontology, 
work tasks is named as an Action that happens on a Resource of an Object in a particular Work area.  
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Case studies showed that rework and number of questions during the work was reduced and 
productivity and safety increased. Also problems of effort, error risk and inconsistency was reduced. 
The work instructions should only be used if the benefits are greater than the costs of producing. 
The work instructions can be complemented by process visualizations in complicated work tasks. 
Mourgues (2008) describes how to use Virtual Design and Construction (VDC) to automatically 
produce these work instructions. 

 

Instructions Section 

Equipment and Tools Section 

Drawing Section 

Color Coding 
Section 

Model View 

Key Plan Detail View

Activity (Action-Resource-Object-Work area) 

BOM Section 

 

Figure 3. The layout of a Mourgues field instruction including the four main sections: 1) Drawing (red); 2) 
Instructions (yellow); 3) BOM (green); and 4) Equipment and Tools (blue). (Based on Mourgues, 
2008). 

As VDC is becoming more common and project design make use of BIM, the use of different kind 
of process visualisations becomes more frequently used. Scheduling in combination with BIM is 
today widely used which enable communication of construction plans through a 4D environment 
(McKinney and Fischer, 2000; Jongeling et al., 2008). Construction Virtual Prototyping (CVP) 
extends the idea of 4D by integrating more features, e.g. visualization of production methods, 
including required temporary equipments, to visualise constructability of proposed method, (Huang 
et al., 2007; Kong and Li, 2009). 

VSM: Value Stream Mapping 

The reduction of material handling and lead times on the construction site through proper workflow 
management plays an important part in the improvement of productivity within the construction 
industry (Ballard et al., 2003). According to Formoso et al. (2002), Lean production improves 
workflows by focusing on waste elimination. 

The easiest method for improving work flow is pull production. Pull production is a method where 
no upstream actor should produce anything until the customer downstream asks for it (Womack and 
Jones, 2003). Within the construction industry, the Last Planner system of production control is 
recognised as a tool used to implement pull production. However, there are other methods used to 
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establish pull production for on-site construction. Two examples are Line-of-Balance (Seppänen et 
al., 2010) and pull production of multi-storey housing (Sacks and Goldin, 2007). 

Value stream mapping (VSM) is an effective method of capturing the flow of both material and 
information within manufacturing, transactional and administrative processes. It provides a good 
communication tool for practitioners as well as a reference model for use in theoretical analysis 
(Alvarez et al., 2009; Mehta, 2009). By focusing on continuous flows rather than the use of 
machinery, transport or personnel, the likelihood of sub-optimisation is reduced (Ballard et al., 
2003). The focus on continuous flow enables the contractor to involve suppliers, standardise 
processes and reduce the variation of products (Arbulu et al., 2003). VSM compares the current state, 
a future state following improvements, and an ideal state of a production environment and then 
implements what is defined as “a yearly value stream plan” (Rother and Shook, 2004). Khaswala and 
Irani (2001) argued that VSM is best utilised in high volume production because it is difficult to 
follow the work flow from the raw materials to the finished goods in low volume production 
regimes. However, if the processes are standardised and the project consists of multiple elements to 
be produced, then it is possible to use VSM, even for civil engineering projects. Wilson (2009) 
argued that VSM could be applied to any business process including service provision, product 
development, manufacturing methods and office processes. 

A process can be characterised on the basis of three parameters: lead time, inventory and operational 
costs. Lead time is defined as the time that elapses between a work item entering and exiting a 
process i.e. the time needed to perform the process on the work item. Inventory is the stock level, or 
the input that the project will transform into the output. Operational costs are costs connected to 
that transformation of inputs into outputs; these costs include wages, rental of machines and other 
resources, and overhead costs. 

To evaluate the use of the VSM methodology as a tool for improving on-site construction 
management, the effect of VSM implementation needs to be tested against identified process 
variables (Table 2). The first step is to perform a VSM study of the current state of the production 
environment and identify areas that create waste. In the next step, straightforward improvements to 
work flow such as the highlighting of workflow, standard work, and pull production are introduced 
and the process response is again measured. Finally, an ideal state should be agreed upon, in which 
proactive solutions (buildability, visualisation, and production planning) to work flow issues are 
implemented. 

Table 2. Process response related to the VSM current, future and ideal states as well as the suggested reactive 
and proactive improvements to workflow. 

Process response Current state 

(Symptoms of waste) 
Future state 

(Reactive solution) 
Ideal state 

(Proactive solution) 

- Lead time 

- Stock level 

- Manufacturing cost 

- Waiting 

- Erroneous processes 

- Unnecessary inventory 

- Unnecessary movement 

- Rework 

- Transports 

- Highlight workflow 

- Standard work 

- Pull production 

- Buildability 

- Visualization 

- Production planning 
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Planning for a safe and productive working environment 

Healthy employees who are content with their work are a key factor in a successful company. It is 
vital for the company to ensure that the working environment provides the right setting for 
employees to work at their best. As well as the personal discomfort involved, work-related problems 
and ill-health cost the company money, in the form of impaired quality, loss of productivity and 
increased employee turnover and sick leave. Occupational safety costs will ultimately be paid for by 
the client either directly or indirectly. 

The purpose of design is to produce a structure which is buildable, durable, maintainable and 
aesthetically pleasing, Ray et al. (1996). It is therefore important for designers to bear in mind the 
safety of the workers during both construction and maintenance when designing a project. Hence, 
designers influence the ergonomics of the working environment directly from the initial concept 
through to the detailed design. Designers also choose the type of structural frame and the materials to 
be used and hence influence how the materials are sourced, transported and handled on the 
construction site. Unfortunately, many designers and planners lack the detailed knowledge of 
construction sites required to understand how their decisions will influence the work being carried 
out on-site (Jergeas and Van Der Put, 2001).  

During the design phase, the design needs to focus on improving factors such as productivity and/or 
safety by the use of new techniques, such as Self Compacting Concrete (SCC). De Schutter et al. 
(2008) claimed that, in order to be able to enjoy the maximum benefit from the use of SCC, it is 
important to adopt the technique as early as possible during design. This then makes it possible for 
this technology to be adopted and used during the construction process. Consequently, design 
decisions affect how a building or a bridge is to be built and determine the types and levels of 
resources needed for the construction process (Wong et al., 2004). 

Adams (1989) listed 16 parameters affecting buildability. One of them, “Design for safe 
construction”, stated that the design must ensure that it is always safe to work with materials and 
components, and move people and materials across the construction site.  

Furthermore, to be able to achieve good productivity at a production site, the workers need to feel 
safe in their work environment. The design and planning stage is thus important to ensure the health 
and safety of workers, to improve the productivity at a construction site and to minimise the amount 
of waste produced. 
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4 SUMMARY OF PAPERS 

In this chapter the published articles are summarised. The articles are presented with title, authors, place of 
submission or publication and the state of publication. The background is presented as well as purpose, research 
methods, summary and a short comment on the results and the scientific contribution. 

4.1 Summary of paper I 

Title and authors:  

Implementation of new production methods using virtual work instruction 

Peter Simonsson, Håkan Norberg and Thomas Olofsson 

Published:  

Submitted to Journal of Automation in Construction, 2011. 

Research in focus: 

In this paper the focus of the research is on how visualisation can help facilitate “ease of 
construction”. For this matter there have been two research questions formulated: 

RQ1. How can new production methods, such as a higher degree of prefabrication be introduced? 

RQ2. How can we improve communication between design and production? 

The aim of RQ1 was to investigate obstacles and possibilities of introducing new production 
methods. RQ2 examined how designers could improve not only the buildability of the design but 
also the communication of their intentions to production operatives. 

Key words: 

Communication, Visualization, Buildability, Virtual work instructions, Alternative production 
techniques 

Background and purpose: 

Bridge construction projects are complex, for a number of reasons. They often involve intricate 
design solutions that contractors must produce, involving a large number of actors with diverse 
backgrounds to be supervised. Communication between involved actors/trades on the construction 
site is often multifaceted and error-prone originating from the fragmented nature of the construction. 
Hence, the management of production operatives and the coordination of subcontractors are 
complex and challenging tasks, especially on larger construction sites. 
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The objective is to create improved work descriptions for construction work tasks, with the aim of 
reducing construction costs and production time. The research has been limited to study 
reinforcement work in in-situ cast concrete engineering, i.e. the use of rebar carpets and 
prefabricated reinforcement assemblies, together with the existence of a 3D detail reinforcement 
production model. 

Method: 

Building Information Models (BIM) and visualization modelling was applied on a full scale project in 
order to create comprehensible work instructions for workers and to generate buildability through 
3D design. A full scale project was followed from early bidding stage throughout construction. 

Summary of main contents:  

The integration of structural design and planning of the construction work tasks is crucial and 
decisions made in early design and planning significantly influence the realization and execution of 
construction work. Thus, design for buildability and planning for work flow is important and needs 
thorough and adequate attention. An important tool for successful implementation of buildability is 
to communicate the design using Building Information Models (BIM). Visualization of design and 
planning in 3D and 4D models improves the communication and comprehension of the specific 
project amongst involved stakeholders. BIM has also been used to improve work instructions for 
specific construction tasks using detailed visualization, which improves productivity. In this study, 
the construction of a concrete trough with 20 sections to be reinforced and cast with concrete was 
followed and examined. Virtual work instructions were performed and introduced to the contractor.  

Moreover, the paper includes a discussion of, the learning curve theory states that whenever the 
production of a product doubles, the production man-hours/unit time, will decline at a uniform 
rate. The decline is called the learning rate and identifies the learning achieved. Improved work 
descriptions can thus facilitate the initial learning phase i.e. decrease the starting point of the learning 
curve and also facilitate the implementation of new and more productive working methods. 

Research and scientific contribution: 

The introduction of new technical solutions and/or production methods, for example rebar carpets 
in a bridge superstructure, often put constraints on upstream activities such as detailed design, 
feasibility design or sometimes even earlier in preliminary design phases. Thus, to create a foundation 
for a buildable design, information from production needs to be transferred to designers earlier in the 
process.  

Additionally, the implementation of new improved production methods needs to be communicated 
thoroughly from design to production. The study shows that, innovative methods can virtually be 
validated before real production starts which minimizes costs and risks. Moreover, the research also 
demonstrates that development of virtual work instructions gives the work force on-site the 
opportunity to give feedback and propose changes to increase the buildability of a project. In 
addition, virtual learning curves can be created as workers will be more familiar with the production 
methods in the project before they start. This leads to a more industrialized construction process 
where experience feedback from the workers on-site generates continuously improved VWI (Virtual 
Work Instructions) in order to generate higher productivity within a project, and from project to 
project. 

Researcher’s contribution to this paper: 

The author of the thesis performed the entire data gathering at the construction site and most of the 
literature review. However, the literature reviews regarding the BIM and visualization part of the 
paper were carried out together with the co-authors. The visualization model was created by 
Norberg (Ph.D.-student). 
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4.2 Summary of paper II 

Title and authors:  

Learning from workflow visualization in civil engineering projects 

Peter Simonsson, Anders Björnfot, Jarkko Erikshammar and Thomas Olofsson 

Published:  

Submitted to the Lean Construction Journal, 2011. 

Research questions in focus: 

The hypothesis of this article is that Value Stream Mapping (VSM), independently of work 
repetition, can be used in civil engineering projects to visualize flows of materials, resources and 
information and thereby be able to improve on-site construction performance. 

Key words:  

Value stream mapping, Waste, Workflow, Civil Engineering, Visualization 

Background and purpose: 

The key to improving on-site construction is in the management of flow of materials, resources and 
information. Also, a standardised flow of materials for example makes it possible for site management 
to plan ahead rather than “putting out fires” (solving urgent matters). For this to occur, site 
management needs to be trained to differentiate between value adding and wasteful activities and 
hence, eliminate waste from the construction process. Value Stream Mapping (VSM), originating 
from the manufacturing industry, is a methodology to visualise the material and information flows. It 
is mainly about the visualisation of flows and to make these flows transparent for the whole 
organisation. Consequently, VSM can be a valuable methodology to help teach on-site construction 
practitioners to see work flow. 

The purpose of this study is to present how the VSM methodology can be applied by on-site 
construction management in civil engineering projects and how current construction methods can be 
improved without large and complex changes. 

Method: 

The VSM methodology was used to describe the work flow of reinforcement fixing in two different 
types of projects; traditional bridge construction and construction of wind tower foundations. 
Analysis of the VSM maps was used to identify waste and to improve work flow management. 

Summary of main contents: 

Achieving the right flow of work in production processes is important. To be able to create an 
adequate flow of work at the construction site, the design and planning phase needs to be controlled 
and managed from a buildability perspective. Early design decisions affect how a building is to be 
built and determine the types as well as levels of resources to be involved in the conversion process. 
There are two general strategies for workflow management; proactive which aims at removing 
hindrances to even workflow during design and reactive which aims at removing hindrances to even 
workflow during production. In this paper two different construction projects have been followed. 
The first is regarding bridge construction. In this study the current state of construction has been 
studied and easy to apply suggestions of improvement have been suggested to bring construction into 
future state. In addition, an “ideal” state of construction has also been studied in a full scale project 
where suggestions on improvement have been discussed. For the ideal state to be able to be applied 
it is of great importance to consider the early stages of design. The second case looked at the 
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construction of wind tower foundations. Here the current state construction was followed and 
improvements were suggested in order to bring construction into a future state. The ideal state has 
not been performed in full scale regarding the wind tower foundation construction yet; however, the 
findings from the ideal bridge construction can be applied for this type of construction as well. The 
early design is of considerable importance for these kinds of projects as well. 

Research and scientific contribution: 

Results indicate that it was possible to improve project performance by 50 – 73 % by using simple 
methods such as reducing batch sizes and implementing pull supply systems. On-site management 
often minimize transportation costs because of the mentality that “the trucks are so expensive” since 
this is a cost viewed at the project income level. However, the minimization of transportation costs is 
counterproductive to the construction process, decreasing overall project performance. In addition, 
the use of large inventory levels leads to lower inventory turnover that in turn leads to more material 
handling and obsolete or disappearing materials.  

By relating rebar management to project time table and the expected work load or consumption and 
making sure that deliveries are made using visual planning according to for example the Last Planner 
System, managers will decrease holding costs, avoid theft of rebar, minimize wasteful activities such 
as searching for right material or moving rebar stock around due to other work tasks. Consequently, 
productivity will increase as well as profits for the specific construction site. Instead of sub-
optimizing the system by resource or sub-process utilization, focus should be moved to the whole 
process, by for example the VSM method. This research presents findings that are easy to grasp and 
to adopt for on-site managers on any civil engineering construction site, without the use of 
complicated methods and/or complex programmes. 

Researcher’s contribution to this paper: 

The author of the thesis performed the entire data gathering at the construction site for this study 
and approximately half of the literature review performed within the paper. Analysis of the data 
gathered, results and drawn conclusions were discussed among the contributing authors. 
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4.3 Summary of paper III 

Title and authors:  

Self compacting concrete use for construction work environment sustainability 

Romuald Rwamamara and Peter Simonsson 

Published:  

Accepted for publication in Journal of Construction Engineering and Management, 2011. 

Research in focus: 

The aim of the research is to find practical methods to evaluate and compare two different concrete 
casting methods from an ergonomic perspective. The focus is on the production of cast-in-place 
concrete bridge constructions where the traditional concrete casting method is compared with the 
SCC (Self-Compacting concrete) casting method. 

Key words:  

Sustainability, Construction industry, Concrete casting, Concrete workers, Ergonomic risk 
assessment, Design and constructability 

Background and purpose:  

Many of those working on construction sites are exposed to demanding work loads; construction 
workers lift and carry heavy materials and work in awkward postures. Occupational injuries and 
accidents due to poor ergonomics are more common in the construction industry and many times 
lead to human tragedies, disrupt construction processes and adversely affect the cost, productivity, 
and the reputation of the construction industry. In Sweden, it is reported that concrete workers have 
the highest relative work-related musculoskeletal injury frequency. Therefore, the use of ergonomic 
production methods to prevent this can have a significant human, social and financial impact.  

The research objective of the work was to determine the impact of the methods employed for in-
situ casting of concrete bridges in Sweden in terms of WMSD (work-related musculoskeletal 
disorders) risks. The objective also includes recommending the working method that is conducive to 
a sustainable work environment for concrete workers. 

Method:  

Hierarchical task analysis (HTA) was used to describe and analyze concrete tasks. Two different 
concrete casting methods were compared and concrete casting tasks were assessed for occupational 
exposure to hand transmitted vibration (HTV) and noise, as well as for WMSD risk using the Quick 
Exposure Check (QEC), PLIBEL checklist and ErgoSAM method. 

Summary of main contents: 

Employees who are well and content with their work are a key factor in a successful company. It is 
vital for the company to ensure that the working environment and conditions provide the right 
setting for employees to achieve peak performance in their work. Apart from the personal discomfort 
involved, work-related problems and ill-health cost money in the form of impaired quality, 
productivity losses, and increased employee turnover and sick leave. Occupational safety costs will 
ultimately be paid for by the client either directly or indirectly. 

Research introduced here presents a case study of comparative analyses of ergonomic situations for 
concrete workers performing concrete casting processes. Three different ergonomic risk assessment 
methods were used to assess the physical strain, hand-arm vibration and noise risk factors involved in 
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concrete casting work tasks. The combination of technical and managerial factors results in a system 
where workers are as efficient and safe as possible during their work tasks, thus making the 
construction work environment sustainable. 

Research and scientific contribution: 

The high amount of effort required to vibrate the traditional concrete between the steel 
reinforcement structures is a risk factor associated with this process. Possible interventions include 
using a mix of steel fibers and concrete or using Self Compacting Concrete (SCC), in order to 
eliminate the pulling and pushing of concrete vibrators through narrow steel reinforcement cages. 

In this study, the comparison between traditional vibrated concrete and SCC indicated that the 
impact of SCC on working conditions (physical strain, hand-arm vibrations and noise) is very 
important In terms of concrete workers musculoskeletal health SCC casting eliminates hand-arm 
vibration and reduces strenuous physical work which are usually an integral part of the traditional 
concrete casting. The study concludes that the physical working environment is enhanced by a factor 
of three using SCC in comparison to traditional vibrated concrete. 

Researcher’s contribution to this paper: 

The researcher of the thesis participated in both the data collecting and the literature study. 
Nevertheless, processing of the data using the WMSD risk assessment methods e.g. the Quick 
Exposure Check (QEC), PLIBEL checklist and ErgoSAM method were all performed by the co-
author, Dr Rwamamara. The results were then discussed and the conclusions drawn together. 



Summary of papers 

 33 

4.4 Summary of paper IV 

Title and authors:  

Industrialized construction: benefits using SCC in cast in-situ construction 

Peter Simonsson and Mats Emborg 

Published:  

Journal paper published in the Nordic Concrete Research, 2009, No 39. Presented at the Nordic 
Concrete Research Conference, Bålsta Stockholm June 2008.  

Research questions in focus: 

The focus in this paper is on the concrete part of a full scale project, and how SCC contributes to 
industrialisation in construction. 

Key words:  

SCC, benefits, economy, productivity, working environment, robustness 

Background and purpose: 

The industrialisation level is rather low for building site (object oriented) construction. Furthermore, 
the use of SCC as compared to normally vibrated concrete is low. The research aimed to investigate 
the possible obstacles to using SCC and to study effects on industrialization. 

Method: 

Application of SCC and prefabricated reinforcement at full scale construction where Lean 
Construction philosophies are utilized. Documentation of output at two different bridge 
constructions were performed, also a theoretical evaluation of the bridges were performed prior to 
construction. Laboratory studies of concrete robustness were performed at different occasions. 

Summary of main contents: 

SCC comprises many advantages compared with traditional concrete and yet it has not changed the 
market of cast in place concrete as expected, since the market share is as low as 5 % in Sweden. This 
may be related to some robustness problems of the concrete and to a general opinion that the use of 
SCC is considered to be more expensive than the normally vibrated concrete. However, SCC has 
become more robust over the last few years and manufacturers have improved their quality vastly. 

To increase the use of SCC, the various stakeholders of the building trade need to be informed how 
to benefit from all the advantages of SCC (i.e. the working environment, the health and safety of the 
workers, the productivity etc). 

The paper deals with full-scale examples on the use and the realization of SCC obtaining several 
benefits during the whole project time. The economics and the working environment are 
predominantly dealt with. 

Research results and scientific contribution: 

From the full scale tests and theoretical observations it is observed that, the largest economic impact 
when introducing SCC in civil engineering projects is probably on the bridge superstructure, since a 
large amount of man power is needed during casting of traditionally vibrated concrete and is 
associated with large casting costs. Hence, the number of workers needed for casting of the 
superstructure can be markedly reduced if SCC is introduced and proper planning has been carried 
out before casting.  
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Controversially, it is however often easier to introduce SCC for foundations, columns or plate 
structures since these structural parts are less dominant in the construction and the “risk” related to 
SCC is small. But, for these smaller structural parts with less people engaged, it is more difficult to 
achieve economical benefits in using the “new” concrete.  

The overall risk using SCC is that the product is not robust enough, which might result in the 
concrete not enclosing the reinforcement satisfactorily and rework being needed. Also, after casting, 
there can be visual lines (inward bends) in the finished construction which is not acceptable. 
Therefore, most often, contractors calculate the risk of using SCC to be too high, especially for a 
more important superstructure and simply do not use the product even though both costs and time 
evidently can be saved. 

The SCC delivered to the superstructures on both projects was robust and was of desired quality i.e. 
the “risk” was minimal and the contractors were satisfied with both the delivered product and the 
order in which the casting was performed. Hence, the castings of the superstructures on both 
projects were carried out in shorter time and could have been carried out using fewer personnel than 
planned with traditional concrete.  

Probably the largest benefit of using SCC is, as mentioned earlier, the improvement in working 
environment. Therefore, the economy of the Swedish construction industry and society can benefit 
significantly from using the right kind of working method during construction. For the year 2004, 
1342 sick leaves were reported due to ergonomic risk factors. If these sick leaves cost as much as 
expected for example € 4600 per case, the total costs end up roughly around € 6 170 000 annually. 
This according to Lean Construction is a great deal of muda, which in this case is muda for the 
society. 

To be able to utilize the redundant personnel during casting of SCC, projects need to be planned 
and managed properly. Hence, the organisation at the worksite needs to be optimized during the 
whole project, clear work instructions need to be formulated for all workers involved for all work 
tasks to be performed. Also, a list of buffer work needs to be logged so that workers can be 
temporarily occupied with other productive work tasks during casting but still within reach if needed 
during casting. 

Researcher’s contribution to this paper: 

Most of the on-site data was collected by the researcher with some help of master students working 
on their final thesis. The laboratory studies were performed by the researcher together with master 
students. Calculations regarding the economy and productivity were done by the researcher. The 
results concerning the working environment were taken from the previous paper. 
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4.5 Summary of paper V 

Title and authors: 

Self-Compacting Concrete in bridges – performance for industrial site casting 

Peter Simonsson and Mats Emborg 

Published:  

To be submitted to ACI Materials Journal. 

Research questions in focus: 

There is often only one type of SCC offered for civil engineering applications in Sweden and the 
question is whether this is really what the customer is asking for. Thus, to increase the use of SCC 
and realize its potential benefits, the contractor needs to become more engaged in the whole process 
and they should specify their own criteria for the product, taking into consideration pouring 
methods, section geometry, weather conditions etc. This can be formulated into the following 
research questions: 

How should SCC be adapted to deal with different structural parts and casting conditions? 

Is it possible to develop robust solutions by using adapted SCC? 

Key words:  

Industrialization, productivity, SCC, flowability, robustness, aggregate moisture, viscosity modifying 
agent 

Background and purpose: 

Within the construction industry there is a call for improved productivity, increased profits and 
reduced waste creation. To increase the productivity on building sites and create more industrialised 
construction, it is important to study all the processes that make up a project, from start to finish. 
The aim is to design structures, such as bridges, that are less complicated to build and therefore easier 
to produce; that is, they have a high level of buildability. Self-Compacting Concrete (SCC), when 
managed properly, with all of its inherent advantages, is an important part of the development of an 
easier construction process for on-site concrete construction. 

The overall objective of this research is to increase the use of SCC. This goal is achieved when the 
concrete used is that best suited the project of interest. This research aims to establish formulae for 
robust mixes, based on specifications from contractors of target values of flowability for specific parts 
of structural elements. We focus particularly on invariance to changes in aggregate composition such 
as moisture, grading etc. 

Method: 

Discussions with concrete workers, site managers, representatives from RMC companies, clients and 
other individuals involved in the concrete industry were carried out over a number of years with the 
intention of learning the specific conditions that are needed for a particular concrete in a specific 
construction component. In addition, several full scale castings both with traditional vibrated 
concrete and SCC were studied. 

In the laboratory, different mixes of concrete were tested and their strengths, weaknesses and possible 
uses studied. Contributing to the research, a literature study was performed to survey previous work 
that researched SCC in general and used a viscosity modifying agent (VMA) in particular. 
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Summary of main contents: 

Self Compacting Concrete (SCC) possesses many advantages over vibrated concrete, such as 
significantly improved pouring effectiveness and being associated with a better working 
environment, its rate of adoption in cast in-situ construction is still low. As well as higher costs that 
are not always offset by its potential economic benefits, several technical issues hinder the 
introduction of SCC to a wider market. There are questions regarding formwork pressure, 
robustness, segregation resistance, surface quality, and lack of quality assurance standards. To increase 
the use of SCC these problems need to be solved and it is important to convince the market of all 
the direct and indirect benefits that can be realized by using SCC. This research aims to establish 
recommendations for robust mixes, based on specifications from contractors of target values of 
flowability for concrete to be used in specific parts of structural elements. There is particular focus on 
invariance to changes in aggregate composition. We demonstrate that it is possible to develop robust 
SCC mixes that are tailored to the requirements of certain parts of structural elements. 

Research results and scientific contribution: 

Based on the results from the laboratory studies carried out on various types of SCC used in civil 
engineering applications, the following observations can be made: 

It is possible, without requiring complex measurements to be taken, to adapt the parameters of the 
fresh concrete to meet target values and related accepted variations in those values for use in specific 
structural parts of constructions such as bridges.   

Reference concrete mixes with proportions determined by the local aggregate, use of additives, 
manufacturing tradition and various criteria from both contractors and clients in Sweden all seem to 
be rather insensitive to the variation in aggregate (sand moisture and grading in some cases). This can 
be explained by a rather high volume of fines (cement paste and filler < 0.125mm). 

Reduction of filler content sometimes results in degradation in the quality of fresh concrete, 
especially when levels of say, filler content, are reduced by more than 50 % of their original level. It 
is the viscosity (expressed by the parameters T50 or plastic viscosity) that is most influenced.  

Various mix design philosophies such as the use of different aggregates used to obtain the same 
concrete quality (grade, water content etc.), have an obvious influence on the robustness when sand 
moisture is varied. The local conditions at the RMC plant have an important effect. 

It is possible to establish mixes for civil engineering purposes without any limestone filler, or similar 
additive, by the use of a viscosity modifying agent (VMA). 

A robust adaptable product is fundamental to the utilisation of SCC for industrialisation purposes. 
This is essential if the perception of SCC as a bulk concrete is to be changed to that of it being 
regarded as a concept, and one that has large economic benefits, promotes better working 
environments and delivers a higher quality product for the contractor and the end user e.g. society. 

Researcher’s contribution to this paper: 

The laboratory work has been performed mostly by the author of the thesis either directly or 
indirectly as a supervisor of master students working on their final thesis. Discussions of results and 
drawn conclusions have been performed together with the paper co-author. The literature review 
for the theory chapter was performed together by the authors. 
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5 QUESTIONNAIRE SURVEY 

5.1 Background 

To be able to grasp how buildability, as discussed in Chapter 3, is conceived by the Swedish civil 
engineering construction industry a questionnaire survey has been performed. The purpose of the 
survey was to try to gather the opinions of contractors, designers and clients, regarding the present 
situation within the industry. Another purpose was to learn more about hindrances and opportunities 
of buildability and thus possibly be able to draw conclusions on how to create change and 
improvement in the Swedish construction industry. A total of 114 respondents within the Swedish 
construction industry were requested to answer the survey and 90 responses were obtained within 
the time limit of approximately three weeks. However, four of these 90 respondents had not 
completed the questionnaire survey adequately and were therefore excluded. The total number of 
respondents was then reduced to 86 which corresponds to an answer frequency of just over 75 % 
which can be considered as satisfactory. 

5.2 Participators 

The participants came from four contracting firms, seven design companies and from “Trafikverket” 
which is the major public client considering purchasing, operation and maintenance of infrastructure 
in Sweden. The incidence of the respondents can be seen in Figure 4 where it is observed that the 
majority of the respondents were contractors. The number of years of construction work experience 
among the respondents varies from 2 up to 45 years. 

5.3 Forming of the questions 

All questions formulated in this questionnaire focus on the construction of civil engineering projects. 
Some questions are obtained from other previous questionnaire surveys about buildability but these 
previous surveys only consider house building. Therefore these questions are slightly modified by the 
researcher to fit civil engineering construction. As far as the author knows, no buildability or 
constructability questionnaire on the subject of civil engineering has been performed for Swedish 
conditions before this time.  

Topics discussed in the questionnaire comprise among other things; standardization of parts of 
structures or entire structures, specific material questions, surrounding landscape and size of work 
space and construction site as well as size of project, production planning, complexity of project, the 
organization’s own work with buildability, site layout planning, contract form, work descriptions, 
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etc. A total of 23 questions were asked within the survey and the respondents were asked to write 
their own comments in conjunction to the questions asked. 

In Appendix A the questions can be found in their entirety (in Swedish). 

5.4 Results 

In this chapter some questions, highlighted by either the results from this study or what other 
researchers found important during the literature review, are elucidated. 

Two questions were closely related regarding the answers, these questions are:  

Question: Which actor according to YOU has the largest potential to influence the buildability in a 
civil engineering project?  

Question: How do YOU find the buildability affected by an early involvement of the contractor? 

For the first question, the client was seen as the actor with the largest potential of affecting the 
buildability and received 55 % of all survey answers; the designers received 33% and the contractors 
only 12%, Figure 4. The answers from the different actors varied. The clients state that they have a 
slightly larger possibility to influence than the designer on creating buildability into a project, Figure 
5, whilst the designers mean that there is a fairly shared responsibility between them and the client 
according to the survey. The contractors on the other hand put all their faith in the hands of the 
designer, which received over 60% of the contractor’s survey answers, for creating buildability into a 
project according to the answers, Figure 5. 

 
Who has according to you the largest possibility to affect 

the buildability in a project?  

Clients 33%

Contractors 13%

Designers 54%

 

Figure 4. Actor seen with the largest possibility to affect buildability according to the answers from the study. 

Regarding the second question above, the early involvement of the contractor was put as the 
number one factor affecting buildability (Figure 6). Particularly the contractors themselves, 
undoubtedly pointed out their early involvement as the most affecting factor, Figure 7. The clients 
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however are not convinced about the possible advantages with an early involvement by the 
contractor. Clients place this factor in seventh place, Figure 8.  

This client response can be perceived in different ways, firstly as a bit puzzling since the early 
involvement of construction knowledge has been pointed out as an important factor in almost all 
literature and questionnaire studies before this one. If the clients do not appreciate early involvement 
of construction competence, the industry might stagnate. Secondly, it can also be interpreted as if the 
client possibly means that they have the competence themselves and do not need the contractor to 
be a part of the early design. 

 

Possibility to Influence Buildability 
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Clients  (9 answers) Contractors  (56 answers) Designers  (21 answers)

Respondents

Clients    Contractors    Designers

 

Figure 5. How different actors rank them selves and other actors in terms of possibility to affect buildability. 

 

Question: How do YOU consider the contract form to affect the buildability?  

From the answers the contract form was ranked as no 7 in the total list of factors affecting 
buildability Figure 6. For the designers the contract form matters the most, i.e. they pointed out the 
contract form as the most important factor, Figure 9. The fact that this is not perceived as a more 
important factor in general is a bit peculiar, since the contract form is pointed out as a factor of great 
influence in most of the previous surveys studied by the author. 
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Question: How do YOU consider the development of rules and regulations to have affected the 
buildability? (e.g. the introduction of Eurocode) 

Regulations, etc was ranked as the least affecting factor on buildability, which can be perceived as 
positive since the industry does not perceive the regulations to be demanding or onerous (Figure 6). 
However, it might also imply that this question is somewhat misunderstood by some of the survey 
participants, since for example the amount of reinforcement in bridge construction has increased by 
approximately 60% and the amount of concrete has increased by around 50% during the last 40 years 
of construction (Analysgrupp BRO, 2010). The increase of material is due to increased loads on the 
bridges which in turn sharpen the rules and regulations for bridge construction. (However, it is 
nevertheless noted that heavy duty trucks are allowed to drive on bridges built during the 1970s, 
sometimes after being granted and exemption). 

Question: How do YOU reflect upon the work descriptions as affecting the buildability? 

The work descriptions were not perceived as an important factor regarding the buildability of a 
project by any of the actors (Figure 6). However, in Paper I a study of the creation of virtual work 
descriptions was performed and the conclusion of this study is that if these are performed adequately 
they will assist the workers in performing the construction work. They will also make sure the 
workers understand the work at hand before it commences. (See Paper I for more details.) 

Question: According to YOU how can the introduction of standardized construction parts affect the 
buildability? (e.g. a few different standard sizes of foundations, a few different varieties of edge 
beams) 

This was to some extent appreciated by the contractors involved in the survey (Figure 7), who could 
possibly foresee effects of repetition of work and faster learning of the construction work tasks for the 
workers as possible outcomes of the standardization. The client however was the least positive actor 
regarding standardization of construction parts; it is possible that they are concerned about the 
aesthetics of bridges and are afraid that this will narrow down the appearance of bridges so they will 
be perceived as boring or dull and not as individual bridges (Figure 8). The designers were not too 
thrilled about this idea either according to the answers in the study (Figure 9). One reason for this 
might be that they feel threatened that their work might decrease in amount and importance.  

Question: How do YOU consider prefabrication of reinforcement to affect the buildability? (e.g. 
using rebar carpets or rebar cages) 

Prefabrication of reinforcement is considered to be an important factor for buildability by all actors 
(Figure 6). The reason for this might be an anticipated increase of productivity and condensed 
production time at construction sites. This question was ranked the second most important factor in 
the study by the client. 

Question: How does workplace organization affect the buildability? (e.g. structure in the workers’ 
shed and material sheds) 

The topic of workplace organization and e.g. the use of 5S systems (Section 3.2) were considered as 
the second most important factor of all factors by the respondents of the survey (Figure 6). This 
answer is interesting as most work sites (visited by the author) are not structured properly and neither 
are the sheds for material storage structured either. It seems as if orderliness or tidiness is important 
but not always applied. 
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Figure 6. Influence index as perceived by the different actors. 
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Figure 7. Influence index from answers by the contractor. 
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Figure 8. Influence index from answers by the client. 
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Figure 9. Influence index from answers by the designer. 
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5.5 Conclusions from the survey 

This Ph.D. work has several limitations as mentioned earlier; among these limitations the contract 
form can be found, which have not been taken into consideration at all. However, within the many 
fruitful comments written by the respondents in conjunction with the different questions, the issue 
of contracting is one of the most commented upon as being either positive or negative from the 
perspective of buildability. The comments about the contractual forms coincide well with the 
findings from the literature study in the previous chapter. However, the specific question about 
contracting forms was not considered as an important factor, this is somewhat contradictory to the 
written comments made by the respondents.  

The five top factors pointed out by the respondents as affecting the buildability of civil engineering 
projects in Sweden are: Early involvement of contractor, Workplace structuring (e.g. 5S), Available 
space on construction site, Production planning and Prefabrication of reinforcement.  

From Figure 5 the conclusion can be drawn that the possibility to affect buildability in a project 
today is divided amongst the client and the designer mostly and that the contractor can only partly 
improve the buildability of a project.  

It is noted from the survey that, proper work descriptions were not considered to be important for 
improving the buildability of a project in the survey. However, this contradicts the findings of paper 
I, where virtual work descriptions were developed and utilized in order to improve the 
understanding of work tasks and the buildability of a specific project. The response and 
understanding of these virtual work descriptions was good and the benefits from creating them were 
understood by the participants in the study. 

5.6 Limitations of questionnaire 

The questions have only been asked to actors active on the Swedish construction industry market. 
No actual conclusions can be drawn from this regarding any “world market” within the construction 
industry; however the survey can function as a barometer for the Swedish market. There are 
relatively few respondents within the fields of designer and client, only 21 and 9 respectively and 
therefore the answers might not reflect the entirety of the industry for these two groups of actors. 
However, regarding the designer, many different firms are represented in the study and therefore it 
can be considered as a benefit for the study as reflections from different angles have probably been 
captured. Concerning the contractors, 56 respondents answered and completed this questionnaire; 
therefore the conditions for receiving credible answers are greater. 
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6 ANALYSIS 

In this chapter, three research questions are considered. The opportunities and problems associated with 
introducing buildability concepts into civil engineering projects are then briefly discussed. The chapter ends with 
some examples of good buildability practices applied to concrete structures. 

6.1 Definition of buildability 

RQ 1: What is buildability, and how is it related to lean construction? 

Griffith and Sidwell (1995, p1) describe constructability concepts used in building and engineering 
projects thus: “Better value for money, improved quality of service and quite significant savings in 
both project cost and time are clearly possible through the detailed analysis not only of the individual 
phases of the total construction process but also of the interaction between those phases”. Hence, the 
definition given by Adams (1989) that “the extent to which the design of a building facilitates ease of 
construction, subject to the overall requirements for the completed building” is a clear definition of 
buildability, or more succinctly put in this thesis: “design for ease of construction”. 

In this thesis, two different sets of theories/philosophies have been utilised: 
buildability/constructability and Lean construction. A method for applying both of these theories to 
a typical Swedish Traffic Administration project is proposed in Figure 10. 

In order to maximise the efficiency of the on-site construction phase, that is, the “ease of 
construction” part of the definition stated in Figure 10, it is proposed that lean philosophies and tools 
be used for the planning of work and the management of workers, machinery and material to 
develop a stable flow of activities. However, in order to create the best possible preconditions for the 
execution stage, the "design for" phase must be used to ensure the effectiveness of the overall design 
by using appropriate production methods, assembly sequences, etc. Hence, it is stated here that, the 
“design for” part of the definition stated in Figure 10 focuses on using buildability practices and tools 
in the design in order to increase levels of production. 

Moreover, it is demonstrated in the thesis that, when properly managed, buildability can increase the 
chances of being able to use simple construction methods, to utilise prefabrication in a project, to 
develop communication amongst participants and to improve knowledge and understanding of the 
advantages and problems associated with the different aspects of the design. It is concluded that this 
may lead to better understanding between different work disciplines, higher on-site productivity, 
better quality of work, shorter lead times and reduced construction costs.  
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Figure 10. Application of buildability and lean philosophies and tools for a typical civil engineering project, 
based on the timeline of a Swedish Traffic Administration project. 

 

6.2 Buildability components 

RQ 2: What does buildability consist of? 

In the literature review presented in Chapter 3 of this thesis, several factors affecting buildability are 
presented. Adams (1989) listed 16 factors; Wong et al. (2006) presented 63 buildability attributes 
from which they derived nine key buildability factors as identified in their questionnaire study. Some 
of the most important factors that were identified by the last study were “economic use of contractor 
resources” followed by “enabling design requirements to be easily visualised and coordinated by site 
staff” and “enabling contractors to develop and adopt alternative construction solutions. 

According to the questionnaire study presented in Chapter 5 of this thesis, the key factor was found 
to be the involvement of the contractor in the early stages of a project. One interpretation of this 
result is that bringing in someone with experience of construction near the start of a project (Figure 
10) is believed to have positive effects on the buildability of that project. The early involvement of 
construction personnel and construction knowledge as a factor affecting buildability is verified as a 
main finding in a study by Jergeas and Van Der Put (2001).  

Limiting the study of the application of buildability to that of the project shown in Figure 10, the 
following factors and associated question marks that relate to the "Design for" phase of a civil 
engineering project were investigated: 

• Production methods: how can we create the optimum preconditions for the use of specific 
production methods, materials and/or pre-manufactured assemblies without compromising 
the design? 

• Work description: how can we create suitable and easy to understand work task descriptions 
which promote good work quality and work flow? 

• Communication: how can we communicate construction experience and best practice early 
in the design in order to create efficiency on-site? 
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• Standardisation: how can we create standardised building parts and/or processes to promote 
productivity at both task and project levels, given that repetition promotes learning, as 
observed in the learning curve effect? 

• Working environment: how can we create a safe and ergonomic work environment with 
tasks that require less physically demanding work postures? 

6.3  Integration of buildability 

RQ 3: How can buildability be introduced into a construction project? 

The preliminary study starts to determine the types of production methods that will be appropriate 
for a specific project as it considers where in the landscape the road or bridge is to be placed. During 
the feasibility study, different production methods and their constraints are discussed in relation to 
aesthetics and the chosen type of road or bridge. During the design plan phase, specific constraints 
such as topographical or geological issues that restrict the use of specific construction methods are 
considered. At this stage, buildability can be further promoted by allowing tenders proposing 
alternative design/production solutions to be submitted. 

Developing suitable and understandable work descriptions is encouraged by using BIM (Building 
Information Models) during the design plan stage. Using tools such as virtual work descriptions or 
virtual design models, workers can better understand the tasks at hand and are thus more likely to 
carry them out as planned, to the correct standard and on time. BIM models also facilitate the 
process of tendering for contractors since most of the vital information is maintained within the 
model. The delivered BIM model can also be used to develop Virtual Work Instructions (VWI) in 
the detailed design stage.  

Involving those with construction knowledge early on in a project is vital. At this early stage, it is 
important to communicate with a number of possible contractors to identify any opportunities for, 
and obstacles to, buildability that they present. Eventually, it might be possible to develop an 
appraisal system such as the BCA (2004) system for buildings in Singapore, to be used to evaluate the 
proposed design plan as well as submitted tenders.  

According to the questionnaire in Chapter 5 of this thesis, the responsibility for introducing 
buildability into a project sits mainly with the client and the principal designer. This may be the case 
because both the client and principal designer are involved from the early stages of a project. 

The influences of the proposed factors of buildability during the different stages of a Swedish Traffic 
Administration project are presented in Table 3. 
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One of the most important considerations influencing the standardisation of work within projects 
that involve the construction of several bridges, is how the project is to be divided into contracts. 
Instead of dividing the contracts by geographical area, they can be divided according to bridge types. 
This allows for the repetition of the construction of certain structures and standardisation of the 
production of items such as formwork used during construction. Thus, contractors will learn from 
the repetition within their work, which will ultimately speed up production. Another important part 
of standardisation is to design repetition into the construction of bridge spans, foundation sizes and 
support structures. Therefore, it is important to identify opportunities for standardisation of such 
structures early on.  

Safety and an ergonomic work environment are directly related to productivity on a construction 
site. Constraints on the wellbeing of workers are of great importance and should be evaluated during 
the study of the tenders by the client. The working environment is reliant upon prevention of 
problems such as unhealthy, non-ergonomic work postures. Such postures can be predicted using 
BIM models (Simonsson and Rwamamara, 2011). 

6.4 Benefits and obstacles to the implementation of buildability 

There are several possible benefits that result from the introduction of buildability to the 
construction of concrete structures. The most important according to the results of the PhD work 
are: 

• Increased safety and an improved working environment for the construction workers 

• Increased on-site productivity which can lower costs, reduce construction time and make 
more efficient use of workers  

• Improved quality of the finished structure 

• Prefabrication of items such as rebar sections can speed up the construction work and hence 
reduce the time taken to complete the project 

However, there are also obstacles that need to be overcome in order to implement buildability in 
construction projects: 

• Incentives for creating buildable design are lacking. Designers are most often hired based on 
their cost and the quantity of material used in their design. Thus, the designer who submits a 
design that uses the smallest quantity of materials such as rebar reinforcement and concrete is 
awarded the contract. Usually there are no feasibility studies of the on-site construction work 
tasks that each tender will require, as the priority is on ensuring that the quantities of material 
and the purchasing price are as low as possible. These kinds of contracts with designers are 
often counterproductive when it comes to simplifying on-site construction work. One 
solution is to establish long term relationships between designers and contractors. This will 
automatically gain an understanding of the construction methods preferred by a specific 
contractor within the design office and thus, in the long run, produce designs that have 
increased buildability and productivity. 

• Another obstacle is that clients do not consider alternative tenders and this hinders the 
development of new innovation within the construction industry. However, the main 
construction client is beginning to allow alternative tenders and construction solutions during 
the bidding stage in more of their projects.  
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• Lack of knowledge of how decisions affect the feasibility of construction work tasks result in 
obstacles to buildability. In addition, the reported lack of construction knowledge by the 
designers affects the sequence of construction on a construction site and hence the 
buildability (Wong et al., 2006). Also, most actors in the industry have no knowledge of how 
to improve buildability or why it should be implemented. 

• Architectural limitations, it is important to consider the architecture and the aesthetics of the 
construction when discussing the standardisation and repetitiveness of work tasks, otherwise 
the client will not be interested in developing standard solutions. Different architectures can 
be achieved using different formwork solutions instead of creating different bridge types by, 
for example, using the same load-bearing design on different bridges. This helps to create 
repetitiveness. However, as the BCA (2004) appraisal system in Singapore states “it is not the 
intention to adopt buildability at the expense of good architectural design”. 

6.5 Examples of buildability  

This section demonstrates how buildability can be improved during the design phase.  

Design of structures 

The first example concerns reinforcement fixing and formwork for the foundations and wings on a 
bridge. The design on the left in Figure 11 has a shallow angle intended to save material. However, 
this design will make the on-site construction work much more complicated compared to use of the 
design on the right. The reduction in material used, in this case concrete, will significantly increase 
time spent on bending and fixing the reinforcement and the construction of formwork. In addition, 
the use of the left-hand design can cause safety issues during form removal unless those issues are not 
properly addressed by the design. Since the load on this element is large during the construction 
stage, it has to be recognised that accidents such as the collapse of the wings during form removal 
could occur. 

 

 

Figure 11. Different designs of traditional bridge foundations and front wall structure (Bohman, 2011). 

The next example shows how the design of the edge beam can affect the methods used for 
reinforcement fixing and the construction of formwork. The top diagram in Figure 12 shows a 
classic design of an edge beam. In the bottom design, the edge beam has been lifted up thus 
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simplifying the form work. The bottom design in Figure 12 also makes it possible to use rebar 
carpets for the bridge superstructure (see next section). 

As far as is possible, bridges should not be placed where the road surface changes from banked to 
cambered, or vice versa. If there are bends in the road to be constructed, designers should, as far as 
possible, consider placing them either side of the bridge. From a buildability perspective, it is 
important to build straight bridges because the simplicity of rebar fixing is increased if there is 
minimal curvature/radius on the bridge deck. This is especially important to consider in the early 
stages of the preliminary and feasibility studies as it is easier to implement curvature changes either 
side of a bridge. With no curvature on the bridge, the construction of the formwork becomes 
simpler and is thus more easily produced. 

 

Figure 12. Different design of the edge beam of a traditional bridge (Bohman, 2011). 

Reinforcement 

Most often, C shaped rectilinear reinforcement is used, as shown in the left picture of Figure 13. It is 
possible, however, to use a G shaped shear reinforcement with the same technical performance, 
which is somewhat easier to prefabricate into sections and fix on-site (right picture of Figure 13). 
Compared to the C shaped version, the G shaped version also makes it easier to use rebar carpets on 
bridge decks. 

    

Figure 13. Two different sorts of shear force reinforcement. Left, traditional rectilinear binding reinforcement in 
the classical C-shape being mounted and fixed. Right, the reinforcement is G-shaped, making it 
easier to prefabricate the sections and mount. 
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The standardisation of construction parts such as foundations, bridge decks, and plates for bridges, 
facilitates the use of prefabricated units. Prefabricated reinforcement often consists of ready-to-use 
traditional mesh reinforcement or reinforcement bars welded together to form cages of varying sizes. 
Prefabrication decreases the number of physically demanding working positions for the workers since 
the reinforcement cages can be mounted in a controlled environment, using suitable fixtures (see 
Figure 14, left and middle). Prefabrication also speeds up construction without increasing the 
workload of the work crew. 

As described in Paper II, the method of prefabricating reinforcement for foundations in a factory and 
shipping it to the construction site has been successfully demonstrated; this reduced on-site 
construction time (Figure 15 and Paper II). Costs and labour can be reduced by using expertise to 
select standardised parts from a small library of, say, different sizes and shapes of foundations. 

   

Figure 14. Left, manufacturing of reinforcement cages in a controlled environment using standard fixtures. 
Middle, cage standing on a lifting table in the factory ensuring that workers work at the proper 
height. Right, normal working position for the placing of traditional reinforcement. 

The steel reinforcement used in concrete structures is often placed on-site piece by piece. This 
traditional placing of reinforcement involves physically demanding procedures for the craftsmen (see 
Figure 14, right). In addition, this method is time-consuming and, therefore, creates regular 
bottlenecks in production (Sandberg and Hjort, 1998). 

    

Figure 15. Left and right, reinforcement cage being placed directly in the form. 

In the last decade, another method of reinforcement, the carpet reinforcement system, has become 
available. It consists of loose bars which are either fixed or welded onto thin steel bands and then 
rolled together (Ålander, 2004). The reinforcement carpet is then fixed to where the reinforcement 
starts and rolled out into a finished product (see Figure 16). Different types of prefabrication of 
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reinforcement are essential parts of an industrialised construction industry. However, not all the 
reinforcement on a bridge can be prefabricated, and the everyday reinforcement work necessary in 
bridge construction still has to include the “piece-by-piece” reinforcement method. 

 

Figure 16. Rebar carpets being rolled out on a superstructure at one of the projects studied. 

In-situ cast concrete 

SCC (Self Compacting Concrete) was introduced in the late 1990s in Sweden. There were two 
main reasons for developing SCC. First, there was an increasing demand for high quality structures, 
and second, there were problems finding competent personnel who were experienced in working 
with castings (Okamura and Ouchi, 2003). SCC can, if managed properly, reduce the number of 
workers needed for the casting process. The workers no longer required for casting can perform 
other production tasks instead of vibrating the concrete. The construction site also becomes less 
crowded which may help to reduce the risk of accidents (see Figure 17). In addition, the working 
environment is improved because, with no vibrations being generated, there will be a reduction in 
the noise level and the need for the lifting of heavy equipment. 

According to recent international findings, SCC is on the cutting edge of scientific and technological 
developments (Shah et al., 2007; Cussigh, 2007), and it is essential that the technique be introduced 
more widely across in-situ cast concrete construction projects. However, the rate of adoption of 
SCC is still very slow, mainly for economic reasons (Shah et al., 2007). The need for high quality 
materials results in a more expensive product that does not compensate for the possible economic 
benefits. Another important parameter is that often SCC is considered to be just a material and not a 
construction method (i.e. a concept), meaning that the on-site environment remains unchanged 
during castings. This is often cited as the reason for SCC being perceived as uneconomic. 

  

Figure 17. Typical work situation when left) casting SCC. and right) casting traditional vibrated concrete. 
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6.6 Working environment 

Today, many workers are not able to work up to their retirement age; frequently their need to retire 
early is to the result of non-ergonomic, unhealthy workplaces. According to a study undertaken by 
the Danish Technological University (Nielsen, 2006), slightly more than a quarter of the average day 
of a worker is taken up with concrete casting (10%) and reinforcement fixing (16%). This work often 
requires the use of heavy equipment such as poker vibrators for traditional concrete or heavy lifts for 
placing the reinforcement piece by piece. This equipment forces workers to assume awkward 
postures. 

By introducing SCC, various prefabricated reinforcement solutions and “new” formwork solutions, 
the working environment along with productivity can be improved. Manual steel rebar fixing in a 
superstructure of a bridge can expose workers to WMSD (Work Related Musculoskeletal Disorders) 
risk factors. In a study by the researcher (Paper III), a mean value of 21 was measured on a risk scale 
ranging from 0-27 for this type of work. This WMSD risk factor was almost three times as high as 
that measured when reinforcement was manufactured off-site (7.4). The safe ergonomic risk factor 
on this scale is less than 6.  

In Paper III, also the use of SCC was examined. Here, a work cycle mean value of 5.7 was obtained 
when using the analysis method described in Paper III, thus making these work tasks acceptable as far 
as the work-related musculoskeletal health of the workers is concerned. When a traditional concrete 
casting work cycle was examined (see Figure 18, (a) to (d)), the analysis produced a mean value of 
18.2. Thus, the risk factor for WMSD is over three times higher using traditional concrete than it is 
using SCC. 

a)  b)  c)  d)  

Figure 18. (a)-(d). Work postures when compacting traditional concrete in wall structure. a) lifting the poker 
vibrator to the formwork, b) lowering and/or raising it into/up from the concrete in the formwork, c) 
checking if the concrete is vibrated enough, d) lifting the poker vibrator to the next location to 
vibrate. 
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7 CONCLUSIONS 

 

This chapter presents some concluding remarks, short answers to the research questions and suggestions for future 
research. 

7.1 Objectives 

The objective; to investigate how buildability can be combined with lean construction theories in 
order to create designs that can facilitate the introduction of new technologies and production 
methods on-site, have been applied to concrete constructions in civil engineering projects. Several 
examples on how buildability factors can be introduced in civil engineering projects are given. Also, 
experienced obstacles and remedies are exemplified in the thesis. The combination of buildability 
and lean construction gives, according to the researcher, a set of new tools and a mindset of 
integrating design and construction in civil engineering projects. 

7.2 Short answers to the research questions 

Three research questions were formulated within this thesis work. They are all regarding buildability 
from different angles, thus, covering the definition of the term, what it comprises and how it can be 
encouraged in a construction project. 

RQ 1: What is buildability, and how is it related to lean construction? 

Buildability is all the action taken in the early stages of a project to develop a design that fulfils 
customer requirements facilitating the use of effective production methods. Hence, according to the 
author buildability is defined as “design for – ease of construction” while the implementation in 
production is managed according to lean construction philosophies. 

RQ 2: What does buildability consist of? 

Buildability entails several factors. Among the most influential according to the work in this thesis 
are: production methods, hence introducing construction knowledge early in a projects timeline; 
stimulating the development of proper working environment for the construction workers; 
standardisation of structural parts and components during design and finally creating adequate 
communication tools in order to minimize variation and misunderstanding during construction. 
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RQ 3: How can buildability be created in a construction project? 

In order to be able to encourage buildability within a construction project the following bullet points 
are recommended to consider: 

i) Considering production method:  

• Integration of production knowledge into design (both managerial and workers), will 
provide experience to consider constraints of the utilisation for different production 
methods. 

ii) Considering work descriptions:  

• Develop conceptual 3D BIM models and virtual work descriptions. This will make 
sure workers fully understand a work task at hand. Creating visualization models or 
virtual work instructions will also minimize wastes of “making do”. 

iii) Considering communication:  

• Identify opportunities and obstacles for buildability, discuss concepts e. g. improved 
construction methods and materials in the early design stages. Visualization of 
construction work tasks will improve communication among workers and among 
different trades on a construction site. 

iv) Considering standardisation: 

• Identifying possibilities for standardising sub- and super structure. Encouraging design 
for repeatability and learning. Grouping bridge types during tender and not only due 
to geographical areas. 

v) Considering working environment: 

• Evaluate design from the workers perspective stimulating a healthy working 
environment. Provide constraints on working environment and evaluation of criteria 
for tenders. 

7.3 Contribution of this thesis 

My theoretical contribution is the combination of lean philosophies and the concept of buildability 
in the timeline of a typical civil engineering project in Sweden, see Figure 10. Hence, the objective 
of buildability is to design for ease of construction, i.e. facilitate to select the most effective 
production method whereas lean philosophies are utilized to carry out selected production methods 
most efficiently. 

My practical contribution is the use of different tools and methods to make the production more 
effective and efficient. Tools such as value stream mapping and virtual work instructions, and 
methods such as prefabrication of rebar sections and the use of self compacting concrete can be 
mentioned. All of which can be directly applied in real civil engineering project. 

7.4 Concluding remarks 

Usually, contractors are left with matching the construction work with the design in order to 
construct a project. By utilising the concepts of buildability in the early design stages this process can 
be improved and hence, improve the flow of production on-site. Ensuring that the designer, client 
and contractor are working together as a team, instead of arm-length as tradition, it will possible to 
focus on production issues early and assuring good buildability within a construction project.  
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The rationale of the buildability approach is to ensure that work tasks, e.g. activities that are 
supposed to be carried out on a construction site, are matched with the correct prerequisites during 
design. This, to ensure that enough details on the project is designed so that the project is able to be 
executed according to plan. The planning will ensure a specific order for work tasks to be executed, 
creating a natural flow of the work on the construction site as the lean philosophy suggests. Hence, 
the buildability approach can ensure the project delivery at the right time, quality and cost. 

7.5 Future research 

There is a need to study the early design and planning phases from a buildability perspective. 

• Is the process of early design mapped enough/properly? I.e. do all involved parts know 
when, where and how decisions affecting the buildability are decided? 

• Standardisation of work tasks must be addressed further. Hence, standardization is a 
prerequisite for organisational learning. By focusing on standardisation the learning curve will 
not only affect a specific project but also from project to projects. 

• The robustness of as well as clearly defining criteria for SCC, adapted to structural parts,  is 
one prerequisite for introducing the product and construction method, i.e. to be a concept 
instead of a bulk product. This should be further examined and developed in future research. 

• Getting actors in the industry to comprehend and appreciate the importance of choosing the 
right construction method need to be further addressed. Also, methods for grading the 
working environment scientifically should be further verified for the construction industry. 

• The adoption of virtual work instruction need to be further developed and introduced in 
more full scale projects in order to evaluate and refine the use of VWI by workers and 
management. 

• Creating trust and respect developing long term relationships among actors or stakeholders in 
the construction industry is important and need to be addressed in the future research. 

• Introduction of the VSM (Value Stream Mapping) tool in buildability applications is 
according to the findings in paper II important and this work needs to be verified in other 
projects. 

Another question for future research is the possibility to utilise Singapore’s BDAS (Buildable Design 
Appraisal System) in Swedish bridge construction. It rates different production methods and 
techniques against each other in order to encourage contractor’s best practice. This is performed for 
housing development in Singapore. 

These ideas can be advantageous if utilised in the early stages of conceptual design of a multiple 
bridge project, e.g. in the preliminary and feasibility study phases. If these ideas are managed 
properly, the client can thus establish score sheets for grading different possible solutions for projects. 
This will enable the client a foundation for evaluating the buildability of different projects. Examples 
of factors on the score sheet can be: 

• The use of standardised bridge parts, e.g. standardised foundation sizes for all bridges 
narrowing the variants down to just a few. 

• Grouping bridges so that the load bearing system is the same for several bridges, and hence a 
repetition in construction methods will occur. 
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• How the design is used for the utilisation of new and improved production methods, e.g. 
cambering before or after the bridge. 

This can be a quite interesting way of developing the civil engineering construction industry in 
Sweden and probably in other countries as well. 



References 

 59 

REFERENCES 

Abdelhamid, T.S. and Everett, J.G. (2002). Physical Demands of Construction Work: A source of 
workflow unreliability. Proceedings IGCL-10, Aug. 2002, Gramado, Brazil.  

Adams, S. (1989). Practical buildability. Butterworths, London, UK. ISBN 0-408-03525-0. 

Ålander, C. (2004). Advanced systems for rational slab reinforcement. Proceedings of ERMCO 2004 - 
Heading for Concrete Solutions, Helsinki, Finland. 

Álvarez, R., Calvo, R., Peña, M. and Domingo, R. (2009). Redesigning an Assembly Line through 
Lean Manufacturing Tools. International Journal of Advanced Manufacturing Technology, V. 43, No. 
9-10, pp 949-958. 

Analysgrupp BRO (2010). Delrapport: BRO. Bygginnovationen, Stockholm, Sweden. (In Swedish) 

Arbulu, R., Tommelein, I., Walsh, K. and Hershauer, J. (2003). Value stream analysis of a re-
engineered construction supply chain. Building Research & Information, V. 31, No. 2, pp 161-
171. 

Ballard, G. (2000). The Last Planner System of Production Control. Doctoral thesis. School of Civil 
Engineering, Faculty of Engineering, The University of Birmingham. 

Ballard, G. and Howell, G. (1998). Shielding Production: Essential Step in Production Control. 
Journal of Construction Engineering and Management, V. 124, No. 1, pp 11-17. 

Ballard, G., Harper, N. and Zabelle, T. (2003). Learning to see work flow: an application of lean 
concepts to precast concrete fabrication. Engineering, Construction and Architectural Management, 
V. 10, No. 1, pp 6-14. 

BCA (2004). Code of Practice on Buildable Design. Building and Construction Authority, Singapore. 
ISBN 9971-88-745-2 

Benbasat, I., Goldstein, D.K. and Mead, M. (1987). The Case Research Strategy in Studies of 
Information Systems. MIS Quarterly: Management Information Systems, V. 11, No. 3, pp 369-
386. 

Bohman, H. (2011). Personal contribution. (Bohman is a former designer, contractor and client and 
is a member of the Ph.D. projects reference group). 

Brown, C.B. and Yin, X. (1988). Errors in Structural Engineering. Journal of Structural Engineering, V. 
114, No. 11, pp 2575-2593. 



Buildability of Concrete Structures: Processes, Methods and Material 

60 

Byggkommisionen (2002). Skärpning gubbar! Om konkurrensen, kvaliteten, kostnaderna och kompetensen i 
byggsektorn. Statens offentliga utredningar, SOU 2002:115, Stockholm, Sweden. (In Swedish) 

Byggkostnadsdelegationen (2000). Från byggsekt till byggsektor. Statens offentliga utredningar, SOU 
2000:44, Stockholm, Sweden. (In Swedish) 

CII (1986). Constructability: a primer. Construction Industry Institute (CII), University of Texas, 
Austin, Texas, US. 

Cussigh, F. (2007). SCC in practice: opportunities and bottlenecks. 5th international RILEM 
symposium on SCC, 3-5 Sept., Ghent, Belgium, pp 21-27. 

De Schutter, G., Barthos, P.J.M., Domone, P. and Gibbs, J. (2008). Self-Compacting Concrete. CRC 
Press, Taylor & Francis Group, Boca Roton, USA. ISBN 978-1-4200-6833-7 

Dubois, A. and Gadde, L-E. (2000). Supply strategy and network effects - purchasing behaviour in 
the construction industry. European Journal of Purchasing & Supply Management, V. 6, No. 3-4, 
pp 207-215. 

Dubois, A. and Gadde, L-E. (2002). The Construction Industry as a Loosely Coupled System: 
Implications for Productivity and Innovation. Construction Management and Economics, V. 20, 
No. 7, pp 621-632. 

Egan, J. (1998). Rethinking construction: the report of the construction task force. Department of 
Trade and Industry, London, UK.  

Fellows, R. and Liu, A. (2003). Research Methods for Construction, 2nd Edition. Wiley- Blackwell. 
ISBN 0-632-06435-8 

Ferguson, I. (1989). Buildability in Practice. Mitchell Publishing Company Limited, London, UK. 
ISBN 0-7134-5920-4 

fib (2000). Guidance for good bridge design. fib Bulletin No. 9, Lausanne, Switzerland. ISBN 978-2-
88394-049-5 

Fischer, M. and Tatum, C.B. (1997). Characteristic of Design-Relevant Constructability 
Knowledge. Journal of Construction Engineering and Management, V. 123, No. 3, pp 253-260. 

Formoso, C.T., Soibelman, L., De Cesare, C. and Isatto, E.L. (2002). Material Waste in Building 
Industry: Main Causes and Prevention. Journal of Construction Engineering and Management, V. 
128, No. 4, pp 316-325. 

Fox, S., Marsh, L. and Cockerham, G. (2002). Constructability rules: guidelines for successful 
application to bespoke buildings. Construction Management and Economics, V. 20, No. 8, pp 689 
- 696. 

Francis, V.E. and Sidwell, A.C. (1996). The development of constructability principles for the Australian 
construction industry. Research report, Construction Industry Institute, Adelaide, Australia. ISBN 
1-876189-00-2  

Griffith, A. (1986). Concept of buildability. Proceedings of the IABSE Workshop: Organisation of the 
Design Process, 13 May, Zurich, Switzerland.  

Griffith, A. and Sidwell, S.A. (1995). Constructability in Building and Engineering Projects. Macmillan 
Press Ltd, London, UK. ISBN 0-333-58815-0 



References 

 61 

Griffith, A. and Sidwell, S.A. (1997). Development of constructability concepts, principles and 
practices. Engineering, Construction and Architectural Management, V. 4, No. 4, pp 295-310. 

Hopp, W. and Spearman, M. (1996). Factory physics: Foundations of manufacturing management. 
Irwin/Mcgrath Hill, Boston, US. ISBN 0-256-15464-3 

Huang, A.L., Chapman, R.E. and Butry, D. (2009). Metrics and Tools for Measuring Construction 
Productivity: Technical and Empirical Considerations, NIST Special Publication 1101, US 
Department of Commerce, National Institute of Standards and Technology, Gaithersburg, 
MD, US. 

Huang, T., Kong, C.W., Guo, H.L., Baldwin, A. and Li, H. (2007). A virtual prototyping system 
for simulating construction processes. Automation in Construction, V. 16, No. 5, pp 576-585. 

Jarkas, A.M. (2010). Analysis and Measurement of Buildability Factors Affecting Edge Formwork 
Labour Productivity. Journal of Engineering Science and Technology Review, V. 3, No. 1, pp 142-
150. 

Jensen, P. (2010). Configuration of modularised building systems. Licentiate Thesis, Luleå University of 
Technology, Luleå, Sweden. ISBN 978-91-7439-108-4 

Jergeas, G. and Van Der Put, J. (2001). Benefits of Constructability on Construction Projects. Journal 
of Construction Engineering and Management, V. 127, No. 4, pp 281-290. 

Jongeling, R. and Olofsson, T. (2007). A method for planning of work-flow by combined use of 
location-based scheduling and 4D CAD. Automation in Construction, V. 16, No. 2, pp189-198. 

Jongeling, R., Jonghoon, K., Fischer, M., Mourgues, C. and Olofsson, T. (2008). Quantitative 
analysis of workflow, temporary structure usage, and productivity using 4D models. Automation 
in Construction, V. 17, No. 6, pp 780-791. 

Josephson, P-E. and Hammarlund, Y. (1999). The causes and costs of defects in construction: A 
study of seven building projects. Automation in Construction, V. 8, No. 6, pp 681-687. 

Khaswala, Z.N. and Irani, S.A. (2001). Value Network Mapping (VNM): Visualization and Analysis 
of Multiple Flows in Value Stream Maps. Proceedings of the Lean Management Solutions 
Conference, 10-11 Sept., St. Louis, MO, US. 

Kong, S. and Li, H. (2009). A Qualitative Evaluation of Implementing Virtual Prototyping in 
Construction. Proceedings of the 2nd International Conference in Visualisation, 15-17 July, Barcelona, 
Spain. 

Koskela, L. (1992). Application of the new production philosophy to construction. CIFE Technical Report 
#72, Stanford University, US. 

Koskela, L. (1999). Management of Production in Construction: a Theoretical View. Proceedings of 
IGLC-7, 26-28 July, Berkley, CA, US.  

Koskela, L. (2000). An exploration towards a production theory and its application to construction. Doctoral 
Thesis, Technical Research Centre of Finland, VTT Publications 408, Espoo 2000, Finland. 
ISBN 951-38-5566-1 

Koskela, L. (2003). Is structural change the primary solution to the problems of construction? 
Building Research & Information, V. 31, No. 2, pp 85-96. 



Buildability of Concrete Structures: Processes, Methods and Material 

62 

Koskela, L. (2004). Making do - the eighth category of waste. Proceedings of IGLC-12, 3-5 Aug., 
Helsingör, Denmark. 

Lam, P.T.I. and Wong, F.W.H. (2008). Implementing a buildability assessment model for 
buildability improvement. Architectural Science Review, V. 51, No. 2, pp 173-184.  

Lam, P.T.I., Wong, F.W.H. and Chan, A.P.C. (2006). Contribution of designers to improving 
buildability and constructability. Design Studies, V. 27, No. 4, pp 457-479.  

Latham, M. Sir (1994). Constructing the Team. Latham, Report, HMSO, London. 

Lean Forum (2002). Verktyg för Lean produktion: The Lean Toolbox, Fjärde utgåvan. Quest Worldwide, 
Surrey, UK. ISBN 91-974136-0-7 (In Swedish) 

Liker, J.K. (2004). The Toyota Way. McGraw-Hill Professional, New York, US. ISBN 0-07-
139231-9 

Macomber, H. and Howell, G. (2004). Two great wastes in organizations – a typology for addressing 
the concern for the underutilization of human potential. Proceedings of IGLC-12, 3-5 Aug., 
Helsingör, Denmark. 

McKinney, K. and Fischer, M. (1998). Generating, evaluating and visualizing construction schedules 
with CAD tools. Automation in Construction. V. 7, No. 6, pp 433-447. 

Mehta, M. (2009). A + E = lean: process improvement calculates activity efficiency. Industrial 
Engineer, V. 41, No. 6, pp 28-33. 

Meredith, J. (1998). Building operations management theory through case and field research. Journal 
of Operations management, V.16, No. 4, pp 441-454. 

Merriam, S.B. (1988). Case Study Research in Education. A Qualitative Approach. Jossey-Bass Inc., San 
Francisco, CA, US. ISBN 1-55542-108-3 

Moore, D.R. (1993). Buildability and skill concept packages: development of a possible design tool. 
Building research and information, V. 21, No. 2. 

Mossman, A. (2009). Creating value: a sufficient way to eliminate waste in lean design and lean 
production. Lean Construction Journal, 2009 Issue, pp 13 – 23. 

Mourgues, C. (2008). Method to produce field instructions from product and process models. Doctoral Thesis, 
Department of Civil and Environmental Engineering, Stanford University, CA, US. ISBN 0-
549-98989-9  

Murray, M. and Langford, D. (2003). Construction Reports 1944-98. Blackwell Science Ltd, Oxford, 
UK. ISBN 0-632-05928-1 

Nakagawa, Y. and Shimizu, Y. (2004). Toyota Production System Adopted by Building 
Construction in Japan. Proceedings of IGLC-12, 3-5 Aug., Helsingör, Denmark. 

Nakagawa, Y. (2005). Importance of standard operating procedure documents and visualization to 
implement lean construction. Proceedings of IGLC-13, 18-21 July, Sydney, Australia. 

Nam, C.H. and Tatum, C.B. (1988). Major characteristics of constructed products and resulting 
limitations of construction technology. Construction Management and Economics, V. 6, No. 2, pp 
133-147. 



References 

 63 

Nielsen, C. (2006). New results regarding SCC and working environment. The Nordic SCC Network 
Workshop, 19 June, Copenhagen, Denmark. 

Okamura, H. and Ouchi, M. (2003). Self-Compacting Concrete. Journal of Advanced Concrete 
Technology, V. 1, No. 1, pp 5-15. 

Pheng, L. and Abeyegoonasekera, B. (2001). Integrating buildability in ISO 9000 quality 
management systems: case study of a condominium project. Building and Environment, V. 36, 
No. 3, pp 299-312. 

Poh, P. and Chen, J. (1998). The Singapore buildable design appraisal system: a preliminary review 
of the relationship between buildability, site productivity and cost. Construction Management and 
Economics, V. 16, No. 6, pp 681-692. 

Prencipe, A. and Tell, F. (2001). Inter-project learning: processes and outcomes of knowledge 
codification in project-based firms. Research Policy, V. 30, No. 9, pp 1373-1394. 

Ray, S.S., Barr, J. and Clark, L. (1996). Bridges - design for improved buildability. CIRIA Report 155, 
Westminster, London, UK. 

Riley, M. and Clare-Brown, D. (2001). Comparison of Cultures in Construction and Manufacturing 
Industries. Journal of Management in Engineering, V. 17, No. 3, pp 149-158. 

Rother, M. and Shook, J. (2004). Learning to See – Value Stream Mapping to Create Value and Eliminate 
Muda. Lean Enterprise Institute, Brookline, MA, US. ISBN (English version) 0-974-3225-7-1, 
ISBN (Swedish version) 91-974136-1-5 

Rwamamara, R. and Simonsson, P. (2007). Consequence of industrialized construction methods on 
the working environment. Proceedings of IGLC-15, 18-20 July, Michigan, US, pp 302-311.  

Sacks, R. and Goldin, M. (2007). Lean Management Model for Construction of High-Rise 
Apartment Buildings. Journal of Construction Engineering and Management, V. 133, No. 5, pp 
374-384. 

Sandberg, J. and Hjort, B. (1998). Rationell armering, ergonomi-ekonomi-miljö. Fundia bygg, Halmstad, 
Sweden. ISBN 91-630-7432-X (In Swedish) 

Seppänen, O., Ballard, G. and Pesonen, S. (2010). The Combination of Last Planner System and 
Location-Based Management System. Lean Construction Journal, 2010 Issue, pp 43-54. 

Shah, S.P., Ferron, R.P., Ferrara, L., Tregger, N. and Kwon, S.H. (2007). Research on SCC: some 
emerging themes. 5th international RILEM symposium on SCC, 3-5 Sept., Ghent, Belgium, pp 3-
14. 

Simonsson, P. (2008). Industrial bridge construction with cast in place concrete – New production methods and 
Lean Construction philosophies. Licentiate Thesis, 2008:17, Luleå University of Technology, 
Luleå, Sweden. ISBN 978-91-85685-12-7 

Simonsson, P. and Rwamamara, R. (2011). Self compacting concrete use for construction work 
environment sustainability. Journal of Civil Engineering and Management. Accepted for 
publication. 

Sörqvist, L. (2004). Ständiga förbättringar. Studentlitteratur AB, Lund, Sweden. ISBN 0-91-44-03598-
5 (In Swedish) 



Buildability of Concrete Structures: Processes, Methods and Material 

64 

Statskontoret (2009). Sega gubbar? En uppföljning av Byggkommissionens betänkande ”Skärpning 
gubbar!”. Statskontoret, 2009:6, Stockholm, Sweden. (In Swedish) 

Suzaki, K. (1987). The new manufacturing challenge, techniques for continuous improvement. The Free Press, 
New York, NY, US. ISBN 0-02-932040-2. 

Teicholz, P. (2004). Labor Productivity Declines in the Construction Industry: Causes and 
Remedies. AECbytes Viewpoint, No. 4, 14 April, 2004, http://www.aecbytes.com/viewpoint 
/2004/issue_4.html. (Last accessed 30 March 2011) 

Toolanen, B. (2008). Lean contracting: relational contracting influenced by lean thinking. Doctoral Thesis, 
2008:41, Luleå University of Technology, Luleå, Sweden. 

Troive, S. (2000). Förstudie till FoU-ramprojekt: Optimala nya broar. Vägverket, Avdelningen för bro 
och tunnel, Enheten för statlig väghållning, Borlänge, Sweden. (In Swedish) 

Uhlik, F.T. and Lores, G.V. (1998). Assessment of Constructability Practices Among General 
Contractors. Journal of Architectural Engineering, V. 4, No. 3, pp 113-123. 

Velasco, A.L. (1998). Ergonomics: An agenda for Philippine productivity in the new millennium, in Global 
Ergonomics. Editors: Scott, P.A., Bridger, R.S. and Charteris, J., Elsevier Science & 
Technology, Maryland Heights, MO, US. ISBN 0-08-043334-0 

Wilson, J. (2009). Directions to Discovery. Industrial Engineer, April 2009, pp 38-42. 

Winch, G. (1998). Zephyrs of creative destruction: understanding the management of innovation in 
construction. Building Research & Information, V. 26. No. 5, pp 268-79. 

Woksepp, S. (2007). Virtual Reality in Construction – Tools, Methods and Processes. Doctoral Thesis, 
2007:49, Luleå University of Technology, Luleå, Sweden. 

Womack, J.P. and Jones, D.T. (2003). Lean Thinking-Banish waste and create wealth in your organisation. 
Simon & Schuster UK Ltd, London, UK. ISBN 0-7432-3164-3 

Womack, J.P., Jones, D.T. and Roos, D. (1990). The machine that changed the world. HarperCollins 
Publishers, New York, NY, USA.  

Wong, F.W.H., Lam, P.T.I. and Shen, L.Y. (2004). A dynamic design management system for 
improving buildability of construction. Proceedings of ARCOM 2004, 1-3 Sept., Edinburgh, 
Scotland, pp 185-194. 

Wong, F.W.H., Lam, P.T.I., Chan, E.H.W. and Wong, F.K.W. (2006). Factors affecting 
buildability of building designs. Canadian Journal of Civil Engineering, V. 33, No. 7, pp 795-806. 

Yin, R. (1994). Case Study Research: Design and Methods, 2nd Edition. Sage Publications, Thousand 
Oaks, CA, US. ISBN 0-8039-5662-2 



 

 

 

 

 

 

Implementation of new production methods  

using virtual work instruction 

 

 

 

 

 

Peter Simonsson, Håkan Norberg, Thomas Olofsson, Mats Emborg 

Submitted to Automation in Construction, 2011 

Paper I 





1

IMPLEMENTATION OF NEW PRODUCTION METHODS 
USING VIRTUAL WORK INSTRUCTION 

Peter Simonsson, Håkan Norberg, Thomas Olofsson and Mats Emborg 

Abstract: 

Construction projects are time-consuming and complex, and possibilities of increasing the productivity is 
often debated within the industry. The objective of this study is to investigate the introduction of 
alternative production methods and improved descriptions for construction work tasks, with the aim of 
reducing construction costs and production time on a construction site. Two research questions are 
formulated:  

RQ1 How can alternative production methods, such as the greater use of prefabrication, be introduced? 
RQ2 How can communication be improved between design and production? 

The case study examined the construction of a concrete trough, which was part of a project which 
required 20 similar sections to be made. This presented the opportunity to repeat the related construction 
work tasks. Data were collected during the design and production phases of the project. A visualization 
model was created to improve understanding of the different work tasks by the production operatives and 
to assist designers and management, during the design phase, to implement alternative production 
methods. 

The findings suggest that a visualization model is vital for improved communication on-site, and for 
successfully introducing new production methods. By introducing visualization models, managers can 
ensure that production operatives fully understand a work task before it is started and that the task is 
feasible. This will lead to a decrease in the number of day-to-day problems a manager has to solve and 
therefore increase productivity and profitability. As yet, however, this has only been verified on one 
construction site. 

Keywords: Communication; Visualization; Buildability; Virtual work instructions; Alternative production 
methods 
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Introduction 
Bridge construction projects are complex for a variety of reasons. They often involve intricate design 
solutions that contractors must produce, involving a large number of actors with diverse backgrounds to 
be supervised (Harryson, 2008). Communication between the involved actors/trades on the construction 
site is often multifaceted and error prone due to the fragmented nature of the construction industry 
(Koskela, 2000; Tommelein, 1999; Pan et al., 2007; Pasquire and Connolly, 2002), see Figure 1. Hence, 
the management of production operatives and the coordination of subcontractors are complex and 
challenging tasks, especially on larger construction sites. 

The integration of the structural design with the planning of the construction work is crucial and decisions 
made in the early design and planning phases significantly influence the execution of the construction 
work (Yang et al., 2003). On the construction site, many questions that require detailed knowledge about 
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structure need to be answered on a daily basis (Simonsson and Emborg, 2009). Often, these questions 
have their roots in the design phase and can, probably, be predicted, and solved or managed before they 
surface on-site. Thus, design for buildability (Lam and Wong, 2008), and the planning of work flow are 
important issues that require thorough consideration (Jongeling and Olofsson, 2007). 

Fig. 1. The diverse nature of a construction site. 

Building information modeling (BIM) is an important tool for the successful creation and communication 
of the design (Eastman, 2008). Visualization of the design along with three-dimensional planning and 
four-dimensional models all improve communication and the understanding of the specific project 
amongst its stakeholders (Koo and Fischer, 2000; Tulke and Hanff, 2007; Woksepp and Olofsson, 2008). 
BIM can also improve the instructions on how to perform specific construction tasks through the use of 
detailed models. However, computer aided visualization and simulation is still not widely used within the 
civil engineering construction industry. 

It is customary for individual construction projects to have its own budget and demand on profit. 
Therefore, the introduction of new production methods is often rejected by the contractor's manager, since 
the financial risk is too great. Normally, construction companies do not invest in field-trials or the 
prototyping of new production methods, nor do they make alterations to the original tendered plans. Thus, 
developing and introducing new methods is difficult, which can be one explanation of the low 
productivity development in the construction industry compared to other businesses (IVA, 2007; Teicholz 
et al., 2001). The “one of a kind nature” of construction projects has been suggested as a reason for the 
apparent development of low productivity (Koskela, 2000; Björnfot, 2006). Creating repetition and 
learning that can be carried from project to project is difficult since 75% or more of the value of the 
product is generated by a temporary organization of suppliers and subcontractors (Dubois and Gadde, 
2000). This also creates communication problems between the different trades involved in projects that 
are likely to need to share working space on the construction site from time to time. 

Current work descriptions consist mainly of drawings and written instructions, which can be difficult to 
understand. This affects productivity since the production operatives first need to develop a best practice 
for the work task before it can be effectively carried out. This well known effect is described by the so-
called learning curve (Yelle, 1979). Learning curve theory states that whenever the number of items 
produced doubles, the person-hours required manufacturing each unit declines at a uniform rate. This 
decline is called the learning rate and measures the learning achieved. Normally, the learning curve is 
divided into an initial operation-learning phase and a routine-acquiring phase. In the initial phase, 
productivity increases rapidly as production operatives acquire more knowledge of the task to be 
performed (Thomas et al., 1986). Thus, better work descriptions can facilitate the initial learning phase 
and also facilitate the implementation of new, more productive working methods. 
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Objective, Aim and Limitations 
The overall objective is to create improved work descriptions for construction tasks, with the specific aim 
of reducing construction costs and production time. The research is limited to the study of reinforcement 
work used for cast in place concrete engineering. The following conditions are applied to the study: 

Rebar carpets and prefabricated reinforcement assemblies are used 
The existence of a detailed 3D model of the reinforcement 

To guide the project, the following research questions were formulated: 

RQ1 How can alternative production methods, such as the greater use of prefabrication, be introduced? 
RQ2 How can communication be improved between design and production? 

The aim of RQ1 was to investigate obstacles and possibilities of introducing new production methods. 
RQ2 examined how designers could improve not only the buildability of the design but also the 
communication of their intentions to production operatives. 

Theory
Lean construction  
Womack and Jones (2003) stated that “Lean Production is Lean because it provides a way to better and 
better meet customer requirements while using less of everything; less material, less design hours, less 
manufacturing hours, less energy, less space”. The central idea of lean is to minimize waste, which is 
defined by Womack and Jones (2003) as “any human activity that absorbs resources without creating any 
value”. The concept of lean originates from the identification, by Taiichi Ohno, of “seven wastes” (Liker, 
2004) found in the Toyota Production System. These seven wastes are: overproduction, waiting, 
unnecessary transportation, over-processing, unnecessary inventory, unnecessary movement, and 
defective goods. Waste within the construction industry is affected by a variety of different factors. 
Koskela (2000) indicated that there has never been a systematic attempt to observe all waste within a 
construction process. Suzaki (1987) stated that “The difficulty in eliminating waste is that most of us have 
not directed our efforts to finding waste and eliminating it”. Formoso et al. (2002) suggested that focus 
should be on the elimination of waste, and that measuring waste is an effective way to determine whether 
a production system is performing satisfactorily. Mossman (2009) had a different idea of waste and how 
to banish it from construction sites and argued that “waste is defined in relation to value”. The focus on 
waste elimination instead of value creation moves attention away from activities that create customer 
value. 

Productivity studies attempting to identify and quantify waste normally divide activities into value-adding 
work, type one waste and type two waste. Type one waste does not generate value but is necessary for the 
production method used. Type two waste is unnecessary and can be eliminated immediately. Mossman 
(2009) suggested that approximately 5-10 % of the work in a construction project created value. 
Mossman also suggested that 55-65 % of construction activities produced type two waste and 30-35 % of 
work supported the value-adding activities that produced type one waste. Horman and Kenley (2005) 
found in their study that 49.6% of production operative time was waste. Another productivity study 
(Simonsson and Emborg, 2007) indicated that when fixing reinforcement onto the superstructure of a 
bridge, 31% of the work was value-adding, 26% produced type one waste and 43% produced type two 
waste. Josephson and Saukkoriipi (2005) found that type two waste on a typical construction site in 
Sweden was generated by approximately 33 % of the building activity.  

Some of the typical areas where waste is created during a construction project are: poor/incorrect quality 
of the product; rework during construction; disposal of excessive/left over material; time wasted when 
handling the material (e.g. unnecessary transport); disposal of material in stock; and working in less than 
ideal conditions. All these can be found on Ohnos’ list of seven wastes (Liker, 2004). 

To the list of seven wastes, Koskela (2004) added the eighth waste of making-do. Koskela defined 
making-do within the construction industry as starting building work without all the prerequisites being in 
order, e.g. with missing machinery, material or drawings to complete the task. To avoid making-do, the 
planning and execution of construction work should be based on the four commitments: I Should – I Can 
– I Will – I Did (Ballard, 2000). Hence, this view of production planning also considers whether it is 
possible for the work to start on schedule. Ballard and Howell (1998) described five principles of 
planning as: 1) create well-defined work tasks; 2) create sound work tasks; 3) follow up disrupted work 
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tasks; 4) keep a backlog of work tasks; and 5) utilize look-ahead planning. These principles are also 
known as The Last Planner System (LPS) of production control (Ballard, 2000). The definition of a sound 
work task was based on the seven preconditions for completion of a task as devised by Koskela (2000). 

Another approach for minimizing waste and thus activities that generate waste is to standardize the work 
tasks. The way in which work tasks are executed varies from construction site to construction site and 
from production operative to production operative (Nakagawa, 2005). By standardizing work tasks, 
processes and the use of material can be optimized. The standardization of work tasks should be 
developed by production operatives and management together (Nakagawa, 2005). 

Prefabrication and preassembly in civil engineering 
Civil engineering work such as cast in place concrete bridge construction, suffers to some extent from 
inefficient, less advanced production methods. Current production methods are time-consuming and labor 
intensive. They are frequently expensive and, in many cases, operate in poor working environments. 

In a comparison of recent and past bridge projects, no significant difference in unit times for various tasks 
was found. Construction of the oldest bridge in the study started in 1974; the newest bridge was 
completed in 2007. In fact, the number of person-hours used for concrete related operations (formwork, 
reinforcement, and pouring) indicates that the placing of reinforcement bars takes longer now than thirty 
years ago, because newer bridges usually have more reinforcement per square meter of useful surface 
area (Bröchner and Olofsson). 

The NCR report Advancing the Competitiveness and Efficiency of the U.S. Construction Industry (NCR, 
2009), recommended five activities, which they called “Opportunities for Breakthrough Improvements”, 
to make construction more productive: "1) Widespread deployment and use of interoperable technology 
applications, also called Building Information Modeling (BIM); 2) Improved job-site efficiency through 
more effective interfacing of people, processes, materials, equipment, and information; 3) Greater use of 
prefabrication, preassembly, modularization, and off-site fabrication techniques and processes; 4) 
Innovative, widespread use of demonstration installations; and 5) Effective performance measurement to 
drive efficiency and support innovation.", (NCR, 2009). 

The application of the first three items in the list relates to requests for better integration between the 
design and the production process. The use of prefabrication, preassembly, modularization, and off-site 
production also means that the feedback of information about production rules and design constraints 
need to be passed upstream the construction process (Malmgren et al., 2010). 

Design and buildability 
Decisions made early on in a project have a large impact on its buildability. The type and shape of a 
bridge, the choice of material, and the detailed design will all affect how the bridge can be built and the 
performance of the production process when erecting it, (fib, 2000). Wong et al. (2004) stated that design 
decisions affect how a building is to be built and determine the types, as well as levels, of resources to be 
used in the production process. These decisions also affect the overall project efficiency, from the start of 
the project through to the operation and maintenance of the finished product. In addition, many errors that 
surface during the production phase stem from the design. The ad-hoc solutions created on-site cause 
large amounts of waste in the production process e.g. reworking, waiting for instructions to solve the 
problem, out-of-sequence work etc. It is important to implement/transfer customer requirements into 
proper design specifications to ensure that the product will function as the customer demands (Karlsson et 
al., 1998). However, a methodology for selecting the right bridge type and shape is lacking (Troive, 
2000), and designers often lack the knowledge and the incentive to make the right decisions (Wong et al., 
2004). The Guidance for good bridge design (fib, 2000) stated that many problems concerning bridge 
design, in particular those related to creativity, innovation and performance are a result of the design 
stipulating inappropriate criteria and imprecise contract conditions. According to Ray et al. (1996), the 
purpose of design is to produce a structure which is buildable, durable, maintainable and aesthetically 
pleasing. Numerous authors have listed parameters affecting the buildability of projects. Adams (1989) 
listed 16 factors affecting buildability for housing construction where the following factors are also 
applicable in civil engineering: Investigate thoroughly, Use suitable materials, Design for simple 
assembly, Plan for maximum repetition/standardization, Allow for sensible tolerances, Allow a practical 
sequence of operations, Plan to avoid damage to work by subsequent operations, Design for safe 
production, and Communicate clearly. According to Adams (1989), the key to successfully creating 
buildability of a specific project is the early design phase, where knowledge from all the vital actors is 
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assembled within the design team. The essential problem for the design team in these early phases is to 
create design solutions that result in simple production solutions, e.g. reinforcement, formwork and 
concrete work. Furthermore, it is important to develop standardized solutions and create repeatable 
processes. 

Communication of design 
The first precondition for a sound task is construction design. This refers to having essential blueprints, 
work descriptions etc. available at the planned start of the task (Koskela, 2000). However, the detailed 
design of, for example, reinforcement can be intricate and thus difficult to understand and carry out. 
Misinterpretations of the design, in this example, might lead to production operatives not fully 
understanding the task because of its complexity. Thus, not only is it important to know that a work task 
CAN be performed, but also HOW it should be performed (Ballard, 2000). Decisions made early in the 
design phase can impact on HOW a production process can be completed on-site. Therefore, the designer 
should acquire knowledge from the critical actors in the project to enable the design to incorporate 
buildability factors such as simple assembly, the planning of maximum repetition/standardization and a 
practical sequence of operations.  

Currently, the blueprints used to communicate the design only present two dimensions of the real object 
to be built, making them prone for misinterpretations, especially in complex projects. Lack of 
communication between the designers and the production operatives results in on-site waste (Josephson 
and Hammarlund, 1999), but can also impact on structural integrity (Brown and Yin, 1988). Nakagawa 
and Shimizu (2004) compared conventional construction with lean construction and proposed a number 
of measures to minimize on-site waste. Most of the proposals concerned communication between site 
managers and the work force. They highlighted not only the use of Standard Operating Procedure 
Documents (SOPD) to improve that communication, but also engaging the production operatives in the 
process. An SOPD is a manual describing, step by step, how to carry out each type of on-site work task. 
The manual also states the planned duration of tasks and notes precautions to take covering areas such as 
the movement of materials and preparations required before a task can start. Nakagawa and Shimizu also 
proved that the utilization of SOPD flattens the shape of the learning curve which results in increased on-
site productivity. In addition, Nakagawa and Shimizu advocated the use of visualization to support so-
called unique operation procedures. Mourgues (2008) presented a type of SOPD that was applied to 
projects using cast in place concrete. Mourgues stated that the current method of delivering work 
instructions, using verbal communication and construction drawings, often fails. He defined a work 
instruction template for concrete work based on eight criteria for good communication: clear, concise, 
complete, error-free, meaningful, relevant, accurate, and timely. In contrast to SOPD, the work instruction 
created by Mourgues is based on BIM and defined for a specific work task with actual dimensions, 
quantities etc. Instructions specific to a project, activity, and location are more useful for production 
operatives than generic instructions, such as SOPD. The resulting template, which can be seen in Figure 
2, contains four main sections: 1) Drawing; 2) Instructions; 3) BOM (Bill of Materials); and 4) Equipment 
and Tools. The Drawing section is subdivided into four views: 1) Model view; 2) Detail view; 3) Key 
plan; and 4) Color coding legend. This section exhibits several of the characteristics of good 
communication of instructions e.g. it is self-contained, it uses color coding, and it is independent of other 
drawings. 

The Instructions section gives a step-by-step description of how the contractor wants its production 
operatives to perform the specific work task. According to the SOPD, the description is based on the best 
practice of the contractor rather than the experience of a particular foreman. The Equipment and Tools 
section complements the Instructions section and is a list of the tools required. The BOM section lists the
materials required for the specific work task. The name of the work task is standardized using the AROW 
ontology (Mourgues, 2008), naming work tasks after an Action that happens to a Resource of an Object in 
a particular Work area. 

Case studies of the use of work instructions showed that the amount of reworking and the number of 
questions raised during the work were reduced whilst productivity and safety increased. In addition, 
problems relating to resource management, error risk and inconsistency were reduced. The work 
instructions method should only be used when the benefits are greater than the cost of producing those 
instructions. For complicated work tasks, the work instructions can be complemented with process 
visualizations. Mourgues (2008) described how to use Virtual Design and Construction (VDC) tools to 
produce these work instructions automatically. 
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Instructions Section 

Equipment and Tools Section 

Drawing Section 

Color Coding 
Section 

Model View 

Key Plan Detail View

Activity (Action-Resource-Object-Work area) 

BOM Section 

Fig. 2. The layout of a Mourgues field instruction including the four main sections: 1) Drawing (red); 2) 
Instructions (yellow); 3) BOM (green); and 4) Equipment and Tools (blue). (Based on 
Mourgues, 2008) 

The use of VDC is becoming more common and, with project design being based on BIM, the use of 
different types of process visualization is becoming more frequent. At present, scheduling, in combination 
with BIM, is widely used thus enabling the communication of production plans using a 4D environment 
(McKinney and Fischer, 1998; Jongeling et al., 2008). Construction Virtual Prototyping (CVP) extends 
the idea of 4D by integrating more features such as the ability to visualize production methods, the 
inclusion of the temporary use of equipment, and the visualization of the buildability of a proposed 
building procedure (Huang et al., 2007; Kong and Li, 2009). 

Method
Developing tools for communication of production methods requires a careful study of what does and 
does not work on-site. That being the case, an active participation method was used in this study, where 
the main author was involved from the bidding phase through to the actual production. The research 
method followed five steps: 1) study of project design to propose appropriate implementation of industrial 
production methods, 2) a small scale test of proposed methods, 3) implementation and validation on-site, 
4) development of virtual work instructions, and 5) validation of the virtual work instructions. 

The production methods that were proposed were based on the main author’s former research studies of 
industrial bridge construction (Simonsson, 2008). This step involved several cost estimates, comparing 
the total project cost using different production methods. The buildability of the proposed production 
methods was also validated in a small scale test undertaken by the reinforcement supplier. However, the 
implementation of the methods on-site could not be carried out due to objections from the production 
crew. These objections were investigated and virtual work instructions were introduced. These work 
instructions were then validated through semi-structured interviews. 

Case Study 
Description 
The case study project consisted of the construction of a flyover junction, which included four different 
bridges and a concrete trough. The estimated service life of the construction was 120 years. The concrete 
trough was divided into 20 different sections which had to be formed, reinforced and cast with concrete. 
The average section contained approximately 30-35 tons of reinforcement and 180 m3 of concrete. The 
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flyover junction also consisted of wall sections that varied from approximately one meter to six meters in 
height with varying quantities of reinforcement. However, only the design and production of the trough 
were included in the case study.  

Work on the trough was planned to be carried out section by section. The sections had a fairly uniform 
design, thus creating opportunities for repeated work. The project schedule had tight deadlines that meant 
that it was important that the work tasks were carried out correctly. The most time-consuming activity for 
the project was the fixing of the dense, complex reinforcement. Fixing reinforcement was expected to 
take as much as 80% of the total production time for work on the trough. Qualified production operatives 
are difficult to obtain in Sweden, and so the management of reinforcement fixing in the trough creates a 
bottle neck in production and determines the success of the project. All design drawings for the project 
were made in 2D, and delivered and explained in the form of traditional blueprints of the site, Figure 3. 

Fig. 3. Example of completed blueprints of the reinforcement of the trough construction. 

Pre-manufactured reinforcement for the concrete trough 
The use of prefabricated reinforcement units can reduce the on-site work required for the placing of 
reinforcement. Normally, prefabricated reinforcement consists of ready to use mesh reinforcement or 
reinforcement bars welded together into cages of varying sizes. Another option for prefabricated 
reinforcement is the use of carpet reinforcement systems. These consist of loose bars fixed together on 
thin steel bands and rolled together (Ålander, 2004; Simonsson and Emborg, 2007). 

There are several benefits to the use of prefabricated units: increased production rate; the possibility of 
performing work tasks in parallel thus reducing total production time, reduced number of awkward and 
repeated postures for on-site production operatives. The manufacturing of prefabricated reinforcement 
solutions normally takes place in a more suitable location than the construction site and using appropriate 
tools, resulting in an improved working environment (Rwamamara and Simonsson, 2007). Therefore, it 
was suggested that prefabricated reinforcement should be used for the trough to speed up fixing and 
produce a more relaxed project schedule. The researchers had first suggested the use of rebar carpets 
during the design phase of the project. By using rebar carpets the reinforcement fixing time on-site could 
be reduced from an average of 15-18 hours per ton down to 20-30 minutes per ton. Nevertheless, not all 
the reinforcement necessary for a trough could be achieved using prefabricated reinforcement and, thus, 
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piece by piece reinforcing had to remain part of the work task. However, it was questioned whether it was 
possible to use rebar carpets in the trough because of the rectilinear binding, or shear force reinforcement, 
which is supposed to enclose all bending reinforcement according to building standards. Therefore, it was 
suggested that sections of the shear force reinforcement were prefabricated so that rebar carpets could be 
used, see Figure 4. Different methods of prefabrication of reinforcement are essential elements of a more 
advanced and industrialized construction industry. 

Fig. 4. Prefabricated sections of the shear force reinforcement 

Cost and time estimates 
As mentioned earlier, each of the 20 sections of the trough had an average reinforcement content of 
approximately 30 tons. According to the tender, the piece by piece fixing of reinforcement had been 
estimated as requiring approximately 6500 person-hours out of the 8000 person-hours estimated for the 
production of the whole concrete trough. According to the reinforcement designer, it was possible to use 
rebar carpets for 80% of the bending reinforcement in the trough. This saved approximately 5200 person-
hours or two-thirds (2/3) of all production time on-site and €195, 000 of direct manpower costs. However, 
the preassembled reinforcement was more expensive so the material costs would increase by 
approximately € 200 per ton of reinforcement. Some of the additional savings for the project would be 
due to the reduction of establishment costs, lower rental costs for machinery, and reduced electricity 
consumption. In addition, possible extra saving was in the form of incentives paid to the contractor if the 
project was delivered ahead of time. 

The building site office included 22 production operative's sheds, a machine park consisting of equipment 
such as poker vibrators, packing machines, hand held machines etc. The cost of electricity for the 
production of an average sized concrete bridge in Sweden was, on average, € 1000 per week according to 
the site manager. Table 1 shows the estimated effects on time and cost of using different percentages of 
rebar carpets compared to traditional fixing of piece by piece reinforcement. 

Table 1. Total cost difference if rebar carpets are used. 

% Rebar Time saved Decreased Decreased Prefab Establishm Machine inv Crane cost Electricity Total cost
carpets worker w time cost € proj time w cost € cost saved € cost saved € Saved € cost saved € difference €

50% -71 -114 300 -8 54 000 -10 914 -2 480 -7 938 -3 175 -84 807
60% -88 -141 480 -10 64 800 -13 509 -3 070 -9 825 -3 930 -107 015
70% -105 -168 660 -12 75 600 -16 105 -3 660 -11 713 -4 685 -129 222
80% -122 -195 840 -14 86 400 -18 700 -4 250 -13 600 -5 440 -151 430

Implementation
The researchers were contacted and invited by the contractor to participate in compiling the tender 
documents roughly eight months in advance of the procurement of the trough. The main aim was to 
“introduce as much rebar carpet as possible” in order to keep to the project schedule. Also, an attempt 
was made to introduce Self-Compacting Concrete (SCC) for the casting procedure in the trough. Both 
these technologies had the potential to save both time and money. 

Early in the project, the group consisted of four people: the head of the site managers; a person from the 
contractor’s development department; an expert on reinforcement from the rebar supplier; and the first 
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author of the paper. The contractor’s site manager was not involved because of involvement in other 
projects that were running simultaneously. 

No final decisions were made during these early phases. However, there were intensive discussions on 
how the rebar carpets could be used. These discussions resulted in a decision to create and test 
reinforcement that used rebar carpets and sections of shear force reinforcement. 

Before any production started, a small pilot test was set up at the rebar supplier’s workshop to investigate 
the proposed solution of rebar carpet design and also to engage relevant actors in the process. The site 
manager, designer, material supplier and researchers all participated in the test. The test included setting 
up part of a section of the trough where shear force reinforcement might prevent the use of rebar carpets, 
see Figure 5. A timber frame was constructed to act as distances between ground and reinforcement and 
distribution reinforcement. First, one part of the shear force reinforcement was placed and then the rebar 
carpet was rolled out on top. The other part of the shear force reinforcement was then placed 
perpendicular to the first part and connected with the first part through the rebar carpet. This 
demonstrated the feasibility of the rebar carpets in the project. 

a) b)

c)

Fig. 5. A) Shear force reinforcement placed beneath the rebar carpets as made at the construction site; the 
timber frame is used as a spacer for the rebar; rebar carpet is being rolled into place. B) Rebar 
carpet in place with the shear force reinforcement being mounted through the rebar carpet and 
the distribution-bar reinforcement. C) Shear force reinforcement in place and fixed with an 
additional rebar for stabilization/attachment. 

Despite the results from the small scale test, the proposed solution was not used to begin with on the 
construction site, because of the skepticism amongst production operatives and site management and their 
lack of experience working with rebar carpets. The production operatives were simply not convinced of 
the solution since they had not been involved in its development or in the small scale test. The site 
management was still skeptical about the reinforcement solution. In addition, the anchorage length was 
too short on the first rebar carpets delivered to the site. This produced even more skepticism and 
comments such as “rebar carpets are pure crap, they are wrong every time” and “let’s do as we have 
always done, then there will be no errors and everyone knows what they should be doing” was heard 
among the staff on-site. The result was that production operatives rolled out perfectly usable rebar carpets 
on-site by cutting up rebars and placing them one by one, Figure 6. 

The lack of experience and lack of commitment coupled with the first rebar carpet being defective made 
the introduction of the new method a failure. Eventually, the rebar carpets were used more and more as 
the deadline for the project approached and, in the last section, 80% of the reinforcement was rolled out 
using the new method. However, due to the problems at the beginning of the project, the anticipated cost 
and scheduled targets were not achieved. 
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Fig. 6. Rebar carpet rolled out on the ground and disassembled before mounted in place. 

Enhancing communication using virtual work instructions 
Neither the production operatives nor the site manager were convinced that prefabrication of shear force 
reinforcement sections and rebar carpets was a robust production solution on this construction site despite 
the results of the small scale tests described above. The production operatives had not been involved in 
the tests at all and were against using the new methods. This opposition can be attributed to the lack of 
communication between the designers and the production operatives on-site. Therefore, new ways of 
bridging the communication gap between design and production were explored in order to increase the 
engagement and commitment of the work crew, i.e. changing SHOULD to WILL according the LPS 
(Ballard, 2000). Since both SOPD (Nakagawa and Shimizu, 2004) and work instructions (Mourgues, 
2008) are intended to be used when the design is already complete, Construction Virtual Prototyping 
(CVP) seemed to be a suitable method in this case. 

A 3D model of one section of the concrete trough was created, including the concrete superstructure, 
reinforcement, and reinforcement spacers, see Figure 7. Temporary structures and temporary equipment 
were left out. 

Fig. 7. The 3D model of one section of the concrete trough. 

Unlike the original 2D design, the 3D models were adapted to reflect the production methods which 
influenced some part of the reinforcement design e.g. the shear force reinforcement sections and the 
supports for the top layer of the rebar carpet. The 3D model was imported into visualization software 
which enabled the creation of virtual work instructions (VWI) i.e. instructions including moving objects. 
The VWI were created with the cooperation of the contractor, designer, and reinforcement supplier. 

Discussions about the VWI, which could be controlled using viewing software available free of charge, 
were then held with the contractor and material supplier. These discussions raised several questions about 
the size and weight of the prefabricated rebar assemblies, space requirements for mounting shear force 
reinforcement, alternatives to temporary rebar placement before mounting etc. Figure 8 depicts a frame of 
the VWI showing the placement of a prefabricated unit of shear force reinforcement. In this case, the 
questions concerned the length of each unit with respect to weight, and how to place the units on the 
ground before mounting them. 
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Fig. 8. Placement of a prefabricated unit of shear force reinforcement. 

The discussion concluded that this type of VWI would be useful in the development phase and when 
introducing new production methods on-site. It would also support discussions on how new production 
methods could be improved. Figure 9 shows the possibility for designer and production operatives to 
study the assembly procedure of the prefabricated shear force reinforcement. 

1
2

3

4

Fig. 9. Possibilities of studying the production sequence for management and workers. Picture showing 
that the shear force reinforcement will be 4 mm to high in its final position, a great risk is then 
that the reinforcement is even higher when placed. Hence, action to prevent this can be taken in 
advance. Point 1-4 shows possible solutions to be discussed. 
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Discussion and Conclusion 
How can new production methods, such as the greater use of prefabrication, be introduced? 
The introduction of new technical solutions and/or production methods, such as rebar carpets in a bridge 
superstructure, often puts constraints on upstream activities such as detailed design and feasibility design. 
These constraints can sometimes occur during the preliminary design phases. Therefore, clients need to 
be aware of the constraints of preferred production methods at the early phases of a project. Thus, to 
create a foundation for a buildable design, information about production needs to be conveyed to 
designers earlier in the design process. In the case study, this was accomplished in the design meetings 
with the structural designer, contractor and rebar supplier. During these meetings it was established that 
80% of all reinforcement could be mounted as rebar carpets thus improving productivity six-fold. 
However, design is not enough: the implementation of new, improved production methods needs to be 
extensively discussed from design through to production. 

How can communication be improved between design and production? 
In order to decide on which production methods to apply, project participants need to have a good 
understanding of the complexities of the actual project. Traditional 2D drawings can be difficult to 
understand and can be interpreted differently by the project participants; hence, misinterpretations 
commonly occur (Ferguson, 1989). 

The communication between design and production can be improved by testing the proposed methods, as 
in the case study. However, these tests are time-consuming, costly and inflexible. Involved stakeholders 
need to travel to a specific test location or, as happened in the case study, they may not be able to 
participate at all. A further disadvantage of conducting tests is that they may need to be repeated if the 
initial tests fail or are incorrectly carried out. Setting up a new test takes more time and money and may 
delay the construction before it has even started. However, the case study also showed that virtual work 
instructions, improve the information flow between design and production thus allowing familiarization 
of production methods and identification of design constraints to happen early in the project. Using 
virtual work instructions, innovations can be validated before real production, thus minimizing the costs 
and risks. Development of virtual work instructions gives the on-site production operatives the 
opportunity to give feedback and propose changes to increase buildability. In addition, “virtual learning 
curves” can be created as production operatives, using VWI, can become more familiar with the 
production methods in the project before they start. This leads to a more industrialized construction 
process where the experience of the on-site production operatives is used to improve the VWI 
continuously and thus increase productivity not only within a project, but also from project to project. 

Implementation issues 
In the case study, neither management nor production operatives were convinced that the use of rebar 
carpets was beneficial from their respective viewpoints. From the production operatives’ point of view, 
there was no advantage to using rebar carpets except that the process improved their working 
environment. Since almost all the production operatives were solely employed on the project, it meant 
that if the project were to finish ahead of schedule, or even on time, most of them would be out of work. 
They would only benefit from a delay to the work, since they would be employed for longer. This is 
counterproductive in any implementation of productivity improvement in civil engineering projects. 

However, as the project progressed, the management became more concerned about keeping to the tight 
schedule and hence became more and more interested in introducing alternative production methods. 
Adapting and adopting new production methods were seen as a way of saving time, especially by the 
management. The production operatives also became interested in using rebar carpets since they had 
never used them before and were curious to work with them. 

The lessons learned from this specific part of the research are that production operatives and, in 
particular, foremen need to be involved in the development of new production methods during the design 
of the construction. In addition, conditions of employment and terms of payment must support the 
implementation of production methods that increase productivity. 
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Abstract: 

Research Question/Hypothesis: The hypothesis of this article is that Value Stream Mapping (VSM), 
independently of work repetition, can be used in civil engineering projects to visualize flows of materials, 
resources and information and thereby be able to improve on-site construction performance. 

Purpose: The purpose of this study is to present how the VSM methodology can be applied by on-site 
construction management in civil engineering projects and how current construction methods can be 
improved without large and complex changes. 

Research Design/Method: The VSM methodology was used to describe the work flow of reinforcement 
fixing in two different types of projects; traditional bridge construction and construction of wind tower 
foundations. Analysis of the VSM maps was used to identify waste and to improve work flow 
management. 

Findings: The findings conclude that by using simple methods, such as batch sizes reduction and 
introducing pull systems for deliveries, it is possible to improve project performance by at least 50 %. It is 
also concluded that the minimization of transportation costs will sub-optimize the construction process. 

Limitations: The research considers two civil engineering projects where the focus in on straight forward 
improvements that can easily be implemented to improve workflow. 

Implications: This paper shows that the VSM methodology is a powerful method for workflow 
management that can be used to improve on-site construction performance. 

Value for practitioners: This research presents findings that are easy to grasp and to adopt for on-site 
managers on any civil engineering construction site, without the use of complicated methods and/or 
complex programmes. 

Paper type: Case Study 
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Introduction 
Due to the unique nature of most on-site projects, it can often be difficult to define generic production 
steps that are adding value. This is perhaps more evident in civil engineering construction projects as 
value is often viewed differently by different participants (Simonsson and Emborg, 2009). Also, the time 
between award of contract and start of the construction work is normally short. Even though the 
construction process is not standardized and needs to be re-developed each time, the contractors focus is 
not to plan and optimize the on-site building process. Several productivity studies (e.g. Horman and 
Kenley, 2005; Simonsson and Emborg, 2007; Mossman, 2009) also indicate that there is much waste 
generated on construction sites. 
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The key to improve on-site construction is in the management of flow of materials, resources and 
information (Jongeling and Olofsson, 2007). Also, a standardized flow of e.g. materials makes it possible 
for the site management to plan ahead rather than “fire-extinguishing” (solving urgent matters). For this, 
site management need be trained to differentiate between value adding and wasteful activities and hence, 
eliminate waste from the construction process. Deming (cited from Liker, 2004) emphasized, that “the 
next process is the customer” – this kind of thinking is seldom realized in on-site construction projects. 
Consequently, learning to see work flow has great potential. 

Value Stream Mapping (VSM), originating from the manufacturing industry, is a methodology to 
visualise the material and information flows (Rother and Shook, 2004). VSM has so far only briefly been 
considered for on-site civil engineering projects, e.g., Yu et al. (2009). A reason for this is the temporary 
and one of a kind nature of traditional construction projects with a large variation in physical lay-out and 
relatively few standardized work task (Jongeling and Olofsson, 2007). 

However, VSM is mainly about the visualisation of flows and to make these flows transparent for the 
whole organisation (Rother and Shook, 2004). Consequently, VSM can be a valuable methodology to 
help teach on-site construction practitioners to see work flow. The hypothesis of this article is that VSM, 
independently of work repetition, can be used in civil engineering projects to visualize flows of materials, 
resources and information and thereby be able to improve on-site construction performance. 

Aim and Purpose 
The purpose of this study is to present how the VSM methodology can be applied by on-site construction 
management in civil engineering projects. First, VSM is used to describe the work flow of reinforcement 
fixing in two different types of projects; traditional bridge construction and construction of wind tower 
foundations. Secondly, straight-forward analysis of the VSM maps is performed to identify waste and to 
improve work flow management. An alternative production method is also analyzed in the bridge 
construction case, whose result is then utilized in the wind tower construction case. The objective is to 
show how the VSM methodology can be used by on-site construction practitioners; especially how 
current construction methods can be improved without performing large and complex changes as a first 
step.

Understanding & Improving Workflow 
A flow is composed of transformations, inspections, moving and waiting (Koskela, 2000). According to 
Womack and Jones (2003b), workflow refers to the movement of material, information and resources 
through a system. To create a smooth workflow, the availability of material, information and resources 
must be controlled during the whole production process (Thomas et al., 2003). Reducing the material 
handling and lead times on the construction site through proper workflow management is an important 
part of the construction industry’s improvement of productivity (Ballard et al., 2003). According to 
Formoso et al. (2002), waste elimination is a focus for workflow improvement within Lean production. 

Womack and Jones (2003a) defines waste as; any human activity that absorbs resources without creating 
any value. Production waste can be classified as waiting time, over production, unnecessary inventory, 
erroneous processes, unnecessary movement and transports, products with errors, and not meeting 
customer demands. Koskela (2000) identified construction waste as poor/incorrect quality of the product, 
rework during construction, and waste of excessive/left over material, waste of time when handling the 
material, waste of material in stock, working under suboptimal conditions. Mossman (2009) argued that 
waste should be defined in relation to value, i.e. waste elimination through value creation. Also, an over-
emphasis on waste reduction can become counterproductive as low inventory, or a lack of production 
capacity, can lead to supply chain disruptions. 

Improving the flow of work 
The most readily applicable method for improving work flow is pull production. Pull means that no 
upstream actor should produce anything until the customer downstream asks for it (Womack and Jones, 
2003a). In construction the most recognized and applied tool to generate pull is the Last Planner system 
of production control. However, there are certainly other attempts at establishing pull in on-site 
construction of which Line-of-Balance (Seppänen et al., 2010) and pull production of multi-storey 
housing (Sacks and Goldin, 2007) are but two examples. 

Another approach to minimize wasteful activities is to standardize work tasks. The execution of work 
tasks varies from construction site to construction site and from worker to worker (Nakagawa, 2005). 
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Work is standardized to systemize operations and materials so that human motion between operations and 
needed resources is used in the best known order and hence most efficiently. Through process 
standardization, the manufacturing process becomes more robust, leading to operational excellence, 
continuous improvement and elimination of non-value-added activities (Alvarez et al., 2009). 

Achieving the right flow of work in production processes is important. Decisions made early affects how, 
e.g. a bridge is to be built and hence affects the workflow on-site. Such factors as location, type and 
shape, material choice and detail design all affect the flow of work (fib bulletin No 9, 2000). Hence, to be 
able to create adequate flow of work at the construction site, the design and planning phase needs to be 
controlled and managed from a buildability perspective. The key to success is, according Adams (1989), 
the early design stage where knowledge from all vital actors is gathered within the design team to create 
buildability for a specific project. Wong et al. (2004) states that design decisions affect how a building is 
to be built and determine the types as well as level of resources to be involved in the conversion process, 
and also that designers often lack the knowledge and the incentive to take the right decisions. There are 
two general strategies for workflow management; proactive and reactive (Figure 1): 

Proactive workflow management. Aims at removing hindrances to even workflow in design. 
Common methods are e.g. improved buildability and proper production planning. Another useful 
method for proactive workflow management is simulation using for example 4D planning (Björnfot 
and Jongeling, 2007). 
Reactive workflow management. Aims at removing hindrances to even workflow during production. 
Common methods are e.g. arranging for pull production and standardizing work tasks. Another useful 
method for reactive workflow management is to highlight workflow by mapping the value stream (Yu 
et al., 2009). 

IDEA

DESIGN PRODUCTION

FINISHED PROJECTPROACTIVE WORKFLOW 
MANAGEMENT THROUGH

BUILDABILITY

SIMULATION

PRODUCTION PLANNING

REACTIVE WORKFLOW 
MANAGEMENT THROUGH

HIGHLIGHT WORKFLOW

STANDARD WORK

PULL PRODUCTION

Fig. 1. Applicability of proactive and reactive methods to improve workflow. 

Highlighting Workflow 
Value stream mapping (VSM) is an effective method to capture both the material and the information 
flow of manufacturing, transactional and administrative processes and to provide a good communication 
tool for practitioners as well as a reference model for theoretical analysis (Alvarez et al., 2009; Mehta, 
2009). By focusing on continuous flows rather than machine, transport or personnel utilization, the 
likelihood of sub-optimization is reduced (Ballard et al., 2003). The focus on continuous flow enables the 
contractor to involve suppliers, standardize processes and reduce variation of products (Arbulu et al., 
2003). VSM is divided into mapping the current, future and an ideal state and the implementation of what 
is defined as yearly value stream plan (Rother and Shook, 2004). 

Khaswala and Irani (2001) argue that VSM is best utilized for high volume production since it is difficult 
to follow the work flow from finished goods to raw material. However, if the processes are standardized 
and the project consists of multiple objects, then it is possible to use VSM even for civil engineering 
projects. Wilson (2009) argues that value stream mapping can be applied to any business process 
including service, product development, manufacturing and office processes. 

Effects of workflow improvements 
A process can be characterized by lead time, inventory and operational costs. Lead time is the time from 
when a work item enters a process until it exits, i.e. time needed to produce adequate output. Inventory,
is the stock level, or input that the project needs to transform into output. Operational costs are costs 
connected to the transformation of input to outputs, e.g. wages, rental of machines and other resources, 
and overhead costs. In a normal process, an optimization of either of these parameters will lead to an 
increase in the others; hence we have a sub-optimized situation. By looking at the system and only by 
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reducing all three or having status quo on two and reducing one will give an improved system (Maskell 
and Kennedy, 2007; Brosnan, 2008). 

Lead time, inventory and operational costs are actually a transformation of financial terms used to 
optimize the results of a project; increased net income and at the same time maximizing return on 
investment and increasing cash flow (Olhager, 1993). The traditional measures of lower operational costs, 
lower capital costs and increased sales would lead to better revenue for the project (Mehra et al., 2004; 
Sheu et al., 2003). From a workflow perspective, this implies: 

Smaller capital costs through fewer inventories. 
Smaller operational costs through less staff. 
Fewer inventories mean smaller storage areas at the construction site. 
Less material handling and internal transportations. 
Less damaged or obsolete materials and waste. 
More projects in a shorter time mean more income. 

Based on Olhager (1993), the workflow perspective is illustrated in Figure 2; smaller batches will lead to 
shorter lead time and less material handling. Shorter lead time in turn means less work in process (WIP) 
and less safety stock. Less WIP means fewer inventories, hence reduced capital costs. Less safety stock 
and faster stock turnover means fewer inventories or less capital costs. Less material handling increases 
likelihood of delivering the project on-time which means more projects and increased income. 
Consequently, lead time, inventories and manufacturing costs are good measures of project performance 
and should indicate how workflow improvements also improve project performance. If one metric can be 
improved without making the others worse or at least status quo the model should show that the workflow 
method has potential to improve project performance. 

Smaller Batches 

Less material handling

Increased production 

Project on-time 

More projects with 
same resources 

Shorter lead times

Fewer inventories

Less WIP Less safety stock

Faster inventory 
turnover 

Increase delivery 
performance 

Less operational 
costs

Increased 
profitability 

Fig. 2. Illustration of the economic benefits of improving lead times, reducing inventories and lowering 
manufacturing costs. 

Learning to see workflow 
To evaluate the applicability of the VSM methodology as a tool for improving on-site construction 
management, the effect of VSM implementation should be tested to the identified process variables 
(Table 1). The first step should be to perform a VSM study of the current state and identify the symptoms 
to occurring waste. In the next step, the straight-forward improvements to work flow (Highlight work 
low, Standard work, and Pull production) are introduced and the process response is again checked. 
Finally, an ideal state should be arranged in which proactive solutions to work flow (Buildability, 
Visualization, and Production planning) are implemented. 
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Table 1. Process response in relation to the VSM current, future and ideal states as well as the suggested 
reactive and proactive improvements workflow. 

Process response Current state 
(Symptoms of waste) 

Future state 
(Reactive solution) 

Ideal state 
(Proactive solution) 

- Lead time 
- Stock level 
- Manufacturing cost 

- Waiting 
- Erroneous processes 
- Unnecessary inventory 
- Unnecessary movement 
- Rework 
- Transports

- Highlight workflow 
- Standard work 
- Pull production 

- Buildability 
- Visualization 
- Production planning 

Case Study Research: Rebar Management in Civil Engineering 
The case studies performed focus on value stream mapping and analysis of work flow of reinforcement 
activities in civil engineering projects. All the case studies have been carried out by one contractor but 
with different management and workers. In the first case the work flow for two normal size bridge 
projects is analyzed. The first project represents the current traditional state whereas the second project 
introduces alternative production methods, e.g. prefabricated reinforcement for both the superstructure 
and the foundations representing an ideal state in bridge construction. The second case analyzes the 
construction of wind tower gravity foundations.  

The method of analysis has been VSM according to Learning-to-See (Rother and Shook, 2004). The 
method has been modified since it is suggesting working upstream, i.e. from the finished goods 
backwards to raw material which of course is difficult to do when building a bridge. Therefore, the 
construction progress was followed from start to end and the data collected was then used to work 
backwards. The studies are used to create a VSM of the current, future and ideal states that are then 
analyzed using Table 1. 

Case study 1 – Bridge construction 
Current state 
The first project was the construction of a superstructure for a girder bridge of reinforced concrete. This 
bridge was part of a project consisting of four bridges to be constructed by the same contractor. The 
different bridges were considered to be single units resulting in little cooperation between the different 
construction sites despite that they were located only a few hundred meters apart. As an example, no 
cooperation between e.g. supplies of reinforcement or utilization of mobile cranes occurred. 

The examined bridge had two abutments and a mid support with spans of 19 and 16 meters. The width of 
the bridge was 11.35 meters and the total length was 48.5 meters. A total of approximately 420 m3 of 
concrete and 60 ton of reinforcement were used during construction of the superstructure. An identical 
and parallel bridge had already been erected by the same work crew. However, not much experience 
feedback by stepwise learning for the next project was observed. Thus, these studies depicting traditional 
handling of reinforcement, e.g. rebar being fixed piece by piece, made visible, among other things, 
unnecessary high levels of material inventory on site (Figure 3).  

In the current state, several non-value adding activities were observed for handling reinforcement. For 
example, the time the reinforcement remains in inventory before, during and after being built-in, and 
before the bridge is opened for use, is considerable. The waste generated is in the form of, e.g. space 
occupancy and tied up funds. Some waiting time is however necessary or unavoidable with current 
construction methods. 

Future state 
The future state can be viewed as a reactive state, since it involves the same activities as the current state 
(Figure 3). By highlighting work flow and introducing more standardized work tasks, improved 
production planning and control is achieved. Also, a pull system can be implemented where e.g. 
reinforcement is delivered when needed at the construction site. In the case study, the reinforcement was 
delivered in large batches by full trucks for each construction site. Instead so called “milk run systems” 
can be implemented supplying adequate amount of reinforcement all construction sites using one truck 
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during the same run. These runs can be initiated using pull signaling systems either on activities to be 
performed or inventory levels. 

      

Fig. 3. Illustration of the current state VSM. 

Ideal state 
The ideal state (Figure 4) also involves design and planning, i.e., proactive workflow management by 
improved buildability. The ideal state was evaluated on a slab bridge with a total length of 17 meters and 
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a width of 15 meters and approximately 250 m3 of concrete and 25 ton of reinforcement were used. 
Construction involved fewer activities if compared to traditional bridge construction. Utilization of e.g., 
prefabricated reinforcement cages (Figure 4) for the foundations and rebar carpets (Figure 4) for the 
superstructure were enabled through early design decisions. To be able to fully utilize the potential of new 
production methods, production planning was improved from the current state. 

Fig. 4. Illustration of the Ideal state VSM. 
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Especially the precision of deliveries was improved, e.g. the reinforcement cages were pulled to the site 
and mounted directly in the formwork. Also, the rebar carpets for the superstructure were delivered the 
same day as they were rolled out on the superstructure1. All reinforcement for the superstructure was 
fixed in one week which resulted in the average time of 2.5 days for reinforcement in stock. 
Consequently, more efficient use inventory at site was achieved. 

Case study 2 – Wind tower Construction 
Current state 
The second case study consisted of the construction of 18 wind tower foundations that were circularly 
formed (Figure 5) with a diameter of 21 meters and identical which enabled repetitive work. Each 
foundation consisted of roughly 1300 m3 of concrete and 60 ton of reinforcement. The reinforcement 
alone consisted of 75 different series of varying dimension and radius (Figure 5) making fixing 
complicated. According to the contractor, the design of reinforcement was specifically complicated and 
time consuming. Since the reinforcement supplier in this case was situated in Poland some ~1700 km 
away from the construction site, the site management decided that all reinforcement for one foundation 
should be delivered at the same time before construction commenced. The reinforcement was stored at 
site on a large field close to the construction. 

      

Fig. 5. Left: Construction site of wind tower foundation. Right: Series of reinforcement inventory at the 
site.

The rebar was initially marked in the shop with tags by the manufacturer. However, during the long 
transport most of the tags fell of. Consequently, rebar with different radius was mixed up making it 
difficult to select the correct reinforcement bar during fixing. Since all reinforcement was delivered at the 
same time, much of the time was spent on searching for the next rebar with right radius to be fixed. 
Surprisingly, no effort was made to eliminate this problem at site. 

Future state 
The future state entails the same number of activities as do the current state. Since the rebar manufacturer 
is situated far away no milk runs are able to be performed. However, since two foundations were 
produced almost simultaneously, such that when one was halfway produced the other one was started the 
distribution of reinforcement can be divided into two different deliveries simply by delivering half of the 
reinforcement to one construction site and the rest to the other construction site. Also, a more robust 
marking system for the reinforcement must be implemented. 

Ideal state 
No attempt was made by the contractor to improve buildability. However, using improved production 
methods such as prefabricated reinforcement, left form work and self compacting concrete could have 
enormous potential. By only using for example rebar carpets; the average fixing time per ton can be 
reduced by approximately three fourths. Consequently, a holistic perspective in the early design stage is 
most important. 

Analysis – The potential of workflow improvement 
Case study 1 – Bridge construction 
Waste observed in the current state was moving material around the construction site, waiting for 
material, machines or instructions, rework and interruptions of progressive work. In fact, a study of 

                                                          
1 Illustration of production using rebar carpets: www.youtube.com/watch?v=rGcihBMu0QM (11-02-28) 
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productivity at the specific bridge indicates that only about 30 % of working time was actually adding any 
value. By introducing reactive solutions such as a pull system, milk run deliveries and improved 
production planning, the current state can be improved. As a consequence of the improvement, the waste 
of having high inventory levels at site and long lead times could be reduced with 73 % (Table 2). Also, 
waste due to material handling, e.g. moving the reinforcement inventory around the site due to other 
activities, is reduced dramatically. In addition, cash funds being tied up in inventory are minimized and in 
some cases it might be possible to earn money on interest on advance payment from the client. 

Table 2. Lead time, inventory level and manufacturing cost for the current, future and ideal state of 
bridge construction. Numbers in brackets are improvement in percent. 

Process response Current state Future state Ideal state 
Lead time [h] 328 88 (-73 %) 20 (-94 %) 

Inventory level [days] 41 11 (-73 %) 2.5 (-94 %) 
Manufacturing cost [€] 19200 19200 (0 %) 5780 (-70 %) 

To compare the current state project with the ideal state project, the bill of quantities need to be 
equivalent. Therefore the current state bridge volumes were recalculated to be the same as in the 
presented ideal state. In the ideal state, much of the reinforcement was pulled just-in-time to the 
construction site, i.e. it came the same day as it was supposed to be fixed into the construction. The ideal 
state improved the lead time and inventory levels from current state with approximately 94 % (Table 2). 
Also, the manufacturing cost at site decreased significantly at the expense of increase in the procurement 
of the prefabricated rebar structures of approximately 30 %. Still, the overall construction cost decreases 
as well as construction time on-site. 

Visually comparing the VSM model of current and ideal states (Figures 4 and 5) clearly shows the 
possibility of minimizing the number of activities and lead time for the reinforcement activity on site. 
However, it should be mentioned that the proactive workflow management at the early design stage 
admitted the use of e.g. rebar carpets in the ideal state solution. Without commitment from all participants 
i.e. contractor, client, material supplier and designer, the ideal state would not have been possible to 
achieve.

Case study 2 – Wind tower Construction 
Table 3 summarizes the different types of waste observed in the construction of the wind tower gravity 
foundations. There were two main root causes for the observed waste; (1) large batches of reinforcement 
delivered to the site (Figure 5 and 2) lost tags on reinforcement bundles upon arrival. This made it 
difficult to trace reinforcement series, hence workers had to measure each rebar before fixing. The wastes 
of waiting, sorting and measuring, lifting and unloading, discussing and error rectification work could all 
have been drastically reduced if the following measures had been applied: 

a more robust marking of the reinforcement  
a clear structure for storing each of the 75 different series of rebar on site 
less reinforcement delivered on each delivery 

Table 3. Observations of waste during wind tower construction. 
Type of waste  Cause of waste 

Unnecessary sorting and measuring of reinforcement  Disorder upon delivery and too large stock 
Lifting, measuring and sorting  Stock size 
Waiting  Lifting, measuring and sorting 
Discussion  Disorder and sorting 
Errors and rectification work  Disorder and sorting 

Two different solutions could be implemented to solve the problems of missing tags. First a coloring 
system for tagging the different rebar radius where rebar with the same radius are marked with the same 
color in the shop and on the drawings. Secondly, upon delivery the rebar can be placed in rows with 
growing radius from one direction to the other, hence a specific radius and rebar can be found at a 
specific location. This would significantly decrease the time spent on searching for a specific rebar during 
fixing. 
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In Error! Reference source not found., the different values for the three construction states of wind 
power foundation are summarized. Since there have not been any ideal state performed for the wind tower 
construction, the values for the ideal state are speculative. They are based on the measured values for the 
ideal state bridge construction example. However, if the design of the foundations were adapted to 
buildability, the possibilities and potential for alternative and more productive construction methods 
would be considerable. 

Table 4. Lead time, inventory level and manufacturing cost for current future and ideal state. Numbers in 
brackets are improvement in percent. 

Process response Current state Future state Ideal state 
Lead time [h] 64 32 (-50 %) 20 (-63 %) 
Inventory level [days] 8 4 (-50 %) 2.5 (-63 %) 
Manufacturing cost [€] 38000 38000 (0 %) 9 720 (-70 %) 

Discussion and conclusion 
VSM is a method for visualizing work flow and identify opportunities for improvement and reduction of 
waste. It also provides a common platform for communication of work tasks within an organization. The 
Learning-To-See method (Rother and Shook, 2004) can be used in civil engineering projects to help on-
site management to understand and analyze the current workflow, to propose solutions and to improve 
performance. To reach the "ideal" state, buildability must be considered early in the project to be able to 
reduce activities and lead times on site. 

In this study it was possible to improve project performance by 50 – 73 % by using simple methods such 
as reducing batch sizes and implementing pull supply systems. On-site management often minimize 
transportation costs e.g. the mentality of “the trucks are so expensive” since this is a cost viewed at the 
project income level. However, the minimization of transportation costs will sub-optimize the 
construction process, decreasing overall project performance. In addition, the use of large inventory levels 
leads to lower inventory turnover that in turn leads to more material handling and obsolete or 
disappearing materials. 

By relating rebar management to project time table and the expected work load or consumption and 
making sure that deliveries are made using visual planning according to e.g. the Last Planner System, 
managers will decrease holding costs, minimize steel corrosion, avoid theft of rebar, minimize wasteful 
activities such as searching for right material or moving rebar stock around due to other work tasks. 
Consequently, productivity will increase as well as profits for the specific construction site. Instead of 
sub-optimizing the system by resource or sub-process utilization, focus should be moved to the whole 
process, by for example the VSM method. Another important benefit is that in the case of constructing 
bridges in a compact urban environment, where space for inventories is limited, this solution would 
improve efficiency even more. 
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SELF COMPACTING CONCRETE USE FOR 
CONSTRUCTION WORK ENVIRONMENT 

SUSTAINABILITY
Romuald Rwamamara and Peter Simonsson 

Abstract: 

Many of those working on construction sites are exposed to demanding work loads; construction workers 
lift and carry heavy materials and work in awkward postures. Occupational injuries and accidents due to 
poor ergonomics are more common in the construction industry and many times lead to human tragedies, 
disrupt construction processes and adversely affect the cost, productivity, and the reputation of the 
construction industry. In Sweden, it is reported that concrete workers have the highest relative work-
related musculoskeletal injury frequency. Therefore, the use of ergonomic production methods to prevent 
this can have a significant human, social and financial impact. Research introduced here presents a case 
study of comparative analyses of ergonomic situations for concrete workers performing concrete casting 
processes. Three different ergonomic risk assessment methods were used to assess the physical strain, 
hand-arm vibration and noise affects risks involved in concrete casting work tasks. The combination of 
technical and managerial factors results in a system where workers are as efficient and safe as possible 
during their work tasks, and thus, making the construction work environment sustainable. 

The aim of our research is to find practical methods to evaluate and compare two different concrete 
casting methods from an ergonomic perspective. The focus is on the production of cast-in-place concrete 
bridge constructions where the traditional concrete casting method is compared with the SCC (Self-
Compacting concrete) casting method. To be able to identify work-related musculoskeletal injury risks 
due to concrete casting work tasks, QEC (Quick Exposure Check for musculoskeletal risks), PLIBEL 
(Checklist for identification for Ergonomics Hazards) and ErgoSAM (Ergonomic production technology 
method) methods were used. Ergonomic risks analysis methods QEC, PLIBEL and ErgoSAM have all 
shown capabilities to evaluate construction work activities and thus determine whether a construction 
work activity constitutes a musculoskeletal risk to the worker or not before any ergonomic intervention is 
introduced.  

As a result the present ergonomic risks emanating from work methods used in the traditional concrete 
placing can be significantly reduced with the use of self-compacting concrete (SCC) that eliminates 
awkward work postures, noise and hand arm vibration, thus musculoskeletal injuries can be reduced if not 
eliminated among concrete workers during their concrete casting work tasks. 

Keywords: sustainability; construction industry; concrete casting; concrete workers; ergonomic risk 
assessment; design and constructability 
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Introduction 
Construction work environment and its economic impact 
In most industrialized and developing countries, the construction industry is one of the most significant in 
terms of contribution to Gross Domestic Income (GDI) and also in terms of impact on the health and 
safety of construction workers. In Sweden, the value of the construction work performed in residential, 
non-residential and engineering construction sectors in 2006 was approximately 15.7 billion euros (SCB, 
2010). On the average, the industry amounts to between 8 and 10 per cent of Sweden’s GDI and between 
2008 and 2009, 450.000 people were employed in the construction industry in Sweden. The industry 
contributes a great deal to improving quality of life as it provides homes we live in, the building we work 
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in and transport infrastructure we rely upon. However, for many workers, their involvement in the 
construction industry leads to pain and suffering associated with different occupational injuries such as 
WMSD (work-related musculoskeletal disorders) which account for 65 per cent of all injuries among 
construction workers (Samuelsson, 2008). The risk characteristics of a construction site are influenced by 
the amount of effort required to reduce the injury risk of the site by, for example, protecting the 
workforce from injury risks and taking the necessary health and safety measures. Detecting the injury 
risks of a construction site that could cause harmful effects on workers is crucial for successful health and 
safety management, because a hazardous work environment affects not only workers health and safety but 
also the time and cost of the project (Kyo-Jin and Langford, 2008). If risky work environment is 
incorrectly estimated and improperly protected, then the workforce will be exposed to possible work-
related injuries which could slow down their operations, undermine their productivity, and increase the 
possibility of unwanted accidents, thereby eventually increasing both time and costs. Thus, promoting site 
health and safety is worth paying its financial costs rather than suffering from economical or production 
losses associated with a lack of health and safety (Larcher and Sohail, 1999). 

Health and safety problems in the form of work-related illnesses and accidents cause relatively high costs 
influencing construction projects. Health and safety cost money; which will ultimately be paid for by the 
client either directly or indirectly. Therefore, cutting the sector’s high incidence of accidents and work-
related illnesses could save for example the EU and its taxpayers up to 75 billion Euros (estimated to be 
about 8 percent of the total project costs) a year, claims the European Agency for Safety and Health at 
Work (2004). 

Due to direct and indirect costs generated by an unhealthy construction work environment, both 
researchers and practitioners are constantly looking for better strategies and action plans to tackle health 
and safety issues in the production planning and construction processes. Through an adequate review of 
literature on the prevention of musculoskeletal disorders, Gervais (2003) stated that the integration of 
health and safety considerations into the planning of construction work, adoption of good management 
practices, provision of adequate training, improvement of working conditions, and elimination of 
biomechanical hazards was a satisfactory approach to prevent these injuries. 

Work-related musculoskeletal disorders (WMSDs) magnitude 
Pain, discomfort and loss of function in the back, neck and extremities are common among construction 
workers. These ailments are commonly termed Work-related Musculoskeletal Disorders (WMSDs). 
WMSDs are caused by or exacerbated by exposure to work related risk factors. They frequently lead to 
workplace absenteeism and early retirement. They are a prominent problem affecting workers in Europe. 
According to a European survey carried out in 2005, up to 25% of workers in the EU27 reported back 
pain, and 23% muscular pain related to work (European Agency for Safety and Health at Work, 2007). 

The Swedish construction work environment is regarded as the safest in the world (Flanagan et al., 2001) 
on the subject of physical health, working conditions, illnesses and accidents. Nevertheless, work 
environment related health problems are still to be tackled. Stress and other mental strains at work present 
the most dramatic development in recent years. However, the most common cause of work-related 
disorders in the last twelve years (from 1996- to 2008), has been the physical strain on the 
musculoskeletal system. In the Swedish construction industry more than one man in five, twice as many 
as for all men employed, report work-related musculoskeletal disorders; this corresponds to 50,000 men 
(Lundholm et al., 2007). It is obvious that musculoskeletal illness is the construction industry’s biggest 
problem (71% of all reported work-related injuries in 2007), these injuries are caused by the ergonomic 
risk factors, where the most common risk factors are heavy lifting, strenuous work postures, repetitive 
operations and prolonged one-sided work (Samuelsson and Lundholm, 2006; Samuelsson, 2008). 
Different occupational groups in the Swedish construction industry are affected by work-related 
musculoskeletal disorders (WMSDs) at different frequency levels; however the highest relative frequency 
of reported WMSDs belongs to the concrete workers (Lundholm et al., 2007). The association between 
occupational risk factors, such as awkward postures, repetitive motions, heavy lifting, and WMSDs 
among concrete workers has been established by previous research (Hess et al., 2004; Goldsheyder et al., 
2004). The cost to the worker of WMSDs is pain, along with loss of income through being unable to 
work. 

Construction work environment sustainability 
A sustainable development occurs when people’ needs and welfare are taken into account without 
neglecting other aspects in the environment. In a sustainable society, the social, economic and 



3

environmental related factors are dealt with in a manner that protects our environment. For the 
construction sector this entails the ability to produce buildings and infrastructure with less environmental 
impact as well as improving productivity and life quality. This further requires that sustainable 
development should not only be about the physical environment but also about people and their 
interaction (Halliday, 2008). 

The objective of construction work environment sustainability is derived from the concept sustainable
safety and health in construction which was introduced by Sathyanarayanan Rajendran and John 
Gambatese at Oregon University in USA. Current sustainable, or "green", design and construction 
practices are according to the researchers primarily aimed at minimizing environmental and resource 
impacts and improving the safety, health, and productivity of a building's final occupants. Designing and 
constructing buildings using current sustainability practices may, or may not, benefit construction worker 
safety and health. However, if a building is to truly be labelled sustainable, its design and construction 
must address worker safety and health during all lifecycle phases, including the construction phase 
(Gambatese and Rajendran, 2006). 

Research Objective   
Considerable research has been carried out to evaluate WMSDs in the construction industry and to 
identify intervention requirements to reduce risk levels. However, little research has been carried out that 
focuses on the individual trades within the industry. This is particularly true for the concrete casting trade. 

The research objective of the work reported in this paper was to determine the impact of the work 
methods employed for concrete casting in bridge construction in Sweden in terms of WMSD risks to 
concrete workers, and further recommend the working method that is conducive to a sustainable work 
environment for concrete workers. Hierarchical task analysis (HTA) was used to describe and analyze 
concrete tasks. In this study, two different concrete casting methods (i.e. traditional vibrated concrete and 
the self-compacting concrete (SCC)) were compared and concrete casting tasks were assessed for 
occupational exposure to hand transmitted vibration (HTV) and noise, as well as for WMSD risk using 
the Quick Exposure Check (QEC), PLIBEL checklist and ErgoSAM method. 

State of the Art Literature Review 
Concrete casting work methods 
Concrete mixes that are easy to handle and place have most always been preferred by practitioners, and to 
achieve this with traditional vibrated concrete (TVC) it has been customary to increase the level of 
consistence to make the mix more flow-able (e.g. De Schutter et al., 2008). For compaction of the TVC 
and to de-aerate and hence create the strength of the concrete, poker vibrators and other types of vibrators 
are used. These vibrators produce high noise levels and when working with these tools, the work is often 
carried out in unhealthy postures, (Figure 1 a-d below) resulting in a number of workers carrying around 
and using heavy equipment compacting the concrete. On the contrary, most often projects are under 
staffed due to a lack of qualified workers. This somewhat negative balance result generally in poor 
working environment, unnecessary stress during different working operations, lower productivity, and a 
more expensive production when compared to other parts of the construction industry and other lines of 
work e.g. manufacturing industry. 

According to a study at Danish Technological University, DTU (Nielsen, 2006) 10 % of a concrete 
workers average day consists of concrete casting activities e.g. pouring, vibrating and curing the concrete, 
thus working in stressful working postures and being exposed to back pains. 

As an alternative to traditional vibrated concrete, Self Compacting Concrete (SCC) has been introduced. 
SCC is a concrete were no additional inner or outer vibration is necessary for the compaction, as the 
concrete compacts itself alone due to its self-weight when flowing in the formwork. For the success of 
SCC, it is crucial to define the performance of the product, which can, according to the Growth project 
Testing-SCC, be discerned into three main parameters: 1) Filling ability 2) Passing ability and 3) 
Segregation proneness (Emborg et al., 2005). For these parameters, criteria should be established to be 
met by a proper mix design depending on geometry of structure to be cast, reinforcement, form type and, 
method and local tradition on how to pour the concrete (Figure 2 a and b). In structural members with a 
high percentage of reinforcement it also easily fills all form voids and steel gaps. 
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 a)  b)  c)  d) 

Fig. 1. Work postures when compacting traditional concrete in wall structure. a) Lifting the poker 
vibrator to the formwork, b) Lowering and/or raising it into/up from the formwork, c) Checking 
if concrete is vibrated enough, d) Lifting the poker vibrator to the next spot for vibration. 

  a)   b) 

Fig. 2. a) SCC being pumped into formwork. b) Slumpflow test measuring approximately 740 mm. 

In general SCC offers many advantages for cast-in-place construction as well as for the precast and 
prestressed concrete industry. In regard to the working environment the following are worth mentioning, 
less noise-level problems at construction sites, i.e. easier communication, eliminated problems associated 
with heavy vibrating equipment, improved quality and durability results in less rectification work and 
reduced concrete volumes due to higher strength (Cussigh, 2007; Emborg et al., 2007). According to 
recent international findings, SCC is on the cutting edge of scientific and technological developments, 
Shah et al. (2007) and Cussigh (2007). 

Early design for safety and buildability 
The intention of design is to produce a structure which is buildable, durable, maintainable and 
aesthetically pleasing, CIRIA (1996). It is therefore important for designers to also bear in mind workers 
safety both during construction and maintenance when designing a project. Hence, designers influence the 
ergonomic environment directly through; concept and detailed design, designers also choose structural 
frame and materials to be used and hence influence the logistics and the way materials are handled at the 
construction site. Unfortunately, many designers and planners have the need for more knowledge of 
construction sites to understand how their decisions will influence the work being carried out at site, 
Jergeas et al. (2001). 

To be able to utilize new ideas and to improve e.g. productivity and/or safety such as is the case with 
SCC, the design phase needs to be in focus. De Schutter et al. (2008) claims that in order to be able to 
obtain maximum benefit from SCC, it is important to adopt the technique as early as possible during 
design, thus making it possible for this technology to be adopted and used during the construction 
process. Consequently, the design decisions affect how a building or a bridge is to be built and determine 
the types as well as level of resources to be involved in the conversion process, Wong et al. (2004). 

Adams (1989), listed 16 parameters affecting buildability. One of them is “Design for safe construction”, 
in which he concludes that the design must be arranged so that working with materials and components 
and wherever traversing for access on a constructions site is essential, it can all be performed in a safe 
manner. A commonly accepted definition of Buildability is “the extent to which the design of a building 
facilitates ease of construction” (CIRIA, 1996), i.e. buildability is about how the design can make the 
construction phase more efficient, productive and safe according to Adams (1989) and CIRIA (1996). 
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Furthermore, to be able to achieve good productivity at a production site, the workers need too feel safe in 
their work environment. The design stage is thus important for the health and safety of workers, the 
productivity at a construction site and the amount of waste produced at a house or a bridge project. 

Assessment Tools and Methods 
Interviews and observations 
Along with interviews with concrete workers, observations were performed in a form of site-
walkthroughs. Moreover, the work situation was filmed with a video recorder and the film was analysed 
after the construction sites visits. The analysis of concrete casting work situations were carried out on the 
computer at the office, whereby the ambiguous parts may be repeated and experienced concrete workers 
can be consulted. 

The filming was done on three bridge construction sites where traditional concrete casting and the SCC 
(self-compacting concrete) casting were used: 

Traditional concrete casting (Figure 3 a) produces substantial noise levels and vibrating tools are used for 
concrete compaction; whereas the SCC casting (see Figure 3 b) uses a self-compactable concrete. SCC 
compacts itself under its own weight and is de-aerated almost completely while flowing in the formwork 
without the need for the labour intensive vibration usually associated with concrete placing. 

  a)   b) 

Fig. 3. a) Typical work situation during traditional concrete casting. b) Typical work situation during 
SCC concrete placing. 

Risk Analysis Methods 
Using the data from interviews with workers, observations of the workers placing concrete as well as the 
video films of the work situations; three ergonomic risk analysis methods, the ergonomic checklists QEC, 
PLIBEL as well as ErgoSAM were used to assess the level of musculoskeletal risk exposure in the two 
different concrete casting work methods. 

The Quick Exposure Check (QEC) was developed at Robens Centre of Health Ergonomics, University of 
Surrey, UK (Li and Buckle, 1997, 1999). The method is used to assess exposure to WMSD risk factors 
for the back, shoulder/arm, wrist/hand, and neck. Both the observer and the worker collect data. The 
observer completes a checklist on the workers postures’ and repetitive movements with respect to four 
body areas: back, shoulder/arm, wrist/hand and neck. In the workers’ case, a checklist is used to record 
information about the task duration, maximum weight wrist, hand force exertion, vibration, and visual 
demands of the task. Body area scores are calculated by combining the data from both checklists and 
comparing the result to values in the QEC assessment tables. 

PLIBEL -- The PLIBEL method (Kemmlert, 2006) is a checklist method that links questions 
concerningawkward work postures, work movements, and design of tools and the workplace to specific 
body regions. In addition, any stressful environmental or organizational conditions should be noted. In 
general, the PLIBEL method was designed as a standardized and practical assessment tool for the 
evaluation of ergonomic conditions in the workplace. 

Furthermore, another analysis method, ErgoSAM was used to evaluate the risk for musculoskeletal 
injuries, ErgoSAM is a production technology method designed for use by SAM-authorized engineers 
with a certain level of proficiency in load ergonomics. The method is based on Sequence-Based Activity 
and Method Analysis (SAM) and has been expanded with the addition of information about working area 
(zone) and weight of objects handled (Amprazis et al. 2002). 
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Comments on risk assessment methods 
QEC and PLIBEL as methods for musculoskeletal risks identification, they are both easy to use and quick 
to execute while assessing a working environment such a construction site. QEC focuses its risk 
assessment on four upper body regions and PLIBEL does assess risks for the same body parts in addition 
to the lower body regions, thus being an adequate complement to the QEC method. 

Although both QEC and PLIBEL methods make it possible for the most important risk factors for 
WMSDs to be assessed, in the case of concrete casting, hand-arm vibration risks are not referred to 
specifically, instead both methods look at the vibration risk in general. Both QEC and PLIBEL checklists 
are simple to use and are not time consuming. Most importantly, these two risk assessment methods 
facilitate a partnership between the practitioner and the worker to make the assessment of musculoskeletal 
risks. Thereby encouraging participative ergonomics to bring about solutions or ergonomic interventions 
that are based on worker consultation and worker’s partial evaluation of his/her work environment 
problem. For example, David et al. (2008) highlights that QEC is of value in prompting improvements 
and in evaluating the benefits (reduction in exposure to WMSD risk factors) by providing a structured 
process to help prioritize the need for change in working methods. It can form a basis for communication 
between management, production engineers and designers when evaluating interventions and allocating 
resources to fund improvements (David, 2005). 

Noise
Noise is generally emitted as a by-product of the processes in construction and other industrial settings. 
Construction work involves many work situations where noise might be harmful to construction workers 
hearing. The Council of European Communities (2003) in its directive 2003/10/EC lays down the 
minimum health and safety requirements to protect workers from the risks of noise exposure. The basic 
parameters of environmental noise are: 1- intensity or sound pressure level, 2- frequency content, and 3- 
variation with time. The sound pressure level is expressed on a logarithmic scale in units of decibels (dB). 

The sensitivity of human hearing varies with frequency. A frequency weighting filter, the A-weighting 
filter, is commonly used when measuring environmental noise to provide a single number level descriptor 
that correlates with human subjective response. Sound pressure levels measured using the A-weighted 
filter is notated as dB(A). 

The A-weighted sound pressure level is widely accepted by acousticians as a proper unit for describing 
environmental noise (Druga et al., 2007). The daily and weekly noise exposure levels (LEX,8h) are the 
time-weighted average of the A-weighted sound pressure levels for a nominal eight-hour working day or 
a nominal week of five eight-hour working days as defined by international standard ISO 1999: 1990 
(EC, 2003). 

According to the Swedish Work Environment Authority (2005), limit values of the noise exposure level 
for workers are established, Table 1. There are different limit values depending on if the worker is using 
hearing protection or not. The lower limit of LEX,8h 80 dB(A) implies that no action is needed. When the 
value increases and is in between 80 - 85 dB(A) the worker needs to use hearing protection. When the 
exposure level increases over 85 dB(A) specific action needs to be taken. This can include; information 
and education, a specific plan of action, regular hearing checks and using other technical solutions. Using 
SCC, a different technical solution, the compacting work is eliminated and therefore the sound associated 
with the vibrating moment is eliminated, Shah et al. (2007). 

Table 1. Limit Values for Noise Exposure Levels According to the Swedish Arbetsmiljöverket AFS 
2005:16. 

Lower
limit

Upper
limit

 Limit 
value 

Daily exposure level Lex, 8h 80 85 Daily exposure level Lex, 8h 85 
Maximum A-adjusted LpAFmax - 115 Maximum A-adjusted LpAFmax 115 
Impulse value 135 Impulse value 135 

Economy of Health and Safety 
There are direct and indirect costs for a company associated with workers sick leaves. Direct costs are 
such personal costs seen in companies bookkeeping/accounting, examples of such are, sick leave pay, 
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social fees, vacation salary, and insurance fees. Indirect costs are such costs that not are related to workers 
e.g. production loss costs, loss of quality costs. 

During the 1920s, according to Rose and Orrenius (2006), Heinrich (Heinrich, 1931) performed studies 
on accidents within companies, he suggested that a companies indirect cost were four times higher than 
the direct costs. Rose (2001) calculated the indirect costs caused by work related personnel injuries i.e. 
accidents and diseases to be 19 times the direct costs for companies within the construction industry. 
According to the European Agency for Safety and Health at Work (2010) the indirect costs for WMSDs 
lies between 10 to 30 times higher than the direct costs. In this report they found that the estimated costs 
for WMSDs is per person affected each year between 6800 € and 11200 €, this cost comes from high 
absence rates and productivity losses. The absenteeism due to workers being sick is affecting the 
productivity with about 7 % according to this study, for instance,one can say that the timetable for each 
project is delayed with about 7 %. 

According to the Swedish Social Insurance Agency (2004) injury cost estimations, the single biggest 
cause for sick leaves is back pain which accounts for 15 % of all sick leaves among men and 12 % of sick 
leaves among women. The average of the total back pain illness compensation per case for men (focusing 
on men which constitutes 92 % of the construction industry’s workforce) is approximately 4 600 €, this 
cost denotes 45 € per sick leave day. Back pain being the most common illness among men does account 
for 17 % of all sickness compensations. Considering only the construction industry, Samuelsson and 
Lundholm (2006) reported that out of all 1582 cases of  sick leaves caused by occupational illnesses 
reported in the year 2004, some 1342 of them were caused by ergonomic risk factors (including vibration 
and noise). 

Furthermore, 279 cases of Work related Muscular Skeletal Disorders (WMSDs) were reported among 
concrete workers in Sweden (Lundholm and Swartz, 2006), their sick leave compensations could 
approximately cost up to 1,3 million € for the Swedish taxpayers. This number should be evaluated in 
contrast to the consumption of ready mix concrete (RMC) which in Sweden is roughly 3 million m3 per 
year. If these numbers are extrapolated into figures related to the EU, the cost would end up on 214 
million € for the European taxpayers, since the total consumption of RMC in the EU is approximately 
491,5 million m3 per year. There are of course other direct and indirect costs such as productivity loss and 
hiring substitute workers that are not often calculated. 

Results and Discussion 
Measurements from castings of two similar superstructures with approximately similar amount of 
reinforcement were used for the evaluation of the PLIBEL and QEC checklists respectively. The first 
project was cast using self compacting concrete and the other one was cast with traditional vibrated 
concrete. When it comes to the vertical castings, ErgoSAM and QEC checklist were used for the 
evaluation. Two different plate structures with about the same measurements (height and width) were 
studied during casting also using self compacting concrete in the first and traditional vibrated concrete in 
the second project. 

PLIBEL checklist results 
The PLIBEL checklist for concrete workers task of casting the traditional concrete reports a moderate 
percentage (38.1%) for risk factors present for the lower back, and low percentage (36.4%) of risk factors 
present for the neck, shoulder, upper back, elbow, forearm and hands (Table 2). For the worker’s SCC 
casting task, the PLIBEL checklist reports a low percentage (between 23 and 25%) of risk factors present 
for the feet, knees, hip and low back. Table 3 shows that both methods of concrete casting share several 
environmental and organizational modifying factors with one exception regarding the hand-arm vibration 
risks which are particular to the compacting of traditional concrete casting. Two similar bridge 
construction projects are compared in Table 2. The results in Table 2 are gives the score of potential body 
regions for musculoskeletal injury risks. The score for environmental and organization risk factors are 
used to modify the interpretation of musculoskeletal scores. 
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Table 2. PLIBEL score for Musculoskeletal Risk Factors scores for slab concrete casting work tasks. 
Musculoskeletal Risk Factors Scores 

Neck,
Shoulder,

Upper back 

Elbows, 
Forearms, 

Hands 
Feet Knees

and Hips 
Lower
back

SUM (Conventional concrete casting) 9 4 2 2 8 
SUM (SCC casting) 4 1 2 2 5 
Percentage (Conventional concrete casting) 34.6 36.4 25 25 38.1 
Percentage (SCC casting) 15 9 25 25 23.8 

Table 3. PLIBEL results for environmental and organizational factors slab concrete casting work tasks. 
Environmental / Organizational Risk Factors Score 

SUM (Conventional concrete casting) 7 
SUM (SCC casting) 6 
Percentage (Conventional concrete casting) 70 
Percentage (SCC casting) 60 

The PLIBEL checklist for the concrete worker at wall concrete casting tasks (Tables 4 and 5) while using 
traditional concrete, reports a moderate percentage (between 37 and 50 %) of risk factors present for the 
neck, shoulder, upper back, and lower back. Whereas the concrete worker was casting the SCC, PLIBEL 
checklist reported much lower percentage (between 8 and 25 %) which means that by using SCC there is 
less likelihood of injury risks for body regions. Several environmental and organizational modifying 
factors are present as well in both two types of concrete castings, even though these modifying factors are 
higher in the traditional concrete casting than in SCC casting. 

Table 4. PLIBEL score for musculoskeletal risk factors for wall concrete casting work tasks. 
Musculoskeletal Risk Factors Scores 

Neck,
Shoulder,

Upper back 

Elbows, 
Forearms, 

Hands 
Feet Knees

and Hips 
Lower
back

SUM (Conventional concrete casting) 10 5 3 3 8 
SUM (SCC casting) 2 1 2 2 3 
Percentage (Conventional concrete casting) 40 50 37.5 37.5 40 
Percentage (SCC casting) 8 10 25 25 15 

Table 5. PLIBEL results for environmental and organizational factors for wall concrete casting work 
tasks.

Environmental / Organizational Risk Factors Score 
SUM (Conventional concrete casting) 5 
SUM (SCC casting) 3 
Percentage (Conventional concrete casting) 50 
Percentage (SCC casting) 30 

QEC Checklist  
In accordance with the QEC exposure scores in Table 6, the results in Figure 2 shows that in the studied 
case study all conventional concrete casting work tasks have high levels of exposure for the back 
especially when using the concrete vibrator. These high levels of exposure should be reduced. 

The average exposure scores are high for the shoulder/arm body area, and the exposure levels are 
especially very high when using the concrete poker.  Performing the concrete casting tasks on horizontal 
plan (floor) or vertical plan (wall) does seems to have the same effect on the shoulder/ arm, except when 
the concrete vibrator is used, then it is indicated that the exposure levels were slightly reduced when 
vibrating the concrete on the floor in  comparison to vibrating the concrete in the wall. 
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Table 6. QEC exposure levels for different body regions and organizational factors, after (Li and Buckle, 
1999). 

Exposure factor Exposure level 
Low Moderate High Very high 

Back (static) 8-15 16-22 23-29 29-40 
Back (moving) 10-20 21-30 31-40 41-56 
Shoulder/arm 10-20 21-30 31-40 41-56 
Wrist/hand 10-20 21-30 31-40 41-46 
Neck 4-6 8-10 12-14 16-18 
Driving 1 4 9 - 
Vibration 1 4 9 - 
Work pace 1 4 9 - 
Stress 1 4 9 16 

Figure 4 also shows that the high exposure scores in wrists and hand when the conventional concrete 
casting especially when the concrete poker is used. There is still no major distinctive difference between 
the exposure levels during concrete casting on the floor or on the wall. Furthermore, Figure 4 indicates 
that all work tasks have high exposure levels for the neck except for the work task of smoothing SCC 
surface. These high exposure levels are explained by the time factor (4 to 8 hours workday) which does 
not change for the concrete worker. 
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Fig. 4. QEC Results for Exposure Levels for Body Regions, measured during both horizontal and vertical 
castings.

According to the QEC guideline of exposure scores in Table 4, it is shown in Figure 5 that other work-
related health risks (such as vibration, work pace, stress and driving at work) due to the environmental 
and organizational factors are present in both concrete casting methods, except that vibration risk factor, 
in this case hand-arm vibration does only affect the workers while casting the conventional concrete 
which requires a compacting process. Risk to musculoskeletal injury due to the work pace adopted during 
SCC concrete casting was quasi absent; however for the conventional concrete casting, QEC results 
reported moderate exposure levels. This is explained by the fact that the concrete worker has to vibrate 
the conventional concrete as soon as it is cast and before the concrete settles. 
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Fig. 5. QEC Results for Exposure Levels for Environmental and Organizational Factors. 

Ergonomic Analysis, ErgoSAM Results 
After observing concrete workers performing their jobs on the construction site, and after informal 
interviews with concrete workers, it became obvious what were classic work cycles for different methods 
of concrete casting. Based on this information, video films were taken and analyses of representative 
short work cycles were performed to identify any risks for WMSDs for concrete workers performing their 
tasks using different construction methods namely conventional and industrialised methods. Results of the 
analyses for representative work cycles are presented in Figures 6 and 7, where different loads on 
concrete workers are represented by Cube values. 
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Fig. 6. ErgoSAM analysis of a short work cycle of a concrete worker working with TVC (traditional 
Vibrated Concrete). Measured cube mean value = 18,2. A cube value under 6 is acceptable, 6 to 
under 9 is conditionally acceptable and 9 and above is unacceptable. 

The Cube value or the load level falls within three levels; where under 6 is acceptable, 6 to under 9 is 
conditionally acceptable and 9 and above is unacceptable. For example, the work cycle mean value of 
18,2 obtained in ErgoSAM analysis in Figure 6 falls into the unacceptable area. Here the concrete 
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workers are casting a relatively small plate structure, only about 3 meters high. During casting they are 
constantly lifting the heavy poker vibrators in awkward working positions and repositioning the vibrators 
into the concrete (see Figure 1 a-d above) resulting in an unacceptable working environment according to 
the ErgoSAM model. 

The above discussed results of TVC should be compared to the findings in Figure 7, when a similar plate 
structure was cast with SCC. The work cycle mean value of 5.7 was obtained in the ErgoSAM analysis in 
the case of SCC casting, thus making these work tasks acceptable as far as the workers work-related 
musculoskeletal health is concerned, and hence entails no risk factors for WMSDs. Consequently, it 
becomes obvious that the normal concrete casting work exposed the worker to WMSD risk factors, over 
three times higher than working with SCC casting. 

Fig. 7. ErgoSAM analysis of concrete worker‘s short work cycle during SCC casting. Measured cube 
mean value = 5,7. A cube value under 6 is acceptable, 6 to under 9 is conditionally acceptable 
and 9 and above is unacceptable. 

Conclusions
Employees who are well and content with their work are a key factor in a successful company. It is vital 
for the company to ensure that the working environment and conditions provide the right setting for 
employees to achieve peak performance in their work. Apart from the personal discomfort involved, 
work-related problems and ill-health cost money in the form of impaired quality, productivity losses, and 
increased employee turnover and sick leave. Occupational safety costs will ultimately be paid for by the 
client either directly or indirectly. 

Two work processes within a concrete casting operation were assessed to determine the presence of risk 
factors associated with musculoskeletal disorders. The concrete castings were analyzed using three 
exposure assessment methods. The high amount of effort required to vibrate the traditional concrete 
between the steel reinforcement structures is a risk factor associated with this process. Possible 
interventions include using a mix of steel fibers and concrete or using SCC in order to eliminate the 
pulling and pushing of concrete vibrators through narrow steel reinforcement cages. 

Considering for instance a case with a 10 meter high plate structure with dense reinforcement, the 
improvement of working environment is possibly even larger. This is due to fact that the worker has to 
climb down inside the construction carrying the vibrating equipment to be able to compact the concrete 
sufficient enough. This result in an exceptionally poor working environment, and also in a probable loss 
of productivity, due to much lower unit time for casting traditional vibrated concrete. 

SCC is used for practicality in order to shorten the construction time period of large-scale construction, 
but it could also be used in various projects to eliminate vibration and noise risks, thus improving the 
working environment on the site (Okamura and Ouchi, 2003; Brite Euram, 2000). However, the most 
common use of SCC is probably when there is a narrow section to be cast, where the proper concrete 
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vibration could be hindered, as an example of this, casting against roofs in tunnels so called tunnel linings 
can be mentioned. 

In this study, the comparison between traditional concrete and SCC has indicated that SCC impact of 
working conditions (physical strain, hand-arm vibrations and noise) is very important in terms of concrete 
workers musculoskeletal health as the SCC casting eliminates hand-arm vibration and reduces strenuous 
physical work which are usually an integral part of the traditional concrete casting. 

The concrete worker often bends at the waist to force the vibrator through the reinforcement structure, 
manually lifting the vibrator or pulling it to a new location results in undue stress on the back of the 
workers (see Figure 1 a-d)ar. By using cordless and light vibrators one can minimize the stress on the 
workers’ backs, however, these vibrators have less effect and have to be used more to compensate. 

It is recommended that further action be taken to mitigate the exposure to musculoskeletal risk factors 
within each of the identified concrete casting tasks. The implementation of ergonomic interventions has 
been found to reduce the amount and severity of musculoskeletal disorders within the working population 
in various industries (Hendrick, 2008). It is recommended that ergonomic interventions may be 
implemented in the concrete casting process of bridge construction projects in Sweden to minimize 
hazards in the identified job tasks. 
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ABSTRACT 

As known the product SCC comprises many advantages compared with 
traditional concrete but yet it has not changed the market of cast-in-situ 
concrete as expected. This may be related to some robustness problems 
of the concrete and to a general opinion that the product is considered to 
be expensive. However, SCC has become more robust over the last few 
years and manufacturers have improved their quality vastly.

To increase the use of SCC, the actors of the building trade need to be 
informed how to benefit from all the advantages of SCC (i.e. the working 
environment the health and safety of the workers, the productivity etc). 

The paper deals with full-scale examples on the use and the realization of 
SCC obtaining several benefits during the whole project time. Specially, 
the economics and the working environment - are treated. 

Key words: SCC, benefits, economy, productivity, working 
environment, robustness 

1. INTRODUCTION

Self-compacting concrete (SCC) is an important element in the development of the 
industrialization process of civil engineering projects as it can, if managed properly, decrease 
the number of workers needed during casting and become economically profitable as well. 

What happened with the expected development of SCC? In the late 1990´s many specialists 
argued that they expected SCC to have more than 50 % of the total concrete market within a five 
year period. Today, ten years later however, the market shares of SCC in EU nations are clearly 
below 10 % with large variations from country to country. For instance Cussigh [1]  reports that 
only about 3 % of all ready mixed concrete in France is SCC while in Denmark the SCC market 



34

share is as high as 25 %. In Sweden, the SCC market share is about 10 % with very large local 
variations. However, the definition of SCC varies from country to country. 

According to recent international findings, SCC is on the cutting edge of scientific and 
technological developments, [1], [2] and it is essential to introduce the technique in a broader 
manner in cast-in-situ concrete construction. However, still, the utilization of SCC is very low 
and one important reason is, according the authors above, the economy. The need for high 
quality constituents of materials results in a more expensive product that not compensates for 
the possible economical benefits.  

Thus, it is essential to clearly document all the direct and indirect benefits using SCC. This 
article is a contribution to this topic dealing with economic questions, working environment, and 
industrialization possibilities in projects were SCC has been used.  

2. OBJECTIVE OF THE PH D PROJECT 

The research project “Industrialized civil engineering with cast-in-situ concrete” at Luleå 
University of Technology aims to evaluate methods to increase the degree of industrialization in 
bridge construction. One of the objectives is to investigate possible productivity benefits using 
SCC at cast-in-situ construction sites.  Other objectives are to examine the economic potential of 
the product and the impact on the working environment.  

3. ROBUSTNESS AND TARGET VALUES OF SCC 

3.1 Benefits and obstacles with SCC  

Among the positive effects of SCC are: improved working environment and reduced noise level, 
easiness of placing, productivity enhancements, higher strength, faster construction, and less 
man hours needed for production, can be especially mentioned.  

Regarding civil engineering projects, there are certain parts where SCC is superior to traditional 
vibrated concrete, i.e.: high walls, columns or plate structures [3]. Most often, when casting 
these structures with traditional vibrated concrete, concrete workers have to climb down inside 
the form to be able to carry out the compaction of the concrete properly resulting in low 
productivity and poor working environment.  

However, according to Shah et al. [2] there are some issues hindering the introduction of SCC 
on a broader front; questions regarding the development of formwork pressure, problems related 
to static and dynamic segregation resistance, rapid loss of slump flow and doubtful robustness. 
Cussigh [1] has other explanations for the low adoption of SCC in Europe; a need for high 
quality materials which in turn results in SCC materials costs clearly exceeding the traditional 
concrete, an insufficient accuracy of concrete production equipment, as well as a lack of quality 
control requirements and standards. 

Another factor hindering the introduction of SCC is that it is important to establish a quality 
assurance system for difficult concrete works, especially when the structural section is narrow or 
the reinforcement is very dense as in most bridges today [4]. However, this is seldom done in 
praxis.



35

3.2 Robustness

Two reasons why SCC is not being used more frequently are the relatively large quality 
variations and the difficulty in keeping SCC robust. Though, concrete manufacturers in recent 
time have improved the quality and hence the robustness of SCC, these negative effects are still 
present, with the result that the contractor calculates the risk of using SCC to be too high. 
Therefore, the contractors simply do not use the product even though both costs and time can be 
saved.

According to Taguchi [5], robustness generally is defined as insensitive against disturbance. For 
SCC the disturbance can occur in the form of fluctuations of properties of the concrete 
constituents, mixing procedure and transport conditions. Thus, an important feature of SCC is 
the ability to maintain its fresh properties and structure during transport and casting of a single 
batch or multiple batches, [6] and [7]. According to the European guidelines for SCC [8] a well 
designed and robust SCC can typically tolerate a variation of 5-10 liters/m3 in mix water content 
which in practice is about 3-6 % of the total water content.  

3.3 Target values 

Different target values are preferred for different structural parts in a construction. For civil 
engineering applications this implies that for a slab compared with a column or foundation, the 
concrete have different properties. Figure 1 show possible target values and allowed variations 
of the filling ability expressed by slump flow and T50. The slump flow for bridge foundations, 
columns or walls should be greater than for a bridge slab where a slightly less fluid concrete is 
preferred creating opportunities for a proper form filling. 

Another example of target values has been suggested by Walraven [9], Figure 2, stating nine 
consistency classes for SCC regarding slump flow, T50, V-funnel time, segregation and passing 
ability. As seen the consistency class is dependent on the construction type (e.g. ramps, walls, 
floors). Walraven [9] concludes that SCC can be tailor-made for any kind of construction 
including fairly steep inclination (up to 30º).

It is thus evident that it is important to design and modify the concrete for a specific project and 
also for specific structural parts within the same project.  
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Figure 1. A) Examples of criteria for SCC for wall and slab in a workability diagram (slump 
flow vs. T50), where the ellipse represents target value and tolerance.
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Figure 2. Properties of SCC for various types of application [8], [9]. 

4. INDUSTRIALIZATION AND SCC 

4.1 Possibilities for an increased concrete construction

Experience has shown that SCC not alone automatically implies a clear step into 
industrialization. Therefore, within the research project at LTU, feasibility studies were carried 
out to grade various measures for industrialization of bridge construction. Ten already 
constructed concrete bridges were followed up regarding unit times and costs for reinforcement, 
formwork, and concrete. Areas of major improvement were identified. Figure 3 shows estimated 
effect on man power requirements if industrial methods regarding formwork, concrete, and 
reinforcement theoretically were applied to these bridges.  

Figure 3. Possible reduction of man power requirements if industrial methods are applied to 
concrete bridge construction. Theoretical estimations based on follow ups of ten Swedish 
concrete bridge objects 2003 – 2005 (i.e. “traditional” in the figure).  

A large man power reduction was achieved with a more effective handling of reinforcement – 
which is well known. Different solutions for effective reinforcement fixing can thus be applied 
at various parts of bridges. At e.g. geometrically more complicated parts, reinforcement can be 
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traditionally placed piece by piece in the formwork. For major parts of the structures the 
reinforcement can be prefabricated into cages in a controlled environment in a factory or at a 
manufacturing location at the production site and lifted directly into the form. Reinforcement 
can also be prefabricated into rebar carpets and rolled out at site (Figure 4), preferably in 
superstructures of the bridges, see e. g.  [10].

a)  b)  c) 
Figure 4: a) and b) Manufacturing of carpet reinforcement in a controlled factory environment. 
c) Placing of carpet reinforcement on the superstructure. 

The formwork can be designed to be a permanent part of the structure which often is the case in 
house production. This method of production can be applied for foundations, columns and/or 
plate structures, while an extensive use of permanent formwork for bridges is not realistic.  

Considering the potential for SCC, apart from a significant reduction of man hours, as shown in 
Figure 3, it also increases the casting rate, and improves the working environment, see e.g. 
Skarendahl [11]. 

4.2 Productivity according to Lean Construction 

Another important component in industrialization is the organisation at the site and the attitude 
of the personnel. Philosophies of Lean Construction can thus be a useful tool. In Lean 
Construction waste (in Japanese: muda) plays a central role, whose definition is any human 
activity that absorbs resources without creating any value [12]. Two types of muda are defined: 
Type one muda creates no value but is necessary with current technologies while the type two 
muda creates no value at all and is immediately avoidable. Increased productivity is dependent 
on how much the muda can be eliminated.  

Considering the concrete from this point of view, vibrating is not waste when casting traditional 
concrete, but on the other hand not very productive either. Therefore, the compaction of 
concrete can be graded as type one muda according to the definition above. On the other hand, 
in case of SCC, the vibrating should be regarded as type two muda.

When using SCC, concrete workers are being released from their traditional assignment of 
vibrating the concrete and free to perform other tasks during the form filling. For example, the 
workers can fix reinforcement and prepare form for next section to be cast i.e. a leap in 
productivity is near at hand. 

Regarding the reinforcement a similar reasoning can be made. When traditional reinforcement is 
mounted for the bridge foundation for instance, the worker fetches and fixes each reinforcement 
bar at the correct location piece by piece. Traditional placing of reinforcement involves a lot of 
movement and carrying of reinforcement which can be considered as type one muda, since it is 
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necessary with this technology but does not create any value. Using prefabricated reinforcement 
cages or rebar carpets, the element of movement/walking is reduced to a minimum or 
completely eliminated on site. If this is still done, the reinforcement handling ends up as a type 
two muda. 

The productivity could consequently be improved simply by choosing the correct components, 
materials or prefabrication level to work with. Another method of improving the productivity is 
to increase standardisation, making structural parts more similar. It can be as simple as limiting 
the types of distance blocks for keeping the correct concrete cover layer, or to design identical 
foundations, columns or superstructures similarly in larger project to make them repeatable.   

4.3 Working environment ergonomic analysis through ErgoSAM 

According to a study at the Danish Technological University [13] some 26 % of a workers 
average day consists of concrete casting and reinforcement fixing (approximately 10 % and 
16 % respectively). If this is translated into time, it will be just over 2 hours per working day, or 
57 full working days a year. This work is often done in awkward positions with heavy 
equipment such as the poker vibrators for the traditional concrete or with heavy material when 
placing the reinforcement piece by piece.  

According to Nielsen [14], construction workers is one of the most exposed groups of 
employees when it comes to noise, heavy lifts, poor ergonomics and varying weather conditions 
in society today. It is concluded that a chance of improving the working environment often is 
denied, because the contractor considers the short term prize for material and man power only, 
and not the total long term cost reduction from an improved working environment.  

The difference in working environment between traditional casting of concrete and casting SCC 
has been debated recently; see e.g. Geel et al. [15], Nielsen et al. [16], Lecrux et. al. [17] to 
name but a few, who all, debate the importance of introducing SCC for the workers point of 
view. However, there are few researchers presenting numbers which actually show the 
environment when casting traditional concrete as compared to SCC.  

To be able to perform the comparison between different working methods a model is needed. 
The ErgoSAM model together with the Cube Model is such a tool. The ErgoSAM is based on 
the Cube Model that has been  used on site observations to acquire the risk of Work-related 
Muscular Skeletal Disorders (WMSDs) combine the variables; work posture, force and 
repetition. For every work task and for each variable separately, demand levels may be defined 
as low, medium, or high. The demand criterion is chosen so as to discriminate between good or 
poor work ergonomics, and assigned weight factors 1, 2, and 3 respectively. The combined 
value, representing the load level or exposure level, is obtained by multiplying the result of the 
three variables illustrated in Figure 5. The product determines the acceptability of the task [18].
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Figure 5. The Cube model combining the variables; work posture, force and frequency [18].  

Combinations of these demands will largely decide whether a work situation involves risks of 
strain injuries or musculoskeletal disorders [19]. The ErgoSAM model has been used by 
different Swedish companies within the manufacturing industry. For instance, studies have been 
carried out at Volvo Cars in Gothenburg [20]. At the full scale project, the observations were 
done as a construction site-walkthrough, video filming identified steel reinforcement and/or 
concrete casting activity work cycles and interviews with the workers. These observations were 
the basis for a further assessment with ErgoSAM. 

4.4 Economy

One of the drawbacks with SCC is that it is considered to be more expensive to manufacture 
than traditional concrete, a cost that is difficult to meet by a higher prize [1]. Hence, to be able 
to make SCC profitable also the casting phase needs to be included. Therefore, the productivity 
when casting SCC should be high which means that the production system needs to be adapted 
to the “new” concrete. The difference between the manufacturing cost for the original concrete 
and the SCC cannot be too large if SCC is to become profitable [21].  

There are factors reducing the cost for SCC; reduced energy consumption due to the absence of 
vibration, lower future maintenance cost, reduced illness of construction workers, as mentioned 
above [9], as well as lower over-head costs for projects due to decreased rental costs for various 
types of equipment and shorter construction time.  

However, the probably most important factor when considering the economy of SCC is to have 
the whole life span of the project in mind when choosing material. SCC has often an increased 
strength and durability which should be utilized when considering the reduction of maintenance 
needed for a project during its life span. This could also be utilised for the possible reduction of 
shear force reinforcement as well as minimization of the structures cross sections. This of course 
applies for any high strength concrete. These factors together with faster casting and less labour 
needed will result in considerable reduction in costs and risks, and it will also reduce the traffic 
disruption during construction.
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5. LABORATORY STUDIES 

5.1 General

As mentioned earlier, to be able to produce a robust SCC product the focus should be on 
keeping the fluctuations of the different constituents as low as possible and to design a robust 
concrete mix. Among possible fluctuations e.g. the quality of the coarse aggregate, cement or 
additives are important, whereas, the moisture content in the coarse aggregate might be the 
factor causing the most common and largest variations. Therefore, the recipes of the SCC used 
in the two full scale projects (Chapter 7), were tested in the laboratory regarding sensitivity to 
fluctuation in water content. This corresponded to a moisture content variation of ± 0,5 % and 
± 1,0 % with no compensation in the mix design. Two test series were performed for mix 
proportions, according to Table 1. Variations in filler content were performed by adjusting the 
aggregate content. The fine and coarse grained aggregate curves featured ± 14 % deviations 
from the original curve at the fractions 1 mm. Figure 6 and 7 show documentations of 
workability (slump flow, T50 and V-funnel) and rheology (shear stress and viscosity) for the 
mixes.  

Table 1. Concrete mix proportions at laboratory tests for two recipes. SCC 1 is the mix used in 
study no 1 and SCC 2 is a mix used at study no 2 however, here, with the same aggregate as 
SCC 1.

Materials (kg/m3) SCC 1 SCC 2

0-8 mm 1012 899
8-16 mm 545 651
Cem 450 430
Limestone filler 122 130
Water 175 172
Superplastcizer 0,8 0,6
Water / Cement ratio 0,39 0,40

5.2 Results

The first studies were carried out on SCC 1. The variations in moisture content varied between 
± 1,0 % for this recipe, with one exception. In the mix with a filler content of 80 kg/m3 only 
± 0,5 % water was added due to considerable separation when + 1,0 % water was added.

Regarding the slump flow of SCC 1, it was observed that the concrete is not particularly 
sensitive to the moisture change of the aggregate. However, when studying the V-funnel test 
results, it can be seen that the flow time is noticeably longer for the drier mix than for the wetter 
and, hence, the moisture content clearly affects the concrete for this type of test. It is also 
observed that, the concrete gets less fluid when the filler content increases. Moreover, the 
concrete with the fine sieve curve is rather sensitive to moisture, as compared to the 
insensitiveness of the concrete with the coarse grained aggregate. 
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Figures 6 a to f. Workability and rheology tests on SCC 1: slump flow, V-funnel, T-50, shear 
stress, viscosity and shear stress / viscosity. Variations of moisture content in 0-8 mm; -1% (left 
column) and +1% (right column) from reference mix (middle column) (80 kg/m3 filler: ± 5 % 
variation). 

Considering the T50-time, it can be seen that the moisture content has a small effect, since the 
test time is significantly shorter for the wet mix compared with the dry mix. Regarding the fine 
grain mix and T50, the test with reference moisture content was affected by the laboratory 
equipment, and the value is therefore not relevant. 

According to the shear stress values of Figure 6 d), there is an obvious difference between the 
fine grain and coarse grained results. The fine grained material is more sensitive to water 
content than the coarse grained aggregate.  

The test results in Figure 6 e) (viscosity) and 6 f) (viscosity versus yield stress) do not show any 
apparent differences and no specific conclusions can be drawn. However, there is a difference in 
the filler content; the viscosity is larger with a higher amount of filler. Also, it can be observed 
that the drier mixes have higher viscosity values. 



42

In the tests with SCC 2, the slump flow and V-funnel, Figures 7 a) and 7 b), were rather 
insensitive to the water content in the concrete. The slump flow for the mix with reference water 
content, declines with increasing filler content. On the other hand, regarding the v-funnel test, 
the reference filler content gives a long flow time while both high and low filler content lead to 
shorter flow times.  
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Figures 7 a to f. Workability and rheology tests on SCC 2 for filler variations: slump flow, V-
funnel, T-50, shear stress, viscosity and shear stress / viscosity. Variations of moisture content 
in 0-8 mm; -1% (left) and +1% (right) for filler content 130kg/m3 and 170 kg/m3 from reference 
mix (middle). Variations of moisture content for 90 kg/m3-0,5% (left) and +0,5% (right) from 
reference mix (middle).  
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Considering the viscosity test results, there is probably a break point between filler content 
130 kg/m3 and 170 kg/m3, since there is a clear difference between these two test values. The 
T50 test results are very low and can be said to be within the margin of error and no clear 
conclusions can be drawn. 

Generally, from the laboratory tests it is observed that both SCC mixes are relatively insensitive 
to the moisture variations studied even though the filler content was both increased and 
decreased from the reference mix. However, SCC 1 is somewhat more sensitive than SCC 2 to 
the changes of moisture content. 

Furthermore, some relation between slump flow and shear stress is present as well as between 
T50-time, V-funnel time and viscosity as similar observations can be observed for the rheology 
tests as for the workability tests when varying the mix. 

6. FULL SCALE PROJECTS 

6.1 General

Two full scale projects have been studied with two concrete suppliers that had different 
experience with the SCC product. The first supplier had never delivered SCC to a civil 
engineering project before and had accordingly little experience and no recipe while the second 
supplier had more experience and several SCC mixes available as commercial products.   

Study No 1: The Kalix bridge
Near the village Kalix, approximately 100 km NE of Luleå, the most comprehensive studies 
were carried out. The bridge “the industrial concrete bridge” featured a span of 10 m and a 
width of 15 m. The full scale project comprised “new” reinforcement solutions such as 
reinforcement cages for the foundations and rebar carpets for the superstructure. Prefabrication 
was also chosen for some of the very dense shear reinforcement. SCC was used for all parts of 
the bridge. To facilitate the introduction of these new working methods, the design and 
production planning of the bridge were carried out according to Lean Construction philosophy 
[22].

In total, the bridge consisted of approximately 280 m3 SCC cast at four stages: foundation, plate 
structures, end walls and superstructure. The superstructure comprised 16 tons reinforcement of 
which 13 tons were placed using rebar carpets. The reinforcement for the foundation was 
prefabricated in two sections, one for each foundation plate, each weighing 2.7 tons. The cages 
were mounted in single pieces directly from the delivery truck into each of the foundation 
formwork, ready to be cast as soon as the connecting reinforcement had been installed.  

Study No 2: The Nynäsvägen bridge
The project at Nynäsvägen (50 km SE of Stockholm) consisted of two identical bridges next to 
each other (bridge spans of 18 m and widths of 9 m). The total amount of concrete for the 
foundations, columns and superstructures for both bridges was approximately 550 m3. Each 
bridge was cast at five stages and the largest single casting was approximately 210 m3 for the 
superstructures. SCC was used for the entire structure. 
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At these bridges the reinforcement were placed traditionally except some 1.8 ton of the 
superstructure where rebar carpets were used. The low degree of prefabrication was due to the 
late introduction of use of rebar carpets, and accordingly little time for proper redesign.   

6.2 Documentation of concrete properties 

The concrete properties, slump flow and T50, were recorded after the pump at the building site 
for all delivered batches in study no 1, see Figure 8. In study no 2, slump flow and air content 
were recorded on nearly half of the batches prior to the pump, Figure 9. 
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Figure 8 Slump flow and T50 documentation at study no 1. Castings of foundations and columns 
              at two occasions (a). Casting of end walls and superstructure  at one occasion (b). 

When casting the substructures of the study no 1 some difficulties occurred in delivering the 
concrete with constant properties see Figure 8. This is probably depending on the inexperience 
of the concrete supplier and the relative small separate volumes. On the other hand, casting of 
the bridge superstructure was performed with a constant and high concrete quality, Figure 8 b. 
Only some batches out of 24 had properties outside the criteria e.g. 720 ± 30 mm for slump flow 
and 3,5 ± 1 s for T50. For two high values above the interval, the measuring can have been 
affected by disturbance, and these two values are neglected in the context. 
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Figure 9. a) Slump flow and air content measured on casting of foundations and columns at 
study no 2, cast in five stages. b) Slump flow at concrete plant and at building site, casting of 
superstructure at study no 2. 

In the second study, the conditions for the slump flow were changed and the criteria were set to 
700 ± 30 mm, T50 was not measured at all in this study. In Figure 9 a, there are five different 
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castings for the substructure, i.e. foundation and columns, accumulated. Almost 30 % of all 
delivered concrete batches were measured outside of the set conditions for slump flow (Figure 9 
a). Nevertheless, there was only one recorded batch of separated concrete.

The air content is fluctuating during the castings with an average value of 4.8 %. There were 
never any specific values set for the air content in this project. The air content for a civil 
engineering project is generally accepted within a span of 4-8 %.

Casting the superstructure at study No 2 on Nynäsvägen, Figure 9 b, the slump flow was 
measured both at the concrete plant and at the construction site. During the delivery from 
concrete plant to construction site the slump flow has increased in most cases. This probably 
indicates that the super plasticizer needs to be more thoroughly mixed into the concrete at the 
concrete plant. Furthermore, the first deliveries had less slump flow than the latter; this can be 
due to the fact that the drums of the trucks were dry in the beginning.

It is also noted that very few batches showed slump flow values outside the criteria, and they 
were accepted by the client.  

6.3 Economy of SCC

Study No 1: Kalix project
As the Kalix project was a local pioneer full scale project, neither workers nor management had 
experience in working with SCC. Therefore, at the first two cast occasions (foundation and plate 
structures) the number of workers was too large, see Table 2 showing man power and costs of 
the full scale project. Also, some concrete delivery problems occurred, implying about 50 % 
longer casting times than expected. This had however, nothing to do with the SCC mix i.e. these 
problems would have occurred even if traditional concrete had been used. Thus, the comparison 
between traditional concrete and the outcome of SCC for these two castings is not 
representative.

When casting the superstructure at two different occasions, the delivery problems were 
eliminated, and the workers had also become more experienced with SCC. Therefore, the 
castings went well and the outcome was almost as planned using SCC, se Table 2. 
Approximately € 1200 was saved at these castings as compared with conventional concrete. 
However, the concrete was more expensive (about € 15 per m3) resulting in a material cost 
increase of € 2000 and hence the total cost became approximately € 800 higher in total.  

On the other hand, the price difference of € 15 per m3 SCC is rather high, and if the difference 
had been the same as in the project at study no 2 (€ 8) the result would have come out 
differently. The increase in material cost would have become roughly € 1100, with the decrease 
in placing cost of € 1200 mentioned above resulting in minor savings of about € 100. 
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Table 2. Expected time (h) and costs (€) for casting with traditional concrete, the actual 
outcome of using SCC at site and theoretical expectations of SCC castings when fully exploited 
at the study no 1. Superstructure – left, bridge deck – right. 

m3 No of workers proj time work time cost €
64 4 5 20 800
36 4 3 12 480

Total 100 8 32 1 280

m3 No of workers proj time work time cost €
64 4 7 28 1120
36 2 5 10 400

Total 100 12 38 1 520

m3 No of workers proj time work time cost €
64 1 3 3 120
36 1 2 2 80

Total 100 5 5 200

Traditional casting

Outcome of SCC

SCC Theoretical

m3 No of workers proj time work time cost €
47 4 4,5 18 720
90 4 6 24 960

Total 137 42 1 680

m3 No of workers proj time work time cost €
47 1 4,5 4,5 180
90 1 4 4 160

Total 137 8,5 340

m3 No of workers proj time work time cost €
47 1 3 3 120
90 1 4 4 160

Total 137 7 280

Outcome of SCC

SCC Theoretical

Traditional casting (planned work)

Study No 2: Nynäsvägen
At the Nynäsvägen project the casting of the foundations and columns included a total of 
approximately 140 m3 of SCC. While the traditionally planned casting involved approximately 
38 working hours for casting the concrete, the theoretical casting of SCC would contain 
approximately 8 hours for casting, see Table 3. The actual outcome of the project ended up on a 
sum of 26 hours for the casting, i.e. a saving of 12 working hours from the planned work 
schedule could be made. However if the full potential of SCC would have been utilized (SCC 
theoretical) approximately 30 working hours or 80 % of the planned work time could have been 
saved. With an assumed construction worker cost of € 40 per hour, the saving in form filling 
costs is approximately € 500 for the outcome and € 1200 for the theoretical SCC.  

For the superstructure the traditional casting was planned to be performed by 9 workers during 
15 hours of production, ending up on 270 hours for the two bridges. A theoretical calculation 
using SCC shows that the actual time for casting can be considerably reduced. Savings of 
approximately 170 working hours can be achieved. With € 40 per hour the saving of man power 
is roughly € 6800.

The actual outcome for the superstructure ended up in 90 work hour’s reduction due to faster 
casting and some € 3600 in cost savings. However, the material costs increased by 
approximately € 8 per m3 for SCC compared with traditional concrete, which resulted in a more 
expensive concrete for the superstructure of almost € 3400. 
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Table 3. Expected time (h) and costs (€) for casting traditional concrete, the actual outcome of 
using SCC at site and theoretical expectations of SCC when fully exploited for study no 2. 
Superstructure- left, bridge deck – right 

m3 No of workers proj time work time cost € m3 No of workers proj time work time cost €
25 3 2 6 240 206,8 9 15 135 5400
30 3 2 6 240 206,8 9 15 135 5400

35,5 3 3,75 11,25 450 413,6 270 10800
36 3 3,25 9,75 390
10 3 1 3 120
5 2 1 2 80

141,5 13 38 1520

m3 No of workers proj time work time cost € m3 No of workers proj time work time cost €
25 2 2 4 160 206,8 9 10,5 94,5 3780
30 2 2 4 160 206,8 9 9,5 85,5 3420

35,5 2 3,75 7,5 300 413,6 180 7200
36 2 3,25 6,5 260
10 2 1 2 80
5 2 1 2 80

141,5 13 26 1040

m3 No of workers proj time work time cost € Two teams No of workers proj time work time cost €
25 1 1,25 1,25 50 7-14,30 3 7,5 22,5 900
30 1 1,5 1,5 60 10-16,30 4 6,5 26,0 1040

35,5 1 2 2 80 7-14,30 3 7,5 22,5 900
36 1 2 2 80 10-16,30 4 6,5 26,0 1040
10 1 0,5 0,5 20 97,0 3880
5 1 0,5 0,5 20

141,5 7,75 7,75 310

SCC Theoretical 

Traditional casting (planned work) Traditional casting (planned work)

SCC Theoretical 

Outcome of SCCOutcome of SCC

Nevertheless, the overall result for the superstructure was positive as compared to a traditional 
concrete solution even though SCC´s potential was not fully utilized, and the total costs were 
reduced with roughly € 200. Hence, if SCC had been fully utilized as the theoretical calculation 
in Table 3 suggests the possible savings would become € 3400 for the superstructure. 

6.4 Working environment 

Probably the largest benefit with SCC is, as mentioned earlier, the improvement in working 
environment. The improvement in our documentation is threefold in comparison with traditional 
concrete casting, Figures 10 and 11. The work cycle mean value is computed to 18.2 in our 
project if traditional vibrated concrete had been used at study no 1, while the actual outcome 
was 5.7 for SCC [23]. This when comparing relatively small and easy to produce plate 
structures. Considering, for instance, the case with a 10 meter high plate structure with dense 
reinforcement, the improvement is possibly even larger due to fact that the worker has to climb 
down inside the construction carrying the vibrating equipment. This result in exceptionally poor 
working environment, and also in a probable loss of productivity, due to much lower unit time 
for casting traditional vibrated concrete. 
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Work cycle mean value = 18,2
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Figure 10: ErgoSAM analysis of concrete worker‘s short work cycle during casting of 
traditional vibrated concrete. Below 6 is acceptable, 6 to 9 is conditionally acceptable and 9 
and above is unacceptable. 

When the value in the Cube model reaches 27 in Figure 10, the worker lifts the heavy poker 
vibrator (Force = 3) repeatedly (repetition = 3) in awkward positions (Work posture = 3) 
resulting in the top value which is unacceptable. When the value reaches 18, the worker has the 
value three for two of the variables and the value two for the third variable. These individual 
values can vary during a work cycle.

The top value of 9 for SCC in Figure 11 is achieved when the worker pushes the pump hose 
from one place to another, resulting in the value three for force and working position, and the 
value one for repetition.

Figure 11: ErgoSAM analysis of concrete worker‘s short work cycle during SCC casting. The 
average value for the work cycle is 5.7 which is below 6 and hence acceptable.

Injury cost estimations according to the Swedish Social Insurance Agency [24], show that the 
single largest cause for sick leaves in general is back pain which accounts for 15 % of all sick 
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leaves among men and 12 % among women. The average of the total back pain illness 
compensation per case for men (focusing on men which constitutes 92 % of the construction 
industry’s workforce) is about 4 600 €, this cost denotes 45 € per sick leave day. Considering 
only the construction industry, Samuelsson and Lundholm [25] reported that out of all 1582 
cases of  sick leaves caused by occupational illnesses reported for 2004, 1342 cases of sick 
leaves were caused by ergonomic risk factors (including vibration and noise). 

For concrete workers 279 cases of WMSDs were reported, and their sick leave compensations is 
estimated up to 1 280 000 € for the taxpayers [26]. There are of course other direct and indirect 
costs such as productivity loss and hiring substitute workers that are not often included in such 
calculations. 

Improved working environment also implies an increase in productivity given that the workers 
are at the site performing work tasks and there are no vacancies or unskilled substitute workers 
at the production sites. 

7. CONCLUSIONS 

The largest economic benefit from introducing SCC to a contractor in civil engineering projects 
is probably on the superstructure of a bridge, since a large number of workers are needed during 
casting of traditional vibrated concrete, and it is therefore associated with large casting costs. 
Hence, the number of workers needed for casting can be markedly reduced if SCC is introduced 
and proper planning has been carried out before casting.

However, controversially it is often easier to introduce SCC for foundations, columns or plate 
structures since these structural parts are less dominant in the construction and the “risk” related 
to using SCC is small. However, for these smaller less people demanding castings it is more 
difficult to achieve economical benefits in using SCC.

The overall risk using SCC is that the product it is not robust enough, which might result in the 
concrete does not enclose the reinforcement satisfactory and rework is needed. Also, after 
casting, it can be visual lines (inward bends) in the finished construction which is not 
acceptable. Therefore, most often, contractors calculates the risk enclosed in using SCC to be 
too high, especially for the more important superstructure and simply does not use the product 
even though both costs and time evidently can be saved. 

The SCC delivered to the superstructures on both projects was robust and was of desired quality. 
The “risk” involved using this SCC was minimal and the contractors were satisfied with both 
the delivered product and the order of in which the casting was performed. Hence, the castings 
of the superstructures on both projects were carried out in shorter time and could have been 
carried out using fewer personnel than planned with traditional concrete. The SCC delivered to 
the substructures at both projects was not entirely acceptable, however, the SCC at the two 
projects differed and the quality was better at study 2.

Probably the largest benefit with using SCC is, as mentioned earlier, the improvement in 
working environment. Therefore, the economy of the Swedish construction industry and society 
can benefit significantly from using the right kind of working method during construction. As 
mentioned earlier, 1342 sick leaves were reported for 2004 due to ergonomic risk factors. If 
these sick leaves costs as much as expected above e.g. € 4600 per sick case, it suggests that the 
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total costs ends up on roughly € 6 170 000 annually! This is according to Lean Construction a 
great deal of muda! 

To be able to utilize the redundant personnel during casting of SCC, projects need to be planned 
and managed properly. Hence, the organisation at the worksite needs to be optimized during the 
whole project. Clear work instructions need to be formulated for all workers involved and for all 
work tasks to be performed. Also, a list of buffer work needs to be logged so that workers can be 
temporarily occupied with other productive work tasks during casting but still within reach if 
needed during casting, Ballard [27].
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SELF COMPACTING CONCRETE IN BRIDGES – 
PERFORMANCE FOR INDUSTRIAL SITE CASTING 

Peter Simonsson and Mats Emborg 

Abstract: 

Although Self Compacting Concrete (SCC) has many advantages over vibrated concrete, such as 
significantly improved pouring effectiveness and being associated with a better working environment, its 
rate of adoption in cast in-situ construction is still low. As well as higher costs that are not always offset 
by its potential economic benefits, several technical issues hinder the introduction of SCC to a wider 
market. There are questions regarding formwork pressure, robustness, segregation resistance, surface 
quality, and lack of quality assurance standards. To increase the use of SCC these problems need to be 
solved and it is important to convince the market of all the direct and indirect benefits that can be realized 
by using SCC. This research aims to establish recommendations for robust mixes, based on specifications 
from contractors of target values of flowability for concrete to be used in specific parts of structural 
elements. There is particular focus on invariance to changes in aggregate composition. We demonstrate 
that it is possible to develop robust SCC mixes that are tailored to the requirements of certain parts of 
structural elements. 

Keywords: Industrialization; productivity; SCC; flowability; robustness; aggregate moisture; viscosity 
modifying agent 
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Introduction 
Industrial construction and SCC 
Within the construction industry there is a call for improved productivity, increased profits and reduced 
waste creation. To increase the productivity on building sites and create more industrialized construction, 
it is important to study all the processes that make up a project, from start to finish. The aim is to design 
structures, such as bridges, that are less complicated to build and therefore easier to produce; that is, they 
have a high level of buildability. This term is defined by Adams (1989) as “the extent to which the design 
of a building facilitates ease of construction”. The definition of waste in construction according to 
Womack and Jones (2003) is that it is similar to “any human activity that absorbs resources without 
creating any value”. They also note that it may be present in different forms. For example, Toyota’s 
production philosophy defines eight types of waste: unused employee creativity, waiting, unnecessary 
movement of materials, unnecessary movement of personnel, incorrect processing, unnecessary 
inventory, overproduction, and defective goods that do not meet the demands of the customer (Liker, 
2004). 

When managed properly, Self-Compacting Concrete (SCC), with all of its inherent advantages, is an 
important part of the development of an industrialized process for on-site concrete construction. The use 
of SCC can address the issues raised above. If SCC is utilized properly, and if castings are planned 
correctly, then the use of SCC can reduce the number of workers needed during castings. The unused 
workers can then take on other work tasks. Thus, the total production rate will increase on construction 
sites whilst waste and costs are reduced (Emborg and Simonsson, 2010). Also, as SCC is stronger in some 
applications than traditional concrete, its use can lead to thinner sections and therefore a reduction in the 
quantities of concrete required. 

As well as the benefits described above, it is also well known that SCC is physically easier to use than 
traditional concrete because it is less complicated to handle on-site. Studies have shown that the working 
environment can improve by up to three times when traditional vibrated concrete (TVC) is replaced with 
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SCC (Rwamamara and Simonsson, 2011). Moreover, it has been reported that SCC may enhance the 
quality of the end product since any variations in the quality of the work on the finished structure due to 
compaction are eliminated (De Schutter et al., 2008). 

However, the volume of SCC being used has not reached the level predicted around ten years ago when 
SCC was introduced to the market. At that time, some experts, including some in the Nordic Countries, 
assumed that around 50% of all ready-mixed concrete would be SCC within a few years. However, 
currently, the market share of SCC in EU nations overall is as low as 1% (at 2006 according to the 
European Ready Mixed Association, ERMCO (2005)) but there are large variations between countries: 
1% in Finland, the Netherlands and the UK; 2% in France and Norway; 8% in Sweden and as high as 
28% in Denmark (Cussigh, 2007; Hammer, 2008; Nagataki et al., 2010; Emborg and Simonsson, 2010). 

There are many reasons cited for not using SCC. One such reason is that SCC is more costly to 
manufacture than TVC and, hence, more expensive to purchase and use. Another popular reason is that 
there are large variations in the consistency of the concrete when it is delivered from the manufacturers 
i.e. the robustness of the product is low. This has resulted in contractors becoming skeptical of the 
product and thus not using it very often. 

Recently, McCarthy et al. (2011) performed a survey on the perception of SCC by end users such as 
contractors. Numerous advantages and disadvantages of SCC were listed by the interviewees. Among the 
advantages outlined were that SCC saves time because of faster castings, its use creates a positive 
working environment, the surface quality is high, fewer workers are required during casting and there is 
less noise on the construction site. According to the study, the primary drawbacks with SCC included 
varying material properties such as low robustness, a possible increase in formwork pressure, the need for 
sufficiently tight formwork to prevent leakage and the possible risk of early drying of surfaces (risk of 
plastic shrinkage) when casting structures such as bridge decks. 

Rich et al. (2010) identified what is probably the major reason for the relative limited use of SCC, namely 
that SCC is seen purely as a material rather than as a method or a concept that uses SCC. If SCC is 
considered as a concept instead of a “bulk” concrete, then various “new” approaches to pouring methods, 
planning and site organization can be incorporated, increasing the benefit to the contractor. However, 
according to Rich et al., and also according to the ten years experience of the authors, this is seldom 
considered. 

Problem formulation 
Ready mixed concrete (RMC) companies find manufacturing SCC rather more complex than producing 
TVC. The product is more sensitive to variations in the properties of its constituents including variations 
in aggregate composition, variations in binders and additives, as well as conditions when transporting the 
product and handling it on the site. Thus, the challenge is to control and produce a strong, reliable product 
when casting in any situation. In addition, producing SCC is more expensive than TVC because its raw 
materials are more expensive. Consequently, the manufacturing costs need to be reduced somehow. 

Moreover, there is often only one type of SCC offered for civil engineering applications in Sweden. There 
is a question mark over whether this is really what the customer is asking for. Thus, to increase the use of 
SCC and realize its potential benefits, the contractor needs to become more engaged in the whole process. 
The contractor should specify their own criteria for the product, taking into consideration pouring 
methods, section geometry, weather conditions etc. This can be formulated into the following research 
questions: 

How should SCC be adapted to deal with different structural parts and casting conditions? 
Is it possible to develop robust solutions by using adapted SCC? 

Aim and objective 
The overall objective of this research is to increase the use of SCC. This goal is achieved when the 
concrete used is that best suited the project of interest. This research aims to establish formulae for robust 
mixes, based on specifications from contractors of target values of flowability for specific parts of 
structural elements. We focus particularly on invariance to changes in aggregate composition such as 
moisture, grading etc. 
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Research Significance 
As stated above, a robust adaptable product is fundamental to the utilization of SCC for industrialization 
purposes. This is essential if the perception of SCC as a bulk concrete is to be changed to that of it being 
regarded as a concept, and one that has large economic benefits, promotes better working environments 
and delivers a higher quality product for the contractor and the end user e.g. society. 

Method
Discussions with concrete workers, site managers, representatives from RMC companies, clients and 
other individuals involved in the concrete industry were carried out over a number of years with the 
intention of learning the specific conditions that are needed for a particular concrete in a specific 
construction component. In addition, several full scale castings both with TVC and SCC were studied.  

In the laboratory, different mixes of concrete were tested and their strengths, weaknesses and possible 
uses studied. Contributing to the research, a literature study was performed to survey previous work that 
researched SCC in general and used a viscosity modifying agent (VMA) in particular. 

Theory
Concrete in general 
As is well known, when proportioning concrete the main focus is to satisfy the requirements of the 
hardened state of the concrete e.g. compressive strength, density, durability etc. There are, however, two 
other prerequisites that need be satisfied in order to fulfill these requirements. First, the concrete has to 
have been sufficiently compacted after filling the formwork and second, the constituents of the concrete 
have to be distributed homogenously. This implies that the fresh concrete must have the correct 
workability in order to ensure that successful pouring and compaction is feasible, and that the workability 
does not vary during the casting process.  

Traditional vibrated concrete (TVC) has been considered to be advantageous in creating a homogenized 
finished structure when compared to SCC. According to De Schutter et al. (2008) this, however, is 
something taken for granted with no direct evidence to support it. De Schutter et al. (2008) thus stated 
that approximately 30% of all cast in-situ vibrated concrete in the UK is in need of some kind of 
supplementary work or finishing treatment, due, among other things, to poor compaction work. 

SCC
According to recent international findings, SCC is on the cutting edge of scientific and technological 
developments (Cussigh, 2007; Shah et al., 2007) and it is essential to introduce the technique in a broader 
manner to cast in-situ concrete construction. Bartos (2005) stated there are several possible definitions of 
SCC such as a described slump flow or definitions using parameters measured through other test 
methods. However, all the definitions revolve around a common factor: “the ability to flow under its own 
weight without blocking between reinforcement bars and without segregation” (see for example, Swedish 
Concrete Association, 2002). The elimination of compaction work was one of the major factors triggering 
the development of SCC in Japan in the 1980s, where they had difficulties in finding workers to perform 
compaction work to a suitably high standard (Okamura and Ozawa, 1995, 1996; Ouchi et al., 1999; 
Nagataki et al., 2010). This was also verified, as already mentioned, by De Schutter et al. (2008) that 
stated that the development of SCC has led to considerable improvements in the working environment, 
and also in the global environment, since there is lower energy consumption during casting. In addition, 
the level of noise and disturbance to surrounding areas is less since the sound of the vibrating equipment 
is eliminated. Thus, a general reduction in disturbance caused by casting has been observed; the reduction 
in noise is approximately 10dBA (Graues et al., 2000). 

The lack of quality assurance of concrete performance mentioned earlier is considered to be one obstacle 
when marketing and using SCC. The performance of the product, according to the EU project ‘Testing 
SCC’ (Testing SCC, 2004), can be characterized using three main parameters: filling ability, passing 
ability and segregation proneness. For these parameters, it could be possible to establish acceptance 
criteria that are dependent on the geometry of the structure to be cast, form type, reinforcement, and the 
method and/or local tradition applied to the pouring of the concrete. For instance, Walraven (2003) 
suggests nine consistency classes described by factors such as workability tests (see Figure 1). 
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In the Nordic Countries, similar procedures have been suggested. In Denmark, three classes of plastic 
viscosity and yield stress have been established, based on certain rheology tests, see Figure 2 (Thrane et 
al., 2008). This procedure is one base for the rapid increase of SCC use in Denmark, a workability 
diagram (slump flow vs. T50 time) is another base for the definition of flowability with regard to the type 
of structure, geometry and reinforcement, see Figure 3, (Emborg, 2008; Emborg and Simonsson, 2010). 
The effects of either excessively high slump flow or excessively low T50 are clearly shown and an area 
corresponding to usable SCC can be established. Criteria relating to passing ability and segregation 
proneness may be treated in a similar way. 
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Fig. 1. Properties of SCC for various types of applications (Walraven, 2003; ERMCO, 2005). VS is T50 

flow time, VF is V-funnel flow time and SS is segregation index, see Testing SCC (2004). 

 

 
Fig. 2. Rheology/workability diagram (yield stress/slump flow vs. plastic viscosity) showing general 

trends for the effects of rheology parameters on the use of Danish SCC, from Thrane et al. 
(2008). 
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Two sets of slump flow and T50 data are shown in Figure 3: SCC-a is adapted for vertical parts of a 
bridge e.g. front wall and column, where a more flowable concrete that exhibits low risk of blocking, 
good quality surfaces and low input of resources is required. SCC-b is designed for horizontal elements 
e.g. bridge deck and foundations, where a stiffer concrete is a better choice, creating opportunities for a 
controlled casting front etc.  Together with the target values of slump flow and T50 flow time, maximum 
variances are established; +/-40 mm and 0,5 s respectively, thus forming a acceptance criteria for quality 
control at construction site. This procedure is now suggested to be used at several projects in Sweden. 
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Fig. 3. Workability diagram (slump flow vs. T50). Concrete targeted for use in civil engineering 

structures. Suggestion for two types of adapted concrete, SCC-a and SCC-b (target values 720 
mm +/-40 mm, 3 s +/-0.5 s and 650 mm +/-40 mm, 3.5 s +/-0.5 s respectively. Effects of 
excessively high/low values are also shown as well as an example of performance of some 
Swedish commercial SCC (modified from Emborg, 2008). 

Mix-design of SCC 
Several philosophies regarding mix design of SCC can be found in the literature. For example, in the 
extensive work by De Schutter et al. (2008), an overview is given of mix design methods from their early 
development in Japan (Okamura and Ozawa, 1995, 1996) to recent recommendations from organizations 
such as University of College, London (UCL). Several methods, such as the LCPC Compressive Packing 
Method (Sedran and Larrard, 1999) and the CBI method (Petersson et al., 1996; Petersson and Billberg, 
1999), use the air voids of the aggregate to achieve optimum packing using aggregates with different 
grading curves and volumes of cement paste. Other methods are based on rheological testing as an 
integral part of the mix development process (Wallevik and Nielsson, 1998). According to Utsi (2008), 
there are a number of factors that have complex interactions with each other while the concrete is in its 
fresh state, all of which need to be addressed by the mix-design. Examples of such factors are: particle 
shape, grading and moisture content of the aggregate as well as type of binder and admixture. 

De Schutter et al. (2008) argued that SCC can be designed to produce a wide range of properties and that 
it is possible to establish an initial estimate of mix proportions by considering typical previously 
successful mixes – in fact, this does not use the methods mentioned above.  

The use of Viscosity Modifying Agents (VMAs) in SCC is not a new phenomenon and it is becoming 
more common. The VMA is used to stabilize the properties of the fresh concrete by modifying the 
rheological properties of the cement paste (Nanthagopalan and Santhanam, 2009; ERMCO, 2005; Khayat 
, 1998; Khayat et al., 2010; Billberg and Westerholm, 2008). The intention of introducing VMA is to 
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reduce the powder content and to make the concrete less sensitive to changes in the component materials. 
In addition, as noted by Lachemi et al. (2003), VMA can be used to produce a more cost-effective SCC. 

Test methods 
Although several test methods exist for SCC e.g. slump-flow, T50, V-funnel, L-box and J-ring to name 
but a few (see Table 1), there is no universally accepted standard developed for them. Hence, it is 
sometimes difficult to obtain reliable and comparable data; this is clearly an obstacle to the further 
development of this particular type of concrete (De Schutter et al., 2008). 

Traditionally, SCC is characterized using the slump-flow and T50 tests to classify the concrete on the 
building site. In the laboratory, when establishing mix design, rheological parameters (yield stress and 
plastic viscosity) can also be utilized to give a more detailed description of the SCC. For example, the 
ConTec viscometer (Wallevik, 2003) is a piece of rheological test equipment which measures the shear 
stress and plastic viscosity parameters. The workability and rheology tests methds can to some extent be 
related to each other as shown in various studies, see e.g. (Testing SCC, 2004; Utsi et al., 2003; Wallevik, 
2003). 

Table 1. Test methods for SCC according to Testing SCC (2004) and ERMCO (2005). 
Characteristic Test method Measured value 

Flowability / filling ability Slump-flow 
Kajima box 

Total spread 
Visual filling 

Viscosity / flowability 

T50 
V-funnel 
O-funnel 
Orimet 

Flow time 
Flow time 
Flow time 
Flow time 

Passing ability 

L-box 
U-box 
J-ring 
Kajima box 

Passing ratio 
Height difference 
Step height, total flow 
Visual passing ability 

Segregation resistance 
Penetration 
Sieve segregation 
Settlement column 

Depth 
Percent laitance 
Segregation ratio 

Robustness 
According to Taguchi (2000), robustness is generally defined as insensitivity to disturbance. For SCC, 
this disturbance can manifest itself in the form of variations in the properties of the constituents of the 
concrete, variations that happen because of the mixing procedure and the conditions of transport. Thus, 
one important feature of SCC is the ability to maintain its fresh properties during the casting of a single 
batch or multiple batches (Testing SCC, 2004). According to the European guidelines for SCC (ERMCO, 
2005), a well designed and robust SCC can typically tolerate a variation of 5-10 liters/m3 in mix water 
content, which in practice is about 3-6% of the total water content per m3. To develop a robust concrete 
mix is as important for obtaining a successful result as it is complex to accomplish. Both theoretical 
analysis (by means of packing theories etc.) and laboratory tests on cement paste, mortar and/or concrete 
are required in order to design reliable robust mixes, Emborg et al. (2005). 

SCC and working environment 
Although the Swedish construction working environment is regarded as one of the safest in the world 
with regards to physical health, working conditions, illnesses and accidents, working environment related 
health problems remain a serious issue that needs to be tackled (Rwamamara, 2007; Simonsson and 
Rwamamara, 2007). For example, 279 cases of Work-related Muscular Skeletal Disorders (WMSDs) in 
concrete workers were reported in 2004 and their sick leave cost the Swedish taxpayers up to an estimated 
€1.3 million (Lundholm and Swartz, 2006; Swedish Social Insurance Agency, 2004). If the working 
environment in ERMCO nations is assumed to be equal to that of Sweden, this number could be 
extrapolated to €214 million for EU taxpayers (RMC production: 492 million m3 annually). In addition, 
contractors face other costs on top of pay for sick leave, and these should be included. These costs include 
productivity loss, hiring substitute workers and are probably equal or higher than the figures quoted 
above. 
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Within society today, construction workers are one of the groups of employees with the greatest exposure 
to noise, heavy lifting, poor ergonomics and varying weather conditions. Nielsen (2007) showed that 
some 26% of the average day of a worker consists of concrete casting and reinforcement fixing - work 
that is often carried out in awkward positions and involving heavy equipment and heavy materials. 

The difference in working environment between traditional casting of concrete and casting SCC has been 
debated in recent publications, and all have argued the importance of introducing SCC from the workers’ 
perspective. Unfortunately, there are few investigations which actually grade the working environment 
when using SCC compared to traditional concrete. One interesting exception is presented by Simonsson 
(2008) and Simonsson and Emborg (2008) where pilot studies were performed using the so called 
ErgoSAM model to measure the risk of WMSDs. Work cycle load exposure levels were documented and 
compared with those when using vibrated concrete. Very large load exposure level reductions were 
obtained, from a general exposure level of 18.2 according to ErgoSAM for TVC to 5.7 for SCC. It was 
concluded that the effect of SCC (and also prefabricated reinforcement) on the working environment is 
fundamental, constituting a base for strong economic benefits both for society and, in fact, also for the 
building industry, which can no longer only be concerned with short-term, site-related benefits. 

Research
Mix composition and test procedure 
Our experimental program was divided into three test series each examining different concrete mixes for 
use on some full scale bridge construction in Sweden. As mentioned, the adaption and design of concrete 
was based on experiences of concrete workers, contractor site managers and representatives from RMC 
companies, in order to understand the specific conditions that are needed for a particular concrete in a 
certain construction part. In addition, several full scale castings both with TVC and SCC were studied 
prior to the testing. Two types of mixes were thus tested in the research laboratory and at local 
laboratories at RMC plant according to earlier discussion (see also Figure 3). 

The mixing procedure remained the same for all the series (see Table 2) and the properties of the fresh 
concrete were documented by means of visual inspection, workability and rheology tests (slump flow and 
Contec viscometer (Wallevik, 2003)). The visual inspection focused on how the concrete “felt” while 
working with it e.g. if there were any tendencies for segregation in the bucket or if it felt homogenous. It 
was important to the study that the tests were performed in the same manner to avoid any difference in 
factors such as time after mixing, between and within the test series i.e. to enable a high reproducibility of 
the results. 

Table 2. Mixing procedure at laboratory tests. 
Step Activity Duration [s] 

1 Dry mixing of aggregate, cement and filler 60 
2 Adding of water 20 
3 Adding of chemical additives (SP, air, VMA) 20 
4 Mixing of all ingredients 200 

 

In Test Series 1, two concretes were tested. These had been developed for a bridge in the north of Sweden 
which complied with Swedish regulations for bridge construction (strength, durability etc.) and used local 
aggregate material (see Table 3). Concrete SCC 1 was used in a demonstration project where industrial 
construction was studied using methods such as Lean Construction (Simonsson, 2008). After finalizing 
the project (with a successful casting of the SCC), the concrete was analyzed for its sensitivity to sand 
moisture content. The influence of moisture content on robustness was studied by simply adding different 
volumes of water to the mix. Reference mix composition was thus adjusted by combinations of filler 
content and grading curve. As a continuation, another concrete, SCC2, was designed to fulfill the criteria, 
but used another aggregate type and a slightly different recipe. Target values (slump flow and T50) for 
the concretes were 720mm and 3s respectively (see Figure 3). 
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Test Series 2 examined the robustness of three characteristic concrete mixture compositions used in 
Central Sweden (Norrköping, Linköping and Stockholm area), these being SCC3 – SCC5 (see Table 3). 
Laboratory tests were performed both in the University laboratory and also in the local RMC company 
laboratories. 

Series 3 tested concretes SCC6 and SCC 7, which were designed for bridge deck construction and had a 
target slump flow and a T50 of 650mm +/- 40mm and 3.5s +/- 0.5s respectively. Series 3 also tested  SCC 
8 which was designed for front wall and other vertical sections i.e. a slump flow of 720mm +/- 40mm and 
a T50 of 3.0s +/- 0.5s, according to the criteria suggested in Figure 3. Reference mix compositions were 
adjusted by combinations of filler content and VMA (see Table 3). Insensitivity to sand moisture content 
changes, without the compensation that would happen in an RMC plant, was studied by varying the water 
content in the mix, as in earlier tests. SCC6 was used throughout areas of Stockholm while mix SCC7 
was manufactured at a RMC plant 200km north of Stockholm for a large civil engineering project. Thus, 
it used material from another aggregate pit. 

Results
Figures 4 to 13 present the results from the test series visualizing slump flow, T50 flow time, shear stress, 
plastic viscosity and, in some cases, V-funnel flow time in relation to the corresponding sand moisture 
change. The relationship between different test methods is also shown in Figure 5. 

 
Fig. 4. Influences in Test Series 1 on the workability (slump flow, T50, V-funnel flow time) and rheology 

(shear stress,  in ConTec 3 viscometer tests) of sand moisture variations, variations of filler 
content and grading curve. Concrete SCC1, w/c=0.40, reference limestone filler content: 
120kg/m3 (see Table 3). Note that the divergence of T50, fine grain, and reference moisture is 
probably due to an unsuccessful test. 
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For Test Series 1, it can be seen that the reference concrete mix SCC1 is too stiff when compared to the 
criteria (slump flow = 720mm, T50 = 3 s) if the moisture is varied (Figure 4). The flow (i.e. the stiffness) 
is rather sensitive to moisture variations especially when the water content is reduced. On the other hand, 
the stickiness, i.e. the viscosity registered by T50, is too low. This performance may lead to segregation 
of the concrete. A reduction of the filler content leads to a more insensitive mix with regard to slump 
flow, however, at the cost of an even lower viscosity and therefore probably too large a risk of 
segregation on the building site. On the other hand, it can be noted that no segregation was observed by 
the visual inspection in the laboratory. Increase of filler content to 160kg/m3 indicates a controlled 
viscosity but at the same time the stiffness is too high i.e. the slump flow was some 100mm lower than 
intended. From the tests can also be seen that the grading curve has a crucial impact on the properties.  A 
coarser grading curve compared to the reference mix leads, as expected, to a very flowable concrete with 
T50 times less than 1 second, which is very unusual for civil engineering concretes; a finer grading curve 
indicates a very stiff concrete. 

Regarding the rheological parameters documented, it can be stated that the shear stress exhibits, to some 
extent, the same tendencies as the slump flow, maybe with a larger exactness (see Figure 4). In addition, 
the plastic viscosity exhibits similar responses to moisture changes as the slump flow. Figure 5 shows the 
relationship between workability and rheology and supports observations such as the fact that shear stress 
in general, although with a rather large scatter, appears to be related to the slump flow. Furthermore, as 
can be seen in the figure, the V-funnel and T50 test methods complement each other to some degree. 

 
Fig. 5. Correlation in Test Series 1 between shear stress with plastic viscosity and slump flow and T50 

time respectively, as well as between V-funnel and T50 times, for concrete SCC1, see Figure 4. 

For SCC2 in Test Series 1, the influence on T50 and plastic viscosity is smaller for moisture variation 
when compared to SCC1 (see Figure 6), i.e. a more robust mix is achieved. However, the concrete is too 
stiff, thus not meeting the criteria shown in Figure 3, and the viscosity is too low i.e. the risk of 
segregation is obvious. Surprisingly, both an increase and decrease of filler content leads to a more 
flowable material without affecting the T50 time. Furthermore, it should be noted that the influence of 
moisture change is more pronounced when studying the plastic viscosity than with respect to T50 time. 

In Test Series 2 with mix SCC3, reducing the limestone filler content is not a successful method of 
achieving an acceptable flowability that meets the specified criteria (see Figure 7). The filler content 
140kg/m3 appears to be below the optimum level, with low flowability both in respect of slump flow and 
T50. The 170kg/m3 filler concrete behaved rather well in the tests. The concrete with low filler content 
(110kg/m3) may be combined with VMA in future tests; the test with low filler content and wet sand 
should be checked as this combination gave unreliable test results. 
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These findings are also supported by the rheological testing, in which sufficiently low values were 
obtained for shear stress and plastic viscosity of the reference and low filler concretes i.e. values below 
100Pa and 60 - 70Pas respectively, with the exception of the test with low filler concrete for high 
moisture content. 

 
Fig. 6. Influences in Test Series 1 on the workability (slump flow, T50, V-funnel flow time) and rheology 

(shear stress,  in ConTec 3 viscometer tests) of sand moisture variations and variations of filler 
content. Concrete SCC2, w/c=0.40, reference limestone filler content: 130kg/m3 (see Table 3). 

 

 
Fig. 7. Influences in Test Series 2 on the workability (slump flow, T50 flow time) and rheology (shear 

stress,  in ConTec 3 viscometer tests) of sand moisture variations and variation of filler 
content. Concrete SCC3, w/c=0.43, reference limestone filler content: 170kg/m3 (see Table 3). 
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Clearly, concrete SCC4 used in Test Series 2 is more robust with respect to moisture changes compared 
to SCC3, and easily fulfills the criteria mentioned earlier (see Figure 8). Here, a reduction of limestone 
filler content to 110kg/m3 is appropriate to produce a mix that works well, with enough large slump flow 
that it remains stable, indicated by the sufficiently high viscosity as measured by T50 and by a rheometer 
test. It can be noted that tests at the actual RMC plant to some extent supported the results (see Figure 9). 
However, the sensitivity of slump flow with the low filler mixture against moisture variation was 
somewhat larger. More limited tests were performed for concrete SCC5 with a reduction of filler content 
from the reference 170kg/m3, showing that a filler content of 130kg/m3 seems to be an optimum solution 
with regard to flowability and robustness (see Figure 10). Concrete that is far too stiff and sticky is 
obtained when there is too great a reduction in filler content; this is especially true for a dry mix. Test 
Series 2 suggests that local production conditions, thus with local aggregates used, have an important 
effect on the performance that cannot be underestimated. 

 
Fig. 8. Influences in Test Series 2 on workability (slump flow, T50 flow time) and rheology (shear stress, 

 in ConTec 3 viscometer tests) of sand moisture variations and variations of filler content. 
Concrete SCC4, w/c=0.40, reference limestone filler content: 170kg/m3 (see Table 3). 

 

 
Fig. 9. Influences in Test Series 2 on workability (slump flow, T50 flow time) of moisture variations of 

fine aggregate and variation of filler content using concrete SCC4 (see Table 3). Tests at RMC 
plant laboratory with low filler combinations as shown in Figure 8. 
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Fig. 10. Influences in Test Series 2 on workability (slump flow, T50 flow time) of sand moisture 

variations and reduction of filler content. Concrete SCC5, w/c=0.40, reduction reference 
limestone filler content: 170kg/m3 (see Table 3). Tests carried out in an RMC plant laboratory. 

When testing mix SCC6 of Test Series 3, which is a concrete with a target slump flow of 650mm +/- 
40mm and T50 of 3.5s +/- 0.5s, some difficulties arose in achieving insensitivity to water content 
variations, especially for high filler content and dry concrete (see Figure 11). Filler reduction had a 
detrimental effect on the concrete flow with excessive sensitivity to sand moisture variations. Adding a 
viscosity modifying agent to the mix evidently increased the robustness, yielding values more or less 
within the limits (see the figure). In fact, it seems possible to exclude the filler by adding an appropriate 
volume of VMA. 

 
Fig. 11. Influences in Test Series 3 on workability (slump flow, T50 flow time) and rheology (shear 

stress,  in ConTec 3 viscometer tests) of sand moisture variations and reduction of filler 
content. Concrete SCC6, w/c=0.40, reference limestone filler content: 100kg/m3 (see Table 3). 

Concrete SCC7, which also had a target slump flow of 650mm +/- 40mm and T50 of 3.5s, was rather 
sensitive to moisture variations, this was observed both in the workability and rheology tests (see Figure 
12). The viscosity of this concrete was far too high during all the tests but this viscosity was, surprisingly, 
not affected by the addition of VMA. In further tests it is planned to reduce the filler content and optimize 
the VMA content. 



14 

 
Fig. 12. Influences in Test Series 4 on workability (slump flow, T50, V-funnel flow time) and rheology 

(shear stress,  in ConTec 3 viscometer tests) of sand moisture variations. Concrete SCC7, 
w/c=0.40, reference limestone filler content: 153kg/m3 (see Table 3). 

Finally, some limit tests with rather small moisture variations were performed on concrete SCC8, which 
aims for a slump flow of 720mm +/- 40mm and a T50 of 3.0s +/- 0.5s, see Figure 13. The concrete seems 
to be rather stable when varying water content as well as the contents of both filler and VMA. With VMA 
and no filler, the concrete still ‘felt’ and appeared very good, and from the authors’ points of view, the 
SCC would have been accepted on a construction site. 

 
Fig. 13. Influences in Test Series 3 on workability (slump flow, T50, V-funnel flow time) and rheology 

(shear stress,  in ConTec 3 viscometer tests) of sand moisture variations and reduction of filler 
content. Concrete SCC7, w/c=0.40, reference limestone filler content: 100kg/m3 (see Table 3). 
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Finally, some limit tests with rather small moisture variations were performed on concrete SCC8, which 
aims for a slump flow of 720mm +/- 40mm and a T50 of 3.0s +/- 0.5s, see Figure 13. The concrete seems 
to be rather stable when varying water content as well as the contents of both filler and VMA. With VMA 
and no filler, the concrete still ‘felt’ and appeared very good, and from the authors’ points of view, the 
SCC would have been accepted on a construction site. 

Discussion
Based on the results from the laboratory studies carried out on various types of SCC used in civil 
engineering applications, the following observations can be made: 

It is possible, without requiring complex measurements to be taken, to adapt the parameters of the 
fresh concrete to meet target values and related accepted variations in those values for use in specific 
structural parts of constructions such as bridges. 
Reference concrete mixes with proportions determined by the local aggregate, use of additives, 
manufacturing tradition and various criteria from both contractors and clients in Sweden all seem to 
be rather insensitive to the variation in aggregate (sand moisture and grading in some cases). This can 
be explained by a rather high volume of fines (cement paste and filler < 0.125mm). 
Reduction of filler content sometimes results in a degradation in the quality of fresh concrete, 
especially when levels of say, filler content, are reduced by more than 50 % of their original level. It 
is the viscosity (expressed by the parameters T50 or plastic viscosity) that is most influenced. 
Various mix design philosophies such as the use of different aggregates used to obtain the same 
concrete quality (grade, water content etc.), have an obvious influence on the robustness when sand 
moisture is varied. The local conditions at the RMC plant have an important effect. 
It is possible to establish mixes for civil engineering purposes without any limestone filler, or similar 
additive, by the use of a viscosity modifying agent (VMA). 

The remarks above are supported by visual observations made of full scale casting of bridges and other 
types of civil engineering structures. 

Several studies show a similar influence of VMAs on the general behavior of fresh concrete and 
especially on its robustness. For instance, in an ongoing Swedish research project, the effect of VMA is 
being documented for a concrete that is designed for housing, a different mix composition and cement 
type from those studied in this thesis (Billberg and Westerholm, 2008). It is stated that the incorporation 
of VMA can increase the robustness of the tested when using sand with varying moisture content; 
however, this does depend on the type of VMA being used. 

General Conclusions 
Based on their experience, the authors believe that the utilization of SCC in on-site production can be 
increased considerably. This could happen through better marketing of the concrete, and by educating and 
making contractors aware of its benefits such as productivity increases, lower costs and faster 
construction of projects. It is important to consider SCC as a method rather than “just” a building 
material. 

However, there is no room for mistakes when using SCC in a full scale project. An unsuccessful project 
will create far more skepticism among the users than a successful project would create confidence. Hence, 
it is important to be focused on all the issues when producing and casting SCC, and it is very important 
that the product is robust enough and that the concrete is not too expensive i.e. the price difference 
between SCC and TVC is not too great. 

This research demonstrates that a robust SCC, that is not too expensive, can be achieved by reducing the 
filler content and using VMA instead, without impairing the quality of the product. The concrete mixes 
studied were, in general, robust enough such that their original mixture only needed slight modification. 
For example, it would be possible to substitute some of the filler (at least 50% of the original amount) for 
VMA without compromising the quality of the concrete and hence the quality of any structures built 
using it. Some of the modified mixes, however, need more testing in the laboratory before they can be 
used in full scale construction. 
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APPENDIX A - QUESTIONNAIRE SURVEY 

Byggbarhetsfrågor enkätundersökning 
Undersökningen riktar sig till dig som jobbar med brobyggande antingen på Beställarsidan 
(Trafikverket), Entreprenör eller som Konstruktör. Den tar ca 10-15 minuter att svara på 
och är viktig för utvecklingen av brobyggandet. Skriv gärna egna kommentarer efter frågorna! 

Termen Byggbarhet är internationellt förknippad med projekteringsstadiet av en bro eller ett hus. 
Byggbarhet innebär att skapa enkelhet under byggfasen så att man får ett effektivt och 
ekonomiskt byggande och så att man skapar hög kvalitet på den slutliga produkten. 

Det är därför viktigt att ta reda på vilka frågor som är väsentliga för att kunna öka 
Byggbarheten och här tänker vi på brobyggandet. 

Nedan följer ett antal frågor vilka alla behandlar byggbarhet. Alla deltagare i 
enkätundersökningen svarar på alla frågor. De fyra första frågorna är generellt utformade. De 
andra är gjorda så att DU markerar med kryss i den rutan som Du tycker passar bäst.  

Inledande frågor 

DU som fyller i enkäten arbetar idag som: 

1. Beställare 

2. Entreprenör 

3. Projektör/Konstruktör 

 

DU som markerade entreprenör ovan arbetar som: 

1. Avdelningschef 

2. Arbetschef 

3. Platschef 

4. Kalkylerare 

5. Arbetsledare 

 

Antal år i byggbranschen __________ 

 

Vem har enligt DIG störst möjlighet att övergripande påverka byggbarheten i ett broprojekt? 

1. Beställaren 

2. Entreprenören 

3. Projektören/konstruktören 

 



Enkätfrågor: 

Siffran 1 innebär i de flesta frågor låg påverkan och siffran 5 innebär hög påverkan på 
byggbarhet.  

 

Del 1. Frågor kring tidiga skeden och projekteringsfasen 

 

1. Hur anser DU att byggbarheten påverkas om en tidig involvering av entreprenören vore 
möjlig, dvs. redan i projekterings-/konstruktionsfasen? 

Låg påverkan   1  2  3  4  5     Hög påverkan 

Kommentar:________________________________________________________________ 

 

2. Hur anser DU att utvecklingen av regler och förordningar påverkat byggbarheten? 
(Exempelvis Bro -94, Bro -04, införandet av Eurocode mm) 

Neg. påverkan   1  2  3  4  5     Pos. påverkan 

Kommentar:________________________________________________________________ 

 

3. Hur tycker du att entreprenadformen påverkar byggbarheten? 

Låg påverkan   1  2  3  4  5     Hög påverkan 

Bästa entreprenadform för byggbarhet enligt DIG:__________________________________ 

Kommentar:________________________________________________________________ 

 

4. Hur anser Du att byggbarheten påverkas genom att i projekteringen sträva efter enkelhet i 
byggfasen? (t.ex. att endast använda ett fåtal olika armeringsdiametrar eller littera på 
armering) 

Låg påverkan   1  2  3  4  5     Hög påverkan 

Kommentar:________________________________________________________________ 

 

5. Hur anser Du att arbetsbeskrivningen påverkar byggbarheten? (arbetsbeskrivning av olika 
ingående arbetsmoment t.ex. gjutning, lansering, uppspänning mm)  

Låg påverkan   1  2  3  4  5     Hög påverkan 

Kommentar:________________________________________________________________ 

 

6. I hur stor grad bestäms byggbarheten av anbudsunderlaget? (Förslagshandlingar, 
beskrivningar mm) 

Låg påverkan   1  2  3  4  5     Hög påverkan 

Kommentar:________________________________________________________________ 



Del 2. Frågor kring produktionsfasen 

 

7. Hur påverkas byggbarheten av valet av betongsort och kvalitet enligt Dig? (t.ex., gjutning 
med självkompakterande betong, användande av fiberarmerad betong mm) 

Låg påverkan   1  2  3  4  5     Hög påverkan 

Kommentar:________________________________________________________________ 

 

8. Hur kan enligt Din uppfattning standardisering av konstruktionselement påverka 
byggbarheten? (t.ex. några olika standardstorlekar på fundament, några olika möjliga 
utföranden på kantbalkar etc.) 

Låg påverkan   1  2  3  4  5     Hög påverkan 

Kommentar:________________________________________________________________ 

 

9. Hur kan enligt Din uppfattning standardisering av ingående komponenter till byggandet 
påverka byggbarheten? (t.ex. användning av ett fåtal olika täckande betongskikt och 
därmed distansklossar) 

Låg påverkan   1  2  3  4  5     Hög påverkan 

Kommentar:________________________________________________________________ 

 

10. Hur tycker Du att förtillverkning av armeringsenheter påverkar byggbarheten? (t.ex. 
rullarmering, bygelenheter, armeringskorgar mm)  

Låg påverkan   1  2  3  4  5     Hög påverkan 

Kommentar:________________________________________________________________ 

 

11. Hur anser DU att användning av kvarsittande formar påverkar byggbarheten? 

Låg påverkan   1  2  3  4  5     Hög påverkan 

Kommentar:________________________________________________________________ 

 

12. En väl utvecklad APD-plan som uppdateras allteftersom projektet fortskrider, kan den 
påverka byggbarheten? (APD-plan = Arbetsplats Dispositions Plan) 

Inte alls   1  2  3  4  5     Ja med all säkerhet 

Kommentar:________________________________________________________________ 

 

13. Har ordning och reda någon inverkan på byggbarheten för en arbetsplats? (ex ordning på 
materiallager, i redskapsbodar mm) 

Låg påverkan   1  2  3  4  5     Hög påverkan 

Kommentar:________________________________________________________________ 



14. Hur påverkar utrymmet byggbarheten? (Dvs. planering och disposition av arbetsplatsen.) 

Låg påverkan   1  2  3  4  5     Hög påverkan 

Kommentar:________________________________________________________________ 

 

Del 3. Avslutande frågor 

 

15. I Din organisation säkerställer ni att ni får en så byggbar lösning som möjligt? (Kommentera 
gärna hur om ni gör det i hög utsträckning) 

I liten utsträckning   1       2    3  4  5     I hög utsträckning 

Kommentar:________________________________________________________________ 

 

16. Hur tycker Du att komplexiteten av projektet i sin helhet påverkar dess byggbarhet? 

Låg påverkan   1  2  3  4  5     Hög påverkan 

Kommentar:________________________________________________________________ 

 

17. Hur tycker Du att storleken på projektet påverkar byggbarheten? 

Låg påverkan   1  2  3  4  5     Hög påverkan 

Kommentar:________________________________________________________________ 

 

18. Hur tycker Du att produktionsplaneringen påverkar byggbarheten? (t.ex. inplanering av 
UE-arbeten) 

Låg påverkan   1  2  3  4  5     Hög påverkan 

Kommentar:________________________________________________________________ 

 

19. Hur anser Du att byggbarheten påverkas av platsen där projektet utförs? (t.ex. stadskärna 
mot landsbygd) 

Låg påverkan   1  2  3  4  5     Hög påverkan 

Kommentar:________________________________________________________________ 
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