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Abstract

Objectives of the thesis is to enrich Functional Analysis, a design method oriented on the definition of functions,
by the integration of two methodological corpuses: Constructability and Systems Engineering in order to adapt it
to complex construction products. The enriched method is used and applied on an innovative concept: the
multifunctional metro. This new concept consists in the integration of new functions in a metro system: not only
transport people but also energy, information, wastes, merchandises, water etc. in order to answer to several city
needs with a unique infrastructure.

In the introduction, after having describe challenges faced by the construction industry (budget overruns, delays,
quality), we highlight that Functional Analysis has been used extensively in other industries to face similar issues.
However, its application in the construction industry is limited due to its particularities: each project is unique,
construction projects are complex and needs construction projects answer consist in adapting space in order to
carry human or related activities. The identification of such particularities have led on one hand to the integration
of constructability concepts and principles in Functional Analysis to better integrate development constraints of
each project in the product development. On the other hand, to the adaption of Systems Engineering, a
methodological corpus which objective is to manage complexity of the development of complex systems by the
integration of spatial characteristics of construction products.

Firstly, Functional Analysis, Constructability and Systems Engineering corpuses are presented and issues are
identified in these three methods to adapt them to complex construction projects for their integration.

Secondly, an enriched Functional Analysis method is proposed which integrates adapted Constructability and
Systems Engineering concepts. Constructability notably, is improved with the integration of constraints from
Design and Planning phases and a proposition is presented to shift from Constructability to Constructibility.
Systems Engineering for its part is adapted by the integration of spatial characteristics of systems which is a main
characteristic of construction products. A SysML tool (Systems Modeling Language) has been developed and
linked with a BIM modeling tool to improve the capacity to model and verify requirements related to construction
systems. The Constructibility matrix, a tool to ease the implementation and analysis of constructibility of
construction products has also been developed.

Thirdly, the enriched Functional Analysis method developed in this thesis is applied on case studies. Case studies
concern two different phases (planning and design) in two different projects where multifunctionnality concepts
have been investigated: the 5™ metro line of Lyon where the evaluation of the integration of new functions in the
metro line have been studied. And the line 16 of the Greater Paris Project where the integration of a broadband
network was the opportunity to study the integration of a new function more at the design phase (transport
information).

In conclusion we shall suggest some ways forward by outlining avenues for further researches: Other design
methods exist for different purpose (innovation for the C-K theory) or which apply to different types of systems
(System of Systems), how to define a unified design methodology for complex construction systems? How to
measure Constructibility criteria at different systemic levels? How to apply such methodologies in different legal
and contractual contexts? How to model abstract views of space in SysML or similar tools? Are questions which
are potential avenues for future researchs.

Key words: Functional Analysis — Systems Engineering — Constructibility — Multifunctional Systems —
Construction systems



Résumé

L’objectif de la thése est d’enrichir I’ Analyse Fonctionnelle, une méthode de conception orientée sur la définition
des fonctions d’un produit, pour le développement d’ouvrages complexes dans le domaine de la construction. Pour
cela les concepts et pratiques de deux corpus méthodologiques sont adaptés et intégrés dans 1’Analyse
Fonctionnelle : I’Ingénierie Systéme et la Constructibilité. Cette méthode enrichie est appliquée sur un concept
innovant de métro multifonctionnel qui consiste a utiliser un systéme unique pour répondre a plusieurs besoins de
la ville : non seulement transporter des passagers mais aussi de 1’eau, des déchets, de 1’¢lectricité, de la chaleur,

de I’information, des marchandises et bien d’autres selon les particularités de chaque projet.

Dans I’introduction aprés avoir brievement décrit les enjeux rencontrés dans le domaine de la construction, qui
justifient le besoin de nouvelles méthodes, nous soulignons que 1’Analyse Fonctionnelle a essentiellement été
utilisée dans d’autres domaines que celui de la construction pour faire face aux mémes problémes. En revanche,
son application au domaine de la construction est limitée du fait de la non prise en compte des particularités de ce
secteur : le besoin auquel répondent les systémes dans ce domaine sont d’adapter 1’espace pour que s’y réalise des
activités humaines, mais aussi que chaque projet est unique. L’unicité de chaque projet nous a amené a prendre en
compte la constructibilité, soit les contraintes liées au développement de 1’ouvrage, a différentes étapes de
I’Analyse Fonctionnelle. L’Analyse Fonctionnelle est aussi mal adaptée pour le développement de systemes
complexes, ainsi, les concepts et outils de I’ingénierie Systéme, dont I’objectif est la maitrise des systémes
complexes, sont intégrés a I’ Analyse Fonctionnelle (V&V, SysML).

La premiére partie de la thése consiste en un état de I’art des trois méthodes étudiées : I’ Analyse Fonctionnelle,
I’Ingénierie Systéme et la Constructibilité. Dans cette partie les blocages et des adaptations nécessaires sont
identifiés.

Dans une deuxiéme partie, la méthode d’Analyse Fonctionnelle enrichie par la Constructibilité et 1’Ingénierie
Systéme est présentee. Le concept de Constructibilité notamment est étendu a la prise en compte non seulement
des contraintes liées aux activités de réalisation mais aussi aux contraintes de conception et de
planification/programmation (soit I’ensemble du systéme pour faire). L’Ingénierie Systéme pour sa part est adaptée
en prenant en compte les caractéristiques spatiales des systemes, composantes essentielles dans la construction.
Deux outils ont été développés pendant la thése permettant d’implémenter la méthode : un outil de modélisation
des exigences basé sur le langage de modélisation SysML qui permet de lier les exigences avec des modeles BIM
(Building Information Modelling) améliorant ainsi leur tracabilité et la facilitation de leur vérification, et la matrice
de constructibilité qui permet d’analyser la constructibilité d’un systéme en prenant en compte 1’ensemble des
contraintes liées a son développement.

Troisiemement, la méthode d’Analyse Fonctionnelle enrichie est appliquée sur 2 cas d’études liés au métro
multifonctionnel : I’application de ce concept sur les études de la 5™ ligne de Lyon vers Alai et I’intégration d’un
réseau de fibre optique alimentant 1’ile de France dans la ligne 16 du projet du Grand Paris.

En conclusion des pistes de recherche pour le futur sont proposées : d’autres méthodologies de conception existent
avec des objectifs différents (innovation pour la théorie C-K) ou des nouveaux concepts (System of Systems).
Comment développer une méthode de conception unifiée prenant en compte I’ensemble de ces aspects pour les
systemes complexes dans le domaine de la construction ? Ou comment mesurer et quantifier les critéres de
constructibilité ? Comment appliquer ces méthodes dans différents contextes Iégislatifs et contractuels ? Comment
modéliser des vues abstraites de ’espace dans un langage de modélisation tel que SysML ? Sont autant de question
qui méritent de nouvelles recherches ultérieures.

Mots clés: Analyse Fonctionnelle — Ingénierie Systtme — Constructibilitté — Métro multifonctionnel —
Construction
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Résumeé de I’introduction en Frangais

Dans I’introduction nous présentons tout d’abord les enjeux auxquels est confrontée 1’industrie de la construction :
dépassement des couts, dépassement des délais (98% des projets subissent des retards de plus de 20 mois et des
surcouts de plus de 80%), d’un manque de productivité en comparaison avec d’autres industries, d’une
augmentation des besoins en infrastructures et en batiments (exode urbain, usages en évolution) et d’une
augmentation de la complexité des projets (nombre d’interactions, multifonctionnalité des infrastructures). Le
concept d’infrastructure multifonctionelle est présenté, il sera appliqué au cas du métro multifonctionnel dans la
derniére partie de cette thése sur la 5°™ ligne de Lyon et la ligne 16 du Grand Paris comme cas d’étude de la
méthode développée.

Pour répondre a I’ensemble de ces enjeux il est nécessaire de développer de nouvelles approches, méthodes et
outils. Ces éléments existent pour la plupart (comme 1’ Analyse Fonctionnelle, I’Ingénierie Systéme ou encore la
Constructibilité qui seront présentés dans 1’état de I’art) mais ont été utilisés dans d’autres industries comme
I’aéronautique, 1’automobile ou le secteur de la défense. Il est donc nécessaire dans un premier temps d’identifier
les particularités du domaine de la construction afin d’évaluer leur applicabilité dans ce secteur. 3 particularités de
ce domaine sont donc présentées dans cette partie : le ou les besoins auxquels répondent les produits de la
construction, aménager l’espace pour y développer des activités humaines, I’unicité des produits de la construction

et I’organisation des acteurs de ce secteur.

Enfin, 2 verrous scientifiques sont identifiés et feront 1’objet de la méthode développée dans cette thése : comment
intégrer la dimension spatiale dans les méthodes d’ingénieric développée dans d’autres industries ou cette
dimension n’est quasiment pas mentionnée ? L’unicité des projets implique une meilleure prise en compte du
« systeme pour faire » et des exigences qui y sont liées dans les méthodes de conception, comment définir le ou
les « systéemes pour faire » dans le domaine de la construction et comment considérer ces éléments dans les

méthodes de conception issues d’autres industries ?
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1.1.The global trend: an urban inrush

1.1.1. Increase of the urban population
“We are in a world I don’t belong to anymore. The one | have known, the one | have loved had 1.5 billion

inhabitants. The current world counts 6 billion human beings. This is not mine anymore.”

This quote of Levi-Strauss (2005) highlights that the current world is living major changes, in one century the
world population has quadrupled. Meanwhile in 1800 only 2% of the population was living in cities, this proportion
has grown to 54% in 2014 and could reach 72% in 2050 (Zhang, 2015). Indeed, numbers in 2025 are edifying:
earth will certainly counts more than 9 billion inhabitants more than 1 human beings over 2 will live in city, 40
conurbations will have more than 10 million inhabitants and population of medium size cities will grow up for
more than 50%. Theses megatrends lead to new urban problematics and exacerbate current ones in most parts of
the world (Figure 1).
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Figure 1: Evolution of rural and urban population in the world, 1950-2050 (United Nations, 2014)

Urban growth in cities is due to two factors, in one hand a global increase of the world population and in the other
hand because of the agglomeration effects which accentuate this phenomena (Henderson, 2001), (Venables, 2007)
and (Strange, et al., 2004). These authors also mentioned that the agglomeration effect enhances productivity and
that activities are reinforce and preserve their local concentration. They notably distinguishe two distinct

agglomeration “forces”:

e Economy of location: the first reason which leads population to regroup in city centers comes from the
concentration of jobs and activities in cities. To improve their productivity companies are brought to

regroup to benefit from the effects of “agglomeration externalities”: services for companies are
numerous, the number of opportunities is more important and there is a higher probability to find required
competencies and conversely workers are more eager to find a job. Moreover, cities are usually the place
of decision making.

e Economy of urbanization: Secondly, knowledge externalities are other points which can lead companies
and populations to live in cities. Some non-codifiable information are more easily accessible which make
cities a privileged place to foster exchanges, share knowledge, research and innovation. Geographic
concentration also promotes transmission of knowledge and access to education (Henderson, 2001),
(Prager, et al., 2013).

For all these reasons, increase of the world population is traduced by an important urban growth. A study leads by
Ernst and Young and the Urban Land Institute in 2013 (EY and Urban Land Institute, 2013) insists on these effects

12



of agglomeration and the importance of infrastructures: “The need for infrastructure is becoming even more
pressing as more of the world’s population crowds into urban centers. The world’s vast gateway cities—London,
New York, Shanghai, Singapore, Mumbai, Sdo Paulo, and Mexico City, among others—concentrate commerce,
culture, businesses, government, universities, and medical centers. Surrounded by rapidly urbanizing areas, they
generate jobs and wealth .

1.1.2. Increase in urban construction needs

This increase in urban population impacts the way cities are functioning: traffic congestion, air pollution, noise
disturbances, urban spread, diseases transmission, social inequalities, criminality etc. and more essentially for the
construction industry new and more services for inhabitants: access to housing, water supply, energy supply,
mobility systems, waste management, telecom services... The demand for all these services is increasing and the
construction industry is part of the answer. Many international institutions such as the World Bank (World Bank,
2009) and the OECD (OECD, 2007) highlight the same statement: “Infrastructure can be a vector of change in
addressing some of the most systemic development challenges of today’s world: social stability, rapid
urbanization, climate change adaptation and mitigation and natural disasters. Without an infrastructure that
supports green and inclusive growth, countries will not only find it harder to meet unmet basic needs, they will
struggle to improve competitiveness. Today, the infrastructure gap in low and middle-income countries is
estimated at US$1 trillion. More and more, countries need to turn to the private sector as well as the public sector
to build and operate their essential infrastructure. Infrastructure, comprising transport, water, energy and
information and communications technology, has become the single largest business line for the World Bank
Group, with $26 billion in commitments and investments in 2011. This is the result of a major scale-up, starting
in 2003.” (World Bank, 2015)

As well as private companies as ENGIE (Engie and Global Cities Institute, 2015) or McKinsey (McKinsey Global
Institute, 2013) have highlighted this phenomena (Figure 2). McKinsey notably forecasts $57 billion of
investments in urban infrastructures in all sectors for the next 30 years which would represent 3.5% of the world
GNP (Gross National Product).

Estimates of needed infrastructure investments, 2013-30
$ trillion, constant 2010 dollars

70
50
50
W Roads
40 Rall
B Pors
30 Airports
B Power
20 B water
B Telecom
10
0
Frojection based on Projection based an Frojection based on
historical spending ratio of infrastructure external estimates

stock to GOP

Figure 2 : Forecasts of investments in infrastructures for the 2013-2030 period (McKinsey Global Institute, 2013)

1.2.An increasing complexity of construction systems

13



In (Baccarini, 1996), Baccarini says that construction projects are the most complex projects of all industries. He
differentiates two types of complexity construction projects have to face: technological complexity which are
related to the product itself, interactions between its parts and its environment, the number of parameters and non-
linear behaviors, and organizational complexity which consists in numerous actors, the number of decision levels,
number of organizational units and departments and personal specializations. In this part, we will show that
complexity of construction systems is even increasing for many reasons: increase of urban density, development
of multifunctional systems and environmental challenges.

1.2.1. More interactions: The compact city

One consequence of urban population increase is urban spread. This phenomena is usually not suitable as it limits
the use of lands for other purposes such as agriculture or natural lands. Impacts of urban spread are now well
identified and most of cities are trying to limit it: waste of resources, congestion, decrease of agricultural land and
biodiversity, social segregation or health of citizens (Laugier, 2012), (James, et al., 2013), (Zhang, 2015).

One possible way to limit urban spread and while increasing the urban population is to build “compact cities”.
Increase density is one way to limit impacts of urban spread by limiting the number of kilometers traveled, save
space for other purposes, optimize energy consumption enhance social diversity and access to urban services
(Haugthon, et al., 1994) and (Lehmann, 2010). It is also what encourages the UN-Habitat to plan urban space
around 4 main ideas: urban spaces would be compact, connected, territorially and socially integrated (Velaskez,
2013).

However, build compact cities is not without consequences on constructions systems: construction systems are
more nested, interlinked and dependent between each others from planning, design, construction to operation
phases. As shown in the scheme of Locuratolo (Figure 3) which represents the city of Paris (one of the densest city
in the world), metro infrastructures, buildings, coffee shops, bookstores, streets etc. are all imbricated. This scheme
highlights well how density implies more complexity for the development of construction systems.

¥

]

‘.ﬁ\n \}"xmn /%

a—

Figure 3 : « La ville compacte » (Locuratolo, 2014). This scheme highlights the complexity induced by compact cities.
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The underground map of Tokyo (Figure 4) is another example of the complexity of construction systems in dense
cities. And it becomes even more complex if all other underground networks would have been added (sewage,
drinkable water, tunnels for electric cables etc.).

Railway Lines in Tokyo and its Suburbs
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Figure 4 : Map of the metro in Tokyo. The map of the Tokyo metro illustrates complexity of its management and
operation in dense cities such as Tokyo.

More than density, Stransky (Stransky, 2013) highlights that it is more the functional mix over space and at
different scales which would allows reducing negative impacts relate to urbanization: it reduces travel distances,
optimize energy consumption or mutualize infrastructures as instance. It is from this statement that we have
developed the concept of the multifunctional metro which is detailed further in this thesis.

1.2.2. More functions: multifunctional systems

While most of urban sectors are interdependent we continue to plan, develop and manage them separately. A new
way of planning, designing and building infrastructures is required: system thinking. A large part of this shift is
the development of multipurpose and multifunction infrastructures (Berger, 2009). The idea is to use a unique
system to address multiple needs and generate multiple benefits through a new kind of infrastructures (Vechio,
June 2012).

The Cartesian method has consisted to the reduction of the analysis of phenomenon in elements which composed
them individually (reductionist precept). It is the application of this method which has led to the management of
cities in “silos”: transport, housing, energy, economy etc. and to the development of under optimized
monofunctional infrastructures. This type of analysis is now considered as reductionist and does not allow
understanding well urban phenomenon: interactions between sectors are not studied (or barely studied) which can
lead to under optimization, dysfunctions, or choices which can lead to pervert effects from a sector to another.
That is another reason which explains our choice of methodologies related to the system thinking theory in this
thesis such as Functional Analysis and Systems Engineering as explained further in the thesis.

In this part we give several examples where the concept of multipurpose infrastructure has been applied in different
places, different historical periods on both above the ground and underground.
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e  Multipurpose infrastructures over time

Using a unique asset for different functions is not a new trend and many infrastructures in history have been built
to be used for different purposes. A good example is the Khaju Bridge in Isfahan (Figure 5), Iran which is still
under operation. This bridge was used as a dam (or a weir) to irrigate the valley, a bridge to cross the river, a
building, and a meeting place for citizens (Mainstone, 2001).

Figure 5: The Khaju bridge by night. The Khaju bridge is an example of a multifunctional bridge built in 1650 by the
Persians.

e  Stormwater systems and multipurpose infrastructures

Ann-Ariel Vechio (Vechio, June 2012) has studied the concept of multipurpose infrastructure in the case of
stormwater systems with three case studies in the USA: San Francisco, City of Lincoln and Cleveland.

In her thesis, Vechio highlights that: multipurpose infrastructures can create additional community benefits
depending on the context; functions to add are different in each case depending on spatial and social characteristics;
coordination of city agencies can foster the development of multipurpose infrastructures and makes dense urban
area more livable.

e  Multipurpose underground infrastructures: Utility galleries

Utility galleries are other good examples of transversal multipurpose infrastructures; they have been built in
different countries over the world (France, UK, Czech Republic, Switzerland, USA...) but are still the exception
for urban networks development (Figure 6). Nowadays, urban networks are developed independently in silos.
Alternatively, Utility galleries allow incorporating several urban networks in a single place: water, gas, energy,
information and more, depending on the context (Clé de sol, 2005). They are easy accessible which allows
improving maintenance and operation tasks, avoiding the deconstruction of pavements and reducing disturbances
for citizens. Below an example of an utility gallery in Geneva, Switzerland.
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Figure 6: Utility Gallery, Geneva, Switzerland. The utility gallery is a multifunctional structure which welcomes all
types of urban utilities (electricity, water, optical fiber, gas).

In (Clé de sol, 2005), reasons to develop utility galleries are presented: they allow eliminating road works, giving
a better maintenance (accessibility and observation are improved), concentrating utilities gives economics benefits
and they allow insulating networks and pipes from outside events (site works, weather conditions...).

o Eco-logical Principles for Next-Generation Infrastructure

In her book Eco-logical Principles for Next-Generation Infrastructure Hillary Brown (Brown, 2014) suggests to
merge the concept of multipurpose infrastructure with natural systems: “Infrastructural systems are man-made
extensions of natural flows of carbon, water, and energy, so appropriate modeling might be based on the symbiotic
relationships of natural ecosystems. Based on this whole-system perspective, we might reinvent an ecologically
informed, post-industrial generation of infrastructure.”

To illustrate her thoughts, Hillary Brown gives the example of the Wadi Hanifah: Bioremediation of dry weather
flow in Saudi Arabia: Instead of building a new water treatment plant this streambed has been renovated to provide
quality water for the city of Riyadh, restore the natural habitat and for agriculture irrigation (Figure 7).

Figure 7: The Wadi Hanifah, Riyadh, Saudi Arabia. This treatment plant has been designed also to restore natural
habitat and for agriculture irrigation.
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e Lessons learned from cited examples on multipurpose/multifunction infrastructures:

Nowadays multipurpose infrastructures are the fruit of opportunity, a system thinking approach doesn’t exist in
planning authorities which hinder most of the possibilities for mutualization while it has numerous advantages for
all stakeholders: Multipurpose infrastructures allow: sharing resources across different systems reducing costs and
environmental impacts, improving project bearing (more stakeholders are involved, acceptability of the project is
increased and more services are offered to the population), reducing worksites inconvenience (works are done only
once), making dense areas more livable, improving maintenance and operation.

e  Multifunctional metro systems

Figure 8: Tunnel and stations with multiple functions, Egis, 2016. This

conceptual scheme of the multifunctional metro illustrates the different possibilities to integrate new functions into
metro systems.

In the light of this statement, we have applied the concept of multipurpose infrastructures on metro systems (Figure
8). The metro market is currently growing very fast (UITP, 2015) offering opportunities to answer globally to
other city needs. Several examples show that it is possible to add a function in a rail system: in Switzerland,
integration of High Voltage cables in the railway tunnel of Grimsel has allowed saving 520 million Swiss Francs
(Meillasson, 2016). The same principle has been applied on the line B of the Lyon (France) metro and has allowed
saving the construction of a tunnel under the Rhéne (RTE, 2016). In Rennes (France), integration of geothermal
systems in diaphragm walls and inverts allows energy supply of residential and office buildings which has allowed
saving the construction of energy piles (Egis, 2014). In the Parisian metro, operation of optical fiber brings a
turnover of 20 million euros per year to Telcité a subsidiary of the metro operator (RATP) (Chicheportiche, 2015).
As shown in these examples, integration of new functions in a metro system is profitable for the community: a
unique infrastructure answers to many needs. Nevertheless, these opportunities are far from being studied for each
metro project and are the results of local opportunities. The aim of our approach is to generalize this analysis of
possible mutualizations to all metro projects.

Underground metro systems seem particularly adapted to incorporate new functions as they require large
infrastructures. One possible solution among others would be to integrate new systems under inverts in metro
tunnels as shown in the picture below. Stations and shafts are opportunities to link incorporated underground
networks with the subsurface.

This concept will be applied on the 5% metro line of Lyon and is one of the case study used for the application of
the methodology developed in this thesis.
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1.2.3. New challenges: environmental requirements

New environmental considerations add a lot of complexity in the development of construction systems:

Construction systems have to fulfill more and more challenging performance in terms of energy
consumption as attested by the numerous labels and certifications created in the building industry
particularly in the energy sector (HQE, Leed, CSTBat...). But also performance related to air quality,
noise isolation, biodiversity, recycling of removal materials and many more. These requirements are
related to a better respect of the environment, to the consideration of interactions between the construction
system and its surroundings to reduce its impacts and to improve comfort of inhabitants. As instance, the
ASHRAE (American Society of Heating Refrigerating and Air-conditioning Engineer) says that it is
necessary to decrease energy consumption of building by 30% and that greater reduction would lead to
complex interactions between systems and their environment.

Requirements related to the interactions between the environment and construction systems go in both
ways: construction systems have to react to current environmental challenges and required to stay
functional in a changing environment or/and to be easily and quickly reparable in case of an
environmental disaster. These requirements are related to resilience of the construction system. They
imply new requirements to consider when planning, designing and realizing construction systems
(Toubin, 2014).

The consideration of the interactions between construction systems and its environment whereas it is to keep it
functional under some difficult circumstances or to decrease its impacts necessarily add new interactions to
consider, which lead to more requirements, more internal interconnections between components of the system and
finally more complexity in the development process of construction systems (Higgings, 2018).

19



1.3.Costs, Delays, Quality: the haunted house

In previous parts we have seen that needs in infrastructures and more precisely in urban infrastructures are
increasing. Nevertheless, infrastructures are very costly and can be hard to finance particularly in developing
countries where the needs are the most urgent. From the World Bank, financing needs which are not satisfied rise
$270 billion per year in developing countries (World Bank, 2009).

In this context, productivity issues in the construction industry are crucial to answer the demand. It is urgent to
improve productivity and quality and to avoid overruns and delays. The IMF (International Monetary Fund) also
says that “Increasing public investment may lead to limited output gains if efficiency in the investment process is
not improved /...] When public investment is inefficient, higher levels of spending may simply lead to larger budget
deficits, without increasing the quantity or quality of roads, schools, and other public assets that can help support
economic growth.” (IMF, 2014).

1.3.1. Costs and delays in the construction industry

Complexity of construction systems identified in the last chapter leads to numerous productivity and quality issues
in the construction industry: delays, and over costs are the norm, requirements of project owners are not always
met and conversely construction products suffer from over quality (wastes). These phenomenon have been
highlighted by several studies, articles and researches all over the world: in 2007 the American Institute of
Architects highlighted that the construction industry suffers from 30% of wastes related to over quality, that
productivity has decreased since 1964 while other industries have increased their productivity by over 200% and
that lack of interoperability in AEC (Architecture, Engineering and Construction) software cost $15.8B annually
to the US construction industry (The American Institute of Architects, 2007). Some projects are even canceled
while they are still under construction. It was the case as example of the “Second Stage Expressway” which was
canceled after $3.1 billion have been invested (D. Breysse, 2009). 20 000 mistakes were identified during the
construction of the airport of Berlin which was initially scheduled for 2012 and delayed to 2018 and then 2019.
Operation and maintenance of the airport costs more than $16 million per month to the municipality (Hammer,
2015). 77% of highway projects in the U.S. suffered from cost overruns (Kaliba, Muya, & Mumba, 2008). These
different examples show that this phenomenon affects both developing and developed countries and different types

of construction projects (roads, airports...).

Other studies have the same statement on the construction industry, a McKinsey study (McKinsey, 2015) notably
shows that construction projects (infrastructures, oil & gas and mining) have in average 20 months of delay and
overrun of 80% (Figure 9).
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Figure 9 : Companies’ public annual reports; IHS Herold Global Projects Database, November 19, 2013; press releases.
This figure shows that in average construction projects suffer overcosts of 80% and delays of 20 months.

1.3.2. Quality in the construction industry

More than delays and overruns, the construction industry is also facing quality issues. Requirements of project
leaders, future leaders and operators are not always met (Abbasnejad, 2013), (Gambatese, Pocock, & Dunston,
2007). Even if compliance of the product with requirements is sometimes hard to verify for construction systems
neither costs of these non-compliance, in the US, a study from Carnegie Mellon’s University shows that 6 to 15%
of the total costs of construction products are due to defective elements or modifications and 5% of the construction
cost is wasted due to modifications during the operation phase (Philip, 2009). In France, experts in the construction
domain consider that only 70% of the total cost of construction systems are related to added value and 30% are
wasted in non-quality (IRC, 2013).

Figure 10 illustrates part of the non-quality problem in the construction industry, the multiplicity of stakeholders
notably which potentially have different objectives can lead to communication issues and finally to a mismatch
between clients’ expectations and what is realized. Assuming that stakeholders have different positions and
evaluating impacts on the future product is part of the objective of this thesis.
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Figure 10 : Illustration of non-quality issues in the construction industry and the different point of views of different
stakeholders of the same product.

Not all researchers do agree that productivity issues, non-quality, delays and over costs are due to the complexity
of construction systems. Flybvjerg notably (Flyvbjerg, 2007), (Cantarelli, Flyvbjerg, Molin, & van Wee, 2010)
considers that technical complexity of construction project is already well mastered and that delays and cost
overruns come from other issues:

e Political: Costs and delays are voluntary underestimated in order to increase the chance of project
acceptance;

e Psychological: decision makers and politicians can be affected by Optimism bias, which leads to optimism
forecasts related to delays, costs and performance of the future system;

e Economic: due to a lack of resources, project owners have to choose between different projects and
project promoters voluntary underestimate costs and delays.

In Transport infrastructures, Flybbvjerg says that needs the future system should answer are often overestimated
by 80% in order to justify realization of new infrastructures. It highlights that objectives of stakeholders are not
always clear particularly for large and public projects. Political objectives notably are often not assumed by project
leaders.

This interpretation of over costs and delays highlight that issues related to construction system don’t necessarily
lie in the product itself (later called System of Interest in this thesis) but also to all the processes required to develop
it (later called Enabling System). This interpretation of Flyvbjerg asks the question of what is complex in
construction systems. The product itself? The development process required? Both? Or interactions between them?
Moreover, arguments presented by Flybbvjerg concern public projects where decision-makers are mostly
politicians. How to justify that private projects like in the real-estate business, stadiums and even airports suffer
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similar delays and costs overruns? How to justify that PPP (Public Private Partnerships) suffer as well of delays
and overcosts (as instance the high speed rail project in south west of France has seen its budget doubled between
1999 and 2013 mainly because of unforeseen environmental issues (Capital, 2013), and that from the 56 PPP
projects launched in Philippines only 4 have been completed in time notably because of land acquisition issues
(The Manila Times, 2017))?

In this thesis we will show that more than the issues identified by Flivbjerg to justify over costs and delay overruns
the construction industry lacks an adapted methodological background to master complexity of construction
systems.

1.3.3. A productivity gap

Compared with other industries productivity of the construction industry is stagnating and even decreasing as
shown in (Figure 11).
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Figure 11 : Comparison between productivity of the construction industry and other industries (McKinsey Global
Institute, 2013). This graph shows that compared to other industries, productivity of the construction sector has
decreased in the US and in Germany.

Nevertheless, this graph (Figure 11) doesn’t indicate how productivity is measured and compared. Each
construction project is unique, it is therefore very difficult to compare productivity of two different projects while
it is not the same objects which are compared. Hence, the construction industry regroups objects as different as
houses, airports or tunnels comparing productivity of an underground tunnel and of a hospital can be disappointing.
More than that, comparing productivity of two different tunnels as instance is not necessarily pertinent as
geological and geotechnical can be radically different leading to totally different products.

Comparison of productivity between the construction industry and other industries rises the question of what is
productivity. In France, the INSEE (Institut National de la Statistique et des Etudes Economiques) gives the
following definition of productivity: « Productivity is defined as the ratio in volume between a production and
required resources to obtain it. Production designates goods or produced services. Resources applied named
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production factors can designate the working force, the technical capital (engines and tools), invested capital,
intermediary consumptions (raw materials) and factors harder to grasp as accumulated know-Aow. ”

services/goods

Therefore productivity can be formulated as a ratio: Productivity = . The difference between

required resources
other industrial domains and the construction industry is that services/goods offered by the construction industry
are never the same: while a “classic” industrial product always offer the same service (a car allows driving, a plane
allows flying, a boat allows navigating etc.) a construction product allows “offering a space to carry human or
related activities”. This service may change depending on the space to adapt and the human (or related) activity
to carry. Therefore, an appropriate comparison of productivity between the construction industry and other
industries should differentiate services offered by construction products (i.e. like offering a space to “live”, offering
a space for “rail traffic” etc.) as well as the space to adapt to carry these activities (urban, rural, cross-border,
regional etc.). In other words, putting in the same scale productivity of a 3 storeys building in the countryside and
a 20m diameter tunnel under the sea with a complex geological context is a non-sense.

That being said, construction projects still have similarities which we will be detailed in the next part of this thesis.
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1.4.Specific characteristics of the construction industry

Several methods have been developed over the years to master complexity of industrial systems. Most of them, as
we will present in this thesis, are coming from manufactured systems and the software industry notably Functional
Analysis and Systems Engineering. In order to apply them to the construction industry, it is necessary first to
identify particularities of the construction industry and then to integrate such particularities into the previously
mentioned methodologies.

Construction is the process of assembling, dispose materials or the different parts to constitute a functional building
or infrastructure. Construction differs from manufacturing in that manufacturing typically involves mass
production of similar items without a designated purchaser, while construction typically takes place on location
for a known client (W. Halpin, 2010).

Three elements highlight the difference between the construction industry and other industries:

e  “Construction typically takes place on location”. Mauger in (Mauger, 2015) also highlights that space is
“proper to the Architecture-Engineering-Construction discipline. Other engineering domains do not
define this concept as it is not required.”

e  “Construction typically takes place on location for a known client”: stakeholders and particularly the
client are not always known and often different. And each construction project is unique.

e Another particularity of the construction industry compared to other domains comes from the separation
of the “enabling system” in different entities depending on the phase of the project (planning, design or
realization). In some countries like France, this separation is even written in the law (Loi relative a la
Maitrise d’Ouvrage Publique, loi MOP).

These are the three particularities of construction systems which make the construction industry different from
other sectors.

The first point may be the biggest difference with other domains. Indeed, the fact that construction products take
place on location anchors construction in the domain of Geography and Architecture. To be more specific, we
don’t say that other industrial products don’t consider space, an aircraft, a car, a spacecraft exist over space and
required to be physically realized and assembled. However, the main difference comes from that in construction
systems, space is an essential part of needs, functions and components whereas in industrial systems it only
concerns the components.

1.4.1. Adapt space to carry human related activities

The first particularity identified is related to needs construction systems are answering: « adapt space to carry
human related activities ». This trait is common to all construction systems and may be what unify them into a
unigue domain. This first common definition of construction systems is composed of several terms which would
require more precisions.

1.4.1.1. Human activities

Human activities are very diverse: sleep, eat, work, practice leisure, move, practice sport etc. each activity
potentially leads to a certain type of construction systems (housings, parks, stadiums, tunnels, airports, hospitals).
Even if these activities are somehow practiced similarly upon the different populations, it is important to notice
that cultural, historical, political and even economical backgrounds imply specificities in how activities are
undertaken in the different countries. These specificities imply that needs construction system answer can vary but
have general properties. The perceived part of human activities are carried over “space” and are called
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phenomenon. These concrete aspects of human activities are analyzed in phenomenology, a philosophical and
architectural trend which consists in studying lived experience and phenomenon.

Without getting too much in detail in the description of human activities, such activities have spatial description:
they “take” place somewhere, in an environment and are often concurrent with other activities. At the level of
individuals, activities can be described over space, their volume, and how they are perceived over space: noise,
aesthetic, olfactory environment, touch, taste.

Moreover, when talking about human activities, a distinction can be made about human activities related to
individuals and activities of a group of individuals. Behavior of groups of individuals is totally different than for
individuals, each level have to be considered but it is important to notice their differences. At the level of a group
of individuals, activities can also be described over space. As instance, for a mobility infrastructure, global mobility
trends are analyzed at the level of group of individuals (Figure 12) and concurrently it is analyzed how individuals
can perceived the infrastructure at their level (Figure 13): aesthetic of stations, feelings of materials, ambient
scenting, volume etc. There are at least two levels of analysis of behavior of human activities depending on their
purposes: group of individuals and individuals themselves.
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Figure 12 : Example of a spatial mobility analysis at the territorial level (Leurent). This figure shows representation of
forecast mobility needs over space at the territorial level.
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Figure 13 : Example of comfort analysis for a transport system at the human level (Fruin, 1971). This figure
represents different level of spatial comfort at the human level.

When designing a construction system both level required to be considered to analyze human activities. This first
example shows that space can be considered at different levels of abstraction.

Now that we have given what could look like human activities over space and that different levels of abstraction
can correspond to it, it is necessary to give more precisions about space and about which elements of space we
adapt in the construction industry.

1.4.1.2. Physical Space and Human space

Space is a very abstract concept and has different definitions. As instance in the French dictionary we find the
following definitions of space (translated):

e “Space is a particular property of an object which makes it having a stretch, a certain volume within a
stretch, with a volume necessarily bigger than it and which can be measured ” (Larousse, 2018).

Or:

e  “Aportion of a stretch occupied by something or the distance between two things, two points.” (Larousse,
2018)

o “Astretch, a surface or a volume we need around us”. (Larousse, 2018)

These different definitions reveal that space doesn’t have a very clear definition and regroups a large panel of
concepts. The first definition refers to geometry of objects and that they exist in the 3 spatial dimensions composing
our world. It also mentions that an object and its spatial characteristics are always contained in another space
bigger than itself. The space the Larousse is referring to can also be measured, and as we will see it is not the case
of all spatial phenomenon at the moment. The second definition refers to distances and geometric relations between
objects and consider topological aspects of space. The last definition insists on the fact that we “need” space around
us, it shows that space can be seen as resource to carry activities.

Architecture and Geography are two domains dedicated to the analysis of space and more especially on the
relations and rules between human beings and space. These two domains are strongly linked with the AEC
industry.

Geography notably is very rich in the study of spatial phenomenon, geographical space being one of the major
branch of geography:
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“Geographical space is used in Geography to designate spaces organized by a society, it is a space where humans
live together and interact with their environment” translated from (L'Espace Géographique, 2013).

In the American Heritage Dictionary, geography is defined as “a field of science devoted to the study of the lands,
features, inhabitants and phenomena of Earth” (American Heritage Dictionnary, 2018). Geography is usually
divided in two branches, human and physical geography (Figure 14). Human geography being dedicated to the
study of people, their community, cultures, economies and their relations with environment. Physical geography
is dedicated to the study of processes and patterns of the natural environment, atmosphere, biosphere, hydrosphere,
climate etc. Geography can be seen as “the bridge between human and physical science” (Pattison, 1964).

Human Space

Geography: analysis of the
interactions between
Physical and Human spaces

Physical Space

Figure 14 : Geography as the domain related to the analysis of interactions between Physical and Human science
(Pattison, 1964)

Distinction between these two aspects of geography is interesting for our purpose, if geography is the link between
human and physical science, the construction domain aims to adapt physical space in order to modify human space.

More precisely, the particularity of construction systems is that the need construction products answer is to adapt
physical space (physical space as a subsystem of geographical space) in order to carry human activities (modify
the human space). The diagram below illustrates this particularity (Figure 15):

Stakeholders

Modify physical

' Physical
space to carry

human activities

Materials, tools,
engines, human
resources...

Figure 15 : The construction industry: modify Human space by modifying physical space

In other domains, physical space can be considered as a constraint but not as a resource to use, modify or adapt
(Figure 16):

28



Physical space

/" Clients’ /" Product
| requremenss— Other products w

Materials, tools,
engines, human
resources...

Figure 16 : In other industries, space is only considered as a constraint in comparison with the construction industry

The aim of the construction industry is to adapt physical space (as a subsystem of the geographical space) to
improve and simplify the functioning of other systems (industrial products, humans’ activities...) which are
supported by the physical space.

In physical geography, space is the physical environment at the earth surface. It consists in the analysis of soil
constitution (geology), climate (climatology), or ocean (oceanography) as instance and in general terms to all
elements required to the understanding of the earth dynamic (Veyret, et al., 2002). The earth surface is therefore
constituted of numerous elements with different characteristics: surface and subsurface are solid, ocean, rivers,
lakes are liquids and the atmosphere is constituted of gaz. Understand all these phenomenon, and modify physical
space consequently is an element of complexity of construction systems particularly when considering all
environmental interactions.

Di Meo (MEO, 1998) and Le Moine (Le Moing, 2014), also propose three dimensions of the geographical space:
e Materiality of space (physical, natural or anthropogenic space);
¢ Individual psyche (perceived and lived space);
e  Collective representations (social and cultural space).

The first dimension is related to physical space, and the other dimensions refer to the human space. The distinction
between the perceived space and social space highlights the same distinction we have made in the last paragraph
about the different scales of analysis of human activities: at the level of individuals (perceived space) or at the
level of groups of individuals (social space).

Behind the separation of geography between human and physical space, numerous authors have proposed different
ways to analyze interactions between both (Figure 17, Figure 18), notably through the concept of territory:
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Figure 18 : Territory decomposition in systems (Le Moine, 2014). This diagram represents another systemic way to
describe a territory
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Finally, physical space is a very heterogeneous resource: its composition, the number and the type of its
interactions vary. Indeed, physical space we are considering is not an “abstract space”, it is part of a larger system
which is the geographical space. Therefore physical space is in relation with other subsystems: social space,
political space, legal space, administrative space etc. This heterogeneity makes construction products and projects
complex and unique. As each project is in a different location, it is interacting with different elements of the
physical geography and human geography subsystems. Therefore, analysis of the environment and of the
geographical space is a crucial step of construction projects as physical space (as a subsystem of the geographical
space) is the resource to process. In this thesis, we haven’t investigated more in depth how the construction domain
interferes with the different subsystems of geography, however, it is clear that the physical space has inevitably
interactions with other geographical subsystems. Analyzing such interactions and evaluating its impacts in a
systemic way is a possible avenue for further researches.

1.4.2. Uniqueness of construction systems

The direct consequence of the fact that construction systems aim to modify Human spaces by modifying Physical
spaces is Uniqueness of construction products and projects. Indeed, each Human and Phisical spaces are unique
depending on their location (their characteristics can even change over time) as well as interactions between both.

To be more specific, let see what is unique in construction systems and what could be considered as common
(Figure 19 and Figure 20):

e Because physical space, human space and interactions between each are never the same, construction
systems never answer to similar needs and constraints. Environment of the system is never the same,
physical spaces always have particular properties which required to be modeled and calculated for each
project. Needs are also specific to each project (mobility needs, housing needs, comfort needs etc. are
always recalculated). The Human space to modify (cultural, social, economic, systems) is also always
different between spaces implying different interactions and constraints to consider. For all these reasons,
all construction systems are unique in the sense that they answer to different needs at each project.

e To develop construction systems, it is required to mobilize different other systems (later called Enabling
systems) such as logistic, political, raw materials extraction, workforce etc. Firstly, it is important to
highlight that Enabling Systems require Physical spaces (logistic, raw materials etc.) as well as Human
spaces (political, economic as instance). In the case of construction systems, because the space to modify
is always different, spaces required for Enabling Systems are also always different. It implies that for
each construction systems it is necessary to adapt Enabling Systems to specific spaces related to
construction project.

This last point makes construction systems very different from other industrial systems (Figure 20). Whereas other
industries also develop continuously new products which answer to new needs, what hinder a similar
industrialization in the construction industry is the continuous adaptation required for Enabling Systems due to
impacts of uniqueness of Physical and Human spaces.
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Figure 19 : Impacts of space on uniqueness of construction systems. This figure shows that because each space is unique
and because purpose of the construction industry is to adapt space, each construction system is unique.
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Figure 20 : Uniqueness of construction systems and implications on the Enabling System. This uniqueness implies that
the Enabling system is necessarily unique for each project.

In current design methodologies and notably Functional Analysis and Systems Engineering which will be used in
this thesis, constraints from the Enabling System are hardly considered in the development of the product. This is
mainly because, in other industries, these constraints are not changing very much during the development process
or if they change it is often for reasons independent from the product to develop, whereas in the construction
industry both spaces related to the construction system and its Enabling systems are intimately related.
Consequently, they are, at best, considered as constraints on the product to develop. Analyzing impacts of such
constraints on the product to develop at different levels of abstraction is not integrated in current design methods.
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For this reason, we will precise how constructability and later constructibility which objectives are to analyze
constraints from Enabling Systems can be integrated in Functional Analysis and Systems Engineering methods.

1.4.3. Organization of construction projects in France and abroad

Another particularity of the construction industry is the organization of the sector. In some countries like in France,
public projects are regulated by law (the MOP law, Maitrise d’Ouvrage Publique) which defines roles of the
different stakeholders. In this part we quickly introduce how stakeholders interact between each others in
construction projects.

1.4.3.1. Stakeholders of construction projects

Construction project Stakeholders are “a person or group of people who has a vested interest in the success of
the project and the environment within which the project operates. He further referred to them as,
representatives of the various interests that will be affected during the different stages of the construction
project from initiation to handover both positively and negatively” (Olander, 2007).

In (Molwus, 2014), Molwus enumerates a list of common stakeholders in construction projects: Owner/client,
Senior managers/executives, facilities managers, project managers, staff/femployees, purchasers, subcontractors,
suppliers, and other process or service providers, tenants, residents, community representatives, neighbors,
visitors, customers (potential and future), users, partners and design team members. These stakeholders can be
classified in Internal/external stakeholders and in the Demand/supply side and Private/public stakeholders (Figure
21).

Construction
project
stakeholders

Internal External
Stakeholders Stakeholders
[~ N N N e N\
Client ' e Local residents Regulatory agencies
Financiers Architects Locz.al landown.ers local governments
Client's employees SRR Env1ronm<.:ntz.ll1sts regional governments
Client's customers Principal Conservationists Naticiil t
. ational governmen
Client's tenants contractors Archaeologists I ; & I
: ; Trade contractors Non-governmental nternationa
G SRS Material suppliers organisations(NGOs) government agencies
Media
—————— I\ /L J

Figure 21 : Construction project stakeholders classification (Winch G. , 2010). Another particularity of the construction
sector is the numerous and different type of stakeholders and that they change at each project.
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In the AEC (Architecture Engineering and Construction) industry, some actors take an important place in the
project lifecycle and deserve more precisions (Molwus, 2014):

e The project owner/client

The project owner is responsible for setting up the project, defining the program, finding the appropriate funds,
setting the organization of other actors by defining the type of contract to engage (procurement), Return-on-
Investment of the project (in case of public projects essentially). The project owner is also responsible of the
delivery of a purpose-built facility.

e  Designer/consultants

Designers and consultants can be part of the client organization or independent (in France, the MOP laws forces
having an independent consultant). They are responsible for the design of the future product; architecture,
techniques, economic etc. Depending on the contracts, he can assist the project owner for the procurement process,
the coordination of works on site, execution and receipt of the works.

e Contractor

Usually a “general contractor” is responsible for the coordination of subcontractors or, the contract can be
separated by technical state bodies. Objective of the contractor is to carry out construction works with success as
designed by designer and consultants and essentially to meet contract terms. It ensures logistic and purchase of
materials, engines and workforce as well as subcontracting.

One main characteristic of construction actors is that they are ephemeral. Because actors are changing from one
project to another, relations between them are short (Kubicki, 2006).

Generally speaking there is a lack of communication between actors in the construction industry. Whereas it is
between different projects as shown in the comic in Figure 22 or internally in the same project as show in Figure
23.

Figure 22 : Interactions between different stakeholders in construction projects. This scheme illustrates conflicts
between construction stakeholders because of a lack of communication and coordination.
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The comic in Figure 22 highlights a lack of communication between projects and essentially between clients and
project owners who are not always aware of other projects currently under development in the same area. This is
mainly due to the reductionist precept which has led to organize cities in silos by urban functions (water, transport,
energy, communication), each urban department is carrying its own project without considering others’.
Organization in silos and lack of communication between urban departments inevitably lead to conflicts between
projects.

Program Design Construction Construction Facility
Planning Management

Figure 23: Separation of tasks and lack of communication in construction projects. Internally, construction
stakeholders manage their activity in silos with low consideration of other actors’ problematics.

Figure 23 shows that communication issues also occur internally between project stakeholders: the client,
consultants, contractors, subcontractors and operators can have different objectives and don’t necessarily share
information or complete information between them which can lead to unmet requirements, redesign, errors,
interoperability issues, over costs and delay overruns.

1.4.3.2. Laws and contracts

Unlike other industrial sectors, roles of construction stakeholders in the construction industry are sometimes
regulated by laws. As instance, a contractor cannot express the needs (at least for public projects and some specific
private projects), a consultant cannot realize a project etc.

e InFrance: MOP law.

In France, the law regulating roles in public construction projects is called the “MOP law” (Maitrise d’Ouvrage
Publique). While in other industries, the actor responsible for the construction of the product could also be the
actor responsible for the design or for the definition of needs in the construction industry in France, all the missions
of stakeholders are described in the law. The MOP law not only defines actors’ roles but also the different steps a
project should undertake (Figure 24):
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Steps of MOP law
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Figure 24 : Steps of a construction project as defined in the MOP law (Legifrance, 1985). The MOP law in France
implies a “cascade” working flow between different steps.

Process of the MOP law is a “cascade/waterfall” process, this type of process has several drawbacks as we will
explain in this thesis. Notably: Each separation between missions undertaken by different stakeholders necessarily
means losses of information and knowledge about the project. Each actor has a partial view of the project
depending on its own objective and mission. It implies several feedback loops in the development process at
different stages and often between different stakeholders. These feedback loops are part of the reason of cost
overruns, delays and non-quality particularly when they occur at a late stage of development. As instance,
requirements related to the realization of the infrastructure are carried only at the “EXE” step by the contractor
while they have inevitably impacts on the previous step carried by designers to design the future product.
Modifications will have to be carried between different actors (the designer and the contractor) who don’t
necessarily have the same objectives which will lead to conflicts. These modifications will be costly and time
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consuming and risk to challenge the design and lead to unmet requirements. Moreover, as designers are not
implicated in the realization phase they might lose the knowledge and the experience and less and less consider
such requirements in the design in future projects. Similarly contractors lose experience on the design of
construction systems and don’t understand choices made at previous steps stressing the divisions between actors.
Similar phenomenon occur between planning and design phases.

Other types of contracts exist in France with other modes of collaboration such as Design and Build contracts
(Conception — Réalisation). In this case, the design and realization steps are carried by the same “economic group”
(eventually composed of a classic contractor and a designer, or a contractor on its own). However, this kind of
contract is limited to “products which the realization process influences the design or/and to products which have
exceptional dimensions, particular technical difficulties, require the specific knowledge and technicity of the
economic group” (traduced from (marche-public.fr, 2018)). The terms “exceptional dimensions”, “technical
difficulties” being very vague and subjective. Concerning the first part of the sentence, all realization processes
have inevitably impacts on the design of the construction product adding this specification shows that it is not
commonly and that it is only the case in specific cases which is obviously false in our point of view as we will
highlight in the thesis.

e  Abroad: FIDIC contracts (Design and build, Turnkey...), alliances

In other countries other types of contract exist which apply to different types of project and collaboration modes.
FIDIC (international Federation of Consulting Engineers) contracts notably are famous types of contracts used
internationally (Figure 25) (FIDIC, 2018).

- The Red book: the Red book is dedicated for contracts where the design is carried by the client and/or a
consultant engineer.

- The Yellow book: The Yellow book is dedicated for contracts where majority of the design is carried by
the contractor.

- The Orange book: The Orange book is dedicated for Design and Build contracts.

- The Silver book: In the Silver book, most of the risks related to the project are undertaken by the
contractor. In this type of contract the contractor is responsible for the majority of the design.

- The Pink book: The Pink book is an adaptation of the Red book for projects where the financing comes
from different development banks (World Bank, JBIC, Giz, AFD etc.)

- The Gold book: The Gold book is dedicated for Design, Build and operate contracts. In this contract, the
contractor is not only responsible for the design and realization of the project but also for its operation.

Alliances, are other types of contract used abroad and notably in the UK (as instance for the extension of the
Birmingham tramway) where all stakeholders are collaborating from start of the project to its operation. Each
participant can influence equally the decision making process. Risks are shared between all stakeholders and
managed collectively, meaning that all losses and gains are also shared.
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Figure 25 : FIDIC contracts and how to use them (FIDIC, 2018). FIDIC contracts are example of the different types of
contracts existing for construction systems abroad.

In this thesis we will propose a process to better consider requirements related to the development of construction
systems. This process necessarily have impacts on collaboration among stakeholders and therefore on how it is
defined in Laws and contracts. Particularly, it implies more collaboration about stakeholders all along the process.
Alliances seem to be the type of contract the most adapted to the method developed in this thesis. However, impacts
on existing contracts and laws have not been studied in the thesis and would require more researches to be
evaluated and eventually to propose new types of laws, contracts and collaboration modes.
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1.5. Scientific issues and thesis organization

Obijectives of the thesis is to adapt Functional Analysis, to develop a robust design method for the construction
industry. To reach this objective we have identified 2 scientific issues we will answer in the thesis: the
consideration of Space and of the Enabling System in Functional Analysis methods. This new method should
allows a form of “industrialization” of the construction industry. Hence, even if each construction product is
unigque, methods are always repeatable. By analyzing what makes unicity of each project (space and the Enabling
System have been identified as such in this thesis) it would be possible to identify what could be repeatable in
other projects. Even if projects are unique, they all have similarities which are important to identify in order to
avoid unnecessary work and to avoid “reinventing the wheel” each time.

1.5.1. Problem n°1: consideration of space in design methods

The first problem identified comes from the consideration of space in design methods for the construction industry.
As mentioned above, needs the construction industry answer is to “adapt space to carry human or related
activities”. This specificity implies that space required to be considered in design methods. Therefore it is
necessary to assess when and how space should be integrated in the method. The different aspects of space
(political space, physical space, social space, economic space, cultural space etc.) have different impacts at
different stage of the development of construction systems which required to be identified, analyzed and integrated:
when, how and why space should be integrated in a Functional Analysis method adapted for the construction
industry?

1.5.2. Problem n°2: consideration of the Enabling System in design methods

The second problem and direct consequence of the consideration of space in design methodology is the unicity of
construction systems: as all spaces are different in terms of interactions or characteristics, inevitably all
construction projects are different. This unicity implies that the necessary systems required to develop the
construction projects are also confronted to unique environments and require to be adapted to local constraints
related to the space to adapt. This unicity implies, more than any other systems to consider the constraints related
to the development of the product (later called the Enabling System) in Functional Analysis, the design
methodology to adapt. Similarly to the consideration of space, it is worth asking, when, how and why to consider
constraints from the Enabling System in Functional Analysis? One objective notably is to ensure that decisions
are made considering impacts on all stakeholders of the construction projects. This issue will notably lead to the
definition of Constructibility criteria, constructibility matrices and a Requirement Modedling tools, concepts which
are detailed in the thesis, to better consider constraints from the Enabling System.

1.5.3. Insights for the thesis reading

First of all, it is important to remind that the thesis is undertaken through a Convention Industrielle de Formation
par la REcherche (CIFRE) 3 years contract between Egis and the Ecole Spéciale des Travaux Publics, du Batiment
et de I’Industrie (ESTP).

Egis is a design and consulting company specialized in the design and operation of buildings and infrastructures
(Figure 26). Egis regroups more than 13.000 employees and is present in all continents (Figure 27).
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Figure 27 : Egis activities in the world (Egis, 2018)

ESTP is a civil engineering school created in 1891, based in Paris and part of Université Paris-Est. The thesis was
carried as part of the Institut de Recherche en Constructibilité (IRC) the research laboratory of ESTP.

In the State of the art, issues are identified in Functional Analysis, System Engineering and Constructibility for
their application in the construction domain. Issues are highlighted by “red boxes”:

16 issues have been identified for the application of Functional Analysis, Systems Engineering and Constructibility
for complex construction systems. Some of them are directly answered in the State of the art by one of the other
method and others will be answered in the Enriched Functional Analysis method developed in part 3.

Improvements are elements which answer to the issues identified in the State of the Art. 23 improvements are
presented in this thesis, some are directly coming from System Engineering and Constructability and require to be
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integrated in Functional Analysis and other require specific developments and are explained in Part 3.
Improvements are highlighted with blue boxes as follows:

Improvement n°X:

Finally, application and use of the defined improvements are developed in the Part 4 in the two case studies used
for this thesis. The use of improvements is highlighted in green boxes as follows:

The organization of the thesis can be sum up as represented in Figure 28 with the different parts, issues,
improvements and their application in case studies.

Part 2.1: Part 2.2: Part 2.3:
Functional Analysis Constructability Systems Eng‘]il-leeling

Part 3.1: Part3.2: o
Part 3.3:
ion of il ing and ilif i of F i ysis for the
for integ in i ysi construction sector BTN
Part3.1.1 Part3.1.2 Part3.1.3 Part3.2.1 Part322 Part323 Part 3.3.1|| Part33.2
Imp. Imp. Imp. Imp. Imp. Imp. Imp. lar2, Imp.
n"4 n’s n°9 n"10 n"13 n°15 n°16 n°18 n°19
Imp. Imp. Imp. Imp. Imp. Imp. Imp.
n°6 n°7 n°11 n°12 n°14 n17 n<21

Imp.
n°g |

Case Study n°2: The broadband network of the line 16th

Case Study n°1: Needs analysis of the 5th mefro line of Lyon in a multifunctional
system perspective of the Greater Paris metro project

Figure 28: Thesis organization. 16 issues are identified in the second part (state of the art) for the
application of Functional Analysis, Systems Engineering to the construction sector and the integration of
Constructability. In the third part 23 improvements are explained to develop an Enriched Functional
Analysis method applicable to complex construction projects. In the fourth part, the Enriched method is

applied on two case studies.
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2. State of the art: Functional Analysis, Systems

Engineering and Constructability
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Résumé de ’Etat de I’Art en Francais

Avant de présenter les différentes méthodes utilisées dans cette these, nous présentons rapidement quelques
éléments de la Théorie des Systemes ou Systémique (notamment les termes de systéme, systéme complexe, systéme
de systemes, fonction, boite noire) dont sont issues 1’ Analyse Fonctionnelle et I’Ingénierie Systéme.

Dans une premiére partie les différentes méthodes d’Analyse Fonctionnelle sont présentées (SADT, FAST,
GRAFCET, QFD, APTE/MISME) et comparées pour leur application dans le domaine de la construction. Les
méthodes Qualitty Functional Deployment (QFD) et Méthode d’Inventaire Systémique des Milieux Extérieurs et
Environnants (APTE®/MISME) sont développées avec plus de détails étant donné qu’elles seront réutilisées
ultérieurement dans la thése. Des méthodes permettant d’évaluer comment un systéme répond a des fonctions sont
aussi présentées telles que les méthodes Suivi de Projet En cours de Conception (SPEC) et Data Envelopment
Analysis (DEA). Ces méthodes ne seront pas utilisées ici mais elles permettent de montrer qu’il existe des moyens
pour évaluer la capacité d’un systéme a répondre a des fonctions et surtout de définir le terme de performance, des
recherches ultérieures permettraient d’intégrer ces éléments dans la méthode proposée dans cette these.

Deuxiemement, le corpus méthodologique de la Constructability est présenté. Nous définissons d’abord deux
termes proches et qui ont été a la base de la Constructibilité : la Manufacturability qui consiste a prendre en compte
les contraintes de production dans 1’industrie manufacturiére, et la Buildability qui consiste a prendre en compte
les contraintes liées exclusivement & la réalisation de I’ouvrage. La Constructability rassemble des éléments de ces
2 corpus et consiste a prendre en compte I’ensemble des contraintes liées a la réalisation de I’ouvrage dans les
phases de planification et de conception. Nous présentons dans cette partie ses principaux concepts et principes.
Aujourd’hui, la définition la plus récente de la Constructability consiste a la définir comme I’analyse des
interactions entre le Produit et le Projet. Nous présentons aussi comment certain ont permis de lier la
Constructability et le Building Information Modelling (BIM). Dans la suite de cette thése nous prolongerons cette
définition pour proposer un nouveau terme : la Constructibility comme 1’analyse des interactions entre le Systéme
a faire et le Systéme pour faire.

La derniére partie de I’Etat de I’ Art concerne 1’Ingénierie Systéme dont 1’objectif est de maitriser le développement
des systemes complexes. Aprés un bref rappel de ’historique de cette méthode, nous présentons les principaux
éléments que nous allons reprendre pour enrichir I’ Analyse Fonctionnelle, notamment les méta-modéles (cycle en
V), I’ Architecture Systéme, la méthode V&V (Validation et Vérification), la distinction Systéme a faire/Systéme
pour faire, I’Ingénierie des Exigences (RE) et le Model Based System Engineering et son langage de modélisation
dédié a I’Ingénierie Systéme : System Modelling Language (SysML). Les liens possibles entre Ingénierie Systéme
et BIM sont aussi évoques et seront développés plus en détail lors de la présentation d’Exegis un outil de
modélisation des exigences dans la partie suivante.

Mis a part la Constructability qui est dédié au domaine de la construction, nous présentons également les
différentes initiatives qui ont été menées pour appliquer 1I’Analyse Fonctionnelle et I’Ingénierie Systéme dans ce
secteur. En conclusion de I’Etat de 1I’Art nous soulignons comment 1’Ingénierie Systéme et la Constructibilité
pourront apporter a 1’Analyse Fonctionnelle ainsi que les limites de leur application dans le domaine de la
construction : notamment de la non prise en compte de /’espace dans ces méthodes.
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Many industries such as aeronautics, defense and aerospace, have had similar problems developing complex
systems under constraints of costs, delays and quality. To face these challenges, they have developed
methodological corpuses... allowing or enabling them to do what? This thesis aims to adapt these methods to the
construction industry by taking into consideration its particularities, such as functional analysis, Constructability,
and Systems Engineering. In this chapter these knowledge and methodological corpuses are presented and their
application to the construction industry is evaluated. Presented methodologies have different objectives and goals,
each of them has its own interest concerning challenges faced by the construction industry, which will be dealt
with in the last chapter.

As most of these methods are based on system thinking we first present the basic concepts developed in this theory
as an introduction. Figure 29 presents the structure of the state of the arts. In a first step we present Functional
Analysis methods with a focus on the MISME method which is the most used and applied in the construction
industry. In a second step, constructability concepts, practices and criteria are developed as this methodological
corpus is dedicated to the construction industry and highlights its particularities. The last part treats about
enrichment of the previously defined methods in order to better manage complexity and enhance innovation in the
construction industry.

These methods are at the heart of the proposed method and will be developed in this thesis in the third part of this
work. The idea is to integrate these methods in order to define a method which allows the development of complex
systems in the construction industry within costs, delays and quality standards.

Figure 29: State of the art structure. The state of the art is divided in three parts: Functional Analysis, Constructability
and Systems Engineering. It also shows that objective of the thesis is the integration of Constructability and Systems
Engineering elements in Functional Analysis for complex construction systems.

2.1. The System paradigm

Most of the methodologies for the development of complex products and management of complexity are inspired
by System Thinking theories developed in the 60°s. Both, Functional Analysis and Systems Engineering methods
used in this thesis are derived from System thinking concepts applied to industrial man-made systems. In this part,
fundamentals elements of System thinking are presented and defined as they will be used in presented
methodologies.
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Figure 30 : Systems Thinking, Systems science and Systems Engineering, (INCOSE, 2015). This diagram shows how
Systems thinking and Systems science influence Systems Engineering methodologies and approaches. Functional
Analysis as well has been very much influenced by System thinking theories.

System Thinking offers methods, definitions and concepts which will be used in this thesis. The concepts of
“Systems”, “Complex Systems”, “Functions”, “Processes” and “Black box™ are basic elements of presented
methodologies. In this part we will introduce these concepts briefly and how they can be applied to construction
products.

2.1.1. What is a system?

Luther Von Bertalanffy (1950, 1968) gives the following definition of a system: “A system is a whole consisting
of interacting parts”. More precisely the norm ISO 15288 gives the following definition for man-made systems:
“A man-made system is a whole consisting of interacting parts created and utilized to provide products or services

in defined environment for the benefits of users and other stakeholders”.
Krob in (Krob, 2014) distinguishes two types of systems: formal systems and real systems.

Formal System: A formal system S is characterized by the sets of input data X, output data Y, internal states Q
and the following two behaviors which link variables X, Y and Q:

- A functional behavior which produces an output y(t)=Y according to an input x(t)=X and internal states
q(t)=Q;

- Aninternal behavior which makes internal states of the system evolved over time towards the action of
an input data x(t)=X of the system.

Real system: an object of the real world is called a real system if its structure and its behavior can be described by
a formal system. The formal system is therefore called a model of the real system.
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It is important to keep in mind that a formal system is only an abstraction of a real system. It means that the formal
system only represents a portion of the real system in order to analyze it for a particular purpose of the modeler.
Any other conclusions about the real system made upon the formal system are very risky as some elements of the
real system have been voluntary deleted to simplify its analysis.

From this very general definition a construction product (infrastructure, building) can be considered as a system:
it is composed of different interacting parts (civil engineering, electrical, plumbing...) for the benefits of users
(dwellers, travelers, inhabitants...) or/and stakeholders (politicians, private companies, fauna and flora...). A
typology of systems has been developed over time like Complex Systems or Systems-of-Systems.

2.1.2. Construction systems and Complex systems

There is not a commonly accepted definition of what is a complex systems but we can highlight some usually
accepted characteristics. We will then evaluate if systems from the construction industry are complex systems or
not.

For Bar-Yam (Bar-Yam, 2000) studying complex systems consists in analyzing how parts of a system are working
together and to understand its functioning. It is focused on relationships between systems elements more than the
studying of elements of systems themselves.

Herbert Simon in The Architecture of complexity (Simon, 1962) gives the following definition of a complex
system: “by a complex system | mean one made up of a large number of parts that interact in a non-simple way.
In such system the whole is more than the sum of the parts not in an ultimate, metaphysical sense, but in the
important pragmatic sense that, given the properties of the parts and the laws of their inter-action, it is not a trivial
matter to infer the properties of the whole.”
Cilliers (Cilliers, 1998) enumerates 10 characteristics defining a complex system:

1. It has a great number of elements;
This criteria is the most understandable, a complex system is composed of a large number of elements.

2. Its elements interact dynamically;
A large number of elements is necessary but not sufficient to define a complex system. Interactions between the
components have to be dynamic. Cilliers adds that the interactions do not have to be physical but require a transfer
of information.

3. Interactions are numerous, each element of the system could be influenced by others;
Any element of the system is influenced and influences many other elements.

4. Interactions are nonlinear;
Cilliers stresses that a large system composed of linear interactions can be collapsed into a smaller system. Non-
linearity of interaction is a prerequisite of complexity.

5. Interactions have a short range;
In most of complex systems information is received from close neighbors and are not long range interactions.

6. Interactions consist in positive and negative retroactions;
Interactions constitute loops, meaning that activity of the system can, sometimes after several steps, have impacts
on the activity itself.

7. The system is open;
Complex systems are usually open meaning that they interact with their environment, borders of a complex system
are often difficult to define with accuracy and depends on the position of the observer.

8. It functions under certain conditions leading to a disequilibrium;
A constant flow of energy is required for the system to “survive” or to be operational.

9. It has an history;
History of the system has an impact on its functioning and its behavior.
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10. Its elements ignore the behavior of the general system they are part of.
Each element of the system is functioning on its own without considering the global system it is part of. It only
considers information it has access to locally. Complexity is the result of the interactions of simple elements which
have limited knowledge and information about the global system.

Berrard in (Berrard, 2010) cites Sterman (Sterman J. , 2000) and gives the following definition of a complex
system: A complex system is characterized by the multiplicity of its components (natural, technic, economic,
social) and of their interactions, but also from the diversity of their dynamic behaviors. She adds 5 more criteria
allowing its characterization;

1. Actors of the system have strong interactions between each other;
2. They have an important time dependency;

3. Feedback loops between elements of the system;

4. Behaviors are hardly predictable and counterintuitive;

5. Behaviors are subject to long time delays;

Berrard also presents two classifications of the different levels of complexity from Von bertalanffy and Le Moigne:

Von Bertalanffy (1968) Le Moigne (1997)
Level Description Level Description

1|Static structure Atome, molecule, cristals... 1|Passive system It has nothing else to do than to be

Clocks, solar system, It not only "is" but it operates and is
2|"Watch movements" conventional engines... 2|Active system caracterise by its activity

Self-regulated Thermostat, Emergence of regularities in its
3|mecanismes servomechanism... 3|Regulated system activity
Emergence of information in its

4|Open systems Cells, flame... 4|Informed system representation

Plants, differenciation

between reproduction and
5[Low level organisms the functional individual 5[Deciding system Emergence of decisional processes

Growing importance of

information flows (nervous

system, learning, beginning Emergence of memory and
6|Animals awareness) 6|Memorizing system importance of communication

Symbolism, past and future,

me and the world, self-

awareness, language Emergence of coordination or
7|Humans communication. 7|Organizing system piloting

Populations; communities; Emergence of imagination and the
8|Socio-cultural systems |culture 8|Self-organizing system |capacity to self-regulate

Language, logic, mathematics, Emergence of awereness and of the
9|Symbolic systems sciences, arts, moral 9(Self-finalizing system |capacity to decide

Figure 31 : Levels of complexity. Adapted from (Berrard, 2010). This table shows different level of complexity of systems
and how definition of system complexity has evolved over the years.

We can notice that a commonly accepted definition of a complex system doesn’t exist. Differences exist on the
definition of criteria to consider complex systems. Sterman establishes 5 criteria to define complex systems while
Cilliers considers 10 criteria. Do Construction systems are complex? And if they are, what is their level of
complexity? The question is worth asking in order to apply appropriate methodologies to the appropriate objects.
Several authors have tried to evaluate the complexity of construction systems, a synthesis of their work is presented
in the paragraphs below:
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In (Sterman, 1992), Sterman explains that construction projects are “extremely complex, consisting of multiple
interdependent components”. The main reasons highlighted by Sterman to demonstrate that “Large Scale projects”
are complex dynamic systems are:

e  Construction products are composed of multiple interdependent components;

Sterman takes the example of a change in the fitting of a construction system element. This change will have
impacts on other subsystems such as electrical subsystems or HVAC implying reworks on the design of these last
subsystems and therefore delays and over-costs.

e Are highly dynamic;

Hiring policies is taken as an example of the dynamic aspect of construction projects. Hiring new workers will
require experienced workers to train them impacting their work productivity in the short term.

e Involve multiple feedback processes;

Sterman takes the example of a project which falls behind schedule. Different solutions exist and one is to increase
the use of overtime. But, this solution could imply fatigue and burn outs over workers which has impacts on
productivity and leads to new and more delays in the project.

e Involve nonlinear relationships;

The same example is taken to showcase nonlinear relationships in construction projects: increasing working time
of a worker by 10% does not increase its productivity by 10% as it will imply more fatigue which leads to more
errors and less quality. This example highlights that the relation between working time and productivity is not
linear.

e Involve both hard and soft data.

A construction project is composed of “hard” elements such as drawings, pipes, materials, wiring etc. but it is
essentially a human enterprise and will concern managerial decision making.

It is important to notice that most of the examples taken by Sterman to highlight complexity of construction
systems come from the construction “project” and not necessarily from the “product” itself. In other words,
examples taken by Sterman don’t show that the functioning of a construction system is complex but rather the
project enabling its development that is complex.

Baccarini in (Baccarini, 1996), also highlights the complexity of construction systems. He distinguishes two types
of complexity: organizational and technical complexity:

e Organizational complexity refers to allocation of responsibilities and allocation of tasks. From an
organizational point of view, construction systems are complex because they involve many different
specializations and they lead to the creation of temporary multiorganizational structures (contractors,
designers, clients etc.).

e Technological complexity refers to the diversity of inputs, tasks to produce and number of specialties
involved in a project and their interdependency. According to Baccarini, this type of complexity applies
to construction products as many types of construction exist (buildings, infrastructures, utilities etc.),
design and construction overlap, difficulties related to location of projects and interdependences of
operations.

The distinction made by Baccarini between organizational complexity and technical complexity is similar to the
distinction we will make later between complexity of the project and complexity of the product. Nevertheless,

50



regarding complexity criteria defined previously, not all criteria are fulfilled to consider construction products
complex.

We can notice that criteria to evaluate complexity over projects are not the same depending on the authors, there
is not a globally accepted definition of complexity from a technical perspective.

In (Bertelsen, 2003), Bertelsen explains why Construction products can be considered as complex systems and
takes the example of an underground metro system to highlight this complexity. Bertelsen makes another
distinction in project complexity than Baccarini by defining Internal and External complexity.

e Internal complexity refers to “issues which are caused by the participants in design and construction
processes”. Internal complexity is characterized by a considerable amount of details, relationships
between components, the enormous amount of information to process, the number of companies implied
in the planning, design and construction of the project, the variety of needed expertise, the difficulties to
transfer knowledge between projects, the variety of local environment conditions, the different
bureaucracies depending on the countries, the duration of projects which can last decades and are
therefore subject to unexpected events, integration difficulties.

o External complexity includes “the complexity which is specifically caused by the conditions and
situations of metro project”. External complexity refers to the complexity of the environment of
construction products are more particularly underground projects. The environment is changing and
interactions between the construction system and its environment need to be managed properly.

Exanimating how the different mentioned authors have explained why construction systems can be considered as
complex and comparing it with the criteria defined by Cilliers (Cilliers, 1998) and Berrard (Berrard, 2010), we
can deduce the following conclusion:

First it depends what we consider as a construction system and the questions of boundaries of the system is crucial
here. Is a construction system only the concrete structure? Or with all other subsystems composing it? Do we
consider as well all systems involved in its development stage (organizations, humans, tools, engines etc. used for
its development)? Are the people/companies responsible for its maintenance and operation part of the system as
well? Answering these questions and defining boundaries of the system is the first step to evaluate the complexity
of a construction system.

For instance, in a metro system, where one of the sub-system is an infrastructure (whereas it is underground, at
grade or above ground) do we also consider the rolling stock and the driverless system as part of the construction
system?

Example of the complexity of a metro system:

In this example we try to evaluate complexity level of metro systems by analyzing it with different boundaries of
the system and different levels of detail. It is interesting to highlight that the complexity level can greatly change
depending on the defined boundaries and level of detail.
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Figure 32 : Complexity levels of metro systems. This figure shows that complexity of a system depends of its
frontier/limit and what is considered in or outside the system. This is even more true if the system is not limited to its
functioning under operation but also to all the required subsystems for its development.
Different views of a metro system are given in Figure 32:

- A metro network
A metro network is composed of several interconnected metro lines which allow moving people in different points
of the city. Functioning of a metro network depends on a lot of external events (especially in the long term) as
instance: modal choices of urban dwellers, urban evolutions, natural events (e.g. flooding, earthquakes).
Considering all these interdependencies a metro network can be considered as a complex system level 3: itis a
self-regulated system as a steam engine which stops accelerating when overheated, a metro network has limited
capability when the transport demand is too high. Similarly when a problem occur on one line (flood as instance),
part of the transport demand is transferred to other lines etc.

- A metro tunnel

A metro tunnel can be considered as a complex system level 2, its functioning consists in resist earth pressure. It
is not a regulated system but it “operates” as the movement of a switch.

However, if we consider not only functioning of the tunnel but the necessary systems required for its realization it
becomes complex: the geology is changing and is very difficult to predict, information about geology are difficult
to gather, the underground has a lot of interactions with other systems (buildings foundations, underground utilities
etc.). Here again it how boundaries of the system have been delineated.

- A metro tunnel and all other subsystems related to the transportation system
If we consider not only the infrastructure (e.g. tunnel) but also other subsystems, it can be considered as a complex
system level 4 or 5 for driverless metro: it is a regulated system which receives information.

The system reacts to external events such as an obstacle on the permanent way and is able to take decisions. It is
interesting to highlight that while a metro network has been identified in our analysis as a complex system level
3, a metro system analyzed at another level of detail would be a complex system level 4 or 5.

- All metro subsystems and systems required for its development
When considering not only the metro system itself but also all systems required for its development such as
planning authorities, design companies, architects, and contractors etc. the system becomes even more complex:
it is capable of imagining and elaborating new form of actions and to learn from past experiences. In the Le Moigne
levels of complexity it corresponds to level of complexity 7.
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Finally, what are we talking about when one says a “metro system is a complex system”? A metro network? A
metro infrastructure and all transportation subsystems? A metro infrastructure and all transportation subsystems
as well as all the elements required for its development (financing, contracting, tools, human resources etc.)?
Boundaries of the system will define its level of complexity and appropriate methodologies to set up to manage
this complexity. It highlights that defining what a metro system is varies greatly as well as its level of complexity
depending on what is considered or not in the system.

In this thesis, when we refer to construction systems we consider only the system which has the function of
adapting space (geographical space) as well as systems required for its development. If we take back the example
of a metro system, we only consider the metro infrastructure (later called the System of interest) and all systems
required for its planning, design and construction (later called the Enabling System). As instance, would be
excluded of the study internal functioning of the rolling stock, of the signaling system, of the driverless system
etc. as well as interfaces between them. Nevertheless, interfaces and interactions between the infrastructure system
and transportation systems would be considered.

In the next section we will see that another type of system exists which can be composed in parts of complex
systems: System-of-systems (SoS). The question will rise if construction systems can or not be considered as SoS.

2.1.3. Construction systems and System-of-Systems (SoS)

System of Systems (SoS) is another type of manmade system with particular properties. Like the concept of
complex systems, a definition of SoS is not widely accepted and is still in construction. For some authors (
(Shenhar, 1995), (Eisner, Marciniak, & McMillan, 1991)) SoS are necessarily large, complex, geographically
distributed, and composed of components that are significant systems in their own right. Maier (Maier, 1998) and
(Kazman, Nielsen, & Shmid, December 2013) propose five properties defining Systems of Systems (Figure 33):

- “Operational Independence of the components: They have a collaborative rather than directed
structure. Its components fulfilled valid purposes in their own right and continued to operate to fulfill
those purposes if disassembled from the overall system. The integrated system exists because of deliberate
decisions by the subsystems to collaborate.

- Managerial Independence of the components: The component systems not only can operate
independently, they do operate independently. The component systems are separately acquired and
integrated but maintain a continuing operational existence independent of the system of systems.

- Evolutionary development: The system of systems does not appear fully formed. Its development and
existence is evolutionary with functions and purposes added, removed, and modified with experience.

- Emergent Behavior: The system of systems performs functions and carries out purposes that do not reside
in any component system. These behaviors are emergent properties of the entire system of systems and
cannot be localized to any component system. The principal purposes of the systems of systems are
fulfilled by these behaviors.

- Geographic Distribution: The geographic extent of the component systems is large. Large is a nebulous
and relative concept as communication capabilities increase, but at a minimum it means that the

components can readily exchange only information and not substantial quantities of mass or energy.”
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Figure 33 : System of Systems definition (SE LAB Kaist, 2018). This figure sums up the different properties of a System
of Systems.

From this definition, a system composed of complex subsystems that do not have operational and managerial
independence is not a “systems-0f-systems”.

Maier adds that Systems-of-systems are necessarily more costly than integrated systems because of their
redundancies: “Since components can operate independently they possess capabilities duplicated in other
components. By eliminating that redundancy one could reduce costs”. Maier identified at least two reasons
implying the development of Systems-of-systems whereas they are more costly (Maier, 1998):

- “The disaggregated operational modes carry more value than the additional costs,

- The total Systems-of-Systems cost is not borne by a single identifiable customer and so there is no

decision-maker to whom minimizing total cost is important.”

SoS can then arise intentionally if they benefit of the redundancy or by accident if no decision-maker is aware of
implied higher costs or if they don’t care. SoS are then fundamentally collaborative and arise only because of the
goodwill of stakeholders involved. It cannot be taken for granted that the collaboration allowing the functioning
of the SoS will last forever, new collaboration can arise and other can disappear.

The following question is: are construction products (buildings or/and infrastructures) Systems-of-Systems?
Considering a construction product alone, some of them like large infrastructures fit with the definition of SoS
from Sheinhar and Eisner ( (Shenhar, 1995), (Eisner, Marciniak, & McMillan, 1991)): SoS are “large, complex,
geographically distributed, and composed of components that are significant systems in their own right”. Here
again, as well as the definition of complex systems the question of boundaries of the system is crucial.

In (Zhu, Whyte, & Mostafavi, 2017) and (Zhu & Mostafavi, 2014) Zhu explains that megaprojects can be
considered as Systems-of-Systems. Megaprojects are large-scale infrastructures, cost more than US1$ billion, take
many years to develop and build, involve several stakeholders (public and private), are transformational and impact
millions of people. Examples of megaprojects are: airports, high-speed rail lines, Olympics infrastructures,
seaports. Zhu explains that the main aspect of mega-projects that makes it a SoS is its socio-technical nature. It is
interesting to note that the concept of SoS is applied to projects and even megaprojects and not the system itself.
In other words, from Zhu explanations, what makes a construction system a SoS is the necessary system (the
Enabling System) to set up for its development more than the construction system itself (Figure 34): processes,
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activities, tasks, resources, information and human agents required to plan, design and build the system (System
of Interest) as well as their interactions is a SoS.
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Figure 34 : Megaproject system-of-systems conceptualization (Zhu, Whyte, & Mostafavi, 2017). This diagram shows
the different systemic levels of a construction/infrastructure project. It shows that it can be considered as a System of
Systems. However, does it also apply on a construction product?

However, in some cases, the construction system itself can also be considered as a SoS:
e  Operational Independence of the components

Usually, elements of construction products are not managed for their own purposes rather than of the whole.
However, in some cases a construction product is functioning because of the deliberate decisions of the subsystems
to collaborate. It is the case when studying a set of infrastructures: as instance electrical infrastructures and

transportation infrastructures need to collaborate as transportation systems require energy to operate. However,
both systems have different purposes.

e Managerial independence of the components

This aspect is more unusual, usually components of an infrastructure or a building are not managed independently.
As the last criteria, this criterion might be fulfilled when studying a set of different infrastructures. Similarly,
electrical infrastructures and transport infrastructures are operated separately.

e Evolutionary development

Construction products can have an evolutionary development with functions and purposes added or removed. But
this is again more obvious when studying different infrastructures: electrical infrastructures in a city are

evolutionary and don’t have the same evolution as other types of infrastructures such as transportation
infrastructures.

55



e Emergent behavior

This criterion is fulfilled by any complex system and is not particular to SoS. As we have mentioned in the last
part, if construction systems are considered as complex they might fulfill this criterion.

e  Geographic distribution

Usually, components of construction products can exchange materials or energy. However, this aspect is changing
with the development of 10T (Internet of Things) in the construction industry: more and more buildings and
infrastructures are connected between each other to offer more services for inhabitants.

Finally, it is difficult to assess if a construction system can be considered as a SoS or not, it seems that it is the
case at the city or territorial level more than at the infrastructure/building scale. Nevertheless, If we expand
boundaries of construction systems to groups of infrastructures/buildings used for different urban purposes (cities),
or if we integrate projects elements in the system, it could be considered as System-of-Systems. For instance,
Smart Grid, and Smart city can be considered as Systems-of-Systems (Eusgeld, Nan, & Dietz, 2011), (Cavalcante,
Cacho, Lopes, & Batista, 2017).

Moreover, as mentioned in (Zhu, Whyte, & Mostafavi, 2017), the Enabling System required to develop complex
mega-projects such as large infrastructures can be considered and analyzed as a SoS.

Therefore, as Maier stated that SoS are more resource consuming than integrated systems, there is a need (at least
an economical need) to have more integrated infrastructures essentially to avoid redundancies. Actual functioning
of infrastructures networks as a Systems-of-systems leads to more wastes in terms of resource consumption and
from an economic perspective. In a period of time when humanity uses more natural resources than their natural
regeneration and in a constraint economic context, the development of more integrated systems is part of the
solution to improve both impacts of urban development projects on the environment and mutualize investments.
This integration has a cost as stated by Maier: it allows less operational independency for the management of urban
systems.

Mutualization of urban systems also raises the question of responsibilities: a SoS allows to “dilute” responsibilities
over several actors each responsible for one system. At the opposite in an integrated system all responsibilities are
clustered amongst one actor. The political risk is therefore higher in case of failure of the system.

2.1.4. The triadic decomposition of any function

Another important concept developed in the system thinking theory is the concept of function. Both in Functional
Analysis and Systems Engineering the concept of function is central.

The European Norm EN NF 50-151 gives the following definition of a function: “Action of a product (system) or

from one of its components express exclusively in terms of finality”.

Le Moigne, a French specialist of Systemic details the composition of a function. More generally than the term
function Le Moigne uses the term process and cites Milller to define it: “A process is any change of material,
energy or information over time” (Miller, 1965). However, Le Moigne considers that this definition is incomplete
and he adds that a process, i.e. a function is “any change of material, energy or information always over time and
sometimes over space and form” (Le Moigne, 2006). Intervene, proceed, do, function, change an object it is
affecting its position at least over time, space or its form.
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Figure 35 : The triadic decomposition of any function. Adapted from (Le Moigne, 2006). Any processing function of a
system can be decomposed in the three dimensions: time, space and form. These last elements (spafe and form) will be
of great importance for the application of Functional Analysis in the construction sector.

The addition of space as a dimension on which a function can intervene is of great importance in this thesis and is
very rich considering the construction industry. As we explained in the first chapter, the main activity of the
construction industry is to adapt space in order to carry activities. Therefore, if the question is does a construction
product have functions? The answer is yes, considering the definition of a function above-mentioned: it adapts

space over time to carry activities.

As instance, a tunnel adapts a space located underground to offer the possibility to carry activities like move trains,
water, cars, trains etc. It processes an underground soil to adapt a space over time to carry activities. The processed
object is the underground soil and the processor object is the tunnel. This first simple modeling of a tunnel function
shows that the system thinking theory has an application on construction products.

2.1.5. Systems as « black boxes »

Functional analysis notably consists to model and analyze a system from the point of view of “what the system is

doing” instead of “what it is composed of”.
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Figure 36 : Systems as black boxes. Adapted from (Le Moigne, 2006). Any system can be seen as a black box surrounded
by an environment with which it is interacting and processing inputs from this environment to outputs.
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In the System theory, any system can be modeled as a “Black box”: it has a behavior in an environment; it receives
and emits other objects which are processed (over time, space or shape) and is itself subject to modifications over
time, space and shape.

A system can be decomposed in subsystems which themselves can be considered as black boxes processing
Materials, Energy or Information (MEI).

2.2. Functional analysis

2.2.1. What is Functional Analysis?

Functional analysis is a methodology which allows designing systems by defining its functions. The considered
system is not only composed by components but most of all by its functions whether they are external or internal.
Functional analysis can be applied to all kinds of systems (organizations, physical, and non-physical) (Allaire,
2012).

Concepts of “black box” and “functions” previously defined in the System Thinking theory are central in this
methodology.

An essential point of the methodology that we will develop more in the following parts is to make the difference
between functions, which express goals to accomplish (problem domain) and solutions, which express the means
to achieve them (solution domain).

In Europe, Functional Analysis is standardized by the norm EN 16271, and norm NF X50-151 in France. These
norms explain and normalize how to write a “design brief” essentially for industrial products in terms of functions
(goals to accomplish). One objective of this thesis is to enrich this method to apply it to the construction industry
and to extend its application for the management of complexity.

The main principle of functional analysis can be summarized by the following scheme:
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Figure 37 : Functional Analysis Principle (Peyras, 2003). Most of Functional Analysis methods follow the same process:
it starts with the definition of needs and by considering the system as a black box. Then the system is analyzed internally
as a whyte box, internal functions and subsystems are defined. A feedback loop allows optimizing the couple
needs/solution. Finally the product is realized when the couple needs vs solution is considered as satisfactory.

We can already notice that in this scheme, realization of the system is considered only at the end of the process
whereas realization constraints could have had impacts on the design of the product. Consideration of such
constraints is one of the modifications we will make to Functional Analysis by including constructability concepts
and principles of constructability.

In this part we will sum up and compare most used Functional Analysis methods (Azarian & Pollet, 2016) and
(Allaire, 2012). Two methods will be developed more in detail as they have been used more extensively in the
construction industry (APTE and QFD) and will be at the base of the Enriched Functional Analysis method
presented in this thesis.

2.2.2. Functional analysis goals

Functional Analysis is used for different purposes as mentioned in (Azarian & Pollet, 2016): the main objective of
Functional Analysis methods is to optimize the design of man-made products in a VValue Analysis/Design to value
approach. In other words, it consists in optimizing a system to offer maximum value for its users, by adding or
improving functions or by reducing costs (Design-to-cost).

Another domain where Functional Analysis is used is to optimize maintenance and operation of systems
(Zwingelstein, 1996). Functions are identified and maintenance and operation tasks are carried to optimize
functioning of the system. It is also used to improve resilience of systems and notably urban infrastructure systems
to evaluate impacts of external events on functions of the system and carry appropriate interventions on the system
to improve its resilience (Gonzva, Mireia, & Barroca, 2015).
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We can immediately notice that aim of Functional Analysis is more to optimize systems than to master complexity
of their development. This is the first reason why this method requires some adaptations to be applicable on
complex construction projects.

Functional Analysis is also applicable at different stages of development of products (Azarian & Pollet, 2016). To
define functions of a new systems in early phases of the product development and properly define needs it will
answer in Value Analysis approach, to re-design an existing system by improving its functions or its components
to better fit to the functions (re-engineering) and in maintenance and operation phases to optimize maintenance
and operation tasks.

2.2.3. Functional analysis methods

2.2.3.1. SADT-IDEFO Method

Structured Analysis and Design Technics (SADT) has been developed by Softech (USA) in the 70’s to specify
functionalities of complex systems, easily exchange between users, foster team working. It avoids omissions,
contradictions, redundancies, lack of clarity and poor communication. This method is also sometimes called IDEFO
(Icam DEFinition for Function Modelling) (Ross, 1977).

SADT has been mostly used in telecommunications, aeronautics and defense industries. It consists in modeling a
system by its functions with diagrams and texts in a hierarchical manner (Figure 38):
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Figure 38 : SADT Activity and Data diagrams. In this method the system is represented as a box. Arrows from the left
side of the box are inputs of the process and arrows on the right side output of the process. Arrows at the top are control
activities of the process eventually constraining its progress and arrows at the bottom mechanisms required for the
process which also potentially impact its progress.

e Arrows on the left side represent inputs (data, materials, consumables) of the function;

e Arrows on the right side represent outputs of the function;

e Arrows on the top represent commands and conditions influencing the function;

e Arrows on the bottom represent means, tools, equipment to accomplish the function;

Activity (function) boxes are connected when they are at the same hierarchical level (systemic levels) and each
box can be subdivided in another diagram representing its sub-functions:
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Figure 39 : The different systemic levels in SADT diagrams. In the SADT method, the different systemic levels are
represented through different levels. AQ represents the highest level, then the system is decomposed in Al...An schemes
where the lower systemic levels are described. Subsystems are also represented as boxes similarly to the system level.
All functions are then completely described from the system level to components levels. An adaptation of SADT
for Real Time Systems has also been developed (SA-RT), the main difference with SADT lies in the description
of the behavior of the system (states, processes) (Lakhoua, 2012).

External elements interacting with the system are represented at the A0 level where Main Functions of the system
are defined. In lower levels Al, A2...An define internal functions of the system are defined. Under each activity
box in diagrams, arrows indicate the component that will accomplish the defined functions.

2.2.3.2. FAST Method

Functional Analysis System Technique (FAST) is another method of Functional Analysis. This method is coming
from value engineering and has been developed in the 60’s by Charles Bytheway in the US (Bytheway, 2007).
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The method provides graphical representation and logical structures to visualize, organize and model functions:
the diagram is composed of boxes, each box representing a function. Functions are connected by the logical links:
“How?” (arrows going to the right), “Why?”(arrows going to the left) and “When?” (arrows going to the bottom)
(Figure 40):
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Figure 40 : The basic FAST Model (Bytheway, Society of American Value Engineers, 1964). In this figure an example
of a system decomposed in functions with the FAST method is represented. Going from the left to the right are
represented the different functional levels, higher order functions are on the left side and they are decomposed in lower
order functions the more we go on the right side. Going from the left to the right answers to the question “How?”, from
the right to the left to the question “Why?” and from the top to the bottom to the question “When?”.

Functions at the left side of the diagram express external functions/needs (problem domain) of the client and the
more we move to the right side of the diagram the more we get into internal functions of the system (solution

domain).

Drawbacks of the FAST model are that elements of the environment are not represented and the concept of black
box is not used in this method, it focuses essentially on the functional decomposition of the system. However, it is
a very efficient way to organize, prioritize, trace and classify functions of a system.

The FAST diagram can be used to determine the “Critical Path Function”: two types of functions are defined in
the diagram, independent functions and dependent functions. Independent functions don’t have a “why link” with
another function, in other words, they are “design function” and are not related to a function of a higher order.
Therefore, dependent functions are on the Critical Path and are compulsory to answer needs of the system.
Independent functions at the opposite are optional or can be replaced (Borza, 2011).
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2.2.3.3. GRAFCET

Graphe Fonctionnel de Commande des Etapes de Transition (GRAFCET) is dedicated to the representation and
analyze of automatic systems which have a sequential evolution. It has been developed in 1975 by Association
Francaise de Commande Etape-Transition (AFCET) in France.

In comparison with other methods only the behavior of the system and its logical functioning (its functions) are
represented in GRAFCET. Elements from the environment, needs the system will answer or its composition are
not defined in this methodological tool.

States of the system are represented by boxes with numbers. Links between the boxes represent the different
possibilities of evolution of the system from one state to another. Between each box a feature indicates the
condition the system must fulfill to reach the next state (as instance combinatorial conditions). Beyond an example
of a GRAFCET applied to an elevator (Figure 41):
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Figure 41 : GRAFCET example applied to an elevator. This figure gives an example of the application of the GRAFCET
method. It starts at the state (0), then going from top to the bottom logical equations (E1.(P2+P3, E2.(P1+P3),
E3.(P1+P2)) indicate the following state of the system (1, 4, 7). Then other logical equations make evolve the system in
other states until it ends up to the last state (3) where it comes back to the initial state (0) when the last logical equation
(a) is true.

This method is mostly used for automatic systems with a lot of possible different states. For this reason, GRAFCET

has not been used in civil engineering (David & Alla, 1997).

2.2.3.4. Quality Functional Deployment (QFD)

Another Functional Analysis method which has been used in the construction industry is the Quality Functional
Deployment method (QFD). QFD method is driven by the use of HOQ (House of Quality) matrices which are
planning and communication tools (Figure 42):
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Figure 42 : QFD matrices scheme (Azam Haron & Mohd Khairudin, 2012). This figure details the QFD method. On the
left side are the Customers’’ requirements in rows. On the top the technical characteristics of the system, the roof
represents interfaces between technical characteristics, on the right custumers’ evaluation of the capacity of the system
to answer their requirements and at the bottom the importance of the different technical characteristics of the system
ponderated by customers’ requirements which leads to the prioritization of uality improvement to the system.

This tool takes the shape of a house: exterior walls represent customer requirements (the “What”), the ceiling the
technical solutions which answer to customer requirements (the “How™), interior of the house represents the
relations between customers’ requirements and possible technical solutions, the roof the interfaces between

technical solutions and the foundations the chosen technical solutions chosen for the project.

QFD are similar to Suh matrices (Suh, 2005) developed in axiomatic design where functions of the system are
represented in lines and the technical solutions are represented in column. QFD are also very close to DSM (Design
Structure Matrix) and MDM (Multidomain Design Matrices) which will be explored further in the next chapter
when presenting the constructability matrix (Eppinger, et al., 2012).

QFD is a client oriented approach; it is very useful when different technical solutions are possible to answer to
clients’ requirements. In the QFD approach clients’ needs are directly linked with the technical solution while in
other methodologies there is an intermediary step: internal Functional Analysis. In this method, the functioning of
the system is not represented.

QFD matrices are one of the rare Functional Analysis method which has been used and studied in the construction
industry (mostly on buildings) (Figure 43). Dikmen (Dikmen, Birgonul, & Kiziltas, 2005) says that QFD matrices
should be used as soon as possible in the development process to obtain good results. Indeed, QFD matrices are
mostly used with “macro” elements at the system level, using it in a later stage would imply a large number of
requirements and elements which would be very difficult to analyze and manipulate with such tool. Moreover, it
is much more difficult to analyze all potential interactions between elements at different system levels when it has
not been undertaken previously, it is more convenient to use QFD matrix from the beginning of the project and
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complete during the project progress. He also says that inaccuracy of input data can considerably reduce reliability
of the tool.
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Figure 43 : example of a QFD matrix in the construction industry (apartments buildings) (Dikmen, Birgonul, & Kiziltas,
2005)

Requirements of final users are represented in rows and take the form of functions the system has to fulfill.
Technical solutions are represented in columns. We can notice that technical solutions are at a high systemic level:
size of apartments, size of storage units for each apartment, size of the playfield etc. We can also notice that
location of the building has been identified as part of the solution domain. The number of technical solutions and
functions involved are limited in this example (25 functions and 25 technical solutions) however for more complex
systems this number can greatly increases which asks the question of the relevance of this for more complex
systems. Roof the HOQ represents interactions between technical solutions, if they are negative or positive for
the system.

The QFD matrix allows better understanding of how one technical solution can fulfill several functions as well as
interactions between those functions. Nevertheless, quantification and the capability of a technical solution to
answer a function remains very subjective and approximate. Moreover, in the QFD matrix interactions between
the system and its environment are not clearly identified as well as realization conditions of technical solutions
(these last ones will be considered when studying combined QFD matrices). Such considerations will be taken into
account when defining constructability matrices in the next chapter.

The use of QFD matrices in Functional Analysis and its complementarity with the APTE method (method we will
present in the next part), would be in the Internal Functional Analysis to evaluate the capability of technical
solutions to answer functions of the system. It is complementary to functional specifications documents where
functions are characterized with criteria. Eventually if criteria related to functions are quantified they could be
used directly in the matrix to evaluate solutions, otherwise the criteria needs to be quantified.
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In (Loenen & Mroczkowski, 2010), Loenen defines multiple interconnected QFD matrices for different purposes
(Figure 44): not only functions and technical solutions are represented but also product characteristics,
manufacturing operations and operations and control. Technical specifications evaluated against functions of the
system in the first matrix are then inputs of the second matrix. Product characteristics are evaluated against
technical specifications in the second matrix. And are inputs of the third matrix. Manufacturing operations are
evaluated against product characteristics and are inputs of the 4™ matrix. And finally Operations and control are
evaluated in the 4™ matrix against manufacturing operations. Combining QFD matrices from customers’
requirements to manufacturing activities is a first attempt for the integration og constructability in a Functional
Analysis method, however it considers only constraaints from realization of the product and not other phases of
development.

Combined QFD matrices can be resumed in a unique matrix (MDM matrices) as we will see in the next chapter.
Consideration of realization and manufacturing constraints is the main objective of constructability describe
further in this chapter. Therefore combining QFD matrices is a good way to improve constructability in projects.
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Figure 44 : Linked QFD matrices (Loenen & Mroczkowski, 2010). In this figure, different QFD matrices are used in
combination to consider the different development phases of a construction system. It starts with the customers’
requirements through technical and product characteristics and ends up with the manufacturing operations.
Imbrication of these 4 matrices shows how clients” and customers’ requirements can easily be lost in technical
considerations. It highlights how late changes in the development process can alter needs of the final user as
everything is interconnected.

Improvements of QFD matrices could be a better integration of risks and uncertainties concerning the capability
of technical solutions to fulfill functions. Indeed, there always an uncertainty concerning the behavior of systems
to perform a function, the application of fuzzy logic to QFD matrices could be a way to integrate such
considerations in QFD.

Another possible improvement of QFD matrices is to evaluate the costs of the different technical solutions as well
as their capability to fulfill customers’ requirements as proposed by Fung in (Fung, Xu, & Wang, 2000).
2.2.3.5. Méthode d’Inventaire Systémiquqe des Milieux Extérieurs et

Environnants (APTE®/MISME) Method

The APTE® method (Application des Techniques d’Entreprise) also called MISME (Méthode d’Inventaire
Systématique des Milieux Extérieurs et Environnants) has been developed in France by Gilbert Barbey in 1964
and is now the property of the APTE company (APTE, 2018), (Azarian & Pollet, 2016). This method is inspired
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by the works of Larry Milles in VA-VE (Value Analysis — Value Engineering) after the Second World War in the
United States. MISME method is the method which has been used the most extensively in the construction industry
in France (Allaire, 2012) but mostly for maintenance or reengineering of existing infrastructures to improve
resilience or maintenance costs (Gonzva, 2017), (Morize, 2018), (Serre, 2005) and surprisingly not during the
design and development phase of the product. This is the method we have chosen to enrich and to adapt in this
thesis to use it in the construction industry, for this reason we will get more in detail in its description compared
to other methods described above.

The main principle of the MISME method is to consider the product as a black box which fulfills different functions
(Azarian & Pollet, 2016), (Jacquiot, 2010), (Tassinari, 2006).

The issue is then: what should be the functions of the product to satisfy requirements of users or groups of users?

The APTE® is divided in three steps:

- Analysis and characterization of needs

- Analysis and characterization of functions

- Writing of functional specifications

However, it is not indicated in the MISME at which step of the product development it should be applied and at
which systemic level. Can the MISME method be applied successively at all systemic levels? How to link and
integrate different Functional Analysis at different systemic levels? The MISME method is not clear on these
aspects which highlights the need for meta-models, i.e. models of models which give a framework in which
different Functional Analysis can be carried.

Issue n°1:

The first issue identified in the application of Functional Analysis is the need of a “meta-model” in which the
method will be applied in order to give the systemic framework in which different the different Functional Analysis
steps are carried from planning at the system level to realization of components.

e Needs analysis

The first step of the MISME method is to collect information about needs and market expectations. In Value
Analysis, the following definition of “need” is given: “A need is a necessity or a whish experienced by users. It
can be explicitly expressed or be implicit, admitted or hidden, latent or potential. In any case, it constitutes the
need to satisfy that the user is willing to make an effort for” (AFNOR, 2009). By user we also consider a company,
an administration, a community, a collectivity etc.

Hence, needs can be classified in three different classes:
- Latent needs: which pertain to the fundamental requirements of people;

- ldentified needs: which result from market surveys, needs analysis, users’ behaviors, statistics etc.
Identified needs are an approximation of latent needs.

- Created needs: it originates after the launch of a new product or service (ex: technological innovation,
Transport Oriented Development...).

- Efforts users are willing to make (spend money, physical efforts etc.) to use a service or buy a product is
ruled by complex rules. Even if it is realized with an utilitarian purpose it always includes an emotional
and affective dimension.

Perception of needs depends on the context of users and is influenced by external elements of their environment.

Three categories of clients are usually distinguished:
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- Individual clients;
- Clients who represent a group;
- Professional clients;

In the construction industry, the 3 types of clients are possible depending on the system to build (a building, an
infrastructure...). In public works the client is of the second type: a client who represents a group of people (a
municipality, a state, a collectivity etc.).

For each of these categories must be added the fact that the price is not always paid by the final user. Public projects
such as urban infrastructures fall into this last category.

The needs analysis method relies on two hypothesis:
- Hypothesis 1: Satisfaction of the identified needs is fulfilled by the use of the product to design.
- Hypothesis 2: Needs are satisfied by the transformation/modification/change of state of work materials.
e Characterization of the needs

To characterize the needs the product is answering the 5W method is used. It consists of answering the following
questions:

- What: What are the needs the product is answering?

- Who: Who is concerned by the needs?

- Where: Where the needs are located?

- When: When the needs are expressed?

- How: in which form the need is expressed?

- Why: What are the reasons revealing the needs?

- How many: How many people are concerned by the needs?

Below an example is giver with a computer mouse:

Questions to answer Example with a computer mouse
What? What are the needs the product is | Move the pointer on the screen.
answering?
Who? Who is concerned by the needs? Computer users.
Where? Where the needs are located? In a desk on a table.
When? When the needs are expressed? At each use of a computer.
How? In which form the need is expressed? | Computer users move frequently the

pointer on the screen. This action has to
be simple and quick.

Why? What are the reasons revealing the | Software/program functions can be
needs? activated with a pointer.

How many? How many people are concerned by | All computer users.
the needs?

Table 1 : 5W method to characterize needs (Tassinari, 2006)

Scheme: the “fundamental expression of the need”
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In the MISME method need(s) the system answers can be modeled and formalized with the “fundamental
expression of the need” scheme (Figure 45):

Who benefits
from the system ?

On what the system
has impacts?

Product, Project,
system...

Why?
For what purpose?

Figure 45 : The « fundamental expression of the need » in the MISME method, adapted from (Tassinari, 2006). This
scheme allows formalizing needs the system will fulfill.

In the left horn, is indicated who benefits from the realization of the system. Answer to this question refers to the
end user of the system, operators, maintainers or companies which are stakeholders of the project. In most cases,
the answer refers to a physical or moral person (Azarian & Pollet, 2016). Eventually, the answer refers to several
people: as instance a metro system benefits to urban dwellers, but also to politicians, it gives jobs for engineers
and workers etc. For complex systems the answer to this question is not always straightforward and can implies
multiple actors.

In the right horn on what the system has an impact. To answer this question we exclude elements of the
environment which benefit from the system (they have already been mentioned in the last section) but only those
which are impacted by the system but not necessarily have benefits from it. As instance a metro system has social
impacts as it potentially links different social groups, it has impacts on the location of jobs, a metro system also
requires energy for its operation and its development etc.

Finally, at the bottom is indicated need(s) the system answers, why it has to be realized, for what purpose.
Eventually, a system can answers to several needs.

e Needs validation

Needs can be fleeting, fugitive or last several years. It can evolve quickly or disappear suddenly. Therefore, when
answering to a need, it is crucial to evaluate the risks: what are the reasons for a need to disappear or to increase?
What is the probability? What is the expiry date?

To evaluate the risks related to the identified needs, the following questions can be asked:
- What can modify the needs?
- What can postpone the needs?
- What can cancel the needs?

- How needs can evolve over time and when?
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A simple way to represent the risks related to the identified needs is to do a risk matrix: in line is represented the
probability of modification and in column the expiry date.

Expiry date
Short term Mid term Long term Very long term
Probability of | 4 D D D C
modification or |3 D C C B
cancellation of the | 2 C B B A
needs 1 B A A A

Table 2 : Risk matrix (Tassinari, 2006)

Risks can be quantified with letters A, B, C, D, a risk with a grade of A is low and at the opposite a risk with a
grade of D is high.

e  External Functional Analysis

After having defined the needs, the following step consists to define Service and Constraint functions of the system,
what the system will do to answer the needs. However, at this stage the system is still considered as a block box.

Functional analysis is based on two hypotheses:
- Hypothesis 1: Needs are satisfied by the system utilization.
- Hypothesis 2: The product is a generator of services.
Functions are categorized into two different types:

Service functions: actions of the product on external elements of the system contributing to the satisfaction of
identified needs. Therefore, main functions always link at least two external elements: element(s) impacted by the
system to perform the function and external element(s) profiting from the provided services.

Service functions can be separated into two types:
Main functions: functions which directly answer to the reasons why the system should be produced.
Complementary functions: they improve and facilitate provided services

Constraint functions: they result from limitations of freedom in the design of the product. As instance it could be
norms, laws, environment etc. They are imposed by external elements of the system; they therefore link the system
with only one external element (they don’t profit to any external element).

In the MISME method three types of constraint are proposed:
- Constraints from Norms and rules;
- Constraints from the design of the product: lifetime, architecture;
- Constraints from industrial processes and organization of works.

Some of the constraint functions are coming from the interaction between the “System of Interest” (also called
product) and the “Enabling System” (also called project). The consideration of these interactions in the functional
analysis is part of the enrichment we will provide in this thesis.
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External functions are traditionally modeled with an environmental/interaction diagram or with a table
representing external elements of the system: Constraint Functions involving only one external element are
represented in the diagonal and Main Functions involving two external elements are represented in other boxes.

External Element
2

External Element
3

Figure 46 : Context diagram, MISME method. The context diagram allows identifying and formalizing Main Functions
and Constraint functions of the system. The system is seen as a black box and functions are interactions with the
environment. A main function links two or more elements of the environment with the system and a constraint function
only inks one element of the environment with the system.

In the context diagram above, Main Functions (MF) are represented in green, Constraint Functions (CF) are
represented in red.

Table 3 : Tabular representation of External Functions. This table allows representing interactions between the system
and its environment. Elements of the environment are in rows and columns. Constraint functions are located in the
diagonal as they involve only one element of the environment. Main functions are located in other boxes as they involve
two elements from the environment.

In the table above, External Elements of the system (EE) are represented in columns and lines. Constraint Functions
(CF) are represented in the diagonal of the table, Main Functions (MF) are represented at the interaction between
two External Elements (EE), EE representing working elements are in lines and EE representing beneficiaries of

the system’s functions are in columns.

Defining External Elements of the system and therefore Main and Constraint Functions requires analyzing its
environment through its entire lifecycle. External elements of the system could be user(s), owner(s), client(s),
maintainer(s), operator(s), physical elements (climate, geology, buildings...), standards and norms, signals,
connections etc. (Azarian & Pollet, 2016). It is hard to define exhaustively all External Elements and they don’t
all interact the same way with the system: different types of interactions exist (physical, informational, energetic)
and some elements are strongly interacting with the system while others only have weak interactions. One way to
represent this heterogeneity of interactions is to use the “onion” diagram:
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Secondary stakeholders

Figure 47 : Example of an onion diagram. The onion diagram represents how stakeholders interact with the system
under development. The further a stakeholder is far from the center the less it interacts with it.

External Elements interacting the most with the system are represented at the center of the diagram and External
Elements interacting the less at the borders.

Interactions between the environment and the system is a recursive process in the Functional Analysis
methodology:

External Elements and Functions are then characterized by attributes for EE and criteria for MF and CF.

EE1 MF1 EE2
Description and attributes of | Description and criteria of MF1 Description and attributes of EE1
EE1

Table 4 : Characterization of a Main Function and its related External Elements. This table allows describing Element
from the environment in oth sides of the table and the main function is described in the middle.

e Internal Functional Analysis

It is at this step that the system is not anymore considered as a block box and we enter in the solution domain.

Internal Functional Analysis concerns the definition of internal functions of the system, what the system will do
to carry Main Functions and Constraint Functions. Internal Functions are also sometimes called Design functions
or Technical Functions. They are not directly linked to External elements of the system.

The definition of Internal Functions comes from a choice of “technical principles”. These technical principles are
usually defined by previous practices in the organizational structure where the Functional Analysis is carried.
Sometimes, when innovation is an objective for the development of the system new internal functions can be
imagined and defined to better answer to Main functions and Constraint Functions.

In order to represent this decomposition of the system in terms of functions (Services/Constraint Functions and
Internal Functions) it is possible to realize a “Functional tree” representing the hierarchy between functions of the
system. These functions are at the same time allocated to sub-systems (sub-sub-systems and components) of the
system. The functional tree is therefore is the symmetric of a “Product Breakdown Structure” diagram representing
the decomposition of the system in sub-systems.

72



Fonctions systéme
| Wers d autres
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Figure 48 : Example of a Functional Tree. A functional tree allows representing the hierarchical links between functions
of a system.
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Figure 49 : Example of a Product Breakdown Structure. A product breakdown structure diagram allows representing
the different systemic levels of a system: its sub-systems, sub-sub-systems, components.

The Functional Bloc Diagram is used to represent internal functional relations between elements of the system (its
sub-systems) as well as functional relations between internal elements of the system and the environment (Services
and Constraint functions). Internal functions are represented by arrows between sub-systems. It is complementary
to the functional tree diagram as in the FBD both functions and sub-systems are represented in a single figure, but,
usually only two systemic levels are represented (system and sub-system).
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Figure 50 : example of an Internal Function Diagram (Azarian & Pollet, 2016). An internal function diagram allows
representing links between internal functions, subsystems and main functions of the system.

e  Functions characterization

Characterization of functions is crucial in the method as it allows qualifying and quantifying requirements the
system has to follow. It allows evaluation, measure and comparison of requirement and therefore their verification
and validation. Qualify the need consists in expressing with words impacts of the system on its environment.
Quantify the need consists in defining criteria and precise a value to reach.

Thereby, a function can be described with a designation (words), criteria, a level to reach and eventually flexibility.
A fonction = Designation + criteria + level + flexibility
At least 3 types of criteria can be defined to characterize a function:

Nominal criteria: these criteria are directly linked to the function. As instance, for the function “transport people”,
the number of people to transport per hour and per direction (PPHPD) is a nominal criterion.

Operating and maintenance criteria (RAMS): it is unrealistic to imagine that a function is always fully operational,
that the system can be instantly reparable or that it is 100% safe for users. Therefore, it is possible and even
recommended to define RAMS (Reliability, Availability, Maintainability, and Safety) criteria associated to
functions of the system. Reliability the capability of the system to carry the function in a period of time,
Availability is the capability of a system to carry the function at a given point in time in certain conditions,
Maintainability is the capability of the system to restore a function in its operational state, Safety is the capability
of the system not to lead to inacceptable accidents.

Societal criteria: societal criteria are “constraints” applied to functions which are not related to the end user by to
the society, a group of individuals. As instance, resource consumption or greenhouse effect emissions. These
criteria are related to inputs and outputs of the function instead of its effect for the end user.

Example of function formalization:

Characteristics
N° | Designation | K | Nominal Criteria O&M Criteria Societal Criteria
Level Flexibility | Level Flexibility | Level Flexibility

Table 5 : Functional formalization table adapted from (Tassinari, 2006). This table allows formalizing functions of a
system with its related criteria. It can be used as a functional specification document.
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K designs the importance coefficient of the function

F is the flexibility class of the function

e  The two types of functions : passive and active

A system can carry two types of functions: active and passive functions. Active functions are functions which have
an impact on the environment. Passive functions at the opposite are functions which react to the external event of
the environment.

e  The functional brief
The functional brief is a communication documents between the applicant and the designer. It expresses what the
applicant requires in terms of functions and not necessarily how it will be realized. It is a dynamic communication
tool (document, functional model...), it evolves depending on the level of incertitude and the initial “blur”. The
functional contains all the functions which are described, characterized and eventually allocated to subsystems.

e Definition of the solution

Following the definition of external and internal function, the solution, i.e. a concrete definition of the system is
defined the technological solutions to use, geometry of the system, its composition (the materials to use) the
required energy for its functioning. In the construction industry, CAD tools (Computer Aided Design) are usually

used to model the “solution domain”.

It is at this phase that the system is “implemented” concretely, it is described “what” is the system whereas in
other parts, only the “Why” and the “How” were explained.

e Functional Analysis and constraints from the enabling system
In Functional Analysis, constraints from the “Enabling System”, i.e. all the constraints related to the development
of the product from its planning to its realization are considered at best as “Constraint Functions”.
We estimate that it is not enough to evaluate impacts of Enabling Systems on the product development particularly
in construction projects where Enabling Systems are always different. Indeed, each function will need to be
analyzed, model and eventually simulate, technical solutions which will fulfil this function will have to be



designed, realized, assembled, tested and validated. All these activities depend on each function and each technical

solution and can’t be modeled only with generic “Constraint Functions”.

o Integration of spatial considerations in Functional Analysis
The main construction products answer (whereas it is buildings or infrastructures) is to adapt space in order to
carry different activities. Nevertheless, the consideration of “spatial characteristics” of systems have not been
analyzed extensively in actual Functional Analysis methods. What is the “place of space” in Functional Analysis?
What are spatial characteristics of construction systems ? How and When to consider them in FA methods? Are
example of questions which are not addresses in the actual method and require to be investigated more in order to
apply efficiently FA to construction systems.

e Functional Analysis at different systemic levels and Functional Analysis Embodiment
In the MISME method, little attention is said about the different systemic levels of a system and how to apply the
method at the system, subsystem or sub subsystem levels. Nothing is said about the applicability of the method at
these different systemic levels.
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Figure 51 : The 3 steps of Functional Analysis from the APTE®/MISME method. This diagram sums up the different
phases of a standard Functional Analysis with its dedicated tools. It starts with the identification of external elements
of the system, then the definition of needs the system will fullfil by using both the interaction diagram and the
fundamental expression of the needs diagram. Then internal functions are defined, hierarchical relations between
functions can be formalized through a functional tree and an internal function diagram. Then components (subsystems,
subsubsystems) are defined as technical solutions to carry functions of the system. The hierarchical relations between
components can be formalized through a product breakdown structure. Feedback loops between the different step of
the analysis allows optimizing the couple needs/solutions of the future system. This diagram will be improved all along
the thesis by adding new elements developed for the application of FA for complex constructions systems in part 3.

Figure 51, sums up the 3 different steps of Functional Analysis: Needs analysis, Function analysis and Solution
analysis. The different tools used to model the different elements are also represented (functional specification
table, interaction diagram, functional tree, component tree etc.). Objective of this thesis is to improve this method
and related tools to adapt them for complex construction systems.

2.2.3.6. Comparison of Functional Analysis methods

In the following table, the different Functional Analysis tools and methods presented above are compared and their
applicability to the construction industry is assessed:

Advantages Application in  the

construction industry
SADT — | SADT - IDEF is efficient to | SADT — IDEF is not efficient to | SADT can be applicable
IDEFO represent the different | represent hierarchically functions | in  the  construction

embedded systemic levels | of the system and it does not | industry as a tool to
(A0, Al..)), functions of the | separate the problem and the | represent the construction
system  with  flows of | solution domains. SADT is more | product as a system
materials, energy and | atool to represent systems and its | or/and the production
information between them. system. Interactions
between the System of
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parts than a method to follow to
carry Functional Analysis.

Interest and the Enabling

System are not well
represented in  SADT
whereas it would be
fundamental  for the
construction industry.

Spatial characteristics of
systems are not easily
represented.

FAST FAST diagrams allow | FAST diagramsisatooland nota | Like  SADT, FAST
representing easily  the | method to carry Functional | diagram is not suited to
hierarchy between functions. | Analysis. Relations between | integrate constraints from
It is easy to understand and | system elements are not modeled | the Enabling System.
implement. It is also useful to | inthe FAST diagram. Spatial characteristics of
identify to which functions a systems are not easily
solution answers and to represented.
differentiate the solution and
problem domains.

GRAFCET | GRAFCET are useful to | As construction products don’t | GRAFCET could be
model logic  sequences | evolve  much  over time, | useful in the construction
between states of a system | GRAFCET are not of great use to | industry to model
over time. GRAFCET | model construction products. construction  processes
language is  standardized and engines.
which improves
communication between
project stakeholders and is the
first  step for  future
automatization.

QFD QFD matrices are useful to | QFD matrices don’t allow | QFD matrices are well

matrices model interactions between | modeling  different  systemic | suited to evaluate
functions of the system and | levels. QFD matrices are only | interdependencies
technical solutions answering | tools and not a method to carry | between construction
these functions. It can be | Functional Analysis. products and its
considered as the best way to production system.
assess to what extent a system However, the question of
is able to fulfill its functions, how they can be
to evaluate multifunctional integrated at different
system elements and/or to systemic  levels  still

define modular systems. The
possibility  to combine
different QFD matrices allow
considering the Enabling

remains. Consideration of
spatial characteristics of
systems in QFD matrices
needs to be clarify.
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System (like the production
process).

APTE ® -
MISME

The APTE®/MISME
Functional Analysis method is
the only one which can be
considered properly as such. It
gives the different steps to
follow to carry a Functional
Analysis from description of

Most of the disadvantages of the

MISME method have

been

highlighted through the definition
of 6 objectives:

Lack of a meta-model to
integrate different FA at

The MISME method has
been used extensively for
different purposes in the
construction industry.
However it would be
necessary to adapt it in
order to better consider

) different systemic )
the environment to the levels: Enabling system
characterization of functions. ' constraints and spatial
It also gives simple but - There is not a standard | characteristics of

efficient methodological tools language  to  define | construction products.
to realize Functional Analysis functions and  system
such as the interaction elements;
diagram. - MISME  method is
paper-based and not
model-based,;

- In complex projects it is
hard to assess if
technical solutions fulfil
functions defined in FA,;

- The Enabling System is
not well considered and
integrated in the actual
method;

Finally, amongst the different Functional Analysis methods analyzed, the APTE®/MISME method seems to be
the most adapted for the construction industry and it is the only one which describes roughly the workflow and the
different steps to follow to carry a Functional Analysis. However, several challenges have been identified for its
application for complex systems of the construction sector.

Other methods studied essentially offer ways to represent in different ways and with different focuses on
functioning of systems: the SADT method insists on the systemic hierarchy of the system and flows of
information/energy/materials between its different parts. The FAST method is very efficient to represent
hierarchical links between functions. GRAFCET allows describing the different states of the system and the logical
relations between these states and therefore the global actions/functions of the system over time. QFD matrices
are methodological tools to evaluate if a system satisfies or not customers’ requirements putting in relation
requirements of the system and its technical characteristics. These other methods can eventually be used
complementary with the APTE®/MISME method for a specific purpose however their integration within this
method has not been investigated in this thesis.
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2.2.4.Evaluate the capability of technical solutions to realize functions

In this part we briefly define the concept of performance, how to represent it and its different facets in order to be
able to evaluate technical alternatives against functions the system has to carry. Two methods are presented to

evaluate such performance: the DEA (Data Envelopment Analysis) and the SPEC method.

2.2.4.1.

Gibert in (Gibert, 1980) defines performance at the center of the triangle composed of pertinence, efficiency and

efficacity (Figure 52):

e The objective-results axis defines efficacy as related to the use of means to obtain results, in other words

achievements of objectives;

e The results-means axis defines efficiency as the ratio between means used in a process and the effort

What is Performance?

produced: achievement of objectives at minimum cost:

e The means-objecitves axis defines pertinence as the link between means used and objectives to reach. In
other words the good allocation of resources.

Performance

Objectives

Means

Figure 52 : Performance defined by (Gibert, 1980). This figure shows the three different ways to define performance

Efficiency

Results

and how they are related between eachother: Pertinence, Efficacy and Efficiency.

Bouquin and Sénéchal and Allaire (Allaire, 2012) have added processes in the triangle (Figure 53 : Adaptation of

the performance concept by integrating processes Figure 53):

l— Objectives ‘——‘

Resources Results

Economy Efficiency

Plan == Objectives

Q
o .
& &
& NS
&8/ pertormance Q’p
¢ =
Economy Efficiency
Resources | e Means () Results
Optimize Jl_":gilgtain Evaluate

Produce

Adaptation based on the performance principle of
Henrin Bouquin

Adaptation of the performance triangle of Gibert

Figure 53 : Adaptation of the performance concept by integrating processes (Allaire, 2012).
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2.2.4.2. Product and project performance

Performance can be related both to the product and the project: the performance directly related to the system to
build and allowing evaluation of technical solutions to answer functions, and performance related to the project
execution allowing evaluation of resources used to realize project processes (cost, delays as instance). The first
type of performance can be considered as product performance and the second type as project performance.
Constructibility goal, as we will explain in §2.2. consists in ensuring product performance while optimizing project
performance.

Project performance are the same than performance described in the Gibert triangle (Figure 52).
However Product performance require some adaptations:

Needs

Performance

Functions Results

Efficiency

Figure 54 : Product performance adapted from (Gibert, 1980). Objectives and Mean have been replaced respectively
by Needs and Functions.
In the case of a « product », performance can be defined at the center of the triangle adapted from Gibert:
e The needs-function axis defines pertinence of the product. Functions represent what the product does,
they have to be in adequacy with needs the product have to answer. A system is pertinent if what it does
(its functions) answer to needs the system has to answer.
e The function-results axis concerns efficiency of the system. This type of performance is related to
resources used to perform functions of the system. A system is efficient if it uses a small amount of
resources to function.

e The needs-results axis defines efficacy of the product. A system is effective if results of the system
functions reach the needs the system has to answer.
Pertinence is a performance measure a priori while efficacy is a performance measured a posteriori.

2.2.4.3. Performance Metrics

To evaluate the capability of a technical solution to realize a function, functions can be quantified. In other words,
performance metrics have to be defined associated to functions to evaluate the capability of technical solutions to
realize them.

In (Deru & Torcellini, 2005), the definition of a performance metric is given: “a standard definition of a measurable
quantity that indicates some aspect of performance”. A metric has to be:

e Measurable (or able to be determined from other measurements);
e Have a clear definition, including boundaries of the measurements;
o Indicate progress toward a performance goal,

e Answer specific questions about the performance.

81



Results are evaluated with measuring devices which are inevitably subjected to inaccuracy and failure of methods
(choice of appropriate indicators) and realized measuring processes and procedures (collect and entering data)
(Allaire, 2012). Evaluation of performance of systems is therefore necessarily multicriteria and multi-actor (Jacot
& Micaelli, 1996).
Two types of performance metrics can be defined:

o  Results performance metrics which evaluate results of an action

e Follow-up performance metrics which evaluate the achievement state of a process or an action.

2.2.4.4, DEA (Data Envelopment Analysis)

DEA (Data Envelopment Analysis) is a linear analysis and non-parametric method to compare technical solutions
and evaluate their performance regarding performance metric (Cariaga, El-Diraby, & Hesham, 2007). Performance
of a technical alternative is evaluated by dividing weighted outputs and inputs. Technical alternatives are also
evaluated depending on their value for the different Decision Making Unit (DMU). A technical alternative is
composed of a set of solutions which answer to several functions. Solutions and functions can eventually be
modeled with a QFD (Quality Functional Deployment) matrix or any other method which allows to link functions
and solutions. The different alternatives are then compared depending on several criteria: cost, performance,
planning, constructability etc.

The following formula is used to evaluate technical alternatives:

E, — U0y + -+ U Oy e
k vllllk + -+ vnln,k

Where :

m = number of outputs

n=number of inputs

0i, = value of the output i for the DMU j
lij = value of the input i for the DMU j
Ui = weight of output i

vi = weight of input j

Then, the formula is maximized:

Ek _ U10q g+ +UmOm,i <1
t vilyittonlng T

i=1,...,n

Uq, ey U AN Vg, oo, U, >0

For each input and for each DMU the efficacy of Technical Alternatives is maximized (Figure 55 :Figure 55):
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Outputs (Project Objectives)

Inputs (Cost / Time)

Figure 55 : Optimization of Technical Alternatives (Cariaga, El-Diraby, & Hesham, 2007). Points in the figure represent
different possible solutions and the efficiency frontier the optimum performance of the system.

One of the main difficulty for the use of this technique is the necessary quantification of performance with
performance metrics.

In (Cariaga, El-Diraby, & Hesham, 2007), Cariaga uses together Functional Analysis, QFD and DEA methods
(Figure 56):

Customer Design Design alternative
Requirements Alternatives solution space
I
How?
A4 v v

Functional Analysis &
Review Technique

Quality Function Data Envelopment
Deployment Analysis

What? Wh'v?
) k4
. — N ‘Efficient’ design
Project Objectives House of Quality alternatives

a) General Approach

Step 1: Set Step 4: Establis_h value Step 7: Use DEA
Objectives (J) > of each option —»{  to find optimum
V=R, xw, alternatives
\
Step 2: Set the ¥ - y
esdoxs (— [ smecmere ] | [semememen
objective (w itivi i
j (w) Design Alternatives (A) sensitivity analysis
v ¥ .
. ; Step 6: Find the total Step 9: Select
2 .
Desstiegﬁ%p(tjiz:tslﬁzp} value for each Feasible optimum
Alternative (A): alternative

— ND,
V=3,
n=1
b) Solution Steps

Figure 56 : Functional Analysis, QFD and DEA used in conjunction (Cariaga, El-Diraby, & Hesham, 2007). This figure
details the step to follow to evaluate the capacity of a system to answer functional requirements through Functional
Analysis, QFD matrices and DEA.

Functions of the system are first defined with a Functional Analysis method (MISME method, FAST etc.) in a
second step solutions are defined and weighted and compared in the QFD matrix. Finally the DEA method allows
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to evaluate how a Technical Alternative (composed of several solutions) answer the best globally to functions of
the system as well as other criteria such as cost, time or constructability.

2.2.4.5, The Suivi de Projet en cours de Conception (SPEC) method

The SPEC (Suivi de Projet En cours de Conception) method is developed by Yannou (Yannou & Limayem, 2000),
it is a Functional Analysis and project tracking tool used to optimize Technical Alternatives and re-engineering of
products.

e  Use cases of the SPEC method
The SPEC method can be used in two distinct cases: firstly in upstream studies when technical solutions are not
yet defined. And secondly to assess capability of technical solutions to answer functions of the system (Figure 57).

Uncertainty on the
definition of real performance

of systems
A
1% e ccmonm = ———— - = = = =]
Accurate definition of the Final definition of the
system architecture system architecture
0% 2 Level of definition
Global concept Sub-systems Components
2 Evaluation method of
Use of a performance simulator the adquacy functin/solution
Wise use of the SPEC from the organic architecture of|
method the system

T Utility degree of the method

Figure 57 : Use of the SPEC method in the development of a system. Adapted from (Yannou & Limayem, 2000)

The SPEC method can be sum up in the 3 following objectives (Figure 58):
1. In upstream studies, the SPEC method allows detailing the functional specification documents by a
detailed satisfaction model.
2. Description of solutions performance by a probabilistic approach which allows estimating solutions
performance.
3. It gives an estimation at any point of the project to compare estimated performance of technical solutions
with performance metric objectives of functions defined in the functional specification document.

Functional specifications Evaluation of solutions alternatives
+ associated processes SPEC Estimation of project risks
Satisifaction model *

Estimated performance
(with uncertainties) of technical alternatives

Figure 58 : Objectives of the SPEC method. Adapted from (Yannou & Limayem, 2000)
In classical value analysis methods as well as QFD methods, functions are weighted depending on their utility for

stakeholders. However, weighted functions underlies that all criteria of each function has the same importance
which is not necessarily the case. This is why in the SPEC method a satisfaction model has been developed. This

model is based on the three following mechanisms:
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- Inlinear cases, weights are associated to uncertainties modeled by probabilistic functions. These weights
can stem from a decision process like the Monte-Carlo method.

- Non-linear cases can be modeled by fuzzy-logic;
- Acceptance levels expressing admissibility and non-admissibility zones in the satisfaction of functions.

[

Valuing of the functional tree
Satisfaction

= Characterization of functions
Perfor.mance Sortion Measuring performance metrics

Figure 59 : Satisfaction model in the STEP method. Adapted from (Yannou & Limayem, 2000). F1...Fn are functions
of the system, C1..Cn Functional criteria.

e Consideration of uncertainties
Classic Functional Analysis methods do not considered uncertainties due to inaccuracy of solutions which will be

set up. In the SPEC method, uncertainties are considered in different steps in the analysis:
- Inweights factor of functions:
- In performance of technical solutions;
- Inthe calculation mechanisms of performance metrics (with probabilistic distributions).

e Help to choose between solutions alternatives
A synthesis of capacities of solutions to answer functions of the system is given in a dashboard in the tool (Figure
60). In this dashboard, each solution is represented with a risk indicator representing chances of success and failure
of the capability of the function to answer functions of the system.

Figure 60 : Dashboard summarizing capacities of solutions to answer functions. (Yannou & Limayem, 2000)

For each solution a detailed window allow visualizing its capability to perform functions against functional criteria
defined in the functional specification document.
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Analyse détaillée de la zatisfaction d'une fonction pour la solution
Solution Bas Prix

Figure 61 : The dashboard allowing a detailed representation of the capability of solutions to answer functional criteria.
(Yannou & Limayem, 2000)

Both methods (SPEC and DEA) allows evaluating capacities of Technical Alternatives to realize functions of the
system. In both cases it supposes that feedbacks about technical solutions are available and relevant when
designing the system which is not always the case. The SPEC method goes more in detail in the capability of
solutions to answer functions of the system criteria by criteria, while in the DEA method it is more a global
approach which is expected.

2.2.4.6. Use of functional analysis in the construction industry

Globally, the use of Functional Analysis methodologies is not usual in the construction industry particularly during
the design phase within design and consultancy companies while it has proven its efficiency to improve quality
and cost of industrial products. Another application of Functional Analysis in the construction industry is to define
and classify functions of a construction system in order to ensure its functioning in case of external events. As
instance, Gonzva in (Gonzva, 2017) has used Functional Analysis to define functions of a metro system and how
they are affected in case of a flood in the case of the Parisian metro. Morize in (Morize, 2018) has used Functional
Analysis to define functions of tramway systems in France to optimize their maintenance in an asset management
objective.

(Gobin, Conformation programmatique - principes d'une étape clé de I'efficience du bati, 2017), (Gobin, L'usage
comme valeur référence de la construction, 2013), (Gobin, Enrichissement de I'analyse fonctionnelle, les apports
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de la construction, 2013), (Van Loenen & Mroczkowski, 2010), (Dikmen, Birgonul, & Kiziltas, 2004).
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Figure 62 : Uses of Functional Analysis in the construction industry in different domains, adapted from (Gonzva, 2017)

o Examples of Functional Analysis applied to geographical systems at two different scales (city and
building);

At the city scale, in the Charter of Athens, Le Corbusier (Charte d'Athénes, 1933) defines the 4 functions of a city,
i.e. for what purposes a city has to adapt space:

o The residential city: a city has to allow people living;
o The mobile city: a city has to allow people moving;
o The equipped city: a city has to allow people having access to utilities;

o The active city: a city has to allow people having access to culture, sport, education;

2

However, interpretations of the Charter of Athens have led to the allocation of these functions to “exclusive
spaces: functional zoning. Without value judgment on this urban planning practice, we want to insist on the
distinction between functions of a geographic system (a territory, a city, an infrastructure, a building etc.) and
spaces supporting these functions: a function can be allocated to several spaces and one space can support several
functions.

Moreover, even if the term “function” is used in the charter of Athens, the use of Functional Analysis methods
such as the MISME (APTE®) method is not mentioned in the Charter.

These two elements (the mismatch between space and functions and the non-application of Functional Analysis
methods) have led to a wrong application of Functional Analysis and explain in part actual criticisms of

“functionalism urbanism”.

At a different scale Gobin (Gobin, 2017) defines the 8 functions of buildings : The 8 functions of buildings , i.e.
for what purposes a building has to adapt space (Figure 63):
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Protect: One function of building is to protect inhabitants from external events whereas they are
natural (rain, wind, earthquake, flood etc.) or intentional (terrorist attack, theft etc.);

Offer a “space”: Another function mentioned by Gobin is to offer and maintain a space to carry
human activities and to offer the possibility to reach the location of this space. Actually, “space”

refers here more to a volume than a “space”, the notion of space being more general.

Create an atmosphere: A building also has to offer appropriate atmosphere for the activities to
carry. By atmosphere Gobin refers to comfort conditions (thermic, lighting, olfactory, acoustic,
dynamic anthropology);

Store: store and give the possibility of functioning to tools and devices required for human
activities;
Manage human relations: preserve privacy of building occupants, interact with the external

environment without being annoyed,;

Interact with the site: benefit from the site capacities (landscape, sun orientation etc.) and
embellish the site (respect its previous characteristics and integrate the site from an aesthetic
point of view);

Semiology: A building also gives a self-image of occupants to other inhabitants and a personal
feeling of the location;

Contrary to the Charter of Athens, to define functions of buildings Gobin has applied Functional Analysis methods
and more precisely the MISME (APTE®) method. However, Gobin does not describe how to represent these
processes over space neither how to model them.
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Figure 63 : The 8 functions of buildings (Gobin, 2017)

It is interesting to see that functions of construction systems are not the same for buildings, infrastructures or cities.
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2.3. Consideration of production constraints: the concept of Constructability

2.3.1. Why constructability?

2.3.1.1. Origins

The development of Constructability started in the US in the 70s (Gambatese, Pocock, & Dunston, 2007). Hitherto,
this concept is very new in France and is under development at IRC (Institut de Recherche en Constructibilité) —
ESTP Paris.

2.3.1.2. Constructability objectives

In (Kifokeris & Xenidis, 2016), Kifokeris sums up challenges addressed by constructability since the beginning
of its development in the 60°s (past and present):
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“Managerially dysfunctional or not-optimal contractual strategies (Ireland, 2006);

The profound lack of automation in the AEC industry in spite of the tremendous possibilities for it (Fischer
& Tatum, 1989)

The problematic dissemination of construction knowledge and experience among professionals (Tatum,
1993)

The increasing complexity of construction projects and the need for innovation (Senescu & Haymaker,
2011), (Orstavik, Dainty, & Abbott, 2015)

The insufficient partition, communication and dissemination of the enormous amount of chaotic
knowledge and information accessed by practitioners (Ganah, 2003) (Nielson & Erdogan, 2005),
(Senescu & Haymaker, Design process communication methodology: Improving the efficiency and
effectiveness of collaboration, sharing and understanding, 2011)

The ongoing, global financial recession that is prominent in the AEC industry, and the need for robust
financial and risk management (Haider, 2009)

An finally the modern contractual and social types of relationships between clients, designers,
contractors, subcontractors, such as the popular design-and-build process and all its respective
subsystems.” (Akintoye, 2006), (Haroglu, Glass, & Thorp, 2010), (Tsai & Yang, 2010), (Lam & Wong,
2011), (Rahmani, Khalfan, Magsood, Noor, & Alshanbri, 2013)



In (Russell, Swiggum, Shapiro, & Alaydrus, 1994), Russel presents benefits of constructability both in qualitative
and quantitative terms:

Constructability Benefits

Quantitative Qualitative

* Reduced engineering cost. * Increased problem avoidance.

* Reduced schedule duration. Improved site accessibility.

» Reduced construction cost (labor, = Reduced disruption to current production.

material, and equipment). Improved safety.

Reduced amount of rework.

Increased focus on a common goal.

Increased understanding of purpose/effect of
individual's involvement.

Increased commitment from team members.

Increased cammunication.

Enhanced team building and cooperation.

Increased construction flexibility.

Reduced maintenance cost.

Protected equipment.

Smoother start-up,

Shortened offsite leasing.

Reduced amount of material
handling of inventories.

Improved production efficiencies,

Accounted for future expansion on site.

Accounted for future expansion of building.

Sales tool for constructor 1o receive additional
work.
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Figure 64 : Constructability benefits divded into quantitiative and qualitative types (Russell, Swiggum, Shapiro, &
Alaydrus, 1994)

In (Gambatese, Pocock, & Dunston, 2007), Gambetese highlights that non-consideration of constructability issues
in the development process of construction products leads to costly reworks and changes and time losses.
Development of constructability mostly in the US and UK in the 70’s was an attempt to improve productivity in

the construction industry by improving ease of implementation, costs and safety of construction products.

The Institut de Recherche en Constructibilité (IRC) considers Constructability as a way to (IRC, 2013) :
e Improve ease of implementation of construction products and their components;
e Study any element which can possibly impact performances of construction products during its
development;
e Asshown in the figure below, one aim of constructability, highlighted by IRC, is also to reduce the gap
of 30% between what a project owner actually pays for its project and the actual earned value of the
product.
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Figure 65 : The gap between earned value of the product and cost of projects in France (adapted from (IRC, 2013)).
Curve A represents expenditures of the project and curve B commitments progressively locked by stakeholders.
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This gap corresponds to time losses due to waiting time to make decisions, overconsumption of materials, reworks
etc. These expenses are incurred by the project owner while they don’t add any value to the product. Hence, one
objective of Constructability is to improve earned value of construction products by eliminating dysfunctions in
the project.
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50%
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Figure 66 : Origin of non-quality costs (adapted from (IRC, 2013))

More precisely, the IRC (Institut de Recherche en Constructibilité) (IRC, 2013) considers that 75% of non-quality
costs resulting to malfunctions can be solved by an intellectual work during the design phase whereas only 25%
are due to a lack of knowledge during the implementation phase.

Finally, objectives pursue by the development of constructability correspond to challenges faced by the
construction industry identified in the introduction of this thesis:

- Improve productivity of the construction industry (time, resources and costs);
- Ensure quality of construction products (manage complexity of their development);
Therefore, in this part, we will develop the concept of constructability and how is it possible to integrate it into the
previously presented methodologies (Functional Analysis).
2.3.2. Constructability, manufacturability, buildability and Lean Construction

Several similar terms to constructability are used in the literature like manufacturability, buildability or Lean
Construction. As these concepts are linked with the development of constructability or are simply parts of it, the
definition of these concepts help to define constructability.
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2.3.2.1. Constructability and manufacturability

Other industries have integrated the production process within the design process in the different development
phases to improve cost effectiveness and quality (Jiang, 2016 July) by developing Manufacturability also called
Design For Manufacturing (DFM). Design for Manufacturing, “refers to the effort of ensuring that the engineering
design satisfies the customer requirements and complies with the manufacturing facilities of a company, e.g.
machines, staff knowledge and resources available” (Sandberg, 2007). It is also “thee systematic early selection
of material and process combinations for the manufacture of parts, which can then be ranked accordingly to
various criteria” (Boothroyd, Dewhurst, & Knight, 2002).

In (Shankar, 1993) and (Shankar & Jansson, 1993) Shankar develops the manufacturability concept and identifies
factors and sub-categories of factors affecting manufacturability in the design:

Manufacturability

[ I |

Compatibility ‘ Complexity ’ ‘ Quality ] ‘ Efficiency ] [ Coupling ’
~{ Material - Sequence «{ Intricacy Design Flaws ’ ~{ Material Usage —  Material-based ’
~{ Tolerance Robustness ’ ~{ Part count —  Process-based ’
~{ Configuration - Sequenc } { Symmetry ~{ Operations ‘+ Configuration-based ’
~{ Configuration - Resource { Uniformity ~‘ Standardization
Accessibility *‘ Variety

Orientation

il

Figure 67 : A hierarchical model of manufacturability concepts (Jiang, 2016 July)

These criteria and subcriteria will help in the definition of Constructability criteria later on in this thesis.

The aim of Manufacturability is similar to Constructability as it focuses on the consideration of Implementation
knowledge early in the design of products. The main difference between Manufacturability and Constructability
comes from the context in which the product is built/manufactured: while in most of other industries the context
of implementation is fixed and stabilized, in the construction industry it is always changing at each project
depending on the context. As the context is changing, it may leads to new criteria to take into account when
carrying Constructability analysis (environmental criteria, weather conditions, site conditions...). We can notice
that in the list defined by Shankar in (Shankar & Jansson, A generalized methodology for evaluating
manufacturability, 1993) no criteria is related to the context in which the product is manufactured neither the
location where it is built (excepting maybe the criteria Accessibility). Definition of Design for Manufacturing from
Sandberg neither mentions criteria related to the context (Sandberg, 2007).

2.3.2.2. Constructability and buildability

Buildability and Constructability are often terms used interchangeably (Kifokeris & Xenidis, 2016). The following
definitions of Buildability can be found in the literature:
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o “the extent to which the design of a building facilitates ease of construction, subject to the overall
requirements for the completed building” (Wong, Lam, Chan, & Chan, 2006) (Lam, Wong, & Tiong,
2006) and (CIRIA (Construction Industry Research and Information Association), 1983)

e  “The extent to which decisions, made during the whole building procurement process, ultimately facilitate
the ease of construction and the quality of the completed project.” (Chen & McGeorge, 1994)

The latest definition of Buildability is given by the Building and Construction Authority of Singapore:

e  “The extent to which the design of a building facilitates ease of construction as well as the extent to which
the adoption of construction techniques and processes affects the productivity level of building works.”
(Building and Construction Authority, 2014)

Efforts to make the distinction between Buildability and Constructability have been made in the 2000s to clarify
these concepts and unify research efforts (Kifokeris & Xenidis, 2016), but there is not a global accepted distinction
between these terms:

e Asinstance, for the Building and Construction Authority of Singapore (BCA), buildability is “The extent
to which the design of a building facilitates ease of construction as well as the extent to which the adoption
of construction techniques and processes affects the productivity level of building works”, while
constructability “focuses on the construction methods used during the construction phase. Through the
Constructability Score, the builders’ contribution to raising site productivity can be increased by
encouraging them to move away from traditionally labour-intensive construction methods and switching
to more labour-efficient construction processes.” (Building and Construction Authority, 2017). For the
BCA, Buildability has a larger scope than Constructability which focuses only on automation and labour-
effciency while Buildability considers ease of implementation in the design phase.

e At the opposite, other authors considers that Constructability includes Buildability: Buildability focuses
on the design phase of a construction product, whereas constructability integrates both design and
management functions, Constructability is concerned with a wider scope than ‘buildability’: “It deals
with the project management systems that optimally use construction knowledge and experience to
enhance efficient project delivery” (Kifokeris & Xenidis, 2016), (Getuli, Giusti, & Capone, 2015), (The
Institution of Professional Engineers New Zealand, 2008) and (Gambatese, Pocock, & Dunston, 2007).

As this last consideration matches more with our definition of Constructability we will keep the second comparison
for the development of this thesis, but it is important to keep in mind that this is not a globally accepted definition.

To be more specific, and as explained in the figure below, whereas buildability only concerns ease of construction
in technical terms, constructability also deals with (Kifokeris & Xenidis, 2016):

¢ Indicative planning and operations performance evaluation (Ireland, 2006) (POP):
Ireland analyses the effects of management on productivity (cost and time) and quality of construction products
(and more particularly buildings). POP is not linked with the construction process directly but Ireland shows that
it has impacts on the quality of construction products and needs to be taken into account in Constructability.

e Value engineering (Russell, Swiggum, Shapiro, & Alaydrus, 1994) (TQM, HVE and VE):
Russell sees construction knowledge as input data for Value Engineering (VE) in order to optimize costs of
construction products. He also highlights interrelations between Constructability, Total Quality Management
(TQM) and Value Engineering.

e Contracting and finance in construction projects (Haider T., 2009) (C/B):
Haider explains impacts of “Cost Shifting” between different contracts on total cost of construction products and
how to detect this practice. Constructability refers here not only on the “ease of implementation” of products, but
more generally on required processes for the development of construction products and in this article on the
contracting phase.

93



e Knowledge Management (Rezgui, Hopfe, & Vorakulpipat, 2010) (KM):
Knowledge Management (KM) is: “the process of creating, sharing, using and managing the knowledge and
information of an organization”. In the construction industry this process is considered as part of constructability
as a management activity. It highlights the difference with buildability as this activity is not directly linked with
the production process but ensures the sharing of construction knowledge in all phases of projects.

e  Object-Oriented Analysis (Alshawi & Underwood, 1996) (O/O):
The Object-Oriented approach consists in modeling (for example with diagrams) a system with;

- Characterization of the Objects constituting the system (i.e. its subsystems);

- Relationships between the defined objects (i.e. interfaces);

- What happens to the modeled objects (i.e. their functions);

The O/O method improves the construction process by allowing a better “reusability, stability, encapsulation,
inheritance and modeling” of information, and by allowing to trace back construction issues to design choices
resulting in a better consideration of construction knowledge in the design (Alshawi & Underwood, 1996).This
activity does not concern directly ease of implementation but is still contributing to the improvement of the
construction process and can be considered as part of the constructability corpus.

e Productivity-oriented regression analysis (Jarkas, 2011) (Malek, 2011) (P/O):

Productivity-oriented regression analysis concerns the evaluation of constructability on labor productivity and its
quantification. In (Jarkas, 2011), Jarkas takes the example of formworks to illustrate P/O analysis and evaluate
buildability factors impacts such as simplicity, standardization and element repetition.

e Total Building Performance Framework (Sui-Pheng, Junying, & Lim, 2008) (TBP):
In (Sui-Pheng, Junying, & Lim, 2008), Low analyses impacts of buildings performances on buildability criteria
defined by the Building Authority of Singapore. Different solutions with different performances are evaluated
regarded to their buildability score. Constructability analysis is more than buildability as performances of the
product are considered in the analysis and not only ease of construction.

CONSTRUCTABILITY

Initiation, execution
and delivery project
life cycle phases

CONSTRUCTABILITY
PROGRAM

Figure 68 : Relationships and interconnections between constructability and buildability (Kifokeris & Xenidis, 2016).
Signification of abbreviations are described in the text.
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2.3.2.3. Constructability and Lean Construction

Lean Construction is the application of Lean Production developed in the manufacturing industry to the
construction industry. Goals of lean construction concepts are to improve product quality and reduce costs (Yusuf
& Adeleye, 2002) by eliminating wastes and unnecessary tasks. Compared with constructability, Lean production
is focused on the production process whereas constructability also deals with the management of construction
knowledge in all stages of construction products development. Compared with buildability, Lean construction does
not necessarily insist on “ease of construction” but only on quality and costs, ease of construction being one
consequence of Lean Construction objectives.

However, Lean construction is full of insights for the concept of Constructability and buildability, particularly to
model the construction process: Koskela (Koskela, 2000), indicates that the construction process can be described
by 3 different views:

e Transformation view: the construction process is modeled as “a transformation of inputs into outputs”;

Managing transformation consists in taking care on what has to be done: manage contracts and specify quality and
safety requirements.

e Flow view: the construction process is modeled as “a flow of material, composed of transformation,

inspection, moving and waiting” |
Managing flows consists in managing the supply chain of materials and information in the construction process.

e Value Generation view: the construction process is modeled as “a process where value for the customer
is created through fulfillment of its requirements”.

Managing value generation consists in assuring that tasks undertaken during the construction process actually add
value to the under construction product.

Therefore, objectives of Lean Construction consist in optimizing these three views of the construction process.
They can be summed up with the following schema:

Value

Increase achieved
value in relation to
best possible value, i.e.
making sure that
customer requirements
are met in the best
possible way

Eliminate non-value-adding
Flows activities, i.e. making sure

that what is unnecessary is
done as little as possible

Getting production
realised efficiently,
i.e. taking care of
what has to be
done

Transformations

Figure 69 : The three parts of management in construction (Sardén & Stehn, 2005)

e  Optimizing transformation is to decompose the construction tasks and to minimize costs, resources and
time required to achieve them.
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e  Optimizing flows is to optimize the supply chain by avoiding non-adding value activities.
e  Optimizing value is to express clients’ needs and requirements as precisely and concretely as possible.

These concepts will be useful when establishing the methodology developed in this thesis in the third part.

Finally, Lean Construction has similar objectives than constructability: reduce costs and delays and improve
quality but it focuses only on the production process. Lean Construction is focus on construction tasks, their
rationalization and optimization whereas constructability concerns the integration of realization constraints early
in the design of a construction system.

2.3.2.4. Recapitulative table

The following table recapitulates the relations between the previous defined concepts and constructability:

Relations with Constructability

Manufacturability Manufacturability is the same concept than constructability in the
manufacturing industry. The difference between both concepts comes
from the consideration of environmental/contextual criteria in
Constructability (site conditions, logistics, weather conditions...)
which don’t appear in Manufacturability.

Buildability Buildability is the part of Constructability dedicated to the “ease of
construction” while constructability concerns also management and
design activities.

Lean Construction Lean Construction is dedicated to the improvement of the construction
process and tasks in terms of quality and costs: eliminate wastes,
eliminate non-adding value activities, and fulfill clients’ requirements.
Somehow, Constructability and Lean Construction have the same
objectives. Nevertheless, Constructability focus on the consideration of
realization constraints during the realization phase and Lean
Construction to the organization of labor on site in order to optimize it.

Table 6: Constructability and Manufacturability, Buildability, Lean Construction

Finally, manufacturability essentially applies to industrial systems more than construction systems. Ccomparing
both corpuses we can highlight that manufacturability doesn’t consider criteria related to the environment (e.g.
weather) and to the location of the system which are essential elements for construction systems. Buildability for
its part is dedicated to the “ease of construction” and not other aspects realization such as management activities.
And Lean Construction is dedicated to the improvement of the construction process while Constructability intends
to consider in design and planning phases constraints related to realization and management constraints during the
realization phase.

2.3.3. The concept of Constructability and its evolutions

2.3.3.1. Definition

Different definitions of Constructability exist; they have all in common the consideration of construction
knowledge in the development of construction product (Gambatese, Pocock, & Dunston, 2007). However there
are different interpretations of the definition amongst authors which have evolved over time:
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1) The first definition of constructability was given by the CII in the US (Construction Industry Institute):
“The optimum knowledge and experience in conceptual planning/design/engineering/detail
engineering/procurement/field operation/operation phases to achieve overall project objectives” (ClI,
1986);

2) “Constructability was defined as a measure of the ease or expediency with which a facility can be
constructed” (Hugo, et al, 1990)

3) “The application of a disciplined and systematic optimization of construction-related knowledge during
the planning, design, procurement and construction stages by knowledgeable, experienced construction
personnel who were part of a project team” (CMC, 1991)

4) “The process of doing everything possible to make construction easy, to improve quality, safety, and
productivity, to shorten construction schedules and to reduce rejection and rework” (Kerridge 1993)

5) “Constructability involved construction-oriented input into planning, design and filed operations of a
construction project” (Pepper, 1994)

6) “Constructability programs was defined as the application of a disciplined, systematic optimization of
the procurement, construction, test, and start-up phases by knowledgeable, experienced construction
personnel who are part of a project team” (Russel, et al, 1994)

7) “Constructability was often portrayed as integrating construction knowledge, resources, technology, and
experience into the engineering and design of a project” (Anderson, et al, 1995)

8) “Constructability of a design referred to the ease with which raw materials of the constriction process
(labor, production equipment and tools, an materials and installed equipment) can be bought together by
a builder to complete the project in a timely and economic manner” (Glavinich, 1995)

9) “The integration of construction knowledge in the project delivery process and balancing the various
project and environmental constraints to achieve the project goals and building performance at an
optimum level” (CII Australia, 1996)

10) “... aplanning process that required customer input in every phase of the capital project planning: front-
end engineering, detailed design, procurement, contracting, construction, check-out, start-up, operation,
maintenance, and business management, and communication among all project participants.” (Geile,
1996)

11) “The optimum use of construction knowledge and experience by the owner, engineer, contractor and
construction manager in the conceptual planning, detailed engineering, procurement and filed operations
phases to achieve the overall project objectives.” (Nima, et al, 1999)

12) “The feasibility (or complexity) of a considered project to be performed by a specific technology based
on the construction knowledge learned from past projects” (Yu and Skibniewski, 1999)

13) “Constructability programs aimed at integrating engineering, construction, and operation knowledge
and experience to better achieve project objectives” (Arditi, et al, 2002)

14) “the capability of being constructed” (ASCE, 1991)

15) “a measure of the ease or expediency with which a facility can be constructed” (Hugo, O'Connor, &
Ward, 1990);

16) “the implementation of construction knowledge, resources, technology and experience into engineering
and design of a project” (Anderson, Fisher, & Gupta, 1995)

17) “A process that utilizes construction personnel with extensive construction knowledge early in the design
stages of projects to ensure that the projects are buildable, while also being cost-effective and
maintainable” (AASHTO, 2000);

18) The Construction Institute (CI) of the American Society of Civil Engineers (ASCE) defines
Constructability as: “the integration of construction knowledge and experience in the planning, design,



procurement, construction, operation, maintenance, and decommissioning phases of projects consistent

s

with overall project objectives.’

19) IPENZ (now Engineers New Zealand) gives the following definition for Constructability:
“Constructability is a project management technique for reviewing construction processes from start to
finish during the pre-construction phase. It will identify obstacles before a project is actually built to
reduce or prevent error, delays and cost overruns”. (IPENZ (Engineers New Zealand), April 2008)

The definition of Constructability has evolved from the “capability of being constructed” given by ASCE in 1991
to the last definition given by IPENZ in 2008 where constructability is mainly a “project management technique

[...] to prevent error, delays and cost overruns”.

These definitions can be clustered in 5 groups:

Consideration of | Achieve project | Ease and optimize | Project Consideration
construction objectives construction management of customers’
knowledge in technique needs at all
planning,  design, stages

field operation and
procurement phases

), 3). (), (6), (7). | (8),(9), (11), (13) | (2).(4),(6).(8),(12), | (19) (10)
(9), (11), (13), (16), (14), (15), (17), (18)
(17), (18)

Table 7 : Constructability definitions clustering

Most of the definitions focus on the consideration of construction knowledge and the ease and optimization of
construction processes. Only 4 definitions integrate the achievement of project objectives, one definition that
constructability is a project management technique and one definition that constructability concerns customers’
requirements.

This last definition is the one we will keep for Constructability in the following chapters. Constructability concepts
have been used in many different construction projects both in buildings and infrastructures (notably roads)
(Sathyanarayanan, 2008).

Improvement n°1:

From these definitions, constructability partly answers to the Issue n°5 defined in 2.2.3.5 to integrate constraints
from the realization phase (construction knowledge) in upstream studies. However, constraints from planning,
design, verification and commissioning phases are not integrated in the definition of Constructability. For this
reason we will extend the concept of Constructability to Constructibility to consider also this constraint.

2.3.3.2. Constructability Concepts and Principles

Constructability principles, concepts and tools are implemented in all development phases of construction products
from planning to realization. Some of these concepts are related to Knowledge Management and apply globally to
companies rather than projects.

e  Constructability Principles and Constructab