
MASTER'S THESIS

Structural Assessment and Optimization
of the Modular System of a Student

Residential Building in Luleå and Coimbra
Affordable Houses Project

Pedro António Pimenta de Andrade

Master of Science (120 credits)
Civil Engineering

Luleå University of Technology
Department of Civil, Environmental and Natural resources engineering



 

August, 2010 
 

  
 
 
 

Affordable Houses Project 
 

Structural Assessment and Optimization of the 

Modular System of a Student Residential Building in 

Luleå and Coimbra 
 

Masters’ Thesis  
Structural Mechanics 

 

Author 
 

Pedro António Pimenta de Andrade 
 
Advisors: 
 

Professor Luís Simões da Silva 
 

Professor Milan Veljkovic 



Affordable Houses Project          ACKNOWLEDGEMENTS 

 
 
Pedro António Pimenta de Andrade  i 

 
 

ACKNOWLEDGEMENTS 
 
 
Financial support of this work by Arcelor Mittal is gratefully acknowledged. 
 
I would like to thank Professor Luís Simões da Silva for having provided me this unique 
opportunity.  
 
A special thank for Professor Milan Veljkovic for having stimulated my creativity and for his 
support. 
 
To all my colleagues and friends. 
 
Finally a special thanks to my family. 
 
Thank you all 
 
 
 
 
 
 
 
 
 



Affordable Houses Project                     ABSTRACT 

 
 
Pedro António Pimenta de Andrade  ii 

 
 

ABSTRACT 
 
Nowadays there is a main concern that should always be present in our minds; it is important to 
integrate and reconcile the economic, social and environmental aspects within a holistic and 
balanced sustainable development framework. 
 
Therefore, the construction sector has been facing a profound change in the materials used, new 
processes and approaches. According to this new aim, a new concept of structures had been born; 
the Affordable Houses. 
 
A concept is more often seen as an abstract idea of something, being it materialization always 
faced as a challenge. Therefore the challenge of this thesis is to create a system that could be able 
to erect, literally, a structure and, simultaneously, create conditions for the construction of a 
building, through the appliance of the concept of Modular Houses and Top Down Construction. 
 
For the implementation of these new concepts two case studies were created for the construction 
of a student residential building in Coimbra and Luleå. These case studies are integrated in 
different environments and socio-economic conditions, which will allow the assessment of this 
study to a more global application. 
 
This study was developed within the scope of a partnership between the University of Coimbra 
and Luleå University of Technology and was supervised by Professor Luís Simões da Silva and 
Professor Milan Veljkovic. 
 
Keywords: Affordable Houses, Modular Houses, Top Down Construction 
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RESUMO 
 
Nos dias que correm, existe uma preocupação que deverá estar sempre presente nas nossas 
conciências: é importante integrar e reconciliar a economia, a sociedade e os aspectos ambientais 
dentro de um quadro de desenvolvimento global equilibrado e sustentável. 
 
Tendo isto em conta, o sector da construção tem vindo a enfrentar profundas mudanças 
relativamente aos materiais usados, aos processos construtivos e à sua abordagem. De acordo 
com este objectivo, nasce um novo conceito: Affordable Houses. 
 
Um conceito é muitas vezes visto como uma ideia abstracta de algo, sendo a sua materialização 
sempre encarada como um desafio. Deste modo, o desafio deste estudo, encontra-se na criação de 
um sistema que seja capaz de erguer, literalmente, a estrutura e, simultaneamente, criar condições 
para a construção de um edifício, através da aplicação dos conceitos de Modular Houses e Top 
Down Construção. 
 
Para a implementação destes novos conceitos, foram realizados dois casos de estudo para a 
construção de uma residência de estudantes em Coimbra e em Luleå. Estes casos de estudo 
encontram-se integrados em diferentes condições ambientais e sócio-económicos, permitindo 
analisar a viabilidade da sua aplicação em diferentes localizações geográficas. 
 
Este estudo foi desenvolvido no âmbito de uma parceria entre a Universidade de Coimbra e a 
Universidade Tecnológica de Luleå, tendo sido orientado pelo Professor Doutor Luís Simões da 
Silva e Professor Doutor Milan Veljovic. 
 
Palavras-Chave: Affordable Houses, Modular Houses, Top Down Construction 
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1. INTRODUCTION 
 
1.1 SCOPE 
 
Affordable Houses is a term used in the first place to describe that a house has a low cost. 
However, the term can be applied to many factors associated with an economic advantage 
compared with others houses. The concept of Affordable Houses has encouraged engineers to 
create new techniques and methods of construction. Therefore, in recent years, we have seen the 
emergence of new materials and techniques that can be applied to new constructions, creating 
new ways of making affordable houses. 
 
Currently the Portuguese construction sector is basically dominated by concrete as well as 
Sweden. However Sweden has also timber as a very common material in construction as far as 
Portugal has masonry. The demand for a material that could be adopted in new types of structures 
and is environmentally sustainable, lead the engineers to use steel as the main material for all 
kinds of structures. Therefore steel is one of the most studied materials due to its structural 
versatility and environmental sustainability. 
 
In order to reach this goal in this thesis will be approached two new conceptual techniques: the 
Modular Houses and Top Down Construction method, leading to affordable solutions. For that 
reason a student residential building will be assessed structurally and, at same time, two more 
theses will complement this study from the environmental point of view, for each case study: 
Coimbra and Luleå. For a better comprehension of all assessments of the structure it is 
recommended the consult of the two theses by Coelho (2010) and Pinheiro (2010) entitled 
Assessment of the life cycle environmental performance of buildings: a case study, for Luleå and 
Coimbra, respectively. 
 
1.2 PROCEDURES 
 
The structure will be assessed conceptually and structurally. Within the point a view of the 
concept the structure will be studied according to the Traditional method and the Top Down 
method in order to compare the viability of the new concept. Structurally, the project will be 
designed using Autodesk ® RobotTM Structural Analysis Professional, for all stages, according to 
the Eurocodes and the National Annexes of both countries: Portugal and Sweden.  
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Figure 1.1 – Locations of the two cases studies, Coimbra and Luleå 
 
The assembling process and the lifting method will be accompanied by explanatory images in 
order to get a better understanding. 
 
1.3 OBJECTIVES 
 
The main goal of this thesis is to get a low cost construction with the quality needed to reach the 
expectations of the users: the students. 
 
The viability of the concept and its requirements will be assessed as well as the technologies 
needed to carry out this construction. Therefore in this study: a lifting system will be conceived 
and its requirements evaluated in order to erect the structure; all the step-by-step procedures 
implemented and assessed for the lifting and assembling of the modules; the final structures and 
its execution stages designed and, finally, all the variants of the Top Down method will be 
assessed and compared with the Traditional method. 
 
Finally some additional approaches and methods will be suggested, that could optimize the 
construction process. 
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2. LITERATURE REVIEW  
 
Throughout the years many studies have addressed the subject of Affordable Houses, a quick 
research reveals that fact. However this concept is very inclusive and is applied in an extensive 
number of issues.  
 
The Modular Houses, like the previous concept, also has an extensive relevance in the 
engineering literature. Although in this thesis will only be studied the three dimensional modules, 
because according to many scientific studies is the one that gets the most benefit in schedule and 
economy.  
 
Sweden has a large number of studies in this area of the engineering, due to early concerns about 
the sustainability in the construction processes and thus has a large number of modular 
constructions already in service. Some of them are published in the site http://www. access-
steel.com/ , and can easily be consulted.  
 
Although in Portugal the same concern is not yet completely implemented, there are some, but 
few, examples of constructions already in the field, most of them houses. There are also few 
industries that produce modules but not in a continuous production, due to a lack of information 
of the market. However, some projects are being implemented, such as the one led by ISISE 
(Institute for Sustainable and Innovation in Structural Engineering) at FCTUC. For that reason 
there are a small amount of studies available in Portuguese. 
 
The concept Top Down construction is the one that reveals a lack of research. This is an emerging 
concept and consequently is starting now to be studied. Nevertheless is very often used in some 
constructions such as fuels tanks and in foundations with a different approach. When applied to 
buildings, there are few examples and the ones found do not match the scope of this thesis. 
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3. NEW APPROACH IN CONSTRUCTION METHOD  
 
3.1 MODULAR BUILDINGS 
 
3.1.1 CONCEPT 
 
Among the Modular concept, it is possible to define four different approaches; the element 
method; the panel method; the three dimensional modular method and, finally, the hybrid 
construction. This may combine two or three of the previously described systems, possibly in 
addition to hot rolled steel or concrete elements. This study will focus on the three dimensional 
modules. In addition, for these two case studies, the panel method will be used in complementary 
works, e.g., corridors, roof and façades.  
 
Modular buildings and modular homes are sectional prefabricated buildings or houses that consist 
of multiple modules or sections which are manufactured in a remote facility and then delivered to 
their intended site of use. These forms are commonly referred to as modules, if they are of 
multiple room sizes, or pods if they are limited, say, to a bathroom or kitchen. 
 
The module or pod may be produced by a specialist subcontractor or manufacturer, i.e., 
prefabricated process, to be fitted-out by others, or it may be fully fitted-out by the manufacturer 
and delivered to site as a completed building element.  
 
3.1.2 PROJECT CHARACTERISTICS 
 
The aim of this project is to design a student’s accommodation building and other facilities such 
as: kitchen, gymnasium, laundry etc. The students’ residence will be constituted by a main 
structure of steel, in which will be inserted the 3D modules. This modular building will be 
located near Luleå University of Technology and at the University of Coimbra, FCTUC and will 
serve approximately 51 students. The modular building is a five-storey steel framed building 
constituted by ninety six modules and has four different types of structural modules. In the Figure 
3.1 is represented the student residential building.  
 

http://en.wikipedia.org/wiki/Prefabricated_building
http://en.wikipedia.org/wiki/House
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Figure 3.1 - Residential of Students 
 

The modules use light gauge steel profiles in combination with mineral wool, gypsum boards and 
steel profiles. Exterior walls have slotted light gauge steel studs, mineral wool and gypsum 
boards, providing a good thermal performance. The roof and floor of the module use light gauge 
steel beams, mineral wool, gypsum board and trapezoidal steel sheets. The module carries its own 
weight. 
 
The modules are arranged in a framing system with steel columns (see Figure 3.2). The weight of 
the overlying modules is taken by the SHS columns, which are positioned in a square grid of 
4,300 x 4,000 meters. Each module rests on four columns. The exterior dimensions of the 
modules are 3,820 x 7,000 m except type 4 which has 3,820 x 4,480. The modules can cantilever 
2,020 m from the exterior frame column. The typical self-weight of a module is 3 to 4 ton. The 
modules are constructed to transmit the horizontal loads to stabilize the complete structure. 
 

 
 

Figure 3.2 – Sketch of the arrangement of the 3D modules in the main structure 



Affordable Houses Project           NEW APPROACH IN CONSTRUCTION METHOD 

Pedro António Pimenta de Andrade  6 

The modules are almost fully equipped as delivered from the production plant. At site little 
additional work has to be performed; connections of services (plumbing and power system) and 
assembling of the corridors. 
 
According to the architecture, the types of 3D modules in the structure were defined. In the plans 
of the structure it is possible to observe that some modules have different kinds of supports. Each 
type of 3D module is attached in a different way, e.g., each type of 3D module has different 
cantilever dimensions. The 3D modules have rigid ring that ensure the stability to the module and 
simultaneously provides stability to the main structure, as later on will be shown. In Figure 3.3 to 
Figure 3.7 it is possible to observe the layout of the modules in the structure, in order to introduce 
thereafter the respective load.  
 

 
 
                          Figure 3.3 - 1st Floor                                        Figure 3.4 - 2nd Floor 
 

 
 
                          Figure 3.5- 3rd Floor                                       Figure 3.6 - 4th Floor 

 
 

Figure 3.7 – 5th Floor 
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Table 3.1 –Distribution of the different 3D modules in the structure 
 

Storey/Modules Types Type 1 Type 2 Type 3 Type 4 Total 

1st Floor 1 11 4 4 20 

2nd Floor 6 6 2 6 20 

3rd Floor 7 6 2 5 20 

4th Floor 1 8 6 3 18 

5th Floor 4 9 2 3 18 

Total 19 40 16 21 96 
 
3.1.3 CHARACTERISTICS OF THE 3D MODULES 
 
As seen in Figure 3.1, the different types of the structural modules have specific cantilever 
dimensions (see Figure 3.8). In each structural module types exists two rigid rings which are 
fixed on both sides to the columns of the main structure. Those rigid rings have two main 
functions; giving the module’s capacity of being freestanding (i.e. supporting its permanent and 
imposed loads) and to provide stability, by bracing the main structure. 
 

 
 

Figure 3.8 - Sketch concept of the four modules structural types 
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3.1.4 TRANSPORTATION PROCESS 
 
The transportation stage plays an important role in the process of implementation of the modular 
building. Therefore, for this process some solutions were considered according to Portuguese and 
Swedish standards.  
 
The reference route, for Luleå’s case study, is from Kalix to Luleå. The main reason for this route 
is due to the existence of an industry of 3D modules, nearby the location of the building. The 
distance between those cities is 75 km and the route time estimation is approximately about 1 h 
and 10 min. The same distance will be applied to Coimbra’s case study.  
 
According to Vägverket – Swedish Road Administration (SRA)- for transports wider than 450 
cm; longer than 30 meters; higher than 450 cm or with more than 40 ton, a certified route plan 
must be appended to the application in order to confirm that there is sufficient lateral and vertical 
clearance to be able to carry out the transport. For special transports the review is conducted with 
consideration to road safety, the bearing capacity of roads and bridges, accessibility and the 
suitability of the vehicle combination for the transport. According to Vägverket the following fees 
are applicable when applying for a transport exemption at the SRA regional offices: 600 SEK (60 
€) for wide transport with 450 cm as maximum width and 1200 SEK (120 €) for wide transport 
with a width exceeding 450 cm. 
 
According to ordinance No. 472/2007 of Diário da República  nº 119 – 2nd series, of 22/06/2007, 
for transports that are wider than 350 cm, longer than 25,25 m, higher than 460 cm or with more 
than 40 ton, a certified route plan must be appended to the application, as stated in Portuguese 
regulations. However, if the transport has a hazard warning vehicle, which can be a normal 
passenger car, in front of the transport, the with could be increased to 4 m (Figure 3.9). 
 

  
 

Figure 3.9 – Vehicle equipped with warning signs and a hazard warning vehicle 
 

Facing these conditions, two solutions may exist: transporting the modules as it normal position 
or rotated by ninety degrees, as illustrated in Figure 3.10 and Figure 3.11.  
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Figure 3.10 – 1st solution: Module in normal position [m] 
 

 
 

Figure 3.11 – 2nd solution: Module rotated by ninety degrees [m] 
 

A new regulation was adopted in Sweden - Special Provision in 96/53/EC. The "modular 
concept", is used for national goods transport in Sweden and Finland. It allows lorry 
combinations of up to 25,25 m in length (e.g. a 7,82 m long load carrier and a 13,6 m long semi-
trailer) and is a concept built on existing vehicle types available in the Community (see Figure 
3.12). 
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Figure 3.12 – Lorry combinations with “modular concept” 
 

According to the new concept of transporting, there is a possibility of optimizing the process of 
transporting of three 3D modules (see Figure 3.13).  
 

 
 

Figure 3.13 – Optimizing the transport 
 

In the structure will be assembled twenty one modules of Type 4 of a total of ninety six. As far as 
in each transport it is possible to transport one module of type 4 and other two from types 1, 2 or 
3, it is possible to transport a total of sixty three modules in twenty one trips; leaving only thirty 
three modules for normal transport (see Figure 3.14).  
 

 
 

Figure 3.14 –According to European Union Standard Vehicle 
 

This method will achieve less total fuel consumption, less emissions per ton and km, less road 
damage and lower cost per ton per km  

 
During the transportation process of the 3D modules, a key issue is their protection. This 
protection avoids the intrusion of dust and protects the 3D modules from weather, which could 
jeopardize the 3D modules properties, since gypsum boards and rock wool are very sensitive to 
moisture. 
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Figure 3.15 –Protection of the 3D modules 
 
3.1.5 ADVANTAGES AND DISADVANTAGES OF THE CONCEPT 
 
It can be argued that modular construction is the ultimate form of residential prefabrication as 
factory (off-site) production is used to its greatest advantage. 
 
Three dimensional or modular light steel constructions provide the quickest on-site construction 
solution and thus this method derives the greatest cost savings from this source. The successful 
use of modular construction, however, relies heavily upon the project design. Where the design 
includes significant repetition, as in hotel, motel or student housing projects, modular 
construction is an obvious and realistic consideration. 
 
Modular construction has perceived design limitations, both deriving from the large, cubistic, size 
of the “building block”. In the first instance the size of the building block may limit the 
designer’s creative options. In the second instance, transportation size restraints effectively 
determine room dimensions. However, notwithstanding these limitations, very good design 
solutions are possible, as we can confirm in this case study. 
 
Its main advantages are: the excellent dismantling properties, to minimize end-of-life costs and 
maximize end-of-life value; adaptability by both flexibility of layout and generality of 
application; good quality provided by secure performance; a dry construction; good occupational 
health and safety conditions. 
 
3.2 TRADITIONAL METHOD 
 
The traditional method is the least demanding technically. This process uses a crane to place the 
modules. 
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Figure 3.16 –Sketch of the part of traditional construction sequence 
 

In the first stage the foundations are built. It is possible that instead of having individual 
foundations for each column, it should be more advantageous the construction of a general 
foundation – slab foundation. This could be useful to stabilize the forces on the ground and give 
more conditions to work on the ground level. 
 
At the second stage of construction process the columns are connected to the foundations. Since 
the building is approximately 18 m high, the columns could be divided in two segments. 
 
At the third stage, the modules are placed and fixed to columns of the main structure according to 
the architecture plan. Once in place, it is possible to assemble the corridors, by inserting the 
beams that connect the center columns of the main structure, and subsequently the light gauge 
steel beams and panels that constitute the floors of the corridors.  
 

 
 

Figure 3.17 – Sketch of the placing model process 
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After the first store is completed, the placing of the second store is initiated. After this stage, the 
ceiling of the first store is fixed to the corridor’s floors of the second store. 
 
All the following stages are similar to the previous stages. The structural building is finally 
concluded after the assembling of the roof and the sandwich panels from lateral façades and 
between the modules. All the final details could be finalized, e.g., electricity and plumbing 
system, etc… 
 
3.3 TOP DOWN METHOD 
 
3.3.1 CONCEPT 
 
The Top Down method is based on the construction of a building, for instance, by starting the 
execution process from the roof and ending in the first floor, where all the labor is carried out at 
the ground level. To make this possible, attached to the structure should be a lifting system. This 
system must be able to lift up the structure and simultaneously support horizontal loads, avoiding 
an exaggerated swinging, which may compromise the integrity of the structure during 
construction. 
 
All operations related to the preparation of the construction in situ occur at the ground level. This 
means that is not necessary the use of scaffoldings and cranes to work at a height level; 
increasing the safety of the workers and consequently reduce time and working costs. The 
advantage offered by the concept of lifting the frame is fully used if the 3D modules are unloaded 
from the truck and directly inserted into the frame. 
 
This new concept is an innovating method which certainly will create a new approach in design 
of the structures. However this system means performing complex analyses to evaluate the 
potential of implementing Top Down construction. Therefore the biggest challenge is to create a 
lifting system that could be able to transmit enough stiffness to the structure. 
 
3.3.2 CONSTRUCTION PROCESS 
 
The Top down construction method should check some procedures in order to complete the 
construction of the structure. In this process the building is literally erected; some of those 
procedures are stated here on this chapter as well as all the step-by-step in detail. 
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The first stage of the top down method is constituted by preparation of the ground, for the further 
construction of foundations. In order to reduce the time schedule of the construction of the 
structure is important that every work in situ, such as the foundations, could quickly be 
completed. However for the foundations constructed in situ, could take 28 days to cast, 
depending to the characteristics of the concrete. To achieved an efficiency of time, each is the 
main goal of this method, a system constituted by pre-fabricated foundations could be the most 
reasonably solution. This could decrease circumstantially the time schedule of the structure and, 
simultaneously, increase and optimize the viability of this method. 
 
The same principle could be used for corridors. The assembling of the light gauge steel beams 
and all the remaining material that constitute the corridors could take much of the precious time. 
For that reason it may be pertinent the use of modules for corridors. 
 
In the final details item is included: the installation of the plumbing and power system in each 3D 
module; the remaining details of installation of the sandwich panel in the façades; the interior 
collocation of the gypsum boards that are coincident to the connections between the 3D modules 
and columns of the main structure (and were not placed, with propose in factory, for further 
connection of the 3D modules) and the process of installation of the corridors. 
 
Once again, in the same item, in order to construct the corridors, the column should be erected at 
least 30 cm to accomplish the connection of the beams and promote the collocation of the 
corridors (see Figure 3.19i, details 28 and 29). 
 
The lifting system is constituted in each column of the main structure of two columns that will 
provide stability to the structure. These columns should have already the holes in order to further 
on may be possible to connect the rolling beam which will be connected the columns of the main 
structure. These beams should be able to slide through the columns of the lifting system in order 
to let the hydraulic jacks lift the structure. When necessary, these beams should be connected to 
the columns of the lifting system.  
 
In order to get a better understanding will be shown all the step-by-step details of the construction 
process. Figure 3.18 shows all the procedures considered and is complemented by Figure 3.19a to 
Figure 3.19n. 
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Figure 3.18 – Step-by-step Top Down construction method 
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Figure 3.19a – Top Down construction method 
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Figure 3.19b – Top Down construction method 
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Figure 3.19c – Top Down construction method 
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Figure 3.19d – Top Down construction method 
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Figure 3.19e – Top Down construction method 
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Figure 3.19f – Top Down construction method 
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Figure 3.19g – Top Down construction method 
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Figure 3.19h – Top Down construction method 
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Figure 3.19i – Top Down construction method 
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Figure 3.19j – Top Down construction method 
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Figure 3.19k – Top Down construction method 
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Figure 3.19l – Top Down construction method 
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Figure 3.19m – Top Down construction method 
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 Figure 3.19n – Top Down construction method 



Affordable Houses Project           NEW APPROACH IN CONSTRUCTION METHOD 

Pedro António Pimenta de Andrade  30 

The structure will be lifted by hydraulic jacks according to their specifications and 
characteristics. Their characteristics play a very important role in the process of execution of the 
structure. In accordance with their maximum length of erection, all the others mechanisms shall 
be adapted to them, they impose the progress and the time of the erection of the structure. 
Consequently the more they could lift the lesser will be the time and work dispended in the 
construction of the structure. 
 
The process of inserting the modules in place is also very important and should, like everything 
else, be optimized in order to archive a competitive method. Therefore, since the modules are 
inserted from the bottom of the structure, there is no space for inserting the modules vertically. 
Consequently the modules have to be placed in a horizontal movement. The roller platform was 
created as solution for this, in order to accelerate the process. The modules will be placed in the 
platform and later on they will be pulled by the winch and fixed to the structure. It is important 
that the distance between the columns, where the 3D modules will rest, should have enough space 
for them to enter between the columns of the main structure. Therefore a distance of half a 
centimeter on both sides of 3D modules is suggested. The rolling plate will conduct the 3D 
modules to the right place helped by the winch. Once in place the 3D modules should be erected 
with the hydraulic trolley jacks. Due to the tolerance distance stated before, a plate should be 
inserted between the 3D modules and the main columns if needed. Could also be considered two 
kinds of plate: the first one could have the holes with the precise dimensions of the bolts, this fact 
will help in the simplicity of the connection, however this solution could take more time to be 
implemented due to the fact that the holes of the 3D modules, columns and plate should be 
precisely aligned; the second solution is composed by a plate where the holes do not have exactly 
the same dimensions, the holes are oversized or have a long slotted holes. In order to design this 
connection the bolts used should be preloaded to obtain, due to the friction in shear planes, the 
correct shear resistance. These two solutions could be implemented; however, in this study, the 
first one was chosen. 
 
The final stage of the process could be the most demanding. In order to avoid excessive sway of 
the structure the last modules should be inserted alternately with the removing of the lifting 
system. 
 
3.4 TRADITIONAL VS TOP DOWN 
 
The main difference between the Traditional and the Top down method is related to the need of 
erect every material to their final place, while for the Top Down method the materials are 
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assembled on the ground level, reducing significantly the time dispended. Therefore it is easy to 
conclude that the process of erecting a module to the fifth storey takes five times more time to be 
concluded; neglecting the difficulty in a possible adverse weather condition. 
 
Both methods have significant differences in time schedule and obviously in final costs. In order 
to optimize the process in time schedule and cost it is recommended a balance within the number 
of workers needed and their tasks. Some of the tasks could be carried out simultaneously 
otherwise the cost and time schedules could be compromised. Consequently the modular concept 
should be fully implemented in all parts of the structure as possible in order gather in one small 
structure many different materials.  
 

Table 3.2 – Estimation of time schedule 
 

Tasks Traditional Method Top Down Method Observations 
Preparation of the ground and 
construction of foundations 20 days (cast in situ) 7 days (with pre-fabricated 

foundations)  

Fix the Columns 
20 min per section 
(2 segments per 
column) 

7 min per section of the 
column 

-Total of 44 
columns 
-88 section (TM) 
-212 sections 
(TDM) 

Insert the 3D Modules 45 min per 3D module 25 min per 3D module 96  3D modules 
Lifting a story - 6 hours per store 4 erections 
Corridors and ceilings 4 days per story 2,5 days per store  
Roof 6 days 3 days  
 
The process of estimation of the time schedule may be not very predictable due to the fact that is 
depending of many variables such as the number of the workers, for instance. The summation of 
hours may also would not be a very accurate process due to all the variables intrinsic to the 
estimation previously explained. Nevertheless, the goal is to have an idea of the relation, task per 
task, and concluding that the Top Down (TDM) construction method could save almost a third of 
the time when compared to the Traditional method (TM). 
 
Table 3.2 does not pretend to be an accurate assessment process of structure’s time schedule but 
to be aware of the potential of this new concept. 
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4. DESIGN OF THE MODULES AND TECHNICAL DESCRIPTION 
 
4.1 TECHNICAL DEFINITION OF 3D MODULES 
 
4.1.1 TYPES OF STRUCTURAL 3D MODULES 
 
According to the architectural plans there are many different modules types, depending on the 
modules functions, (e.g., accommodation, kitchen, etc.) however in the modular building it is 
possible to define four structural modules types. 
 
The modules have a rigid ring that performs the stability of the module and simultaneously 
provides stability, by bracing the main structure. Each type of module is fixed between rigid 
rings to main structural columns in a different way, i.e., according to cantilever distance on the 
façade. Therefore, the distance between each rigid ring is always the same. As a conclusion, the 
modules have different positions on the main structure according to cantilever dimensions, but 
their rigid rings are always in accordance with the position of columns (Table 4.1 and Table 
4.2.). 
 

 
 

Figure 4.1 – Structural 3D Modules, Type 1 and Type 2 
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Figure 4.2 - Structural 3D Modules, Type 3 and Type 4 
 

In Table 4.1 the distance c is between the axis of the rigid ring cross sections; that is exactly the 
same measure as the distance between columns of the main structure. 
 

Table 4.1 – Characteristics of the 3D modules types 
 

3D Modules a 
[m] 

b 
[m] 

c 
[m] 

d 
[m] 

e 
[m] 

f 
[m] 

Total Length 
[m] 

Self Weight 
[ton] 

Type 1 3,820 1,000 4,300 1,700 3,000 2,700 7,000 4,3 
Type 2 3,820 0,500 4,300 2,200 3,000 2,700 7,000 4,2 
Type 3 3,820 0,090 4,300 2,610 3,000 2,700 7,000 4,1 
Type 4 3,820 0,090 4,300 0,090 3,000 2,700 4,480 3,0 

 
The 3D modules are only connected to the main structure by its connections, creating a space that 
is favourable to acoustic, thermal and installation of services. Each module is fixed by three 
connections per main structure’s column.  
 
The main columns and beams of the 3D module are constituted of UPE cross sections. The walls 
consist of cold formed studs which have sixty centimeters spacing between, as well as the floors. 
The cold formed beams, C 150x50x10x2,0, of the floors are fixed to the main beams of the 
modules, by being inserted in the channel UPE cross sections. In order to reduce the lateral-
torsional buckling phenomena the studs will be braced by a perpendicular stud at mid span 
between studs or with an a-m top and down panel.  
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4.2 LOAD QUANTIFICATION 
 
4.2.1 PERMANENT ACTIONS 
 
The self-weight of construction works should be classified as a permanent fixed action. However, 
where self-weight can vary in time, it should be taken into account by upper and lower 
characteristics values; it applies in particular when the “permanent” actions may be favourable. 
The permanent actions include the self-weight of the structural elements and also the non 
structural elements, such as coverings, partitions, thermal insulation, etc. 
 
For the analysis of the two cases studies, the self-weight of some elements (e.g. walls and 
ceilings), varies in order to reach the thermal characteristics needs, i.e., the thickness of walls for 
Luleå’s case study may be higher. Consequently its self-weight will be higher as well, however 
the difference is not relevant, therefore those values had been assumed as equal. 
 
Figure 4.3 and Figure 4.4 illustrate the permanents loads considered, as well as their location in 
3D modules. 
 

 
 

Figure 4.3- Load elements of top view from the 3rd story of the structure 
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Figure 4.4 - Load elements of a lateral view of the structure 
 

Table 4.2 states the elements considered in the design of the model and the corresponding loads 
values. 
 

Table 4.2 – Load values for the elements 
 
1 Interior bathroom walls 0,67 kN/m 7 Interior floors 0,30 kN/m2 

2 Interior walls 0,67 kN/m 8 Interior Ceilings 0,31 kN/m2 
3 Interior walls between room and corridor 1,35 kN/m 9 Exterior floors 0,42 kN/m2 
4 Windows 0,78 kN/m 10 Exterior ceilings 0,34 kN/m2 
5 Blinds 0,20 kN/m 11 Wood Balconies 0,18 kN/m2 
6 3D modules doors 0,5 kN  

 
4.2.2  IMPOSED LOADS 
 
The characteristic values of the imposed loads depend on category of the loaded area of the 
building. For a residential building, the category of the loaded area is A, the corresponding 
characteristics values being given by: qk= 1,5 to 2,0 kN/m2 and Qk = 1,5 to 4,5 kN. Qk is intended 
for the determination of global effects and Qk for local effects. According to EN 1991-1-1, the 
characteristic value of imposed load is given by the National Annexes. The recommended values 
are underlined; however, according to UK National Annexes the value for all areas within self-
contained single family dwellings or modular student accommodation (Extracted from Tables 
NA.2 and NA.3), should be considered as 1,5 kN/m2. In this case study was considered 2,0 kN/m2 
due to other occupancy activities, e.g., kitchen, gymnasium for the 3D models. The concept of 
modular building demands the possible change, for some reason, of modules during the life cycle 
of the structure, therefore all situations are covered. The characteristic values of the imposed 
loads for balconies, within the same category, is 2,5 to 4,0 kN/m2 and Qk = 2,0 to 3,0 kN. 
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5. DESIGN OF MAIN STRUCTURE AND TECHNICAL DESCRIPTION 
 
5.1 STRUCTURAL MODELING 
 
5.1.1 FINAL STRUCTURE 
 
The design of steel structures consists of a two-step analysis and verification procedure: i) 
internal forces and; ii) subsequently, these internal forces and displacements are compared 
against corresponding resistance, stiffness and ductility. Figure 5.1 illustrates the 3D frame 
constituted with columns and 3D modules assembled.  
 

 
 

Figure 5.1 – Sketch of part of the structure 
 

The structure was designed using the software Robot Structural Analysis Professional 2010. 
Within the aiming to achieve the simulate of the structure’s behavior, in the software, some 
assumptions were taken into account, according to structural’s requirements: i) the 3D modules 
should be able to sustain their own weight, for transportation and erection procedures and all the 
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imposed loads, when assembled in the structure; ii) the 3D modules should have the same cross 
sections, in order to standardize the construction process; iii) the 3D modules should act as a 
bracing system, through their rigid rings, along the greater length of the structure’s axis, x (see 
Figure 5.2); iv) the 3D modules and corridors’ beams should brace the structure along the y-y 
axis (see Figure 5.3); v) the forces generated on 3D modules’ are absorbed by the columns. For a 
more detailed view of modeling process see Figure 5.4. 
 

 
 

Figure 5.2 – 3D Modules’ “rigid rings” bracing the structure 
 

 
 

Figure 5.3 – 3D Modules and corridors’ beams bracing the structure 
 

In order to model the Structure, it was divided in two separate sub-structures. The first kind is 
constituted by different modules types; each one is designed separately. 
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Figure 5.4 – Modeling process 
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The second kind of structure - the main structure - which can be considered as the structure’s 
skeleton, is constituted of the principal elements of the 3D modules, the rigid box, see Figure 5.5, 
and the rest of the elements (e.g. corridors beams, roof beams and main balcony beams). 
 

 
 

Figure 5.5 – Elements of the 3D modules considered in main structure (blue painted) 
 

 
 

Figure 5.6 – Sketch of part of elements of the main structure (without the 3D modules) (orange 
painted) 

 
The main balcony rests directly in the main structure’s columns. 
 
After the modeling of the structure (see Figure 5.7), the imposed loads were added to the 
structure. As explained before, in Figure 5.4, the reactions from 3D modules design, were 
exported to main structure to the respectively place, according to the location of each 3D module 
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type on the architecture and the connection position. The reactions considered were exported, 
differentiated, according to each imposed load considered in modules design, in order to further 
on do the combination of all forces;  
 

 
 

Figure 5.7 – Structure modeling 
 

In the process of design, for example the beams from the rigid rings, it is necessary to take in 
account some considerations. The stresses from modules design must be summed to the stresses 
of the main structure. This consideration should be followed in order to get the real forces in the 
considered bars. This process was applied to all the structural elements that, simultaneously, were 
considered in both kinds of structures. 
 
The balcony and roof of the main structure should rest directly in the main columns, in order to 
avoid the overload of the modules’ roof. 
 
The optimization of this structure could have many approaches. Thus, for this case in particularly, 
some modeling considerations were taken. In the connections of columns of the main structure to 
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the columns of the modules, a single cross section was considered is the design model (see Figure 
5.8). 
 

 
 

Figure 5.8 – Cross Sections considered 
 

For the modules main bars UPE cross sections were adopted. Thus, it is recommended that the 
cross sections of the main columns should have the same size. Therefore, according to the 3D 
modules’ design were adopted UPE 180, thus the cross sections of the main columns, SHS 180, 
should varying only on the thickness.  
 
The reason for all the columns have to have the same size in structure, is related to the fact that 
the lifting system is only possible to carry on if so. The possible variation of the columns’ cross 
section should only be in thickness. 
 
Considering the model design with the cross sections shown in Figure 5.8, could not be too 
realistic according to structure’s behavior. The reason for that is related to the evidence that, 
although the sections are connected, they do not behave like one single cross sections. Therefore, 
to avoid buckling phenomena is prudent that the cross sections must be adequately connected. 
The solution was to connect the columns of the 3D modules to main columns of the structure in 
four joints. However, to do so, in just one column of the 3D modules, would be too laborious. 
Therefore the solution was to connect, each column of the 3D modules, in only three joints (see 
Figure 5.9 and Figure 5.10). Thus, each module has on the left side connections near the bottom 
and in right side near the top. This solution increases the stiffness of the structure. 
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Figure 5.9 – Solution for buckling phenomena 
 

 
 

Figure 5.10 – Location of connections in 3D modules 
 

5.1.2 EXECUTION PROCESS 
 
The Top down method had been explained in the previous chapters. According to the sequence of 
construction explained, in order to design had been chosen the most severe stage of the method. 
The stage chosen is the one that precedes the assembly of last store of modules, i.e. the first story. 
The corridor beams of the second floor, i.e., the ceiling of the corridor of the first store, are not 
yet in place. Therefore, the first store is completely devoid of a bracing system (see Figure 5.11). 
In reality, the execution process of first story will be assembled with the 3D modules and 
simultaneously the lifting system is being removed instead at once. Therefore this situation will 
never be considered, nevertheless for design is more onerous if it is taked into account. 
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Figure 5.11 – Stage of the Execution Process, used to design 
 

The load corresponding to the effects of the modules due to first store of the main structure had 
been removed for taking in account the non consideration of the first store weight and live loads. 
For the execution process it was noticed that the structure, in the execution process, was able to 
carry the total imposed loads considered in execution process. The imposed loads considered 
were, instead of live loads of residential occupancy, replaced by an imposed load related to 
personnel and hand tools, according to EN 1991-1-6. All the other imposed loads were 
considered and also all the same combinations.  
 
The lifting system shall be able to absorb all the forces at the base of the structure. Table 5.1 
states those reactions. 
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Table 5.1 – Global extremes forces and bending moments for lifting system requirements 
 

Case Study Global 
Extremes 

Fx 

[kN] 
Fy 

[kN] 
Fz 

[kN] 
Mx 

[kN.m] 
My 

[kN.m] 
Mz 

[kN.m] 

Luleå 
Maximum. 10,46 8,75 -477,74 2,39 4,36 0,09 
Minimum. -10,35 -8,75 20,11 -6,16 -13,57 -0,03 

Coimbra 
Max. Pos. 22,35 34,92 439,01 38,82 39,97 1,63 
Max. Neg. -23,25 -34,98 -36,11 -38,71 -41,20 -1,63 

 
5.2 GENERAL SAFETY CRITERIA, ACTIONS AND COMBINATIONS OF ACTIONS 
 
5.2.1 GENERAL SAFETY CRITERIA 
 
Actions are classified, according to EN 1990, by their variation in time as: i) permanent actions 
(G) (e.g. self-weight), ii) variable actions (Q) (e.g. imposed loads on buildings floors, wind loads, 
snow loads and seismic loads) and iii) accidental loads (A) (e.g. explosions, snow loads and 
seismic loads).  
 
The actions considered in this study case are described in the following paragraphs. All actions 
are quantified according to the relevant parts of EN 1991-1. In addition, the recommended values 
are always adopted whenever the specific choice is left to National Annexes.  
 
5.2.2 PERMANENT ACTIONS 
 
The permanent actions include the self-weight of the structural elements and also the non 
structural elements such as: coverings, partitions, thermal insulation, etc. The weight for corridors 
includes the weight of the ceiling below and totalize a load of 0,51 kN/m2.   
 
The exterior balcony (0,42 kN/m2) and the  roof (0,2 kN/m2) are heavier due to the fact that they 
are exposed to the weather conditions.  
 
5.2.3 LIVE LOADS 
 
The major live loads were applied directly in the 3D modules, and then transmitted to the main 
structure. Therefore directly in main structure there were only considered: live loads acting on the 
exterior balcony (2,5 kN/m2) and on the not accessible roof (0,4 kN/m2). 
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5.2.4 SNOW LOADS 
 
According to EN 1991-1-3, the quantification of the snow action on roofs shall be determined for 
persistent/transient and accidental design situations, when applied to Luleå’s case study.  
 
According to the calculations, the characteristic values of the snow action on the roof are: 0,1 
kN/m2, for Coimbra’s case and 2,76 kN/m2 for the case of Luleå. There is a significant difference, 
which is for Luleå’s value twenty eight times greater than for Coimbra. The final values for the 
persistent/transient design values are 2,21 kN/m2 and 0,08 kN/m2, respectively for Luleå and 
Coimbra. For the accidental design situations, the value is 4,42 kN/m2, for Luleå and 0,16 kN/m2 
for Coimbra’s case, however the values are not relevant for the final design of the structure for 
Coimbra. 
 
5.2.5 WIND ACTIONS 
 
Wind Forces on the Façades 
 
The quantification of the wind forces in the building were calculated according to EN 1991-1-4. 
The following Tables (Table 5.2 and Table 5.3) show the overall wind forces considered. It is 
important to highlight that the fundamental value of the basic wind velocity, vb,0, is 27 m/s for 
Coimbra and 22 m/s for Luleå’s case, assuming both terrains of category II from Table 4.1 of EN 
1991-1-4. 
 

Table 5.2 – Overall forces for Coimbra’s case study 
 

 A B C D E 

θ = 0º -1,536 -1,104 - +0,624 -0,780 
θ = 90º -1,5648 -1,123 -0,792 +0,555 -0,615 

 
Table 5.3 - Overall forces for Luleå’s case study 

 

 A B C D E 

θ = 0º -1,104 -0,816 - +0,336 -0,600 
θ = 90º -1,123 -0,828 -0,608 +0,290 -0,490 
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Wind Forces on the Roof 
 
The calculation of wind actions on the roof should be according to the values obtained on 
previous calculi. According to EN 1991-1-4 canopies roofs are defined as a structure that does 
not have permanent walls. Therefore, for this case study it possible to assume a canopy roof with 
φ=0, as long as the roof of the structure does not have any obstruction between it and the last 
story. 
 

Table 5.4 – Coefficients of the wind forces on the roof 
 

Cp,net A B C 

5º (φ=0) -1,1 -1,7 -1,8 
qp(z) . Cp,net (Coimbra) -1,65 -2,55 -2,7 

qp(z) . Cp,net  (Luleå) -0,88 -1,36 -1,44 
 
5.2.6 SEISMIC ACTIONS 
 
Seismic actions should be determined according to EN 1998, taking into account the reference 
period of the considered transient situation. The seismic actions should only be considered for 
Coimbra’s case study since for Luleå, is not relevant that assessment. Therefore from now on in 
chapter all assumptions and calculations will be related to Coimbra’s case study. 
 
According to the Portuguese National Annex, the reference peak ground acceleration maximum 
on type A ground, agR, it is for Type 1 and Type 2, 0,5 and 1,1 m/s2, respectively. According to 
the same National Annex, Coimbra is located in zone 1,5 for Type 1 and 2,4 for Type 2. 
 
Ground types A, B, C, D and E, described by the stratigraphic profiles and parameters given in 
EN 1998-1, Table 3.1, which take into account the influence of local ground conditions on the 
seismic action. This may also be done by additionally taking into account the influence of deep 
geology on the seismic action1. Therefore according to the referenced table, the ground type 
chosen was, Type D (Deposits of loose-to-medium cohesionless soil (with or without some soft 
cohesive layers), or of predominantly soft-to-firm cohesive soil.). This assumption is related to 
the geological characteristics of Coimbra’s soils and the proximity to the Mondego River. By 
assuming this assumption the study gets a more global appliance  
                                                 
1 If deep geology is not accounted for the recommended choice is the use of two types of spectra: Type 1 and 2. 
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Table 5.5 - Values of the parameters describing the recommended Type 1 and 2 elastic response 
spectra for D ground Type of Coimbra location 
 

Ground Type Types of spectra S TB(s) TC(s) TD(s) 

D 
Type 1 (Zone 1,5) 2,0 0,1 0,8 2,0 
Type 2 (Zone 2,4) 2,0 0,1 0,3 2,0 

 
The spectrum created is illustrated on the Figure 5.12, and is the envelopment of the two types of 
spectrum types, Type 1 and 2.  
 

 
 

Figure 5.12 - Envelop of the recommended elastic response spectra for ground types D 
 
For the design and modeling of the structure, these spectra had been considered and all load cases 
have been converted to mass to simulate the seismic action. 
 
5.2.7 THERMAL ACTIONS 
 
According to EN 1991-1-5, thermal actions on a structure or a structural element are those 
actions that arise from the changes of temperature fields within a specified time interval 
maximum shade air temperature Tmax it is the value of maximum shade air temperature with an 
annual probability of being exceeded of 0,02 (equivalent to a mean return period of 50 years), 
based on the maximum hourly values recorded minimum shade air temperature Tmin it is the 
minimum shade air temperature with an annual probability of being exceeded of 0,02 (equivalent 
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to a mean return period of 50 years), based on the minimum hourly values recorded initial 
temperature T0 the temperature of a structural element at the relevant stage of its restraint 
(completion). 
 
5.2.8 FRAME IMPERFECTIONS 
 
In steel structures, irrespective of the care taken in their execution, there are always 
imperfections, such as: residual stresses, eccentricities in joints, eccentricities of load, lack of 
verticality and lack of linearity in members (clause 5.3.1(1)). These are responsible for the 
introduction of additional secondary forces that must be taken into account in the global analysis 
and in the design of the structural elements. According to EC3-1-1, the imperfections should be 
incorporated in the analysis preferably in the form of equivalent geometric imperfections.  
 
5.2.9 LOAD COMBINATIONS 
 
Design values of loads acting on a specific structure are determined from different combinations 
of loads. The loads should be multiplied with partial factors according to EN 1990. 
 
Every country using Eurocodes has the possibility to apply alternative procedures, values and 
recommendations. This possibility is called national choices and is published in National 
Annexes. National choices are specially used on the load side. So, for that reason, the easiest way 
to show how to make these combinations of actions is to treat every individual country 
separately. Therefore, the recommended values of the reduction factors ψ for the actions 
considered in each case study, Portugal and Sweden are indicated in the Table 5.6. 
 

Table 5.6 – Reduction factors for the two study cases 
 

 Portugal Sweden 
Type of action Ψ0 Ψ1 Ψ2 Ψ0 Ψ1 Ψ2 

Imposed loads in buildings: category A 0,7 0,5 0,3 0,7 0,5 0,3 
Snow loads2 0,5 0,2 0 0,7 0,4 0,2 
Wind loads 0,6 0,2 0 0,3 0,2 0 

Thermal Loads 0,6 0,5 0 0,6 0,5 0 
 
                                                 
2 According to Swedish National Annexes, reduction factors are: sk ≥ 3,0 kN/m2: Ψ0=0,8, Ψ1=0,6, Ψ2=0,2; 2,0 ≤sk≤ 
3,0 kN/m2: Ψ0=0,7, Ψ1=0,4, Ψ2=0,2; 1,0 ≥sk ≥ 2,0 kN/m2: Ψ0=0,6, Ψ1=0,3, Ψ2=0,1 
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Ultimate limit states 
 
According to EN 1990, design situations shall be classified as follows: persistent design 
situations, which refer to the conditions of normal use ; transient design situations, which refer 
to temporary conditions applicable to the structure, e.g. during execution or repair; accidental 
design situations, which refer to exceptional conditions applicable to the structure or to its 
exposure, e.g. to fire, explosion, impact or the consequences of localised failure; seismic design 
situations, which refer to conditions applicable to the structure when subjected to seismic events. 
 
Combinations of actions for persistent or transient design situations (fundamental combinations) 
 
                            ∑ 𝛾𝐺,𝑗𝐺𝑘,𝑗" + "𝛾𝑃𝑃" + "𝛾𝑄,1𝑄𝑘,1"j≥1 + "∑ 𝛾𝑄,𝑖𝛹0,𝑖𝑄𝑘,𝑖𝑖>1                                  (5.1) 
 
Combinations of actions for accidental design situations 
 
                         ∑ 𝐺𝑘,𝑗"+"𝑃"+"Ad" + "(𝛹1,2 𝑜𝑟 𝛹2,1)𝑄𝑘,1"j≥1 + "∑ 𝛹2,𝑖𝑄𝑘,𝑖𝑖>1                             (5.2) 
 
Combinations of actions for seismic design situations 
 
                                          ∑ 𝐺𝑘,𝑗"+"𝑃"+"AEd" + "j≥1 + "∑ 𝛹2,𝑖𝑄𝑘,𝑖 𝑖≥1                                      (5.3) 

 
According to EN 1998-1 the action effects due to the combination of the horizontal components 
of the seismic action may be computed using both of the two following combinations: 

 
                                                                          𝐸𝐸𝑑𝑥"+"0,3𝐸𝐸𝑑𝑦                                                         (5.4) 

 
                                                                          𝐸𝐸𝑑𝑦"+"0,3𝐸𝐸𝑑𝑥                                                            (5.5) 
 
Each previous combination, ultimate limit states, had been associated with these seismic 
combinations.  
 
Serviceability limit states 
 
The deformations to be taken into account in relation to serviceability requirements should be as 
detailed in the relevant Annex A of EN 1990-1-1 according to the type of construction works, or 
agreed with the client or the National authority. 
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Characteristic combination 
 
                                                          ∑ 𝐺𝑘,𝑗"+"𝑃"+"Qk,1" +j≥1 "∑ 𝛹0,𝑖𝑄𝑘,𝑖𝑖>1                                       (5.6) 
 
Frequent combination 
 
                                                ∑ 𝐺𝑘,𝑗"+"𝑃"+"𝛹1,1Qk,1" + "j≥1 ∑ 𝛹2,𝑖𝑄𝑘,𝑖       𝑖>1                         (5.7) 

 
Quasi-permanent combination 
 
                                                           ∑ 𝐺𝑘,𝑗"+"𝑃"+j≥1 "∑ 𝛹2,𝑖𝑄𝑘,𝑖                                       𝑖≥1       (5.8) 
 
Sometimes, is not very easy to predict the most severe combinations a priori. Therefore, in order 
to obtain the more severe combinations, three types of design phenomena should be 
differentiated; combinations for horizontal forces; combinations for vertical forces and a mixture 
of horizontal and vertical forces. 
 
The combinations for horizontal forces, when taking in account the horizontal forces (e.g. wind 
loads, seismic actions and geometric imperfections) shall be considered as the most unfavourable 
loads, thus its partial factors should be increased. While, for vertical loads (e.g. self-weights, live 
loads and snow loads) could be, in certain circumstances, considered as favourable. The main 
goal for this reason it is related to the objective of getting the most severe behavior of the 
structure such as: compression and tension of beams; instability of the structure; shear force on 
the foundations; deformations, etc… 
 
The combinations for vertical forces, follows the same principle as the previous type, but the 
opposite is adapted to this combinations type. Therefore, the main goal is to achieve the most 
severe vertical forces in order to obtain, for example, the maximum compression in the main 
structure columns and maximum forces for foundations.  
 
Finally, the mixture of horizontal and vertical forces will cover all events that may be difficult to 
predict.  
 
5.2.10 LOAD ARRANGEMENT 
 
The arrangement of the loads is oriented according to Figure 5.13.  
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Figure 5.13 – Load Arrangement of 3D modules, corridors and roof 
 

The load arrangement of the modules’ ceiling has the same orientation as the modules’ floor. The 
ceiling of the corridors is fixed to the floor above, therefore it has the same orientation considered 
for the floors.  
 
5.3 DESIGN CHECKS 
 
For a global design check of the structure in both case studies it is important to take into account 
all the execution process, i.e., four structures were considered on the design; Coimbra and 
Lulea’s final structures and the corresponding execution stage: as long as this thesis is limited 
necessarily to a maximum number of pages, all the design checks of all group of bars in the four 
different structures considered as well as the connections will not be detailed. Therefore, the 
description of the verification process will only show one bar per main group. However, on the 
background of this thesis all the bars were checked. 
 
The forces and bending moments considered as acting in the bars are based on the software 
analysis and resume the behavior of all the bars in the group of bars considered, for the most 
critical scenario. The scenario considered for the design of the bars could be an association of 
many combinations in order to get the global extremes of all possible situations. The same 
principle had been used in the design check of the joints. All the bars considered and verified are 
stated in Appendix B. 
 
The major connections considered in this thesis are not directly contemplated on the Eurocodes. 
For this reason the study of the joints were simplified. In order to get a better design check of all 
the joints a more accurate approach, e.g. a parametric study, is recommended. 
 



Affordable Houses Project         DESIGN OF MAIN STRUCTURE AND TECHNICAL DESCRIPTION 

Pedro António Pimenta de Andrade  52 

Figure 5.14 illustrates the three major connections: the connection between the main columns and 
the connections for corridor’s beams (Connection1); connections between the modules and the 
main columns (Connection 2); splices between columns (Connection 3) 
 

 
 

Figure 5.14 - Detail of the connections 1, 2 and 3 of the structure 
 

5.3.1 CONNECTION 1 
 

 
 

Figure 5.15 – Scheme of the connection between main columns and corridor’s beams 



Affordable Houses Project         DESIGN OF MAIN STRUCTURE AND TECHNICAL DESCRIPTION 

Pedro António Pimenta de Andrade  53 

 
Bolts    
d = 16 [mm] Bolt diameter 
Class = 10.9  Bolt class 
nh = 2  Number of bolt columns 
nv = 3  Number of bolt rows 

h1 = 22 [mm] Distance between first bolt and 
upper edge of front plate 

Horizontal spacing ei = 100 [mm]  
Vertical spacing pi = 60;100 [mm]  
Plate    
hp = 252 [mm] Plate height 
bp = 140 [mm] Plate width 
tp = 10 [mm] Plate thickness 
Material: S 355   
fyp = 355 [MPa] Resistance 
Fillet welds    
aw = 8 [mm] Web weld 
af = 8 [mm] Flange weld 
 

 
 

Figure 5.16 – Design forces for connection 1 
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5.3.2 CONNECTION 2 
 

 
 

Figure 5.17 – Design forces for connection 2 between modules and main columns 
 

  Bolts: 
                      d = 16 mm 

   Class 10.9 
 

    Plate 135 x 135 x 8 [mm] S355: 
           x = 45 mm 
          y = 45 mm 
 

Figure 5.18 – Sketch of the properties of Hollo-bolts considered 
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5.3.3 CONNECTION 3 
 

 
 

Figure 5.19 – Design forces for column’s splices 
 

Table 5.7 – Characteristics of the connection 3 
 

Plate  
Dimensions  260 x 260 x 12 [mm] 

Material S 355 
welds 6 [mm] 

Bolts 
d 16 [mm] 

Class 10.9 
Dimensions 

d 11 [mm] 
b 22 [mm] 
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5.3.4 CONNECTION 4 AND 5 
 

 
 

Figure 5.20 – Sketch of the connection 4 (bottom seat beam to columns connection) and 5 
(beams’ splices) 

 
Table 5.8 – Characteristics of the connections 

 
Connection 5 Connection 4 

Bolted Connection Welded Connection 
Plate S355 140 x 140 x 8 [mm] Plate S355 200 x 200 x 10 [mm] 

Welds 4 [mm] Welds 6 [mm] 
Bolts 

 d = 16 [mm] 
Class 10.9 

 
In order to reduce the time schedule of the construction, the white beams, represented in the 
Figure 5.20, were considered as already connected to the main columns of the main structure 
from the production plant (connection 4). 
 
When in place the main columns, is possible to connect the blue beams, represented in the Figure 
5.20. These connections were located at low bending moment pointes. This fact simplifies 
significantly the complexity of the connections. 
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5.3.5 CONNECTION 6 
 

 
 

Figure 5.21 – Characteristics of the column base connections 
 

Table 5.9 – Characteristics of the connection 6 
 

Plate  
Dimensions  360x220x18 [mm] 

Material S 355 
welds 6 [mm] 

Anchors 
d 20 [mm] 

Class 10.9 
Washer 

Dimensions 60 x 60 [mm] 
thickness 10 [mm] 

 
As stated before it is recommended to use prefabricated foundations. These characteristics could 
be applied for that kind of foundations, although in this study that technology had not been 
design. 
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6. CONCLUSIONS 
 
The main goal of this thesis was to get a viable solution for the construction of a students 
residence with the concept of Affordable House. For the construction process two concepts were 
applied: Modular Houses and Top Down construction method.  
 
Throughout the years many concepts have been added to the engineering, and, like everything in 
life, new ideas are always faced with distrust. Therefore, this thesis intended to be a step forward 
in the implementation of these new concepts and not the last. Like all products in market their 
implementation takes years to settle down. Therefore through this thesis were attempted many 
solutions for all the concepts and particularly to the Top Down construction method. Many other 
solutions could be studied, although, along this study, the main concern was to get an equilibrium 
between the time and viability of the chosen solution. 
 
In order to get a better relation between time and economy of the solution it is recommended to 
reduce the labor in-situ. For that, using of pre fabricated solutions such as the 3D modules are 
relevance. Moreover, within the same principle, the implementation of a pre cast system of 
foundations would reduce the time spent. There are already many solutions in the market, 
however they will need a more accurate design in order to adapt to the current structure.  
 
The implementation of these new concepts is very dependent of the technology available in the 
market. The hydraulic jacks play a very important role in the development and implementation of 
the concept. All the lifting process is limited to the characteristics of the hydraulic jacks, thus is 
important to take it into account. The ideally hydraulic jack would be the one that could reach 3,3 
m in one single lifting. Within the market there are few hydraulic jacks with these characteristics 
although they existing ones were very voluminous and heavy. 
 
The lifting process implies an accurate erection of the structure. This is carried out by special 
software which processes in real time all the data received from the hydraulic jacks and controls 
the hydraulic jacks in order to avoid excessive deformations. Thus all the lifting procedures 
should be carried out by professionals.  
 
The transportation process is very important for time schedule and economic viability. The 
dimensions of the modules limit the transportation process and could increase the costs. 
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Therefore is important to adequate the dimensions of the 3D modules to the regulations of 
transport of each country in order to be possible to transport them in time and costs expected. 
 
The future goal is optimizing the process in order to obtain the least time possible in the 
construction. This new method of construction could take in future big advantage for the 
construction sector. The idea is to create a quick way of construction and consequently an 
affordable construction. 
 
When finally optimized all the methods and ready for being implemented, these process could be 
applied in all kind of buildings, reducing their costs. This method could also be able to build a 
structure, like the studied one, in three weeks or less. There are many situations where these 
buildings could be very useful due to the time saved and costs: developing countries with the help 
of developed countries could implement this new concept in order to save money and give good 
conditions for their citizens; in catastrophes situations, like the one occurred in Haiti, for instance, 
could be useful for the reconstruction of the country in a short period of time and, of course, for 
all the structures such as buildings, offices and students residences 
 
The building is a “dynamic” structure due to the possibility of modifying the building layout by 
replacing the modules; accomplishing the goal of the innovative modular construction concept.  
On the other hand, it could be concluded that once optimized all conceptual requirements and all 
particularly aspects, according to the rules and students’ preferences, will be the way for an 
affordable price without compromising its high quality. 
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APPENDIX A 
 

Table A.1 – Relevant combinations of cases for ULS and SLS  
 

Index of Cases 
1 SW Main structure 
2 SW interior 3D Module 

3 
SW Balcony 3D 

Module 
4 SW Corridor 
5 SW Roof 
6 LL 3D Modules Floor 

7 
LL 3D Modules 

Balcony 
8 LL Corridor 
9 LL MS Balcony 
10 LL Wind Façades 0º 
11 LL Roof 0º 
12 LL Wind Façades 90º 
13 LL Wind Roof 90º 
14 LL Snow 
 
SW – Self-Weight 
LL – Live Load 
MS – Main Structure 
 
 
 
 
 
 
 

 
In bold are, for each cases considered, the leading variable of action. More combinations were 
considered in the design process, however they have been neglected due to their irrelevance. 

 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Comb1 X X X X X X X X X X X   X 

Comb2 X X X X X X X X X   X X X 

Comb3 X X X X X X X X X X X    
Comb4 X X X X X X X X X   X X  
Comb5 X X X X X X X X X      
Comb6 X X X X X X X X X     X 

Comb7 X X X X X X X X X X X   X 

Comb8 X X X X X X X X X   X X X 

Comb9 X X X X X X X X X X X    
Comb10 X X X X X X X X X   X X  
Comb11 X X X X X X X X X      
Comb12 X X X X X X X X X     X 

Comb13 X X X X X X X X X X X   X 

Comb14 X X X X X X X X X   X X X 

Comb15 X X X X X X X X X X X    
Comb16 X X X X X X X X X   X X  
Comb17 X X X X X X X X X      
Comb18 X X X X X X X X X     X 

Comb19 X X X X X X X X X X X   X 

Comb20 X X X X X X X X X X X    
Comb21 X X X X X X X X X   X X X 

Comb22 X X X X X X X X X   X X  
Comb23 X X X X X X X X X     X 

Comb24 X X X X X X X X X     X 

Comb25 X X X X X     X X   X 

Comb26 X X X X X     X X    
Comb27 X X X X X       X X X 

Comb28 X X X X X       X X  
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APPENDIX B 
 
The most stressed bars of Luleå’s main structure are illustrated in Figure B.1. 
 

 
 

Figure B.1 – Bars considered in design verification for most stressed bars 
 
BAR 461, SHS 180X180X6,3 
 

 

 
Section Properties 
For a hot finished 180 x 180 x 6,3 SHS in S355 steel: 

 
Depth of section 
Width of section 
Root radius 

h = 180 mm 
b = 180 mm 
r = 20 mm 

References are 
to EN 1993-1-1: 
2005, including 
its National 
Annexes, unless 
otherwise 
stated. 
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Wall thickness 
Second moment of area 
Radius of gyration 
Elastic modulus 
Plastic modulus 
Torsional constant 
Area 
Modulus of elasticity 

t = 6,3 mm 
I = 2170 cm4 
i = 7,07 cm 
Wel = 241 cm3 
Wpl = 281 cm3 

IT= 3360 cm4 
A = 43,3 cm2 

E = 210000 N/mm2 
 
Nominal values of yield strength 
For S355 steel t ≤ 40 mm: 

Yield trength fy = 355 N/mm2 
 
Cross section classification 

𝜀 =  �
235
𝑓𝑦

=  �235
355

= 0,81  

c = h-2t-2r= 127,4 mm 
when 𝛼 > 0,5 ∶ 𝑐

𝑡
= 20,22 ≤ 396𝜀

13𝛼−1
= 25,66 

Therefore, the cross section is Class 1  
 
Partial factors for resistance 
γM0 = 1,0     ;     γM1 = 1,0  
 
Compression 
 
The design value of compression force NEd at each cross-section should satisfy: 

𝑁𝐸𝑑
𝑁𝑐,𝑅𝑑

≤ 1,0 

The design resistance of the cross-section for uniform compression Nc,Rd should be 
determined as follows: 

𝑁𝑐,𝑅𝑑 = 𝐴𝑓𝑦
𝛾𝑀0

= 1533,60 𝑘𝑁       for class 1,2 or 3 cross-sections 

𝑁𝐸𝑑
𝑁𝑐,𝑅𝑑

= 0,26 ≤ 1,0 

 
Shear buckling 
 
The shear buckling resistance for webs should be verified if: 

ℎ𝑤
𝑡𝑤

> 72
𝜀
𝜂

 

 
 
 
 
 
 
 
 
 
Table 3.1 
 
 
 
5.5 
Table 5.2 
(sheet 1) 
 
 
 
 
 
6.1(1) 
 
 
6.2.4 
 
 
(6.9) 
 
 
 
 
(6.10) 
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η = 1,2  
hw = h-2tf = 167 mm 

ℎ𝑤
𝑡𝑤

= 26,57 < 48,6 = 72
𝜀
𝜂

 

Therefore the shear buckling resistance of the web does not need to be verified 
 
Shear resistance 
The design value of the shear force VEd at each cross section should satisfy: 

𝑉𝐸𝑑
𝑉𝑐,𝑅𝑑

≤ 1,0 

Where Vc,Rd is the design shear resistance. For plastic design Vc,Rd is the design plastic 
shear resistance Vpl,Rd as given, in absence of torsion, by: 

𝑉𝑝𝑙,𝑅𝑑 = 𝐴𝑣(𝑓𝑦/√3)
𝛾𝑀0

      where Av is the shear area 

The shear area Av may be taken as follows: 
f)rolled rectangular hollow sections of uniform thickness: 
Av = Ah/(b+h) 
Av = 21,60 cm2  
𝑉𝑝𝑙,𝑅𝑑 = 442,71 kN = 𝑉𝑐,𝑅𝑑 

𝑉𝐸𝑑
𝑉𝑐,𝑅𝑑

= 0,01 ≤ 1,0 

Therefore the shear resistance of the section is adequate 
 
Bending and shear 
Vc,Rd/2 = 221,36 kN 
VEd = 2,11 < 221,36 
Therefore no reduction in bending resistance due to shear is required 
 
Bending Moment 

𝑀𝐸𝑑

𝑀𝑐,𝑅𝑑
≤ 1,0 

𝑀𝑐,𝑅𝑑 = 𝑀𝑝𝑙,𝑅𝑑 = 𝑊𝑝𝑙,𝑦 𝑓𝑦
𝛾𝑀0

 = 101,26 kN.m    

𝑀𝐸𝑑

𝑀𝑐,𝑅𝑑
= 0,09 ≤ 1,0 

Therefore the bending resistance of the cross section is adequate. 
 
Bending and axial force 
For cross sections where fastener holes are not be accounted for, the following 
approximations may be used for rectangular structural hollow sections of uniform 
thickness: 

 
 
 
 
 
 
 
6.2.6 
6.2.6(1) 
(6.17) 
 
 
 
(6.18) 
 
 
 
6.2.6(3) 
 
 
 
 
 
 
6.2.8 
 
 
 
 
6.2.5 
(6.12) 
 
(6.13) 
 
 
 
 
 
6.2.9 
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𝑀𝑁,𝑦,𝑅𝑑 = 𝑀𝑝𝑙,𝑦,𝑅𝑑(1 − 𝑛)/(1 − 0,5𝑎𝑤)  but 𝑀𝑁,𝑦,𝑅𝑑  ≤  𝑀𝑁,𝑝𝑙,𝑅𝑑 
where n=NEd/Npl,Rd 

and 𝑎𝑤 = 𝐴−2ℎ𝑡
𝐴

 𝑏𝑢𝑡 𝑎𝑤 ≤ 0,5 for hollow sections 

and 𝑎𝑓 = 𝐴−2ℎ𝑡
𝐴

 𝑏𝑢𝑡 𝑎𝑓 ≤ 0,5 for hollow sections 

𝑎𝑤 = 0,47 =  𝑎𝑓 
𝑀𝑁,𝑦,𝑅𝑑 = 97,95 ≤  𝑀𝑁,𝑝𝑙,𝑅𝑑 = 97,82 

For bi-axial bending the following criterion may be used: 

�
𝑀𝑦,𝐸𝑑

𝑀𝑁,𝑦,𝑅𝑑
�
𝛼

+ �
𝑀𝑧,𝐸𝑑

𝑀𝑁,𝑧,𝑅𝑑
�
𝛽

≤ 1 

in which α and β are constants, which may conservatively be taken as unity, otherwise 

as follows: rectangular hollow sections: 𝛼 = 𝛽 = 1,66
1−1,13𝑛2

= 1,80     but α = β ≤ 6 ; 

where: 𝑛 = 𝑁𝐸𝑑/𝑁𝑝𝑙,𝑅𝑑   

�
𝑀𝑦,𝐸𝑑

𝑀𝑁,𝑦,𝑅𝑑
�
𝛼

+ �
𝑀𝑧,𝐸𝑑

𝑀𝑁,𝑧,𝑅𝑑
�
𝛽

= 0,01 ≤ 1 

 
Buckling resistance of members 
Uniform members in compression 

𝑁𝐸𝑑
𝑁𝑏,𝑅𝑑

≤ 1,0 

where: NEd is the design value of compression force; Nb,Rd is the design buckling 
resistance of the compression member. 

𝑁𝑏,𝑅𝑑 = 𝜒𝐴𝑓𝑦
𝛾𝑀1

      for Class 1,2 and 3 cross sections 

where χ is the reduction factor for the relevant buckling mode  

𝜒 = 1

Ф+�Ф2 −𝜆�2
 but χ  ≤ 1,0 

where  Ф = 0,5�1 + 𝛼��̅� − 0,2� + �̅�2 � 

�̅� = �
𝐴𝑓𝑦
𝑁𝑐𝑟

=
𝐿𝐸,𝑦

𝑖𝑦
1
𝜆1

 

Being conservative 

𝜆1 = 𝜋� 𝐸
𝑓𝑦

= 93,9𝜀  =75,57 

�̅� = 0,56  
𝛼 = 0,21 with buckling curve a 
Ф =0,69 
𝜒 = 0,91  
𝑁𝑏,𝑅𝑑 = 1389,11 kN 

 
 
 
(6.39) 
 
 
 
 
 
 
 
 
(6.41) 
 
 
 
 
 
 
 
6.3 
6.3.1 
 
(6.46) 
 
 
(6.47) 
 
6.3.1.2 
(6.49) 
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𝑁𝐸𝑑
𝑁𝑏,𝑅𝑑

= 0,29 ≤ 1,0 

Uniform members in Bending 
Beams with certain types of sections, such as square hollow sections, are not 
susceptible to lateral-torsional buckling.  
 
Uniform members in Bending and axial compression 
Verification of the stability of the member 
For the beam-column subject to biaxial bending and compression using class 1 section, 
the following conditions must be verified: 

𝑁𝐸𝑑
𝜒𝑦𝑁𝑅𝑘
𝛾𝑀1

+ 𝑘𝑦𝑦
𝑀𝑦,𝐸𝑑+𝛥𝑀𝑦,𝐸𝑑

𝜒𝐿𝑇
𝑀𝑦,𝑅𝑘
𝛾𝑀1

+ 𝑘𝑦𝑧
𝑀𝑧,𝐸𝑑 + 𝛥𝑀𝑧,𝐸𝑑

𝜒𝐿𝑇
𝑀𝑧,𝑅𝑘
𝛾𝑀1

≤ 1 

 
𝑁𝐸𝑑
𝜒𝑧𝑁𝑅𝑘
𝛾𝑀1

+ 𝑘𝑧𝑦
𝑀𝑦,𝐸𝑑 + 𝛥𝑀𝑦,𝐸𝑑

𝜒𝐿𝑇
𝑀𝑦,𝑅𝑘
𝛾𝑀1

+ 𝑘𝑧𝑧
𝑀𝑧,𝐸𝑑 + 𝛥𝑀𝑧,𝐸𝑑

𝑀𝑧,𝑅𝑘
𝛾𝑀1

≤ 1 

The interaction factors kyy and kzy can be obtained using one of the methods given in 
clause 6.3.3, Method 1 or Method 2. 
 
Method 2 
As long as the member has a rectangular hollow section, due to its high lateral bending 
and torsional stiffness the verification of lateral torsional buckling is not required, and 
χLT = 1,0. As the member is not susceptible to torsional deformations, the interation 
factors must be obtained from Table B.1 of EC3-1-1. 
 
𝑁𝑅𝑘 = 𝑓𝑦𝐴 ;  𝑀𝑦,𝑅𝑘 = 𝑓𝑦𝑊𝑝𝑙,𝑦 ;  𝑀𝑧,𝑅𝑘 = 𝑓𝑦𝑊𝑝𝑙,𝑧 ;  𝛥𝑀𝑦,𝐸𝑑 = 0 ;  𝛥𝑀𝑧,𝐸𝑑 = 0   
𝑁𝑅𝑘 = 1537,15 𝑘𝑁;𝑀𝑦,𝑅𝑘 = 99,8 𝑘𝑁.𝑚 ;  𝑀𝑧,𝑅𝑘 = 99,8 𝑘𝑁.𝑚  
𝛥𝑀𝑦,𝐸𝑑 = 0  ;   𝛥𝑀𝑧,𝐸𝑑 = 0  
 
Relatively to y-y 

𝛹𝑦 = 𝑀𝑦,𝐸𝑑,1

𝑀𝑦,𝐸𝑑,2
= 0,27  

𝛹𝑧 = 𝑀𝑧,𝐸𝑑,𝑏𝑎𝑠𝑒
𝑀𝑧,𝐸𝑑,𝑡𝑜𝑝

= 0,21  

𝐶𝑚𝑦 = 0,6 + 0,4𝛹𝑦 = 0,71 ≥ 0,4  
𝐶𝑚𝑧 = 0,6 + 0,4𝛹𝑧 = 0,7 ≥ 0,4  

𝐾𝑦𝑦 = 𝐶𝑚𝑦 �1 + �𝜆𝑦 − 0,2� 𝑁𝐸𝑑
𝜒𝑦𝑁𝑅𝑘/𝛾𝑀1

� = 0,78 ≤ 𝐶𝑚𝑦 �1 + 0,8 𝑁𝐸𝑑
𝜒𝑦𝑁𝑅𝑘/𝛾𝑀1

� = 0,87  

 
𝐾𝑧𝑧 = 𝐶𝑚𝑧 �1 + �𝜆𝑦 − 0,2� 𝑁𝐸𝑑

𝜒𝑧𝑁𝑅𝑘/𝛾𝑀1
� = 0,66 ≤ 𝐶𝑚𝑧 �1 + 0,8 𝑁𝐸𝑑

𝜒𝑧𝑁𝑅𝑘/𝛾𝑀1
� = 0,86  

 
 
 
 
 
 
6.3.2 
 
 
 
 
6.3.3 
 
 
(6.61) 
 
 
 
(6.62) 
 
 
 
 
 
Annex B 
Table B.1 
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𝐾𝑦𝑧 = 0,6𝑘𝑧𝑧 = 0,4  
𝐾𝑧𝑦 = 0,6𝑘𝑦𝑦 = 0,47  
𝜒𝐿𝑇 = 1,0  

𝑁𝐸𝑑
𝜒𝑦𝑁𝑅𝑘
𝛾𝑀1

+ 𝑘𝑦𝑦
𝑀𝑦,𝐸𝑑+𝛥𝑀𝑦,𝐸𝑑

𝜒𝐿𝑇
𝑀𝑦,𝑅𝑘
𝛾𝑀1

+ 𝑘𝑦𝑧
𝑀𝑧,𝐸𝑑 + 𝛥𝑀𝑧,𝐸𝑑

𝜒𝐿𝑇
𝑀𝑧,𝑅𝑘
𝛾𝑀1

= 0,36 ≤ 1 

 
𝑁𝐸𝑑
𝜒𝑧𝑁𝑅𝑘
𝛾𝑀1

+ 𝑘𝑧𝑦
𝑀𝑦,𝐸𝑑 + 𝛥𝑀𝑦,𝐸𝑑

𝜒𝐿𝑇
𝑀𝑦,𝑅𝑘
𝛾𝑀1

+ 𝑘𝑧𝑧
𝑀𝑧,𝐸𝑑 + 𝛥𝑀𝑧,𝐸𝑑

𝑀𝑧,𝑅𝑘
𝛾𝑀1

= 0,33 ≤ 1 

The cross is verified according to Method 2. 
Was no need to be considered the column as acting in simultaneously with the 
UPE 180. 
 
BAR 1117, IPE 200 
 

 
 
Section Properties 
 
For a hot finished IPE 200 in S355 steel: 

Depth of section 
Width of section 
Web thickness 
Flange thickness 
Root radius 

h = 200 mm 
b = 100 mm 
tw = 5,6 mm 
tf = 8,5 mm 
r = 12 mm 

References are 
to EN 1993-1-
1: 2005, 
including its 
National 
Annexes, 
unless 
otherwise 
stated. 
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Depth between flange fillets 
Second moment of area y-y axis 
Second moment of area z-z axis 
Warping constant 
Uniform Torsion 
Radius of gyration y-y axis 
Radius of gyration z-z axis 
Plastic modulus, y-y axis 
Plastic modulus z-z axis 
Elastic modulus y-y axis 
Elastic modulus z-z axis 
Area 
Modulus of elasticity 
Shear modulus 
Length  

d = 159,0 mm 
Iy = 1943 cm4 
Iz = 142,4 cm4 
Iwx10-3 = 12,99 cm6 

IT = 6,98 cm4 
iy = 8,26 cm 
iz = 2,24 cm 
Wpl,y = 220,6 cm3 

Wpl,z = 44,61 cm3 

Wel,y = 194,3 cm3 
Wel,z = 28,47 cm3 
A = 28,48 cm2 

E = 210 000 N/mm2 

G = 81 000 N/mm2 

L= 4,300 m 
 
Internal Forces at characteristics points of the cross sections 
 
N,Ed 
Tt,Ed 
My,Ed 
Mz,Ed 
Vy,Ed 
Vz,Ed 

1,79 
0,00 
24,85 
0,01 
0,01 
33,21 

kN 
kN.m 
kN.m 
kN.m 
kN 
kN 

axial force 
torsional moment 
bending moment 
bending moment 
shear force 
shear force 

 
Nominal values of yield strength 
 
For S355 steel t ≤ 40 mm: 

Yield strength fy = 355 N/mm2 
 
Cross section classification 
 

𝜀 =  �
235
𝑓𝑦

=  �235
355

= 0,81  

Internal compression parts 
c = d = 159 mm 
α = 0,5 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3.1 
 
 
 
 
5.5 
Table 5.2 
(sheet 1) 
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when 𝛼 > 0,5 ∶  𝑐/𝑡 ≤ 396𝜀
13𝛼−1

 

when 𝛼 ≤ 0,5 ∶  𝑐/𝑡 ≤ 36𝜀
𝛼

 
𝑐
𝑡

= 18,7 ≤ 36𝜀
𝛼

= 58,32   Class 1 

Outstand flanges 
c=b/2 –r = 38 mm 
c/t = 4,47 ≤ 9ε = 7,29 Class 1 
Therefore, the cross section is Class 1  
 
Partial factors for resistance 
γM0 = 1,0     ;     γM1 = 1, 0     ;     γM2 = 1,25  
 
Shear buckling 
The shear buckling resistance for webs should be verified if: 

ℎ𝑤
𝑡𝑤

> 72
𝜀
𝜂

 

η = 1,2  
hw = h-2tf = 183 mm 

ℎ𝑤
𝑡𝑤

= 32,68 > 48,6 = 72
𝜀
𝜂

 

Therefore the shear buckling resistance of the web does not need to be verified 
 
Shear resistance 
The design value of the shear force VEd at each cross section should satisfy: 

𝑉𝐸𝑑
𝑉𝑐,𝑅𝑑

≤ 1,0 

Where Vc,Rd is the design shear resistance. For plastic design Vc,Rd is the design 
plastic shear resistance Vpl,Rd as given, in absence of torsion, by: 

𝑉𝑝𝑙,𝑅𝑑 = 𝐴𝑣(𝑓𝑦/√3)
𝛾𝑀0

      where Av is the shear area 

The shear area Av may be taken as follows: 
a)rolled I and H sections, load parallel to web: 
Av = A-2b.tf + (tw+2r)tf but not less than η hw tw 
Av = 14,00 cm2  >  10,24 cm2 = η hw tw 
𝑉𝑝𝑙,𝑅𝑑 = 286,86 kN = 𝑉𝑧,𝑐,𝑅𝑑 

𝑉𝐸𝑑
𝑉𝑐,𝑅𝑑

= 0,12 ≤ 1,0 

 
 
 
 
 
 
 
 
 
 
 
 
 
6.1(1) 
 
 
 
 
 
 
 
 
 
 
 
 
6.2.6 
6.2.6(1) 
(6.17) 
 
 
 
(6.18) 
 
 
6.2.6(3) 
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Therefore the shear resistance of the section is adequate 
 
Bending and shear 
Vc,Rd/2 = 143,43 
VEd = 33,21 < 143,43 
Therefore no reduction in bending resistance due to shear is required 
 
Bending Moment 

𝑀𝐸𝑑

𝑀𝑐,𝑅𝑑
≤ 1,0 

𝑀𝑐,𝑅𝑑 = 𝑀𝑝𝑙,𝑦,𝑅𝑑 = 𝑊𝑝𝑙,𝑦 𝑓𝑦
𝛾𝑀0

 = 78,31 kN.m     for class 1 or 2 cross-sections 

𝑀𝐸𝑑

𝑀𝑐,𝑅𝑑
= 0,32 ≤ 1,0 

Therefore the bending resistance of the cross section is adequate. 
 
Buckling resistance of members  
Uniform members in bending 

𝑀𝐸𝑑

𝑀𝑏,𝑅𝑑
≤ 1,0 

𝑀𝑏,𝑅𝑑 = 𝜒𝐿𝑇𝑊𝑝𝑙 , 𝑦 𝑓𝑦
𝛾𝑀1

  

𝜒𝐿𝑇 = 1

Ф𝐿𝑇+�Ф𝐿𝑇
2 −𝜆�𝐿𝑇

2
 but χLT  ≤ 1,0 

where Ф𝐿𝑇 = 0,5�1 + 𝛼𝐿𝑇��̅�𝐿𝑇 − 0,2� + �̅�𝐿𝑇2 �  

�̅�𝐿𝑇 = �
𝑊𝑦𝑓𝑦
𝑀𝑐𝑟

 

𝑀𝑐𝑟 = 𝛼𝑚𝑀𝑐𝑟
𝐸   

𝑀𝑐𝑟
𝐸 =

𝜋
𝐿
�𝐺𝐼𝑇𝐸𝐼𝑧 �1 +

𝜋2𝐸𝐼𝑤
𝐿2𝐺𝐼𝑇

� 

𝑀𝑐𝑟 = 30,71 𝐾𝑁.𝑚  
�̅�𝐿𝑇 = 1,56  
h/b=2 >1,2 and tf ≤ 40 mm about z-z axis for S355 Buckling curve b 
𝛼𝐿𝑇 = 0,34  
Ф𝐿𝑇 = 1,66  
𝜒𝐿𝑇 = 0,39 ≤ 1,0 

 
 
 
 
 
6.2.8 
 
 
 
 
6.2.5 
(6.12) 
 
(6.13) 
 
 
 
 
 
6.3 
6.3.2 
(6.54) 
 
(6.55) 
(6.56) 
 
 
 
 
 
 
Trahair (1993) 
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𝑀𝑏,𝑅𝑑 = 30,38 𝑘𝑁.𝑚  
𝑀𝐸𝑑

𝑀𝑏,𝑅𝑑
= 0,82 ≤  1,0 

Therefore the design buckling resistance of the member is adequate. 

 
 
 
 
 

 
BAR 1305, UPE 180 
 

 
 
Section Properties 
 
For a hot finished UPE 180 in S355 steel: 

Depth of section 
Width of section 
Web thickness 
Flange thickness 
Root radius 
Depth between flange fillets 
Second moment of area y-y axis 
Second moment of area z-z axis 
Warping constant 
Radius of gyration y-y axis 
Radius of gyration z-z axis 
Plastic modulus, y-y axis 

h = 180 mm 
b = 75 mm 
tw = 5,5 mm 
tf = 10,5 mm 
r = 12 mm 
d = 135,0 mm 
Iy = 1353 cm4 
Iz = 143,7 cm4 
Iw = 6,81 mm6x109 

iy = 73,4 mm 
iz = 23,9 mm 
Wpl,y = 173 cm3 

References are 
to EN 1993-1-
1: 2005, 
including its 
National 
Annexes, 
unless 
otherwise 
stated. 
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Plastic modulus z-z axis 
Elastic modulus y-y axis 
Elastic modulus z-z axis 
Area 
Modulus of elasticity 
 
Internal forces 
NEd = -2,5 kN 
Tt,Ed = 0 kN.m 
My,Ed = -4 kN.m 

Wpl,z = 52,30 cm3 

Wel,y = 150,5 cm3 
Wel,z = 28,56 cm3 
A = 2510 mm2 

E = 210000 N/mm2 

 
 
Mz,Ed = 0 kN.m 
Vy,Ed = 0 kN.m 
Vz,Ed = -2,00 kN.m 

The diagrams of both structures had been summed and increased in order to 
obtain the final design values 
 
For S355 steel t ≤ 40 mm: 

Yield strength fy = 355 N/mm2 

 
Cross section classification 
Web 

𝜀 =  �
235
𝑓𝑦

=  �235
355

= 0,81  

c = h - 2tf -2r = 135 mm 
when 𝛼 > 0,5 ∶ 𝑐

𝑡
= 24,55 ≤ 396𝜀

13𝛼−1
= 58,58 

web class 1 
 
Flange 
The limiting value for Class 1 is c/t = 5,48 ≤ 9ε = 7,29 
Flange class 1 
Therefore, the cross section is Class 1  
 
Partial factors for resistance 
γM0 = 1,0     ;     γM1 = 1,0  
 
Compression 
The design value of compression force NEd at each cross-section should satisfy: 

𝑁𝐸𝑑
𝑁𝑐,𝑅𝑑

≤ 1,0 

The design resistance of the cross-section for uniform compression Nc,Rd should 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3.1 
 
 
5.5 
Table 5.2 
(sheet 1) 
 
 
 
 
 
 
 
 
 
 
 
 
6.1(1) 
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be determined as follows: 

𝑁𝑐,𝑅𝑑 = 𝐴𝑓𝑦
𝛾𝑀0

= 891,05 𝑘𝑁       for class 1,2 or 3 cross-sections 

 
Shear buckling 
The shear buckling resistance for webs should be verified if: 

ℎ𝑤
𝑡𝑤

> 72
𝜀
𝜂

 

η = 1,2  
ℎ𝑤
𝑡𝑤

= 28,91 > 48,6 = 72
𝜀
𝜂

 

Therefore the shear buckling resistance of the web does not need to be verified 
 
 
Shear 
The design value of the shear force VEd at each cross section should satisfy: 

𝑉𝐸𝑑
𝑉𝑐,𝑅𝑑

≤ 1,0 

Where Vc,Rd is the design shear resistance. For plastic design Vc,Rd is the design 
plastic shear resistance Vpl,Rd as given in (2). 

𝑉𝑝𝑙,𝑅𝑑 = 𝐴𝑣(𝑓𝑦/√3)
𝛾𝑀0

      where Av is the shear area 

The shear area Av may be taken as follows: 
b) rolled channel sections, load parallel to web: 
Av = A-2b.tf + (tw+r)tf but not less than η hw tw 
Av = 9,90 cm2  >  6,75 cm2 = η hw tw 
𝑉𝑝𝑙,𝑅𝑑 = 202,91 kN = 𝑉𝑧,𝑐,𝑅𝑑 

𝑉𝐸𝑑
𝑉𝑐,𝑅𝑑

= 0,01 ≤ 1,0 

Therefore the shear resistance of the section is adequate 
 
Bending and shear 
Vc,Rd/2 = 101,45 
VEd = 2 < 101,45 
Therefore no reduction in bending resistance due to shear is required 
 
Bending Moment 

6.2.4 
 
(6.9) 
 
 
(6.10) 
 
 
6.2.4 (3) 
 
 
 
 
 
 
 
 
 
6.2.6 
6.2.6(1) 
(6.17) 
 
 
 
 
 
 
 
6.2.6(3) 
 
 
 
 
 
6.2.8 
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𝑀𝐸𝑑

𝑀𝑐,𝑅𝑑
≤ 1,0 

𝑀𝑐,𝑅𝑑 = 𝑀𝑝𝑙,𝑅𝑑 = 𝑊𝑝𝑙 𝑓𝑦
𝛾𝑀0

= 61,41 𝑘𝑁.𝑚     for class 1 or 2 cross-sections 

𝑀𝐸𝑑

𝑀𝑐,𝑅𝑑
= 0,07 ≤ 1,0 

 
Bending and axial force 

𝑁𝐸𝑑 = 2,5 ≤
ℎ𝑤𝑡𝑤𝑓𝑦
𝛾𝑀0

= 23,96 𝑘𝑁 

Is not needed to be made the effect of axial force on the plastic resistance 
moment 
 
Bending, shear and axial force 
Provided that the design value of the shear force VEd does not exceed 50% of 
the design plastic shear resistance Vpl,Rd no reduction of the resistance defined 
for bending and axial force in 6.2.9 need be made. 
 
 
Buckling resistance of members 
Uniform members in bending 

𝑀𝐸𝑑

𝑀𝑏,𝑅𝑑
≤ 1,0 

𝑀𝑏,𝑅𝑑 = 𝜒𝐿𝑇𝑊𝑝𝑙 ,𝑦 
𝑓𝑦
𝛾𝑀1

 

𝜒𝐿𝑇 = 1

Ф𝐿𝑇+�Ф𝐿𝑇
2 −𝜆�𝐿𝑇

2
 but χLT  ≤ 1,0 

where Ф𝐿𝑇 = 0,5�1 + 𝛼𝐿𝑇��̅�𝐿𝑇 − 0,2� + �̅�𝐿𝑇2 �  

�̅�𝐿𝑇 = �𝑊𝑦𝑓𝑦
𝑀𝑐𝑟

  

𝑀𝑐𝑟 = 𝛼𝑚𝑀𝑐𝑟
𝐸   

𝑀𝑐𝑟
𝐸 = 𝜋

𝐿
�𝐺𝐼𝑇𝐸𝐼𝑧 �1 + 𝜋2𝐸𝐼𝑤

𝐿2𝐺𝐼𝑇
�  

𝑀𝑐𝑟 = 21,78 𝐾𝑁.𝑚  
�̅�𝐿𝑇 = 1,68  
h/b=2 >1,2 and tf ≤ 40 mm about z-z axis for S355 Buckling curve c 
𝛼𝐿𝑇 = 0,49  
Ф𝐿𝑇 = 1,87  

 
 
 
6.25 
(6.12) 
 
 
 
 
 
 
(6.29) 
(6.34) 
 
 
 
6.47 
6.3.1.2 
 
 
 
 
6.3 
6.3.2 
(6.54) 
 
(6.55) 
 
 
(6.56) 
 
 
 
 
 
 
 



Affordable Houses Project                                                                             APPENDIX B 

 
Pedro António Pimenta de Andrade  B-14 

𝜒𝐿𝑇 = 0,33 ≤ 1,0 
𝑀𝑏,𝑅𝑑 = 20,15 𝑘𝑁.𝑚  

𝑀𝐸𝑑

𝑀𝑏,𝑅𝑑
= 0,20 ≤  1,0 

Therefore the design buckling resistance of the member is adequate. 

 
Table 6.2 
Table 6.3 
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APPENDIX C 
Table C.1 – Characteristics of the bars 

 

Bars Floor/ 
Axes 

Luleå Coimbra 
Number Profile 

Length 
[m] 

Weight 
[kg] Profiles 

Length 
[m] 

Weight 
[kg] 

Main 
Columns 

1st 
SHS 180 
t= 6,3 mm 

4,000 136 SHS 180 
t= 8,0 mm 

4,000 170 44 
2nd 3,276 111 3,276 140 44 

3rd and 4th SHS 180 
t= 6,3 mm 

111 44+40 
5th 4,000 136 4,000 136 40 

C
or

rid
or

s Main 
Beams 1st to 5th IPE 200 3,97 89 HEB 140 3,97 133 11x5 

Secondary 
Beams 1st to 5th C 150x50x10x2,0 4,000 6,8 C 150x50x10x2,0 4,000 6,8 350 

R
oo

f 

Main A to J HEB 140 4,300 145 HEB 140 4,300 145 11x3 
Main 1 to 4 HEB 140 4,000 135 HEB 140 4,000 135 4 

Cantilever 1 to 4 HEB 140 1,930 64 HEB 140 1,930 64 4 
Cantilever A to J HEB 140 2,230 74 HEB 140 2,230 74 22 

Balcony 
1 to 4 HEB 140 3,670 124 HEB 140 3,670 124 4 
K to J HEB 140 3,970 134 HEB 140 3,970 134 6 
1 to 4 C 150x50x10x2,0 4,000 6,8 C 150x50x10x2,0 4,000 6,8 22 

M
od

ul
es

 

Main Beams 
Type 1,2 and 3 

UPE 180 41,840 824 UPE 180 34,200 674 1x75 
Rigid Rings UPE 180 27,280 537 UPE 180 27,280 537 1x75 

Secondary Beams C 150x50x10x2,0 3,710 6 C 150x50x10x2,0 3,710 6 12x75 
Main Beams 

Type 4 
UPE 180 32,960 649 UPE 180 32,960 649 1x21 

Rigid Rings UPE 180 27,280 537 UPE 180 27,280 537 1x21 
Secondary Beams C 150x50x10x2,0 3,710 6 C 150x50x10x2,0 3,710 6 7x21 

Bars Total steel weight 165’505 Total steel weight 168’771 1’951 
 


