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Introduction

In Belgium, the construction sector is on a roll since the end of the last economic crisis. It
is nowadays the sixth field to contribute to the gross domestic product in the country and
the number of buildings increased by 12 % over the last twenty years [19]. Non-residential
constructions increased by 9 % between 2010 and 2015. More than 17 % of developed land
surfaces are devoted to industrial purpose, especially as industrial halls. In the light of the
growth of the industrial halls market, it appears relevant to perform a comparative study of
the most common technologies. Hence, the aim of our dissertation is to design a large panel of
building solutions in accordance with the Eurocodes and to make a detailed comparison between
them in order to extract their assets and drawbacks. This is intended to allow people involved
in such a project to choose the most appropriate solution to meet their needs and priorities.

Since the Industrial Revolution and the associated boom in steel construction, the building
business has seen a democratization of precast concrete and, more recently, a revival of building
timber. Nevertheless, as far as industrial halls are concerned, steel holds the largest market
share. This can be explained by many historical and practical reasons. It is well known that
steel has a great resistance-on-weight factor, which guarantees attractive prices. Even though
it suffers from a bad reputation regarding fire (especially in Belgium where the 1967 Innovation
store fire received a lot of public attention), engineers keep choosing steel since it seems to be
embedded in the civil engineering culture. Moreover, Belgians have an embedded tie with this
material as it represents a large part of their industry. Still, other materials start to gain in
importance: precast pre-stressed concrete is relatively easy to design and does not require much
research time for engineers. It also has a very good reputation as a fire-resistant component.
Besides, building timber has the advantage of lightness and makes the most of today’s ecological
movement. Its association with concrete columns makes the solution even more attractive.
Indeed, concrete columns appear to be cheaper and assemblies with foundations are simpler to
execute.

For industrialists, productivity remains the number one priority. In an economical system based
on growth, anything that might improve yield is worth considering. Higher yields translate into
higher incomes, more job opportunities and improved living standards. The construction sector
is no exception. Contractors as well as techniques are chosen for their price, their reliability and
rate of implementation.

However, as signs of excessive pollution have become more and more pressing these last decades,
new preoccupations have come to surface. Environmental impact is being closely monitored for
an increasing number of new projects, from the raw materials production to the heat system
consumption.

The present thesis emphasizes both aspects: productivity and environmental impact.
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2 INTRODUCTION

This document is divided into six chapters:

First and foremost, we present and design the various basic cases that we have chosen to depict
the Belgian market as precisely as possible. The aim of these first two chapters is threefold: to
fix the framework of the study, to allow the comparison between different building solutions by
accurately dimensioning each constituent of the structures, and lastly, to propose a complete
method to dimension such an industrial building from A to Z. This could then provide students
or junior engineers a collection of all the essential information.

Then, throughout the three following chapters we compare the halls that were designed in
Chapter 2 and vary some parameters like hall size or building envelopes to investigate the
impact on performances. In order to confront the different results objectively, precise criteria
like weight, environmental impact indicators or time to build up the construction are required.

Finally, we present the limitations of our method and conclude the study by giving some recom-
mendations addressed to professionals; both engineers that are responsible for an industrial hall
project and customers or contractors. The aim is not to provide a perfect solution but to propose
an impartial comparative analysis of the most common and efficient building technologies used
for industrial halls.



Chapter 1

Framework of the studies

1.1 Study methodology

Our master thesis may be considered in the continuity of some other studies. It gathers some
aspects of Hélène De Boe’s thesis [13] in which a complete life cycle assessment of tall buildings
is made. We also analyze this aspect for industrial halls. Yet, our work focuses more on design
methods for which it connects with Ziad Mohamad Soulaiman dissertation [26]. Furthermore,
the Hall-in-Kit study [2] carried out by ArcelorMittal helped us to choose some of our hypothesis
and to offer pragmatic solutions.

After the present chapter, which presents the considered cases and the study methodology, the
following contains the complete design process of all our solutions. First, dimensions are set
as well as loads and combinations of these loads. These steps depend a lot on standards and
thus, the norms must be obeyed carefully. Then, the secondary structure can be designed.
It allows lateral stability of the halls and provides supports for envelope components. Next,
frames must be computed. Two structural systems are distinguished: pinned base frame and
rigid base columns with pinned girder. Each system is suitable for a few given materials. The
first is appropriate for steel solutions and the second is used when a structure involves concrete
columns. The end of the chapter is dedicated to the pre-sizing of the foundations system.

Chapter 3 presents the outcome of the design process, described in the previous chapter, applied
to new hall cases with various dimensions. This way, the impact of size variation can be inspected
later.

Chapter 4 firstly introduces the life cycle assessment by describing the method of work and the
main hypothesis. It also gives all the useful data in order to allow transparency about any of our
results and conclusions. Then, outcomes are shown and different cases are compared in terms
of various indicators. Finally, building envelope solutions are confronted with each other, which
leads us to answer the following question: Is it eco-effective to properly insulate the building ?

Chapter 5, which is the final technical part, compares the structural and non-structural materials
in terms of assembly duration while explaining all the assumptions that were made.

3
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1.2 Cases description

Some cases were chosen from the beginning of the study. The goal is to cover a wide panel of
situations in order to describe the situation of the current industrial hall market as precisely as
possible. With this aim in mind, we start with our basic case: The 42x16m hall, comparable
to many agricultural halls, which represents a significant part of the demand. The distance
between two successive frames is 6 m because of the standardization of many building elements.
Indeed, most of the materials we need are available in this size. This characteristic is constant
for every situation in this report. The dimensions of all our cases are fixed in agreement with
the previously mentioned study Hall-in-Kit [2]. It is designed with four different materials (or
material associations), that we chose to be most relevant with the current demand:

• Hot-rolled steel profiles: These elements are produced by rolling a large piece of steel
through a rolling machine. Roll after roll, the metal is deformed until obtaining the
required section. It can be manufactured at a very high rate and many standard sizes are
available. This is the most common steel construction material nowadays.

• Welded plate profiles: These are assembled from steel plates previously cut. The pieces
are welded together. This manufacturing process allows for a varying height along the
element. It enables to optimize the design with variable inertia that fits the variable
stresses. Nevertheless, adding complexity to the production process leads to an increase
in the price.

• Precast concrete: Manufacturers like Ronveaux or Ergon sell pre-stressed and precast
concrete on catalogue. These elements have standard dimensions and admissible loads,
making projects using them very easy to design.

• Precast concrete columns and glue laminated timber girders: This solution combines pre-
cast concrete columns, as previously described, with glue laminated timber beams. Glulam
is produced out of thin wood slices glued together. It generates a material with very few
defects and thus, with much more consistent mechanical properties. Furthermore, the
gluing process enables to create many shapes. Hence variable inertia is possible.

The first two situations are the opportunity to compare most common steel grades:

• S235

• S355

• S460

Furthermore, different building envelope technologies are compared regarding heating system
consumption during usage phase of the building. Finally, we observe the influence of the afore-
mentioned parameters on two additional cases:

• The 24x42 hall dedicated to industrial tasks

• The 36x42 hall that brings us to push the materials and the structural systems to the
limits of feasibility.
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Only the frames are calculated as the secondary structure doesn’t change from one case to
another.

For some aspects of the comparison process (like the wind action calculation or the evaluation
of the environmental impact due to transportation) it is required to know the location of the
building. We chose the industrial estate of Nivelles for its central position in the country (see
figure 1.1 1).

Figure 1.1: Chosen location for the construction site

1.3 Comparison criteria

So as to objectively compare these various situations we need precise criteria:

• The weight: this is a key parameters on which many of the others depend.

• The environmental impact: it depends on many parameters (material, building envelope,
transport ...) and takes all the phases into account; from raw material production and
usage phase to recycling.

• The assembly duration: this criterion can be determinant for financial viability of some
projects. It depends mostly on the number of elements, their weight and their ability to
be handled by crane.

1.4 Comparative study : methodology and objective

In chapter 2, all the solution are designed and their mass are compared. Three building dimen-
sions, two structural models, two foundation systems, four material types and three steel grades
are considered. From these quantities, it is possible to go further into the analysis.

In the chapter 4 and 5 the different halls will be compared one to each other in terms of their
environmental impact, on the one hand and of their assembly time on the other hand. The

1Source of the picture: Google Maps
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present section introduces this analyze by presenting the method, the tools and some basic
elements required for the reader to fully apprehend the results which come as an output of the
study.

1.4.1 Life cycle assessment

In the past ten years, ecological considerations have become more and more important. With the
observations of climate change, new issues emerge and the ecology is a factor we can no longer
ignore. In this context, and knowing that both construction industry and residential heating
are among the largest CO2 emitting sectors, it seems relevant to integrate the environmental
impact in the comparison.

life cycle phase

In this analysis, all phases of the life of the building are considered. From the materials pro-
duction to the dismantling and the recycling. These steps are often separated into five distinct
stages (see table 4.1) :

• Stage A: raw material is extracted, it is transported to the places of processing and all the
required industrial transformations are performed to obtain the usable material. Then, the
operable material is transported again to its place of use and is placed by on-site teams.

• Stage B: once the material is placed, it is used, requires some consumables like water or
combustibles, must be replaced, its maintenance must be performed. . .

• Stage C: at the end of its life, material must be dismantled, transported to the waste
processing centre and transformed to be stored.

• Stage D: finally, the waste can be reused or recycled.

The question of including the stage D to the life cycle assessment is controversial. The answer
depends on convictions and economic interest of specialists; defenders of poorly recyclable mate-
rials want to neglect the recycling phase while defenders of recyclable materials advocate taking
it into account. The legal framework governing this issue vary from one country to another.
In Belgium, taking the D phase into account is mandatory. In this study, both solutions are
analyzed and compared in order to maintain our neutrality and to keep our results consistent
no matter the country.

Indicators choice

Many indicators and coefficients exist to translate the data and represent the environmental
impact of a project. We chose the two most used ones: GWP and EE. Hence, our results and
conclusions can be compared with data from other studies.

• GWP is the Global Warming Potential and describes the influence all the used materials
on the global warming effect throughout their life stages.

• EE is the Embodied Energy and record all the energy required to produce the final product.
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Tools and data

In order to successfully complete this analyze, we use the software Ameco developed by Arcelor-
Mittal. It is basically an accounting system which takes the mass of the different materials as
an input and multiply them by suitable coefficients. This coefficients database is the heart of
the method and is presented in more detail in the section 4.2. Microsoft Excel was then used to
obtain the relevant graphs from the data.

General remark

Reader must keep in mind that regarding the life cycle assessment, all results depend highly
on the selected parameters and indicators. We chose them among available information to be
as most representative of the reality as possible. However, parameters and indicators always
depend on interpretations and so, some results must be put into context. For example, the
embodied energy calculation takes either renewable and non-renewable energy into account.
Yet, the renewable energy required to produce wood is high in comparison with the total energy.
Thus, wooden structures will automatically appear less environmentally friendly based on EE.
It shows that conclusions must be done using critical judgment and that different evaluation
techniques must be used.

Building envelope and stage B

Furthermore, environmental performances of the building envelope were also studied. The aim
is to compare highly and poorly insulated materials that constitute the facades and roof in terms
of heating consumption. Indeed, maintaining a constant temperature in the industrial building
incurs energy consumption and it is useful to know whether or not it is energetically effective
to invest in high performance coverings.

1.4.2 Assembly time

As previously explained, the time between the first day of the construction and the beginning of
the exploitation is a key factor to determine the financial profitability of an industrial project.
Then, the assembly time is integrated as a comparison criterion. In order to evaluate the
production duration of each solution, a database was provided by ArcelorMittal and adapted to
suit every situation of this study (see section 5.1). Knowing the unit time for all the products,
we can compute the duration required to install the elements of complete solutions.

1.4.3 Objectives of the analysis

As said in the introduction of this report, the aim is not to provide a perfect solution that is
optimal for every criterion but to make some recommendations towards project owners, engineers
and contractors according to their needs and priorities.
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Chapter 2

Basic cases design

This chapter contains the design of the first case with the four constructive methods. The first
point defines the dimensions of both main structure and secondary structure. Then, the different
loads and combinations of loads, taken into account in agreement with the Eurocodes, will be
explained.
Once the hypotheses considered in the study are set, the rest of the chapter presents the design
of secondary and main structures. For the design of the portal frames, two structural systems
are considered. The first one is a pinned base frame for the hot-rolled steel solution and for the
welded built-up one. The second system is composed of rigid base columns and a pinned girder
for precast concrete and precast concrete columns combined with glue laminated timber girders.

At the end of the chapter, reader will find a table summarizing the different designs.

2.1 Structure dimensions

The first industrial hall case is 42 m long and 16 m wide. Frames are 6 m apart from each
other. Columns are 4 m high and the roof has a slope of 2 % which corresponds to a 1.15° angle.
Purlins are placed every 1.6 m. Girts are spaced out by 1 m and end-wall columns are 2 m apart
from each other. This geometry is described by the figure 2.1.

9
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Figure 2.1: First case hall geometry

2.2 Loads

2.2.1 Permanent loads

In the first place, let’s notice that the weight of the steel was considered in accordance with the
Eurocode 1 [7]. The weight of the covers corresponds to the heaviest solution among the two
studied sandwich panels in section 4.2. The different permanent loads used for the study are
the following:

• Steel self-weight: 78 [KN/m3] (Eurocode 1-1-1, Table A.4 [7])

• Other materials self-weight: different from one element to another.

• Roof and walls covering: 0,15 [KN/m2] (constructalia.com [3])

2.2.2 variable loads

Eurocode 1 defines loads that must be taken into account when designing a structure. Its first
part (EN 1991-1) is itself divided into different sub-parts, where loads due to different types of
actions (wind, snow, imposed loads ...) are defined. This section explains how these variable
actions are computed for an industrial hall.
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Imposed loads

To determine the value of the imposed loads, the assumption is made that roofs are inaccessible
except for routine maintenance and repairs. The Eurocode defines the following load:

Category H: Inaccessible roof 0,7 [KN/m2] (EN1991-1-1-1 [7])

Snow loads

Snow action can be calculated by the following formula (following EN1991-1-1-3[8]):

S = µi · Ce · Ct · sk = 0.4 [KN/m2] (2.1)

With :

• µi: Form coefficient, it depends on the roof inclination. For an angle of 1.15°, µi = 0.8

• sk: Characteristic value of snow load on the roof. We take sk = 0.5 [kN/m2] as the altitude
is lower than 100 m.

• Ce, Ct: Wind exposition coefficient and thermal coefficient (both are equal to 1 in Belgium).

Wind actions

The following assumptions were made:

• The hall is located in the Brabant Wallon. It gives vb,0 = 25 [m/s]

• Ground roughness of category IIIb (industrial zone)

• Flat ground (horographic coefficient C0(z) = 1)

Let’s follow the Eurocode method [9] to evaluate the winds actions. First, the reference speed
is calculated with the following equation:

vb = Cdir.Cseason.v(b,0) = 25 [m/s] (2.2)

with :

• vb,0: The reference speed of the wind = 25 [m/s]

• Cdir: The direction coefficient = 1

• Cseason: The temporary construction coefficient = 1
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Secondly, at an elevation z above the ground, the mean speed is computed as follows:

vm(z) = Co.cr.vb (2.3)

Where:

• C0(z): The horographic coefficient C0(z) = 1

• cr(z): The ground roughness coefficient calculate with equation (2.4).

The ground roughness coefficient cr(z) depends on the height of the structure z exposed to the
wind and the roughness of the ground around the building. The values of z0 and zmin depend
on the terrain category and are found in the table 2.1. The hall is built in a industrial park. It
corresponds to a III terrain category. Hence, z0 = 0.3 m and zmin = 5 m.

Table 2.1: Terrain category and parameters

For zmin ≤ z ≤ zmax = 200 m:

cr(z) = kr.ln

(
z

z0

)
(2.4)

For z ≤ zmin :
cr(z) = cr(zmin) (2.5)

With :

• kr: The terrain factor = 0.19 · ( z0
z0,II

)0.07

• z0: Roughness equivalent length

• zmin: Minimal height depending on the terrain category
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Now, the reference height z of the building needs to be determined. As the height of the hall
is smaller than its width, the Eurocode imposes to take the height of the ridge as the reference
height equal to 4.16 m.

Then dynamic peak pressure is found:

qp(z) = 0.625(1 + 7 · Iv(z)) · v2
m(z) = 483 [N/m2] (2.6)

Where:

vm(z) = 0.19 · vb,0 · (
z0

0.05)0.07 · ln( z
z0

) · c0(z) · Cprob · Cdir · Cseason = 15.15 [m/s]

Iv(z) = 1− 2 · 10−4(log10(z0) + 3)6

ln( zz0
) = 0.34

Further expressions will require the Cpe external pressure coefficient. It depends on the exposed
area A and can be found for A = 1 m2 or A = 10 m2 and for different building configurations
in the figure 2.2. Local coefficients are called Cpe,1 and global ones Cpe,10.

Figure 2.2: Global and local external pressure coefficients

Wind actions on the roof
Thereafter, readers will find a figure that describes influence zones of the wind and a table
gathering the coefficients values. According to the Eurocode, since the slope of the roof is under
5° the roof can be considered as flat.
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Figure 2.3: Influence zones of the wind on the roof

Table 2.2: External pressure coefficients for two sided roof

Two cases can now be distinguished according to the direction of the wind in relation to the hall
implantation.

If the wind is parallel to the frame:

Zone F G H I
Cpe,10 Cpe,10 Cpe,10 Cpe,10

Suction -2.34 -1.20 -0.70 -0.20
Pressure 0 0 0 0.20

Four cases can be identified for this wind direction:
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Windward Leeward
Case 1 Suction Suction
Case 2 Suction Pressure
Case 3 Pressure Suction
Case 4 Pressure Pressure

If the wind is perpendicular to the frame:

Zone F G H I
Cpe,10 Cpe,10 Cpe,10 Cpe,10

Suction -2.34 -1.20 -0.70 -0.20
Pressure 0 0 0 0.20

Once again, four cases can be identified for this wind direction:

Windward Leeward
Case 1 Suction Suction
Case 2 Suction Pressure
Case 3 Pressure Suction
Case 4 Pressure Pressure

As the building is closed, internal pressure coefficient Cpi can be taken equal to 0.2 or -0.3.

Wind action on the structure is computed like so:

W = qp(z) · (Cpe − Cpi) (2.7)

Results (with maximal values in red):

Wind parallel to the frame
Zone F G H I

Cpe,1.7 Cpe,10 Cpe,10 Cpe,10
Suction -2.34 -1.20 -0.70 -0.20
W(Cpi = −0.3) [N/m2] -724 -434 -193 48.3
W(Cpi = 0.2) [N/m2] -965 -675 -434 -193
Pressure -2.34 -1.20 -0.70 0.20
W(Cpi = −0.3) [N/m2] -2.34 -1.20 -0.70 241
W(Cpi = 0.2) [N/m2] -965 -675 -434 0

Wind perpendicular to the frame
Zone F G H I

Cpe,1.7 Cpe,10 Cpe,10 Cpe,10
Suction -2.34 -1.20 -0.70 -0.20
W(Cpi = −0.3) [N/m2] -724 -434 -193 48.3
W(Cpi = 0.2) [N/m2] -965 -675 -434 -193
Pressure 0 0 0 0.20
W(Cpi = −0.3) [N/m2] -724 -434 -193 241
W(Cpi = 0.2) [N/m2] -965 -675 -434 0
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Wind actions on the side walls
The dynamic peak pressure at 4 m high is taken as calculated before. The external pressure
coefficient corresponding to the vertical walls is computed with the following tables.

Figure 2.4: Influence zones of the wind on vertical walls

Table 2.3: External pressure coefficients for side walls
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If the wind is parallel to the frame:

Zone Surface Height qp Cpe,10 Cpe,1 Cpe,10 Cpe,1 Cpi Cpi Pressure Depression
[m2] [m] ≥ 0 ≥ 0 ≤ 0 ≤ 0 ≥ 0 ≤ 0 [N/m2] [N/m2]

A 13.3 7.23 567 -1.20 -1.40 0.20
-794

B 70 7.23 567 -0.80 -1.10 0.20 -567
C 6.6 7.23 567 0.50 -0.50 0.20 -397
D 168.0 4.0 482 0.73 1.0 -0.30 495
E 168.0 7.23 567 -0.35 0.35 0.20 -314

If the wind is perpendicular to the frame:

Zone Surface Height qp Cpe,10 Cpe,1 Cpe,10 Cpe,1 Cpi Cpi Pressure Depression
[m2] [m] ≥ 0 ≥ 0 ≤ 0 ≤ 0 ≥ 0 ≤ 0 [N/m2] [N/m2]

A 11.6 7.23 567 -1.20 -1.40 0.20
-794

B 46.3 7.23 567 -0.80 -1.10 0.20 -567
C 110.1 7.23 567 0.50 -0.50 0.20 -397
D 89.9 7.23 567 0.70 1.0 -0.30

567
E 89.9 7.23 567 -0.30 0.30 0.20 -284

2.3 Combination of actions

Structural reliability must be checked for a limit state under the simultaneous effect of different
actions [12]. A combination corresponds to a load calculated by performing the sum of the
actions weighted by different coefficients. The combination depends on whether the ultimate
limit state or the service limit state is checked.

The verification of an ultimate limit state is expressed by the following inequation:

Sd ≤ Rd (2.8)

• Rd is the design resistance of the structure. The resistance calculation values are obtained
by applying the appropriate partial safety coefficients of the materials on the characteristic
resistances.

• Sd represents internal stresses (calculation values) in a critical section under the effect of
the most unfavorable combination of actions.

The solicitation is obtained by combining the different load case multiplied by appropriate
coefficients as expressed in the equation

Sd =
Permanent action︷ ︸︸ ︷

γGG +
Basic variable action︷ ︸︸ ︷

γQ1Q1 +

Secondary variable action︷ ︸︸ ︷
n=i∑
n=2

Ψ0,iγQ,iQi (2.9)

• γG is the partial coefficient on permanent action

• γQ1 is the partial coefficient on variable action
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• Ψ is a statistical factor, it reflects the probability that the different actions occur simulta-
neously

For the deflection verification, we use the SLS combination. The general expression of the
verification of a service limit state takes the form:

Sd ≤Wd (2.10)

• Wd is the deflection limit value which may not be exceeded

• Sd represents the calculated value of deflection

It exists three types of SLS combinations:

• Rare combination

G+Q1 +
n=i∑
n=2

Ψ0,iQi (2.11)

• Frequent combination

G+ Ψ1,1Q1 +
n=i∑
n=2

Ψ2,iQi (2.12)

• Practically permanent combination

G+
n=i∑
n=1

Ψ2,iQi (2.13)

The EN1990 recommends to use γG = 1.35 and γQ = 1.5 and all these Ψ coefficients can be
found in the table 2.4 below:

Variable action Ψ0 Ψ1 Ψ2
Imposed loads in buildings, category

Category A : domestic, residential areas 0.7 0.5 0.3
Category B : office areas 0.7 0.5 0.3

Category C : congregation areas 0.7 0.7 0.6
Category D : shopping areas 0.7 0.7 0.6
Category E : storage areas 1 0.9 0.8

Category H : roofs 0 0 0
Snow loads 0.7 0.5 0.2

Altitude≥ 1000 m 0.7 0.5 0.2
Altitude≤ 1000 m 0.5 0.3 0

Wind loads 0.6 0.2 0

Table 2.4: Recommended values of Ψ factors for buildings

As a lot of Ψ coefficients are equal to zero, only the rare combination 2.11 will be used in the
rest of the study. Indeed, this combination leads to the most important stresses in the structure.
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2.4 Secondary structural system design

Once our loads are properly set, the secondary structure can be computed. This term gathers
four main elements:

• The purlins perform two functions: They act as a support for the roofing and transmit
the lateral load from one frame to another.

• The girts hold the lateral cladding.

• The lateral stability system ensures the sustainability of the structure when it is subjected
to loads perpendicular to the plan of the frames.

• The end-wall columns hold the lateral cladding and transmit the wind load to the first
and the last frames.

Later in this report, some other hall cases with different dimensions will be designed. Neverthe-
less, the space between two successive frames remains constant and equal to 6 m. Therefore, we
consider that the secondary structure is very similar from one situation to another and it will
not be re-computed.

2.4.1 Purlins

In this section, the purlins are designed with steel and wood. The aim is to check that the actions
never result in stresses greater than the resistance of the material and that the deflection does
not exceed a limit value. Both materials are commonly used for this purpose and it gives us the
opportunity to compare their performances and attractiveness.

Figure 2.5: The purlins

Let’s remind that:

• Roof slope: 2 %

• Span: 6 [m]

• Distance between two purlins: 1.6 m
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Steel

The roof is tilted with an angle of 1.15°. So it can be considered as flat. Therefore, we don’t
have to compute biaxial bending. We need to check the resistance of each element under the
effect of different actions applied simultaneously. Thereafter, readers can find a table that sums
up the combinations used to check the stability of the purlins. We distinguish two types of
combinations:

• Resistance of the structure (ULS)

• Check at the service limit state (SLS)

We obtain:
Combination Permanent action Primary variable action Accompanying variable actions Numerical result [kN/m2]
ULS 1 1.35 ·G 1.5 ·Q 1.5 · 0.6 ·W0◦,p + 1.5 · 0.5 · S 1.97
ULS 2 1.35 ·G 1.5 ·Q 1.5 · 0.6 ·W0◦,s + 1.5 · 0.5 · S 0.88
ULS 3 1.35 ·G 1.5 ·W0◦,p 1.5 · 0.5 · S 1.06
ULS 4 1.35 ·G 1.5 ·W0◦,s 1.5 · 0.5 · S -0.74
SLS 1 G Q 0.6 ·W0◦,p 1.14
SLS 2 G Q 0.6 ·W0◦,s 0.421
EQU G 1.5 ·W0◦,s - -0.168

Where:

• Q is the exploitation charge

• S is the snow load

• W is the wind

• Index s is for suction

• Index p is for pressure

One may notice that following the Eurocode [12], ψ0 = 0 for exploitation loads on roof.

Resistance condition

The purlins are spaced 1.6 m apart. We can compute the linear charge for the most critical
combination (in red here-above). We obtain 3.15 kN/m. The bending momentsMy is calculated
thanks to SCIA engineer to take the continuity between purlins into account:

Figure 2.6: Maximal bending moment



2.4. SECONDARY STRUCTURAL SYSTEM DESIGN 21

The following relation is used to check the resistance [10].∣∣∣∣∣ My,Sd

Wyfy/γM0

∣∣∣∣∣ ≤ 1 (2.14)

The minimal section modulus to resist the bending moment:

Wy,min = My,Sd

fy
= 11.95 · 103

350 · 106or390 · 106 = 34.14 cm3 or 30.64 cm3 (2.15)

It corresponds to a A170200 Multibeam profile for S350 steel[1].

Deflection condition
The over-determinate beam on 8 supports is calculated by hand with Clapeyron method [22]
and verified thanks to Macquart abacus. It gives a factor between the real maximal deflection
and the deflection computed with an isostatic similar beam. The load used here must be the
most critical SLS case (= 1.14 · 1.6 = 1.824 kN/m)

Wreal = 0.49 ·
(

5ql4

384EI

)
<

L

200 = 3 cm (2.16)

As the section isn’t strong enough to respect the deflection criterion, dimensions must be in-
creased until obtaining a under 3 cm deflection.

Profile fy[Mpa] Deflection [cm]
A170200 350 2.4
A170200 390 2.4

For both steel grades, the result is the same. The A170200 profile in S350 steel is selected. It
has a mass of 5.39 kg/m.

Figure 2.7: Selected profile
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Wood

The following assumptions were made for the verification of the wood purlins:

• Service class 1: structures protected from the bad weather

• Purlins in solid wood: C24

• Thickness: 100 [mm]

• Height: 300 [mm]

Verification of the resistance (ULS)

The bending moment produces a stress in the direction of the axis of the beam. It is equal to
zero on the average line and maximum in the upper part of the beam. It must remain below
the bending resistance.

σm,d
fm,d

≤ 1 (2.17)

• σm,d: Bending stress induced by the combination of actions

• fm,d: Bending resistance

Calculation of stress σm,y,d

σm,d = Mf,y
IG,y

V

= 9.46 [MPa] (2.18)

• Mf,y = qz .L2

8 : Bending moment, for a beam on two hinged supports with an uniform load

• IG,y

V : Modulus of inertia for a rectangular section

Calculation of the bending resistance fm,d in MPa

fm,y,d = fm,z,d = fm,k.
kmod
γM

.ksys.kh = 22.34 [MPa] (2.19)

• fm,k = 24 MPa: Characteristic stress resistance to bending

• kmod = 1.1: Reduction coefficient as a function of the shorter duration load and the class
of service.

• γM = 1.3: Security coefficient.

• ksys: Equal to 1 because L ≥ 1.2 m.

• kh: Equal to 1 because h ≥ 150 mm.
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Verification for the ULS
σm,d
fm,d

= 0.42 ≤ 1 (2.20)

Verification of the deflection (SLS)

The second check concerns deformation. For most of wooden beams working in flexion, this is
the most critical condition. The service limit state is reached when the permissible deformations
are exceeded. Their values areWlimited,inst = L/300 = 13.3 [mm] andWlimited,net,fin = L/200 =
20 [mm]

The first deflection is the instant one induced by all the actions without considering the effect
of the time.

Winst(Q) = 5.qinst.L4

384.Eo,mean.I
= 12.44 [mm] (2.21)

With:

• W: Deflection in [mm]

• qinst: The linear load (SLS)

• Eo,mean: Mean Young’s modulus of the wood = 11000 [MPa]

• I: Moment of inertia in [mm4]

The second deflection is the final one which is the sum of the instant deflection and the creep
deflection affected by the time of the loading and the humidity of the wood. The instant
deflection being proportional to the load, it is much simpler to calculate the final net deflection
from the instantaneous one.

Wnet,fin = Winst +Wcreep = 22.38 [mm] (2.22)

Where:

• Wcreep = Winst · kdef = 9.9 [mm]

• kdef : Creep coefficient of 0.8 (solid wood and unheated zone)

Finally the deflection criterion can be validated thanks to the following expression:

maximum


Winst

Wlimit
= 12.43

20 = 0, 62

Wnet,fin

Wlimit,net,fin
= 22.38

30 = 0, 74
≤ 1 (2.23)
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2.4.2 Girts

The girts provide a support for lateral cladding and transmit lateral loads to the frames.

Figure 2.8: The girts

Loads

The loads applied on each girt are the following ones:

• Self weight of the girt: 0.1 [kN/m]

• Siding panels weight: 0.15 [kN/m2]

• The wind pressure (or suction): 0.483 [kN/m2] at the maximum.

This case correspond to a bi-axial bending.

Figure 2.9: Force on the girts

We consider that continuity is ensured along the all length of the hall and that girts are installed
every one meter, which suits for a large panel of cladding technology.
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Multibeams Arval of type C are chosen for their lightness and their ability to constitute contin-
uous beams.

Figure 2.10: Chosen section for girts

The girt is simulated on SCIA as a statically undetermined beam and maximal bending moment
in both axis are found to determine the right profile:

Figure 2.11: Model of the girt with maximal bending moment due to the wind

The minimal section modulus is found:

MEd ≤
Wel,z · fy
(γ = 1) →Wel,z ≥

MEd

fy
(2.24)

Steel grade Mmax,z Wmin,z Mmax,y Wmin,y Required profile Mass
[kN.m] [cm3] [kN.m] [cm3] [kg/m]

S350 2.75 7.86 1.27 3.63 C260150 6.08
S390 2.75 7.05 1.27 3.26 C260150 6.08

With the same method than in section 2.4.1, the deflection criterion is checked:

Profile fy[Mpa] Deflection y [cm] Deflection z [cm]< 3 cm
C260150 350 or 390 0.15 4.4
C260250 350 or 390 0.1 2.77

As the deflection is the most restrictive factor, the result is similar from one steel grade to
another. In order to reduce the price, C260250 profile in S350 steel is finally selected. It has a
linear mass of 9.93 kg/m.
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Figure 2.12: Profile choice and information

2.4.3 Lateral stability

In order to ensure the global stability of the hall, elements must be implemented to resist lateral
wind loads in two directions. Solicitation from wind parallel to frames are taken by the frame
itself. Two elements must be set up to sustain wind loads which are not in the plan of the frame:

• Eave struts and ridge purlins transmits the loads from one frame to an other (Load trans-
ferring system-LTS).

• Bracing transfers forces to the foundations.

The structure is simulated and normal forces are computed on eave struts, ridge purlins and
bracing considering three wind load cases:

Case number wind load on front facade wind load on back facade Worst normal force [kN]
[kN/m2] [kN/m2] Bracing LTS

1 −433 · 1.5 −433 · 1.5 0.03 6.42
2 −482 · 1.5 0 4.11 6.13
3 −241 · 1.5 −241 · 1.5 4.11 2.55 (+ and -)

Load transferring system

Figure 2.13: Normal forces on load transferring system under wind loads
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Members must sustain the following normal forces:

• In traction: N = 6.42 kN

• In compression: N = 2.55 kN

Let’s compute the NRd,traction and NRd,compression of the A170200 profile (in S350 steel) that was
previously chosen for purlins.

NRd,traction = A · fy
γM0 = 1 = 6.75 · 10−4 · 350 · 106 = 236.25 kN � 6.42 kN (2.25)

The following method is used to take the buckling into account [14]:

Lf → Ncr → λ→ α→ φ→ χ→ Nb,Rd (2.26)

Further explanations are given in the section 2.6.1.

Steel grade Lf Ncrit λ bending curve α φ χ Nb,Rd

[m] [kN] [kN]
S350 6 17.51 3.67 c 0.49 8.1 0.065 15.43 > 11.09

The lateral load transfer is thus ensured by profiles that were previously chosen as purlins.

Bracing

For computations, we consider that bracing elements only take traction.

Figure 2.14: Normal forces on bracing system under wind loads

Members must sustain a traction force of 4.11 kN. We choose L shape profiles from ArcelorMittal
catalogue [4]. It is now possible to find the required area:

NSd ≤ Npl,Rd = A fy
γm0 = 1

A = NSd

fy
= 4.11 · 1000

355 · 106

= 18 (S235) or 12 (S355) mm2

(2.27)
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The smallest L profile is adequate for both steel grades offered by manufacturer: L20x20x3 with
an area of 112 mm2 and a linear mass of 0.879 kg/m.

Figure 2.15: Chosen profile

2.4.4 End-wall columns

Figure 2.16: End-wall columns

End-wall columns must sustain the following loads (which have to be weighted by suitable
coefficients):

• Their own self-weight

• The weight of the siding panels: 0.15 kN/m2

• The wind perpendicular to the plane of the frames: 0.675 kN/m2

In order to suit every siding panels types, they are positioned every 2 meters.
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Deflection condition

The column is considered as a beam on two pinned supports so it has a maximal span L of 4.16
m and an equal buckling length Lf . Deflection in the middle of the beam equal to:

W =
5 q L4

f

384 EI ≤
L

200

I ≥ 5 · 200 q L3

384 E
= 180.78 · 104 mm4

(2.28)

It corresponds to a IPE 120 AA profile (which has a mass of 8.4 kg/m). Catalogue [4] learns us
that, in bending, the section belongs to class 1. Thus it can be calculated plastically.

Bending moment

MEd = qL2

8 = 4.38kNm ≤ Wpl,y · fy
(γ = 1) (2.29)

Steel grade MRd[kNm] Result
S235 9.80 MRd ≥MEd

S355 14.80 MRd ≥MEd

Normal force

N =
(8.4 · 9.81

1000 + 0.15
)
· 4.16 · (γG = 1.35) · 2 = 2.61kN (2.30)

Simple compression

NSd = 2.61kN � NPl,Rd = A fy/γM0 = (10.7 · 10−4 · 235 · 106)/1 = 251.45kN (2.31)

Buckling
Nb,Rd = χ

A · fy
γM1 = 1 (2.32)

Ncrit = π2·EIz

L2
f

is computed. It appears that:

NEd

Ncrit
= 0.10 > 0.04 (2.33)

Hence, the buckling effect may not be ignored.

Steel grade Ncrit λ bending curve α φ χ Nb,Rd

[kN] [kN]
S235 25.27 3.15 c 0.49 6.19 0.087 21.8� 2.61
S355 25.27 3.88 c 0.49 8.92 0.059 22.42� 2.61

These last conditions gives the IPE 120 AA profile the green light no matter the steel grade.
For the sake of price reduction, S235 steel is selected.
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2.5 Combinations of actions applied to the frame

The determination of the stresses affecting the frame requires to define the combinations of the
following actions: permanent loads, imposed loads, snow, wind on the long-pan, wind on gables.
Then, the most unfavorable combinations must be determined in order to properly choose the
sections of the profiles constituting the frame.

Permanent, imposed and snow loads are calculated as above. Furthermore, different wind di-
rections must be taken into account in order to compute wind actions. Hence, we have 4 wind
cases:

• Wind 1: Parallel wind with positive internal coefficient

• Wind 2: Parallel wind with negative internal coefficient

• Wind 3: Perpendicular wind with positive internal coefficient

• Wind 4: Perpendicular wind with negative internal coefficient

The four diagrams below show the pressures on each part of the building :

Figure 2.17: Parallel wind with positive internal coefficient

Figure 2.18: Parallel wind with negative internal coefficient
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Figure 2.19: Perpendicular wind with positive internal coefficient

Figure 2.20: Perpendicular wind with negative internal coefficient

The combinations are the same as in section 2.3. The summary table 2.5 gives the pressures
applied on each part of the frame.
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Combination Permanent
action

Primary vari-
able action

Accompanying
variable actions

Numerical result [kN/m2]

Windward Girder Leeward
ULS 1 1.35 ·G 1.5 ·Q 1.5 ·0.6 ·W0◦,p+1.5 ·

0.5 · S
0.435 1.92 ' 0

ULS 2 1.35 ·G 1.5 ·Q 1.5 ·0.6 ·W0◦,s+1.5 ·
0.5 · S

0.22 1.512 -0.22

ULS 3 1.35 ·G 1.5 ·Q 1.5·0.6·W90◦,p+1.5·
0.5 · S

-0.12
1.95

-0.12

ULS 4 1.35 ·G 1.5 ·Q 1.5·0.6·W90◦,s+1.5·
0.5 · S

-0.34 1.53 -0.34

ULS 5 1.35 ·G 1.5 ·W0◦,p 1.5 · 0.5 · S
0.72

0.97 ' 0

ULS 6 1.35 ·G 1.5 ·W0◦,s 1.5 · 0.5 · S 0.36 0.3 -0.36
ULS 7 1.35 ·G 1.5 ·W90◦,p 1.5 · 0.5 · S -0.2 1.03 -0.2
ULS 8 1.35 ·G 1.5 ·W90◦,s 1.5 · 0.5 · S

-0.56
0.37

-0.56
SLS 1 G Q 0.6 ·W0◦,p 0.29 1.1 ' 0
SLS 2 G Q 0.6 ·W0◦,s 0.14 0.84 -0.15
SLS 3 G Q 0.6 ·W90◦,p -0.08 1.13 -0.08
SLS 4 G Q 0.6 ·W90◦,s -0.22 0.87 -0.22

Table 2.5: Combination of actions applied to the portal frame.

2.6 Structural system: pinned base portal frame

The portal-frame structural system is composed with columns and inclined beams, connected to
one another by assemblies that transmits the bending moment. Columns are connected to the
foundations by a joint which can be considered as a pinned connection. Thus, this rigid portal
frame structure is stable in its plane. This type of structure is convenient for hot-rolled steel
and welded built-up profiles. This scheme is represented in the figure 2.21

Figure 2.21: Structural system: pinned-base portal frame



2.6. STRUCTURAL SYSTEM: PINNED BASE PORTAL FRAME 33

2.6.1 Hot-rolled steel

In this section, the weight of the girder is estimated at 0.8 [KN/m]. The different combinations
of loads on the portal-frame are the same as previously where G has been increased by the
weight of the rafter.

The profiles chosen in this section will be only of class 1 to allow an elastic-plastic design method.
This method is applicable for cross-sections which can reach their plastic strength, without the
risk of local buckling, and having a limited (Class 2) or large (Class 1) rotation capacity. Thus,
the ruin of a structural element is considered as soon as the stress induced by the actions on the
building exceeds the plastic resistance. This corresponds in the reality to the appearance of a
plastic hinge at the point of maximal stress.

The elastic-plastic method was used instead of the plastic-plastic design method which is only
significant for portal frames with no deflection criterion. In the case of industrial halls, this
assumption is not relevant since portal frames must have limited deflections, in particular to
ensure a good dynamic behavior under, among others, wind loads.[20]

Since the distance between the portals is 6 m, the following values in [KN/m] are found for each
portal frame:

Combination Numerical application [kN/m2]
Windward column Girder Leeward column

ULS 1 2.61 12.32 ' 0
ULS 2 1.32 9.872 -1.32
ULS 3 -0.72 12.5 -0.72
ULS 4 -2.04 9.98 -2.04
ULS 5 4.32 6.62 ' 0
ULS 6 2.16 2.6 -2.16
ULS 7 -1.2 6.98 -1.2
ULS 8 -3.36 3.02 -3.36
SLS 1 1.74 7.76 ' 0
SLS 2 0.84 7.58 -0.9
SLS 3 -0.48 7.58 -0.48
SLS 4 -1.32 6.02 -1.32

Internal forces in the portal frame

To locate the internal forces in the different parts of the portal frame it was decided to call them
as in the following figure 2.22
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Figure 2.22: Localization of the internal forces

Now, the following values need to be evaluated:

• Support reactions: HA, HE, VA, VE.

• The maximum bending moments: MB, MC, MD.

These solicitations are determined from the different combinations of loads that were just com-
puted and thanks to ISSD, which is a structural calculation software. They are found in the
table 2.6

Combination Support reactions [kN] Moments [kN.m]
Ha Va He Ve Mb Mc Md

ULS 1 48 97 58 100 213 161 234
ULS 2 39 78 50 80 168 130 189
ULS 3 58 100 58 100 226 165 226
ULS 4 49 80 49 80 180 132 180
ULS 5 17 51 34 55 103 86 137
ULS 6 3 19 20 23 30 34 64
ULS 7 34 56 34 56 126 92 126
ULS 8 20 24 20 24 54 41 54

Table 2.6: Values of the internal forces

Verification of the bending stresses

Using the table 2.6, we find the following maximum bending moments:

• At the joint between the girder and the column: 226 [kNm]

• At the ridge: 165 [kNm]
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Then the bending resistance is checked:

σ ≤ σr (2.34)

M

Wpl
≤ Mpl,rd

Wpl
(2.35)

With Mpl,rd = Wpl·fy

γ

M

fy
≤Wpl (2.36)

The value found can be used to select a profile which resists to the bending moment based on
information found in the product catalogue "Sections and Merchant Bars Profil" of ArcelorMit-
tal[4].

fy[MPa] Wpl [·103mm3] Chosen profile
235 961 IPE 360
355 637 IPE 330
460 491 IPE 300

The shear stress is also computed and compared with the shear strength of the selected sections:

Vrd = fy ·Avz√
3

= 99 [KN ] (2.37)

Chosen profile fy [MPa] Ved [KN ]
IPE 360 235 476
IPE 330 355 526
IPE 300 460 587

Non lateral buckling condition for the girder

The upper flange of the rafter, on the one hand, cannot buckle under positive bending moment
(due to downward forces) because it is immobilized laterally, blocked by the purlins. On the
other hand, the lower flange could be subject to buckling, under negative bending moment.
But, as indicated in the table 2.5 which shows the different combinations of actions, under no
circumstances the wind forces are sufficient to cause an uplifting.

Column resistance verification

To check the resistance of the columns the same profiles than for the girders are adopted as a
first assumption. They will be checked taking buckling into account. As a reminder, the profiles
were the following:

fy[MPa] Chosen profil
235 IPE 360
355 IPE 330
460 IPE 300
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NEd

Nb,Rd
+ MEd

MRd
≤ 1 (2.38)

All the columns have been calculated using the same following calculation method:

Lf → Ncr → λ→ α→ φ→ χ→ Nb,Rd (2.39)

1. Calculation of the buckling length Lf according to support conditions. In the lowest inertia
rotary axis, both ends are pinned. The foot of the column is held by the assembly of the
foundation and the head of the column by the eave strut.

Lf = 4 [m]

2. Calculation of the Eulerian critical load.

Ncr = π2 · E · I
L2
f

3. Calculation of the reduced slenderness.

λLT =
√
A · fy
Ncr

4. Calculation of the appropriate imperfection factor α. The buckling curve needs to be
determined according to the geometry of the profile (see figure 2.23). Then, α is evaluated
with the following table 2.7.

Figure 2.23: Buckling curve regarding geometry of the profile

Buckling curve a0 a b c d
Imperfection factor α 0.13 0.21 0.34 0.49 0.76

Table 2.7: Imperfection factor in function of buckling curve
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5. Calculation of φ
φLT = 0.5(1 + αLT (λLT − 0.2) + λ2

LT )

6. Calculation of χ
χLT = 1

φLT +
√
φ2
LT − λ2

LT

7. Calculation of the design buckling strength.

Nb,Rd = χ ·A · fy
γM1

Where γM1 = 1

A summary of the results for the selected profiles can be found in the table 2.8

fy[MPA] Profile Ncr λLT αLT φLT χLT Nb,Rd[KN ]
235 IPE 360 1351 2,12 0,34 1.29 0,52 1708.45
355 IPE 330 1020 1.47 0,34 1.8 0,35 2074
460 IPE 300 782 1.77 0,13 2.18 0,29 2365

Table 2.8: Results for the chosen profiles

With the calculated values of Nb,Rd and MRd the condition (2.38) can be verified. The table
2.9 summarizes the checks for the three steel grades.

fy[MPa] Profile NEd
Nb,Rd

MEd
MRd

NEd
Nb,Rd

+ MEd
MRd

≤ 1
235 IPE 360 0.058 0.94 ' 1
355 IPE 330 0,048 0.79 0.84
460 IPE 300 0.042 0.78 0.83

Table 2.9: Condition 2.38 verification
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Comparison of analytic results with Portal+ numerical calculation

In order to verify the results calculated by hand, Portal+ was used. It is a software for the pre-
sizing of portal frames in accordance with to Eurocode 3 [10]. It was developed by ArcelorMittal
in partnership with CTICM. The aim of this comparison is to validate the use of the software
for later calculations. Indeed, different hall sizes must be studied as explain in the chapter 3.
Hence, the use of a numerical method for hot-rolled steel design will save lots of time.
First, the internal forces will be compared under the most critical combination which is the ULS
4 combination. Secondly, the sectional strength criteria ΓM = MEd

MRd
and ΓN = NEd

Nb,Rd
are verified

for the IPE 300 and S355 steel.

Figure 2.24: Internal forces diagram obtains with Portal+

Hand calculation Portal+ Relative error
Ha 58 61.2 5%
Va 100 101.1 1%
He 58 61.2 5%
Ve 100 101.1 1%
Mb 226 224.1 ≤ 1%
Mc 165 151.4 8%
Md 226 224.1 ≤ 1%

Table 2.10: Comparison between internal forces calculated by hand and those obtained by
Portal+

Figure 2.25: ΓM for IPE 300 S355
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Figure 2.26: ΓN for IPE 300 S355

Hand calculation Portal+ Relative error
ΓM 0.79 0.74 6%
ΓN 0.048 0.047 2%

Table 2.11: Comparison between sectional strength criteria calculated by hand and those ob-
tained by Portal+

We do not observe relative error greater than 8 % for the internal forces and 6 % for the resistance
criteria, as shown in the tables 2.10 and 2.11 . We may now consider the results from Portal+
as reliable. In the next section, the software is used for calculation of the maximum deflection.

Deflection verification

For the deflection verification, Portal+ is also used. The deflection condition L/200 is not
respected with the current profiles, so the section have to be increased. The following three
figures show the results of deformation calculation with the adapted profiles and for every steel
grades. Now, the deflection condition is fully respected.

Figure 2.27: Deflection and selected profiles for steel grade S235
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Figure 2.28: Deflection and selected profiles for steel grade S355

Figure 2.29: Deflection and selected profiles for steel grade S460

The following table 2.12 summarizes the different chosen hot-rolled profiles for all the steel
grades and for the first hall dimension.

Steel Element Profile [kg/m] [kg] [t]

S235 Columns IPE400 66.3 530.4 1.44384Girders IPE360 57.09 913.44

S355 Columns IPE400 66.3 530.4 1.3168Girders IPE330 49.15 786.4

S460 Columns IPE400 66.3 530.4 1.3168Girders IPE330 49.15 786.4

Table 2.12: Summary of the profiles and masses for one frame
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2.6.2 Welded built-up frame

Variable section elements allows the project engineer to optimize the structure. Indeed the
inertia can be variable along the members to suit the varying stress rather than designing to
the extreme solicitations which irremediably leads to weight, price and environmental impact
supplement. In order to ensure that components can actually be built, some restrictions comes
naturally:

• The flange dimensions and the thickness of the web must remain constant along the element
to reduce the price of manufacturing.

• The height of the section must vary linearly for the same reason.

• The web must be of class 3 in order to ensure the optimization of the design.

As a first step we calculate the envelope of internal forces under the same loads than before.
SCIA software allows us to automatically take a large amount of load cases into account. Thus,
we find the three envelopes (bending moment, normal force and shear force):

Figure 2.30: Bending moment envelope

Figure 2.31: Normal force envelope
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Figure 2.32: Shear force envelope

In order to design the frame, a few steps are required:

• Some hypothesis about the geometry of the section must be taken.

• The bottom of the column isn’t subjected to any bending moment as it is actually pinned.
Thus, it must be designed to the normal force and shear force.

• Next, the structure is calculated according to the bending moment solicitation.

• The obtained design is then checked regarding the normal force, shear force deflection and
(lateral) buckling.

Let’s notice that welded built-up sections are designed elastically since geometries are chosen to
remain in class 3.

Geometry hypothesis

On the figure 2.33, reader will find hypothesis that were made. These flanges dimensions are
based on a IPE 240 profile that is necessary to withstand the minimal internal forces on the
structure while ensuring a class 3 web.
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Figure 2.33: Hypothesis on the geometry of the welded built-up section

Bottom end design

The table here under presents the maximal forces applied on the bottom of the column.

Maximal internal stress Normal force [kN] shear force [kN]
Positive - 68.58
Negative -106.35 (compression) -68.71

We are looking for the height of the profile at the bottom end of the column:

Solicitation Equations Required height [mm]
S235 S355 S460

Compression: Nb,Rd = χ
A·fy

γM1
110

Shear force: τEd

fy/(
√

3γMo) ≤ 1.0 and τEd = VEd
Aw

1 120 90 70

We see that a very thin section is required at the base of the structure. In order to ensure a
class 3 web, we must take the following minimal height:

Steel grade Minimal Height [mm]
S235 452
S355 372
S460 329

1Following Eurocode 3 for elastic calculation as Af

Aw
≥ 0.6
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bending moment design

MEd ≤Mel,Rd = Wel · fy
γM0

(2.40)

For each Steel grade (S235,S355 and S460) we compute the minimal height of the profile required
to withstand the bending solicitation described by the bending moment envelope. Then, taking
account of the chosen minimal dimensions, the real height of the member is found.

Figure 2.34: Minimal and final height required for the S235 column profile

The process is repeated for the cross beam and sections can finally be characterized.

Figure 2.35: Minimal and final height required for the S235 cross-beam profile
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Section height [mm] Column Cross-beam
Bottom end Top end central end lateral end

S235 452 680 452 700
S355 372 500 372 510
S460 329 410 329 420

Class of the web verifications

Web class Column Cross-beam
Bottom end Top end central end lateral end

S235 3 >3 3 >3
S355 3 3 3 3
S460 3 3 3 3

With S235 steel, ensuring a class 3 web requires a too thin web design. It doesn’t provide
any advantage in comparison with hot-rolled steel. Yet, the welded built-up profiles are more
expensive to produce. Then, the S235 welded built-up solution will not be studied for this size
of building (16x42m).

Further verifications

As the used sections are complex, hand calculation of buckling and other verifications would be
time consuming and imprecise. Thus, SCIA engineer software is used with this aim in mind.

Figure 2.36: Scia design

We must check that our deflection remains under a value required by the norms [12]:

f

L
≤ 1

200 ⇒ fmax < 80 mm (2.41)

where:

• f is the deformation

• L is the span [m]
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Figure 2.37: Numerically calculated 3D deformations on the S355 structure

In the figure 2.37 reader may notice we find acceptable deformations for S355 steel structure.
However, S460 design leads to excessive deformations. We have to gradually increase the di-
mensions till deformation becomes small enough:

Figure 2.38: Numerically calculated deformations on the S460 structure

Stresses on members are also computed to check that the elastic limit isn’t exceeded anywhere
on the section taking account of the final self-weight.
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Figure 2.39: Stress analysis of S355 structure

Figure 2.40: Stress analysis of S460 structure

Finally, the results are summarized:

Section height [mm] Column Cross-beam Bh t s
Bottom end Top end mass [T] central end lateral end mass [T] [mm] [mm] [mm]

S355 372 500 0.15 372 510 0.29 120 9.8 5.2
S460 345 460 0.14 350 440 0.28 120 9.8 5.2
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2.7 Structural system: rigid base columns, pinned girder

For the precast concrete on one hand, and precast concrete columns associated with glue lam-
inated timber girder on the other hand, a rigid base columns system is used. This scheme is
represented in the figure 2.41

Figure 2.41: Structural system: rigid-based columns, pinned girder

2.7.1 Precast concrete

This solution is entirely designed thanks to manufacturer catalogue. All available sizes and
admissible loads are exhaustively provided by concrete companies. Ergon company was chosen
because their online commercial documents were more complete.

Cross-beam design

In order to choose the right profile among the wide offering, it is required to evaluate the applied
vertical load. However, the catalogue [17] allows us to choose a profile knowing the span and
the live load. That’s why we don’t need to know a priori the self-weight of the beam.

• The ULS 3 loads combination is used since it gives the worst load on the beam:
Q = 1.95 kN/m2 · 6 m = 11.7 kN/m

• The span is 16 m long.

The concrete girder is designed with different models of profile from the catalogue[17]. The aim
is to consider every available possibilities for this span and loads situation in order to compare
their mass.
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Figure 2.42: I type beams design table

Figure 2.43: IE type beams design table

Figure 2.44: IV type beams design table
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Figure 2.45: IVH type beams design table

Beam profile Max available length mass [T]
I 700/290 23.2 > 16 5.68
IE 850/340 27.2 > 16 5.34
IV 875/240 19.1 > 16 3.98
IVH 800/290 18 > 16 4.28

For the sake of mass reduction, which usually leads to environmental impact improvement and
makes the on-site handling easier, the IV 875/240 is selected.

Column design

Each column must sustain a normal force and a bending moment. This couple of solicitations
will allows us to design the column.

N = load on the cross beam + beam self weight + walls cover

= 11.7 · 16
2 + 1.35 · 3.98 ∗ 9.81

2 + 1.35 · 0.15 · 6 · 4

= 125kN

M = wind on the vertical walls

= 1.5 · (0.483 · 6) · 42

2
= 34.78kNm

(2.42)

To find the buckling length, we follow the recommendations from Ergon catalogue [17]:
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Figure 2.46: Buckling length

As the column is encased into the soil, we must take a buckling length equal to h/
√

2 = 2.9m In
the catalogue, the beams are classified according to their buckling lengths. We take the length
that is the closest to our situation:

Figure 2.47: CR-RK type columns design table

We select a CR-RK 290-290 profile which has a weight of 2.06 kN/m.
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2.7.2 Precast concrete column and glue laminated timber girders

In order to keep a roof slope of 1.15 degrees. It was decided to use a girder with variable inertia.
The element is flat on its bottom base and has two slopes at the top side; the center of the rafter
being the highest point of the element. Its dimensions can be seen in figure 2.48. For this type
of beam four criteria must be checked, all in accordance with the Eurocode 5[23][11]:

• The first one is the verification of the stresses due to the bending in each single decrease
zone.

• The second one is also the verification of the stresses due to the bending but in the ridge
area.

• The third one is the verification of the stress due to traction perpendicular to the fiber
orientation of the wood in ridge area

• A final check will be made for the compression of the fibers at the supports

The following assumptions were made for the verification of the girder:

• Service Class 1: structures protected from the bad weather

• hap: Height of the ridge = 960 [mm]

• hs: Height of the end = 800 [mm]

• Thickness: 200 [mm]

• Material: GL28h. All its properties can be found in the table 2.13 here under [5].

Properties Symbol [MPa]
Bending resistance fm,g,k 28

Tensile resistance ft,0,g,k 22.4
ft,90,g,k 0.5

Compression resistance fc,0,g,k 28
fc,90,g,k 2.5

Shear resistance fv,g,k 3.5
Elasticity modulus Emean 12600
Shear modulus Gmean 650
Density ρmean 460

Table 2.13: Properties of the glue laminated timber GL28H

Figure 2.48: Characteristic of the girder
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First criteria: verification of stresses (ULS), bending stress in each single decrease
zone

σm,α,d
km,α.fm,d

≤ 1 (2.43)

σm,α,d: bending stress induced by the ULS combination of actions

Calculation of the point x where the stress is maximum

x = 0.5.L. hs
hap

= 6666 [mm] (2.44)

Calculation of the bending moment at point x

Md(x) = q.L.x

2 − q.x2

2 = 3.88 · 108 [KN.m] (2.45)

Calculation of the height of the section at point x

h(x) = hs + tan(α).x = 933 [mm]

tan(α) = hap − hs
0.5.L = 0.02

(2.46)

Finally the highest stress is calculated

σm,α,d = 6.Md

b.h2 = 13.4 [MPa] (2.47)

fm,d: bending resistance

fm,d = fm,k.
kmod
γM

.ksys.kh = 24.64 [MPa] (2.48)

• fm,k = 28: Characteristic resistance to bending

• kmod = 1.1: Reduction coefficient as a function of the shorter load (wind) duration and
the service class

• γM = 1.25: Security coefficient

• ksys: Equal to 1 because L ≥ 1.2 m

• kh: Equal to 1 because h ≥ 600 mm

km,α: coefficient of decrease for the height

km,α = 1√
1 +

(
fm,d

1.5fv,d
tan(α)

)2
+
(
fm,d

fc,90,d
tan2(α)

)2
= 0.98 (2.49)

• fv,d: Shear strength = fv,k.
kmod
γM

= 3.08

• fc,90,d: Compression strength = fc,90,k.
kmod
γM

= 2.2

• α: Slope
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Verification of the first criterion

σm,α,d
km,α.fm,d

= 9.79
0.85 · 20.16 = 0.55 ≤ 1 (2.50)

Second criterion: verification of stresses (ULS), due to bending stress in ridge area

In this area, the resistance condition is:

σm,d
kr.fm,d

≤ 1 (2.51)

The coefficient kr decreases the bending strength of the strips when they are bent. Its value is
a function of the bending radius and the thickness of the strips. In this case kr is equal to 1
because the strips are straight.

σm,d: bending stress in the ridge area induced by the ULS combination of actions

The induced stress is increased by the coefficient kL obtained with the equation (2.53). It
depends on the height at the ridge, the slope and the inner radius of curvature of the girder.

σm,d = kL
6.Map,d

b.h2
ap

= 13.41 [Mpa] (2.52)

• Map,d: Bending moment at the ridge.

• b and hap: Thickness of the girder and height at the ridge.

kL = k1 + k2.(
hap
r

) + k3.(
hap
r

)2 + k4.(
hap
r

)3 = 1.03 (2.53)

k1 = 1 + 1.4.tan(α) + 5.4.tan2(α) = 1.03

It is not required to calculate k2; k3; k4 because r =∞ and so, hap

r = 0

Verification of the second criteria

σm,d
kr.fm,d

= 13.41
1 · 24.64 = 0.54 ≤ 1 (2.54)

Third criterion: verification of stresses (ULS), traction stress perpendicular to the
grain orientation of the wood in ridge area

The tensile stress is calculated from the bending stress and a shape coefficient kp. Moreover
the resistance condition is modified by the coefficient kdis which reflects the dispersion of the
stresses and by the coefficient kvol which reflects the influence of the volume of the ridge area.
So the resistance condition is:

σt,90,d
kdis.kvol.ft,90,d

≤ 1 (2.55)
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kdis = 1.4 for girder with variable inertia.

kvol =
(
V0
V

)0.2
= 0.56 (2.56)

• V0: Reference volume = 0.01 m3

• V : Volume of the ridge area calculated with equation (2.57)= 0.179 m3

V = h2
ap · b(1−

hap
2L ) (2.57)

σt,90,d: traction stress perpendicular to the grain orientation of the wood in ridge
area induced by the combination of action of ultimate limit states

σt,90,d = kp
6.Map,d

b.h2
ap

= 0.05 [MPa] (2.58)

• Map,d: Bending moment at the ridge

• b and hap: Thickness of the girder and height at the ridge

• kp: Shape coefficient

kp = k5 + k6.(
hap
r

) + k7.(
hap
r

)2 = 0.004 (2.59)

k5 = 0.2.tan(α) = 0.004
k6 = 0
k7 = 0

fm,d: tensile resistance in MPa

ft,90,d = ft,90,k.
kmod
γM

= 0.44 [MPa] (2.60)

• ft,90,k: Characteristic tensile resistance

• kmod: Reduction coefficient as a function of the shorter duration load and the class of
service

• γM : Security coefficient

Verification of the third criterion for the ULS

σt,90,d
kdis.kvol.ft,90,d

= 0.05
1.4 · 0.56 · 0.44 = 0.15 ≤ 1 (2.61)
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Verification of the compression perpendicular to the fiber on girder supports

To avoid compression failure at the supports, a sufficiently large area is required. Since the
width of the girder is known, only the laying length must be determined.

The ULS 3 loads combination is used since it gives the worst load on the beam: Q = 1.95 kN/m2·
6 m = 11.7 kN/m. As the beam is 16 m long, a force of 93.6 kN applies on each support.

Knowing that the resistance for compression applied perpendicular to the fiber for the glue
laminated wood GL28H is 2.5 MPa and the width of the beam is 20 cm the required length
can be calculated:

fc,90,d = kmod ·
fc,90,k
1.25 = 2.2

[
N

mm2

]
2.2

[
N

mm2

]
= 93600

200 · x

[
N

mm2

]
x = 187.2 [mm]

(2.62)

As the chosen concrete column (CR-RK 290-290) has 290 mm sides, there is no problem for
placing the girder on it.

Deflection verification (SLS)

For an uniform loading, it is possible to calculate the maximum instant deflection with the
equation (2.63) [24]. Since the slenderness of this type of beam is important, the deflection
caused by the shearing force could have been neglected. However, for sake of precision, it is
calculated by the second part of the formula.

Winst = km
5 · 12 · qinst · L4

384 · Emean · b · h3
s

+ kt
6 · qinst · L2

5 · 8 ·Gmean · b · hs
= 44.2 [mm] (2.63)

With:

• Winst: Deflection [mm]

• qinst: Uniform loading [KN/m]

• L: Span [mm]

• Emean: Elasticity modulus [Mpa]

• Gmean: Shear modulus [MPa]

• b: Thickness [mm]

• hs: Height of the girder at the support [mm]

• km: Coefficient for the deflection caused by the bending moment defined by the figure 2.49

• kt: Coefficient for the deflection caused by the shear force defined by the figure 2.50
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Figure 2.49: Coefficient related to the deflection caused by the bending moment

Figure 2.50: Coefficient related to the deflection caused by the shear force

The creep deflection, which is induced by the time of the loading and by the humidity of the
wood, must be determined in order to calculate the final deflection which is the sum of the
instant and the creep deflection. As the deflection is proportional to the load, it is simpler to
calculate the creep deflection from the instantaneous one.

Wnet,fin = Winst +Wcreep = 78.9 [mm] (2.64)
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With:

• Wcreep = Winst · kdef = 35.1 [mm]

• kdef : creep coefficient of 0.8 (glue laminated timber)

It needs to be checked if the deflection due to the actions on the structure stay under the limits
(L/300 for Winst and L/200 for Wnet,fin):

maximum


Winst

Wlimit
= 43.8

53.3 = 0.82

Wnet,fin

Wlimit,net,fin
= 78.9

80 = 0.98
≤ 1 (2.65)

Column design

The same method than in section 2.7.1 is used.

N = 11.7 · 16
2 + 1.35 · 1.30 ∗ 9.81

2 + 1.35 · 0.15 · 6 · 4

= 107kN
M = 34.78kNm

(2.66)

The smallest profile available on catalogue, CR-RK 290-290, is sufficient to withstand the solic-
itations. It has a weight of 2.06 kN/m.
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2.8 Foundations pre-sizing

Like primary structure, foundations are divided into two categories: pinned columns and en-
cased columns. These cases are analyzed separately. The aim of this section is to pre-size the
foundations in order to take it into account in the following analysis (environmental impact,
assembly time). Thus, a simplified method is used and only bearing capacity is considered.

2.8.1 Pinned columns

Figure 2.51: Foundation of the pinned column

This system is associated with the hot-rolled and the welded built-up technologies. As the hot-
rolled frame is heavier, and to consider the worst case scenario, we use it to evaluate loads on
the foundation.

Solicitations
Vt = 100 kN (see section 2.6)
Ht = 58 kN
Mt = 0 kNm

(2.67)

Now that loads are known on the top of the foundation, stress on the ground can be computed
below the concrete block.

Vb = Vt + V olume · ρconcrete = 100 + (H · L ·B) · 25 ∝ Geometry
Mb = Mt +H ·Ht ∝ H

(2.68)

Knowing the internal forces, we can find the maximal stress on the soil below the block [21]:

σ = N

A
+ My

I
(2.69)

This stress must be smaller than the soil bearing capacity.
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Soil bearing capacity
We consider a firm clay with a unit weight γs of 18 kN/m3. The bearing capacity is estimated
like so [16]:

q = q0 + 1
3 · (kp · pl) (2.70)

With:

• q0 = depth · γs

• kp = 0.8(1 + 0.25 · (0.6 + 0.4 · BL )De
B )

• pl ∈ [1.2; 2] = 1.5 MPa [16]

Solution
Both design stress and bearing capacity depend on our block geometry. First hypothesis is based
on a life cycle assessment study conducted in collaboration with ArcelorMittal [25]. This ensures
a prosaic design. Then, as the outcome of an iterative process, the final solution is found:

H = 300 mm
B = 720 mm
L = 720 mm

(2.71)

We consider a steel reinforcement ratio of ten percent of the mass. It gives 77.76 kg of BSt 500
steel.

2.8.2 Encased columns

Figure 2.52: Foundation of the encased column

This system is associated with the precast concrete and the glue laminated timber/concrete
technologies. Again, the heaviest solution, the all-concrete frame, is used to evaluate loads on
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the foundation. The process is similar than in section 2.8.1.

Vt = 125 kN (see section 2.7.1)
Ht = 58 kN
Mt = 34.78 kNm
Vb = Vt + V olumeconcrete · ρconcrete + V olumesoil · ρsoil ∝ Geometry
Mb = Mt +H ·Ht ∝ H

(2.72)

Solution
H = 600 mm
B = 1030 mm
L = 1030 mm
e = 340 mm
h = 240 mm

(2.73)

We consider a steel reinforcement ratio of ten percent of the mass. It gives 148.12 kg of BSt 500
steel.
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2.9 Partial conclusion: Designed solutions summary

On the table 2.14 reader will find a summary of the designed solutions for the first case with
various materials. It contains the profile types and their mass as well as the number of elements
required for each members of the primary structure. The graph 2.53 allows the comparison
between the different materials regarding their mass. The written values comes from the sum
of both columns and beam masses.

Figure 2.53: Comparison between the different materials regarding the mass

Several comments can be made based on the figure:

• The mass of a concrete frame is up to three times the mass of steel solution.

• The reinforced concrete column with a glue laminated timber is a medium weight design.
The mass of the wood is almost identical to the mass of the steel, but the concrete columns
remain much heavier than the steel.

• Foundations for the encased columns are twice as heavy than the solutions with pinned
columns.

• The welded built-up solution is the lightest. It is due to the design process which leads to
optimize the structure.

The table 2.15 is equivalent to the table 2.14 but concerns the secondary structure.
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Table 2.14: Summary of the different frame solutions

Table 2.15: Summary of the different choices for secondary structure
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Chapter 3

Hall size variation

Once the design method is described and validated, sizing of other hall size situations can be
performed using exactly the same process. Besides the 16 m span basic case, two additional
halls are considered: the 24 m span and the 36 m span.

3.1 Size 1: Height=4 [m];Span=16 [m]

Table 3.1: Summary of the different choices for the superstructure of the 16m span frame
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Table 3.2: Summary of the different choices for the foundations of the 1§m span frame

Figure 3.1: Mass comparison for the 16m span frame
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3.2 Size 2: Height=12 [m];Span=24 [m]

These dimensions are meant to represent a typical industrial building. To suit its role for the
industrialist, columns has been lengthened to 12 m to increase the usable volume. The tables
below present the results of the design.

Table 3.3: Summary of the different choices for the superstructure of the 24m span frame

Table 3.4: Summary of the different choices for the foundations of the 24m span frame
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After summarizing all the elements required to build the structure, the mass is compared between
the six considered solutions. The solution for welded built-up S355 and S460 is the same that
the welded built-up S235 solution.

Figure 3.2: Mass comparison for the 24m span frame

3.3 Size 3: Height=12 [m];Span=36 [m]

This hall size allows us to consider a larger-scale building as well as pushing the materials and
the structural mechanism to their limit. Once again, results are presented in both following
tables.

Table 3.5: Summary of the different choices for the superstructure of the 36m span frame
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Table 3.6: Summary of the different choices for the foundations of the 36m span frame

Then, masses of all possibilities are compared.

Figure 3.3: Mass comparison for the 36m span frame
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3.4 Partial conclusion: Size variation

The histograms 3.4 and 3.5 allow the comparison between the mass of the different structural
solutions regarding the hall size variation. The following comments can be made:

• The first histogram enables to analyze the mass reduction from one size to another for
every constructive solution.
The decrease of the mass with the size is related to the chosen constructive solution. The
heavier the used material, the more significant is the mass increase between the sizes: for
solutions containing concrete (complete precast concrete frame and glue laminated timber
girder with concrete columns), the mass decrease between the medium and the small size
is around 80 %. The steel solutions have smaller masses and the mass variations between
medium and small hall are between 68% and 75% depending on the constructive method
and the steel grade.
From large to medium size the smallest decrease is for the solution involving wood with a
21 % drop. This size change leads to a smaller mass variation for two main reasons: On
the one hand, the height of the column is the same for both medium and large halls. On
the other hand, the columns supporting the 24 m girder was oversized because no smaller
precast elements on the catalogue could sustain the required loads. Hence, in either case
590-390 elements were chosen. The concrete representing a large part of the total mass of
the frame (see figure 3.3), concrete/wood solution are very similar in the 24 m and in the
36 m span cases regarding their mass. The mass of the full concrete solution decreases
by 56 % mainly because of the bigger dimensions required to sustain the loads on such a
large span. Indeed, a 36 m girder gets close to the maximal available length of many of
the models. Steel solutions have highly variable decreasing percentages between 23 and 40
% depending on the steel grade.

• The second one shows the difference of mass between the various material choices for each
of the three frame spans.
The first thing to notice is that for all three sizes the order of the constructive solutions
ranked according to their weight is the same.
After that, it can be observed that the mass reductions between the 4 main families of
solutions, all concrete solution, solution with a wooden beam, hot-rolled solution and
finally optimized welded built-up solution, remain more or less constant regardless of the
size. The concrete structures are 36 to 40% heavier than the glulam ones. These solutions
are 50 to 63 heavier than steel solutions. Finally, the choice of a welded built-up solution
allows a 20 to 38 % mass reduction.
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Figure 3.4: Mass comparison according to the size for every material

Figure 3.5: Mass comparison according to the material for every size
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Chapter 4

Life cycle assessment

As previously said in the introduction, the construction sector is one of the most energy-
consuming and greenhouse gas producer. As it seems essential to consider the environmental
aspects in our comparison, this chapter will be devoted to them.

4.1 Life cycle assessment information

Developed during the 1990’s, the LCA is a method that allows to quantify human actions on
the environment and particularly regarding greenhouse gases. In a society where one feels more
and more concerned with the environment, it was natural to carry out an LCA study for the
industrial halls of this research.

The aim of this part of the dissertation is to compare the most common structural systems
used in industrial halls (steel, concrete and wood) in order to select the best system for the
environment. The LCA method contains a lot of indicators but only two impacts will be studied
in the analysis: Global Warming potential and Embodied energy. They will be detailed below.
We will also compare several envelopes to optimize the use phase in terms of energy.

For the comparison, the functional unit is a single frame module with its secondary structure
and its foundation. Using it for the LCA allows us to easily compare different hall dimensions
without taking account of the length of the building. Hence, as industrial halls are composed of
a succession of modules regularly spaced, our results are easily usable no matter the number of
modules required.

According to the European standard 15978, a LCA methodology includes several stages through
which all construction materials must pass: going from the production of the material to the
end of this life through transport and construction (see figure 4.1). Recycling of materials is not
mandatory in the European standard EN 15978 but it has a high influence on the GWP and the
EE. Let’s notice that, in Belgium, taking the recycling into account is mandatory. This study
will compare LCA with D phase considered (A to D) or ignored (A to C) to see the benefit
given by the D stage. At first, the stage B will be assumed to be constant from one structural
system to another. Secondly, it will be considered by comparing the impact of the choice of the
covering on the heating consumption.
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Figure 4.1: Life cycle stages for building products and buildings according to EN 15978. The
stage benefits and loads is not indicated in the norm.[18]

4.2 Data for ecological information

In this part of the study, only two impact categories are considered: the Global Warming
Potential (GWP) and the Embodied Energy (EE), which is all the energy required to produce
each element (measured in MJ ).
The Global Warming Potential describes the contribution of emissions to the greenhouse effect.
It is measured in kg CO2-Equivalent, which means that all the gases released during the life cycle
of the materials are converted in terms of equivalent mass of CO2, taking account of the strength
of their global warming effect. These environmental data are issued from previous studies. The
values for the structural steel, rebars and the concrete was calculated by the Council on Tall
Buildings and Urban Habitat (CTBUH)[28] while the values for glue-laminated timber are found
in a study of Bauforumstahl on the life cycle assessment comparison of a typical single storey
building [25]. All these data are available in the table 4.1.

According to the same research from CTBUH [28], the various structural elements are considered
with different levels of complexity: beams are fully fabricated products (through the addition of
steel plates as described below); and columns are steel profiles fabricated without the addition
of any plates.

Consequently, the total GWP and EE of columns and beams are calculated as follows:

Total GWP or EE of Steel Elements = GWP or EE of Steel Production + GWP or EE of Steel
Elements Manufacture
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ArcelorMittal indicated an electricity input of 0.15 MJ per kg for steel production [28]. This
leads to an EE of 0.44 MJ and a GWP of 0.03 kg of CO2 which need to be added to the
accounting of the impact from every kilogram of beams and columns.

Hence, steel beams are considered as per the following expression:

1 kg steel beams = 0.95 kg of steel profiles + 0.05 kg of steel plates + 0.15 [MJ] of electricity

And columns are considered as:

1 kg steel columns = 1 [kg] of steel profiles + 0.15 [MJ] of electricity

The following table 4.1 summarizes all the data chosen regarding the production phase. It may
be noted that the GWP of wooden elements is negative. This is due to the fact that wood
is considered as a reserve of carbon. This consideration also influences the stage D. Indeed, a
certain amount of the CO2 embed in the material during the tree growth is emitted during the
recycling which is, most of the time, an incineration of waste.

Material Global Warming Potential
[Kg CO2/Kg]

Embodied
Energy [MJ/Kg]

Concrete
C30/37 0.17 1.25

Structural steel
Profiles 1.14 14.8
Plates 2.46 26.07
Beams 1.23 15.81
Columns 1.17 15.25
Rebars 1.24 16.4

Wood
Glue-laminated timber -1.19 27.32

Table 4.1: Environmental data for the product stage

The environmental impact related to the transportation of the structural elements is estimated
by the AMECO software with a hypothetical distance of 100 km between the supplier and the
construction site. This distance has been chosen because of the central location of the project
in Belgium. We consider that any material can be found in the offer of a retailer located less
than 100 km away.



76 CHAPTER 4. LIFE CYCLE ASSESSMENT

4.3 Results and comparison

4.3.1 Comparison between frame materials

Here under reader will find some graphs which compare the environmental impact of the different
solutions considered in this study. The three different dimensions of building are compared.
Every result is given for one module (two columns, one beam and the foudations). One may
notice that whether the recycling phase (D stage) is taken into account or not, the result varies
a lot.

Indeed, the steel can be recycled in a large proportion and melted again to produce new material.
The recycling rate for steel elements (sections and plates) is 99 %. This means that 99% will
be reused during phase D. In particular, welded steel have a much larger environmental impact
when recycling isn’t taken into account because of the manufacturing process. Nevertheless,
once the recycling is considered, the weight reduction enabled by the variable inertia elements
allows an environmental impact reduction.

The wood has a lower impact during the first three stages of its usage but must be burned after
de-construction to avoid landfill. When the wooden components are incinerated, they produce
energy and release CO2, so impact is very different when the recycling is considered. Let’s notice
that the energy released during the incineration can be used. That’s why the questions about
taking it into account in the environmental impact calculation divide specialists.

The concrete, for its part, cannot be recycled. This explains why A to C and A to D analyses
give similar results.

The case of reinforcing steel is particular. It is made from 99% recycled steel, but the recycling
rate of the rebar steel in precast concrete is only 70%. This is notably because extracting the
rebars from the concrete is a very difficult process. Therefore, for solutions involving reinforce-
ment steel the accounting of the recycling phase tend to increase both global warming potential
and embodied energy.

Figure 4.2: GWP for different frame materials from stage A to C and from A to D for 16 m
span
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The comparison of the Global Warming Potential for all the structural solutions shows that
hot-rolled steel give close results from one grade to another. The quantity of GWP decreases
with the mass of the hot-rolled frame so the lighter one is the most ecological.

The GWP of welded built-up solutions appears to be the most dependent on the consideration
of the stage D. These are among the largest emitters of greenhouse gases if the analysis only
takes into account stages A to C but they become the most efficient technology if the recycling
is considered.

The conclusion for glue laminated girder associated with pre-stressed concrete columns is com-
pletely opposite. This difference is attributable to two already explained realities: the wood
incineration after its use that releases CO2 into the atmosphere and the high proportion of
recycled steel into the steel reinforcement.

The prefabricated concrete solution comes out to be the most polluting whether the stage D is
taken into account or not. The concrete cannot be recycled at all and again the reinforcement
steel comes mostly from recycled steel but cannot be recycled at such a high proportion itself.

Transport represents only a very small part of the greenhouse gas emissions and is directly
proportional to the mass of the transported elements. So, the heavier elements such as concrete
parts have a slightly higher GWP.

Figure 4.3: EE for different frame materials from stage A to C and from A to D for 16 m span

The comparison of Embodied Energy of the different options brings us to consider new reflec-
tions. Firstly, the precast concrete requires few energy to be produced. Most of its impact comes
from the steel reinforcement. Secondly, wood requires a large amount of energy. However, this
must be put into perspective as a large proportion of this value is taken by renewable energy
(roughly half of it). This proportion is much larger for wood than for other material as reader
may see in the graph 4.4.
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Figure 4.4: Proportion of renewable energy in the Embodied Energy

Then the GWP is observed for the two other dimensions; 24 m and 36 m span frames are
analyzed. The aim is to study the influence of the size on the environmental impact. Will the
tendencies, previously revealed, become clearer or not?

Figure 4.5: GWP for different frame materials from stage A to C and from A to D for 24 m
span
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Figure 4.6: GWP for different frame materials from stage A to C and from A to D for 36 m
span

In order to help the reader to easily apprehend the data, the three following graphs give the
additional percentage of GWP for each span and in comparison with the most ecological option
(if the recycling is taken into account): the welded built-up steel.

Figure 4.7: GWP from stage A to D comparison with the S460 welded built-up structure for 16
m span
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Figure 4.8: GWP from stage A to D comparison with the S235 welded built-up structure for 24
m span

Figure 4.9: GWP from stage A to D comparison with the S235 welded built-up structure for 36
m span

The results show that the difference between materials doesn’t systematically increase with the
size:

• S235 hot-rolled steel and precast concrete: when the span rises, it is more and more
attractive to build with welded built up instead of with these methods.

• S355 and S460 hot-rolled steel: for 16 and 24 m span structures the tendency is similar
than with S235 steel, but as soon as the size increase up to 36 m, the propensity reverse
and the difference with welded steel become smaller.
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• Glue laminated timber and concrete: when the span is limited, the difference with welded
steel decrease with the size. At higher span the effect invert and the difference becomes
higher again.

4.3.2 Environmental impact of the secondary structure

Secondly, the secondary structure is observed. The graph below presents the environmental
impact of the secondary structure in terms of greenhouse gas emission. Depending on whether
the recycling phase is taken into account or not, the choice between steel and wood for purlins
is different. If all stages are considered, steel comes out to be the most ecological choice as a
material for purlins and wood is a better choice otherwise.

Figure 4.10: GWP of secondary structure from stage A to C and from A to D. For one module.

4.3.3 Analysis of primary and secondary structures

Once that all components were studied individually, it is know possible to combine the primary
and the secondary structures to compare them in terms of eco-efficiency. Below, the reader may
notably see the influence of the choice of the material for the purlins on the total environmental
impact. All sizes and constructive methods are compared in the three graphs below. The girts
and bracings are considered in every situation. Steel purlins were chosen for steel solutions
and timber purlins for wood/concrete solution. In the case of the precast concrete halls, both
materials are possible for the purlins so the two possibilities are analyzed.



82 CHAPTER 4. LIFE CYCLE ASSESSMENT

Figure 4.11: GWP for different frame and secondary structure materials from stage A to C and
from A to D for 16 m span

Figure 4.12: GWP for different frame and secondary structure materials from stage A to C and
from A to D for 24 m span
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Figure 4.13: GWP for different frame and secondary structure materials from stage A to C and
from A to D for 36 m span

The secondary structure has a significant consequence on the environmental impact no matter
the building size. However, it does not change the previous observations and welded built-up
remains the most "green" if recycling is taken into account while the concrete/timber solution is
the best choice if the D phase is ignored.

4.4 Building envelope

In order to gain knowledge about the primary energy saving when the building is insulated,
two types of envelope are considered in this section: a highly insulated (the warm one) made
of sandwich panels and a poorly insulated (the cold one) made of aerated concrete for the walls
and sandwich panels for the roof. These two variants are compared regarding the operational
phase of all three studied halls. The various building envelopes and their physical properties are
listed below in table 4.2.

Cold envelope Warm envelope

External walls Siding slab "HEBEL" CC 3/500
e = 365 [mm], U = 0.305 [W/m2K]

Ondatherm 1040 B Sandwich panels
e = 200 [mm], U = 0.126 [W/m2K]

Roof Ondatherm 1040 TS
e = 60 [mm], U = 373 [W/m2K]

Ondatherm 1040 TS
e = 80 [mm], U = 0.31 [W/m2K]

Ground slab Not insulated, U =0.599 [W/m2K]

Table 4.2: Technical features of building envelopes

The first goal is to determine the number of years after which the energy saved thanks to a highly
insulated envelope is greater than the extra energy required to produce it. Indeed, the more
efficient is the insulation, the higher is the primary energy expenditure required to produce the
envelope. This energy, which is obtained in GJ with Ameco is converted to MWh. The energy
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demand as well is estimated using the Ameco software. The condition demanded to allow the
software to compute the consumption of the heating system is a constant indoor temperature
of 18°C. From this restriction, the program gives the energy needs in MWh for all three sizes.
The output data are available in the table 4.3.

The comparison can now be made between the two envelopes. Energy consumption over the
years are summed to obtain the accumulated consumption year after year for both technologies.
The intersection between the obtained lines in the figures 4.14, 4.15 and 4.16 indicates the time
in years that will be required for the investment in primary energy to become energetically
profitable.

Primary energy demand
for production

Estimated annual primary
energy demand for heating

Size 1: Height=4 [m]
Span=16 [m]

Cold envelope 215 [MWh] 6.5 [MWh/a]
Warm envelope 230 [MWh] 12.5 [MWh/a]

Size 1: Height=12 [m]
Span=24 [m]

Cold envelope 403 [MWh] 91 [MWh/a]
Warm envelope 550 [MWh] 36.5 [MWh/a]

Size 1: Height=12 [m]
Span=36 [m]

Cold envelope 450 [MWh] 112 [MWh/a]
Warm envelope 633 [MWh] 50.5 [MWh/a]

Table 4.3: Primary energy expenditure for production and annual primary energy demand for
heating

Figure 4.14: Comparison of primary energy demand for the warm and col envelopes over an
utilization period of 10 years (for the smallest hall)



4.4. BUILDING ENVELOPE 85

Figure 4.15: Comparison of primary energy demand for the warm and col envelopes over an
utilization period of 10 years (for the medium hall)

Figure 4.16: Comparison of primary energy demand for the warm and col envelopes over an
utilization period of 10 years (for the biggest hall)

In terms of primary energy demand, the choice of the warm building rather than the cold one pays
off the energy investment after 4 years regardless of the size of the hall. The additional energy
for production of the warm envelope compared to a poorly insulated building is compensated
by the lower demand for operational energy to maintain the temperature at 18°C. Figure 4.17
illustrates this outcome and shows the real energy saving over 4 years. With this graph, we
observe that the larger the building is the more energy is saved. A large building will therefore
have more interest to be insulated.
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This example of comparison shows the importance of considering the entire life cycle. As build-
ings are designed for a long period of use, the right decisions must be taken during the studies
to make it the least expensive in the long run.

Figure 4.17: Energy saving over 10 years with insulation

4.5 Partial conclusion: Environmental impact

Throughout this chapter, the environmental effect was assessed using a LCA methodology that
allows to quantify human actions on the planet. This analysis was carried out for all structural
systems and also for all the sizes studied with a simple frame, its foundations and its secondary
structure as the functional unit.

It was shown that steel was the most efficient material if the recycling stage was taken into
account. It should also be noted that optimization of the profiles improves the eco-efficiency
because of the mass reduction. Therefore, the welded built-up solution is the most ecological
among steel solutions. If the recycling isn’t considered, then, the wood is the most ecological
in terms of GWP. Furthermore, the conclusion regarding the EE depends on two criteria: the
inclusion of the D stage and the distinction between renewable and non-renewable energy. If the
recycling is involved, then the wood appears to have poor eco-efficiency. However, if phase D is
neglected and if only non-renewable energy is compared, the wood solution impact is similar to
steel solutions. Precast concrete solutions, otherwise, have a medium impact if the end of life is
neglected but are not "green" at all otherwise. This is because of their inability to be recycled.

The consideration of the secondary structure brought the same conclusions: wood is more at-
tractive as a material for purlins if the recycling phase is neglected while steel is preferable as
soon as all life stages are considered.
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The two types of foundations were also considered. The foundations for the encased columns are
much more massive than the foundations for the pinned columns. They also require more steel
reinforcement to sustain the bending moment. This additional material consumption involves
logically an increase of both the greenhouse gas emission and the embodied energy. To give
some figures, the first type is about two times more polluting than the other. As a reminder the
encased columns are used for the constructive solutions involving precast columns.

The change of the size does not affect the previous conclusions. The proportional gain (regarding
GWP) done by choosing the welded built-up rather than other solutions doesn’t systematically
increases with the span. Depending on the materials, tendencies are divergent.

Transport represents only a very small part of the greenhouse gas emissions and is directly
proportional to the mass of the elements transported. So the heavier elements like concrete
parts have a slightly higher GWP.

The second part of the chapter covered the comparison of two building envelopes with different
thermal properties. A "cold" one made of concrete block for the wall and sandwich panel for
the roof and a "warm" one only made with sandwich panel with better thermal properties.
This comparison shows that, regardless of the size of the halls, the primary energy investment
becomes profitable after 4 years. It also brings out the importance of considering the entire life
cycle of the building and not only the production and the end of life stage.
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Chapter 5

Assembly Phase

After the design of the halls and the calculation of the environmental impact, this chapter
focuses on the comparison between the assembly times of the different constructive solutions.
The assembly time is proportional to the number of elements that need to be placed and their
ability to be handled. Therefore, conclusions from the comparison between materials are similar
from one building size to another. That is why only the basic case (16x42m) is considered.

The first part of this chapter concerns the different assumptions about the time required to carry
out the necessary construction work.

After this, the execution time is compared considering three distinct construction stages:

• The construction of the foundations

• The assembly of the primary structure

• The installation of the roof and facades cladding

In order to estimate the assembly time of each stage, a database from ArcelorMittal was adapted
to suit the conditions. Knowing the unit time for all the elements, the total duration can be
quantified.

Finally, the last part is devoted to the establishment of a planning. This allows an easier under-
standing of the comparison between different combinations of structure solutions and envelope
types.

The step of the construction in particular depends a lot on some external factors like weather,
quality of the communication with the client, delivery delay, etc. Hence, even though we made
all assumptions to reflect the reality as precisely as possible, reader must keep in mind that
results can be very different depending on the conditions.

Let’s notice that only installation time was considered. The displacements of the workers and
the machines on the construction site, the time for the manufacturer to bring materials on site,
the site installation, the concrete curing time, the concrete slab and other finishings were not
considered. However, these elements are similar from one solution to another and has no impact
on the comparison between them.

89
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5.1 Assumptions

The first assumption is to consider only one team of workers and one crane. Hence all operations
are successive and cannot be performed in parallel except for the concrete curing. This explains
why these steps are not taken into account.

Regarding the working time of workers teams, the Belgian legislation is taken as a reference.
Hence, a normal work day of 8 hours is considered.

Many tasks, like columns and girders mounting, assembly of facades and roofing, require the
use of the crane. This last one should be used during 8 hours but unforeseen problems are
unavoidable on a construction site. Therefore, one assumes that the effective crane time use is
6.4 hours per day.

To estimate the total mounting time, an unit time must be chosen for each task. The different
assumptions for all these tasks are shown in the table 5.1. The reader should note that the
assembly times for column and girder depend on the used materials. This is due to the difference
between joining techniques from one material to another.

Table 5.1: Assumptions on the mounting time of each elements
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Let’s notice that most of the unit mounting times remain very close from one hall size to another.
However, the concrete beams are the exception to this rule because of their considerable mass.
Indeed, the larger and the heavier a beam is, the most difficult and time-consuming it is to
handle by crane. It can be considered that 24 m span girders take 1.5 times longer than 16 m
girders to be placed and 36 m span girders take 2 times longer than 16 m girders to be placed.

5.2 Extensive comparison for each construction step

The various solutions studied in the previous chapters are now compared between them in terms
of installation time.

The first part of the time comparison is devoted to the foundations. The type of foundation
does not influence the number of tasks to be carried out and the following steps are involved in
each foundation installation:

• Grading and excavating the soil

• Placement of the steel reinforcement

• Concreting

As shown in table 5.2 below, the foundations for the concrete encased columns require more time
to complete. Indeed, the volume of this type of foundation is widely bigger than the volume
of the pinned one (see chapter 2.8.1). This additional volume logically produced an increase in
the amounts of soil to remove, of the steel to install and of the quantities of concrete to pour.
Therefore, all these additional quantities lead finally to a longer execution time.

Table 5.2: Work time required for the foundation systems1

The second part examines the mounting time of the structural system. The number of elements
installed with the crane is independent of the materials used. However, the joining techniques
are different for each material.

Concrete columns will be assembled using waiting bars emerging from the foundation. These
ones are inserted into sleeves in the column and overlap the main reinforcement once the sleeves
have been filled with mortar and this one has cured. This way of assembling takes much longer
than the simple bolting of the steel elements. This is why the solutions including concrete
columns take longer to build up than those made only of steel.

1The reader must keep in mind that these times represent the execution phase only. The displacements of
workers and machines are not considered. This explains the very small values that appear here.
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Table 5.3: Work time required to mount the structures

The last element to compare is the envelope of the building. As a reminder, walls of the "cold
envelope" are composed of siding slabs, 6 m in length and 0.6 m in height, directly laid on
the slab (which is not considered here) and laterally fixed to the columns. Then, girts are
unnecessary and their mounting time isn’t considered. The roof is covered with sandwich panels
and therefore, the installation time for purlins must be added.

The other envelope solution, the "warm one", is only composed of sandwich panels, 12 m in
length and 1 m in height, and thus the time for girts and purlins installation is taken into
account in the estimation.

It becomes clearly advantageous to use only sandwich panels for the envelope of the buildings.
Indeed, in addition to offering a better thermal insulation, the assembly time of this solution is
27% faster to set up. The details of installation times are available below in figure 5.4.

Table 5.4: Comparison between envelopes regarding the mounting time

All the structure solutions studied can be combined with the different envelopes depending on
the desired insulation. These combinations allow to determine the number of days required
for mounting the complete chosen structure. This total time for each combination is found in
table 5.5.

Table 5.5: Comparison between different halls regarding the total time required
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5.3 Construction planning

For a more visual comparison a schedule based on the previous sections in the form of a Gantt
chart has been produced. To avoid any underestimations of the execution time, the days assigned
to each task have always been rounded up. As explained above, draw up the planning of a
project is not an exact science and depends on a lot of factors like work accidents, errors with
purchases, bad weather or more simply human factor so the following chart must be considered
as an approximation.

Figure 5.1: Complete halls assembly time comparison for different solutions
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5.4 Partial conclusion: Assembly time

This chapter was dedicated to the comparison of assembly times for the different constitutive
elements of industrial halls. Now, let’s make some comments on the different observations based
on the comparison:

• As seen previously, the foundations associated with the two solutions requiring concrete
columns must be designed to absorb the bending moment transmitted by the columns.
This transmission isn’t an issue for steel solutions with pinned-base. Hence, the first type
of structure needs larger foundations. It leads to additional manual labour for the workers
and this type of foundation finally takes four times longer to complete.

• Due to joining techniques of concrete and wood solutions which are more time-consuming
than the bolting of the steel structure, the assembly times for the non-metallic structures
is more than thrice as long as the time allocated for steel ones. Indeed, for the 16x42 m
hall, 3 days are required for the mounting of steel structures while 7 days are necessary for
solutions involving concrete or wood. These differences are even more marked if greater
sizes are considered. Indeed, the mass of the concrete girders increases much faster than
the mass of the other beams leading to much longer crane handling process.

• The step which has the most impact on the total erection time is the installation of the
envelope. This stage represents 70% of the total time for lightweight steel structures and
50% for solutions with concrete columns.



Chapter 6

Limits of the method and future
improvements

The goal of the present study was to analyze and compare as much building possibilities regarding
the most important factors. Hence we consequently had to make choices to set the framework
of the research. This chapter reviews the present dissertation and proposes some improvements:

• The framework of the study does involve some of the most common structural systems.
Furthermore, we only considered one span frames while it could be interesting to push the
comparison further with intermediate column.

• The joinings were not designed because it is not determining as regards the analyzed
criteria.

• The fire resistance was not part of our study because the aim was to fit the Belgian market
were fire standards for industrial halls are not very restrictive at all. [15].

• For the same reason we didn’t check the resistance to seismic solicitations. We designed
our structure to sustain the wind which is, in Belgium, often more restrictive than loads
due to earthquakes[15].

• We restricted our task to the structure and the covering. Therefore, additional finishing
stages like the heating system, accesses or overhead crane are not addressed here.

• Only two indicators (GWP and EE) were considered in the life cycle assessment. We chose
them since they are the most widely used and in order to make our data easily comparable.
However, other indicators could have helped us to refine our results.

Some of these considerations are unnecessary to complete the aim of an exhaustive comparison
of all building approaches. Yet, some should be developed in the future in order to improve and
to refine the conclusions that we proposed as the outcome of this report.
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Conclusion

In this dissertation, we performed a comparative analysis of different constructive solutions for
industrial hall of various sizes. We wanted this study to be integrated into the present context.
Between 2010 and 2015, the number of new non-residential projects in Belgium grew by 9 % [19]
despite the economic crisis of 2007. On the other hand, the construction and industrial sectors
emitted 19.4 % of the carbon dioxide released in 2005 in our country [6]. Hence, both technical
performances and environmental impact are crucial factors to be considered.

In the first chapter, we defined the frame of the study and presented the methodology for the
comparison. Next, the design process was implemented and performed. It allows further analyses
and gathers all the essential indications required to design an industrial hall. This document
can be a valuable assistance for students or junior engineers. Then, the designed solutions were
compared according to their mass, eco-efficiency and installation time. As a conclusion, the
comparative analysis enables us to provide recommendations to anyone involved in an industrial
hall project, be it the project engineer, the contractors and subcontractors or even the project
owners. These recommendations can be found in detail in the partial conclusions of each chapter,
which are summarized hereafter.

Design process The stability study of a project often accounts for less than 5 % of the total
budget[27]. However, it is crucial because it allows the design office to choose the structural
systems that are easier to design. Regarding this criterion, the all-concrete solution is the best
choice because catalogues are able to provide all the necessary data (available span, admissible
loads, mass...) and engineers then only have to evaluate the loads. Hot-rolled steel profiles are
also very easy to compute as softwares like Portal+ can speed up the process. On the contrary,
welded built-up and wooden solutions require more complex calculation methods.

Mass The mass of the structure is a crucial parameter because numerous aspects of the project
depend on it: the environmental impact, the ability to be handled, the transportation to the
construction site. . . The use of concrete is a determinant factor. Indeed, solutions including
this material tend to be the heaviest, no matter the dimensions of the building. Steel solutions,
however, are much lighter. Using steel grade with higher yield strength and making use of
variable inertia elements allows the engineer to optimize the structure and to reduce the required
sections. Thus, the welded built-up solution made of the highest steel grade is the lightest
solution regardless of the building size. Optimizing the sections by varying the inertia saves
between 20 and 38% of the steel mass. However, foundations for clamped columns are 2 to 4
times heavier than foundations for pinned columns.

LCA In Belgium, the consideration of the D phase is compulsory. Therefore, the final recom-
mendations take all the life phases into account, from the production phase (A) to the recycling
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phase (D).

The welded built-up structure appears to be the most ecological solution.

Regarding the embodied energy, wood appears much less ecological but when isolating non-
renewable energy, the eco-efficiency of wood becomes comparable to every other material.

Precast concrete solutions have poor results. This is because of its high mass and its inability
to be recycled.

The secondary structure impact was also studied and the same conclusions have emerged: steel
is a preferable material for purlins.

The study on the building envelopes showed that the choice of a highly insulated covering rather
than a poorly insulated one becomes profitable (in terms of energy consumption) after 4 years
of the building’s use.

Assembly time Steel halls are installed much more rapidly than solutions involving concrete
and/or wood. Indeed, the assembly times for the non-metallic structures is more than three
times as long as the time needed for steel ones. The envelope also has a great importance
regarding the mounting phase of a project. A cold envelope includes sliding slabs while a warm
one involves sandwich panels. Yet, sliding slabs have smaller dimensions and more elements
have to be handled to install the cladding. Thus, a cold envelope takes longer to set up.

This dissertation compared the most common construction solutions regarding various aspects.
The analysis has shown that no universal solution exists, and that each of them presents different
assets. The right choice will be the result of compromises and depends on the context and
purposes of the project. The aim of this dissertation was to provide the information required to
make such a choice knowingly



Bibliography

[1] ArcelorMittal. Arval manuel technique.
[2] ArcelorMittal. “Hall in kit”. Oct. 2007.
[3] ArcelorMittal. http://constructalia.arcelormittal.com/. visited on April 14, 2017.
[4] ArcelorMittal. Sections and merchant bars.
[5] Y. Benoit, B. Legrand, and V. Tastet. Calcul des structures en bois. Eyrolles, 2008.
[6] Climat.be. http://www.climat.be/files/9313/8254/1250/Emissions_de_GES_2007.pdf. vis-

ited on April 22, 2017.
[7] European Committee. Eurocode 1: Actions on structures - Part 1-1: General actions -

Densities, self-weight, imposed loads for buildings- EN 1991-1-1. European Committee for
Standardization, 2002.

[8] European Committee. Eurocode 1 : Actions on structures Part 1-3 : General actions –
Snow loads - EN 1991-1-3. European Committee for Standardization, 2008.

[9] European Committee. Eurocode 1: Actions sur les structures - Part 1-4: Actions générales
- Actions du vent- EN 1991-1-4. European Committee for Standardization, 2010.

[10] European Committee. Eurocode 3: Calcul des structures en acier - Partie 1-1: Règles
générales et règles pour les bâtiments - EN 1993-1-1. European Committee for Standard-
ization, 2005.

[11] European Committee. Eurocode 5 - design of timber structures - part 1-1 : general - com-
mon rules and rules for buildings - EN 1995-1-1. European Committee for Standardization,
2005.

[12] European Committee. Eurocode - Basis of structural design - EN 1990. European Com-
mittee for Standardization, 2002.

[13] H. De Boe. “A complete life cycle assessment of sustainable aspects of horizontal structural
systems in tall buildings”. PhD thesis. Ecole polytechnique de louvain, 2016.

[14] C. Doneux and O. Vassart. Steel and composite steel-concrete structures. Ecole polytech-
nique de Louvain. 2016.

[15] C. Doneux and O. Vassart. Structures under seismic and fire conditions. Ecole polytech-
nique de Louvain. 2017.

[16] enig-civil. http://www.enig-civil.com/uploads/1/6/0/2/16021160/fondations_superficielles.pdf.
visited on May 08, 2017.

[17] Ergon. Guide Technique.
[18] eTool. http://etoolglobal.com/eblog/environment/en-15978/. visited on May 25, 2017.
[19] Le forem. https://www.leforem.be/Horizonsemploi/secteur/21.html. visited on April 11,

2017.

99



100 BIBLIOGRAPHY

[20] N. Kaddouri and E. Mergny. “Comparaison entre méthode plastique et élastique pour le
dimensionnement de halls industriels en acier”. PhD thesis. ISAE-CNAM, 2015.

[21] P. Latteur. Mécanique des structures. Ecole polytechnique de Louvain. 2014.
[22] P. Latteur. Stabilité des constructions. Ecole polytechnique de Louvain. 2016.
[23] P. Latteur. Structure en bois. Ecole polytechnique de Louvain. 2016.
[24] J. Natterer, JL. Sandoz, and M. Rey. Construction en bois : Matériau, technologie et

dimensionnement. Presses Polytechniques Romandes, 2011.
[25] R. Siebers and B. Hauke. “Life cycle assessment comparison of a typical single storey

building”. Aug. 2011.
[26] Z. Soulaiman. “Gestion de projet : conception d’un hangar en charpente métallique”. PhD

thesis. ISAE-CNAM, 2011.
[27] Ligna Systems. http://www.ligna-systems.com/fr/configurateur/. visited on October 04,

2016.
[28] D. Trabucco et al. “Life Cycle Assessment of Tall Building Structural Systems”. PhD

thesis. Council on Tall Buildings and Urban Habitat: Chicago, 2015.



List of Figures

1.1 Chosen location for the construction site . . . . . . . . . . . . . . . . . . . . . . 5

2.1 First case hall geometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.2 Global and local external pressure coefficients . . . . . . . . . . . . . . . . . . . . 13

2.3 Influence zones of the wind on the roof . . . . . . . . . . . . . . . . . . . . . . . . 14

2.4 Influence zones of the wind on vertical walls . . . . . . . . . . . . . . . . . . . . . 16

2.5 The purlins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.6 Maximal bending moment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.7 Selected profile . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.8 The girts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.9 Force on the girts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.10 Chosen section for girts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.11 Model of the girt with maximal bending moment due to the wind . . . . . . . . . 25

2.12 Profile choice and information . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

2.13 Normal forces on load transferring system under wind loads . . . . . . . . . . . . 26

2.14 Normal forces on bracing system under wind loads . . . . . . . . . . . . . . . . . 27

2.15 Chosen profile . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.16 End-wall columns . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.17 Parallel wind with positive internal coefficient . . . . . . . . . . . . . . . . . . . . 30

2.18 Parallel wind with negative internal coefficient . . . . . . . . . . . . . . . . . . . 30

2.19 Perpendicular wind with positive internal coefficient . . . . . . . . . . . . . . . . 31

2.20 Perpendicular wind with negative internal coefficient . . . . . . . . . . . . . . . . 31

2.21 Structural system: pinned-base portal frame . . . . . . . . . . . . . . . . . . . . . 32

I



II LIST OF FIGURES

2.22 Localization of the internal forces . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

2.23 Buckling curve regarding geometry of the profile . . . . . . . . . . . . . . . . . . 36

2.24 Internal forces diagram obtains with Portal+ . . . . . . . . . . . . . . . . . . . . 38

2.25 ΓM for IPE 300 S355 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

2.26 ΓN for IPE 300 S355 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

2.27 Deflection and selected profiles for steel grade S235 . . . . . . . . . . . . . . . . . 39

2.28 Deflection and selected profiles for steel grade S355 . . . . . . . . . . . . . . . . . 40

2.29 Deflection and selected profiles for steel grade S460 . . . . . . . . . . . . . . . . . 40

2.30 Bending moment envelope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

2.31 Normal force envelope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

2.32 Shear force envelope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

2.33 Hypothesis on the geometry of the welded built-up section . . . . . . . . . . . . . 43

2.34 Minimal and final height required for the S235 column profile . . . . . . . . . . . 44

2.35 Minimal and final height required for the S235 cross-beam profile . . . . . . . . . 44

2.36 Scia design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

2.37 Numerically calculated 3D deformations on the S355 structure . . . . . . . . . . 46

2.38 Numerically calculated deformations on the S460 structure . . . . . . . . . . . . 46

2.39 Stress analysis of S355 structure . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

2.40 Stress analysis of S460 structure . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

2.41 Structural system: rigid-based columns, pinned girder . . . . . . . . . . . . . . . 48

2.42 I type beams design table . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

2.43 IE type beams design table . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

2.44 IV type beams design table . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

2.45 IVH type beams design table . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

2.46 Buckling length . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

2.47 CR-RK type columns design table . . . . . . . . . . . . . . . . . . . . . . . . . . 51

2.48 Characteristic of the girder . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

2.49 Coefficient related to the deflection caused by the bending moment . . . . . . . . 57

2.50 Coefficient related to the deflection caused by the shear force . . . . . . . . . . . 57



LIST OF FIGURES III

2.51 Foundation of the pinned column . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

2.52 Foundation of the encased column . . . . . . . . . . . . . . . . . . . . . . . . . . 60

2.53 Comparison between the different materials regarding the mass . . . . . . . . . . 62

3.1 Mass comparison for the 16m span frame . . . . . . . . . . . . . . . . . . . . . . 66

3.2 Mass comparison for the 24m span frame . . . . . . . . . . . . . . . . . . . . . . 68

3.3 Mass comparison for the 36m span frame . . . . . . . . . . . . . . . . . . . . . . 69

3.4 Mass comparison according to the size for every material . . . . . . . . . . . . . . 71

3.5 Mass comparison according to the material for every size . . . . . . . . . . . . . . 71

4.1 Life cycle stages for building products and buildings according to EN 15978. The
stage benefits and loads is not indicated in the norm.[18] . . . . . . . . . . . . . . 74

4.2 GWP for different frame materials from stage A to C and from A to D for 16 m
span . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

4.3 EE for different frame materials from stage A to C and from A to D for 16 m span 77

4.4 Proportion of renewable energy in the Embodied Energy . . . . . . . . . . . . . . 78

4.5 GWP for different frame materials from stage A to C and from A to D for 24 m
span . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.6 GWP for different frame materials from stage A to C and from A to D for 36 m
span . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

4.7 GWP from stage A to D comparison with the S460 welded built-up structure for
16 m span . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

4.8 GWP from stage A to D comparison with the S235 welded built-up structure for
24 m span . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

4.9 GWP from stage A to D comparison with the S235 welded built-up structure for
36 m span . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

4.10 GWP of secondary structure from stage A to C and from A to D. For one module. 81

4.11 GWP for different frame and secondary structure materials from stage A to C
and from A to D for 16 m span . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

4.12 GWP for different frame and secondary structure materials from stage A to C
and from A to D for 24 m span . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

4.13 GWP for different frame and secondary structure materials from stage A to C
and from A to D for 36 m span . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

4.14 Comparison of primary energy demand for the warm and col envelopes over an
utilization period of 10 years (for the smallest hall) . . . . . . . . . . . . . . . . . 84



IV LIST OF FIGURES

4.15 Comparison of primary energy demand for the warm and col envelopes over an
utilization period of 10 years (for the medium hall) . . . . . . . . . . . . . . . . . 85

4.16 Comparison of primary energy demand for the warm and col envelopes over an
utilization period of 10 years (for the biggest hall) . . . . . . . . . . . . . . . . . 85

4.17 Energy saving over 10 years with insulation . . . . . . . . . . . . . . . . . . . . . 86

5.1 Complete halls assembly time comparison for different solutions . . . . . . . . . . 93



List of Tables

2.1 Terrain category and parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.2 External pressure coefficients for two sided roof . . . . . . . . . . . . . . . . . . . 14

2.3 External pressure coefficients for side walls . . . . . . . . . . . . . . . . . . . . . . 16

2.4 Recommended values of Ψ factors for buildings . . . . . . . . . . . . . . . . . . . 18

2.5 Combination of actions applied to the portal frame. . . . . . . . . . . . . . . . . 32

2.6 Values of the internal forces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

2.7 Imperfection factor in function of buckling curve . . . . . . . . . . . . . . . . . . 36

2.8 Results for the chosen profiles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

2.9 Condition 2.38 verification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

2.10 Comparison between internal forces calculated by hand and those obtained by
Portal+ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

2.11 Comparison between sectional strength criteria calculated by hand and those
obtained by Portal+ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

2.12 Summary of the profiles and masses for one frame . . . . . . . . . . . . . . . . . 40

2.13 Properties of the glue laminated timber GL28H . . . . . . . . . . . . . . . . . . . 52

2.14 Summary of the different frame solutions . . . . . . . . . . . . . . . . . . . . . . 63

2.15 Summary of the different choices for secondary structure . . . . . . . . . . . . . . 63

3.1 Summary of the different choices for the superstructure of the 16m span frame . 65

3.2 Summary of the different choices for the foundations of the 1§m span frame . . 66

3.3 Summary of the different choices for the superstructure of the 24m span frame . 67

3.4 Summary of the different choices for the foundations of the 24m span frame . . 67

3.5 Summary of the different choices for the superstructure of the 36m span frame . 68

V



VI LIST OF TABLES

3.6 Summary of the different choices for the foundations of the 36m span frame . . . 69

4.1 Environmental data for the product stage . . . . . . . . . . . . . . . . . . . . . . 75

4.2 Technical features of building envelopes . . . . . . . . . . . . . . . . . . . . . . . 83

4.3 Primary energy expenditure for production and annual primary energy demand
for heating . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

5.1 Assumptions on the mounting time of each elements . . . . . . . . . . . . . . . . 90

5.2 Work time required for the foundation systems1 . . . . . . . . . . . . . . . . . . . 91

5.3 Work time required to mount the structures . . . . . . . . . . . . . . . . . . . . 92

5.4 Comparison between envelopes regarding the mounting time . . . . . . . . . . . . 92

5.5 Comparison between different halls regarding the total time required . . . . . . . 92





Rue Archimède, 1 bte L6.11.01, 1348 Louvain-la-Neuve, Belgium  www.uclouvain.be/epl 


	Introduction
	Framework of the studies
	Study methodology
	Cases description
	Comparison criteria
	Comparative study : methodology and objective
	Life cycle assessment
	Assembly time
	Objectives of the analysis


	Basic cases design
	Structure dimensions
	Loads
	Permanent loads
	variable loads

	Combination of actions
	Secondary structural system design
	Purlins
	Girts
	Lateral stability
	End-wall columns

	Combinations of actions applied to the frame
	Structural system: pinned base portal frame
	Hot-rolled steel
	Welded built-up frame

	Structural system: rigid base columns, pinned girder
	Precast concrete
	Precast concrete column and glue laminated timber girders

	Foundations pre-sizing
	Pinned columns
	Encased columns

	Partial conclusion: Designed solutions summary

	Hall size variation
	Size 1: Height=4 [m];Span=16 [m]
	Size 2: Height=12 [m];Span=24 [m]
	Size 3: Height=12 [m];Span=36 [m]
	Partial conclusion: Size variation

	Life cycle assessment
	Life cycle assessment information
	Data for ecological information
	Results and comparison
	Comparison between frame materials
	Environmental impact of the secondary structure
	Analysis of primary and secondary structures

	Building envelope
	Partial conclusion: Environmental impact

	Assembly Phase
	Assumptions
	Extensive comparison for each construction step
	Construction planning
	Partial conclusion: Assembly time

	Limits of the method and future improvements
	Conclusion
	Bibliography
	List of Figures
	Table List 

