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Abstract

In the European Union, building construction accounts for 40% of materials consumption, 40% of
overall energy consumption, and 40% of waste production [1]. It is therefore essential to reduce the
environmental impact of these structures. Various levers are available to achieve this, including
better use of materials and selection of the most appropriate material for a given application.
This study focuses on isostatic beams, a simple application for identifying trends in shapes and
materials to reduce their impact. By using a genetic algorithm to optimize the environmental
impact of each beam typology (rectangular reinforced concrete, I-beams, or optimized, prestressed,
steel and timber beams), and comparing them with one another, it was possible to select the most
appropriate for a given scenario (use in a building, a bridge, most favorable and most unfavorable
life-cycle analysis scenarios).

The study emphasized the fact that beams with a small width perform better environmentally and
that the optimized reinforced concrete beams have great potential in reducing the environmental
impact, especially for short spans.

Key-words: LCA, Optimization, reinforced concrete beam, prestressed beam, timber beam, steel
beam

Résumé

Dans 1’Union européenne, la construction de batiments représente 40% de la consommation de
matériaux, 40% de la consommation globale d’énergie et 40% de la production de déchets [1]. Il
est donc essentiel de réduire 'impact environnemental de ces structures. Différents leviers sont
disponibles pour y parvenir, notamment une meilleure utilisation des matériaux et la sélection du
matériau le plus approprié pour une application donnée.

Cette étude se concentre sur les poutres isostatiques, une application simple permettant d’identifier
les leviers en matiére de formes et de matériaux permettant de réduire leur impact. En utilisant
un algorithme génétique pour optimiser 'impact environnemental de chaque typologie de poutre
(poutre rectangulaire en béton armé, poutre en I, ou poutre optimisée, précontrainte, en acier et
en bois), et en les comparant les unes aux autres, il a été possible de sélectionner la plus appropriée
pour un scénario donné (utilisation dans un batiment, un pont, scénarios d’analyse du cycle de vie
les plus favorables et les plus défavorables).

L’étude a mis en évidence le fait que les poutres avec une petite largeur sont plus performantes sur
le plan environnemental et que les poutres optimisées en béton armé ont un grand potentiel dans
la réduction de I'impact environnemental, en particulier pour les courtes portées.

Mots clés : ACV, optimisation, poutre en béton armé, poutre précontrainte, poutre en bois,
poutre en acier
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1 Problem statement

1.1 Challenges faced by the construction industry

In the European Union, building construction represents 40% of material consumption, 40 % of
global energy consumption, and 40% of waste production [1]. Furthermore, among those construc-
tions, a large majority is made out of concrete, whose main ingredient, cement, contributes to
5% of global anthropogenic COs emissions [2]. There is, therefore, a strong interest in reducing
emissions from the construction sector at all stages: reducing the amount of material forecast at
the design stage, using materials with a reduced environmental footprint, reducing the transport
distances, using less machinery or machinery with a low footprint, increasing the lifetime of the
construction, decreasing the emissions related to the period of use of the construction, reducing
the amount of waste, increasing their recycling rate, etc.

For example, the contributions of the different life stages for a reinforced concrete structure are
represented in Figure 1. The study from which it is drawn focuses on the stages in the life of
buildings that account for the greatest proportion of carbon emissions, in order to identify levers
for action.

Production of raw Transportation of

materials n materials
(80-93% of total CO, | (2-3% of total €O,
emission) emission)

Production of non metallic
mineral, cement, iron, steel

(44 % of CO, emission)
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Figure 1: CO5 emission from different phases in the construction industry [1]

1.2 Reducing the embodied footprint of constructions

Among the levers presented before, one is at stake in this study: the better use of materials at the
design stage, i.e., using materials at their best not to oversize structural elements, thus reducing
the global footprint of the structure.

By reducing the amount of each of the materials, the emissions associated with their produc-
tion will also be reduced, as well as those associated with their transportation and likely on-site
construction emissions. Furthermore, research has shown that buildings are often oversized: 50%
wastage is common [3]. Figure 2 shows the increasing importance of the embodied emissions (the
ones related to the construction and materials manufacturing) compared to the operational emis-
sions (related to the use of the building). It shows that much has been done in recent years to reduce
operational emissions through more efficient buildings. In the coming years, embodied emissions
are the ones that will have to be reduced heavily to reduce the global impact of buildings. This is
why it is important to focus on these specific emissions. Furthermore, for civil engineering works,
when considering the total footprint of the construction during all its life stages, the construction
phase is the most impacting phase [4][5].
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Figure 2: Increasing part of the embodied emissions for buildings (approximate data for UK built
environment) [3]

Besides, the over-design of constructions (above standard values) has been proved by a study
to be a real challenge to overcome since there is little demand from the client or design team to
reduce embodied energy (according to 70% of a panel of engineers [3]). The cost of the structures
is currently what matters the most in terms of design. But new standards arise regarding the
environmental impact of buildings such as the RE2020 in France. Thus, it will become more
and more important to assess and reduce the environmental impact of construction so as to meet
standards. There is therefore a real interest in providing simple tools to help engineers reduce the
environmental impact of their structures without losing too much time and money.

1.3 Literature review

To reduce the environmental impact of structural elements such as beams, slabs, floors, etc. two
main strategies, that can be combined, have been developed. For a given use case it is possible to
compare typologies and materials. It is also possible to optimize the shape, the amount of each
material for composite structures, and the material mechanical properties when the typology and
materials used are set.

Comparing typologies and materials A. Zeitz et al. [6] compared the impact of parking
structural systems made of steel, concrete, and mass timber to assess the potential of timber to
reduce the carbon footprint. Their work demonstrated that considering the best-case scenario
for concrete structures, timber structures lose their advantages in terms of environmental impact.
Thus, for each type of application, it is useful to compare typologies and materials with best-case
and worst-case scenarios, because the results might not be the ones that are expected.

Paik and Na [7] compared different structural systems for slabs: OSS (Ordinary Slab System),
FPS (Flate Plate Slab), and VDS (Voided Slab System), all three being made out of reinforced
concrete. For all environmental indicators studied, they demonstrated a gain in environmental
impact shifting from OSS to FPS and from FPS to VDS. Even considering a single type of material,
comparing different typologies can lead to significant reductions in the global environmental impact
of the structural system.

Optimizing the geometry For a given type of material and typology, it is possible to change
the geometric properties of the structural system in order to find the one resulting in the least
environmental impact.

Similarly, Marti et al. [8] developed a tool using a heuristic algorithm able to find the optimal
shape, reinforcement, and concrete type in terms of environmental impact for precast prestressed
concrete U-beam road bridges. The cost was also a criterion in the analysis. They proved that
their cost-optimal and environmental-optimal designs were close to one another. Furthermore,
they revealed that a reduction of one euro can save up to 4 kWh in embodied energy.

J. Fernandez-Ceniceros et al. [9] conducted a similar approach for one-way slabs in Spain. They
took as input the span length, the loads applied on the slab, and its area. What was determined
afterward was the optimum in terms of costs and embodied carbon by giving a combination of slab
thickness, filling blocks, and type of concrete used.

B. Kwan Oh et al. [10] produced a multi-objective algorithm capable to optimize environmental
impact but also cost, and vibration responses for two-way slabs in buildings. They achieved a
reduction in C'Oy emissions up to 4.94%, 11.40%, and 19.96% for residential, office, and commercial
buildings respectively.

S. Maitenaz [11] developed a certain typology for reinforced concrete beams. The objective is
to save mass where it is not used (creating voids outside of struts and ties). It leads to a significant
decrease in the environmental impact (up to 30%) only by removing matter where it does not
contribute to the overall resistance of the beam.



Yeo and Gabbai [12] considered a simple rectangular reinforced concrete beam with fixed bend-
ing and shear strengths. They considered both cost and embodied energy and proved that by
optimizing the shape of the beam, savings of up to 10% in embodied energy and up to 5% in cost
can be achieved.

Habert and Roussel [13] proved the interest in using low-carbon concrete combined with a
reduction of the amount of concrete used by considering high-resistance concrete. In France, the
potential for CO5 emissions reduction using this strategy is up to 30%.

Using both strategies at the same time It is also possible to compare, at the same time,
material and typology while for each optimizing the shape of the structural member.

Miller et al. [14] compared different slab systems while varying other parameters such as
concrete strength, column-to-column spacing, material properties, and geometric parameters. They
demonstrated that the use of post-tensioned construction methods could lead to reductions in
embodied emissions between 23.7% and 49.1%.

R. Rempling et al. [15] study is presenting the optimization of embodied carbon for bridges
using Set-Based Parametric Design. They considered three types of single-span bridges: concrete-
beam bridges, steel-concrete bridges with integral abutments, and concrete frame bridges. They
developed a script that produces, for each type of bridge, several alternatives for a certain load
and span. They demonstrated that for the three different typologies studied, the savings in CO2
equivalent emissions go from 20 to 60%.

1.4 Room for innovation

From the literature, it can be seen that there is great potential in reducing the embodied emissions
of structural systems such as slabs, beams, and parking structures. Both strategies of comparing
materials, and typologies and optimizing the shape of the element studied lead to significant
savings. Still, doing both at the same time was less explored and can lead to even higher savings.
This study develops this strategy for the use case of beams that can be used either for buildings
or for bridges.

In this study, different materials and typologies (precast beams prestressed by adhesion, reinforced
concrete rectangular beams, reinforced concrete I-beams, reinforced concrete beams optimized
with the strut optimization method (SOM) [11], rectangular timber beams, and steel I-beams) are
studied. For each, a shape optimization is performed based on SLS and ULS design checks from
the Eurocodes.

2 The Life Cycle Assessment Methodology
2.1 What is LCA ?

Life Cycle Assessment (LCA) is a methodology widely used to assess the environmental impact
of products, processes, or services. It enables the comparison of different solutions and identifies
action levers to reduce the impact of a given product or process [16]. It is framed by standards
such as ISO 14040 and ISO 14044. It is composed of different phases (Figure 3):

e Goal and scope definition
In this phase, the functional unit is defined. It refers to the object of the study (ex: 1 kg
of cement). The study’s goal and scope are also set. The scope defines the study’s limits:
what is considered in the calculations and what is not. For example, the “cradle to gate”
approach does not take into account the lifetime and the end of life of a product, contrary
to the “cradle to grave” approach that takes into account all steps from the early stages to
the end of life.

e Inventory analysis
Once the previous step has delimited the analysis, it is needed to list all inputs and outputs
of the system and identify the different processes that will be used to model the process or
product considered;

e Impact assessment
Several software programs offer the possibility to perform impact assessment calculations.
Among them, OpenLL.CA is an open-source program that performs LCA based on any database
that can be added to it (such as KBOB, Okobaudat, and Ecoinvent). This software has been
used for this study to perform LCA calculations of various processes and products.



e Interpretation
At each step presented above, it is mandatory to interpret and discuss the assumptions, and
results. For example, when the source of some data or a quantity used within the global
framework is not reliable, it can be useful to proceed to a sensitivity analysis. It can be done
by changing the value of the data in the global framework and analyzing the impact of this
change in the final results.

/ Life cycle assessment framework \

Goal
and scope
definition
[ Direct applications:
-Product development
2 and improvement
Inventory Interpretation
analysis - Strategic planning
e
-Public policy making
-Marketing
Impact

Figure 3: LCA phases according to ISO 14040:2006 [17]

The standard EN 15804 sets the rules for assessing the LCA of buildings and construction
products when realizing what is called an EPD (Environmental Product Declaration). These
declarations aim to provide information on the environmental impact of construction products for
decision-makers when building new constructions [18].

The scope is divided into different stages referring to the life stages of the product (Figure 4).
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Figure 4: Scope of the EN15804 LCA Analysis for buildings [19]

Most of the LCAs in France in the construction domain are assessed using this framework.
Even though Figure 4 stands for buildings, the parallel can be drawn for construction elements
such as beams. The stages B1, B3, B4, B5, B6, and B7 are not relevant for this study as beams are
designed for a longer or equal period of time than the building itself, and operational energy and
water use are not relevant for a single beam. Within this study, the phases that will be assessed are
the ones from A1l to A5 (Raw material supply, Transport, Manufacturing, Transport, Construction,
and Installation process), B2 only for steel beams as the others do not require maintenance, and
C1 to C4. The D part (avoided impacts from the re-use of materials for example) is not included
in this study.

2.2 Choice of the database

When conducting an LCA, an important step is to gather information for the Life Cycle Inventory
(LCI). This step is facilitated by the existence of LCIs that already contain information for several
products and processes. There are mainly two types of databases:



e Generic databases:
Those databases provide a large amount of data on different products and processes, some
being as upstream as mining and as downstream as the construction of buildings. The main
advantage of those databases is that they have data for approximately every process or
product but as their scope is very large, the data is averaged and does not represent well
local specifications.
The two main generic databases are Ecoinvent and GaBi. Ecoinvent is the most used with
more than 18.000 inventories and is the one used in this study.

e Specialized databases:

On the opposite, specialized databases provide less data but are more regionalized and contex-
tualized. For example in France, the INIES database provides data for some specific products
of the construction industry in the form of EPDs [20]. DIOGEN (Données d’impact pour
les Ouvrages de Génie Civil) website also provides such data [21]. These databases are very
useful when a project is well-defined and the choice of products has already been done.

At the early design stage, it might be more difficult to know exactly which product will be
used and in which quantity, this is why a generic database seems more appropriate for this
study. Furthermore, this is not mandatory for EPDs to provide the hypotheses on the pro-
cesses that have been taken into account, which makes them difficult to use. Nevertheless,
these EPDs might be of use when assessing specific products.

For this study, Ecoinvent was mostly used. Three different allocation methods are provided by
Ecoinvent [22]:

e Cut-off:
Waste is the responsibility of the producer, which is why recycled materials are available
without burden. Secondary recycled materials bear only the impacts of the recycling process.

e Consequential:
By-products are counted negatively to the input side to maintain the mass balance.

e APOS (Allocation at the point of substitution):
The waste burden is shared between the producer of the waste and users benefiting from this
waste.

In this study, the cut-off allocation method has been chosen. Thus, wastes are at the expense of
the producer of the waste. Since there are many uncertainties about the end-of-life scenarios of the
beam, having a cut-off allocation reduces uncertainties of the production stage as recycled materials
are available burden-free. Besides, as the point of view of the study is the one of production, the
cut-off allocation seems the most appropriate one.

Ecoinvent describes a product or a process using either a unit or system process. The unit
process of a given product records every intermediate process and gives an outlook of all processes
used to model the process studied. On the other side, the system process proceeds more like a
“black box”. Only the very upstream inputs can be seen when selecting a downstream process,
there is no detail about the intermediate steps of calculation and the processes taken into account.
This is why, for this study, the unit process has been considered to have access in Ecoinvent to every
intermediate process and to see how the process or product studied was built. Furthermore, what
differs between the two is mainly the computation time when conducting analyses in OpenL.CA,
the unit process being more time-consuming. Still, as the LCA calculations for every elementary
process are performed just once, it is not a limitation for this study.

2.3 Choice of the impact assessment method

LCA cannot be narrowed to the calculation of the carbon footprint, it is only one indicator
among many others. There exist two types of indicators [18]:

e Midpoint indicators:
These indicators are the ones directly linked to the emissions of different substances in the
environment. They reflect the impact of substance emissions on the environment. These
impacts can take the form of various effects such as for example global warming potential,
freshwater acidification, human toxicity, mineral resource use, etc. [23].



e Endpoint indicators:
Endpoint indicators assess the impact at the areas of protection level (Human health, Ecosys-
tem, and Resources). It is calculated via weighting factors for each midpoint indicator. As
there are only a few of them, these indicators are mostly used when a difference has to be
made between one product or another. It is then useful for decision-makers when a choice
needs to be done between alternatives.

The calculations from the release of chemical components to the midpoint indicators and from
the midpoint indicators to the endpoint indicators rely on relations and weightings that have been
studied in detail. Different relations and models have been proposed by the scientific community
over the years. Among these impact assessment methods, the most used and recent ones are
Recipe 2016 [24] and IMPACTWorld+ (2019) [25] but many others have been used over the years.
IMPACTWorld+ has been chosen for this study as it is the most recent one, thus includes the most
advanced models for the analysis of impact pathways, and includes both endpoint and midpoint
indicators. The list of the indicators used in this methodology can be seen in Figure 5.
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Figure 5: IMPACTWorld+ Framework [25]

Presentation of different midpoint level indicators Among the indicators used within the
IW+ methodology, some are of higher interest as will be seen in the coming parts.

e Midpoint indicators

— Climate change long and short-term (kgCOs cq)

Climate change is related to the emissions of Green House Gases (GHG), which increase
the radiative forcing on Earth and leads to effects such as temperature changes, higher
frequency of natural disasters, etc. The midpoint indicators for climate change are sep-
arated into two timelines (long and short-term) as defined by the Intergovernmental
Panel on Climate Change (IPCC). The long-term indicator corresponds to the Global
Temperature Potential for a 100-year time horizon (GTP100) and the short-term indi-
cator to the Global Warming Potential for a 100-year time horizon.



To give an order of magnitude, one m3 of conventional C30/37 concrete used for
buildings corresponds to 287kgCO3 ¢ and 291kgCO; ., for climate change long- and
short-term respectively and one m3 of glue laminated timber to 131kgCO3 ., and
137kgCOg,cq.

— Water scarcity (mf’wrld’eq)
This midpoint indicator reflects, at the endpoint level, the impact that can cause a lack
of water on human health and the quality of ecosystems.
The same concrete corresponds to 102m3> /m3, and the same timber to

world,eq
3 3
81'91mworld,eq/m .

— Freshwater ecotoxicity (CTU.,)
This indicator expresses the impact on the aquatic environment, for example, caused by
the release of chemicals in rivers. The pollution of freshwater can lead to a decrease in
biodiversity but can also cause damage to human health. It is expressed in Comparative
Toxic Units (CTUe) per unit mass of emitted chemicals.
The same concrete corresponds to 7.11.10°CTU,/m?, and the same timber to
1.27.10CTU, /m3.

— Human toxicity cancer (CTUy)
Human health can be affected by the release of toxic components into the air and water
that can be either breathed, eaten, or drunk. It is measured in Comparative Toxic Units
(CTU}) per unit mass of chemical emitted, which corresponds to the increase in deaths
due to the emissions of chemicals.
The same concrete corresponds to 6.97.10"CTU}, /m3, and the same timber to
1.59.10°CTU} /m3.

— Particulate Matter Formation (kgPM2.5.,)
This impact represents the release of fine particles in the environment. Fine particles
are those with a diameter of less than 2.5 ym. When breathed, they can lead to
respiratory and cardiovascular problems. They mostly come from the combustion of
certain materials or fuels.
The same concrete corresponds to 4.39.1072kgPM2.5.,/m?, and the same timber to
2.37.10" kgPM2.5.,/m>.

e Endpoint indicators

— Human health (DALY =Disability Adjusted Life Years)

This endpoint indicator stands for the sum of the years of life lost and the years lived
with disability. It takes into consideration several midpoint indicators that have an
impact on human health (climate change, human toxicity, particulate matter formation,
and others) as a weighted sum. The relation that leads to the calculation of the human
health indicator is based on scientific research for all the midpoint indicators considered.
The same concrete corresponds to 1.19 x 1073 DALY /m?, and the same timber to

1.04 % 1073DALY /m3.

— Ecosystem quality (PDF.m?.yr, PDF= Potentially Disappeared Fraction of species)
The ecosystem quality indicator represents the loss of biodiversity due to several mid-
point indicators (freshwater ecotoxicity, climate change, land occupation, etc. ). For
example, 10 PDF.m?.yr stands either for:

-10m? has lost all its species in a year’s time

-100m? has lost 10% of its species in a year’s time

-10m? has lost 10% of its species in 10 year’s time

The same concrete corresponds to 726 PDF.m?.yr/m?, and the same timber to
899 PDF.m?2.yr /m3.

Among the eighteen indicators provided by the IW+ methodology, only some will be studied, as
studying every one of them is complex and irrelevant. The choice of the relevant indicators is based
on the methodology proposed by K. Mam in his Ph.D. [26]. The endpoint indicators are calculated
via the midpoint indicators via weighting factors. Thus, midpoint indicators do not contribute in
the same proportion as endpoint indicators. So, for each endpoint indicator, the contribution of
the midpoint indicators has been analyzed to put into light the ones that have the biggest impact
with a hurdle at 5%.
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2.4 Allocation methods for by-products

When assessing the environmental impact of by-products, the proportion of the impact that goes
to one by-product or the other has to be defined. For example, during the production of pig iron,
blast furnace slag is also produced. One does not come without the other. Then, it is difficult to
know which part of the impact of the production of pig iron goes for the pig iron itself and for the
slag.

ISO 14044 [17] recommends a three-step procedure for choosing an appropriate allocation:

e The allocation should be avoided when possible by dividing the process into subprocesses or
by expanding the system boundary to include the additional functions of co-products

e Allocation should be done in a way that reflects an underlying causal physical relationship
(ex: mass allocation)

e Other relationship (ex: economic allocation)

As it is difficult for many processes such as the production of pig iron to divide the global
process into different subprocesses, a choice has to be made to use the appropriate allocation
method. Two will be presented in the following paragraphs: the mass and economic allocations.

Mass allocation This allocation splits the environmental impact of the main product and co-
products based on the mass proportion of each in the global process.

LOL = = L[Cly
ZO§i<n mg
where :
-LC1; is the life cycle inventory of by-product j
-LC1,,; is the life cycle inventory of the process producing all by-products
-m; is the mass of by-product j
-m; are the masses of all by-products @

Economic allocation This allocation splits the environmental impact of the by-products based
on the price of each by-product and their mass.

Djm;

LCI; =
! ZogKn pimy;

where :

-LC1; is the life cycle inventory of by-product j

-LC I, is the life cycle inventory of the process producing all by-products
-m; is the mass of by-product j

-m; are the masses of all by-products @

-p; is the price per mass of by-product j

-m; are the prices per mass of by-products ¢

Choice of the allocation method The two methods presented above are the ones the most
used in the scientific community, but there is still debate about the one that is best to use.

The mass allocation has the advantage of being stable in time and relies only on physical processes.
It is consistent with other processes that are purely physical and that do not involve co-products.
But, when considering supplementary cementitious materials (SCM) used in concrete, the mass
allocation gives an important impact on them, while they still remain co-products of a bigger
industry (pig iron production for ground granulated blast furnace slag (GGBFS), Silicon for Silica
Fume (SF), Electricity produced with coal for Fly ashes (FA)). Thus, it seems far-fetched to
attribute such a great impact to products that are waste [27].

This is why the economic allocation can be an alternative to the mass allocation in the way that
it takes into account the economic value of co-products and reflects more the status of waste of
SCMs [28][29].

Besides, as the DHUP (Direction de ’'Habitat de I’'Urbanisme et des Paysages : Housing, Urban
Planning and Landscapes Department) [30] has chosen the economic allocation and acts as a
reference in France, this allocation has been chosen in this study. Still, it has to be kept in mind
that the economic allocation relies on data (prices of products) that are not very reliable as their
scatter is very large and as they depend significantly on time and on the geographical context.
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Economic allocation for SCMs So as to proceed to the economic allocation of SCMs, a
collection of data from previous studies and from actors of the sector has been made (Table 1).

Reference Year GGBFS Steel FA Electricity SF Silicon Metal
(€/1) (€/t)  (€/t) (€/kWh) (€/1) (€/t)

Collepardi et al. [31] 2004 25 250-500

Habert et al. [32] 2011 45 25

Teixeira et al.[33] 2016 21

Chen et al.[34] 2010 40 400 20 0.1

Van Den Heede[28] 2014 40 35 400-750

Chen|[27] 2007 80 370 35 0.07 400 1200

US geological Survey[35] 2020 48 2100

Dreveton[36] 2020 95-150 400-500

Henan Superior[37] 2021 160-650

Argus[38] 2021 1520-2250

Arcelor Mittal[39] 2016-2020 591

Kelwatt [40] 2022 0.206

HSA Material [41] 2022 186-858

DHUP [30] 2022 20 410

Boral [42] 2016 23-70

Minerallnfo [43] 2018 2107

UHPFC Factory in 2023 90 650

France

Chosen values 50 410 30 0.21 500 2100

Table 1: Collection of prices for SCMs and their related primary products

Data regarding the mass of each by-product produced during the studied processes have been
collected in Table 2.

Reference GGBFS FA Hard coal SF
(kg/kg pig iron)  (kg/kWh)  (kg/kWh) (kg/kg silicon)

Chen et al [34] 0.24 0.052 0.367

Chen [27] 0.34 0.052 0.15

Worlsteel [44] 0.28

Ecoinvent [22] 0.046 0.424

Fidjestol et al. [45] 0.4-0.5/0.2-0.25

ACI Committee [46] 0.3

Minerallnfo [47] 0.4

Condesil [48] 0.3

DHUP [30] 0.275

Chosen values 0.275 0.046 0.424 0.4

Table 2: Masses of co-products relative to their related primary product

Then, it is possible to calculate the mass and economic allocation based on the tables presented
above. The results are presented in the table 3.

[ Product [ Mass allocation [ Economic allocation
Steel 78.43% 96.76%
GBFS 21.57 % 3.24 %
Electricity 90.21 % 99.35 %

FA 9.79% 0.65 %
Silicon Metal 71.43 % 99.99%
SF 28.57 % 0.01 %

Table 3: Economic and mass allocation of SCMs

As discussed before, it can be seen in Table 3 that the mass and economic allocations differ
considerably. In fact, mass allocation gives more impact on SCMs compared to economic allocation
as the production of each primary product creates in mass up to approximately 30% of SCM. On
the other hand, economic allocation gives a low impact on SCMs, which can also be controversial.

So as to understand the impact of the allocation method chosen on concrete global impact, a
sensitivity analysis was conducted for two given concrete recipes (C30/37 for use in buildings and
in bridges). The increase of the global footprint going from economic to mass allocation in terms
of the midpoint indicators of the IW+ framework is presented in Figure 4.
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C30/37 Bridge C30/37 Building

Human toxicity non cancer 37% 20%
Terrestrial acidification 42% 36%
Freshwater eutrophication 15% 21%
lonizing radiations 9% 4%

Photochemical oxidant formation 79% 69%
Freshwater ecotoxicity 26% 22%
Mineral resources use 2% 33%
Land transformation, biodiversity 11% 31%
Climate change, long term 37% 13%
Land occupation, biodiversity 21% 112%
Fossil and nuclear energy use 46% 46%
Particulate matter formation 84% 91%
Water scarcity A% 5%

Freshwater acidification 42% 37%
Dzone Layer Depletion 21% 28%
Marine eutrophication A44% 32%
Climate change, short term 39% 15%
Human toxicity cancer 52% 51%

Table 4: Increase of the impact of concrete for the eighteen midpoint indicators for two use cases
going from economic to mass allocation

What can be seen is that the increase of impact in terms of the different indicators is not
negligible at all when going from economic to mass allocation. In fact, when considering the
economic allocation for climate change, the impact of slag is quite low (127 kgCOa c4/t) while it
becomes more than three times higher when considering mass allocation (429 kgCOs ¢q/t), which
becomes more comparable to the impact of Portland Cement CEM I (854 kgCOs ¢,/t). This is
why it seems inappropriate to choose the mass allocation for co-products such as GGBFS. The
mass allocation does not take into account the fact that GGBFS is waste: GGBFS would never
be produced for itself. When using the mass allocation SCMs do not provide a great advantage
compared to Portland cement. This is why, for this study, the economic allocation has been chosen
even if it has some drawbacks.

2.5 Assessing LCA for beams - Hypotheses
2.5.1 Transport of construction materials and prefabricated beams

Transport of materials is present at different steps during the life cycle of a beam. For example,
when considering a prefabricated beam in reinforced concrete, transport appears when gathering
concrete constituents and reinforcing bars at the prefabrication location, and when transporting
the beam from the prefabrication site to the construction site.

Concrete Concrete constituents are transported from the place where they are produced or
mined to the prefabrication plant where the concrete is produced. Table 5 lists the data collected
from various references.

[ Reference Travel Type of transport  Interval (km)  Chosen value (km) |
Maitenaz S. [11]  SCM - Prefabrication Plant Road 500-700 600
Maitenaz S. [11]  Fine limestone - Prefabrication Road 70-200 100

Plant
Maitenaz S. [11]  Sand - Prefabrication Plant Road 22 22
Waterway 22.25 22.25
Maitenaz S. [11]  Aggregates -  Prefabrication Road 22 22
Plant
Waterway 22.25 22.25
Maitenaz S. [11]  Cement - Prefabrication plant Road 123.8 123.8
Rail 18.2 18.2
Waterway 26 26

Table 5: Transport distances used for the concrete constituents
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For heavy goods trucks, the Ecoinvent process was created from the distribution in the French
fleet of trucks according to the Euro standards [49] (Table 8).

Process Ecoinvent process Region Quantity  Unit
Transport Euro 3 transport, freight, lorry 16-32 metric ton, EURO3 RER 0.1 tkm
Transport Euro 4 transport, freight, lorry 16-32 metric ton, EURO4 RER 0.6 tkm
Transport Euro 5 transport, freight, lorry 16-32 metric ton, EURO5 RER 7.8 tkm
Transport Euro 6 transport, freight, lorry 16-32 metric ton, EURO6 RER 91.5 tkm

T tkm

Table 6: Share of trucks for each Euro standard

Furthermore, if the beam is cast on-site, the transport of concrete between the concrete factory
to the construction site has to be taken into account. Based on EPDs for concrete products, this
distance was taken at 20km.

Reinforcing steel The distances considered in the study for the reinforcing steel are presented
in Table 7. The primary steel is produced at the steel factory while the secondary use steel must
be transported from the collection point to the steel factory.

[ Reference Travel Type of transport  Interval (km)  Chosen value (km) |
Ecoinvent Recycled steel - Steel factory Road 206 206
Rail 190 190
Waterway 20 20
Sea 440 440
Maitenaz S. [11]  Rebars- Prefabrication Plant Road 185-525 250

Table 7: Transport distances used for reinforcing steel

If the beam is built on site, first the steel bars are assembled into a rebar cage in a factory and
then transported as a rebar cage to the construction site. Based on a benchmark of the factories
building rebar cages, the distance between the construction site and those factories was taken as
150km.

Prestressing steel As will be discussed more in the paragraph concerning the LCA of strands,
prestressing steel was assumed to come from Italy and from the Netherlands. The maximum
distance from the Italian factory to a construction site in France is 2000km. A distance of 1300km
was considered for the LCA calculations.
The Dutch factory is at a maximum distance from the South of France of 1400km with a distance
of 800km. So as to gather further information, Virginie Perier, assistant to the head of the Cerema
South-West Structures Monitoring Group was contacted. She emphasized that for prestressed steel,
the main mean of transport is by truck. The distribution of Euro Trucks was used as described by
table 8.

The transport distance between the steel mills and the prestressed rebar factories must also be
considered. V. Perier calculated a distance of 500km as an average value for the factories registered
at the ASQPE. This value has been considered for both factories.

Timber As two types of timber beams were considered, a benchmark for factories producing
solid finger-jointed wood and glued laminated wood in France has been conducted as can be seen
in Figure 6.

For glue-laminated timber, the maximum distance between a factory and a construction site in
France is 260km and an average distance of 160 km was found.

For solid finger-jointed wood, the maximum distance between a factory and a construction site
in France is 400km and an average distance of 250 km was found.

The benchmark has been conducted by searching for sawmills producing either glue-laminated
or solid timber on Google Maps with a double check on Google Search. The density of those
factories is higher in the Auvergne-Rhoéne Alpes region as a website (https://www.boisdici.
org/entreprises/) has a register of the factories in this region.
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(b) Factories manufacturing solid finger-jointed

(a) Factories manufacturing glued-laminated beams
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Figure 6: Benchmark for timber beams factories

The beams were supposed to be transported by lorry. Thus, the Euro mix from Table 8 has
been used as the transport remains in France.

Construction Steel The distance considered from the production site of the beam to the con-
struction site is based on the EPD from the CTICM (Centre Technique Industriel de la Construction
Métallique) [50]. The CTICM’s EPD takes into account the French average transport distances
collected from the various actors in the sector and is therefore representative of the French context.
The values considered are the following:

e Lorry: 593 km
e Barge: 14 km

The Euro mix of lorries described in Table 8 has been used.

Process Ecoinvent process Region  Quantity  Unit

Transport by lorry Truck Euro FR 593*T tkm

Transport by barge market group for transport, freight, inland water- GL 14*T tkm
ways, barge

[ Steel profies transport LT

Table 8: Ecoinvent processes used for the transport of construction steel

Transport of the entire beam If the beam is prefabricated off-site, it needs to be transported
to the construction site. Depending on the type of beam the factories are not located in the
same place and do not cover the French territory equally. This is why different values have been
considered depending on the type of beam. For the timber beams, the transport of the entire beam
is the same as the one from the sawmill to the construction site. The Euro mix from Table 8 has
also been used for lorries.

Type of beam Reference Travel Type of transport  Interval (km) Chosen
PBPA Benchmark +  Prefabrication factory - Con- Road 100-170 150
Cerib struction site
RC1I Benchmark + Prefabrication factory - Con- Road 100-140 120
Cerib struction site
RC Rect Benchmark + Prefabrication factory - Con- Road 100-140 120
Cerib struction site
Optimized RC beam  S. Maitenaz [11] Prefabrication factory - Con- Road 100-140 120
struction site

Table 9: Transport distances used for the LCA of the beams

2.5.2 Concrete

As discussed above, assessing the environmental impact of concrete can be difficult due to the
choice of the allocation method for the SCMs and the collection of the data required. Furthermore,
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there exist concretes for every application with formulas that differ in the type and quantity of
cement and SCM, in the ratio of water over cement, in the amount of sand, aggregates, and other
products such as superfluidifiers. These recipes rely on the concrete strength, the exposure classes,
and the type of pouring (vibrated or self-compacting, on-site or off-site). Thus, it is necessary to
formulate appropriate concrete recipes for each case study and strength class sought.

Concrete recipes have been formulated for two main applications:

e beams for bridges with exposure classes XD1, XF2, XC3 for spans from 12 to 30m and
strengths from fck = 30M Pa to fck = 60M Pa

e beams for buildings with exposure class XC1 for spans from 5 to 12m and strengths from
fck =20M Pa to fck = 60M Pa

These recipes can be found in Appendix 1. They are based on formulations used for Vinci con-
struction sites.

For each strength class and application, two scenarios have been created: a pessimistic one with
concrete containing only CEMI and an optimistic one for what can be called low-carbon concrete
with the addition of GGBFS.

There is no clear definition of what is low-carbon concrete. A document from a collaboration of
actors in the construction sector defined a table to categorize concretes [51] as can be seen in Figure
7b. This table does not provide a classification for concretes of strength above fck = 45M Pa.
This is why the table that has been used is the one from Exegy, a solution for low-carbon concretes
within Vinci [52] (Figure 7a).

Empreinte carbone du béton

Classe de résistancea la compression du béton selon 'EN 206/CN [kg CO2éq./m3)
C20/254 C30/37 C35/454 C45/55 C50/60 et plus t
1 g Bétons

£ | Béton 310

&£ 100 courant 0

<) 260

S 150 2%

E® TRES BAS CARBONE

< 150 e —— 210

% 175 200

E 200 200 81%
3 200 BAS CARBONE 10 = 140 ___ ’

& |

2

3 250 240 " - S0__J Béton SNBC

8 [ millésime 2050
‘5 < CLASSIQUE 280 of 40 _ | (iso-volume)
g— 300

i €25/30 €35/45 C45/55

Classe de résistance & la compression du béton

(a) Exegy classification for classic- low - very low - selon IEN 206/cN

ultra-low-carbon concrete [52] (b) Table from the collaboration of actors [51]

Figure 7: Two scales to determine what is a low-carbon concrete

According to this table, all concretes considered for the optimistic scenario are low-carbon
concretes (not very low or ultra-low) and the ones from the pessimistic scenario are conventional
concretes.

2.5.3 Reinforcing Steel

The process to produce steel is well known and the data on the environmental impact of steel from
the electrical or primary steel industry are reliable. Still, what is challenging for its assessment is
to know the proportion of steel used for reinforcing bars that come from recycled steel (electric
production).

According to M. Chiappini [53], all rebars made in France come from secondary steel. Still, it
does not mean that all rebars used in France come from recycled materials depending on their
production location. No data has been found on the origin of steel used in France.

This is why, as for concrete, a pessimistic and an optimistic scenario have been drawn based on
the European context [11]. The optimistic scenario is based on 100% of secondary steel and the
pessimist one is based on 44% of secondary steel 10. The transport of secondary steel considered
comes from the Ecoinvent process: market for steel, low-alloyed (RoW). The economic allocation
envisaged for steel and GGBFS was also taken into account, leading to a coefficient of 0.97 for
primary steel.
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Reference Scrap (%) Region |

Reinforcing steel production, Ecoinvent 3.7.1 [22] 25 World

FDES: Plancher Dalle Bois-Béton de 20 cm d’épaisseur [20] 100

LCI - Steel Rebar [11] 44 Europe
34.8 World
23.1 Asia

Table 10: Share of recycled steel for rebars production [11]

Process Ecoinvent process Region Quantity Unit

Secondary Steel Production steel production, electric, low- RER 0.44S,44 kg
alloyed

Primary Steel Production steel production, converter, low- RER 0.56*0.97*S,.44 kg
alloyed

Hot rolling hot rolling, steel RER Sraa kg

Transport of secondary steel to the steel factory market group for transport, GLO 0.44%190*S,.44%1073 tkm
freight train

Transport of secondary steel to the steel factory market group for transport, GLO 0.44%20%S,.44%1073 tkm
freight, inland waterways, barge

Transport of secondary steel to the steel factory market group for transport, GLO 0.44%206*S,.44*1073 tkm
freight, lorry, unspecified

Transport of secondary steel to the steel factory market for transport, freight, GLO 0.44%441%5,.44*1073 tkm
sea, bulk carrier for dry goods

Teinforeing steel with 4% secondary steel S ke

Table 11: Ecoinvent processes for reinforcing steel with 44% of secondary steel

Process Ecoinvent process Region Quantity Unit

Secondary Steel Production steel production, electric, low- RER Sr100 kg
alloyed

Hot rolling hot rolling, steel RER Sr100 kg

Transport of secondary steel to the steel factory market group for transport, GLO 190*S,.100*10 73 tkm
freight train

Transport of secondary steel to the steel factory market group for transport, GLO 20*S,100%¥1073 tkm
freight, inland waterways, barge

Transport of secondary steel to the steel factory market group for transport, GLO 206*S,100%¥1073 tkm
freight, lorry, unspecified

Transport of secondary steel to the steel factory market for transport, freight, GLO 441%8,.100%¥1073 tkm
sea, bulk carrier for dry goods

| Reinforcing stecl with T00% secondary seel Sri s

Table 12: Ecoinvent processes for reinforcing steel with 100% of secondary steel

2.5.4 Prestressing steel

So as to gather information about strands used in PBPA (Precast Beams Prestressed by Adhe-
sion), Miklos TOTH, a research engineer from Freyssinet was reached. Freyssinet is a subsidiary
of Vinci, historically specialized in prestressed structures.

Most of the strands used by them are manufactured in the Far East or in Central Europe. The
percentage of recycled steel used to produce the strands is very hard to know. Even the providers
of strands have little information. They usually provide numbers from 0 to 50%. Furthermore, the
providers do not know the exact location of the factories producing the strands.

V. Perier referred to the factories registered by the ASQPE (Association pour la Qualification de la
Précontrainte et des Equipements des Ouvrages de Génie Civil) that gathers the factories provid-
ing strands for construction sites in France. Most of those factories are in Europe (Italy, Portugal,
Spain, Hungary, Netherlands, and France). Some others are farther away: Thailand, South Africa,
Tunisia, and Saudi Arabia. Among them, only a few declare the percentage of recycled steel used
to manufacture the strands in their EPD (SIW in Thailand: 43% of scrap, Nedri Spanstaal in the
Netherlands: 51% of scrap). The other EPDs have a higher environmental impact for the same
products, so one can infer that no recycled steel is used for them.

In order to assess the environmental impact of beams using strands, two scenarios were consid-
ered:

e First Scenario:
Strands are made from 51% of scrap steel and come from the Netherlands (Nedri Spanstaal
Bv)

e Second Scenario:
Strands are entirely made from primary steel and come from Italy near Rome (Siderurgica
Latina Martin S.p.A.)
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Both scenarios have been implemented in OpenL.CA.

Process Ecoinvent process Region Quantity Unit

Secondary Steel Production steel production, electric, low- RER 0.51S, kg
alloyed

Primary Steel Production steel production, converter, low- RER 0.49*0.97*S,, kg
alloyed

Hot rolling hot rolling, steel RER Sn kg

Transport of secondary steel to the steel factory market group for transport, GLO 0.51%¥190* S, *10~3 tkm
freight train

Transport of secondary steel to the steel factory market group for transport, GLO 0.51%20%S,,*1073 tkm
freight, inland waterways, barge

Transport of secondary steel to the steel factory market group for transport, GLO 0.51*%206*S, *10 2 tkm
freight, lorry, unspecified

Transport of secondary steel to the steel factory market for transport, freight, GLO 0.51*%441*S,*10~2 tkm
sea, bulk carrier for dry goods

Transport from the steel mill to the rebar factory = Truck Euro FR 0.49*%500* S, *10 2 tkm

Transport to the prefabrication factory Truck Euro Fr 800*S,*¥10~3 tkm

Sn kg

Table 13: Ecoinvent processes for prestressing steel from the Netherlands

Process Ecoinvent process Region Quantity Unit
Primary Steel Production steel production, converter, low- RER 0.97%S; kg
alloyed

Hot rolling hot rolling, steel RER Si kg
Transport from the steel mill to the rebar factory  Truck Euro FR 500%S;*10~3 tkm
Transport from the rebar factory to the prefabri-  Truck Euro FR 1300*5;*10~3 tkm
cation factory

| Prostressing steel Tealy 5. 7

Table 14: Ecoinvent processes for prestressing steel from Italy

2.5.5 Timber

Biogenic carbon Timber is what is called a bio-product. It captures COs during its growth
and releases it at the end of its life (decomposition, energy recovery), this carbon is called biogenic
carbon. There are mainly two ways of accounting for biogenic carbon in LCAs.

The first approach considers that all the stored carbon will be re-emitted at some point; thus,
there is no need to consider it in the LCA calculations. This method is called 0/0: 0 carbon is
taken into account at the production stage and 0 is released at the end of life.

The second approach is called -1/+1. At the production stage, a negative value of carbon is taken
into account to consider the stored carbon in timber, which will be released (41) at the end of
life. This is the approach that is used for EPDs as described by EN15804. This approach allows
considering that at the end-of-life stage of the timber product, only some of the wood will be
burned as energetic valorization. The other part will still store COs in the form of other timber
products (re-use for the production of furniture for example). This method can thus lead to
negative emissions of timber products, and the impacts depend heavily on the end-of-life scenario
chosen for the product.

The two scenarios are based on the assumption that logging is sustainable because if fewer trees
are planted than are cut down the impact of using timber for a product can not be considered as
zero with the first approach and can not be negative for the second.

As described in the article from the website of the French Ministry of Agriculture [54], forests
managed by the ONF (Office National des Foréts) are not felled more than their natural growth
rate, meaning that their management is sustainable.

These considerations led to the emergence of dynamic LCA. This new method for LCA considers
the time at which carbon was released to better capture the reality of the emissions for timber
products. The time of observation of the global system and the time horizon of each emission is
considered as described in [55] that offers a new model for calculating Global Warming Potential
with a dynamic approach. What can be observed is that the time at which the carbon is stored
or emitted has an impact on the results. It is possible to consider either that the carbon stored
corresponds to the tree used for the timber construction or to the tree planted to replace the
tree used for the construction. For the second assumption, the time that the carbon is released
is compensated by the growth of a new tree, this carbon will contribute to the Global Warming
Potential and its impact can not be taken as zero. This consideration led to a new indicator called
the GW Py;, that considers this additional contribution and the dynamic approach of LCA for
bio-products [56].

As a recap, Figure 8 explains the different approaches to account for the impact of bio-products.
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Figure 8: Different approaches for the LCA of bio-products [57]

In conclusion, the LCA calculations of bio-products depend heavily on the method chosen for
the consideration of the stored carbon and the dynamic of the emissions. Thus, making hypotheses
on the end-of-life of the product, the time of growth of the tree, and the time when it grows as

well as choosing the appropriate temporal horizon are mandatory steps to implement a dynamic
LCA.

As this study is based on a cradle-to-site approach, the end-of-life of the beam is out of scope.
It therefore seems inappropriate to consider a dynamic LCA approach for timber, especially since
a large number of assumptions have to be made and it is difficult to know how accurate they are
for the dynamic approach. This is why the 0/0 approach has been implemented for this study.
The processes used were the ones from the Ecoinvent database both for glued laminated or solid
timber. For solid timber, two different processes were used depending on the drying percentage so
as to see the impact that it has on the global results.

| Process Ecoinvent process Region Quantity  Unit

GL24h & GL28h glued laminated timber production, average glue mix Europe without Switzerland GL m
; GL m?

Table 15: Glued laminated timber Ecoinvent process

Process Ecoinvent process Region Quantity  Unit
Solid timber dried 10% planing, beam, hardwood, u=10% — sawnwood, beam, Europe without Switzerland STio m*
hardwood, dried (u=10%)
| Solid timber 10% dried STy m

Table 16: Solid timber dried 10% Ecoinvent process

Process Ecoinvent process Region Quantity  Unit
Solid timber dried 20% planing, beam, hardwood, u=20% — sawnwood, beam, Europe without Switzerland STao m
hardwood, dried (u=20%)
[ Solid timber 207 dried T m

Table 17: Solid timber dried 20% Ecoinvent process

Steel connections Steel connections are used to connect the timber members with each other.
The total amount of steel varies mainly according to the load to which the beam is subjected.

So as to evaluate the amount of steel used for connections in general, an engineer from a construc-
tion design office specialized in timber structures (Gustave) was contacted. Most of the projects
require 50 to 200 kg/m? of steel connections for beams.

The project of the Arcueil-Cachan train station, designed by ISC, was also studied. For this partic-
ular project, the ratio was 100kg/m?3 which confirms the range of values. Thus, it was decided to
conduct a sensitivity analysis on this parameter so as to see the influence that it has on the global
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emissions to switch from a 50kg/m? ratio to a 200kg/m? one. The amount of recycled steel used
to produce the connections is around 10% [26]. It has been modeled in OpenLCA as described in
Table 18.

Process Ecoinvent process Region Quantity Unit

Secondary Steel Production steel production, electric, low- RER 0.15. kg
alloyed

Primary Steel Production steel production, converter, low- RER 0.9*0.97*S,. kg
alloyed

Hot rolling hot rolling, steel RER 1S. kg

Transport of secondary steel to the steel factory market group for transport, GLO 0.1¥190*S.*103 tkm
freight train

Transport of secondary steel to the steel factory market group for transport, GLO 0.1%20*S,*10~3 tkm
freight, inland waterways, barge

Transport of secondary steel to the steel factory market group for transport, GLO 0.1%206*S.*¥10~3 tkm
freight, lorry, unspecified

Transport of secondary steel to the steel factory market for transport, freight, GLO 0.1*441*%5,*1073 tkm
sea, bulk carrier for dry goods

Zinc coating zinc coating, pieces RER 0.00653 m?

Transport to the construction site Truck Euro FR 200*%5,*1073 tkm

Se kg

Table 18: Ecoinvent processes for steel connections for timber beams

2.5.6 Construction steel

So as to assess the environmental impact of steel beams, four main pieces of information need to
be known: the percentage of primary and secondary steel used for the production of the beam, the
amount of steel for the connections, the type of corrosion protection, and the type of fire protection.

Use of secondary steel A benchmark based on European EPDs has been carried out in order
to gather information on the amount of recycled steel used to produce steel profiles. The data
collected are presented in the table 19.

[ Reference % of secondary steel in steel beams |
EPD ArcelorMittal XCarb [58] 100
EPD Bauforumstahl e. V. [59] 75
EPD Duferdofin [60] 75
EPD Ozkan [61] 100
EPD Siderurgica Balboa [62] 85
EPD WOST SA [63] 100
EPD CTICM [50] 67
EPD CELSA Barcelona [64] 100

Table 19: Use of secondary steel in European steel beams

Based on this benchmark, two boundary values were considered to perform a sensitivity analysis,
the first one of 70% secondary steel and the other of 100%.

Process Ecoinvent process Region Quantity Unit

Secondary Steel Production steel production, electric, low- RER 0.7Sp70 kg
alloyed

Primary Steel Production steel production, converter, low- RER 0.3%0.97*Sp70 kg
alloyed

Hot rolling hot rolling, steel RER Sp70 kg

Transport of secondary steel to the steel factory market group for transport, GLO 0.7”‘190*5‘1770*10_3 tkm
freight train

Transport of secondary steel to the steel factory market group for transport, GLO 0.7”‘20*5’,,70*10’3 tkm
freight, inland waterways, barge

Transport of secondary steel to the steel factory market group for transport, GLO 0.7*206*5‘,,70*1073 tkm
freight, lorry, unspecified

Transport of secondary steel to the steel factory market for transport, freight, GLO 0.7*441*5p70*1073 tkm
sea, bulk carrier for dry goods

Sl Profle 70% recyeled S 5

Table 20: Ecoinvent processes for steel profiles made of 70% secondary steel
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Process Ecoinvent process Region Quantity Unit

Secondary Steel Production steel production, electric, low- RER Sp100 kg
alloyed

Hot rolling hot rolling, steel RER Sp100 kg

Transport of secondary steel to the steel factory market group for transport, GLO 190*5';,100*10’3 tkm
freight train

Transport of secondary steel to the steel factory market group for transport, GLO 20*Sp100*10_3 tkm
freight, inland waterways, barge

Transport of secondary steel to the steel factory market group for transport, GLO 206*5,,100*10’3 tkm
freight, lorry, unspecified

Transport of secondary steel to the steel factory market for transport, freight, GLO 441*Sp100*10’3 tkm
sea, bulk carrier for dry goods

| Steol Profile 100% recyeled oo 7

Table 21: Ecoinvent processes for steel profiles made of 100% secondary steel

Consideration of steel connections Steel connections are also included in this study as a steel
beam has to be connected to the rest of the structure via screws, bolts, and plates. The percentage
depends on the type of structure and the loads applied to the beam.

ArcelorMittal declares in its EPD a ratio from 1.15 to 4.5% [58] and the CTICM a ratio of
2.06% in mass [50]. Those values apply mostly to building cases.

For engineering structures such as bridges, the ratio is more from 5 to 15% based on Vinci’s
engineers’ experience. A sensitivity analysis for bridges based on the two values 5 and 15% will be
performed.

For buildings, it was chosen to set the value to 3%. No sensitivity analysis was performed as the
range of values found is narrower.

Steel connections were considered as being made of the same steel as the beam itself, thus using
the Ecoinvent processes described above.

Corrosion and fire-protection Steel is subjected to corrosion that alters its mechanical prop-
erties over time. Different methods are used to protect steel from being corroded: zinc coating
(galvanization), anti-corrosion paint, or powder-coated paint application. When the environment
is aggressive, a combination of these technologies can be used. For example, it is common to use
either anti-corrosion or powder-coated paint on zinc-coated pieces.

An average scenario has been considered for which the beams are galvanized with two additional
layers of anti-corrosion paint. The process used in Ecoinvent is described in Tables 22 and 23.
The values for the anti-corrosion paint are based on the EPODUX ZINC 62-208 paint from Julien
Anticorrosion, which is a paint certified by the ACQPA (Association pour la Certification et la
Qualification en Peinture Anti-Corrosion: Association for Certification and Qualification in Anti-
Corrosion Painting) [65]. No transport for the painting has been considered as it had a very low
impact on the global results (based on 200km by truck). The density of this paint is 2580kg/m?
and one liter can cover theoretically 15m? for one layer.

[ Process Ecoinvent process Region Quantity  Unit

Galvanization zinc coating, pieces RER Ze m?2
Ze m?2

Table 22: Ecoinvent process for galvanization

Process Ecoinvent process Region Quantity Unit

Zinc market for zinc — zinc GLO 0.07AC kg

Epoxy resin market for epoxy resin, liquid RER 0.93AC kg
AC kg

Table 23: Ecoinvent process for anti-corrosion paint

Steel is a material that is very sensitive to heat. It loses its resistance quickly when it is sub-
jected to high temperatures. Thus, in the case of buildings, beams are often protected to ensure
resistance to fire. For bridges, when there is a risk of a fire, steel will not be used by engineers as the
main material of the structure. Thus, no fire protections were considered for bridge applications.
To prevent heat to alter steel properties, three main technologies exist: cladding with plasterboards,
covering with fire-resisting flocking, or intumescent paint. Intumescent paint is very expensive and
is used only in cases where there is an architectural will to leave the profiles visible.

Otherwise, flocking is preferred for housing applications and plasterboard cladding for office appli-
cations as there are almost always false ceilings in the offices.
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As there was no data in Ecoinvent for intumescent paint and flocking, the beams used in buildings
for this study were considered clad with plasterboards (Table 24). A density for plasterboards of
700kg/m? has been considered with a thickness of 14mm. It was assumed that the plasterboard
box was covering three of the four faces of the beam (sides and bottom).

Process Ecoinvent process Region Quantity ~ Unit

Plasterboard production market for gypsum plasterboard GLO P, kg
— gypsum plasterboard

[ Phasterboard chddimg T

Table 24: Ecoinvent process for fire protection

2.5.7 Fabrication of the beam

PBPA Information about the construction of PBPA beams was collected from the Spanish com-
pany Tierra Armada which manufactures prestressed and precast T and U-beams. The different
stages of the production and their corresponding contribution are described in Table 25. An
additional process for bending and cutting the stirrups was also considered.

[ Process Subprocess Power Time (min) Consumption Ecoinvent process ‘
Cube Lifting 25 kWh 2 0.093 kWh/m3 market for electricity, medium
Gantry voltage - FR
crane

Gantry crane translation 8 kWh 20 0.296 kWh/m3 market for electricity, medium
voltage - FR
Trolley translation 3 kWh 1 0.00556 kWh/m3  market for electricity, medium
voltage - FR
Gantry Lifting 25 kWh 4 1.67 kWh/beam market for electricity, medium
crane for voltage - FR
steel
Gantry crane translation 14 kWh 40 9.33 kWh/beam market for electricity, medium
voltage - FR
Trolley translation 3 kWh 4 0.200 kWh/beam market for electricity, medium
voltage - FR
Gantry Lifting 25 kWh 4 1.67 kWh/beam market for electricity, medium
crane for voltage - FR
the beam
Gantry crane translation 14 kWh 40 9.33 kWh/beam market for electricity, medium
voltage - FR
Trolley translation 3 kWh 4 0.200 kWh/beam  market for electricity, medium
voltage - FR
Concrete Gasoil 2L/h 60 0.222 L/m3 market for diesel-—diesel - Eu-
cart rope without Switzerland
Rebar cage  Cutting and bending - - 0.013 kWh/m market for electricity, medium
construc- stirrups voltage - FR
tion [11]

Table 25: Construction stages of the PBPA

Reinforced concrete beams For rectangular RC beams, the rebar cage fabrication needs to
bend and cut the stirrups as for PBPAS (0.013 kWh/m) and also to cut longitudinal rebars (0.09
kWh/m) [11]. The last stage of fabrication is pouring concrete (0.92 kWh/m [11]).

Process Ecoinvent process Region Quantity Unit
Bend and cut stirrups market for electricity, medium FR 0.013RC. kWh/m
voltage
Cut longitudinal rebars market for electricity, medium FR 0.09RC. kWh/m
voltage
Pouring concrete market for electricity, medium FR 0.92RC. kWh/m
voltage
[ boam construction RO FWh/m

Table 26: Ecoinvent processes for the construction of RC beams

The optimized RC beams are built the same way as RC rectangular beams, with the same
consumption of machinery. The only additional impact is when the beam is cast in situ, the
impact of the formworks used to make the voids in the beam is taken into account as they will
not be used many times. For these formworks, plywood is used. Three scenarios were considered
depending on whether the forms were used 1 or 10 times. The amount of plywood used is based
on the perimeter of the voids in the beam and a thickness of 18mm.
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[ Process Ecoinvent process Region Quantity Unit
Formworks for holes Plywood production FR Ply m>
Ply m>

Table 27: Ecoinvent processes for plywood

For the rectangular and optimized RC beams, the exterior formwork is not taken into account
as both off-site or in-situ these formworks will be used many times (over 10 years approximately
according to Vinci construction sites) so their impact in the entire process is negligible. The I-
beams are considered to be built the same way as PBPAs (with the same impacts). One just needs
to add the cutting of the longitudinal rebars (0.09 kWh/m [11]).

Timber beams No additional processes than the ones described in the timber section are needed.

Steel beams No additional processes than the ones described in the steel section are needed.
All of the beams For all of the beams considered, a last stage is common and involves the crane

used on-site to put the beam into its definitive location. This involves an electricity consumption
of 0.16 kWh/m [11].

2.5.8 End-of-life

For the end-of-life scenarios, it was chosen not to consider the avoided impacts of re-using the
wastes produced by the demolition of the beams (for example using steel scrap to make new steel
elements avoids the use of primary steel). This choice was made in order to be consistent with the
cut-off allocation method chosen for this study.

Concrete So as to consider the end-of-life of concrete in LCA calculations, several EPDs have
been considered among which the ones from the CERIB (Centre d’Etudes et de Recherches de
I'Industrie du Béton) [66] [67]. They act as references for reinforced concrete elements in France.
The scenario considered is the same for all their EPDs :

e 70% of concrete waste is sent to a sorting center and crushed for material recovery
e 30% of concrete waste is eliminated in a waste storing installation

e Recycled concrete covers a distance of 30km

e Waste concrete covers a distance of 30km

The value regarding the carbonation rate for concrete elements was found on the Infociments
website [68]. The value is close to what can be found in EPDs when considering the volume of the
beams.

The deconstruction process was taken from an EPD for a timber beam [69] (15 mins/m? of
heavy machinery).

Process Ecoinvent process Region Quantity Unit
Carbonation Carbon dioxide Resource in air - 37.5%CEor kg
Transport of disposed Truck Euro FR 0.001*30*0.3*Cgor tkm
waste
Transport of recycled Truck Euro FR 0.001*30*%0.7*CEor tkm
waste
Concrete landfilling treatment of waste concrete, inert material land- Europe without Switzerland -2500%0.3*Cgor kg
fill (Avoided waste)

Concrete crushing for  treatment of waste concrete gravel, recycling RoW -2500%0.3*CgoL kg
gravel use (Avoided waste)
Deconstruction Machin- market for machine operation, diesel, > 74.57 GLO 15*CEor min
ery kW, generators

[ Bnd of Tife - Conerete o773 I

Table 28: End-of-life scenario for concrete
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Reinforcing and Prestressing steel The values considered for prestressing and reinforcing
steel also come from the EPD from the CERIB [66] [67] [70]. The deconstruction process is
already taken into account in the waste processes for steel, this is why no additional process was
considered.

Process Ecoinvent process Region Quantity Unit

Transport of disposed Truck Euro FR 0.001*30*0.06* RSEoL tkm

waste

Transport of recycled Truck Euro FR 0.001*100*%0.94*RSE.1, tkm

waste

Steel disposal treatment of waste reinforcement steel, collection RoW -0.06*RSEoL kg
for final disposal (Avoided waste)

Steel recycling treatment of waste reinforcement steel, recycling RoW -0.94*RSEoL kg
(Avoided waste)

| Prstreing e e N

Table 29: End-of-life scenario for reinforcing and prestressing steel

Steel beams End-of-life scenarios for steel beams were based on the EPD from the CTICM [50],
knowing that the same assumptions also stand in the EPD from Arcelor Mittal [58] :

e 38% of steel is recycled and covers a distance of 375km
e 11% of steel is reused on site
o 1% of steel is landfilled and covers a distance of 150 km

Furthermore, maintenance has been considered for bridge applications. In fact, the anti-corrosion
paint must be renewed every 10 years, which over a 100-year lifespan (equal to that of the EPDs
of construction products), corresponds to 8 renewals. Each time, two layers of the paint already
considered for the construction phase are added to the steel surface.

Process Ecoinvent process Region Quantity Unit

Transport of disposed  Truck Euro FR 0.001*%150%0.01*SBEoL tkm

waste

Transport of recycled Truck Euro FR 0.001*345*0.88*SBg,r tkm

waste

Steel disposal treatment of waste reinforcement steel, collection RoW -0.01*SBEgoL kg
for final disposal (Avoided waste)

Steel disposal treatment of waste reinforcement steel, recycling RoW -0.88*SBgrorL kg
(Avoided waste)

R e N

Table 30: End-of-life scenario for steel beams

Timber beams The end-of-life scenario for timber elements is based on the one from the EPD
of the FNB (Fedération Nationale du Bois) [69] :

e Transport to sorting facility: 30km

57.2% of timber is recycled
17.3% of timber is landfilled

25.5% of timber is burned for energy recovery

1m? of timber requires 15mins of diesel consumption of a demolition machine

0.030 kW h/kgrimper electricity for crushing and sorting

0.0437 M J/kgtimper of diesel for material handling (46 M J/kgaieser)

210 kgCOz/m3, ;... of biogenic carbon stored in timber

A density of 420kg/m? for timber was considered.
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Process Ecoinvent process Region Quantity Unit
Transport of waste Truck Euro FR 0.001*420*30*TEo 1 tkm
Diesel for material han-  market group for diesel RER 0.0437/46*%420*T g, 1, kg
dling
Electricity for crushing market for electricity, medium voltage FR 0.03*%420*T g, 1, kWh
and sorting
Deconstruction Machin- market for machine operation, diesel, > 74.57 GLO 15*TEoL min
ery kW, generators
Biogenic carbon stored Carbon dioxide - Resource in air - 0.572*210*TEo 1, kg
in re-used products

TEoL m?

Table 31: End-of-life scenario for timber beams

As can be seen in Table 31, stored biogenic carbon for recycled timber was considered. It has
to be underlined that this process does not change the final LCA results for the Impact World
+ methodology. But, as another methodology might be used for other studies, it is important to
write it down for the processes taken into account.

Steel connections The end-of-life scenario for steel connections used in timber beams was also

included in FNB’s EPD:

e 95% of steel is recycled

e 5% of steel is landfilled

e Both recycled and landfilled steel cover a distance of 30km

Process Ecoinvent process Region Quantity Unit
Transport of waste Truck Euro FR 0.001*30*SCEgorL tkm
Steel disposal treatment of waste reinforcement steel, collection RoW -0.05*SCEgorL kg
for final disposal (Avoided waste)
Steel recycling treatment of waste reinforcement steel, recycling RoW -0.95*SCEorL kg
(Avoided waste)
SCEoL kg

Table 32: End-of-life scenario for steel connections
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3 Optipoutre: an optimization tool for beams

3.1 Scope of the analysis

Spans and loadings This study aims to minimize the environmental impact of beams used
for buildings and bridges. The span and the structural requirements are not the same for each
application. This is why, two different scopes have been determined, one for beams in buildings
and the other one for beams for road bridges. The different scopes considered are detailed in Table
33.

| Application Range of spans (m) Point load (kN) Distributed load (kN/m) |
Bridges 12-30 270 16.2
Buildings 5-12 7 10

Table 33: Scope of the study

The loadings have been determined using Eurocode 1 [71]. The distributed load for a bridge is
of 9k N/m? with a coefficient of 0.9 and a spacing of 2m between beams was assumed, which leads to
qr = 2%0.9%9 = 16.2kN/m. The point load is also given such that Q) = Q) = 0.9%300 = 270kN.
It has to be kept in mind that this load has to be placed at the place the most unfavorable, which
is for isostatic beams at mid-span.

For building beams, the loadings are different, the category considered is C4 (buildings that
can bear places for physical activities such that dancing halls or gyms) as it is constraining and it
corresponds to a situation that is common. For this situation, the loadings are ¢ = 5kN/m?2 and
Qr = TkN. A spacing between beams of 2m was considered.

An additional permanent loading for both situations was added (to take into account additional
permanent loads such as protective barriers for bridges): gk sup = 1kN/m.

Materials and typologies For this study, several materials and typologies have been considered:
Precast Beams Prestressed by Adhesion (PBPA), reinforced concrete beams with three different
typologies: rectangular beams, I-beams, and optimized beams which will be presented in the next
part. Other beams such as timber (solid and glued-laminated) and steel beams were also analyzed.

3.2 The optimization process with Grasshopper

The algorithm of optimization has been implemented for each typology on Grasshopper, a plug-in
of Rhino that allows building parametric designs and performing calculations with them. The
implementation in Grasshopper works with blocks related to each other, each one having its own
purpose (Defining the inputs, visualizing the geometry, performing calculations, etc.). The range
of possibilities in Grasshopper is very large. In fact, several open-source plug-ins can be added
depending on what has to be achieved. The ones used in this study are the following:

e GHPythonRemote
This plug-in allows the user to include Python scripts in Grasshopper and to import Python
libraries that are useful for the project as numpy, scipy, or others. The main drawback of
using Python in Grasshopper is that the version of Python used is v2.7. Thus, recent libraries
are no longer compatible with this version, but for usual calculations, it is sufficient.
The rhinoscriptsyntax library has also been used. It provides tools to draw the beams in a
parametric way directly in Python.

o Wallacei [72]
Wallacei is an open-source plug-in developed by Mohammed Makki during his Ph.D. It
performs evolutionary simulations for multi-objective optimizations. The interface is user-
friendly and the analysis of the results is possible through some boxes in Grasshopper. The
algorithm used within the Wallacei plug-in is the NSGA-II (Non-Dominated Sorting Algo-
rithm), a genetic algorithm whose pseudo-code is the following [73] [74]:

Initialize parent P; population (for an arbitrary number of chromosomes)
Iterate till some n-iterations. On each iteration:
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1. Create offspring Q; from P; via crossover mechanism
2. Create offspring via mutation mechanism, randomly selecting a pair of parents and ex-
changing some amount of genes between them
3. Optionally creates an offspring via local search mechanism (random finite displacements
to some parent’s genes)
4. Combine P and three groups of Q into one population set
5. Fwvaluation: Calculate the fitness objective for each chromosome in the population
6. Selection:
— Find a subset of chromosomes that constitutes a Pareto front
— Calculate crowding (estimate how tightly clustered Pareto chromosomes are using
fitness as a criterion)

— Randomly remove some chromosomes from the Pareto front using the crowding
index

After the last iteration, evaluate the fitness of the resulting population and find the final
Pareto efficient solution(s).

A Pareto efficient solution is a solution for which no action can be made that will minimize
one criterion without making another worse. It is relevant for multi-objective optimizations
as the decrease in one indicator studied can lead to an increase of the other. Thus Pareto
fronts allow the decision maker to choose the appropriate solution based on whether he wants
to prioritize one of the two (or multiple) indicators or have a solution that is good for all of
them while not being the optimal one for each of the indicators;

The global workflow for the optimization is drawn in Figure 9.

Geometric parameters
Materials properties
Materials quantities

Inputs

Viewing of the beam

treatment
Disposition of the different
materials

Parameter(s) to
minimize

Determination of load cases

Beam Verification

Penalty

LCA calculations

Figure 9: Global workflow of the Grasshopper implementation

Inputs Two types of inputs have to be differentiated: inputs that remain constant during the
optimization process and the ones that will be optimized. The ones that are fixed are (for one
simulation): the span, the external loadings (the loading due to the self-weight depends on the
geometry and is thus calculated at each iteration), the type of scenario chosen for the LCA (op-
timistic or pessimistic), and some hypotheses for the verification of the beam depending on the
typology and type of material.

The parameters that will be optimized are geometric parameters such as the height, width of the
section, material properties (type of concrete), and materials quantities (ratio of reinforcement,
number of strands, ...).
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Disposition of the different materials When considering, for example, the precast beams
prestressed by adhesion, it is also required to know the location of each strand to perform the
design checks. This is why this step of disposition of the matter is important for composite beams.

Determination of the load cases The load cases are calculated via the loadings defined in 3.1
depending on the situation (Serviceability Limit State (SLS) frequent, quasi-permanent, charac-
teristic, Ultimate Limit State (ULS), and construction phase). The combinations of loadings for
all these situations are described in Eurocode 1 [71].

Beam verification After the load cases are defined, the calculations to check whether the beam
meet requirements can be performed. This step depends on the material considered and will be
described more in detail for each typology later in the report. This step is performed in Python
using GHPythonRemote. If the beam does not meet a requirement, a penalty parameter will be
added to the LCA score of the beam so that the beam is penalized and will not be chosen by the
optimization algorithm [75]. This step will be described in detail for each typology as it depends
on the design checks for each material.

LCA calculations With the previous steps, the quantities of all materials are known. The
environmental impact of each constituent of the beam is gathered within a Python script. They
have been determined upstream with OpenLLCA as described in section 2. The environmental
indicators can then be determined by multiplying the quantities of each material by the LCA
indicator value, and by adding the contribution of the transport, construction phase, and End-of-
Life.

Wallacei & Data treatment FEach LCA impact indicator, chosen as a function to minimize
within the optimization process, is summed up with the penalty factor relative to the indicator. It
leads to a number that will be set as input for Wallacei, which will minimize it.

Wallacei takes also as inputs the sliders coming from the changing input parameters so that it can
change them during the optimization.

As an output, it can provide any numerical data on the different beams constructed during the
optimization. As mentioned before, when performing multi-objective optimizations, Wallacei can
display Pareto front solutions. The equations of the optimization can thus be written as below (for
a single objective optimization):

Minimize O + Pyor
O being the objective and Py;:the penalty parameter

3.3 The optimization process with Python

Even if using Rhino has many advantages such as the live overview of the beam during the itera-
tions and many options to produce visuals, it has one main drawback: computation time.

Thus, it was decided at some point to switch all algorithms coded in Grasshopper to scripts in
Python. As the blocks in Grasshopper were mainly done using GHPythonRemote, it was not very
difficult to copy them directly in Python. The block that required more attention was the one to
perform the genetic optimization: Wallacei.

As said before, Wallacei is based on a genetic algorithm called NSGA-II. Luckily, a library called
Pymoo has been developed to perform numerous types of optimization including NSGA II. The
main difference is that the optimization is done under constraints. It means that instead of calcu-
lating a penalty parameter based on the different design checks, it was only needed to inform the
algorithm of the different constraints in the form of functions that had to be negative.

For example, if one needs to meet o < f,, the function to give to the algorithm becomes g1 = o—f,,.
If g1 <0, the requirement is met.

The handling of constraints is performed as explained below [76]. A tournament between two
random genes i and j of the population is made. If a multi-objective optimization is performed,
the solution ¢ will be kept instead of solution j if one of the three following cases appear:

1. Solution ¢ is feasible and j is not

2. Both solutions are infeasible but solution 7 has an overall constraint violation that is smaller
than j
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3. Both solutions are feasible and solution 7 dominates the other

Another step, that is changed going from Grasshopper to Python, is the visualization of the
sections and of the beam. The matplotlib and shapely libraries were used to replace Grasshopper
and Rhino. Otherwise, the global workflow remains the same, first defining the input parameters,
then performing design checks and LCA calculations.

Now that the global workflow has been described, each typology and material particularity will
be discussed in detail during the next sections.

3.4 Precast beams prestressed by adhesion (PBPA)
3.4.1 Design of the beam

Precast Beams Prestressed by Adhesion (PBPA - PRAD in French) are beams in an I-shape (Figure
10) used mostly for bridges, covering of roads, and sometimes as trusses and purlins of industrial
frame buildings.

Tous les torons sont des T15S
2=15.7mm
2 Non gainés

@ Gainés sur 1m

@ Gainés sur Zm

O Gainés sur Im

,95,50,50, 100 50,50,

[ | | |
65|65 130 | 130 |65]65

Figure 10: Example of a PBPA used for a flying junction on the high-speed line Tours-Bordeaux
[77]

This type of beam can be characterized by:
e Geometric parameters (height and width of all parts of the section: web, heal, and head)
e Number, diameter, and disposition of strands

e Concrete resistance

For the strands, the input is the total area of strands in the cross-section of the beam. A step is
then required to know which type of strand to choose and how to place them within the section.
This step is described in Figure 11. The strands must remain in the heel of the beam so that the
web can be thin so as to spare some concrete. The cover and the horizontal and vertical spacings
are fixed within the script. They were all taken equal to 5¢m based on the standards. Three types
of strands were considered (the most used currently): T12.9, T15.2, and T15.7. A, is the area of
one strand, Nstrands,,az 15 the maximum number of strands that can fit in the heel, A} ;4. is the
maximum area of strands that fit in the heel, and hpe; is the height of the heel.
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Figure 11: Procedure to place strands within the cross-section

3.4.2 Design checks of the beam

The design checks were done according to Eurocode 2 (EC2) [78], to documents from the CSTB
(Centre Scientifique et Technique du Batiment) [79], and to classes of the CHEBAP (Centre des
Hautes Etudes pour le Beton Armé Précontraint) [80].

Prestress losses When designing a PBPA, the prestress losses at each step of the life of the
beam are determined. The initial stress in strands is taken as opqz = 0.95% fpo1 k., fPo1,k = 0.9% fri
being the elastic limit of prestressing steel and f,; the fracture limit of the prestressing steel. Such
values are available for different types of strands in standard tables.

Right after the cables are released, there are losses leading to a prestress constraint of oy =
min(0.8 fpr, 0.9 po1,k). Some other losses at this stage have to be considered:

e Loss at anchorage setback:
Aoy = L , AL being the anchorage setback (taken from the value of the CSTB guide),
and FE, the Young s modulus of prestressing steel, Lyepen = 18m

e Relaxation loss on the bench (Appendix D EC2) due to thermal cure: the thermal cure
chosen has been taken from a former project of ISC [77]

e Loss due to heat treatment: [EC2 §10.5.2]:
Acg = 0.5 % Ep * e, with o, = 107" the linear coefficient of thermal expansion

e Calculation of deferred prestressing losses. (EC2 5.46):
Om,t(2) = Opmo(2) — ATctsir(T)

EcsE + 0 8 % Ao—pr + EE'ip(rb(t?tO)a-C QP
1+ 2222 (1+ 4222 )(1 + 0.86(L, 1))

AUcherr =

with:

- €05 the total value of shrinkage in absolute value

- B, the Young’s modulus of concrete E,,, = 22(£2)%3 (MPa)

- ¢(t, to) the creep coefficient at time ¢ for a loading applied at time ¢

- 0¢,op the stress near the rebars in concrete under self-weight, initial prestress, and quasi-
permanent loadings

- Aoy, the absolute value of stress variation in prestressing steel due to relaxation under
quasi-permanent combination

- A, the concrete cross-section area

- I. the concrete cross-section inertia

- Z¢p the distance between the center of gravity of the section and the center of gravity of
strands
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- A, the area of one strand

At the serviceability limit state, two characteristic boundary values are used for the prestress
force:
Py sup = 1.05P,, 1(z) and Py iny = 0.95F,, (x). Other hypotheses such as the construction sched-
ule, and the relative humidity come from the CSTB guide [79].

Design checks for SLS (§7.2 EC2) As the beam is considered isostatic, the bending moment
for a combination of forces resulting of a distributed force ¢ and a point load @ is given by:

M = % + %7 L being the span of the beam.

Thus, the compression force in concrete is given by

Oc = A% + M;CPE Zep and the tension force by o = A% —
-P the prestress force

-M the bending moment of the beam

-e the eccentricity of the prestress cables

M-—P
IC

€ Zep, With:

Design checks have to be made at SLS both for concrete and for prestressing steel. With regard
to concrete, the following checks must be carried out for the compression stress o.:

e 0. < 0.7fc(t) when releasing the prestress cables

e 0. < 0.6f. under characteristic loading (for exposure classes XD, XF XS)
e 0. <0.45f. under quasi-permanent loading for a linear creep

e 0. < fetm for uncracked concrete

With regard to prestressing steel:
opm < 0.8 fpr under characteristic loading.

The deflection of the beam has also to be checked, it must not exceed a value of Qlﬁ, [ being

the span, both for the instant deflection and the deflection at an infinite time calculated via the
creep coefficient ¢(00,t0): foo = (1 + ¢(00,t0)) finst-
As the beam is considered isostatic, the deflection is given for an elastic behavior by:

MgpL? PeL?
96 E.x 1, S8E.I,

finst =

Mgp is the bending moment for the quasi-permanent loading and I, the inertia of the beam along
its bending axis.

Design checks for ULS (§3.6 EC2) At ULS, the compression in concrete can be modeled as
a rectangular stress of value 7 f.q with a height of Az, x being the height of the compressed zone,
and

N { 0.8 iffer, < 50M Pa
T 1 0.8~ (for —50)/400 if 50 < fo < 90M Pa
(1 iffor < 50M Pa

- { 1.0 — (for — 50)/200 if 50 < fo. < 90M Pa

Figure 12 illustrates the strains and stresses in the beam at ULS.
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Figure 12: ULS repartition of forces in prestressed concrete [78]

With regard to the prestressing steel, one needs to define the stress-strain relationship. The
chosen diagram is the one with a horizontal step. The step value is of fpo1r/1.15 for prestressing
steel (Figure 13);

T 4
Inclined slope
~ Jpo1k | r
fpd -
1.15 A

Horizontal step

| >
i >
fpd/Ep €u,d Euk

Figure 13: Stress strain relationships for prestressing steel

The balance of the forces on the section leads to the value of x which leads to the value of the
resisting moment Mpq:

Nint = Nconcrete - Nprec,supppm,oo
Mprq = Neoncrete * (dp - dcog)
- d,, is the position of the center of gravity of prestressing steel
- dcog 1s the center of gravity of the compressed zone

With regard to this, it is possible to check whether My > Mgy, Mgq is the maximum bending
moment in the beam at ULS.

The shear force in the beam must not exceed the resistive shear force (Vg magz) :

V _ acwbwebzylfcd
Rdmas = 4 0n(0) + cotan(6)
1+ Ucp,tr/fcd if Ocp,tr < 0-25fcd
- Qo = 2.5 % (]_ — Ucp,tr/fcd) if 0-25fcd S Ocp,tr S 0-5fcd
0 otherwise

N .
- Ocp,tr = bweb*]f%’ NELU = Pk,inf,tot and bweb the width of the web

32



- Ag the total area of longitudinal prestressing steel
- 0 the strut angle (taken as 30°)
_J 06 if fck > 60M Pa
e { max(0.9 — fer/200,0.5) otherwise
The shearing stress of the webs (1) should not go over a value of o1 < fo, = (1—0.803/ fek) fetk, 005,
o3 = min(o¢, 0.6 fer),
o1 = VSl/Izbwebv
S1 is the static moment with respect to the bending axis of the zone of the section located above
the point considered

3.4.3 Definition of penalty parameters

For each of the conditions that need to be satisfied (ex :v < vn42), @ penalty parameter is defined:
Py; = ¢;max(0, %)2 The ¢; parameters are defined such that they give more importance to
the conditions that are mostly not satisfied (determined empirically by writing at each iteration of
the algorithm, which conditions are not verified).

The different conditions are the following;:

e ULS checks:

— Shear: Pyshea'r‘ =10 % mam(O) M)Q

VRd,max
— Shearing in the webs: Pyshear.w = maz(0, %)2
— Bending resistance: Pypeng = 1000max(0, MEX/I;,%P

e SLS checks

— Short-term deflection: Pygey,s = maz(0, M)Q

max

(07 finf_fmam )2

Long-term deflection: Pygef ing = max

— Compression in concrete under characteristic loading: Py. compr = maz(0, %‘?{C")Q

— Traction in concrete under characteristic loading: Py trqc = 100xmaz(0, %)2

— Stress in longitudinal reinforcement under characteristic loading: Pye yein = maz(0, U"%ﬁf’*)z
— Compression in concrete under quasi-permanent loading: Pyop,compr = max(0, W)Q
— Decompression in concrete under frequent loading: Pycompr, fr = maz(0, W)Q

Then all those penalty parameters are summed and multiplied by a penalty factor, which is chosen
with a value of 1000:

Pyor = 1000y _ Py;
i

The 1000 value was chosen so that solutions for which design checks are not passed will not be
selected by the algorithm while having a value that is not too high to avoid being stuck in a local
optimum. This value has been determined via tests where each time it was checked whether it was
possible to optimize by hand the solution (meaning that the solution was not the optimal one) or
if the solution given at the end did not meet requirements.

It has to be kept in mind that this value of 1000 was designed when optimizing the climate change
indicator (short or long-term). If another indicator was optimized, a first simulation was performed
to observe the order of magnitude between the value of climate change and the one of the indicator
studied so as to divide the value of 1000 by this order of magnitude.

3.4.4 LCA of PBPA

Choice of the studied indicators Based on the procedure described in the LCA section, the
indicators chosen for the analysis of PBPA beams are chosen by their amount of participation
in the endpoint indicators (human health and ecosystem quality). Three different materials are
used for PBPAs: concrete, reinforcing, and prestressing steel. For each one of those materials,
the contribution of midpoint to endpoint indicators has been analyzed. From this analysis, six
midpoint indicators have been chosen based on a 5% hurdle of participation to at least one of the
endpoint indicators for at least one of the materials used for the fabrication of the beam (knowing
that there were the same for the six typologies):
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e Freshwater ecotoxicity (CTU,)

Climate Change, long term (kgCO2 cq)

Particulate Matter formation (kgPM2.5.4)

: 3
o Water scarcity (my,,.14.04)

Climate change, short term (kgCOz cq)
e Human toxicity cancer (CTUy,)

The two endpoint indicators (human health and ecosystem quality) have also been studied.
As an example, the participation of midpoint indicators in human health and ecosystem quality
for C30/37 conventional concrete used for buildings is given in Figure 14.

PARTICIPATION OF MIDPOINT PARTICIPATION OF ENDPOINT

INDICATORS .II—SDEI((:ZC.;'?;SRTEM QUALITY INDICATORS TO HUMAN HEALTH
“ . ‘ Land occupation, biodiversity I N D I CATO R

Marine eutrophication m Climate change, human health,
shortterm

m Water availability, freshwater

ecosystem 2013% m Climate change, human health,

m Temestrial acidification long term
m Water availability, human
m Water availability, terrestrial health

ecosystem y y
W Freshwater acidification W Particulate matter formation

m lonizing radiation, ecosystem m Human toxicity cancer, short

quality . term
m Land transformation,
biodiversity
W Qlimate change, ecosystem
quality, long term
m Cimate change, ecosystem
quality, shortterm
m Marine adidification, long term

m Photochemical oxidant
formation

W Human toxicity cancer, long
term

‘Ozone layer depletion

W Marine adidification, short

term B Human toxicity non-cancer,

Freshwater eutrophication long term
. m lonizing radiation, human
m Freshwater ecotoxicity, short health
term 1
m Freshwater ecotoxicty, long B Human texicity nen-cancer,

term C30/37 BATIMENT HC shortterm

€30/37 BATIMENT HC m Thermally polluted water

Figure 14: Contribution of midpoint indicators to endpoint indicators for conventional C30/37
concrete

3.5 Reinforced concrete beams
3.5.1 Rectangular beams

Inputs Compared to the PBPAs, rectangular reinforced concrete beams have fewer input pa-
rameters as they only require height (h) and width (b) to describe their geometry. The resistance
of concrete is also an input to optimize.

The optimistic and pessimistic scenarios can both be implemented (100 or 44% recycled steel and
classic or low-carbon concretes).

Design of the section at ULS When designing the concrete section at ULS, several cases are
considered according to the three-pivot diagram (Figure 15).

T B

Figure 15: Three-pivot diagram [81]
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At ULS, it is supposed that the diagram of strains passes through one of the pivots ( A or B
in flexion, C in compression), €,q4, and €.,3 being defined as for PBPA. When it passes through
point A, it means that steel works at its best (€5 = €,4), through point B, that concrete works at
its best (€5 = €cy3), and through point C that the entire section is under compression.

In this case, the simplified rectangular diagram is also used as for PBPAs (Figure 12).

The first limit case is when there is a pivot both at points A and B. When noting p = % the
scaled moment and o = %, d being the distance from the reinforcing bar’s center of gravity to the
top of the section and x the distance to the neutral axis to the top of the section, we have three cases:

o If M < Mapora<aapor u<pag : pivot at A
o If M =Muspora=aapor u=puasp: pivot at A and B

o If M > Muspora>aapor > uap : pivot at B

,with aap = 760530135% and pap = 7,)(%;‘}3&1.

In this study, the compressed steels in the upper part of the section are not considered to
participate in the resistance but are nevertheless taken into account in the LCA. If concrete works
at its best and steels are at their elastic limit (BE diagram): pupgp = b%ﬁ QBE = ec;cfese. Then
if g > pupgora>apggor M > Mpg, the solution must be penalized because the bending moment
is too high. The stress-strain diagram that has been considered for steel is the one of Figure 16

with a factor k& = 1.08.

k fyd +
fya‘. -+

Figure 16: Stress-strain relationship for steel [81]

The required section of longitudinal reinforcement A, is determined via the following procedure:
A first guess of a value of d is made d = 0.9h, with this value and the value of the bending moment,

it is possible to have access to the value of x. Then three cases have to be investigated:
e If z < xup: pivotatA:AS:%
yd

o If xop < x < xpg: pivot at B: A, = Ad:]fif“d‘r, o5 can be found via the stress-strain diagram

for steel after having computed €,
e If x > xpg, the solution is penalized

Then, the required total area of steel is translated in terms of layers and rebars of a certain diam-
eter. It leads to a new value of d. Until the value of d is different from the one at the beginning
of this process, the procedure is repeated, to design with a value of d that is accurate. In general,
three iterations are enough.

The process to translate the total required reinforcement area in bars and layers is described
in Figure 17. The rules to create an appropriate layout are the following:

e There should not be only one bar in the section
e The same diameter is used for the rebars in the same layer
e Rebars of a layer have diameters that are at least equal to the ones of the layer below

e The layout is symmetric

35



e A rebar of an upper layer is always placed above another rebar

The two layers of reinforcing steel are superimposed directly on top of each other, with the third
layer at a distance of 5 cm from the layer below.

Creation of the table of all possibilities
(for a maximum number of rebars pro
layer of 10)

Based on basic rules

l

Sorting of solutions according to the total
reinforcement area

l

Suppression of the solutions that don’t
fit into the section

I

Choice of the reinforcement layout that
has the minimum area that is at least
equal to the required reinforcement area Iteration if

] required

‘ Caleulation of the lever of arm d

Figure 17: Procedure to choose the reinforcement layout

Once the longitudinal reinforcement layout has been chosen, the shear reinforcement layout has
also to be defined.
The maximum shear in the section is Vg4 and the maximum resisting shear force of the section is

v _ Qewbzy feq
Rdmas = 4 0m(0) + cotan ()
with:
Qe = 1
0 the inclination angle of the struts varying from 22 to 45°
b { 0.6 if for < 60M Pa
! min(0.9 — fu,/200,0.5)  otherwise

z is the lever arm of the longitudinal reinforcement z ~ 0.9d

So as to minimize the volume of shear reinforcement, the angle 6 should be as low as possible.
The test Vgq < VRd,maz is done first for § = 22°, if this does not work, a higher value of 6 is used
by steps of 2°. If at the end of the process, 0 is larger than 45°, then the shear force is too high,
which means that the solution has to be penalized.

Once 6 has been found, the number of struts in the beam can be found. For each strut i, the
shear force is computed. If Vgq; > Vga. (the design shear resistance of the member without
reinforcement), then a shear reinforcement layout is defined with an area of:

VRd,c = mam(CRd,cktT(1000p1f6k)1/3bd7 szndb)
C(rd,c = 018

Ye
p1 = min(0.02, ?5)

ki = min(1+ (200/d)%®,2), d is in mm
Vimin = 0.035k2 %/ For

Otherwise, (Vgq,; < Vgd,c), only nominal transverse reinforcements are placed pin = %
Once the required area is defined, the spacing, number, and diameter of shear reinforcement need
to be defined. A maximum spacing is first chosen: s; 4, = 0.75d. If for this spacing a number of
ties in the section with a certain diameter is found, this layout is chosen, if not, a shorter spacing
is chosen and the process iterates till a convenient spacing is found. The spacing is then modified
to become a multiple of the length of the strut by choosing a spacing that is smaller than the one
found before to ensure the shear resistance. The number of ties in the section depends on the
longitudinal rebars, as there can be only one vertical rebar per longitudinal rebar and a minimum
of two transversal rebar has been taken as there are always two rebars in the upper part of the
section.
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Design of the section at SLS Now that the reinforcement layout is known, one needs to check
whether it passes also the SLS design checks. The hypothesis is made that both concrete and steel
are in their elastic domain at SLS.

The ratio a, = g—z is fixed at a value of 15, which is a safe value often considered bu engineers.
The diagram of stresses and strains is described in Figure 18.

Figure 18: Stresses and strains along the height of the section at SLS [81]

For the SLS, the reinforcement in the upper part of the section is also not considered. The
neutral axis position z needs once again to be determined as it is not the same at the ULS. The

equation to determine it is :
2

T
b? + aAsx — aedAgs =0
The stresses of the section are determined via the relations:
M
=T
acAs(d—x)? + 0%

o5 = ae(d — x)ﬁ
x

Oc =

The different design checks that need to be performed are the following:
o 0, <0.8fy

o 0. <0.6fc

If the two conditions are met, then the SLS checks are completed. If o, < 0.6fcx and o, > 0.8 fy1,
it is possible to increase the total amount of reinforcing steel:

bx?
ae(d —x)
Once again iterations are required in order to be sure that the d used for the formula above is the
one of the exact reinforcement layout. If o, > 0.6f.; the solution will be penalized, the section
can not meet requirements without considering upper reinforcing bars.

A, =

The opening of cracks should also be controlled. Clause 7.3.3 (101) of Eurocode 2 is used as
a simplified method. The maximum opening of cracks is defined depending on the exposure class
(Wmaz = 0.4mm for building beams and w,,q, = 0.3mm for bridge beams). The stress in the
reinforcement bars (in MPa) must be inferior to a value that is 1000 times the maximum opening
crack (in mm).

os(MPa) > 1000wW,q. (mm)

The deflection of the beam under quasi-permanent loading is limited. A simplified method was

used (§7.4.2 EC2). If the ratio % is higher than a maximum value %mm, then it means that the

deflection of the beam is too high.

I K(11 4 15y Ter 2 4+ 3.2y T (22 = 1)*/2) if p < po
(E)maﬂ: = K1+ 1.5y ek pf(;, + %\/fck\/ Z—;) otherwise

- K is a coefficient taking into account the structural system considered

- po = 1073/ is the reference ratio of reinforcement

- p is the maximum ratio of longitudinal traction reinforcement in the beam

- pl is the maximum ratio of longitudinal compression reinforcement in the beam
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Penalty parameters Design checks are similar to the ones for prestressed beams
e ULS checks:

— Flexion: Need of rebars in compression or too many rebars required: Penaltyfie, =

B—pBE\2
100  maz (0, FE2E)

— Shear: Too much stress in the struts: Penaltyy,. = 10 * max(0, 9;%4)2

e SLS checks

— Flexion: Too much compression in concrete Penaltycompr = 10 * max(0, %)2

— Openings of cracks too high either for characteristic, frequent and quasi-permanent load

case: Penaltyerqcr = 500maz (0, Zesr000*Wmar )2

i~

€
h mazx )2

T

h max

— Deflection too high: Penaltygqer = 10maz(0,

Other considerations The reinforcement calculated before is the one required for the maximum
bending moment (at mid-section). This amount of steel is not required for the entire length of the
beam. Thus, when multiple layers are considered, the upper one is removed and the maximum
bending moment M; for this new section of steel is calculated. Then, the abscissa of the point
where M = M; is calculated. It is then possible to remove the upper layer at this specific point. If
there are three layers, the same process is used to remove the second layer. This process is called
bar-stopping.

The calculation of the total volume of steel includes the anchorages of the rebars as well as the
overlap of the rebars. In fact, the maximum length of rebars is 12m (the maximum length that
trucks can move on the road). So for beams longer than 12m, two or more rebars are required so
as to be modeled as one single bar along the entire length of the beam. An overlap is necessary to
ensure the transfer of forces between the different bars. This one is the following:
lovertap = mMax (0.3 * 1.15 * lyrqq, 10¢m44, 200)mm,

Pmaz

lbq'rd = dfva fyd
Joa = 2.250103 fera,
vy = 1
1 if Grmaz < 32mm
Y270 (132 = hmas)/100  otherwise
Dmae being the maximum diameter of the rebars.
The anchorage length of the rebar is of lynen, = max(0.3lpgrd, 10¢mas, 100)mm

LCA As for PBPAs, concrete and steel are the two main and only components of reinforced
concrete beams. Therefore, the choice of indicators is the same as for PBPAs.

3.5.2 I-shaped beams

Specific features The inputs of I-beams are the same as for PBPA (geometric parameters,
resistance of concrete) except the fact that the amount of reinforcing steel is calculated within the
workflow whereas for PBPA the amount of prestressing steel was an input.

I-beams design checks are very similar to rectangular beams. The differences rely on the fact that
when calculating the area of concrete under compression, one needs to consider that the width
of the section varies with the height. An effective width of the compressed zone of the beam is
defined depending on the height of the compressed zone. It is calculated as the average value of
the width along the height of the compressed zone x. It is calculated as such, with hpeqq and bpeqq
the height and width of the head of the beam and djeqq the height of the upper inclined part of
the beam:

bhead if ¥ < hnead
bheadlnea —hhead)bhead—(@—Nnead)? (breaa—b 2dhea :
head/lhe ,d“l’(m he d) head (93 he d) ( head ame)( he ,d) lf hhead < T < hhead + dhead

otherwise

beyr =
) x
bheadhhead+(T—hhead—dhead)bweb+dheadOhead—dhead (Dhead —bweb)/2

T

38



3.5.3 Optimized beams

Optimal height of the struts This part is based on the work of S. Maitenaz during his Ph.D.
[11]. His work stems from the statement that only part of the concrete beams contribute to its
structural capacity, and that it is possible to keep only the struts and the concrete around the ties
and leave the rest hollow using a “truss-analogy” method.

Two resisting forces appear in EC2, the design value of the shear force which can be sustained
by the shear reinforcements Vg4 s, and to the design value of the maximum shear force which can
be sustained by the strut in compression Vrg max

A
VRa,s = %zfydcotﬁ

cot
1+ cot20
In order to identify the height of the strut in the expression of Vz4 maz above, it is possible to use
trigonometric formulas, as hgt+ = zsinf as can be seen in Figure 19.

VRd,maz = acwbwzylfcd

N Rgprur = 28in8

I T Vi
. 7/_ // VRd:S

Figure 19: Relation between the height of the strut, its inclination and the lever of arm [11]

Thus,
VRd,maac = Qw1 fcdbstrut hstrutSine

One still needs to check whether Vrg maz > VEq. As it is the only constraint concerning this quan-
tity, it is thus possible to optimize the matter while meeting this requirement. Two optimization
parameters are at hand: the height and width of the strut. As in this study the width of the
strut bssr¢ does not change along the beam, only the optimization of the height of the strut is
considered. After some calculations, the optimal height of the strut was found as:

. VEa
hstrut = zsin6

VRd,ma:z:

_____________________________________

Strut Tie Long]tudmal rebar curtailement

Figure 20: Optimal height of the strut [11]
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Optimal transversal reinforcement To minimize the amount of concrete used for the beam,
the transversal rebars need to be as far apart as possible. The minimum shear reinforcement
required is:
5 VEd

2 fyacotd

The maximum distance between two shear reinforcement rebars is of s; 4, = 0.75d. Thus, the
procedure to find the appropriate transversal reinforcement layout is the following;:

Asw,min =

1. Try the largest value of s and the lowest diameter of the rebars ¢ with a single tie in the
section (with one or two branches depending on the longitudinal layout)

2. If the solution does not meet requirements, the diameter of the bars is increased

3. If it still does not work with the largest diameter, the number of rebars in the section is
increased (if possible), and the procedure is repeated

4. If for the largest diameter of rebars and the maximum number of rebars in the section, it
does not meet requirements, s is reduced by steps of 5em.

The shear reinforcement layout should also meet the following requirements:
e Each longitudinal rebar is in contact with one shear rebar and reciprocally

e The spacing between two transversal rebars s; should be at least equal to 10cm regarding
the feasibility for the construction

e The distance s; between two bars in the same plan should meet s; < min(0.75d,0.6) (Eu-
rocode)

e The spacing s; takes values multiples of 5¢m for the sake of simplicity on the construction
site
3.6 Timber beams

As timber is an isotropic material, it is defined by characteristic mechanical properties along its
different axes (0 and 90° in relation to the fibers axis):

® fm.ok, the bending resistance

ft,0k, the axial traction resistance

ft,90k, the transversal traction resistance

fe,ok, the axial compression resistance

fe,00k, the transversal compression resistance

The modulus of elasticity and the shear modulus are also defined along axes at 0 or 90 degrees to
the wood fibers. Those properties differ regarding the type of timber considered (glued laminated
or solid timber) and the resistance class.

For solid timber, a resistance class of C24 was chosen, and for glued laminated timber, the
choice was left to the user of the optimization tool to pick either a GL24h or a GL28h. These
values were considered as they are the most used for timber constructions both for buildings and
civil engineering works.

Each design resistance value is calculated as :

Rd _ Rk kmod

m

kEmod is a factor depending on the type of action (permanent, long term, etc.) and of the service
class of the element that depends on the temperature and the humidity of the surroundings.
Ym 18 equal to 1.25 for glued laminated timber and 1.3 for solid timber.
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At the ULS, the different design checks are the following;:

e Traction along the direction of the fibers: 004 < ft04
e Compression along the direction of the fibers: 0.4 < fc 04

e Compression perpendicular to the direction of the fibers (mainly at the supports): o¢90a <
fe,00d

e Bending without risk of spillage 722 + k,,, 7==¢ < 1 and k,, T2t + Tm=d <1k, = 0.7
fm,y,d frn,z,d fm,y,d frn,z,d

for rectangular sections

e Shear resistance with an effective width taking into account cracks beys = kerb, ke, depending
on the service class and the type of timber

At the SLS, the design checks are the following:
e The instant deflection should be less than /300, [ being the span
o The long-term deflection should be less than /150

3.7 Steel beams

Steel beams are available from a European catalog [82] and are described by their mechanical
properties such as the inertia along the two axes of bending, the area, the linear density, etc. The
profiles considered for this study are chosen among the following: IPE, IPN, HEA, HEB, HP, HD,
and HL.
The steel resistance is determined using the steel grade. Only S355-grade steel was considered.
Its resistance is of f, = 355M Pa for a width of the web t,, < 40mm, and f, = 335M Pa otherwise.
After having chosen a steel profile, its class is determined. The classes vary from 1 to 4, with
class 1 being the highest-performance class.
The class is defined both for the web and the flanges. The lowest-performing class of the two
is considered to describe the entire section. The term d corresponds to the height of the web,
¢ = (b—t,)/2 with b the width of the profile, t,, to the width of the web, and t; to the thickness
of the flanges as can be seen in Figure 21.

)

Figure 21: Dimensions of steel I- or H-sections [82]

Class 1 sections can reach their plastic strength without the risk of local buckling and have a
high rotation capacity that can form a plastic hinge. ti < T2, % < 9e

Class 2 sections can also reach plastic strength without the risk of local buckling, but have
limited rotational capacity. ti < 83k, i < 10e

Class 3 sections can reach their elastic strength in extreme fiber, but not their plastic strength,
due to the risk of local buckling. ti < 124e, % < 14e¢

Class 4 sections cannot reach their elastic strength due to the risk of local buckling. % > 124e,
= > 14e
tr
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With € = Qfﬁ, fy being in MPa.

Class 4 sections are usually avoided as they cause problems for the design of steel beams. Thus,
class 4 sections were deleted from the catalog considered.

Design at ULS The resisting shear of the sections is given as:

IRd = Avafy
\/§7M0

Yao is the security factor for ULS vy = 1.
A, is the shear area and is given in the catalog.
The following verification needs to be considered: Vgq < Vpira.

Furthermore, if Vg; > %V},md, the resisting bending of the section is multiplied by a factor
p= (% —1)2, otherwise p = 1.

P
Considering the resisting bending, the design check is Mgq < Mpgq, Mgy depending on the sec-

tion’s class.

Vp

MO

pfy 7;: for Class 3

Moo — { pfym for Classes 1 and 2
Rd =

We,y and Wy, , are the elastic and plastic bending moduli of inertia.
Furthermore, if the section considered is an I section, which is the case for all the sections
considered, Mprq becomes:

PAL) fy

MRd = min(MRd, (Wp[’y - At a1
w 0

A, 1s the area of the web.

The ULS design checks also include the checks considering Lateral Torsional Buckling (LTB)
with the calculation of a maximum bending Mpg4.

f
Myga = X£1BuwWply—
YMm1

. 1
xor = min(l, — )
Vrr+ \/\IJ%T — )\%T
1 _ _
VUrr = 5(1 +arr(Apr —0.2) + A3 1)
S\LT =V ﬂprl,y]éiy

El 1 L2GT,
— 2 z w t
Mc'r = Cl'ﬂ' LQ(\/(szg)z + Z + 71'27E'IZ — CQZQ)

0.21 for rolled I sections and % <2
o — 0.34  for rolled I sections and § > 2
LT = 0.49 for welded I sections and % <2

0.76  otherwise

Wetw  for Class 3

1 for Classes 1 and 2
ﬂw =
Wpl,y

Yar1 is the security coefficient for LTB

1 for buildings
M1 1.1 for bridges

As seen in the formulas above, calculating the critical bending requires calculating the values
of Cy, Csq, and z4. C7 and C; are constants depending on the loading and support types of the
beam.

For an isostatic beam under uniform loading C; = 1.13 and C; = 0.46. For an isostatic beam
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under point load at mid-span, C; = 1.35, and Cs = 0.55. As the load considered in this study is a
combination of both, C; and Cy are calculated as a weighted sum of the two load cases [83].

MuCi,u + MpCi,p

C; =
M, + M,

The letter p stands for punctual loading and u for uniform loading, M, is the bending at mid-span
under punctual loading and M, is the bending at mid-span under uniform loading.

zg stands for the distance between the force’s point of application to the section’s shear center.
In this study, the self-weight is applied at the shear center (z, = 0) but the additional loads are
applied on the top of the section (z, = g) A similar weighted sum was used to calculate an
average z, based on the bendings caused by each loading type.

The calculations of M., for different load cases have been compared to the results of the LT-
Beam software [84] and the differences obtained were of the order of 0.3%, which validates the
relations used for Cy, C5 and z,.

The lateral torsional buckling effect was only considered for building applications as for bridges,
this effect will not be limiting. In fact, bracings are often installed to counteract this effect. The
amount of connections taken into account in the LCA calculations includes those bracings.

Core shear buckling is a phenomenon that can appear for slender beams and needs to be con-
sidered for the design. The beam was considered with no transversal stiffeners. For this type of
beam, the core shear buckling has to be checked when % < 725 , n = 1.2 for S355 steel. If this
condition is not met, an additional check is made:

Ved < Vow,rd + Vo R4 = + Vit,Ra

fMl

A, is the area of the web, Vy rq is the participation of the web to the resistance and Vi s rq the
one of the flanges and the uprights.
Xw 18 determined via the calculation of the critical shear 7., given by:

mE tw

_ _ TwN2
Tor = krow = kr 5 — 0 ()

b is the height of the section (b = h,,)

a is the distance between two transversal stiffeners (in this study a = L)
« is defined as the ratio of a over b a = §
Then, it is possible to have access to k.

& 23 jfa<1
i 5M+ ifa>1

This critical shear leads to the value of \,, = T.f ‘:/5 what leads to the value of x,,. For a

non-rigid end post, the relation is the following:

n if Ay < 0'7?3
Xw = Oj\ﬁ otherwise

On the other side, Vi rq is calculated via these relations:

bt2f, . .
be Rd — fc,yjzuff (]. — (Ail\/chgd)2)’ if ME'd S Mf,Rda otherwise be,Rd =0.

m25+16*M1f)

with My ¢ = % the plastic hinge of the flange,

2
My w = % the plastic bending of the web, and

MMMZWWW—W)

If Vea < Vigra + Vow,rd, but Veqg > 0.5Vpy ra o VeEq < Viw,ra and Mgq > My rq then
the interaction of shear and bending has also to be checked. The following inequality has to be
satisfied:

M
M+ (= )20~ 1) < 1
pl,rd
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. M

with 7; = Mszfd
5. — _VEd

and 7j3 = Vbw, Rd

SLS design checks The deflection of the beam is limited to a certain value in order to ensure
the serviceability of the building or bridge. In both cases, the maximum deflection was taken as
ﬁ, L being the span of the beam. The calculation of the deflection is made using the elastic
relations of deflections and loadings.

In the case of bridge applications, other checks are required. Under characteristic loading,

the maximum stress and shear stress should remain under a certain value: ogg < 5 ]\f Y and
,ser
fy

Tpd < —=—4—
Ed = V30, ser

with YM,ser = 1.

Under repeated loadings, the web deforms slightly out of plane and comes back to its initial
position. This phenomenon is called web breathing and can cause cracks at the joint between the
flanges and the web. As in this case study, transversal stiffeners are not considered, it is possible
to neglect this effect if:

hw .
£ < min(30 + 4L,300), L > 20

w

Otherwise, under frequent loading, the following inequality has to be satisfied:

\/(Uz,Ed,ser)Q + (1.17—m,Ed,ser)2 § 1.1
Ocr Ter

Oer = ko0 p, With o = 190000(;)*M Pa and k, = 0.85 7, = k,05

Based on the requirements defined above, penalty functions have been defined in the same
way as for the other typologies to ensure that the beam satisfies all the design checks once the
optimization and performed.

3.8 Calculation of prices

As price is still in most applications what is determinant in the choice of a solution compared to
another, it has been calculated and provided as information for each type of beam.

Price data was collected from professionals in the sector (Vinci subsidiary employees, suppliers) or
from available catalogs (Polyvert, unit time catalog). The list of this data is provided in Appendix
3. Some data have been kept confidential, as they are taken from internal Vinci documents. These
prices should be treated with caution, as they are averaged over data that is highly case-dependent
and therefore not 100% reliable.

4 Presentation of the results

4.1 Performance of the algorithm

Setting of Wallacei As mentioned in a previous part of the report, Wallacei is based on a
genetic algorithm. In order to set aside beams that do not meet requirements, a penalty factor
was used.

Penalty,or = § ), ciPenalty;

Each of the individual penalty factors ¢; was empirically determined based on which criteria was
the least fulfilled for different types of beams. For example, if the bending resistance at ULS was
the most constraining criterion for PBPA, the corresponding ¢; was higher than the ¢; of other
criteria. Still, the global penalty factor ¢ needs to be determined.

A factor ¢ that is too low would lead to solutions that do not meet design requirements. Otherwise,
if ¢ is too high, the algorithm would struggle to cover a large range of solutions and take more time
to converge.

Furthermore, different parameters define how the algorithm works:

e Number of generations and population per generation: they define the number of iterations,
the more there is, the longer the simulation is but the more optimal it is as well

e Mutation probability: the percentage of mutations taking place in the generation (recom-
mended value of 1/n, n being the number of parameters to determine)
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e Crossover probability: the percentage of solutions in the generation that will reproduce for
the next generation (recommended value of 0.9)

e Crossover and mutation distribution index: a high distribution index gives more probability
for solutions near the parent and a small one creates more offspring around the parent for
children solutions (recommended values of 20 and 20)

After many simulations to understand the impact of each one of these parameters, the recommended
values were kept as they seemed to perform better for a given number of iterations.

Computation time and complexity The number of iterations in Wallacei is defined both by
the number of generations and the generation size. It was observed in the simulations that the
results were exactly the same when the total number of iterations was the same and when the
recommended parameters were chosen. For example, a simulation of 30 generations with 30 indi-
viduals (30x30=900 iterations) was giving the same results as a simulation of 15 generations with
60 individuals (15x60=900 iterations).

The higher the number of iterations, the more optimal the result. Still having too many iterations
leads to longer computation time. Thus, simulations were performed to identify the number of
iterations leading to accurate results with the least computation time. It was found that 600 iter-
ations were enough in most cases.

The computation time varied from one typology to the other. The PBPA algorithm is quite
fast with simulations during approximately 3 minutes.
For reinforced concrete typologies, it was longer because to find the appropriate reinforcement
layout, a sort and a search in the table of all possibilities of reinforcement layouts was performed
which is time-consuming. This led to simulations of approximately 30 minutes. For steel and
timber typologies, it was quicker with simulations lasting approximately 5mins.

NSGA II in Pymoo As said previously in the report, not only Rhino has been used for the
simulations but also Python with the Pymoo library. The Pymoo library enables optimizations
to be performed using (among others) genetic algorithms such as NSGA II. The main advantage
of using Pymoo is that it is much faster. In fact, even for simulations requiring a considerable
number of calculations such as the ones for reinforced concrete solutions, the simulations were not
lasting more than 3 minutes.

The same algorithm parameters as the ones from Wallacei can also be chosen by the user. It
was chosen to keep the parameters that were by default in Wallacei so as to proceed to similar
simulations. The results obtained via the two different methods were in fact very similar.

4.2 Sensitivity analysis

As detailed in the LCA part of this report, different scenarios have been considered to see the
influence of the LCA hypotheses on the final results.
For each typology, four comparisons between LCA scenarios were carried out:

e Building scenario (Span==8m):

— Optimization of the Human Health (HH) impact indicator

— Optimization of the Ecosystem Quality (EQ) impact indicator
e Bridge scenario (Span=20m):

— Optimization of the Human Health (HH) impact indicator

— Optimization of the Ecosystem Quality (EQ) impact indicator

The two spans were chosen based on the most common spans in buildings and bridges according to
the experience of ISC employees. The choice of optimizing according to the two endpoint indicators
of Impact World + is based on the fact that endpoint indicators account for the impacts of all
midpoint indicators based on their importance in damage to human health and ecosystem quality.
Still, as the Global Warming Potential indicator (in kgCO3 ¢4) is the most commonly used impact,
it was given as information for all of the optimizations.
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4.2.1 PBPA beams
As a recall, the different LCA scenarios for PBPAs are the following:

e Use of Conventional or Low-Carbon concrete
e Prestressing steel coming from Italy or the Netherlands
e Reinforcing steel made of 44% or 100% of scrap steel

The results of the sensitivity analysis on these parameters are shown in Figures 22 and 23.

types of beams

=g =

1 B=8 B=4

&? L’iﬁg szg' &'i“e; e
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(b) Span 8m - Ecosystem Quality Optimization

Figure 22: Sensitivity Analysis of PBPAs - Span 8m

46



o

& &
wﬂ' MJ eﬁ“ x‘ﬁs «}?" f S d{;r

R

i

of BI=——0
@

I I I I I I I I o Ed
P 5 \ ‘ e !
& A A

o
e e S

(a) Span 20m - Human Health Optimization

o

(b) Span 20m - Ecosystem Quality Optimization

Figure 23: Sensitivity Analysis of PBPAs - Span 20m

The first analysis that can be performed in regard to the results is that optimizing the HH or
EQ indicator does not lead to the same results. In fact, the best case scenario for Human Health
is when using low-carbon concrete with reinforcing steel coming at 44% from secondary steel and
prestressing steel from Italy. On the contrary, for EQ the best scenario is when using low-carbon
concrete with reinforcing steel coming entirely from secondary steel and with prestressing steel
from the Netherlands. EQ follows the same logic in terms of best-case and worst-case scenarios as
the Climate Change Short (CCS) impact indicator. Low-carbon concrete is better than conven-
tional concrete for both indicators, but for steel, the manufacture of steel from scrap is worse in
terms of human health compared to the production with primary steel. It is the opposite for EQ
and CCS impact indicators.

Thus, depending on the scenario, optimizing with the HH or the EQ impact indicator does not
lead to the same geometry of the beam.

For example, when considering a scenario with conventional concrete, prestressing steel from Italy,
and reinforcing steel made of 44% scrap, optimizing HH will lead to a typology with more prestress-
ing and reinforcing steel and less concrete than the optimal beam relative to the EQ indicator.
Still, this effect is not as visible as it would have been expected. In fact, in Ecoinvent steel is
considered not to degrade in soils and water. So, its impact is very high for both human health
and ecosystem quality as some part of it is landfilled. This leads to geometries with only a few
rebars and a large amount of concrete. If the indicator that is optimized is climate change, the
results would be different as the fact that steel does not degrade is not taken into account for COs
emissions. The effect of using more concrete than steel when using low-carbon concrete instead
of conventional concrete for a given steel would then be more visible. These considerations also
apply to reinforced concrete beams.

Furthermore, what is interesting is that when going from conventional to low-carbon concrete,
the optimal beam tends to use less steel and more concrete, because the gain in environmental
impact is greater when reducing as much as possible the amount of steel. This is why, all other
parameters equal, low-carbon concrete beams tend in general to be higher.

Steel accounts for a very large share of CCS when optimizing the HH impact indicator. Concrete
is thus less represented. It is more balanced when optimizing the EQ impact indicator, the share
is near the 50-50 ratio for CCS that is common for such beams.
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4.2.2 Reinforced concrete rectangular beams

As a recall, the different LCA scenarios for reinforced concrete rectangular beams are the following:
e Use of Conventional or Low-Carbon concrete
e Reinforcing steel made of 44% or 100% of scrap steel
e Beam precast off-site or in-situ

The results of the sensitivity analysis for this type of beam are shown in Figures 24 and 25.

catt for diferent types of beams Climate change short for diferent types of beams.

(b) Span 8m - Ecosystem Quality Optimization

Figure 24: Sensitivity Analysis of RC rectangular beams - Span 8m
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Figure 25: Sensitivity Analysis of RC rectangular beams - Span 20m

The results presented above confirm the trends that were identified before for PBPAs. It is
interesting to see that the beams coming out of the optimization process tend to be very thin and
slender (especially for a span of 20m). In fact, when considering RC beams, the thickness of the
beam does not provide much resistance compared to the height of the beam. Still, two-meter-high
beams can be a nuisance on the construction site. This fact was not considered in this study but it
is very simple to change the boundaries of the geometry parameters in the optimization tool so as
to prevent this aspect.<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>