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Sustainable design of concrete structures may contribute significantly to reaching the
European Union’s ambitious targets regarding climate change and circularity. However, a
sustainable structural design must meet multiple performance criteria simultaneously,
making the design process more complex. To navigate complex design and decision
processes, multi-objective design optimization is proposed in literature. This paper
demonstrates the application of multi-objective design optimization to structural design,
using the design of a bridge with reclaimed concrete girders and recycled concrete aggregate
(RCA) as case study. First, a parametric model is defined for the design of the structure,
including the relevant design variables, boundary conditions, and calculation models on
material and structural level. Next, five design objectives are selected to optimize for in the
case study, which reflect economic, environmental and circularity aspects. A multitude of
optimal design solutions within the solution space are then generated using multi-objective
design optimization algorithms and visualized in parallel coordinate plots. The advantages of
multi-objective optimization in structural design are twofold: (1) the multitude of optimal
design solutions gives insight into all possible interdependencies between design variables
and performance criteria (objectives) and (2) it enables transparent decision-making. The
results of the case study show how trade-offs are not the same for every solution and can be
minimized, which is not always is clear when considering only a few solutions. Also, it shows
that generalizations about overall sustainability of structures based on one design exercise
cannot be made easily. How much environmental impact or costs can be reduced, is

dependent on how trade-offs are being made by stakeholders with respect to other criteria.
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Introduction

The European Union has set ambitious targets regarding climate change and circularity in
the European Green Deal (European Commission, 2019). A reduction of greenhouse gas
emissions to at least 55% below 1990 levels by 2030 is proposed in the 2030 Climate Target
Plan (European Commission, 2020b), while the Circular Economy Action Plan (European
Commission, 2020a) aims to reduce primary raw material consumption. The construction
sector is an important industry involved in reaching these targets in the Green Deal: the
cement industry alone is responsible for about 7% of carbon dioxide (CO-) emissions
globally (International Energy Agency, 2018) and concrete makes up more than 30% of
construction and demolition waste (European Commission, 2020c). These high percentages
demonstrate that innovations in the design of concrete structures may contribute

significantly to reaching the Green Deal’s ambitious targets.

One of the main strategies to reduce the footprint of concrete structures is to reduce the use
of primary materials by reusing existing concrete structures (Fivet & Briitting, 2020). This
can either be done by reusing entire concrete elements, such as prefabricated girders, or by
crushing the concrete to obtain recycled concrete aggregate (RCA) for use in new
structures. The first strategy of reusing entire elements has a higher potential of avoiding
primary materials and CO; than recycling, notably by avoiding new cement. However,
sometimes structural elements may not have sufficient quality and recycling these
elements may be more advantageous. This is one of the trade-offs investigated in this
study. The reuse of entire concrete elements in new building structures has already been
put into practice in a number of projects in the past years (Kiipfer et al., 2023). Considering
reuse in infrastructure projects, various projects in The Netherlands have reported on the
reuse of structural elements from existing bridges and viaducts to build new structures.
Studies have shown the technical feasibility of the reclamation and reuse of existing prefab
concrete girders in specific cases (Vergoossen et al., 2021) (Vergoossen et al., 2022b). This
knowledge was put into practice in the new overpass Hoog Burel in the A1 highway near
Apeldoorn in the Netherlands, in which existing concrete girders were integrated into the
design (Vergoossen et al., 2022a). In these cases, the design is optimized in terms of
capacity utilization and geometry to minimize cut-off waste. It appears, however, that
deconstruction and reuse of structural elements from an existing structure currently costs
(far) more than traditional demolition and production of new elements (Vergoossen et al.,

2023). To reduce these costs, initiatives exist to further develop design and technologies for
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deconstruction, such as the ReCreate project (Riuttala et al., 2024; Stenberg et al., 2022;
Vullings et al., 2022) and to improve the supply chain efficiency of secondary construction
materials, as stated in (Samenwerkingsverklaring: Om in Gezamenlijkheid Toe Te Werken Naar
Een Bouwmaterialenakkoord, 2024). Furthermore, a market for reclaimed structural elements
still has to be developed. In the end, the costs of deconstruction and reuse must be
balanced with the environmental advantages of reusing structural elements in the design

instead of using primary materials.

A sustainable structural design must meet a growing list of requirements. According to the
sustainability framework in the fib Model Code for Concrete Structures 2020 (International
Federation for Structural Concrete (fib), 2022), a sustainable structural design should
include requirements related to the three pillars of sustainability, i.e. social performance,
environmental performance and economic performance (Hajek, 2023). Social performance
according to (Hajek, 2023) includes structural performance and other aspects of social
performance, such as aesthetics and comfort. Additionally, following circularity principles
(e.g., using objectives such as minimizing material use, or maximizing adaptability of a
structure), may have an effect on multiple pillars of sustainability simultaneously. Every
design solution affects multiple objectives and criteria simultaneously, in a positive or
negative manner, often generating tension between them (Valcke et al., 2022). The need to
consider multiple performance criteria simultaneously and the interdependencies between

these criteria makes the design process more complex.

Decision support methods aid decision-makers to select the best solution in complex
decision processes. Multi-Criteria Decision Analysis (MCDA) is a well-known decision-
support method in the construction sector, as it enables actors to evaluate a set of
alternatives on multiple criteria and select the best solution in various way (e.g. ranking,
weighting, scoring, pairwise comparison) (Zhu et al., 2021). However, the MCDA method
often takes into account a set of pre-defined limited alternative solutions, which are not yet
optimized for all required criteria or objectives. Multi-objective design optimization
generates multiple designs for which multiple objectives are optimized simultaneously
(e.g. costs, safety and environmental objectives). Here, optimal or optimized means that a
solution that is optimized for a given set of objectives, cannot be further improved with
respect to one objective without compromising its performance on other objectives.
Because there are many design variables as well as many objectives, the design

optimization algorithm results in a multitude of optimal design solutions for which the
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possible interdependencies between design variables and objectives become transparent
(Purshouse et al., 2014). As a decision-support method, multi-objective optimization can be
used by actors to select a balanced and well-performing design solution in construction
projects (Dede et al., 2019). Currently, multi-objective design optimization is only used to a
limited extent for structural design and decision-making, especially compared to the

frequent use of MCDA methods (Chen et al., 2023).

The possibilities for multi-objective optimization in structural design have already been
explored by Valcke et al. (2022), who provide a proof of concept of the multi-objective
design optimization approach for the design of a single concrete floor slab with RCA. This
paper builds further upon this proof of concept and demonstrates the application of multi-
objective optimization in the structural design of an entire bridge with both reuse of entire
concrete girders as well as the use of RCA in the parts where new concrete is still required.
With this case study, this paper aims to illustrate the potential benefits of multi-objective

optimization in structural design for supporting transparent decision-making.

The paper proceeds as follows. Chapter 2 describes the case study, including a description
of the parametric models, the design objectives and the multi-objective design optimization
framework used. Chapter 3 presents the results of the multi-objective design optimization

and discusses these results. Chapter 4 concludes the paper.

Multi-objective design optimization approach

The multi-objective design optimization approach used in this study is summarized in
Figure 1. First, a parametric model is defined for the design of the structure, which
includes the relevant parameters and boundary conditions, and calculation models on
material and structural level. In this study, the multi-objective design optimization
approach is tested for the design of a bridge with both reclaimed precast concrete girders
as well as recycled concrete aggregate (RCA) in the new concrete in the design. Section 2.1
gives an outline of the parametric model used for this case study. In the second step of the
multi-objective design optimization approach, design objectives are chosen for which the
design is optimized. This choice is project-specific and should be made based on the
specific requirements and needs of the client and stakeholders. From a mathematical point
of view, the number of objectives can be as high as desired. However, through various

workshops, it is experienced that the number of objectives that can efficiently be visualised
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and discussed is limited. In this paper, 5 objectives are considered. Section 2.2 gives a
description of the design objectives that are chosen as an illustration in this case study and
their corresponding objective functions. Next, a multitude of optimal design solutions is

generated by multi-objective design optimization, which is further described in Section 2.3.
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Figure 1. Steps in the multi-objective design optimization approach
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Finally, a final solution is selected from the multitude of optimized solutions during an
interactive decision making process. Section 2.4 gives a general description of multi-

objective decision making given the generated optimal design solutions.

2.1 Parametric model

2.1.1 Case study introduction

The case study discussed in this paper concerns the structural design of a fictitious bridge
with reclaimed precast concrete girders and RCA. Only reclaimed girders are used, no new
girders are included. On top of the reclaimed precast concrete girders, a new concrete deck
is applied with longitudinal and transverse reinforcement. For the in situ cast concrete of
the deck, piers and foundation, a concrete mix with RCA is used. Figure 2 illustrates the

cross-section and the longitudinal layout of the bridge used in the case study.

foundation piles

Figure 2. Schematic illustration of structural bridge design considered in the case study

In this case study, only specific design aspects are considered in the bridge design and
analyses, which are deemed relevant for a comprehensive evaluation of the design process
using a multi-objective optimization approach. The design considered in this study may
not reflect the actual design practice in all respects, and only serves to illustrate the
potential application of multi-objective design optimization to support decision making

during a structural design process.
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This section provides a concise description of the approach to structural design constrained
to a stock of reclaimed elements (Section 2.1.2), followed by a description of the design
variables and boundary conditions in the case study (Section 2.1.3) and loads considered
(Section 2.1.4). Finally, the structural calculation models (Section 2.1.5) and material

models (Section 2.1.6) are described.

2.1.2 Structural design based on availability of reclaimed girders

In conventional structural design of overpasses or bridges, the structure is designed based
on a set of requirements (e.g. road layout, length of the spans) after which the structural
elements in the design are produced, tailor-made for that particular project (Vergoossen et
al., 2023). When reusing structural elements, the dimensions and structural capacity of the
available elements are fixed and must be integrated in the new structural design. This
requires a different, stock-constrained design approach, in which the availability of
elements is used as starting point, rather than designing with new, tailor-made elements

with project-specific dimensions.

Stock-constrained structural optimization has previously been addressed by Briitting et al.
(2020) and Van Lookeren Campagne et al. (2023) for steel structures. In order to efficiently
utilize the available reclaimed elements in the design of steel truss and frame structures,
the design process must be modified by taking the properties of the available elements as
starting point in the design. In the case study, a similar approach is adopted: based on the
available reclaimed concrete girders, a stock-constrained structural optimization is
performed, in which the available concrete girders are incorporated in the design with
minimal cut-off waste. The optimal configuration of the available concrete girders then

follows from the multi-objective design optimization.

2.1.3 Design variables and constraints

A set of parametric models of the bridge was created with a number of design variables to
be optimized. The range of possible values of these design variables can be constrained to
obtain realistic or feasible values. Parameters have a fixed value that cannot be varied
during optimization. The design of the bridge is considered in (1) the longitudinal
direction and (2) the transverse direction. Both directions are illustrated in Figure 2. The

list of all design variables and corresponding constraints is given in Table 1.
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Table 1. Design variables

Design parameter Symbol Unit Constraint

Number of spans Nspans - 3< Nspans < 8

The number of piers (supports) and associated foundation piles are related and

equal figpans + 1.

Type of existing girder per - - Is chosen from list of available
span girders G1 to G9; see Table 2.

Reinforcement in bridge deck Aql ong m?

(longitudinal) *

Number of girders in Ngirder - 2 <igirger <5
transverse direction

Thickness of new concrete Igeck m 0.1<hgeck <0.3
bridge deck

RCA replacement percentage r - 0001<r<1

of gravel (mass-%)

(concrete deck)

Water-to-cement ratio wer - 045 <w/c<0.65
(concrete deck)

1 This concerns the longitudinal reinforcement at the supports and the dowel connections
between the girders and the deck, which are both determined based on the % of the total
bending moment in the span for which the connection at the support is designed. Additional

reinforcement for shrinkage/ creep is also included.

Longitudinal direction

In longitudinal direction, the total length of the bridge is predetermined and equal to 100
m. The design variables are the number of spans and corresponding number of piers
(supports), type of existing girder per span and reinforcement area in the bridge deck in
longitudinal direction. Table 1 lists all the design variables in longitudinal direction

including constraints. The available girders and their properties are listed in Table 2.

The aim is to utilize the girders in their original state in the design, with a minimal number
of cuts and thereby a minimal amount of cut-off waste. An example of possible variations
in the bridge design is illustrated in Figure 3. The bridge design may be either symmetrical
or asymmetrical in longitudinal direction, i.e. an even or an uneven number of spans. This
can be chosen upfront by the designer if required in the design. The length of each span is
equal to the length of the reclaimed girders used. In the case of an uneven number of
spans, only for one span it is allowed to shorten reclaimed girders to obtain the desired

total length of the structure. In the case of an even number of spans, it is allowed to shorten
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Table 2. List of available girders and their properties

Girder type  Length Width  Height Bending moment Number of
[m] (m] [m] capacity Mgq [kNm]  available girders
G1 17.50 0.60 1.30 4985 40
G2 20.00 0.60 1.30 4760 30
G3 25.00 0.60 1.75 8120 45
G4 28.50 0.60 2.00 11045 30
G5 32.50 0.60 1.50 15650 25
G6 35.00 0.60 1.50 15470 40
G7 42.00 0.60 2.00 24420 45
G8 12.50 0.60 1.00 2428 45
G9 15.00 0.60 1.00 2392 45

the length of two spans by cutting off part of the reclaimed girders. The length of the cut-
off part is limited to 25% of the total original length of the girder. All other spans have a
length that is equal to the length of the uncut reclaimed girders chosen. Figure 4 shows

examples of possible bridge girder configurations.
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Figure 3. Example of a possible variation in bridge design in longitudinal direction
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Figure 4. Example of possible bridge girder configurations in longitudinal direction
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The bending moment resistance of each reclaimed girder is predetermined by its physical
dimensions and reinforcement; however, by applying longitudinal reinforcement in the
concrete deck and dowel connections between the girders and the deck, the girders can act

as continuous instead of simply supported beams, increasing their load-bearing capacity.

The piers are constructed with walls on a foundation strip with prefabricated piles. The
design of the bridge piers and foundation is included in the use case in a simplified way.
The piers have a fixed height and width in the transverse direction, which is equal to the
bridge width; the thickness of the piers is determined based on the reaction force from the
girders. The number of piers is related to the number of spans in the design. The
foundation piles have a fixed dimension and capacity. The number of piles per pier is
determined based on the load on the pier. Furthermore, it is assumed that the same

concrete mix as in the concrete deck is used for the piers and the foundation piles.

Transverse direction

The design of the bridge in transverse direction is schematically shown in Figure 5. In
transverse direction, the total width of the bridge is predetermined and equal to 8.0 m. The
in-situ cast concrete deck is supported by a variable number of reclaimed girders. The
design variables are the number of girders in transverse direction rigjge; and the thickness
of the new concrete bridge deck gecr , with minimum and maximum values as listed in
Table 1. The reinforcement area of the transverse reinforcement is calculated as a function
of the number of girders in transverse direction, the deck thickness and the concrete
compressive strength, which on its turn is a function of the concrete composition (see
Section 2.1.6).

Pgeck r(% RCA), wer

Ii !1- -

" Ngirger !

Figure 5. Design of bridge in transverse direction (cross-section) and design variables

Because the design is not only optimized on element level, but also on material level, the
RCA replacement percentage of coarse aggregate r and the water-to-cement (w/c) ratio wcr
of the new concrete in the deck are also introduced as design variables. This is further

described in Section 2.1.6.

34



2.1.4 Loads

The self-weight of the structure is computed based on the design; a concrete self-weight of
25 kN/m? is assumed. In addition to the self-weight of the bridge structure, a fixed traffic
load on the bridge deck is included in the structural considerations. This traffic load is
simplified to a distributed load which is equal to 10 kN/m?2. The loading on the bridge

structure is further specified in Annex B.

2.1.5 Structural calculation models

The structural analysis and design of the concrete structures was performed according to
NEN-EN 1991-1-1, NEN-EN 1992-1-1 and NEN-EN 1992-2. Calculations have been
performed using in-house developed spreadsheets and Python scripts. The design and
calculation of the reinforcement is based on NEN-EN 1992-1-1. All design checks must

result in a unity check (UC) below 1.0, to ensure structural safety.

A limited number of structural aspects is considered, such as bending, crack width,
maximum and minimum amounts of reinforcement, detailing requirements, creep and
shrinkage of the deck and the interaction between the two cross-sections of the bridge deck
and the reused bridge girders. Other aspects, such as shear, deformations and fatigue have
not been considered in this case study: the aim of this study is to demonstrate the
application of multi-objective optimization to structural design, and not to provide a

complete design calculation.

2.1.6 Material models for material-specific input in structural calculations

In this case study, the relevant material properties of the concrete, being concrete
compressive strength and creep and shrinkage properties, are explicitly modelled as a
function of the material-related design variables, namely the w/c ratio and RCA
replacement percentage of coarse aggregate. The RCA replacement percentage is not
limited to a certain maximum value as is the case in Eurocode 2, but can vary between 0
and 100%. Modelling material properties based on concrete composition contrasts with the
current practice of selecting a concrete class in the design and relating all other properties
to the strength regardless of compositional effects on properties. The state-of-the-art
models used here are not yet part of building codes and regulations and can therefore not
be used to validate the performance of a structure within the current framework of codes

and regulations. However, the models are used here to illustrate the potential of using
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material parameters in design optimization and gain insight into trade-offs between

material quality and overall performance indicators of the entire structure.

Two simple models are used to calculate the concrete compressive strength f, as function
of the w/c ratio wcr and RCA replacement ratio r. First, the concrete compressive strength
f.is calculated as a function of the w/c ratio wcr, assuming natural aggregate (NA), with

Equation 1 (Betonhuis, 2021):

fC:u~Nn+L—c (1)
wer

The values of 4, b, c and Nn are given in Table 3.

Table 3. Values of a, b, c and Nn per cement type

cement type a b c Nn density cement

CEM I 425N 0.85 33 62 425 3150 kg/m?

Next, the concrete compressive strength of concrete with RCA f. pcy is calculated as
function of the RCA replacement ratio r according to Equation 2, using a strength

reduction factor based on the density of the RCA.

forea =(1=7) foNa +7-a- foNa @)
in which
r is the ratio between the mass of the RCA and the total coarse aggregate mass;
mass RCA

r=
total coarse aggregate mass

foNA s the concrete compressive strength of concrete with natural aggregate NA,
(given in Eq. 1), f. Na is taken equal to f., givenin Eq. 1;

a is the ratio between the density of the RCA and the NA; a= PRCA
PNA

It is noted that these models are a simplified way of taking the effect of RCA into account.

New models to take this effect more adequately into account are currently being

developed.
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The effect of RCA on creep and shrinkage is included by using the models in the new fib
Model Code 2020 (International Federation for Structural Concrete (fib), 2022), as proposed
by Tosi¢ and Torrenti (2021). Together with the concrete compressive strength of concrete

with RCA, this is used as input for the structural calculation models.

In this case study, the amounts of primary materials in the concrete (water, cement, sand,
gravel) are calculated using a standard mix of 1 part cement, 2 parts sand (fine aggregate)
and 3 parts gravel (coarse aggregate). The amount of water is determined based on the
w/c ratio. The following densities are assumed for the RCA and NA: prca = 2100 kg/m3;
pPNA = 2650 kg/mé.

2.2 Design objectives
Corresponding to the sustainability framework in the fib Model Code for Concrete
Structures 2020 (International Federation for Structural Concrete (fib), 2022), all three
pillars of sustainability, i.e. social, economic and environmental performance, should be
considered to obtain a structural design that is sustainable. Circularity is another important
aspect of sustainability that is often considered by clients and stakeholders, especially
given the ambitious goal of the Dutch government to have a fully circular economy in The
Netherlands by 2050 (Ministry of Infrastructure and Water Management, 2023). Mostly, the
aim for introducing circularity, is to avoid depletion of Earth’s materials. A number of
approaches for the assessment of circularity can be found in literature, including the
framework as proposed by Coenen (Coenen, 2019), the guideline for measuring circularity
as developed by Platform CB’23 (Platform CB’23, 2022) and the Material Circularity
Indicator (MCI) (Ellen MacArthur Foundation and ANSYS Granta, 2015). These
approaches each include a number of indicators for circularity, such as resource use and

resource availability, adaptability and reusability.

The selection of relevant performance indicators to optimize for in the design is project-
specific and should be defined based on client and stakeholder requirements and needs. In
this use case, five design objectives and corresponding indicators have been selected as an
example. These objectives reflect the three pillars of sustainability and include circularity
aspects. It is noted that the structural safety of the design is adopted as constraint, by

ensuring that all unity checks are below 1.0.
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The following two optimization objectives are considered in the use case to take into

account the environmental impact and costs of the design:

* Environmental impact objective: to minimize the environmental impact, which is

expressed as MKI shadow costs of the design.

* Cost objective: to minimize the costs of the design, expressed as direct costs of the

structure in euros (€).

In addition to these two objectives, three circularity objectives are considered:

* Adaptability objective (or societal performance objective to enhance adaptability to
future heavier traffic loads and to reduce vulnerability to future hazards): to maximize
the design resistance compared to the design load effect, which is modelled by
minimizing the unity check (UC) values, and by minimizing the differences between

UC values of structural elements of the same type.

* Secondary material objective: to maximize the share of secondary (recycled and reused)
materials in the total material use, which is expressed as the fraction of secondary

materials in the design.

* Total material use objective: to minimize the total mass of used materials.

Each objective is described in detail in the sections below.

2.2.1 Environmental impact objective

The environmental objective considered in the use case is to minimize environmental
impact. The Dutch environmental cost indicator, MKI [MilieuKosten Indicator], is used to
express this impact. The shadow pricing approach to determine the MKI applies a
weighting factor to each of the eleven considered environmental impact categories to come
to a single score. The characterized impact scores per environmental impact category are
determined using the characterization factors prescribed by the Nationale Milieu Database

(NMD, 2020).

The environmental impact assessment model includes demolition and treatment processes
(C1-C4) of reapplied recycled materials and reclaimed elements as harvested from the
donor structure and the production and construction (A1-A5) LCA stages of the bridge

under consideration in this case study. This is an unconventional scope, as conventional
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environmental life cycle assessments (LCA) studies rather focus on the environmental
impact over the complete life cycle of a single element or construction, from cradle-to-
grave which implies that harvesting of the secondary materials is not being considered as it
takes place before the ‘cradle’. Hence, the environmental impact related to demolition and
end-of-life processing of reused recycled materials and reclaimed elements before the end-
of-waste point would be attributed to the life cycle of the donor construction and not to the
production and construction stages of the new structure as is done in this study. The
alternative scope allows for the optimization of reuse processes occurring at this moment
in time, which can still be influenced by the project now. The main limitation is that future
implications of decisions made during the optimization of this project are not (yet)
considered. This approach is particularly chosen since these implications occur in a distant
future for the objects assessed, which is subject to considerable uncertainty (Bizarro &

Lennartz, 2022).

The function to determine the environmental impact is formulated as:

fenv (x) = ZAi(x) 'IenV,MKLi (3)

where:

fenv(x)  is the total environmental impact of the design [s€ (MKI shadow cost)].
x is the vector of design variables.
A; is the activity data of each process (i) [process dependent].

lenvMKi,; 18 the environmental impact factor (MKI) of each process (i) [s€/ (unit of 7)].

The environmental impact objective is to minimize the function fe, (%) .

Activity data describe the extent to which a process is carried out. The data is retrieved
from design variables, often in combination with supplementary information. The applied
function to determine the activity data differs amongst the processes. Examples of activity
data functions are presented below for the following processes: crane use during
disassembly to reclaim girder (Eq. 4), transport of gravel to the production facility (Eq. 5)

and material extraction of sand (Eq. 6).
KLifting (x)= KLifthing Mgirder (%) 4)
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where Kpjging represents the crane operation time per reclaimed girder to lift it onto a

truck expressed in [/ girder] and ng;,qe, represents the number of girders.

ATransport ()= dTransport “MGravel (¥) ©)

where drapgport Tepresents the distance a truck needs to travel to transport the gravel
from the source to the construction site expressed in [km] and m;,ye) represents the mass

of gravel in [t].

AMining sand (¥) = Mgand (%) (6)

where mg,,q represents the mass of sand in [t].

The activity data functions and the corresponding environmental impact factor datasets
have not been included in this paper due to their size. Information is available from the

authors upon reasonable request.

2.2.2 Cost objective

The cost objective considered in the use case is to minimize direct costs of the structure,
expressed in euros (€). In this study, the costs are determined using a simplified model that
includes the production costs (stage A1-A3) for which the purchase price of the different
materials is used, the costs of transport to the construction site (stage A4) and the
construction costs (stage A5). The costs of demolition and processing (stage C1-C4) of the
recycled materials (RCA, steel reinforcement) from the donor structure are included in the

purchase price of the materials.

Only the costs of processes that are expected to vary significantly between different
potential design solutions are included in the cost calculation, since these differences will
influence the results of the design optimization. Costs that do not vary much between
different potential design solutions are left out of the scope of the cost calculation, since
these costs will be similar for all design solutions and will therefore not have any
significant influence on the results of the design optimization. For this same reason, the
costs of the use stage (B1-B7) are left out of the scope, since these costs are assumed to be

comparable for all design solutions. It is important to note that the cost calculation used for
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the cost objective therefore does not reflect the total cost of the structure, but only the costs

as described in this section.

The function to determine the total direct costs of the structure is formulated as:

fcost(x):ZAj(x)'cj @)
]

where:

feost(¥) are the total direct costs of the structure [€].

x is the vector of design variables.

Aj is the activity data of each process (j) [process dependent], similar to A; to assess
the environmental impact.

C; is the cost factor for the included processes (j), per process unit [€/ (unit of j)].

The cost objective is to minimize f.,q(x).

The production costs of the different materials (purchase price), the transport costs and the
construction costs of the relevant processes are project-specific. These costs must be
determined for each project separately and can be varied per project in the multi-objective
design optimization. Annex A lists the production costs (purchase price), transport costs

and construction costs that have been used as input in this use case.

2.2.3 Adaptability objective

The adaptability objective reflects the circularity of the structure in terms of potential for
life span extension and adaption for future (increasing) loads, but it can also be considered
as a societal objective to reduce vulnerability to future hazards (resilience). The objective
steers towards a structural design with a higher design resistance than required given the
current design loads, i.e. higher structural safety. With a higher design resistance, the
structure can more easily be adapted to future heavier traffic loads for which a higher load

bearing capacity is required.
In this case study, the adaptability of the structure is related to the level of structural safety
of the structure expressed by unity check (UC) values: a higher structural safety (lower

UC) implies that the structure can more easily be adapted to future heavier traffic loads, as
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previously described. Next to this, the adaptability objective also steers towards a
minimum scatter between the different UC values of elements of the same type, to avoid

high differences in dimensioning of single elements in the structure.

The adaptability objective is therefore formulated using two ‘sub-objectives’:

1) To maximize the structural safety of each structural element (or critical section).
2). To minimize the difference between the safety level of different structural elements
(or critical sections) of the same type, to ensure that the safety level is as homogeneous

as possible.

By using the UC values, i.e. the ratio between the design load effect and the design
resistance, as indicators of structural safety, the two aforementioned objectives can be

rewritten in formulas as follows (the constraints are not listed here):

1) minimize the UC values for each structural element:

minmax(Ulel,Uijz,...,UCkrnj) (8)

2) minimize the differences between the UC values of structural elements of the same type:

mmz —avg(UC; )) )

in which:
j €1{1, 2, 3, 4} representing the group of structural elements: spans, girders, piers and
piles.

UC; is the UC of the bending moment in the transverse direction of the bridge deck:

M
uc, (x) _ V'Ed,deck

MRd,deck
M
UC, is the UC of the bending moment in the reused girders: UC,(x) = —_Ed beams.
Rd,beams
N
UCj is the UC of the axial force in the piers: UC3(x) = —Edpiers
N Rd, piers
) . . . NEd, piles
UC, is the UC of the axial force in the piles: UCy(x) = ——
N Rd, piles
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n; , represents the number of the structural components to be designed for group j. For
instance, 14 is the number of spans, 1, is the number of girders, n3 is the number of

piers and ny4 is the number piles of the bridge.

The rationale behind the two-stage optimization proposed in this paper is as follows. By
minimizing the maximum UC value for each limit state condition, the level of structural
safety of the structure is maximized according to the partial factor method. To ensure
adequate structural safety for all solutions, the condition UC < 1,0 is adopted as constraint
to the design optimization. Among all design solutions found, those characterised by the
minimum scatter of the UC values for each limit state condition are preferred to avoid
unnecessary over-dimensioning. Changing the order of this two-stage optimisation is

tested and did not significantly influence the final outcome.

It should be noted that the current practice of structural design usually aims to design
solutions characterised by UC values that are as close as possible to one. This solution is
optimal in terms of minimum smaterial use for reaching adequate structural safety. In the
multi-objective design approach proposed in this paper, however, material usage is

considered individually in a separate objective.

2.2.4 Secondary material objective

The secondary material objective considered in the case study reflects the circularity of the
structure in terms of secondary material use: the secondary material objective is to
maximize the (mass-based) share of secondary (recycled and reused) materials in the total
amount of materials. Together with the total material use objective (see next section), this
allows to steer the design towards a minimal use of primary materials and efficient and
high-quality utilization of construction demolition waste. This aspect of circularity can also
be found in literature, and is for instance reported in (Coenen, 2019), in the guideline for
measuring circularity by Platform CB’23 (Platform CB’23, 2022) and in the Material
Circularity Indicator (MCI) (Ellen MacArthur Foundation and ANSYS Granta, 2015).

The function fg,. that is used for the secondary material objective is expressed as the
fraction of secondary materials in the design, consistent with the Material input indicator

as proposed by Coenen (Coenen, 2019).

43



Myecycled  m, d
e = 4 reuse (10)

Miotal Miotal
where:

Myecycled 1S the total mass of the used recycled materials in the design in [kg];

Myeyceq 1S the total mass of the used reused elements in the design in [kg];

My, 15 the total mass of the structure.

The secondary material objective is to maximize fg.. . In calculating the values of f.. in the
optimization process, the following assumptions are made:

- Mypyseq cONsists of 100% of the mass of the reclaimed concrete girders, after cutting:
only the mass of the girders that are used in the new design are considered, since this
concerns the circularity of the design;

- Myeeycled cONsists of 100% of the mass of the RCA in the design and 82.2% of the mass

of the steel reinforcement (Stichting Nationale Milieudatabase, 2023).

2.2.5 Total material use objective

The total material use objective is to minimize the total mass of used materials in the
design. When only the fraction of recycled and reused materials is maximized by the
secondary material objective, the use of more reused (or recycled) material in the design is
rewarded, even if this leads to higher overall material usage in general. This is not
desirable in view of sustainability. To counter this effect, minimization of the total mass of

materials is introduced by the additional function f,,,,; :

fmut = Myota] (11)

The total material use objective is to minimize f,,;; . Together with maximization of f. ,
the use of materials is minimized while still maximizing the use of secondary materials in

the design, promoting a high-quality utilization of construction demolition waste.

2.3 Multi-objective design optimization
Multiple methods exist which can solve multi-objective optimization problems and
generate a multitude of design solutions which are all Pareto optimal (Pareto fronts). In the
considered use case, the jMetalPy framework (Benitez-Hidalgo et al., 2019) is used for the

multi-objective design optimization. In this framework, the evolutionary optimization
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algorithm GDE3 (Generalized Differential Evolution (Kukkonen & Lampinen, 2005)) is

used.

An evolutionary algorithm was selected for this research because of beneficial properties
such as, but not limited to: wider solution space, less likely to end up in local optima,
gradient-less and suitable for multi-model problems (Sangwan, 2018). Evolutionary
algorithms are mainly successful for continuous multi-objective optimization problems.
Specifically for mixed-integer problems, such as in this case study, the literature shows
mostly positive results using evolutionary algorithms in mixed-integer problems such as
(Wu & Chow, 1994), (Ndiritu & Daniell, 1999), (Tong, Chowdhury, & Messac, 2014),
(Jankauskas, Papageorgiou, & Farid, 2019) and (Sadowski, Thierens, & Bosman, 2021). In
this research the evolutionary algorithm was used without modifying components of the
algorithm, which is still supported by the papers as a valid option, but not always the most
efficient. The previously discussed advantages of evolutionary algorithms combined with
their potential effectiveness for mixed-integer problems provide a solid basis in using such

an approach.

The multi-objective design optimization algorithm generates Pareto optimal design
solutions in a solution-space spanned by the objectives. A solution is Pareto optimal if that
solution can only be further improved with respect to one objective by sacrificing its
performance in other objective(s), also known as trade-offs. The benefit of using the Pareto
optimal definition is that all solutions that are Pareto optimal will lie on the border
between objectives where trade-offs occur. The trade-off border between objectives is what
is known as the Pareto front, on which all Pareto optimal solutions lie. For example, in the
case of an optimization on four objectives, the following holds for any chosen design
solution on the Pareto front: If you consider one of the optimized design solutions with a
set of specific outcomes on three of the four objectives, then the outcome on the fourth
objective cannot be better than the one corresponding to the Pareto front. All other
solutions for this considered set of outcomes on three objectives that gave a worse outcome
on the fourth objective, are not lying on the Pareto front and have been left out. The
advantage of visualizing and generating the Pareto front is that trade-offs are made
transparent and not hidden in the multitude of underlying models. Based on the
preferences and requirements of the decision maker and the dependencies between the

different objectives, a decision can be made on the preferred design solution.
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Following the convention of the standard form, all objectives have been reformulated in
the optimization algorithm as minimization functions, even the ones that in fact concern
maximization. For the latter, a minus sign is added to the function before minimization (so
it is in fact a maximization). An advantage is that it eliminates the need to remember for
each objective which end of the spectrum is “better”. Especially, when comparing results
graphically, it is easier to remember that for all objectives the results are presented such

that “the lower is the better’.

2.4 Multi-objective decision making aided by multi-objective design optimization
Multi-objective optimization can be used to aid decision-makers to find their preferred
optimal solution (Purshouse et al., 2014). To do so, the study of Groenia et al. (2024)
proposes an interactive decision-making method. This method is illustrated in Figure 6. In
the first step of this method, the decision-makers are introduced to multi-objective design
optimization and their design problem. In the second step, the decision-makers examine
the multi-objective design optimization outcomes, and gain insights into the trade-offs
between the multiple objectives. In the third step, the stakeholders provide their initial
preferences on each of the objectives. These initial preferences are implemented in the
optimization model, which results in regions of interest (ROIs). These ROIs contain a set of
solutions which reflect the implications of the initial preferences (Xin et al., 2018). In the
fourth step, the decision-makers examine their ROIs. To summarize, in step 1 until 4 of the
interactive process, the decision-makers learn about their multi-objective problem by
investigating the optimization results with respect to their initial preferences (Hakanen et
al., 2022). From step 4, the decision-makers switch from learning to decision-making. After
a review of the individual ROIs, the decision-makers can search together for feasible
overlap between their preferences, or even slightly change those, using the insight of
optimization results in order to find a joint ROI. At the end, they (preferably) select a

balanced solution for all.
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Figure 6. Interactive decision-making process (Groenia et al., 2024)

To summarize, the interactive decision-making process enables stakeholders to learn about
the trade-offs of their optimization problem, adjust their preferences, and select their
preferred optimal solution, through a transparent decision-making process (Groenia et al.,
2024). The structured support for all decision-makers is critical for a balanced and feasible
design outcome: it improves overall satisfaction and when performed in phases starting
from the earliest decisions in a design process, it may prevent disappointment due to not
reaching unrealistic ambitions that were formulated without support of insight in feasible
designs. Ultimately, an interactive process results in the selection of a balanced and

justified design solution.

Results and discussion

For visualization of the Pareto optimal solutions, parallel coordinate plots are made using
Plotly (Plotly Technologies Inc., 2015). A parallel coordinate plot provides an overview of
all Pareto optimal design solutions within the solution space: each line represents one

optimal design solution. For each solution, the corresponding values of the design
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Figure 7. Parallel coordinate plot with all Pareto optimal solutions from the design optimization
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variables are shown on the parameter axes. The corresponding value of each optimization

objective is shown on the objective axes. Figure 7 shows the results of the design

optimization: the full set of the 300 Pareto optimal solutions are plotted in a parallel

coordinate plot with a selection of design variables and objectives on the axes. For

readability reasons, the names of the axes are simplified. Table 4 gives a detailed

description of each axis. All objectives have been formulated as minimization functions, so

that for each objective axis, ‘the lower the better’, see also Section 2.3.

Table 4. Description of axes in parallel coordinate plots

Secondary material [%]

Total mass [kg]

Name of axis Description
No. spans Number of spans of the bridge
No. girders Number of girders per span, in transverse direction
é 8 Peck [m] Deck thickness, in m
% % Rebar total [kg] Total reinforcement in bridge deck (transverse and
? Eo longitudinal direction). Total amount in kg
EBD gﬁ RCA ratior RCA replacement percentage of coarse aggregate (ratio
based on mass)
w/c Water/cement ratio of the concrete
Adaptability Sum of maximum UC of each structural element type
(bridge deck, reused girders, piers and foundation piles;
see Section 2.2.3)
Costs [€] Costs of the structure expressed in euros (€), according to
2 cost function (Eq. (2.7))
% Env. impact [s€] Environmental impact of the structure expressed in terms
'_ﬂé of MKI shadow costs (s€), according to environmental

impact function (Eq. (2.3))

Share of secondary (reused and recycled) materials in the
design, according to Eq. 10

Total mass of structure, including the deck, girders, piers

and foundation piles

The solutions in Figure 7 show discrete values for the number of spans (no. spans) and

number of girders per span (no. girders), since only discrete values are possible for these

parameters. For the design variables no. girders, h . and w/c ratio, solutions are found

49



over only a part of the constraint range. Furthermore, the parallel coordinate plot shows
clear interdependencies between some design variables and objectives: for example, the
deck thickness ( f14, ) and total reinforcement (rebar total) are conflicting, as well as the

adaptability and costs objective.

3.1 Interdependencies between design variables and objectives
The parallel coordinate plot in Figure 7 provides the structural engineer and other
stakeholders insight into the full range of optimal design solutions. In current design
practice, the number of structural design alternatives considered is limited: a selection is
often already made upfront by making use of best practices or rules of thumb (e.g.
regarding deck thickness, fixed choice for concrete strength or minimizing reinforcement).
Moreover, the design solutions considered may be optimized on only two objectives at
once, while other objectives (such as environmental impact) are only evaluated afterwards.
This may result in overlooking more optimal design alternatives. In contrast, the multi-
objective design optimization approach used in this study provides the structural engineer
with a comprehensive range of optimal design solutions. These solutions are automatically
generated by taking into account all relevant objectives and boundary conditions (such as
requirements following from codes and guidelines) simultaneously, without assigning any
weights to the objectives beforehand. The objectives are all maximized or minimized and
treated equally. Only afterwards, during the decision-making process as described in
Section 2.4, preferences are brought in and adjusted following the insight into feasibility of

the designs (see next Section 3.2).

The multitude of solutions in the parallel coordinate plot provides insight into the
interdependencies between design variables and objectives. As an example, to illustrate
this, Figures 8, 9 and 10 show the solutions corresponding to different numbers of girders
(3, 4 or 5) per span. The solutions with 5 girders per span (Figure 10) all have relatively low
amounts of total reinforcement in the deck, which can be explained based on the limited
distance between the girders in transverse direction, and thus limited span length of the
deck. When the number of girders per span in transverse direction decreases to 4 or 3, the

total amount of reinforcement in the deck increases, as expected.

When the interdependency between the number of girders and the deck thickness ( /14, )

is considered, Figure 10 shows that among the design solutions with 5 girders, the deck
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thickness varies over the full range of possible values; i.e., for each thickness value, a
Pareto optimal solution can be found with 5 girders. However, for the solutions with 3
girders (Figure 8), only solutions with a deck thickness < 0.2 m are found. From a
structural point of view, one would expect to find solutions with higher deck thicknesses
as well, since the span length of the deck in transverse direction becomes larger when only
3 girders are used per span. In a design with a limited number of girders, the load on each
girder is relatively high and increases when the deck thickness increases. For deck
thicknesses higher than 0.2 m, the load bearing capacity of the reclaimed girders might be
exceeded, leading to unity checks higher than 1.0 and therefore non-feasible solutions. Due
to the given load bearing capacity of the girders and maximum unity check as a boundary
condition, the adaptability of the design cannot be further increased by increasing deck

thickness.

The interdependency between the number of girders per span and the different objectives
can also be considered. Solutions with an increased number of girders per span (4 or 5
girders) include solutions with better adaptability values. Furthermore, it appears that a
higher number of girders per span generally leads to higher cost values. Finally, the
number of girders does not appear to limit the possible environmental impact and

secondary material values.

As another example of interdependencies, Figure 11 considers the cost objective in relation
to the different design variables. This figure shows that design solutions with low cost
values (< 105 k€) only include solutions with a low deck thickness ( /14, ). This is to be
expected, since the costs of the design are partly governed by the amount of concrete in the
design. However, the costs do not appear to be governed by the total amount of deck
reinforcement: the lowest costs values in Figure 11 still include design solutions with a
high amount of deck reinforcement. This contrasts with current structural engineering
practice, in which the focus lies primarily on limiting the amount of reinforcement as much
as possible to reduce costs. By showing that low costs can be achieved by a structure with a
limited amount of concrete and a relatively large amount of reinforcement, the results of

the design optimization provide additional insights compared to current design practice.
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3.2 Interdependency amongst objectives

The visualization of optimal design solutions allows all stakeholders involved to gain
insight into the interdependencies between objectives and make realistic, well-balanced
trade-offs, as previous research by Groenia et al. (2024) has shown. For instance, a client
can see directly the effect of a cost reduction (or increase) on circularity objectives such as
structural adaptability and amount of secondary material. Also, an environmental impact
expert and a circularity expert (e.g. MKI calculator, LCA analyst, circularity consultant) can
assess the effect of a reduction in environmental impact on the adaptability and secondary

material and vice versa.

When considering the cost and adaptability objectives in the case study, for example, one
can see in Figure 7 that for the majority of the solutions, lower costs (desirable) lead to
lower adaptability (undesirable). The conflict between these objectives is expected, since
the cost objective in this case study is dominated by material use, and more material
(higher cost) is needed to obtain a higher structural capacity for greater adaptability.
Trade-offs such as these are made visible in the parallel coordinate plot. As an example,
Figure 12 shows the same results as Figure 7, after applying a filter on the adaptability
objective: only solutions with an adaptability score < 2.4 are shown. With this filter, no
solutions with low costs (< 110k) and low environmental impact (< 7k) are left. However,
adjusting the criterium for adaptability to values between 2.6 and 2.8 (see Figure 13) leads
to a lot more solutions with low costs and low environmental impact. In this way, trade-

offs can be quantified and made visible to all stakeholders.

Furthermore, an architect or an engineer can see how certain design choices (e.g. the
number of girders used per span) affect the interdependency between different objectives,
which is not the same for every solution. Insight in these “variable’ interdependencies
allows actors to choose the most satisfying outcome on objectives simultaneously and
justify why they make certain design decisions and trade-offs. This is a clear improvement
compared to many existing multi-criteria assessment tools, which do not provide in-depth
insights into the full range of possible interdependencies, but merely provide a preferred

solution from a set of alternative solutions based on qualitative ratings (Zhu et al., 2021).

It should be noted that these interdependencies between objectives, are an inherent
consequence of how each objective is modeled as a function of (combinations of) design

variables and intermediate outcomes thereof (for example, total mass of a structure).
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Adaptability is formulated as a function of unity checks (see Chapter 2), which are related
to structural reliability and amount of material (mass) used. This means that this
adaptability objective is inherently related to other objectives which are a function of
material mass, such as the circularity objective minimizing total material used, or to the
environmental impact objective, which is largely dominated by amount (mass) of material
produced causing CO, emissions, and to transport and handling of materials. Because of a
high number of design variables (in this case over 50) and models relating these variables
to (intermediate) outcomes such as total mass, and further to objectives, variation arises in
the interdependencies between objectives per solution. A decision process can be used to
find solutions with minimal trade-offs according to stakeholder preferences, but it is
impossible to generalize how the interdependencies between objectives will always be. The
extent to which objectives are dependent on the same variables and therefore on each other
does have an influence on how dominant these variables and objectives may be in decision

making. This can be investigated using sensitivity analyses (see Chapter 3.3).

3.3 Future research and outlook

3.3.1 Model assumptions

Critical for the automated generation of optimal design solutions is the introduction of
proper models in the design optimization that on the one hand, give more insight in
interdependencies of design and objectives than best practices and assumptions, but on the
other hand, are not too complex to slow down calculation times. Although the algorithmic
approach is designed to handle a high number of analytical models, making connection to
computationally time-consuming numerical programs, for example for structural analysis,
may generate larger calculation times but not necessarily lead to different design choices in
the end. The limitations of a model should always be properly documented upfront, as
well as the assumed values for parameters. So, even though the models used in the
optimization method are deduced from state-of-the-art and regulations (such as the
Eurocode), once a design solution has been selected based on a trade-off decision process,
it is necessary to conduct final (detailed) regulatory validations for that particular solution,

such as a complete structural analysis.

The extent to which certain assumptions in models and parameters affect results on the
objectives (e.g. costs of reclaimed girder) may be assessed by sensitivity studies. This type

of sensitivity analysis can systematically provide additional information to the pareto
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analysis by isolating the interdependency of individual design variables with objectives.
This is complementary to the pareto analysis, because in the pareto analysis the
interdependencies are always multiple variables to a single objective (many-to-one). In this
case specifically, there is an interest in the individual (one-to-one) interdependencies.
Using sensitivity analyses such as (Sobol’, 2001), (Borgonovo, 2007) and (Li, et al., 2010)
provide magnitudes for the various individual interdependencies for a specific objective
and comparing these magnitudes gives insight into which variable plays a dominant role.
Such approaches for sensitivity analyses might also be used to assess which aspects of the
design need further detailed modelling, and which aspects are having less influence on the

overall design outcomes and can be covered by simple assumptions.

3.3.2 Decision making processes

Interactive parallel coordinate plots work very well for interactive group decision-making,
by facilitating in-depth discussions and informed decision-making (Groenia et al., 2024).
Design teams with multiple experts from different fields (e.g. architect, engineer,
circularity expert) can discuss design objectives, trade-offs and alternative design solutions
together based on their preferences and value. However, previous research has shown that
actors can struggle with assessing and valuing the different indicators of objectives
(Groenia et al., 2024). For example: “What is the value of gaining 1k s€ of environmental impact
in return for 0.5 less ‘adaptability’?” Further development is needed of the interface for
visualisation and translation of objective outcomes into value (using preference or value
functions), in order to improve the understanding of different objectives by all actors
involved. In the future, multi-objective design optimization and decision-making could
also be integrated into existing design processes on digital design platforms, for example,

BIM and CAD (Ng et al., 2021).

3.3.3 Multi-phase design processes

Next to the usage of multi-objective optimization for (detailed) structural design, it may
also be used for other (combinations of) phases of the design process, even in tenders.
When setting requirements in tenders, clients may use multi-objective optimization for
generating conceptual design possibilities, on the basis of which feasible bandwidths can
be deduced for objectives and realistic requirements. Such tenders asking for performance
in realistic bandwidths rather than aiming for specific solutions, are more attractive for

innovative contractors as these provide opportunities to explore novel design solutions. In

60



addition, project actors can reduce (or prevent) re-work due to unforeseen conflicting

requirements and/ or frequently changing requirements.

In order to broaden the application of multi-objective design optimization in structural
design, future research is needed to test the usage of multi-objective design optimization in
various construction projects, with a specific focus on the concerns and experiences of
practitioners. Design cases with other materials than concrete could also be explored, for

example hybrid structures consisting of wood and concrete.

Conclusions

This paper has illustrated the potential benefits of multi-objective design optimization by
applying this approach to the structural design of a bridge with reclaimed concrete
elements and a bridge deck with concrete containing recycled concrete aggregate (RCA).
The following advantages of this multi-objective design optimization approach have been

shown by the case study:

* In contrast to optimizing for a limited number of objectives and considering a selected
set of solutions, multi-objective design optimization allows to automatically generate the
full range of optimal design solutions, taking into account all relevant objectives and
boundary conditions for the design. No weights are assigned to the objectives upfront.
Based on the multitude of generated optimal design solutions, designers and other
stakeholders can obtain insight into the interdependencies between design variables and

objectives.

* The multi-objective design optimization approach enables transparent decision-making,
by visualizing all possible interdependencies between the objectives. Based on this
visualization, realistic and well-balanced trade-offs can be made by all stakeholders
involved during an interactive process of gradually filtering and selecting solutions. This
is an improvement compared to existing multi-criteria assessment tools, which often use
qualitative ratings with less complete insight in possible interdependencies between

objectives.

The results of the case study show how trade-offs are not the same for every solution

and can be minimized during decision making processes, which would not always
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become clear when considering only a few solutions. Also, it shows that generalizations
about overall sustainability based on one design exercise cannot be made easily. How
much environmental impact or costs can be reduced, is dependent on how trade-offs are

being made by stakeholders with all other criteria involved.

Further research is suggested into methods to study the sensitivity of the optimization
results to variations in (non-)design (fixed) parameters and models. Furthermore, the
interface for visualization of the optimization results could be further improved and value
or preferences included, for better understanding of the solutions and trade-offs by all
stakeholders. The application of multi-objective design optimization could also be
broadened to other phases of the design process, and could even be used in tenders to
determine realistic requirements. Finally, to facilitate broader use of multi-objective design
optimization in the construction practice, it is suggested to further test the usage of multi-
objective design optimization in other construction projects, for which the case study in

this paper can set an example.
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Annex A. Data for cost objective

Production and construction costs

The production costs and construction costs of the relevant processes as used in the use

case are listed in Table A.1 and Table A.2, respectively.

Table A.1 Production costs of raw materials used (purchase price)

Material Costs  Unit Source

Cement (CEM I) 0.245 €perkg  According to (Bouwmaat, n.d.).

Gravel 0.068 €perkg  According to (Archidat bouwkosten, n.d.-a).

Sand 0.043 €perkg  According to (Archidat bouwkosten, n.d.-b).

Water 0.001 €perkg  According to (Evides, n.d.).

RCA - conventional !  0.021  €perkg Based on mixed granulate according to
(Grondverzet, n.d.).

RCA - innovative 0.031 €perkg No information available, assumed to be
50% more expensive then RCA-
conventional.

Steel reinforcement’ 0996  €perkg  According to (Betonstaal, n.d.).

Reclaimed girders 2 365.00 €perm3?  According to (Arnoldussen et al., 2017).

1 The costs of demolition and processing of the recycled materials (RCA, steel

reinforcement) are included in the purchase price of the materials.

2 The uncut length of the girders is used to determine the costs of the girders. The parts of

the beam that are cut off do not have any residual value in the optimization. The mass of

the parts that are cut off can however be quantified as output, so that its value can be

quantified by stakeholders after optimization.

Table A.2 Construction costs of relevant processes

Process

Cost

Unit

Justification

Cutting of

reclaimed girders

68

18,03

€ per m?

Process inputs in line with impact
assessment process for 'cutting of reclaimed
girders'. Assumed labour price of € 45/hour.
Diesel price (1,811/1) according to (CBS,

2024b). Equipment cost unknown.



Production of 0,03 € per kg Process inputs in line with impact

foundation piles assessment process for '‘production of
foundation piles'. Diesel price (€1,811/1)
according to (CBS, 2024b) and natural gas
(€0,52 / M3) and electricity price (€ 0,09615 /
kWh) according to (CBS, 2024a). Labour and

equipment cost unknown.

Drilling of reused 1,81 € perl According to (CBS, 2024b). Equipment and

girders labour cost unknown.

Pouring concrete 39,33 € per m3 Process cost, including equipment and labor

(in-situ) cost, according to (Archidat bouwkosten,
n.d.-b).

Crane use for 322,62 €perhour Equipment cost according to (Archidat

reused girders bouwkosten, n.d.-b), with 50% mark-up

factor as a larger crane is used. Assumed

labour price of € 150/ hour.

Transport costs to construction site

The costs of transport to the construction site are estimated based on a simplified model
and a number of assumptions. The different materials are assumed to be transported by
truck with a given capacity and an hourly wage. The transport cost per unit mass [kg] for
each material as function of the transport distance d is determined according to Equation
(A.1), in which the loading and unloading of the materials can be seen as a constant
transport cost and the slope is determined by the desired distance relative to the reference

transport distance of 20 km.

Lt
d
teco(d) ==L (A~1)
my
with
24
a= ?grwnge

toad *+ tunload
b — 0 unitoa 7
60 wage

in which
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toco(d) is the transport cost per kg for a given distance d [€/kg];

d is the transport distance to the construction site in km; assumed distances per

material can be found in Table A.3;

doy is the reference travel distance in km, equal to 20 km (one way trip);
fwage is the hourly wage in €/hour; assumed to be 80 €/hour per truck;
m is the load carrying capacity of the truck in kg, assumed to be equal to 30 tonnes

(30.000 kg);

Hoad is the time needed to load the contents of the truck in minutes; assumed to be 10

minutes;

tumload 1s the time needed to unload the contents of the truck in minutes; assumed to be

10 minutes;

to: time needed for transport distance d in minutes, assumed time is 20 minutes

(one way trip).

The resulting transport cost per kg for a given transport distance d, ts.,(d), can then be
used in the cost function: t,.,(d) represents the cost factor C; , determined as function of
the transport distance d. The corresponding activity data A; is the mass of each material in

kg.

The transport cost of reclaimed girders is estimated by a different model, since these costs
are not only governed by mass but also by the dimensions of the reclaimed girders. The
transport costs are assumed to be 6.30 €/km for a 60-tonnes-truck. The number of girders

per truck is dependent on the width of the girders and the weight of the girders:

No. of girders ~ Maximum width girder Maximum weight per girder

per truck (max. width of freight = 3.0 m)  (max. weight of freight = 45 tonnes)
3 <10m <15 tonnes

2 <125m < 22.5 tonnes

1 >1.25m <45 tonnes

If the weight of the girder exceeds 45 tonnes, special transport is needed (1 girder per

truck). In that case, transport costs are doubled.

70



Based on the above information, the cost of transport can be estimated for the different
types of reclaimed girders that are used in this case study. These transport costs per km

can then be used in the cost function as cost factor C; . The corresponding activity data A; is

the transport distance of the girders and the type of girders in the design.

The assumed transport distances from the production or storage site to the construction

site for each material are listed in Table A.3.

Table A.3 Transport distance to construction site (stage A4) for each material

Material Sub-material ~ Transport distance from production/storage

site to construction site [km]

Concrete prefab products 75
Concrete in-situ Cement 35
Gravel 35
Sand 35
Water 35
RCA 35
Steel reinforcement 150
Reclaimed girders 50
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Annex B. Structural analyses of the concrete bridge structure

The structural analyses used in the optimisation is explained in this Annex. The different

steps used in the structural analyses are also explained.

Loading

Dead load .......... The volume of the bridge deck, girders, piers and foundation is
multiplied by the mass of concrete (25,0 kN/m3). Dead load = g5

Liveload ........... A uniformed applied traffic load of 10,0 kN/m?. Live load = g4

Partial factors ..... yg =120 and yg = 1,35 (design traffic load, consequence class 2)
Designload SLS .. 4G * 40 = qrep

Designload ULS . g5 X yg + Q> Q=44

qd
P4 ¢ d 444 &4
A 4 4 A
Transverse
qd
FEFEIET T TP T ETES
> > > Y Y
span 1 2. 3 4 i
Longitudinal
Internal forces
MEgeooeiiiiiannn The design value of the bending moments in the girders, based on
previous diagrams, is calculated with a FEM analysis.
REG +eveeeeenneennes The design value of the reaction force in the supports is calculated with

the same FEM analysis. The reaction forces are used in the design of the

piers and foundation piles.
A similar FEM analysis is used to determine the internal forces in transverse direction of

the bridge deck. The calculation in transverse direction is made first and the results are

used (reaction forces) to compute the acting loads on the girders in longitudinal direction.
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qd

!

¢ 4 i 4 g

g ol |
2 A

Transverse

L A A b
A A A 4

Moment diagram

Material properties
Concrete class .... can vary between C25/30 and C50/60.
(C35/45 is used in this Annex, as example

Sk cevereeeennenennns 35MPa (for concrete class C35/45, as example)
Fod ceeneeernineeinenns O fox/Ym (MPa) a,=1,0andy,, =150
Concrete steel ..... Default class is B500

Sy e 500 MPa

fyd .................... fyk/YS with Ys = 1,15

Calculation in transverse direction

As transverse -+ -+ The reinforcement in transverse direction is calculated in accordance
with Eurocode 2. For this the next procedure is used to design the
reinforcement and perform the necessary checks. The reinforcement is
calculated for the maximum design value of the bending moment and

applied at the top of the deck and the bottom of the deck.

Calculation of bending reinforcement:

Agoviiiiiiiie, Meq (mm?)

z fya
2o d-Bux, (mm) B=039andd = h-c+1@
Fud oo Design yield strength of reinforcement, default value used is 435 MPa
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d- |g2 _4BMEg
0'“bfcd (

Xy oo mm

. 5 )
O i 0,75
X Width of the concrete section; default 1,0 m for the deck.
Checks:
AsZ Agmin -oeeee Ag,min = min(1,25 A;; 0,16% of A, )
A< Agmax oo Asmax = 2,25% of A,
Cracking:
SPAX - eeeeeeenennnns maximum spacing between rebar, environmental condition default XC1
D max -« eeeeeeneens maximum diameter of the rebar, maximum crack width is default 0,30

mm. The maximum values is based on the steel stress in SLS.
S vomeeemneiiiiaeens d A Mg default Msis _ 0,85
Agpplied MuLs Myrs

fs=160MPa ...... Smax = 300 mm and &, = 32 mm
fs=200MPa ...... Smax = 250 mm and &, = 25 mm
fs=280MPa...... Smax = 150 mm and &, = 12 mm

fs=360MPa ...... Smax =950 mm and &, =8 mm

The designed reinforcement is applied in the total deck in transverse direction. 20% of the
transverse reinforcement is applied in longitudinal direction over the total length of the

bridge deck.

Calculation in longitudinal direction

In the longitudinal direction the bending moment is calculated (moment diagram) and in
the optimization process a percentage of the moment at the support is chosen. Each
support can have a different percentage of the calculated bending moment. The
percentages reduce the bending moment at the supports and increase the bending moment

in the middle of the spans.
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By increasing the support bending moment the required bending moment capacity of the

reused girders (in the middle of the span) is changed. To make this possible the reused

girders must be connected to the new bridge deck. This is done by drilling open stirrups in

the top of the girders. The number of stirrups is calculated based on the shear forces in the

girders.

qd ‘\““ 0y “‘“‘
S A VO A
A Y N— = 2 & /!
Longitudinal

Moment diagram

MRd,max,girder ...........

A 5\, Sit1 \

2 MEd ,span,middle

The bending moment is determined with a FEM calculation.

As longitudinal support --- 1 he reinforcement at the supports is located at the top of the deck.

A

s,stirrups ................

TEd, max,support =+ +*

The bending moment M; is used to calculate the reinforcement (see
previous procedure). The next parameters are used in the
calculations.

Ngirder +Ndeck (M)

Width of the deck measured from the middle of the span on the
left side to the middle of the span on the right side of the girder.
The properties of the concrete of the girder are used for the design
of the support reinforcement in the deck.

These are the connections between the reused girder and the new
deck. The design of the open stirrups is based on the shear force in
the girders. The changes in the bending moments in the girder are
accounted for.

This is the horizontal shear force at the interface between the
girder and the deck. The design reinforcement is based on article
6.2.5 of the NEN-EN 1992-1:

VRdi =€ fetd + 10y, +p fyg(usina+cosa) <0,5 v foy

Only the dowel function is used in the stirrup design.

P fya(u sino+cosa) default oo =90° ¢ = 0,45 and u = 0,70
p=As/A; , with A is the area of the stirrups and 4; is the area of

the contact surface.
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The reinforcement in the longitudinal direction is added to the total reinforcement in the
bridge deck. The weight of the longitudinal reinforcement and stirrups is calculated for all

supports and added to the total values.

Supports (piers and foundation piles)

Piers .......ccoeeennne The reaction forces Rg,; (kN) are used to calculate the required
thickness of the piers. The piers have a default length equal to the width
of the bridge and a height of 2,60 m.

RRg covvvneeeiini > Rgy
(wxD)contact area X 0,6 fex ), the factor 0,6 is used to prevent splitting
of the concrete.

w is the thickness of the pier and I is a default value 1,0 m.

Piles .....cocueennn. The reaction forces Rg,; (kN) are also used to calculate the number of
piles needed for the supports.

Number of piles .. Rg; / RR4,pile - the capacity of a pile Rg; is fixed as a default value of
500 kN.
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