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Optimization of Cable Placement in Post-Tensioned Continuous Concrete Bridges
Development of Guidelines using Genetic Algorithms to Reduce Cost and Environ-
mental Impact
WILLIAM MJÖRNESTÅL
BENJAMIN PETTERSSON
Department of Architecture and Civil Engineering
Chalmers University of Technology

Abstract

Design of prestressed concrete bridges is a complex and iterative process and have
a lot of in�uencing factors to consider and requirements to ful�ll. Even though
some attempts at recommendations, engineering practices and software exists, either
computation time, e�ciency in design or availability may be an issue. As there is
a desire in the industry to �nd more cost-e�cient and environmentally sustainable
solutions, a need for simple and e�cient guidelines in bridge design exists. The aim
of this study was to compile general guidelines that can be applied to a varying set of
continuous post-tensioned bridges to minimize the cost and environmental impact.
The guidelines have been generated from optimization of a bridge beam with varying
span length using a genetic algorithm solver. For the structural analyses, a �nite
element solver was implemented into the optimization script.

When comparing bridges designed with both the proposed guidelines and the con-
ventional solution, load balancing, it was found that signi�cant improvements in cost
and notable reductions in global warming potential (GWP) could be achieved with
the guidelines. On average, the cost was reduced by almost 7% and the GWP by 5%
for the examined cross-section. Other sections were also tested and similar trends
could be observed though it was noted that the improvements were considerably
smaller for bridges with a slightly wider section. A case study of the road bridge,
Halvors länk, showed again that the guidelines were able to reduce the cost by 5%.
Due to constraints in cross-section geometry, greater improvements could not be
achieved. However, reductions of 11% in prestressing steel amount were obtained
for both the original cross-section and the case study, suggesting a more e�cient
layout.

The study also showed that the use of genetic algorithms can be bene�cial in struc-
tural design. Implementation of genetic algorithms could, however, increase the
computational e�ort to unreasonable levels depending on the complexity of the
problem. Therefore, it could be recommended to compile guidelines from the results
of several optimizations utilizing genetic algorithms to be used for more generic
problems. With this method, results like that of the genetic algorithm optimization
could be achieved but the need for long computations is reduced.

Keywords: cable placement, post-tensioning, optimization, genetic algorithm,
�nite element analyses
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Optimering av kabelplaceringen i efterspända, kontinuerliga betongbroar
Utveckling av riktlinjer med genetiska algoritmer för att reducera kostnad och
miljöpåverkan
WILLIAM MJÖRNESTÅL
BENJAMIN PETTERSSON
Institutionen för arkitektur och samhällsbyggnadsteknik
Chalmers tekniska högskola

Sammanfattning

Design av förspända betongbroar är en komplicerad och iterativ process med många
påverkande faktorer att ta hänsyn till samt �era krav att uppfylla. Även om försök
att skapa rekommendationer, praxis och programvaror har gjorts har begränsningar
i beräkningstid, kvalitet på lösningar eller tillgänglighet varit begränsande. Då det
�nns en vilja att skapa kostnadse�ektiva och miljövänliga lösningar �nns det också
ett behov av enkla och e�ektiva riktlinjer för dimensionering av broar. Målet med
denna studie var att sammanställa generella riktlinjer som kan appliceras på olika
kontinuerliga efterspända broar för att minimera kostnaden och miljöpåverkan. Rik-
tlinjerna har skapats från optimering av broar med olika spannlängder. Optimerin-
gen gjordes med en genetisk algoritm och strukturella analyser gjordes med �nita
elementprogram.

Vid jämförelser mellan de föreslagna riktlinjerna och den konventionella lastbalanser-
ingsmetoden uppnåddes tydliga minskningar i kostnad och klimatpåverkan mätt i
GWP (Global warming potential). Genomsnittligen minskades kostnaden med näs-
tan 7% och klimatavtrycket med 5% för det undersökta tvärsnittet. För de andra
tvärsnitten som testades kunde även liknande trender upptäckas även om de för-
bättringarna som uppnåddes för ett tvärsnitt med ökad brodäcksbredd var mindre
markanta. I en fallstudie av vägbron Halvors länk lyckades kostnaden reduceras
med 5% med hjälp av de framställda riktlinjerna. Förbättringar i GWP var däre-
mot svårare att uppnå på grund av den relativt låsta tvärsnittsgeometrin. För både
fallstudien och tvärsnittet använt i optimeringen kunde stålmängden minskas med
11%. Detta visar på riktlinjernas e�ektivitet i brodimensionering.

Studien har också visat att användningen av genetiska algoritmer kan vara gynnsam
i dimensioneringstadiet. Implementeringen av genetiska algoritmer kan dock leda
till en orimlig ökning av beräkningstiden beroende på komplexiteten av problemet.
Det kan därför vara rekommenderat att sammanställa riktlinjer från resultaten av
�era optimeringar med genetiska algoritmer som sedan kan användas för mer kon-
ventionella problem. På detta vis kan resultat likt det av optimering med genetiska
algoritmer nås medan den långa beräkningstiden kan undvikas.

Nyckelord: Kabelplacering, efterspänning, optimering, genetisk algoritm, �nita
element analyser
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1
Introduction

1.1 Background
A common approach when designing concrete bridges with longer spans is to use
prestressing to minimize cross-section dimensions and thereby also the self-weight
of the structure. By casting ducts threaded with tensioning cables in the beam and
tensioning them before the load application, compressive stresses are induced in the
beam. By counteracting the tensile stresses from the applied loads, both cracking
and de�ections of the beam can be reduced. The e�ectiveness of the prestressing is
dependent on the layout of the cables, as noted by Aspegren and Möörk (2021), who
also concluded that the optimal cable placement was related on the beam geometry.
Finding the optimal cable layout for a prestressed concrete beam could be bene�cial
in reducing the cross-section dimensions although the complexity makes this di�cult.
As concrete is commonly considered to have signi�cant environmental impact, this
reduction could lead to a more sustainable construction. The material reduction
may also lead to a more cost-e�cient beam.

Guidelines for designing the cable layout do exist. Magnel diagrams give combina-
tions of eccentricities and prestressing forces that can be used based on the cross-
section (Krishnamurthy, 1983). These diagrams have also been expanded upon by
Eshani and Russell Blewitt (1986) to describe the valid eccentricities for the cable
along a simply supported beam. Their guidelines can be used to �nd limits for the
cable placements but does not suggest any optimal placement. This means that
the engineer is tasked with �nding the best layout, and due to time or other re-
strains might have to settle for an adequate solution. Several optimization software
for prestressed beams and slabs have therefore been developed and show that both
economic and environmental gain can be achieved (Ahsan et al., 2011; Khan et al.,
2010; Kuyucular, 1991). These software are however either not applicable for con-
tinuous prestressed beams, do not follow Eurocode or Swedish regulations, or are
unavailable to the common engineer. As e�cient cable layouts are desirable in terms
of sustainability and cost, guidelines for a more optimized cable placement that are
widely applicable and available would be a valuable tool for the engineer.
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1.2 Aim and Objective
The aim of this thesis is to develop guidelines to aid the design of continuous pre-
stressed concrete bridges by suggesting optimal cable placement for reduced cost
and environmental impact for a range of span lengths. The guidelines are to be
based on �nite element analyses. The objectives in the project are the following:

ˆ Investigate current design approaches.

ˆ Optimize the cable layout using genetic algorithm optimization and �nite el-
ement analysis.

ˆ Analyze the optimized cable layouts and establish general guidelines.

ˆ Apply the generated guidelines and a conventional design approach for a set
of chosen bridge beam geometries, including a case study of the Halvors länk
road bridge, and compare the results.

1.3 Limitations
The project is limited to incompletely fully prestressed post-tensioned continuous
beams for bridge structures with span lengths between 25 and 40 m. The analysis of
each beam was based on Eurocode 2 (SIS, 2008) and requirements from the Swedish
Transport Administration (Tra�kverket) (2019a) and the Swedish Transport Agency
(Transportstyrelsen) (2018). The beam models were veri�ed in serviceability limit
state (SLS) with regards to long-term e�ects for service life class L100. As pre-
stressing mainly a�ects the behavior of the bridge in SLS, no veri�cation was done
in the ultimate limit state (ULS). Hence, sti�ness changes due to crack formation
and yielding are irrelevant and the study was performed with linear �nite element
analysis. The bridges were also not veri�ed with respect to shear forces which can
be counteracted by increasing the amount of shear reinforcement in the elements.
Crack widths were also not considered as the bridge was fully prestressed, meaning
that no cracks were allowed.

1.4 Method
The project began with a literature study investigating the design of prestressed
concrete beams in bridges to identify the relevant actions, load cases and veri�cations
relevant for this study. Furthermore, previous research in optimization of prestressed
beams and cable placements were investigated. With the information about actions
and load cases from the literature study, a general parametric model describing
prestressed concrete bridge beams was established.

The next step was to de�ne a beam model to be analyzed. The model should be a
good representation of the sizes regularly used in prestressed bridges and allow for
the analysis results to be applied to di�erent beam geometries.

To describe the beam geometry and cable pro�les parametrically, the design tool
Grasshopper 3D was used (Robert McNeel & Associates, n.d.-b). The tool enables
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the geometry as well as the parametrization algorithm to be presented visually
to more e�ectively prevent any parameter combinations that would result in an
incompatible geometry. To �nd the most optimal cable layout, the Grasshopper
native evolutionary optimization tool Galapagos (Robert McNeel & Associates, n.d.-
a) was used to iteratively update the cable pro�le until the most e�cient solution
had been found for each beam geometry. Each solution was analyzed with the �nite
element software SOFiSTiK (n.d.-e) to �nd cross-sectional load e�ects and capacities
in each iteration. The e�ciency of the cable layout have been de�ned by its cost
and environmental impact together with the utilization in SLS. By performing tests
on di�erent geometries, the parameters describing the cable layout was related to
the beam geometry and compiled into guidelines.

The guidelines established were then applied to study a small set of di�erent ge-
ometries to analyze if the optimized cable layout had a considerable impact on the
e�ciency compared to the conventional approach, load balancing. Finally, a case
study of the road bridge Halvors länk was performed to evaluate which bene�ts
could have been gained by using the guidelines.
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2
Prestressed Concrete

Prestressing of concrete is a technique used in beams and slabs when designing for
longer spans or slender cross-sections. The main concept of prestressed concrete is
to introduce compressive stresses into the concrete to counteract the tensile stresses
created by the load. As concrete is a brittle material and cannot handle any larger
tensile stresses, it is prone to cracking. In normal concrete structures, it is solved by
placing reinforcement bars in the tensile zones in order to absorb the force. However,
for the reinforcement bars to contribute, the concrete �rst needs to crack so that
the forces can be transferred into the reinforcement. When the concrete cracks the
cross-section area is reduced and sti�ness is lost. The use of prestressed concrete
results in a delayed cracking and the retained sti�ness leads to a more e�ective
cross-section and smaller de�ections. The �nal strength of the structure is however
not remarkably increased (Dolan & Hamilton, 2019).

A beam can be designed to be either fully or partially prestressed. If a beam is
designed to be fully prestressed, there cannot be any cracks in service state. Smaller
tensile stresses are, however, still allowed in fully prestressed structures, a concept
known as incomplete prestressing (Engström, 2011). When a beam is partially
prestressed, cracks are allowed to form in service state. This still result in higher
sti�ness of the beam compared to one that is regularly reinforced since the cracking
is both delayed and reduced (Engström, 2011).

2.1 Production Methods
Prestressing is achieved by constructing the concrete element with a cable that
is tensioned before bonding with the concrete. The strain di�erence between the
materials results in a compressive force in the concrete. The two techniques of
tensioning a cable are called pretensioning and post-tensioning.

2.1.1 Pretensioning
Pretensioning means that the cable is tensioned in a tensioning bed before the
concrete is cast. After the concrete has cured and a bond has formed between the
cable and concrete, the cable is released from the tensioning bed and the compressive
force begins acting on the concrete. Pretensioning works well for prefabricated
elements as the tensioning bed can be reused. It is also possible to cast multiple
elements within the same bed by stacking them length-wise and cutting the cable
between each element after curing (Bhatt, 2011). With the cables under tension,
placing them with varying eccentricities induces large forces in the tensioning bed,
thus, straight pro�les are often used (Libby, 2012). The need for a tensioning bed
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and the di�culties to create varying cable layouts make this production method less
relevant for continuous beams.

2.1.2 Post-Tensioning
In post-tensioned structures, ducts threaded with tensioning cables are cast into the
beam. When the concrete is cured to an acceptable level of strength, usually 70% of
the �nal strength, the cables are tensioned by jacks at either one or both ends and
then anchored to the sides of the beam to induce compression (Engström, 2011).
The ducts are thereafter grouted which bonds the cable to the duct and provides
protection from corrosion (Bhatt, 2011). Post-tensioning allows for cable layouts
with varying eccentricities since the placement of the ducts can be relatively freely
chosen. This quality makes post-tensioning a more relevant choice for the scope of
this study since it allows for more �exibility in the cable placement.

2.2 Loss of Prestressing Force
The force from the cables acting on the concrete beam and compressing it is called
the prestressing force. This force is measured by the jacks when the cable is ten-
sioned. The prestressing steel is however subjected to several losses of prestressing
force during its life span. These losses are presented in Eurocode 2 and are divided
into instantaneous and time-dependent losses, see Table 2.1 (SIS, 2008).

Table 2.1: Prestressing losses for a post-tensioned beam.

Instantaneous Time-dependent
ˆ Deformation of concrete ˆ Shrinkage and creep of concrete
ˆ Friction losses ˆ Relaxation in the cable
ˆ Anchoring losses

To ensure that the design works as intended, the loss of prestressing force needs to
be relatively small compared to the initial force. This can commonly be solved by
increasing the initial force (Libby, 2012). If the loss is larger in relation to the initial
force, the function of prestressing would fade and the beam would act more as an
ordinary reinforced beam.

2.2.1 Deformation of Concrete
When a design requires multiple prestressing cables, some loss of prestressing force
will occur when the cables are tensioned successively. As the cables are tensioned,
the compressive stresses in the concrete will increase leading to the beam being elas-
tically shortened. As a result, the previously tensioned cables will lose some strain
and prestressing force (Engström, 2011). This loss can, according to Eurocode 2,
be calculated with (2.1)-(2.2) (SIS, 2008). Here,� Pel is the mean loss of the pre-
stressing force in each cable which is dependent on the di�erence in concrete stress
at the center of each cable (Engström, 2011).
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� Pel = Ap Ep �
X

"
j � � � c(t)

Ecm(t)

#

(2.1)

j = ( n � 1)=2n �
1
2

(2.2)

2.2.2 Friction Losses
Friction losses in post-tensioned beams occur between the cables and the ducts and
results in varying prestressing forces along the beam (Engström, 2015). The losses
are calculated starting at the active end, i.e., the end where the jack is placed, and
accumulates with the length of the beam. Figure 2.1 shows an example of how the
prestressing force decreases in a beam due to friction.

Figure 2.1: Loss of cable force due to friction for a beam with an active end and
a passive end, based on Engström (2015)

The loss of prestressing force is based on the change of slope and is calculated with
(2.3) (Engström, 2015). Here,P0(s) is the prestressing force at the duct length,
s, after stressing andPi(0) represents the force at the active end. The friction is
described by the friction coe�cient between the cable and the duct,� , and the factor
for unintended changes in slope of the duct,k. The nominal change in slope from
the active end to the positions is represented by� given in (2.4) (Engström, 2015).

P0(s) = P0(0) � e� � (� + k�s) (2.3)

� = � (0) � � (s) (2.4)
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2.2.3 Anchoring Losses
When the cable is released from the jack, it will contract to some extent. This
action is, however, prevented by the friction along the cable (Engström, 2011).
The contraction results in a reduction of the cable force near the active end, see
Figure 2.2.

Figure 2.2: Loss of cable force during release from tensioning jack, based on En-
gström (2011).

After detensioning, it is therefore necessary to calculate the maximum cable force
and its position. The maximum cable force,Pi,max , can be calculated by measuring
the cable force in the active end, before and after detensioning, and then using (2.5)
(Engström, 2011). The position of the maximum cable force along the cablexmax is
given by (2.6) (Engström, 2011).

Pi,max =
q

Pi,1 � Pi,2 (2.5)

xmax =
1
k

"
1

2�
ln

 
Pi,1

Pi,2

!

� �

#

(2.6)

When anchoring the cable, anchorage slip can occur. If this happens, the maximum
cable force can no longer be calculated by (2.5) (Engström, 2011). Instead, the
maximum cable force is decided by (2.3) wheres is replaced by the distancexs,
representing the length of cable a�ected by the anchorage slip, see Figure 2.3 (En-
gström, 2011). The lengthxs can be calculated with (2.7). Here,� s is the distance
of the anchor slip andR is the radius of the cable curvature (Engström, 2011).
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Figure 2.3: Loss of prestressing force due to anchor slip, based on Engström (2011).

xs =

vu
u
u
t

� s Ep Ap

Pi(0) �
� 1

R
+ k

� (2.7)

2.2.4 Time-Dependent Losses
In Eurocode 2 the losses from creep, shrinkage and relaxation can all be described
by (2.8) (Engström, 2011; SIS, 2008). The initial cable and concrete stresses after
anchorage,� pi and � cpi , respectively should be calculated for the quasi-permanent
load (SIS, 2008). In (2.8), the stresses and strains are de�ned as positive in tension,
this is an alteration from the equation in Eurocode 2 made by Engström (2011).

� Pc,s,r = Ap

" cs Ep + 0:8� t � pi �
Ep

Ecm
' (t; t 0) � cpi

1 +
Ep

Ecm

Ap

Ac

�

1 +
Ac

I c
(dp � dc)2

�

[1 + 0:8' (t; t 0)]
(2.8)

In (2.8), the variables" cs, ' (t; t 0) and � t describe time-dependent material properties
for the concrete and the prestressing steel. The stress independent strain caused by
both drying and autogenous shrinkage is de�ned as" cs. The creep of the concrete is
accounted for by the creep coe�cient' (t; t 0) while the relaxation of the prestressing
cable is represented by� t (Engström, 2011).

2.3 Cable Layout
The choice of cable layout is important as it will a�ect the structural response of the
beam (Aspegren & Möörk, 2021; Khan et al., 2010; Nusrath et al., 2015). Despite
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this, the cable layout is commonly decided by the engineer based on experience
and intuition (Aalami & Jurgens, 2003). A general assumption when designing
continuous prestressed beams is that the cable will follow an idealized parabolic
shape with the largest eccentricity in the middle of the span, see Figure 2.4a. This
assumption is made to simplify the calculations of the response (Dolan & Hamilton,
2019). It is, however, not practically feasible to construct such a beam since the
cable must have a sharp bend over the mid-support. A more representative way
to model the eccentricities in the cable is to use a series of parabolas instead, see
Figure 2.4b (Dolan & Hamilton, 2019).

When restraining statically indeterminate beams, moments due to eccentricities of
the restraining force can have a noticeable in�uence on the structural response. In
sectional moment analysis, it can, therefore, be meaningful to distinguish between
two di�erent types of contributions, the upwards bending action from the prestress-
ing and the restraining action from the mid-support. The prior, referred to as the
primary moment MP, is the product of the cable force and the eccentricity and is
therefore highly dependent on the cable placement (Dolan & Hamilton, 2019). The
latter, referred to as the secondary momentMS, is caused by the moment from the
reaction force of the mid-support since it is preventing the deformations caused by
the primary moment (Dolan & Hamilton, 2019). Hence, the secondary moment is
the product of the primary moments in�uence. The total sectional moment will
thereby be the sum of the two contributions, i.e.,MP + MS, see Figure 2.5. The
secondary moment must be taken into account both for service and ultimate state
according to Eurocode 2 (SIS, 2005). In design, an iterative design process needs
to be adopted for �nding an appropriate layout as the moment both is dependent
on and in�uences the cable layout. This includes estimating the initial restraint
moment (Engström, 2015).

(a) Simpli�ed cable eccentricity (b) Actual cable eccentricity

Figure 2.4: Schematic illustration of the cable eccentricity (a) Simpli�ed as a
parabolic shape and (b) The actual cable layout, based on Dolan and Hamilton
(2019).
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Figure 2.5: Sectional moment in a prestressed beam caused by a primary and a
secondary moment, based on Dolan and Hamilton (2019).

The placement of the cables in the beam is limited by the capacity in both com-
pression and tension. In order to use the prestressing steel in the most e�cient
manner, the cable eccentricity should be maximized in the critical sections. Too
high eccentricity can, on the other hand, also be a limiting factor if the cross-section
is to remain uncracked before applying the service load. When placing the cable
within the cross-section core, i.e., the zone where compression forces only results in
compressive stresses, tensile stresses can be avoided (Dolan & Hamilton, 2019). If
the self-weight is applied simultaneously as the prestressing force, the tensile stresses
from the prestressing can be counteracted, allowing the cable to be placed outside
the core (Dolan & Hamilton, 2019).
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3
General Design Approaches

In this chapter, normal bridge designs and geometries will be discussed and the
standards relevant for the theory will be presented. Previous work in optimization
of prestressed beams and slabs will also be investigated.

3.1 Common Dimensions
Bridges can be de�ned partly based on their primary structural members. The
e�ectiveness of each bridge type vary with the span length and load as well as the
limitations of de�ection. The most common bridge in Sweden is the slab frame
bridge where the main supporting slab is �xed to each support (Tra�kverket, 2020).
This type of bridge can be constructed with regular reinforcement or prestressed
cables and reach spans of 25 and 35 m, respectively (Tra�kverket, 2020). For design
of slightly longer spans, beam bridges are usually chosen. Beam bridges have higher
cross-sections compared to slab bridges, resulting in sti�er constructions. This study
is focusing on beam bridges as the e�ect of prestressing can be larger due to the
increased height of the cross-section and thus there are more potential in material
reductions based on the cable placement.

Beam bridges can be constructed with one or multiple beams as the primary struc-
tural members but it is preferred to minimize the number of beams in the structure
(Vägverket, 1996). Higher beams are, according to the Swedish Road Administra-
tion (1996), often more cost e�cient but due to limitations in clearance and length
of the deck extensions, it is in practice hard to achieve. It is not unusual for beam
bridges to have varying height to further maximize the e�ciency. However, this is
not considered in this study. The height of the beam can be estimated based on the
span lengths of the bridge. Engström (2011) suggests that for prestressed simply
supported beams, the height should beL=48(2.1%) while the Swedish Road Admin-
istration (1996) states that the height usually is 4-7% of the bridge span. For very
large spans, box girders are often used as they reduce the self-weight of the beam
while still providing great strength (Tra�kverket, 2020; Vägverket, 1996). Similar
to this, single beam bridges of smaller spans may also have voids built into them
(Tra�kverket, 2020). As the placement of the cable is the main focus for the project,
single beam bridges with solid cross-sections are studied. A solid cross-section al-
lows for unhindered placement of the cable while using a single beam reduces the
complexity.

Beam bridges with regular reinforcement are usually constructed with spans larger
than 15 m. When the spans have reached 25 m, it is possible that it would be more
economical to use prestressing cables and for spans longer than 30 m prestressed
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beams should be used (Vägverket, 1996). Beam bridges can be built with spans
that are 200 m long. For these structures, a box girder cross-section should be used
(Vägverket, 1996). In this study, spans in the range 25-40 m are of interest in order
to represent a wide range of prestressed concrete beam bridges while still being able
to maintain a solid, single beam cross-section.

The Swedish Transport Administration (2022) provides requirements for bridge
widths. Depending on number of lanes and speed limit, the bridge widths ranges
between 6 to 23 m. Here, the lower limit corresponds to a single-lane bridge while
the upper limit represents a four-lane bridge. Since the number of beams in a bridge
may vary with the width and only a single-beam bridge will be studied, the geom-
etry will be set to represent a double-lane bridge. Following the requirements from
the Swedish Transport Administration (2022), a double-lane bridge should have a
section width of 7.5 m, excluding the widths for edge barriers and possible shoulder
bicycle lanes. As a simpli�cation, the total bridge deck width is rounded up to 8 m
to compensate for eventual barriers, road shoulders, or similar. In addition, the
bridges are also assumed to only carry vehicle tra�c and no pedestrian nor bicycle
tra�c is regarded.

3.2 Standards
The project is based on the Eurocode standards. When designing bridges in Swe-
den, it is also required to ful�ll the criteria presented by the Swedish Transport Ad-
ministration (Tra�kverket) and the Swedish Transport Agency (Transportstyrelsen)
for service life class L100, corresponding to a service life of 120 years (Tra�kverket,
2019a). The following sections include criterion that must be ful�lled for prestressed
concrete bridges.

3.2.1 Geometric Requirements
In order to ensure a good reinforcement bond, prevent spalling, protect against
environmental exposure and ease the construction process, it is necessary to verify
the reinforcement geometry, i.e., the cover thickness as well as the minimum and
maximum distances (Al-Emrani et al., 2013).

Eurocode 2 speci�es that the cover thickness must be greater than the nominal
cover thickness (SIS, 2008). This thickness can in turn be expressed to include
two terms, one generally accounting for environmental durability, �re-safety and
reinforcement bond, and the other accounting for deviations. The nominal cover
thickness is expressed as in (3.1). The Swedish Transport Agency (2018) speci�es
that the cover thickness due to deviation tolerance,� cdev, should be included and
Eurocode recommends setting this term to 10 mm (SIS, 2008). The minimum cover
thicknesscmin can be expressed as in (3.2) in accordance with the recommendations
in Eurocode (SIS, 2008).

cnom = cmin + � cdev (3.1)
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cmin = max

8
>><

>>:

cmin,b

cmin,dur

10mm

(3.2)

The spacing related to bond,cmin,b , is in Eurocode set to the diameter of the re-
inforcement bars and the post-tensioning ducts. The spacing related to durability,
cmin,dur , should be set in accordance with the Swedish Transport Agency (Trans-
portstyrelsen, 2018) since these are stricter than the requirements from Swedish
Transport Administration (Tra�kverket, 2019a).

Following the guidelines from the Swedish Transport Agency (2018), the minimum
cover thicknesscmin,dur can be set based on the exposure class and water-cement
ratio of the concrete. For bridge surfaces directly exposed to road salts, the agency
recommends the exposure classes XD3 and XF4 to be used. When using concrete
with a water-cement ratio of 0.40, the minimum cover thickness can be set to 45 mm
(Transportstyrelsen, 2018). For the sides that are not directly subjected to road
salts, XD1 may be chosen when following the recommendations in Eurocode (SIS,
2008). For the same water-cement ratio, a minimum cover thickness of 25 mm is
given from the Swedish Transport Agency (2018). When applying the requirements
to a post-tensioned beam, an additional 10 mm of cover thickness should be added.
The concrete cover is also measured to the duct instead of the cable. When including
the deviation term, the requirements can be expressed as in (3.3)�(3.4) following the
notation scheme in Figure 3.1.

c1 � � stirrups �

8
<

:
35 mm for reinforcement steel

45 mm for post-tension ducts
(3.3)

c1top � � stirrups �

8
<

:
55mm for reinforcement steel

65mm for post-tension ducts
(3.4)

In addition to the cover thickness, Eurocode 2 also requires the spacing between
the reinforcement bars to ful�ll (3.5) in both horizontal and vertical direction (SIS,
2008). For the prestressing steel in post-tensioned systems, the horizontal and ver-
tical spacing between the ducts is instead required to ful�ll (3.6)-(3.7), respectively,
(SIS, 2008). For reference, see Figure 3.1. In cross-sections where the ducts are
not fully vertically aligned, the aggregate diameter can be neglected. Bundling of
post-tension ducts is not allowed except for when two ducts are stacked vertically.
The design of stacked ducts is, however, in practice inconvenient as the ducts must
be separated in the anchoring region. As a consequence, there will be regions where
the ducts are not stacked and do not ful�ll the requirement of minimum spacing in
(3.7).

15



3. General Design Approaches

as � max

8
>><

>>:

� s

dagg + 5 mm

20mm

(3.5)

aph � max

8
>><

>>:

dagg + 5 mm

� duct

50mm

(3.6)

apv � max

8
>><

>>:

dagg Only if the ducts are fully aligned

� duct

40mm

(3.7)

(a) Post-tensioning ducts (b) Reinforcement bars

Figure 3.1: Schematic illustration of the notations used for reinforcement spacings
of a �ctional cross-section for (a) Post-tensioning ducts and (b) Reinforcement bars,
based on Eurocode 2 (SIS, 2008).

3.2.2 Actions
When designing bridges, there are a number of di�erent actions that needs to be
taken into account. Depending on bridge type, geometry, and function, di�erent
actions must be designed for. In the scope of this project, vertical loads have been
identi�ed as the relevant actions since the main purpose of the prestressing steel is
to counteract the bending from these. The actions that in�uences the main bending
are:

ˆ Self-weight
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ˆ Tra�c loads

ˆ Prestressing force

ˆ Thermal constraints

ˆ Creep and shrinkage

ˆ Relaxation

3.2.2.1 Self-Weight

Normal prestressed concrete can be assumed to have a self-weight of 25 kN/m3,
including the weight of the reinforcement (SIS, 2002b). In addition, the self-weight
from pavement and tra�c barriers should also be added. For mastic asphalt pave-
ment, the self-weight is 24 kN/m3 (Tra�kverket, 2019a). A reasonable self-weight
per barriers is 0.5 kN/m (C. Jonsson & V. Andersson, personal communication,
Mars 3, 2022).

3.2.2.2 Tra�c Loads

Tra�c loads are accounted for in Eurocode 2 by the use of load models, denoted
LM1�4 (SIS, 2010). These load models are based on European tra�c patterns from
the year 2000 and are valid for bridges shorter than 200 meters. Both LM3 and
LM4 can be disregarded in this study as LM3 only should be used if the devel-
oper speci�es it while LM4 should be neglected for all road bridges (Tra�kverket,
2019a). Furthermore, LM2 is often only governing in smaller structural members
in the range 3-7 m, thus it too can be disregarded in this study (SIS, 2010). LM1
is then the only tra�c load from Eurocode 2 that will be used. The load model
consists of both point loads and distributed loads. The point loads are positioned
in a tandem system in order to represent two axles, see Figure 3.2 (SIS, 2010).

(a) Seen from the side (b) Seen from above

Figure 3.2: General model for LM1 as seen from (a) The side, and (b) Above.

When applying tra�c load to the structure, it should be done using notional lanes,
see Figure 3.3. The carriageway is divided into a number of notional lanes based on
its width and the division is de�ned by the expressions in Table 3.1 (SIS, 2010).
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Figure 3.3: Schematic illustration of possible notional lane numbering.

Table 3.1: Lane division in Eurocode 1 (SIS, 2010).

Carriageway width w No. of notional lanes Notional lane width w i

� 5:4m 1 3 m

5.4�6 m 2
w
2

> 6m �oor
� w

3

�

3 m

The numbering of the notional lanes in Figure 3.3 represent how unfavourable a
load placed in each lane is with 1 being the most unfavourable lane. When applying
the load models onto the notional lanes, point loads and distributed loads should
be placed in the most unfavourable positions. This means that the distributed load
does not have to be placed along the whole length and that the distributed loads
also are free to overlap the point loads (SIS, 2010).

The characteristic point loads and the distributed load in LM1 are de�ned in Eu-
rocode 2 and presented in Table 3.2 (SIS, 2010). Note thatQi is the total load for
each axle. These loads should also be multiplied by an adjustment factor� Q i or � qi

depending on load type and notional lane, see Table 3.3 (Transportstyrelsen, 2018).
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Table 3.2: Load magnitudes for LM1 according to Eurocode 1 (SIS, 2010).

Notional
lane

Axle load Distributed load
Q i [kN] qi [kN/m 2]

1 300 9
2 200 2.5
3 100 2.5

>3 0 2.5
Remaining area 0 2.5

Table 3.3: Adjustment factors for LM1 (Transportstyrelsen, 2018).

Adjustment factor Value
� Q1 0.9
� Q2 0.9
� Q3 0
� q1 0.8
� qi (i > 1) 1
� qr 1

By Swedish regulations, it is not su�cient to only take the load models in Eu-
rocode 2 into account. In addition, The Swedish Transport Agency have also de�ned
14 di�erent vehicle models, denoted a-n, that should be included in bridge design
(Transportstyrelsen, 2018). These vehicle models will not be accounted for in this
study in order to reduce the complexity of the task. However, their application will
still be explained. The vehicle models consists of point loads and distributed loads
q with de�ned distances. An example of a vehicle model is shown in Figure 3.4 for
reference. The magnitude of the point loads are de�ned di�erently for each vehicle
model but the distributed load is always either 0 or 5 kN/m (Transportstyrelsen,
2018). One model is placed in each notional lane up to a maximum of two lanes
after which a distributed load of either 0 or 5 kN/m is placed in the subsequent
lanes (Transportstyrelsen, 2018). The vehicle models in the two notional lanes are
multiplied by 0.8 and 1.0, respectively. Similar to the placement of the load models
in Eurocode 2 the vehicle models should be placed in the most unfavorable positions
(Transportstyrelsen, 2018). Point loads in both LM1 and the vehicle models should
be ampli�ed by adding a dynamic impact factor of 25% (Tra�kverket, 2019a).

Figure 3.4: Example of a vehicle model (modelg) according to the Swedish Trans-
port Administration (2018) where B is set to 300 kN.
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3.2.2.3 Prestressing Force

The prestressing force will be a permanent force acting on the beam. The maximum
force that a cable can be tensioned to by the jack is decided by (3.8), where the
prestressing stress� p is set by (3.22). The stress in the cable should however not
exceed the limit in (3.24) after anchorage, which limits the initial prestressing force
(Engström, 2011). In service state, the upper and lower characteristic prestressing
forces can be expressed with (3.9)-(3.10) wherePm is the mean prestressing force
along the beam.

Pmax = Ap � � p (3.8)

Pk,sup = 1:1Pm (3.9)

Pk,inf = 0:9Pm (3.10)

In Section 2.2, the di�erent types of loss of prestressing force are presented and
explained. For this study, only the friction losses and the time-depended losses are
deemed relevant and included in the model. Anchoring losses are excluded as they
are judged to not vary signi�cantly with di�erent cable layouts. Deformation losses
were also excluded as it was assumed, as a simpli�cation, that all cables would be
tensioned simultaneously.

3.2.2.4 Thermal Constraints

The thermal load consists of two parts, uniform temperature change and internal
temperature gradients (SIS, 2003). However, strains from uniform temperature
change will not a�ect the construction as free movement is allowed in the horizontal
direction in this study, see Section 4.6. The internal temperature gradient in the
beam will, due to a di�erence in expansion or contraction, induce curvature in the
beam, see (3.11) (Al-Emrani et al., 2014). The temperature di�erence between the
top and bottom of the beam,� T, is set to 15°C if the top side is warmer and 8°C if
it is cooler (SIS, 2003). In accordance with Eurocode 2, the thermal coe�cient for
concrete,� c, can be set to10�10� 6 K � 1 (Al-Emrani et al., 2014). As a simpli�cation,
the prestressing cable is said to have the same thermal coe�cient as the concrete.

� T = �
� c � T

h
(3.11)

3.2.2.5 Creep and Shrinkage

Long-term application of load induces additional deformations in the concrete, in
addition to shrinkage, referred to as creep. Whereas the shrinkage is independent
from the loading, the creep is not (Al-Emrani et al., 2014). The strain from each
of the contributions are often denoted" cs and " c, respectively. The shrinkage strain
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further consists of two components, drying shrinkage and autogenous shrinkage, and
can therefore be expressed as in (3.12) (Al-Emrani et al., 2014). Since the shrinkage
is restrained internally by both the reinforcement and the prestressing steel, it is of
interest to relate the induced strains in the materials to the internal shrinkage force
in (3.13) (Al-Emrani et al., 2014).

" cs(t) = " cd(t) + " ca(t) (3.12)

Fcs(t) = Es As " cs(t) (3.13)

To quantify the �nal creep contribution, the notional creep factor ' (t; t 0) is used.
In Eurocode the creep coe�cient is expressed using di�erent factors considering the
relative humidity, concrete strength, and time of load application, respectively, as in
(3.14) (Al-Emrani et al., 2013). The �nal strain can be calculated using the e�ective
Young's modulus in (3.31) from Section 3.2.5.

' (1 ; t0) = ' RH � � (f cm) � � (f (t0)) (3.14)

3.2.2.6 Relaxation

When steel is being put under strain for a longer time, relaxation losses will occur,
leading to decrease in material stresses. This is a relevant phenomenon for pre-
stressed structures as the larger initial forces will lead to more relaxation compared
to a regularly reinforced structure where relaxation can be neglected (Engström,
2011). The loss of stress due to relaxation can be described by (3.15)-(3.16) where
� � pr (t) is the loss of prestressing force at the timet in hours (Engström, 2011).

� p(t) = � p0 � � � pr (t) (3.15)

� t =
� � pr (t)

� p0
(3.16)

The relaxation factor, � t , can be calculated with (3.17)-(3.18) according to Eu-
rocode 2 for steel in relaxation class 2, i.e., wires and strands with low relaxation (En-
gström, 2011; SIS, 2008). Here, the relaxation factor for steel stressed to 70% of
the characteristic strength for 1000 hours at a mean ambient temperature of 20°C,
denoted� 1000, can be set to 2.5% (SIS, 2008). Final relaxation should according to
Eurocode be derived for a 500,000 hour period after tensioning (SIS, 2008).

� t = 0:66� � 1000 � e9:1�
� t

1000h

� 0:75(1� � )

� 10� 3 (3.17)

� =
� p0

f puk
(3.18)
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3.2.3 Load Combinations
EN 1990 (SIS, 2002a; Transportstyrelsen, 2018) de�nes the following load combina-
tions in (3.19)-(3.21) for serviceability limit state, referred to as the characteristic,
frequent and quasi-permanent load combination. The reduction factors	 0-	 2 are
presented in Table 3.4 based on the values given in Eurocode (SIS, 2002a). All
favorable permanent loads are to be considered while all favorable variable loads
should be ignored in the combinations.

Characteristic
mX

j =1

Gk,j + Ps + Qk,1 +
nX

i =2

	 0,i Qk,i (3.19)

Frequent
mX

j =1

Gk,j + Ps + 	 1,1Qk,1 +
nX

i =2

	 2,i Qk,i (3.20)

Quasi-permanet
mX

j =1

Gk,j + Ps +
nX

i =1

	 2,i Qk,i (3.21)

Table 3.4: Reduction factors for variable actions in Eurocode.

Action 	 0 	 1 	 2

Tandem system 0.75 0.75 0
Distributed tra�c loads 0.40 0.40 0
Thermal 0.6 0.6 0.5

3.2.4 Stress Limits
Post-tensioned beams are exposed to several risks during their construction and
lifetime concerning fracture in the prestressing steel, unintended concrete cracking
as well as long-term and environmental e�ects. In order to protect the structure,
there are several requirements and recommendations in Eurocode. In the following
sections, it is described how the stress should be limited in accordance with Eurocode
and the Swedish Transport Agency under di�erent load combinations.

3.2.4.1 Construction Stage

In the construction stage, i.e., before the service load is applied, the structure is
analysed using a quasi-permanent load combination with self-weight and thermal
e�ects. Veri�cation are performed at two stages, before and after anchorage.

After stressing (i.e., before anchorage) there are two veri�cations that should be
performed. When tensioning the cables, there is a risk that the steel fractures after
stressing the element (Engström, 2011). In order to prevent fracturing as well as the
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potential injuries it might lead to, the steel stress after tensioning should be limited
according to (3.22).

� p0 �

8
<

:
0:90f p0.1k

0:80f puk
(3.22)

Right after tensioning the element, the structure will be subjected to no service load.
Since the prestressing force is meant to counteract the service load, the prestressing
will at this stage have a negative in�uence on the risk for cracking. The reason
is that the bending of the element is inverted at this stage compared to in service
state. Hence, tensile stresses will occur at the side that in service state will be com-
pressed (Engström, 2011). To prevent cracking at this side, the criterion in (3.23)
should be ful�lled where f ctk (t i) is the tensile strength at tensioning (Engström,
2011).

� cti �

8
<

:
0 for complete prestressing

f ctk (t i) for incomplete prestressing
(3.23)

After anchorage, it is relevant to limit the steel stresses in order to reduce the
relaxation losses which is done using (3.24) from Eurocode (Engström, 2011).

� pi �

8
<

:
0:85f p0.1k

0:75f puk
(3.24)

3.2.4.2 Quasi-Permanent Loading

Too high steel stresses should also be avoided after applying the long term loading.
This is done using (3.25) (Engström, 2011).

� p1 �

8
<

:
0:85f p0.1k

0:75f puk
(3.25)

When treating creep for long term loading as linear, (3.26) must also be ful�lled
(Engström, 2011).

j � cc1 j� 0:45f ck (3.26)

3.2.4.3 Frequent Loading

If the structure is exposed to a corrosion risk from chlorides (either seawater, road
salts or other causes) or if there is a risk of freeze-thaw attacks, corresponding to
Exposure Class XD, XS, and XF, an additional criterion, (3.27), must be veri�ed.
This is referred to as a decompression check and is veri�ed for the frequent load
case.
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� cp1 � 0 (3.27)

The Swedish Transport Agency (2018) also demand that the requirement (3.27)
should be valid for a radius of 100 mm around the duct.

3.2.4.4 Characteristic Loading

If the bridge is subjected to the exposures mentioned in Section 3.2.4.3, the long
term compressive concrete stress should also be limited by (3.28) in order to prevent
micro cracking (Engström, 2011).

j � cc1 j� 0:6f ck (3.28)

In order for a fully prestressed element to remain fully prestressed, the tensile stress
should also by de�nition ful�ll (3.29) for the entire cross-section (Engström, 2011).

� ct1 �

8
<

:
0 for complete prestressing

f ctk for incomplete prestressing
(3.29)

3.2.5 De�ection
In serviceability limit state, de�ection should be limited to ensure comfortability
and prevent damages of adjacent structural members (Al-Emrani et al., 2014).
The Swedish Transport Administration (2019a) limits the span de�ection toL=400
as given in (3.30). In Eurocode, the de�ection is limited under frequent loading
(Tra�kverket, 2019a). In order to accommodate for long-term e�ects, creep, shrink-
age, and relaxation is accounted for (Engström, 2011). To include the creep, Eu-
rocode provides (3.31)�(3.32) (SIS, 2008). Since sections in a fully prestressed ele-
ment can be regarded as uncracked in the service state, a constant State I �exural
sti�ness can be used along the beam.

wmax,1 �
L

400
(3.30)

Ec,ef =
Ecm

1 + ' (1 ; t0)
(3.31)

� ef =
Es

Ec,ef
(3.32)

The modular ratio, can in turn, be divided into two factors, � p,ef and � s,ef, for
the prestressing and reinforcement steel, respectively (Engström, 2011). Since the
relaxation occurs in the prestressing steel only, (3.33) can be used (Engström, 2011).
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� p,ef =
Ep (1 � � 1 )

Ec,ef
(3.33)

The curvature contribution from the relaxation and the shrinkage in the prestressing
steel can be expressed as in (3.34) whereM quasi is the moment from quasi-permanent
loading andFcp is the shrinkage force given by (3.35) (Engström, 2011).

� 1 = �
� (1 � � 1 )(P0i � Fcp)ef + M quasi

Ec,ef � I I,ef
(3.34)

Fcp = Ep " cp Ap (3.35)

3.3 Support Moment
The moment at the mid-support for continuous symmetric beams (with symmetric
loading) can be evaluated by setting the support rotation equal to zero and solving
the unknown restraint moment for all known contributions (Engström, 2015). This
can be ful�lled by superposing all contributions to the support rotations on each side
from Table 3.5 and setting the combined rotation to zero as expressed in (3.36). Note
how all contributions except the restraint moment are given for a simply supported
beam which is consistent with the restraint moment corresponding to the additional
restraint from the mid-support (Engström, 2015). The curvature distribution for
the prestressing may vary due to di�erences in eccentricity and cable force, making
it unique for each bridge.

X
� i = 0 (3.36)

Table 3.5: Rotations at the mid-supports for di�erent actions (Engström, 2015).

Action Curvature distribution Mid-support rotation

Self-weight Parabolic
ql3

24EI

Restraint moment Triangular
M r l
3EI

Thermal Constant �
1
2

� c� T l
h

Prestressing Case speci�c
1
l

Z l

0
�

Pm e(x)
EI

� x dx
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3.4 Optimization of Prestressed Beams
When designing a prestressed concrete beam, the engineer is required to make several
choices including cable layout and prestressing force before a solution can be found
(Aalami & Jurgens, 2003). As stated in Section 2.3, the choice of cable layout will
impact the e�ciency of the beam and thereby also a�ect the cost and sustainability
of the structure. The engineers will often have to rely on their experience and
intuition when choosing a cable layout. This might lead to the most optimal design
not being found, resulting in potential savings regarding cost and environmental
impact being lost.

The possibility of optimizing the design of prestressed concrete beams have been
investigated in several studies. Lounis and Cohn (1993) produced design charts from
where the most cost-e�cient cross-section can be chosen based on the number of
spans and span lengths of the bridge. Their study was of pretensioned precast beams
and, thus, they did not investigate di�erent cable layouts. They also concluded that
their study focused on optimizing the cost of the components of the bridge separately
and more cost e�cient solutions could be possible if the complete structure was
optimized.

An optimization algorithm created by Kuyucular (1991) showed savings up to 50%
could be achieved by varying the cable layout in two-way slabs. Of these, up to
35 percentage points (p.p.) were accredited to using a non-uniform distribution
of cables. Kuyucular (1991) also established that the cable pro�le most often is
assumed to be parabolic between the beam end and the mid span. The variation
in cable placement is instead usually between the mid span and the intermediate
support, where di�erent pro�les can be chosen (Kuyucular, 1991).

A previous master thesis conducted by Aspegren and Möörk (2021) found that in
order to reduce both the environmental impact and the cost of the bridge, a more
slender cross-section with a larger number of prestressing cables should be used.
They also found that the length of the spans will impact how the cable layout
should be designed. For spans shorter than 32 m, the secondary moment should be
minimized as the self-weight of the bridge is too small to properly balance the forces.
Likewise, for longer spans, the secondary moment should instead be increased.

A study by Utrilla and Samartín (1997) examined the e�ect of the cable pro�le. The
pro�le of the cables in continuous beams were optimized to minimize the necessary
prestressing force. Only the longitudinal stresses in the service state were considered
as requirements for their designs. Friction losses were included in the study and the
cables were assumed to be actively tensioned from both sides. The cable was repre-
sented by four points, end of the beam, position of maximum eccentricity, in�ection
point and position over support. Each point had three degrees of freedom, position
in x and y as well as the inclination. Between the points the cable was approximated
by a cubic hermitian polynomial. Utrilla and Samartín (1997) concluded that the
position of maximum eccentricity in the span should be placed at 0.4 of the span
length and the in�ection point at 0.9 of the span length. Furthermore, both the
point of maximum eccentricity and the point over the support should be placed as

26



3. General Design Approaches

close as possible to the edge.

Through optimization of simply supported I-girders, it was found that cost could
be reduced by 35% (Ahsan et al., 2011). In this study, both the girder cross-section
and cable layout were included in the optimization. For the cables, a correlation
between cost of steel and eccentricity could be found where higher prices led to larger
eccentricities. It was also discovered that cables consisting of eight and nine strands
were the most e�ective for concrete with strengths of 40 and 50 MPa, respectively
(Ahsan et al., 2011).
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4
Finite Element Analysis

The structural analyses for the beam optimization was carried out using linear �nite
element (FE) analysis in SOFiSTiK 2020, version 14.0.1948 (SOFiSTiK AG, n.d.-e).
Since the scope of the study only covers behavior in service state and the analysis
was con�ned to only fully prestressed beams, nonlinear behavior such as sti�ness
redistributions due to cracking and yielding is irrelevant. As nonlinear analysis also
is more time consuming, linear analysis was deemed to be most suitable for this
study.

4.1 Beam Geometry
The bridge beams that will be studied as well as corresponding geometric notations
are presented in Figure 4.1. As explained in Section 3.1, the bridge deck widthbwas
set to 8 m, and the span lengthL was set to range between 25 and 40 m. As a con-
sequence, reliability class 3 can be used in accordance with The Swedish Transport
Agency (2018). The total beam height,h, was set to 5% of the span lengthL based
on common heights among prestressed concrete beam bridges (Vägverket, 1996). In
addition, the slab height,hf, is limited to at least 170 mm (Tra�kverket, 2019b), but
due to the cantilevers commonly being tapered, a constant slab height of 300 mm
was instead used for all investigated beam geometries. Consequently, the web height
hw is given by (4.1).

The bottom web width, bwb , was set to the smallest width possible in order to �t the
chosen number of prestressing cables based on the requirements for cover thickness
and spacing between ducts and reinforcement bars in Section 3.2.1. Additionally, a
minimum width of 1 m was used to maintain more realistic dimensions with respect
to conventional support executions. In addition, the side-extensions of the deck
are, by the Swedish Road Administration (Vägverket) (1996), not recommended to
exceed 3 m, resulting in a top web width,bwt , of at least 2 m. If the bottom web
width, bwb , should exceed 2 m, the top width,bwt , was set according to (4.3) in
order to keep the web inclined. As stated in Section 3.2.1, the cables are limited in
placement due to requirements in cable spacing and cover thickness. For determining
the horizontal spacing of the ducts, (3.6) was used. When using ducts with outer
diameters larger than the maximum aggregate size, the web with should be limited
by (4.2) wheren is the number of cables and the cover thickness,c1, is taken from
(3.3). The bridge dimensions are compiled into Table 4.1 with reference to the
notations in Figure 4.1.

In accordance with the requirements from the Swedish Transport Administration
(2019a), the outermost 100 mm of the slab width on each side of the beam should
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