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Summary

The Zeelandbrug serves as an important connection between Noord-Beveland and Schouwen-Duiveland.
The bridge completed construction in 1965 using the balanced cantilever method and has been in op-
eration for nearly 60 years. After the passage of these years, the current status of the bridge’s bearing
capacity is unknown. Monitoring devices can be applied to obtain more information about the bridge’s
condition and to help extend its lifespan. Hence, this study aims to investigate the application of mon-
itoring strategies for the Zeelandbrug. As part of the process of obtaining the monitoring plan, this
research also aims to gain a better understanding of the bridge’s structural behaviour. To achieve this,
a linear Finite Element Model using one-dimensional beam elements was developed for the Zeeland-
brug. This model was used to evaluate how the settlement of a support affects the magnitude of shear
forces within the bridge’s superstructure. A structural assessment on the bridge’s superstructure was
conducted, with in longitudinal direction incorporating the additional shear forces resulting from a sup-
port settlement. Through this assessment, failure modes were identified together with their associated
physical parameters. Then, a brief investigation was performed on monitoring strategies that can be
applied to monitor these parameters.

Two monitoring strategies have been developed, each tailored to a specific type of identified potential
failure: a global or local failure. Possible failure modes corresponding to a global failure are the shear
failure of the box girder’s webs in longitudinal direction and the exceeded tensile force in the box
girder’s top slab due to the bending moment in the longitudinal direction. In-situ measurements on
the Zeelandbrug could allow for the evaluation of the following physical parameters: the concrete com-
pressive strength, the Young’s modulus and the residual prestressing force. Furthermore, a monitoring
technology that can be implemented is weigh-in-motion sensors to monitor the vehicle weights, while
regular surveys can assess potential occurring settlements of the bridge’s supports. To address the risk
of global failure, the monitoring strategy (strategy I) should focus on utilising data from monitoring
technologies to update the recalculations and Finite Element Model of the Zeelandbrug. With these
updates, more accurate predictions can be made on the Zeelandbrug’s overall bearing capacity and
expected lifespan. If, after updating the model and recalculations, structural elements are still found to
have an insufficient bearing capacity, their use should be re-evaluated. This re-evaluation can be done
by developing a nonlinear Finite Element Model to enhance the accuracy of the structural assessment or
by performing recalculations using the actual vehicle weights recorded by the weigh-in-motion sensors.
Possible failure modes corresponding to a local failure are the shear force failures in transverse direction
within the cantilever of the top slab, or at the section extending from the midspan towards the web
in the top slab of the box girder. Additionally, local failure could be induced by the bending moment
within the cantilever of the top slab in transverse direction. Another corresponding failure mode relates
to the box girder’s webs, which may fail in the transverse direction due to bending moments. These may
cause concrete cracks to form on the outer surface of the webs. The most effective strategy (strategy IT)
for mitigating local failures is the implementation of monitoring technologies designed to detect these
early signs of structural damage. This approach would allow for timely warnings and interventions.

ii
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Introduction

In this chapter, the context of the research topic is given together with the identified research problem.
To solve this problem, objectives have been created. A description is given of the scope of the research
which leads to the main research question. Lastly, this chapter contains the research method that will
be employed and describes the structure of this thesis.

1.1. Context

The Zeelandbrug in the Netherlands is located on the N256 and serves as a connection between Noord-
Beveland and Schouwen-Duiveland. The bridge is frequently used by residents and visitors. Every
day, about 12,000 vehicles drive over the Zeelandbrug [2]. The bridge opens almost 4,000 times per
year, accommodating around 20,000 boats [3]. Hence, the Zeelandbrug is an important bridge and
keeping the bridge operational is important for the province of Zeeland. The Zeelandbrug completed
construction in 1965 and has been in operation for nearly 60 years [2]. After the passage of these years,
the current status of the bridge’s bearing capacity is unknown. Additionally, there has been a notable
surge in the intensity of traffic on bridges over the past few decades. This reflects the broader trends
of modernisation and population growth. With the Westerscheldetunnel expected to become toll-free
around 2025, a further increase in traffic intensity is expected on the Zeelandbrug [4]. The uncertain
current bearing capacity of the bridge, combined with the increased loading levels, has raised safety
concerns, necessitating structural safety assessments of the bridge.

1.2. Research problem

On behalf of the Province of Zeeland, Iv-Infra has evaluated the structural safety of the Zeelandbrug
[5]. The assessment report contains a visual inspection and a recalculation of the concrete structure,
indicating that the concrete structure is sufficient for the bridge’s actual current usage [5]. An exception
to this are the shear force dowels, for which it is recommended to further examine the load effect on
these elements [5]. Following the report of Iv-Infra, TNO was commissioned to review the recalculation
of the Zeelandbrug [6]. Some of the remarks in TNO’s review concern specific values used for material
properties and comments regarding certain calculations. Based on this review, a visual inspection and
a document review, TNO has identified which structural elements they consider to be critical or soon
to become critical. Nevertheless, it is currently unknown how incorporating these remarks into the
assessment calculations by Iv-Infra would influence the identification of critical structural elements.
Furthermore, it is unclear whether the Zeelandbrug experiences differential settlement and what impact
these settlements might have on the shear forces within the bridge’s superstructure. Looking ahead,
the potential failure modes and associated physical parameters of the bridge are not yet known, nor are
the most effective strategies for monitoring these parameters.

1.3. Research objectives

The aim of this research project is to investigate monitoring strategies that are applicable to the Zee-
landbrug to improve its safety. This research is structured around three primary objectives. The first
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objective is to gain a better understanding of the magnitude of shear loads that can be expected within
the bridge’s cantilever caused by differential settlements. The second objective is to assess the struc-
tural elements of the Zeelandbrug that have their resistance exceeded by the applied loading and to
identify the uncertainties in the bridge’s performance. Then, to improve the Zeelandbrug’s safety and
minimise these uncertainties, the final objective is to develop a monitoring plan. This monitoring plan
will contain strategies for effectively monitoring the physical parameters associated with the identified
failure modes of the Zeelandbrug.

1.4. The scope

This research adopts a case study approach focused specifically on the Zeelandbrug. The bridge is a
prestressed concrete box girder bridge constructed using the balanced cantilever method. At a global
level, a Finite Element Model of the Zeelandbrug will be developed with one-dimensional structural
elements. This model contains the south part of the bascule bridge within the Zeelandbrug. The Finite
Element Analysis will assess the shear loads within the bridge’s cantilevers resulting from hypothetical
differential settlement scenarios. The Finite Element Analysis involves several material simplifications.
Furthermore, this research will focus on identifying the potential risks associated solely with the super-
structure of the Zeelandbrug. The spans extending from the bridge to the abutments and the bascule
bridge are beyond the scope of this research. The potential risks identified can be a global or local
phenomenon. Based on the output from the Ultimate Limit State (ULS), physical parameters associ-
ated with the identified failure modes will be examined. To be able to address these failure modes,
this research will develop monitoring strategies aimed at enhancing the safety of the Zeelandbrug. For
these strategies, monitoring technologies and methods for using the collected data will be explored. The
monitoring technologies to be investigated will be based on the specific physical parameters intended
for monitoring.

1.5. Research questions
The focus of this project results in the following main research question:

”What monitoring strategies could be applied to improve the safety of the Zeelandbrug?”

To answer this main research question, the following sub-questions have been formulated:

e How can a physical model contribute to the understanding of the Zeelandbrug’s behaviour, and
in which detail level does the model need to be?

e What is known about the current status of the bearing capacity of the Zeelandbrug?

e What are important uncertainties involved in determining the safety of the Zeelandbrug’s struc-
ture?

e What are the critical failure modes of the Zeelandbrug and its associated physical parameters?

e What kind of technologies can be used to monitor these parameters and reduce the identified
uncertainties?

1.6. Research method

Understanding the behaviour specific to the Zeelandbrug requires a physical model. A global Finite
Element Model with one-dimensional structural elements will be developed. This model aims to investi-
gate the shear forces in the bridge’s cantilevers induced by hypothetical differential settlement scenarios.
To further obtain a better understanding of the behaviour of the Zeelandbrug, the focus will be on the
previously conducted calculations of the bridge’s bearing capacity. The calculations from Iv-Infra will
be revisited to incorporate the remarks from TNO and identify critical structural elements of the Zee-
landbrug. Following the identification of the failure modes and associated physical parameters of the
bridge, there will be looked into monitoring strategies for these parameters. Finally, this will result in
the development of a monitoring plan for the Zeelandbrug.

1.7. Thesis structure

The structure of the thesis will be as followed. Following the introductory chapter, chapter 2 presents
the Zeelandbrug, including the geometry and material properties. The Finite Element Model is intro-
duced in chapter 3, which details the settlement scenarios, model considerations and results. Then,
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chapter 4 focuses on the assessment of the current status of the Zeelandbrug, presenting a review of pre-
vious recalculations and a reassessment of the bridge along with the identified uncertainties. Moreover,
chapter 5 discusses potential monitoring strategies aimed at improving the safety of the Zeelandbrug.
Lastly, chapter 6 presents the final conclusions of this thesis along with several recommendations.



The Zeelandbrug

This chapter describes the main characteristics of the Zeelandbrug. First, a general introduction is given
to the bridge in section 2.1. This is followed by section 2.2 and 2.3 which explain the geometry and
material properties of the Zeelandbrug, respectively. Lastly, section 2.4 briefly describes the construction
of the bridge.

2.1. Introduction

The Zeelandbrug is a box girder prestressed concrete bridge located in the Province of Zeeland (the
Netherlands). Figure 2.1 depicts notable landmarks in Zeeland, such as the Zeelandbrug, the Wester-
scheldetunnel and the Oosterscheldekering, a series of dams and storm surge barriers. The Zeelandbrug
crosses the Oosterschelde and connects Noord-Beveland with Schouwen-Duiveland as part of the na-
tional road N256. The province of Zeeland owns and maintains the bridge [2]. The Zeelandbrug was
constructed using the balanced cantilever method between 1963 and 1965 [7]. Regular maintenance has
been carried out on the bridge over time. Figure 2.2 displays the Zeelandbrug.
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Figure 2.1: Zeeland. A indicates the Figure 2.2: The Zeelandbrug [9]
Zeelandbrug, B the Westerscheldetunnel and C
the Oosterscheldekering. Adapted from [8]

The design of the Zeelandbrug was initially based on class B of the V.0.S.B. 1938, a former standard for
steel bridge design [10]. During the design process of the Zeelandbrug, the V.0.S.B. 1963 was released.
As a result, the bridge was also tested to ensure compliance with class 60 of this updated standard [10].

2.2. Geometry

This section contains the general geometry of the Zeelandbrug, as well as its longitudinal and transverse
profile. Moreover, this section describes the functionality of the Zeelandbrug’s main system of coupling
elements and the reinforcement applied in the bridge’s superstructure.

4
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2.2.1. General

The Zeelandbrug is a prestressed concrete box girder bridge. The total length of the bridge is approx-
imately 5020 m, including the abutments [10]. The bridge has a fixed and a movable part (bascule
bridge). The fixed part is made up of 50 T-frames, each spanning 95 m. The bascule bridge is 40 m
long [10]. The prefabricated concrete elements of a single T-frame are shown in Figure 2.3. One T-frame
contains three concrete hollow piles. These concrete piles are made up of 6 m long prefabricated disks
that have been constructed separately [11]. The disks are assembled with 40 cm thick joints [11]. The
number of assembled disks ranges from five to eight. The length of the piles thus ranges between 30 and
48 m depending on the location’s water depth and the load-bearing capacity of the soil layers [11]. The
three piles are connected by a prefabricated concrete caisson. The hollow caisson has internal partition
walls creating compartments where the pile heads fit. Openings in the caisson’s bottom, around 35 cm
larger than the pile heads, allow for some tolerance [10]. The space between the caisson and piles is
filled with concrete in-situ.

A pillar stands on top of the caisson. Concrete is poured in the joint between the caisson and the pillar.
The pillar consists of two prefabricated concrete halves which are identical and have a supporting surface
for the superstructure. The superstructure is formed by seven prefabricated concrete segments, with
there being four types of segments: A, B, C, and D. The middle segment (type A) or hammerhead rests
on the pillar and is connected in such a manner that it can transfer bending forces [5]. The segments
of one T-frame connect to one another through longitudinal prestressing. Between the segments of
a T-frame are 40 cm thick joints which have been filled with concrete [10]. These joints are known
as construction joints. The transitions between the different T-frames are referred to as expansion
joints. In Table 2.1 the total number of prefabricated elements are depicted for the bridge. Finally, the
Zeelandbrug has a 7.6 m wide roadway and a 2.75 m wide bike lane [10].

Figure 2.3: Prefabricated concrete elements of the Zeelandbrug. Adapted from [7]

Table 2.1: Number of prefabricated concrete elements [7]

Concrete elements

162 hollow concrete piles of varying lengths.
Made up of a total of 1100 disks.

54 caissons

50 pillars

50 segments of type A

102 segments of type B

102 segments of type C

102 segments of type D
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2.2.2. Longitudinal profile

The Zeelandbrug is around 5 km long, with 95 m spans making up the majority of its length (Figure 2.4).
The bascule bridge is located around 400 m from the embankment of Shouwen-Duiveland and has a
passage width of 40 m [10]. The top of the deck is situated at + 17 m NAP. This drops to around + 11
m NAP at the bridge’s ends, see Figure 2.5. The water depth at the locations of the piles ranges from
3 to 35 m [5]. It should be noted that during the design of the Zeelandbrug, the initial objective was
to close the Oosterschelde with the construction of a permanent dam [10]. It was planned to fill the
deep channel south of the bascule bridge after 1978 with sand to -15 m NAP at the piles’ locations [10].
However, this did not happen since a permeable barrier was built in the Oosterschelde estuary rather
than a permanent dam.
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Figure 2.4: Longitudinal profile of a few spans of the Zeelandbrug [10]
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Figure 2.5: Longitudinal profile Zeelandbrug [6]

2.2.3. Transverse profile

The superstructure of the Zeelandbrug consists of prefabricated concrete segments. The cross-section
is a single-cell box girder with a total width of 11.60 m, see Figure 2.6. The height of the box girders
changes along the length of the bridge and ranges from 1.90 m to 5.39 m. The thickness of the top slab
in the field is constant and equal to 200 mm. Near the webs, the thickness of the top slab increases to
480 mm. The cantilever part of the deck has a length of 2.25 m and a variable thickness between 315
mm on the web and 200 mm at the end. The webs vary in thickness from 322 mm to 670 mm. Finally,
the bottom slab ranges in thickness between 153 mm and 530 mm. Although the bridge includes a bike
lane, both the design and recalculation consider the theoretical use of the bridge. This means that the
full width of the bridge is used to divide into road lanes.
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Figure 2.6: Transverse profile Zeelandbrug. Adapted from [6]
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2.2.4. The main system

The T-frames of the Zeelandbrug are clamped into the ground, each capable of independently sup-
porting their own weight and traffic loads. However, due to traffic loads, the variations in deflections
between adjacent cantilevers could become unacceptable large [10]. For instance, this occurs when one
cantilever is fully loaded with a uniformly distributed load combined with two 60-ton load systems
from the V.0.S.B. 1963 class 60 [10]. Under these conditions, the loaded cantilever may deflect by
approximately 25 cm at an average water depth of 15 m and 40 cm at the deepest water depth of
33 m, while the adjacent cantilever remains in place [10]. To address this issue, a coupling element
between adjacent cantilevers is necessary. This element should prevent vertical movements between the
cantilevers by transferring shear forces. It should also allow for variations in the joint width due to
temperature changes, concrete shrinkage, and creep. Furthermore, it should facilitate angular rotations
of the cantilevers relative to each other without transferring bending moments. For all these reasons,
shear force dowels have been applied between the cantilevers [10].

By applying shear force dowels, the differential deflections have been minimised to zero, with the abso-
lute deflection at midspan now approximately 14 cm at a 15 m water depth and 21 c¢m at a 30 m water
depth [10]. This last value exceeds 1/600 of the span, so that extra measures had to be applied at these
critical locations [10]. Consequently, three hinges have been installed at these locations at every other
span to comply with the criteria. This fixed hinge connection was feasible because the long free-standing
piles could absorb the bending moments resulting from changes in the superstructure’s length caused by
temperature variations, for example [10]. As the free-standing length of the piles increases, the bending
moments within the piles decrease [10].

Despite the coupling elements applied, concerns remained regarding the potential for significant move-
ment under the passage of heavy vehicles across multiple spans [10]. The solution was found in the
installation of two or three shock absorbers. These elements are designed to restrict movement under
short-term loads while allowing gradual adjustments to accommodate length changes of the concrete
over time [10]. Each expansion joint with shock absorbers will function as a sliding joint under traffic
loads, while still permitting movement due to temperature variations, concrete shrinkage and creep.

Hence, an expansion joint may have one of the following three coupling element configurations:

» Fixed hinge (2 shear force dowels, 3 hinges, no shock absorbers)
o Sliding joint (2 shear force dowels, 2 shock absorbers)
« Sliding joint (2 shear force dowels, 3 shock absorbers)

Each expansion joint contains two shear force dowels. A detail of the shear force dowel is shown in
Figure 2.7. In addition, the expansion joint may contain either two or three shock absorbers or three
hinges. A detail of the shock absorber and hinge can be found in Figures 2.8 and 2.9, respectively.
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Figure 2.7: Detail shear force dowel
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Figure 2.9: Detail hinge
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2.2.5. Reinforcement
Only the reinforcement in the superstructure of the Zeelandbrug has been examined.

Reinforcement in longitudinal direction

The mild steel reinforcement that is present in the longitudinal direction varies per location and is in the
order of #10-200. At the construction joints the mild steel reinforcement has a limited anchorage length.
The contribution of the mild steel reinforcement to the moment capacity is neglected. Hence, further
details of the mild steel reinforcement will not be discussed as it is not included any further in the
report. Prestressing has been implemented in the longitudinal direction in the top slab, see Figure 2.10.
The number of longitudinal prestress tendons changes over the different segments. In addition, segment
D contains seven prestressing tendons in its bottom slab. The prestressing tendons used are Freyssinet
12017.
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Figure 2.10: Longitudinal prestressing [5]

Reinforcement in transverse direction
Conventional reinforcement has been applied in the box girder’s webs, bottom slab and top slab. Over
a span of the bridge, the reinforcement in the webs and bottom slab changes. Figure 2.11 illustrates
the reinforcement that has been applied at a cross-section in segment type B. The reinforcement in the
top slab remains unchanged in the longitudinal direction. A possible exception to this is the additional
reinforcement 522 near the joints.
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Figure 2.11: Reinforcement in transverse direction in segment B, cross-section 5 [5]

The webs have been reinforced to withstand shear forces using Dywidag bars ¥32. The layout of the
Dywidag bars in the webs is depicted in Figure 2.12.
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Figure 2.12: Layout of the Dywidag bars in the webs [5]

Also, prestressing has been implemented in the transverse direction (Freyssinet 12()7). The course of
the transverse prestressing tendons is slightly curved, see Figure 2.13. The transverse prestressing is
alternately applied on one side. Regarding five T-frames, external prestressing has been applied at the
location of segment D. This is due to a possible deviation of the position of the transverse prestressing.
Used are four wires (7 with a center to center distance of 0.90 m.
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Figure 2.13: Transverse prestressing [5]

Additionally, segment type A has transverse prestressing at the bottom (Figure 2.14). Details on the
additional transverse presstressing at the bottom of segment type A have been omitted since they are
not utilised in the calculations nor the Finite Element Model.
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Figure 2.14: Additional transverse prestressing at the bottom of segment A [5]

Concrete cover
The theoretical concrete cover of the box girder segments are given in Table 2.2. As is visible, the cover

to the outer reinforcement at the upper side of the top slab is only 20 mm thick. Though, the pavement
on the top slab gives a layer of protection against the influence of environmental factors.

Table 2.2: Concrete cover of the box girder segments [5]

Description Concrete cover
Upper side of the top slab 20 mm
Inside the box girder 25 mm
Underside of the cantilever 30 mm
Underside of the bottom slab 30 mm
Outside the webs 30 mm
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2.3. Material properties

The Zeelandbrug is primarily constructed using prefabricated concrete elements. Only connections
between different elements of the Zeelandbrug have been realised by pouring concrete cast in-situ. There
is only focused on the material properties of the superstructure. The prestressed concrete of the box
girder segments have a cube compressive strength of 425 kg/cm?, which corresponds to a characteristic
compressive strength f.; of 30 N/mm? [5]. Table 2.3 presents the relevant material properties of the
segments’ prestressed concrete. The same material properties have been assumed for the construction
joints which were cast in-situ.

Table 2.3: Prestressed concrete properties of the box girder segments [5]

Material property Value
Concrete strength C30/37
Partial factor for concrete ~. [-] 1.5
Characteristic compressive strength (28 days) fex [N/mm?] 30
Design value of compressive strength f.q [N/mm?] 20
Design value axial tensile strength f.;q [N/mm?] 1.35
Secant modulus of elasticity E.,, [N/mm?] 33000

The properties of the reinforcing steel that have been used are displayed in Table 2.4. As is visible, the
characteristic yield strength f,; ranges from 240 to 420 N/ mm?.

Table 2.4: Reinforcing steel properties [5]

Material property T)gf{;iremforgggnit;el
Surface texture plain steel ribbed
Characteristic yield strength f,; [N/mm?] 240 420
Design yield strength f,q [N/mm?] 209 300
Design value of modulus of elasticity Ey [N/mm?] 200000 200000

The prestressing steel has material properties as described in Table 2.5. In these values and in the
original design, a 15% prestress loss has been accounted for in the tensile strength of the prestressing
steel. However, according to a research into existing creep models conducted by TNO, the influence of
creep can be underestimated [6]. This can lead to several percent extra prestress loss. In this context,
TNO recommends to incorporate a 5% extra prestress loss in longitudinal direction of the Zeelandbrug
[6]. In the longitudinal direction, Freyssinet cables have been applied. The design tensile strength
fpd,20% of the Freyssinet cables in the longitudinal direction, considering a 20% prestress loss, is then
1231 N/mm?. In the transverse direction, a prestress loss of 15% has been assumed, consistent with
the prestress loss considered in the original design and the properties listed in Table 2.3.

Table 2.5: Prestressing steel properties with 15% prestress loss considered [5, 6]

. Type of prestressing steel
Material property DB;I;, : daz Freysgsine T
Characteristic tensile strength f,, [N/mm?] 1050 1700
Design tensile strength f,q [N/mm?] 713 1308
Design working prestress fig [N/mm?] 576 935
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2.4. Construction

In Figure 2.3 the prefabricated elements of the Zeelandbrug are illustrated. As mentioned before,
prefabrication played a big role in the construction of the bridge. The Zeelandbrug is located in the
middle of the Oosterschelde, heavily exposed to weather and water influences. Hence, if the construction
of the bridge primarily took place on site, many unworkable days would have to be accounted for.
Additionally, the transportation of personnel and materials would be a significant concern [10]. These
considerations, coupled with the aim of a very short construction time and the repetitive nature of the
bridge design, led to the decision to use mainly large prefabricated elements [10]. A site of approximately
7 hectares near the village of Kats at Noord-Beveland was made available for the prefabrication of
these elements [10]. On site, the assembly of the elements started with the installation of the three
piles, followed by the caisson and pillar, and then the hammerhead. After the installation of several
hammerheads, the progress schedule for the installation of the concrete segments for two spans is shown
in Figure 2.15. Following this, the launching gantry is repositioned for the installation of the next
segments.

The segments are transported
to the construction site

s Launching gantry for placing the segmens
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Figure 2.15: Progress schedule of the Zeelandbrug’s construction. Adapted from [12]



Finite Element Model

In section 3.1, this chapter covers the development of hypothetical differential settlement scenarios by
examining the geotechnical subsoil underneath the Zeelandbrug. Subsequently, section 3.2 includes the
model considerations for the Finite Element Model of the Zeelandbrug. The analyses conducted and
their corresponding results are detailed in section 3.3 and section 3.4 respectively. Finally, section 3.5
outlines the next steps to be taken in this research after obtaining the results from the Finite Element
Model.

3.1. Differential settlements

This section describes the relevance of understanding the effect of differential settlements on the load
effect within a structure. Additionally, this section outlines hypothetical settlement scenarios for the
Zeelandbrug.

3.1.1. Relevance

The load of a structure during and after construction may cause the soil to compress in a downward
vertical movement. This is known as settlement [13]. Uniform settlement does not particularly cause
damage to a structure, as it does not create differential stresses. Non-uniform settlement, however,
induces differential stresses within a structure and may cause structural damage. This type of non-
uniform settlement is referred to as differential settlement. Differential settlement occurs when the
foundation of a structure settles in one area more than the other. There are various causes to differen-
tial settlement, including variations in soil properties, changes in moisture content, loading conditions
and construction practices.

In the case of the Zeelandbrug, it is uncertain whether significant differential settlements can be ex-
pected and what their impact would be. TNO has made two remarks regarding the settlement of the
Zeelandbrug in their assessment report. Firstly, if the bridge possesses sufficient rotational capacity,
the additional moments resulting from differential settlement will be redistributed [6]. Secondly, with
respect to shear forces, TNO states that the additional shear force caused by differential settlement
should be considered in the bridge’s evaluation, particularly in the webs of the box girder and the shear
force dowels [6]. However, in both Iv-Infra’s recalculation and TNO’s subsequent review, the influence
of settlements was omitted from any of the loading cases of the Zeelandbrug [5, 6]. Therefore, the im-
pact of differential settlements on the superstructure’s load effect remains unclear. A gap in knowledge
is identified. Hence, this chapter aims to investigate the impact of a pier settlement on the increase
in the superstructure’s internal shear forces. For this purpose, the increase in shear forces is examined
near the support, at the construction joints and at the expansion joint.

3.1.2. Anticipated settlements and scenarios

As stated before, the magnitude of the settlement that the Zeelandbrug may experience is currently
unknown. Therefore, different scenarios will be analysed. These scenarios include varying degrees
of settlements of a support. By examining these different scenarios, insights can be gained into how

13
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different levels of settlement influence the degree of shear forces in the superstructure. Typically, it
can be expected that the settlement of a structure’s foundation is in the range of 0-10 cm. Despite the
uncertainty regarding the occurrence of support settlements for the Zeelandbrug, an effort is made to
predict the potential location and magnitudes of a pier’s settlement. This was realised by examining
the geological profiles along the Zeelandbrug, as illustrated in Figures 3.1 and 3.2.
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Figure 3.1: Geological profile along the Zeelandbrug. Adapted from [10].
(left to right: South to North)

(a) Longitudinal profile Zeelandbrug [6]
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(b) Geotechnical subsoil cross-section along the Zeelandbrug

Anthropogenic

Clay

Sandy clay, clayish sand, loam
Organic material (peat)

Fine sand

Medium sized sand
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(c) Legend for the geotechnical subsoil cross-section

Figure 3.2: Longitudinal profile and geotechnical subsoil cross-section of the Zeelandbrug
(left to right: South to North)

Based on the geological profiles, it becomes apparent that the soil profile of the Oosterschelde primarily
consists of sand layers. The geological profile in Figure 3.1 reveals that the soil profile contains a layer of
young sea sand belonging to the Holocene, reaching a depth varying from approximately 20 to 45 meters
below NAP [10]. Beneath this lies the Pleistocene sand. Due to the significantly higher cone penetra-
tion values in the Pleistocene sand compared to the Holocene sand, the foundation of the Zeelandbrug
was established on or within the Pleistocene [10]. Additionally, the geotechnical subsoil cross-section in
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Figure 3.2b reveals certain layers consisting of sandy clay and clay. Lastly, the geological profiles show
a deep water channel characterised by a steep slope on its southern side.

If settlement of a pier were to occur then this is anticipated to happen at the location of the steep
slope beneath the Zeelandbrug. The steep slope of the soil causes the lengths of the piles embedded
in the soil to differ, resulting in varying stiffness. This variation in stiffness may cause the piers to
settle by different amounts, which could potentially lead to differential settlement. Consequently, pier
20 (located at the steep slope) has been assigned specific hypothetical settlement values, as indicated
in Table 3.1. The assigned hypothetical vertical settlement ranges from 10 mm to 200 mm, covering
a broad spectrum of settlement values. It is also possible that the pier itself can settle unevenly, as
covered in scenario 2. This scenario is meant to evaluate the possible lateral fixation of a pier. In this
test, one side of the pier will vertically settle by either 5 or 10 mm, while the other side remains level.

Table 3.1: Settlement scenarios

Scenario Pier | Settlement
[mm)]
Scenario la 20 5
Scenario 1b 20 10
Scenario 1c 20 50
Scenario 1d 20 100
Scenario le 20 150
Scenario 1f 20 200
Scenario 2a 20 0-5
Scenario 2b 20 0-10

3.2. Model considerations

Finite element modelling is a tool used to simulate the behaviour of complicated structures. DIANA is
a finite element program that uses a range of finite element techniques, including linear and nonlinear
analyses and static and dynamic analyses. For this research, the software DIANA FEA version 10.8
will be used to model the Zeelandbrug. This section contains the model considerations, such as the
modelling assumptions, geometry, material properties, connections, applied loads, mesh distribution,
boundary conditions, and model verifications.

3.2.1. Modelling assumptions

The Finite Element Model of the Zeelandbrug is a three-dimensional model, in which the bridge is mod-
elled as one-dimensional beam elements. Only the bridge’s section south of the bascule bridge has been
modelled, as it represents the majority of the structure. This approach was chosen because the load
effects of interest are effectively captured by modelling the number of spans south of the bascule bridge.
Additionally, it is assumed that the bascule bridge is fixed at this end due to its stiff foundations. Solely
the superstructure of the Zeelandbrug is modelled, while the pillars, caisson and piles are represented
as supports.

Since it is currently not possible in DIANA to vary the height of a cross-section along its longitudinal
axis, the Zeelandbrug has been divided into several segments along its longitudinal direction. Within
these segments, the box girder’s geometric dimensions have been simplified. The segments of the Zee-
landbrug have been modelled as beams. These beam elements are based on the Euler-Bernoulli theory.
This means that shear deformation is neglected and assumes that plane cross-sections remain plane
and perpendicular to the neutral axis. This implies that the beam’s depth should be small compared
to its length. Namely, this ensures that the change of angle between cross-sections during bending
is negligible. Additionally, when a beam is long relative to its depth, shear deformations are minor
compared to bending deformations, validating the assumption that plane sections remain perpendicular
to the neutral axis. Hence, it is recommended to have a height-to-length ratio between 0.33 and 0.5.
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However, achieving an accurate geometry representation and weight estimation of the Zeelandbrug re-
quires a careful balance. At the support, where the box girder’s height reaches almost 6 m, a length
of 12 m would excessively overestimate the bridge’s geometric properties and bearing capacity. Closer
to midspan, the box girder’s height decreases, making it easier to implement a smaller height-to-length
ratio. To balance these factors, the bridge has been divided into segments with a maximum height-to-
length ratio of 1.45 adjacent to the support, reducing to 0.43 closer to midspan.

Regarding the material properties, concrete is represented as a linear elastic isotropic material. The
non-linear behaviour of the concrete due to cracking has been neglected, making the modelling of the
reinforcement unnecessary. Instead, the impact of reinforcement and prestressing is accounted for in
the Young’s modulus under the assumption that the concrete remains uncracked.

3.2.2. Geometry

To model the Zeelandbrug, the bridge has been discretised into segments along the longitudinal axis
(x-axis). In the original drawing of the Zeelandbrug (NZC-78), one cantilever has specific cross-sections
labelled 0, 1’, 2’, 2 to 14, for which the geometric properties are known (Figure 3.3). Regarding the
segmentation, each segment begins at the midpoint (point 1) between the previous cross-section and
the current cross-section and extends to the midpoint (point 2) between the current cross-section and
the next cross-section. At the ends of the cantilever, the boundary segments end. This segmentation
approach is consistent for all cross-sections, except for the second segment, where cross-sections 1’ and
2 were omitted and the last segment where cross-section 14 was omitted because of the recommended
height-to-length ratio.

The segments have been modelled as beam elements. The element class used is the Class-I Beams
3D, which consists of two-node straight elements. Class-I beam elements are applicable in both linear
and geometric nonlinear analyses. Following analysis, the beam elements can describe the axial force,
the shear force and the bending moment. In the three-dimensional Finite Element Model, all beam
elements have y-coordinates of zero. Due to the varying height of the box girders along the span, the
height of the elements in the Finite Element Model changes along the vertical axis (z-axis). This height
change can be determined in the following manner. The height at the centroid of the cross-section at the
support is set to zero. With all geometric properties of the cross-sections known, the positions of their
centroids relative to the centroid of the support’s cross-section are established with AutoCAD 2025.
To calculate the height change at the midpoint between adjacent cross-sections, linear interpolation
can be used. Appendix B contains the geometric properties of the modelled segments along with their
height-to-length ratio.
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Figure 3.3: Modelled segments in the longitudinal section of the Zeelandbrug. Modified [NZC-78].

Element geometries

The element geometric properties of each segment of the Zeelandbrug correspond to those of its re-
spective cross-section. The dimensions of the box girder at the different cross-sections were obtained
from the original drawing of the bridge NZC-78. In Figure 3.4, the dimensions of the box girder are
illustrated by presenting cross-section 8. In the figure, h’ represents the height from the top of the top
slab to the bottom of the bottom slab. Furthermore, w denotes the width of the web, d indicates the
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thickness of the bottom slab and b’ denotes the actual width of the bottom slab. These parameters of
the box girder vary along the longitudinal axis of the bridge.

, 11600 |
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Figure 3.4: Dimensions of the modelled box girder

Each segment or beam element was assigned an element geometry. In the element geometry, an arbi-
trary shape was defined for which the cross-sectional area and moments of inertia had to be determined.
These geometric properties were acquired by modelling the cross-sections using AutoCAD 2025. Auto-
CAD facilitates the determination of a profile’s area, centroid, and principal moments of inertia about
the centroid in both y and z directions.

Slight simplifications were made to the dimensions of the modelled cross-sections, as already depicted
in Figure 3.4. Figure 3.5 further illustrates this simplification, showing a modelled cross-section in
AutoCAD on the left and the actual cross-section on the right. Differences include simplified corners,
omission of the bottom slab vault, and flattening of the slope on the top slab. Appendix B presents the
figures displaying the modelled cross-sections in AutoCAD labelled 0, 17, 2’, 2 to 14. Appendix B also
presents the provided cross-sectional area and the principal moments of inertia about both the y and
z axes. The moment of inertia about the yz plane is zero, due to the symmetrical nature of the box
girder about the z-axis. This symmetry ensures that the mass distribution is balanced.

Figure 3.5: Comparison modelled (left) and actual (right) cross-section

Furthermore, the torsional moments of inertia of the cross-sections were determined. The torsional
moment of inertia is important as it signifies the cross-section’s resistance to torsional deformation and
contributes to the structural stiffness against torsional loads. To compute the torsional moments of
inertia, the cross-sections were further simplified as illustrated in Figure 3.6. The contribution of the
cantilevers of the box girder to the overall torsional stiffness can be neglected. Then, the calculation
of the torsional moments of inertia can performed using Equation 3.1. The derivation of this equation
can be found in Appendix C. The calculated torsional moments of inertia for the cross-sections are
provided in Appendix B.
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(a) Enclosed cell area to the member centerlines
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(b) Shear flow around enclosed cell

(c) Cell-definition along member centerlines

Figure 3.6: Cell-definition, enclosed cell area and shear flows

(3.1)

where:

I, is the torsional moment of inertia in [m
Ay is the enclosed cell area to the member centerlines in [m
I; is the length of the ith member in the cell in [m].

t; is the thickness of the ith member in the cell in [m].

4,
2],

3.2.3. Material properties

The superstructure of the Zeelandbrug consists mainly of prefabricated concrete elements. Only the
construction joints were created by pouring concrete on site. For these construction joints, the concrete
properties were assumed to be the same as for the precast concrete, similar to the modelling assumptions
by Iv-Infra [5]. Consequently, a single material model was specified for the concrete. The material
specified falls under the class concrete and masonry. Due to the reinforcement and prestressing, it is
assumed that the concrete remains uncracked. Therefore, the Young’s modulus was set to 30 GPa.
Furthermore, the Poisson’s ratio and density of the concrete in the Zeelandbrug’s superstructure have
been estimated and are visible in Table 3.2. The material model used is linear elastic isotropic. This
implies the following material properties of the concrete. An isotropic material has material properties
that are the same in all directions. Given that the model contains one-dimensional beam elements and
considers the behaviour of the bridge along a single axis, it was assumed that the concrete could be
simplified as isotropic. A linear elastic material has an elastic deformation that is linear in response to
the applied loads. Thus, the relationship between stress and strain is linear and Hooke’s law applies.
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Table 3.2: Modelled material properties of the precast and cast in-situ concrete

Material properties in DIANA | Value
Young’s modulus E [N/m?] 3%1010
Poisson’s ratio v [-] 0.25
Density p [kg/m?] 2400

3.2.4. Connections

The expansion joints between the T-frames have different coupling element configurations, as described
in subsection 2.2.4. The presence of the shear force dowels and hinges were modelled by applying
connections between the T-frames. Since there is an open space in the expansion joints, the connections
are considered to be open. Each connection is classified by its element class, material, and geometric
properties. The shear force dowels were modelled as connections using translational springs. The
element class assigned to these connections is discrete translational spring/dashpot. The specification
of the spring’s material requires its spring behaviour and stiffness. The translational spring was assumed
to behave as a linear elastic spring. The stiffness of the shear force dowels was derived from detailed
Finite Element Model simulations of the dowels under vertical loading. The stiffness of the shear force
dowels was estimated to be equal to 1.64*10% N/m. The geometry of the translational spring is specified
using the shape type points, indicating its working direction in transferring shear forces along the z-axis
of the bridge. Additionally, it is assumed that the hinges present in some of the expansion joints may
transfer a small amount of bending moment. Therefore, hinges in these expansion joints were modelled
as rotational springs. The element class for these connections is discrete rotational spring/dashpot.
The material behaviour of the hinges is assumed to be linear elastic. The stiffness of the hinges was
estimated to be 4817 Nm/rad. Furthermore, the element geometry of the rotational springs was defined
using points as shape type, reflecting the hinges’ working direction in rotating around the y-axis.

3.2.5. Loads

The applied loads are static. The aim is to investigate the influence of settlements on the shear forces
in the bridge. Thus, the loading includes only the self-weight of the bridge and the prescribed support
deformations to simulate the anticipated settlements. As stated before, the prestressing has been taken
into account by assuming that the concrete remains uncracked and therefore using a corresponding
Young’s modulus.

Self-weight
The self-weight is defined as a global load. The mass density of the concrete was defined in the material
properties in subsection 3.2.3 and has a value of 2400 kg/m3.

Prescribed deformations

Settlements have been incorporated in the model as prescribed deformations of the supports. The
translation is specified in the negative z direction, simulating downward movement. By prescribing
these deformations, the model can effectively capture the resulting changes in the deformation and
moment and shear force distributions. The prescribed deformations of the designated supports have
been defined in subsection 3.1.2, which outlines the various settlement scenarios considered.

3.2.6. Mesh distribution

After all of the properties are assigned to the structure, the mesh can be generated. The mesh is
automatically generated. The mesh type used is quadratic/hexagonal and the mesh order applied is
linear. The segments with element class Class-1 Beams 3D have element type L12BE. This represents a
two-node straight element. The basic variables of an element are the translations and rotations in the
x, y and z directions in the nodes. Within the element, the displacement field is approximated through
linear interpolation polynomials. The default in DIANA is to use a 2-point Gauss integration scheme
for the beam element along its bar axis.

3.2.7. Boundary conditions
Two models have been developed. Each model contains different boundary conditions to simulate the
support of the substructure. Both models are described below.
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Model with supports

In Figure 3.7 a T-frame of the Zeelandbrug depicts how the superstructure is supported by a pillar at
two locations along the centered longitudinal section. Supports have been applied at these locations in
the first model, as illustrated in Figure 3.8. These supports restrict translation only in the z-direction.
In the model, supports that restrict translation in the x-direction are placed at the ends of the bridge
to simulate the abutments and maintain stability of the bridge.

Model with springs

On a global scale, the Zeelandbrug south of the bascule bridge comprises 48 spans, each measuring 95 m.
Given the significant scale of these cantilever spans compared to the supports, it could be argued that
the supports can be modelled as springs that provide support to the superstructure at a single location,
see Figure 3.9. This model includes two translational boundary springs, which restrict movement in the
z- and x-directions, as well as a rotational boundary spring that restricts rotation around the y-axis.
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Figure 3.8: Illustration of the modelled supports for a T-frame of the Zeelandbrug
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Figure 3.9: Illustration of the modelled springs for a T-frame of the Zeelandbrug

The stiffnesses of the boundary springs need to be determined. A Finite Element Model of the Zeeland-
brug’s substructure was used to compute the translational spring’s stiffnesses (Figure 3.10). Deforma-
tions were applied at the top of the substructure. The forces resulting from these applied deformations
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could be obtained in the model. To apply a deformation at the top of the substructure, a prescribed
deformation was assigned to the node at the center of the top of the substructure. Master and slave
nodes were then used to define the connection between this center node and the other nodes at the top
of the substructure. A deformation of 0.1 m was applied in separate load cases in the x- and z-direction
(Figures 3.11, 3.12 and 3.14). The resultant force in x- and z-direction were captured within the model
(Figures 3.13 and 3.15). The stiffnesses of the translational springs in the x- and z-directions were then
determined using Hooke’s law, described by Equation 3.2. This results in an estimated stiffness of the
translational spring in the x-direction of 1.27*10% N/m and in the z-direction of 4.58*10° N/m.

fp = — (3.2)

where:

k; is the translational stiffness of the spring in [N/m)].

F is the restoring force in [N].

u is the displacement of the spring from its equilibrium position in [m].

Figure 3.10: FEM substructure: substructure Figure 3.11: FEM substructure: prescribed
deformations
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Figure 3.14: FEM substructure: deformation Figure 3.15: FEM substructure: resulting force in z

inz due to the deformation in z

The stiffness of the rotational spring was roughly estimated using the applied deformation and resulting
force in the x-direction. It was approximated that the substructure deforms as a straight line, as
illustrated in Figure 3.16. The rotation point, around which the substructure rotates under the applied
deformation, can be seen in Figure 3.12. This rotation point is roughly 5 m from the bottom of the
piles. Knowing the length from the top of the substructure to the rotation point (41.8 m), the moment
could be calculated by multiplying the resulting force due to the applied deformation by this length.
The rotation of the substructure was calculated by dividing the applied deformation by the length to
the rotation point. Using the moment and rotation, the stiffness of the rotational spring about the
y-axis could be determined using the rotational analog of Hooke’s law, as described in Equation 3.3.
This results in an estimated stiffness of the rotational spring about the y-axis of 2.22*10'* Nm/rad.
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Figure 3.16: Illustration of the rotation resulting from a deformation in x (exaggerated)
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where:

k, is the rotational stiffness of the spring in [Nm/rad].

M is the restoring moment in [Nm].

 is the rotation of the spring from its equilibrium position in [rad].
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3.2.8. Model verifications

The complete model with supports is presented in Figure 3.17a. A close-up of the model is shown in
Figure 3.17b. Additionally, Figure 3.17¢ presents the complete model with springs and Figure 3.17d a
close-up of this model. Accordingly, the modelled Zeelandbrug south of the bascule bridge consists of
48 spans, each span measuring 95 m.

(a) Model with supports

(b) Close-up of the model with supports

(c) Model with springs

(d) Close-up of the model with springs

Figure 3.17: The global Finite Element Model of the Zeelandbrug

To perform the model verifications, a model was developed of only a single span of the Zeelandbrug,
see Figure 3.18. The supports were modelled as boundary conditions. Subsequently, structural linear
static analyses were performed to perform the model verifications, considering only the effect of the
self-weight on the bridge.

Figure 3.18: Finite Element Model of a single span of the Zeelandbrug

Weight of the superstructure

To check the Finite Element Model, the first step involves comparing the self-weight of one span of the
modelled Zeelandbrug with the estimated actual self-weight of one span of the bridge. The self-weights
of the segment types and the joints of the bridge can be found on the original drawing NZC-78. An
exception is the self-weight of segment type A, which is according to Hoving et al. [10]. The total
self-weight of the superstructure has been calculated for one T-frame, see below. Hence, the actual self-
weight of the superstructure was estimated to be 1.95%10° kg. DIANA calculates the total self-weight



3.2. Model considerations 24

of the superstructure to be 1.68*10° kg. The difference is 13%. This difference could be attributed to
the fact that the model includes simplified elements. The segments of the bridge have been simplified
in terms of geometry and material properties. Additionally, the model omits secondary elements that
might have been considered in the weight of the segments and joints, such as the inner partition walls
at the ends of the bridge’s cantilevers.

Estimated actual self-weight of the Zeelandbrug’s superstructure for one T-frame:

Segment type A: 600 ton * 1 = 600  ton
Joint A-B: 94 ton * 2 = 18.8  ton
Segment type B: 260 ton * 2 = 520  ton
Joint B-C: 75 ton * 2 = 15 ton
Segment type C: 216 ton * 2 432 ton
Joint C-D: 6 ton * 2 = 12 ton
Segment type D: 176 ton * 2 = 352  ton

1950 ton

Finite Element Model with curved shell elements

The second step in checking the Finite Element Model involves comparing the vertical deflection of one
span with that of a Finite Element Model with curved shell elements. DIANA calculated the self-weight
of the model with curved shell elements to be 1.81*10% kg. As previously mentioned, the model with
one-dimensional beam elements weighs 1.68*10% kg. As depicted in Figure 3.19c, the vertical displace-
ment of the model with beam elements is -0.101 m due to the bridge’s self-weight. Similarly, the model
with curved shell elements has a deflection of -0.116 m (Figure 3.19d). The deflection has increased 13%.

Both models have used different simplifications to simulate the same bridge’s behaviour. Therefore, the
difference in deflection response should be minimal and should be explainable by understanding why
one model shows greater deflection than the other. The difference in deflection can be attributed firstly
to the difference in self-weight between the two models, with the model using curved shell elements
being 7% heavier. Even though the increased weight causes an increased stiffness of the bridge, it will
simultaneously result in an extra load. Secondly, the difference can be explained by the models using
different classes of elements and types. Curved shell elements take into account shear deformation
within the shell’s thickness according to the Mindlin-Reissner theory. Conversely, the Euler-Bernoulli
theory assumes shear deformation to be negligible, focusing primarily on bending effects along the
beam’s length. Thus, it can be expected that incorporating shear deformation leads to an increased
deflection. Lastly, the difference in deflection can be a simple cause of reducing a structure in dimension
and omitting any secondary elements in the model with one-dimensional beam elements.
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(c) Displacement of the FEM with 1D beam elements (d) Displacement of the FEM with curved shell elements

Figure 3.19: Comparison of Finite Element Models of a single span of the Zeelandbrug
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Model with supports versus model with springs

Following the check of the DIANA model with one-dimensional beam elements, a comparison can be
made in the application of different boundary conditions. This comparison is important, because it
helps understand the differences in structural response when the piers of the bridge are modelled as
supports with translational restrictions or as springs with translational and rotational stiffnesses. Fig-
ures 3.20a and 3.20b illustrate the displacement due to the self-weight of the bridge. The deflection is
greater in the model with springs because the boundary condition at the support applies stiffness in
the z-direction, rather than restricting the displacement in the z-direction.

Figures 3.20c and 3.20d show the shear forces due to the self-weight of the bridge. Note that the legend
in Figure 3.20c shows very high shear forces. These occur at the boundaries of the bridge. The model
with supports, which represents the pier as two adjacent supports, shows large shear forces between
these supports to balance the resulting moments. The shear forces over the cantilever are comparable
between both models.
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(c) Model with supports: shear forces due to self-weight (d) Model with springs: shear forces due to self-weight

Figure 3.20: Comparison between the model with supports and the model with springs

3.3. Analysis

The analyses performed to record the Zeelandbrug’s structural response to the different settlement
scenarios were structural linear static. This suggests that the material’s response is assumed to be
linear elastic, conforming to Hooke’s law. Another implication of a structural linear static analysis
is that the loads are applied gradually and remain constant over time. When the deformations of
the structure are assumed to be small, the assumption of linear elastic material behaviour is justified.
Given that the prescribed deformations are not small, a non-linear analysis is generally recommended
to accurately capture the structure’s response. However, in this study, the material properties were
assumed to be linear elastic. The results will therefore indicate no difference in the structural response
of the bridge when comparing non-linear and linear analyses. Consequently, the analyses performed
were structural linear static.

3.4. Results

After conducting the analyses, the results of the different settlement scenarios were obtained. This
section contains the results corresponding to each scenario.



3.4. Results 26

3.4.1. Scenario 1

Scenario 1 comprises the possible vertical settlements of pier 20 of the Zeelandbrug. The defined
hypothetical settlements were 5, 10, 50, 100, 150 and 200 mm. In Figure 3.21, scenario 1b is shown for
both the model with supports and the model with springs. A deformation of 10 mm was applied to pier
20. As a result, the figures include diagrams of displacement and shear forces, reflecting the effects of
self-weight and settlement.

ff f-‘

(a) Model with supports: prescribed deformation (b) Model with springs: prescribed deformation
[ —
Cipacamens 07
e et 000om)

llV‘llllV‘ll'l"l'l ) l"?‘ l"!"ill'!’

|

z

L [
(c) Model with supports: displacement due to (d) Model with springs: displacement due to self-weight
self-weight and settlement and settlement
EE—
i 4355000 o 52660104
=
5
s268s01
| e
T 700s00
| “ssoenos ;
Ls e L
i
(e) Model with supports: shear due to self-weight and (f) Model with springs: shear due to self-weight and
settlement settlement

(56d cambinotion2
Crossecton forces &z
i 65 5474 ma. 659 547N

2

bs

L.

(g) Model with supports: shear due to settlement (h) Model with springs: shear due to settlement

Figure 3.21: Structural response of Finite Element Model with a settlement of 10 mm
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Table 3.3 displays the shear forces in the bridge’s cantilever, as obtained from the model with supports,
in response to the potential settlement of pier 20. Similarly, Table 3.4 presents these shear forces for the
model with springs. As previously observed, the model with supports exhibits higher shear forces across
the bridge’s cantilever compared to the model with springs due to the increased stiffness of the supports,
which attract greater forces. As noted before, each shear force dowel has a capacity of 650 kN. With
two dowels at each midspan joint, the total capacity is 1.3 MN. Consequently, for large hypothetical
settlements of 150 mm or less, the shear force at the midspan joint remains within this capacity.

Table 3.3: Resulting shear forces of the model with supports due to scenario 1

Additional shear force [kN]
Settlement | Settlement | Settlement | Settlement | Settlement | Settlement
5 mm 10 mm 50 mm 100 mm 150 mm 200 mm
42.19 84.40 422.01 844.03 1266.04 1688.05

Table 3.4: Resulting shear forces of the model with springs due to scenario 1

Additional shear force [kN]
Settlement | Settlement | Settlement | Settlement | Settlement | Settlement
5 mm 10 mm 50 mm 100 mm 150 mm 200 mm
40.25 80.46 402.04 804.92 1207.37 1609.83

Tables 3.5 and 3.6 display the shear forces within the bridge’s cantilever due to a hypothetical settlement
of 100 mm and a varying Young’s modulus of the concrete. Visibly, a reduction in the Young’s modulus
results in decreased shear forces in the bridge.

Table 3.5: Shear forces from 100 mm settlement with varying Young’s modulus in the model with supports

Additional shear force [kN]
Settlement 100 mm | Settlement 100 mm | Settlement 100 mm
E=30 GPa E=25 GPa E=20 GPa
844.03 709.45 572.52

Table 3.6: Shear forces from 100 mm settlement with varying Young’s modulus in the model with springs

Additional shear force

kN]

Settlement 100 mm
E=30 GPa

Settlement 100 mm
E=25 GPa

Settlement 100 mm
E=20 GPa

804.92

679.95

551.55
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3.4.2. Scenario 2

Scenario 2 comprises the uneven hypothetical vertical settlement of the supports representing pier 20
of the Zeelandbrug. Scenario 2a is presented in Figure 3.22, where a pier is modelled as two supports.
In this scenario, one of the supports of pier 20 is subjected to a deformation of 5 mm. The resulting
diagrams illustrate the displacement and shear forces caused by the self-weight and settlement.
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(d) Model with supports: shear due to settlement

Figure 3.22: Structural response of Finite Element Model with an uneven settlement of 5 mm
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Table 3.7 demonstrates the shear forces within the bridge’s cantilever due to the uneven hypothetical
settlement of pier 20. It is evident that the occurrence of minor uneven settlements of a pier could lead
to significant shear forces.

Table 3.7: Resulting shear forces of the model with supports due to scenario 2

Additional shear force [kN]
Uneven settlement | Uneven settlement
5 mm 10 mm

333.15 666.31

3.5. Next steps

By obtaining the Finite Element Model (FEM) results, the shear forces within the bridge’s cantilevers
were determined for different settlement scenarios. The next step involves integrating these findings into
the recalculation of the bridge’s structure. For this, the results of the model with supports for scenario
1d (100 mm settlement) were selected. This is because the geological profiles beneath the Zeelandbrug
revealed mostly sand layers, suggesting that large settlements are not expected, but this choice still
maintains a conservative approach. A lower and upper bound of 5 and 200 mm support settlement will
also be integrated in the recalculation of the bridge’s structure to include a range of expected outcomes.
Hence, the additional shear forces due to a support settlement of 5, 100 and 200 mm will be incorporated
into the moment and shear force capacity checks in the longitudinal direction. Subsequently, the FEM
results will be assessed for their reliability and analysed to interpret the implications of the additional
shear force magnitudes on the overall bridge structure and its capacity.



Assessment of the current status

First, this chapter contains an overview of the loads that the Zeelandbrug experiences in section 4.1. In
section 4.2, a revision is performed of the recalculations on the Zeelandbrug’s concrete structure. Taking
this revision into account, recalculations on the Zeelandbrug are conducted with in longitudinal direction
incorporating the additional shear forces resulting from a support settlement. With the final objective
to identify critical failure modes, the recalculations are detailed in section 4.3. This section also analyses
the Finite Element Model results and their impact when incorporated into the recalculations. Lastly,
section 4.4 discusses the identified uncertainties that were found while performing the recalculations.

4.1. Loads

The various types of loads that the Zeelandbrug experiences have been split into permanent loads,
variable loads, horizontal loads and other loads. The Zeelandbrug has Consequence Class 3 (CC3) and
is assumed to have a remaining service life of 30 years. The load combinations were performed according
to NEN-EN 1990+A1+4+A1/C2:2011, and the load factors were selected based on the serviceability
requirements specified in NEN8700:2011.

4.1.1. Permanent loads
The permanent loads consist of the self-weight of the bridge’s segments, the weight of the pavement
and the weight of the barrier.

Self-weight

In subsection 3.2.8 the actual self-weight of the superstructure for one T-frame was estimated to be
1.95%10% kg. The self-weights of the segments and joints were found listed on the original drawing
NZC-78, whereas segment type A is according to Hoving et al. [10].

Pavement

The initial, future-proof assumption of the pavement’s design load is according to the Richtlijn Ontwerp
Kunstwerken (ROK), which are guidelines for the design of structures. In Table 4.1, the thickness, weight
per unit volume and the load of the pavement are depicted. The pavement’s actual thickness, and hence
its load, is smaller.

Table 4.1: Self-weight of the pavement [5, 6]

Thickness ¥ P
] | N/m?) | [kN/m?]
Pavement conform ROK 1.2, used by Iv-Infra [5] 0.140 23 3.220
Pavement conform ROK 2.0, recommended by TNO [6] 0.156 23 3.588

Barrier
At the edges, the bridge has a barrier on the east side and a guard rail for the bike lane on the west side.
The loads of the barriers and guard rails are shown in Table 4.2. When considering theoretical road

30
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lanes on the bridge, it is assumed that the road traffic spans the entire width of the bridge. Therefore,
it is assumed that there are barriers on both edges of the bridge.

Table 4.2: Self-weight of the barriers and guard rail [5]

q
(kN /m]
Edge barrier (east side) 9.88
Barrier to seperate bike lane 7.80
Guard rail, including kerb
(west side, assumption)

1.00

4.1.2. Variable loads

The variable loads consist of traffic loads and the load from the maintenance platform.

Traffic loads

The actual lane configuration of the Zeelandbrug is depicted in Figure 4.1. A dedicated bike lane
is situated on the west side, separated from two road lanes in opposing directions on the east side.
Figure 4.2 illustrates the theoretical lane distribution based on Eurocode Load Model 1. In this scenario,
the barriers are installed along both edges of the bridge. According to Load Model 1, a bridge’s width
is divided into notional lanes of 3 m each, with any remaining area allocated accordingly. For the
Zeelandbrug, this results in three notional lanes and a remaining area of 1.85 m wide. Figure 4.2 also

presents the distribution of uniformly distributed loads and Tandem Systems across the notional lanes
as per Load Model 1.
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Figure 4.1: Actual road lane division. Modified [NZC-1881].
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Figure 4.2: Theoretical road lane division based on Eurocode LM1. Adapted from [5]

In the recalculations, Eurocode Load Model 2 is also taken into account. Load Model 2 may significantly
impact the cantilever of the box girders [5]. The model contains two wheel loads of 200 kN each. The
single axle load should be applied at any location on the carriageway that could be perceived as critical.

Maintenance platform

To perform maintenance activities on the Zeelandbrug, a self-propelled maintenance platform is used.
The driving portal for this platform is positioned on the bridge’s bike lane, as depicted in Figure 4.3.
The maintenance platform itself is visible in Figure 4.4. It is important to consider the additional
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loads imposed by the maintenance platform in the recalculations. The self-weight of the maintenance
platform is specified as 125 kN [5]. In addition, an additional variable load of 10 kN is accounted for,
representing personnel and added equipment on the platform [5]. Due to the presence of the maintenance
platform, other traffic cannot access this lane in theoretical scenarios. Therefore, the load imposed by
the maintenance platform is critical only for local assessments in transverse directions [5].

Figure 4.3: Maintenance platform on the bike Figure 4.4: Full-view of the maintenance platform
lane [14] at site [14]

4.1.3. Horizontal loads

The original design incorporated an ice load of 10,000 kN per pier, which included a 1,000 kN wind
load [10]. This substantial ice load was justified by the anticipation that a permanent dam would be
constructed, thereby closing off the Oosterschelde from the sea and converting it to fresh water [10].
However, this plan was never realised. Given that the ice load has not increased, it is not further
considered in the recalculation of Iv-Infra [5]. In the original design, a wind load of 1.105 kN/m?2, acting
perpendicular to the structure, was used. Nowadays, a wind load of 1.5 kN/m? is typically used for
standard constructions [5]. However, considering the Zeelandbrug’s elevated position and exposure in
the sea area, Iv-Infra accounted for a wind load of 2.0 kN/m? [5]. Lastly, the horizontal braking force
incorporated by Iv-Infra over two T-frames is 875 kN [5].

4.1.4. Other loads

Potential collisions of ships with the pillars and/or the superstructure are not considered. The recal-
culation by Iv-Infra, and hence this study, excludes factors such as temperature variations, concrete
shrinkage, and creep, as these are not expected to cause structural collapse [5]. However, Iv-Infra did
indirectly account for creep through the modulus of elasticity [5]. The impact of settlements is also
excluded in the recalculation by Iv-Infra [5]. The original design considered differential settlements of
the pillars relative to each other by assuming a maximum differential settlement of 6 cm between two
adjacent pillars [10]. In comparison, this study includes the impact of a support settlement of 5, 100
and 200 mm on the load effects in longitudinal direction within the bridge’s cantilevers.

4.2. Revision recalculations of the Zeelandbrug

On behalf of the Province of Zeeland, the structural safety of the Zeelandbrug has been assessed by
Iv-Infra [5]. For this assessment, Iv-Infra examined some of the original design documents to obtain in-
formation about the geometry, the reinforcement configuration, material properties and certain design
assumptions. The concrete structure of the Zeelandbrug has been assessed based on a recalculation
assuming a remaining service life of 30 years and CC3. The recalculation is in accordance with the
norms RBK 1.1, NEN8700 and NEN8701. Two loading scenarios are the basis for the recalculation.
In the first loading scenario, the bridge’s whole width is divided into three theoretical lanes of traffic,
each having a maximum theoretical thickness of the pavement. If this scenario does not comply with
the standards there will be looked at the second loading scenario. This scenario is based on the actual
pavement thickness and the actual road lane configuration, which consists of two road lanes and one
bike lane. To determine the load effect in the bridge, Iv-Infra developed a model of the bridge [5]. Fur-
thermore, Iv-Infra had carried out a visual inspection on the bridge. From this inspection it followed
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that no structural damage was observed that indicates overload or that has to be taken into account in
the recalculation [5].

Important findings of the recalculation by Iv-Infra that could prove to be critical to the safety of the
Zeelandbrug have been summarised [5]. Critical conditions have been defined to occur when the applied
loading on a structural element exceeds its resistance. Firstly, the shear force capacity of the field of
the box girder’s top slab was found to be critical in relation to the applied shear force in the transverse
direction. The model was used to determine the occurring shear force in top slab of the box girder.
In transverse direction, the box girder was modelled based on the dimensions of the center of a type
D box girder. Different load cases have been implemented in the model in which the Tandem System
shifts positions on the bridge. In this manner, the highest occurring shear force in the box girder’s top
slab has been determined through the model. The shear force resistance of the concrete was calculated.
It appeared that the shear force occurring in the top slab slightly exceeds the capacity (unity check of
1.06) [5]. Nevertheless, based on the actual usage of the bridge, the assessment would prove to be just
acceptable (unity check of 0.99) [5].

Secondly, the shear force capacity of the box girder’s webs in longitudinal direction was proven to
be critical to withstand the applied shear force [5]. The shear force capacity of the webs have been
determined by combining the shear resistance due to prestressing and a changing height, as well as
the shear resistance of the concrete. Furthermore, the capacity of the concrete compression diagonal
was determined. The actual shear force capacity of the web is determined by the lowest of the two
previously mentioned capacities. The webs were tested on shear force capacity at the construction
joints and adjacent to the support. The highest occurring shear force in the webs was determined by
using the model of five T-frames of the Zeelandbrug and implementing different load cases. In these
load cases, both the position of the uniformly distributed traffic load and the Tandem System changes.
Furthermore, torsion induces tension and compression in the webs. These forces have been added to the
occurring shear force. It was found that particularly the construction joint between segments B and C
does not suffice (unity check of 1.06) [5]. The capacity of the concrete compression diagonal appeared to
be governing. Due to a remaining service life of 30 years, reduction factors may be considered conform
NENS8701:2011. These reduction factors concern a reduction in traffic loading trends and a reduction
in the size of vertical traffic loading. In longitudinal direction, these reduction factors are 0.95 and 0.98
respectively. Taking these reduction factors into account would result in a unity check of 1.03 for the
construction joint between segments B and C [5].

Thirdly, the capacity of the shear force dowels has been assessed and was found to be exceeded [5]. In
each expansion joint, two shear force dowels are present. One shear force dowel has a capacity of 650
kN. The occurring shear force in the expansion joint was determined using the model. Furthermore,
the additional shear force due to torsion has been incorporated in the total occurring shear force in
the expansion joint. The most critical position of the Tandem System was found to be just above the
expansion joint [5]. The total occurring shear force exceeds the shear force capacity of the dowels with
a unity check of 1.68 [5]. A possible reason is given by Burggraaf and Borsje from TNO as to why the
unity check is so high. Namely, it is speculated that uncertainties in the loads have been incorporated
in the shear force resistance of the dowels during the design [6].

Fourthly, fatigue of the steel reinforcement has been initially found to be critical in the box girder’s
cantilever in transverse direction [5]. The occurring and allowable stress range were determined of the
soft steel reinforcement. It was found that based on fatigue Load Model 1, the assessment on fatigue
could be critical [5]. However, based on fatigue Load Model 4, it follows that the number of occurring
stress variations is sufficiently acceptable compared to the number of allowable stress variations [5].

Overall, it can be concluded that the capacity of a few structural elements do not suffice based on the
first loading scenario (theoretical usage of the bridge). However, considering the actual usage of the
bridge, the capacity of the structural elements of the Zeelandbrug do suffice with the exception of the
shear force dowels [5].
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Following the report of Iv-Infra, the Province of Zeeland has commissioned TNO to review the recal-
culation of the Zeelandbrug. Based on this review, a visual inspection and a document review, TNO
has identified which structural elements they consider to be critical or soon to become critical. Some
of the remarks in TNO’s review concern an overestimated yielding strength of the Dywidag bars and
an underestimated prestress loss in longitudinal direction [6]. Through the recalculation of Iv-Infra
and its subsequent review by TNO, it can be assumed which structural elements of the Zeelandbrug’s
superstructure may be or become critical. Structural elements have been defined as critical when their re-
sistance is exceeded by the applied loading. The potentially critical structural elements are listed below.

In transverse direction:

e The moment and shear force capacity of the cantilever of the box girder.
e The moment and shear force capacity of the top slab of the box girder.
o The moment capacity of the webs when tension occurs on the outer side of the webs.

In longitudinal direction:

e As a result of the longitudinal moment; tension in the top slab and compression in the bottom
slab of the box girder.
e The shear force capacity of the box girder’s webs.

Coupling elements:

e Shear force dowels
¢ Shock absorbers
o Hinges
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4.3. Recalculation of the Zeelandbrug

Structural elements of the Zeelandbrug’s box girders have been recalculated once more. This recalcu-
lation was done for the structural elements that were previously identified to be potentially critical.
In this recalculation, remarks made by TNO have been taken into account. A 30-year remaining ser-
vice life of the Zeelandbrug has been assumed. The bridge has Consequence Class 3 and the bridge’s
recalculation complies with the norms RBK 1.1, NEN8700 and NEN8&701.

4.3.1. Checks in transverse direction
Initially, the focus is directed towards examining potential critical structural elements in the transverse
direction.

Check 1: Moment capacity cantilever

The first calculation is the assessment of the moment capacity of the cantilever. This evaluation is
conducted for all of the segment types when looking in the longitudinal direction. This is because the
dimensions of the cantilever are the same for all of the segments. Figure 4.5 provides an illustrative
depiction of the box girder, highlighting the location of this assessment.

N

Figure 4.5: Check 1: Moment capacity of the cantilever. Adapted from [5]

N

The cantilever will experience a bending moment due to the applied load, which includes both permanent
loads and variable loads (traffic loads). Figure 4.6 depicts the most critical position of the traffic loads.
Considered are Eurocode Load Model 1 (LM1) and Load Model 2 (LM2). Figure 4.6 also illustrates
the distribution of the traffic loads over the cantilever in general, assuming an angle of 45 degrees for
this distribution.
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Figure 4.6: Top view of the traffic loads on the cantilever with LM1 (left) and LM2 (right). Adapted from [5]

The weight of the maintenance platform has also been considered for the bending moment capacity of
the cantilever. The east tower of the maintenance platform rests on wheel sets, with the driving portal
positioned on the bridge’s bike lane. The maintenance platform weighs 125 kN, and an additional
variable load on the platform has been assumed of 10 kN. This totals 135 kN. It has been conservatively
assumed that the entire load will be on the outer wheel. Figure 4.7 illustrates how the load of the
maintenance platform is applied and distributed over the cantilever, assuming an angle of 45 degrees.
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Figure 4.7: Top view of the load from the maintenance platform on the cantilever. Adapted from [5]

Figure 4.8 and Table 4.3 show the reinforcement in the cantilever. Except at location A at the ham-
merhead, the reinforcement is the same for all segments. Near the joints, additional reinforcement of
5022 has been applied locally. This is because near the joints, load distribution is only possible in one
direction. Due to the varying thickness of the cantilever and reinforcement, the most critical location
on the cantilever is unknown. Therefore, the moment capacity of the cantilever will be checked at three
locations (see Figure 4.8).

[ loc. C loc. B loc. A

[sﬁ'i'?-«aéa)

1525 L 725
T~

1000 L 1250

Figure 4.8: Reinforcement in the cantilever [5]

Table 4.3: Reinforcement applied in the cantilever

Reinforcement QR42

General Near joints
Loc. A | ¥19-400 + ©19-400 + ¥14-200 + 5022
Loc. B (”¥19-400 + (¥14-200 + 5022
Loc. C ~14-200 + 5022

Applied bending moment
The bending moment due to a uniformly distributed load on the cantilever can be calculated as follows.

M =gq-arm (4.1)

where:

M is the bending moment in [kNm/m].

g is the uniformly distributed load in [kN/m].

arm is the arm or distance in [m] from the centroid of the distributed load segment to the point where
the bending moment is being calculated.
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The bending moment due to a concentrated load on the cantilever can be calculated as follows.
M =F -arm / dist. (4.2)

where:

M is the bending moment in [kNm/m].

F is the concentrated load in [kN].

arm is the arm or distance in [m] between the concentrated load and the point where the bending
moment is being calculated.

dist. is the distribution length in [m], which represents the length over which the concentrated load is
assumed to be spread or distributed at the point where the bending moment is being calculated.

Appendix A provides a detailed description of the calculation for determining the applied bending
moments due to both the distributed and concentrated loads on the cantilever at location A. Table 4.4
presents the calculated bending moments at the three different locations on the cantilever. These
bending moments occur due to the self-weight of the cantilever, the weight of the barrier and pavement,
as well as the uniformly distributed traffic load. For this, Equation 4.1 was used.

Table 4.4: Characteristic value of the bending moment due to a distributed load

Self weight cantilever Pavement Barrier UDL
q arm M q arm M q arm M q arm M
(kN/m] | [m] | [Nm/m] | [N/m] | [m] | kNm/m] | kN/m] | [m] | [kNm/m] | [kN/m] | [m] | [Nm/m]
Loc. A 14.5 1.125 16 6.7 0.938 6 9.88 2.25 22 16.9 0.938 16
Loc. B 9.8 0.763 7 4.1 0.575 2 9.88 1.525 15 10.4 0.575 6
Loc. C 6.4 0.5 3 2.2 0.313 1 9.88 1.0 10 5.6 0.313 2

Equation 4.2 has been used to calculate the bending moments that occur due to Load Model 1, Load
Model 2 and the maintenance platform, see also Table 4.5. Among these, the highest occurring moments
for each location have been highlighted. These will be used to calculate the total applied bending
moment and check the cantilever’s moment capacity. Near the joints, the distribution length is different.
This is because load distribution is only possible in one direction. Hence, the bending moment is
checked in general with a normal load distribution as visible in Figure 4.6 and near the joints with a
load distribution in one direction.

Table 4.5: Characteristic value of the bending moment due to a concentrated load

LM1 LM2 Maintenance Platform (MP)
F arm | dist. M F arm | dist. M F arm | dist. M
KN | ) | ) | ONe/m) | N) | ] | ] | kNw/w] | kN] | fm) | [m] | KNm/m]

Loc. A | 300 | 1.675 | 5.35 94 200 | 1.575 | 4.1 7 135 | 1.675 | 4.1 55

General | Loc. B | 300 | 0.95 | 3.90 73 200 | 0.85 | 2.65 64 135 | 0.95 | 2.65 48
Loc. C | 300 | 0.425 | 2.85 45 200 | 0.325 | 1.6 41 135 | 0425 | 1.6 36

Near Loc. A | 300 | 1.675 | 3.475 145 200 | 1.575 | 2.225 142 135 | 1.675 | 2.225 102
joints Loc. B | 300 | 0.95 | 2.75 104 200 | 0.85 1.5 113 135 | 0.95 1.5 86
Loc. C | 300 | 0.425 | 2.225 57 200 | 0.325 | 0.975 67 135 | 0.425 | 0.975 59

The design value of the total bending moment (Mpgy) is the summation of the individual moments
multiplied by their respective load factors, see Equation 4.3. In Table 4.6 the total bending moments
are presented that occur in the cantilever at locations A, B and C in general and near the joints as a
result of the loading. The Zeelandbrug was built in 1965 and has Consequence Class 3. Then, according
to NEN 8700:2011, the following partial load factors are applicable: vg perm of 1.15 and v yer of 1.25.

MEd - (Mcantilever + Mpavement + Mbarrier) : ’YF,perm + (MUDL + maX(MTS; MIL[P)) *YFvar (43)
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Table 4.6: Total design bending moment

Mgq
[kNm/m]

Loc. A 188

General | Loc. B 127
Loc. C 74

Near Loc. A 252
joints Loc. B 177
Loc. C 101

Bending moment resistance

Having calculated the applied bending moments, the bending moment resistance should now be deter-
mined to verify the capacity. In Figure 4.9 the strain and stress diagrams are illustrated. Furthermore,
a free body diagram shows the forces acting on the cantilever. Due to the bending moment, there is
tension at the top.

€ (o)
—_— e
EII . . . . . I — Ns.tens'lon
N
" Ed

£az=3.5%0  f.o=20 N/mm?

Figure 4.9: Strain and stress diagram with tension at the top and e, is 3.50 %o as moment of failure

The height of the concrete compressive zone can be calculated by ensuring that the sum of the horizontal
forces equals zero (see Equation 4.4).

> H=0 (4.4)

Nc - Ns,tension - NEd =0
3 —
1 b-x- fcd - As,tension : fyd - NE'd =0
NEd+As, tension fyd

xr =
30 fea

Subsequently, the moment resistance can be determined by summing the moments around the center
(see Equation 4.5).

Z M|center (45)
Mpq = N¢ - (%h - T;x) + Ns,tension : (%h’ o a)

The abbreviations shown represent the following:

Mpyq is the design value of the bending moment capacity in [Nmm/mm].

h is the height in [mm)].

b is the width in [mm].

x is the height of the concrete compressive zone in [mm].

a is the length from the top surface of the tension zone to the center of gravity of the tensile reinforce-
ment in [mm|. a =h—d

d is the effective depth of the reinforced concrete section, which is measured from the top surface of the
compression zone to the center of gravity of the tensile reinforcement in [mm)].
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fea is the design value of the compressive strength of the concrete in [N/mm?].

fya is the design yield strength of the reinforcement in [N/mm?].

fia is the design working prestress in [N/mm?].

Ngq is the design normal force due to transverse prestressing in [N]. Ngg = fiqa - 4,
A, is the area of the prestressing tendons applied in [mm?].

N, is the design normal force of the concrete in [N].

Nj tension is the design normal force of the reinforcing steel under tension in [N].

As tension is the area of the reinforcement under tension in [mm2].

For the calculation of the bending moment resistance, certain simplifications have been applied. Firstly,
the vertical component of the prestressing force has been neglected. Secondly, the area of the prestress-
ing tendons has not been incorporated into the area of reinforcement under tension, due to the relatively
large center-to-center distance of the prestressing tendons.

For the calculation of the moment resistance, a width of 1 m is considered. From the material properties
in section 2.3, the following are known:

- fea = 20 N/mm?

- fya =300 N /mm?

- Ngq = fra- Ap = 462-935 = 431796 N/m = 432 kN /m

- fra = 935 N /mm?

A, =12-71-(0/2)? =12 -7 (7/2)? = 462 mm?

Furthermore, according to remarks made by TNO, the following should be taken into account: a shifted
moment line and the anchorage length of the reinforcement. These factors will ultimately result in a
decreased area of reinforcement for locations A and B, because the length of the reinforcement at these
locations is limited. According to NEN-EN 1992-1-1, the following holds true for the anchorage length
of the reinforcement.

foa=225-01 M ferqa =2.25-0.7-1.0-2.0/1.5 = 2.10 N /mm?

lbqu = (6/4)(05d/fbd) = (19/4)(300/210) =679 mm

lbd = a1a2a3a4a5lbqu =1.0-099-1.0-1.0-1.0-679 =672 mm

ag=1-015(cg— 0)/D=1-0.15-(20 — 19)/19 = 0.99—

where:

fva is the ultimate bond stress in [N/mm?] with n’s the coefficients related to the reinforcement.

feta is the design value of the concrete tensile strength in [N/mm?2].

lp,rqa is the basic required anchorage length in [mm].

044 is the design stress of the bar in [N/mm?] at the position from where the anchorage is measured
from.

lpq is the design anchorage length in [mm] with a’s and ¢4 the coefficients related to the reinforcement.

If a shift in the moment line is taken into account, then a lower anchorage length remains. This has
been calculated as follows.

Loc. A:l—(h—cq—0/2) =725 — (315 —20 — 19/2) = 439 mm

Loc. B: 1l — (h—cq —©/2) = (1525 — 1000) — (278 — 20 — 19/2) = 276 mm

where:

[ is the length of the reinforcement in [mm].

h is the height of the cantilever in [mm].

¢q is the concrete cover to the reinforcement in [mm].

@ is the diameter of the main reinforcement in [mm].

The decreased anchorage length will result in a lower area of the reinforcement. For locations A and B
in general, the area of reinforcement are as follows.

Loc. A: Ay tension = 71"(19/420);&000 + 7r~(14/220)02.1000 n ﬂ‘(19/420)(?‘1000 ~439/672 — 1941 mm?

Loc. B Ag jension = U210 4 m(19/2021000 . 976 /679 — 1061 mm?

Near the joints, additional reinforcement has been applied of 5022, supplementing the existing rein-
forcement. Substitution of the aforementioned values into Equations 4.4 and 4.5 will yield the height
of the concrete compressive zone and subsequently the bending moment resistance.
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Unity check

Finally, to evaluate the bending moment capacity, the unity check (U.C.) is calculated through Equa-

tion 4.6.

_ Mgq
Mpq

The results are presented in Table 4.7, showing the applied bending moment, moment resistance, and
unity check for each location at the box girder’s cantilever. Since the hammerhead has less reinforcement
at location A, the moment capacity for this segment has been assessed separately, and the results are
shown in Table 4.8.

U.C.

(4.6)

Table 4.7: Unity check moment capacity cantilever

MEd As,tension h d x MRd U.C.
[kNm/m] [mm?] [mm)] | [mm] [mm] [kNm/m]
Loc. A* 192 1941 315 287 65.41 204.98 0.92
General | Loc. B 129 1061 278 250 47.81 121.54 1.04
Loc. C 75 770 251 224 41.98 91.50 0.81
Near Loc. A 255 3842 315 287 103.42 330.67 0.76
oints Loc. B 179 2962 278 250 85.82 234.20 0.76
J Loc. C 102 2670 251 224 80.00 192.17 0.53
Table 4.8: *Unity check moment capacity cantilever (segment A, Loc. A)
MEd As,tension h d X MRd U.C.
[kNm/m] [mm?) [mm] | [mm] [mm] [kNm/m]
General | Loc. A 192 1851 315 287 63.61 198.59 0.95
Near o A | 255 3752 315 | 287 | 101.62 | 325,59 | 0.77
joints
Conclusion

Hence, in this section calculations were performed to assess the bending moment capacity of the can-
tilever. The following were taken into account:

e The weight of the pavement.

e For locations A and B, the reduced area of reinforcement steel due to the shifted moment line and
anchorage length.

o Less area of reinforcement at location A at the hammerhead.

From the results, it can be found that only location B with a general load distribution has a unity check
above 1. This is due to the fact that the area of reinforcement at location B was significantly decreased
due to a shifted moment line and anchorage length. On another note, near the joints the bending
moment capacity of the cantilever seems very sufficient due to the additional applied reinforcement at
these locations.
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Check 2: Shear force capacity cantilever

The next step involves evaluating the shear force capacity of the cantilever. This analysis is performed
for every segment type along the longitudinal direction because all segments have the same cantilever
dimensions. Figure 4.10 illustrates the box girder, indicating the specific location of this assessment.

Figure 4.10: Check 2: Shear force capacity of the cantilever. Adapted from [5]

As a result of self-weight and applied traffic loading, the cantilever is subjected to a shear force. Fig-
ure 4.11 provides a visual representation of the critical position of the traffic loading [5]. Hence, location
A will be assessed for the shear force capacity. Both Eurocode Load Model 1 and Load Model 2 have
been considered. A 45-degree angle has been assumed again for the load distribution.
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Figure 4.11: Top view of the traffic loads on the cantilever with LM1 (left) and LM2 (right). Adapted from [5]

Applied shear force

The occurring shear force is equal to the self-weight of the cantilever, the weight of the barrier and
pavement, as well as the uniformly distributed traffic load. For this, Table 4.4 can be used. Furthermore,
the occurring shear force due to traffic can be calculated through Equation 4.7. This is equal to the

concentrated traffic load divided by its load distribution. In Table 4.9 the resulting shear force due to
Eurocode Load Model 1 and Load Model 2 are presented.

V =F / dist. (4.7
where:
V is the shear force in [kN/m)].
F' is the concentrated load in [kN].

dist. is the distribution length in [m], which represents the length over which the concentrated load is
assumed to be spread or distributed at the point where the shear force is being calculated.
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Table 4.9: Characteristic value of the shear force

LM1 LM2
F dist. \Y F o[dist. [V
[kN] [m] [kN/m] | [kN] | [m] | [kN/m]

General | 150 | 150 | 2.2|2.2 136 200 | 1.55 129

Near | 150150 | 2.2 1.30 | 184 | 200 | 1.14 | 175
joints

The design value of the total occurring shear force (Vgq) is the summation of the individual forces
multiplied by their respective load factors, see Equation 4.8. In Table 4.10 the total shear forces are
presented that occur in the cantilever at location A in general and near the joints.

VEd - (Vcantilever + Vpavement + Wzarrier) : ’YF,perm + (VUDL + maX(VTS)) * YFvar (48)

Table 4.10: Total design shear force

VEd
[kN/m]
General 227
Near 286
joints

Shear force resistance
With the occurring shear forces calculated, the next step is to calculate the shear force resistance in
order to check the capacity. The shear force resistance can be calculated according to RBK 1.2.1. The

formula is given in Equation 4.9.

Vide = [0.12 - keap -k - (100 - py - fck) 3 4015 - 00p] - by - d > [Umin +0.15 - 0cp] by -d  (4.9)

where:
VRa,c is the design shear capacity of the concrete in [N].
Feap i 1.0 -.

k is the size effect factor, with d in [mm]. k =1+ /2% < 2.0.

d is the effective depth to the main flexural reinforcement in [mm].

p1 is the flexural reinforcement ratio. p; = bA%ld.

Ag is the area of reinforcement in [mm?].

fer is the characteristic cylinder compressive strength of the concrete in [N/mm?].

F, is the working prestress force in [N].

0cp is the compressive stress in the concrete from axial load or prestressing [N/mm?]. o, = bf{”h.

by is the smallest width of the cross-section in the tensile area in [mm].
3

3 1
Umin 18 0.035 - ky - kp, - kéap - 3.
kp, is 1.25 for smooth steel and 1.00 for ribbed steel.
Ky is 4.2 - ¢~ 9/800 < 3 4.

For the calculation of the shear force resistance, a width of 1 m is considered. From the material prop-

erties in section 2.3, the following are known:
-d=h—-cq—0/2=315—-20—-19/2 =285.5 mm

k=14 4/ =1.84—

285.5
7-(19/2)%-1000 |, =-(14/2)%-1000
- General: Ay =2- ( /40)0 + = /20)0 = 2187 mm?
- Near joints: Ay = 2187 +5 -7 - (22/2)% = 4088 mm?
- General: p; = —287__ — (.0077—

1000-28
 Near joints: p = d8__ — 0,014

- for = 30N /mm?
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- F, =432 kN/m

- O = 1403020'_130135 = 1.37 N/mm?

- Umin = 0.035- 1.0 - 4.2 - ¢7285:5/800 .1 . 301/2 = 0.56 N /mm?

Substitution of the values obtained into Equation 4.9 yields the shear force resistance.

Unity check
To assess the shear force capacity, the unity check (U.C.) is calculated through Equation 4.10.

VEd
UC. = —=—= 4.10
Vo (4.10)

Finally, in Table 4.11 the applied shear force, shear force resistance and unity check are presented for
the cantilever of the box girders.

Table 4.11: Unity check shear force capacity cantilever

VEa V&a U.C.
[kN/m] | [kN/m]
General 229 238 0.96
Near joints 288 279 1.03

Conclusion

For the evaluation of the cantilever’s shear force capacity the weight of the pavement was also taken
into account. It can be observed that the applied shear force near the joints exceeds the shear force
resistance. However, this is only a slight surpassing.
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Check 3: Moment capacity top slab at midspan

The third calculation is the assessment of the moment capacity of the box girder’s midspan. This
evaluation is conducted for segment type D when looking in the longitudinal direction. Figure 4.12
highlights the position of this assessment of the box girder.

Figure 4.12: Check 3: Moment capacity of the box girder’s top slab at midspan. Adapted from [5]

Applied bending moment

The applied bending moment induces tension at the bottom and compression at the top of the box
girder’s top slab. To determine the specific bending moment experienced by the top slab of the box
girder at midspan, the outcomes of the model by Iv-Infra were utilised [5]. In transverse direction, the
box girder was modelled based on the dimensions characteristic of a segment type D box girder center.
Various load cases were integrated into the model. These include the self-weight of the cantilever, the
load exerted by the pavement and the uniformly distributed traffic load. Moreover, the bending moment
resulting from the load imposed by the Tandem System of Eurocode Load Model 1 was determined.
Through summation, the total applied bending moment in the box girder’s top slab at midspan could
be calculated. The total bending moment was found to be equal to 69 kNm/m [5].

Bending moment resistance
To assess the moment capacity, the bending moment resistance should also be determined. In Figure 4.13
the relevant strain, stress and free body diagrams are illustrated.
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Figure 4.13: Strain and stress diagram with tension at the bottom and €. is 3.50 %o as moment of failure

As previously described, the height of the concrete compressive zone and the bending moment resistance
can be calculated by the summation of the horizontal forces and moments.

SSH =0
Nc - Ns,tension - NEd =0
3
1" b-x- fcd - As,tension . fyd —Ngqg =0
NEd+As,ten,sion'fyd
T fed

ZM|cente7‘
Mpgq = N, - (%h - 1%93) + N tension - (%h —a)

xr =
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The abbreviations shown represent the following:

h is the height in [mm].

b is the width in [mm].

x is the height of the concrete compressive zone in [mm].

a is the length from the top surface of the tension zone to the center of gravity of the tensile reinforce-
ment in [mm|. a =h—d

d is the effective depth of the reinforced concrete section, which is measured from the top surface of the
compression zone to the center of gravity of the tensile reinforcement in [mm)].

fea is the design value of the compressive strength of the concrete in [N/mm?].

fya is the design yield strength of the reinforcement in [N/mm?].

fia is the design working prestress in [N/mm?].

NEq is the design normal force due to transverse prestressing in [N]. Ngq = fiq - 4,

A, is the area of the prestressing tendons applied in [mm?/m].

N, is the design normal force of the concrete in [N].

Ns tension is the design normal force of the reinforcing steel under tension in [N].

As tension 18 the area of the reinforcement under tension in [mm?].

For the calculation of the moment resistance, a width of 1 m is considered. From the material properties
in section 2.3, the following are known:

- h =200 mm

-d=152 mm

-a=200—152 =48 mm

- fea =20 N/mm?

- fya = 300 N/mm?

- Nga = fra- Ap = 462 - 935 = 431796 N/m = 432 kN /m

- fra = 935 N /mm?

A, =127 (0/2)? =12 -7+ (7/2)? = 462 mm?

The area of the prestressing tendons can be combined with the area of the reinforcement subjected to
tension. The Freyssinet prestressing is applied as 1207, resulting in a prestressing area of 462 mm?.
To account for this in the reinforcement area, the prestressing has been converted to a reinforcement
configuration of (¥24.2-1000.

_ w(10/2)2-1000 | 7-(24.2/2)%-1000 __ 2
- As,tension - + 1000 = 833 mm

200
Substitution of the values obtained into Equations 4.4 and 4.5 yields the bending moment resistance.

As described in subsection 2.2.5, which outlines the reinforcement details, it is noted that there is an
exception regarding five T-frames. Specifically, these five T-frames have external prestressing applied
at segment type D. This is due to a possible variation in the positioning of the transverse prestressing.
TNO describes the way to predict the effect of this on the bending moment capacity [6].
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Figure 4.14: Curvature pressure due to curved tendons [15]

where:

gp is the curvature pressure which is a uniformly distributed load in [kN/m]. ¢, =
P, is the axial compressive force due to prestressing in [kIN].

f is the drape of the tendons in [m].

L is the slab length in [m].

ep is the eccentricity of the prestressing tendons at midspan to the centroidal axis of the concrete section
in [m].

S'Pm,'f
2

In Figure 4.14 the curvature pressure and compressive force resulting from the application of prestress-
ing are visualised. The axial compressive force P, due to the external prestressing applied can be
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calculated as follows.

Py =A, fra=4-7-(7/2)?-935/0.9/1000 = 159.92 kN /m

For these five T-frames where external prestressing is applied, the transverse prestressing has deviant
positions. Namely, from the original design it was found that the distance between the center of the
transverse prestressing and the underside of the deck is locally 122.8 mm. This positioning, along with
the additional external prestressing applied, results in a moment resistance of 70.81 kNm/m. Addition-
ally, the moment due to the negative curvature pressure from the transverse prestressing can be taken
into account.

Meyro— = =P - ey = —Ap - fra- e, = —462-935 - (122.8 — 100) - 1076 = —9.85 kNm/m

Similarly, the moment due to the positive curvature pressure from the external prestressing can be
taken into account.

Meyrot = Py - ep =159.92-0.1 = 15.99 kN /m

The total moment resistance is the bending moment resistance adjusted for the negative curvature pres-
sure from the transverse prestressing and increased by the positive curvature pressure from the external
prestressing.

Mpq = 70.81 + Meyro— + Meyrpsr = 70.81 — 9.85 + 15.99 = 76.95 kNm/m

Unity check
The unity check (U.C.) is calculated through Equation 4.6 to evaluate the bending moment capacity.

_ Mgq

UC. =
Mpa

Ultimately, Table 4.12 shows the applied bending moment, the moment resistance and the unity check
for the top slab of the box girder at midspan.

Table 4.12: Unity check moment capacity of box girder’s top slab at midspan

MEd As,tension h T MRd U.C.
[kNm/m] [mm?] [mm] | [mm] | [kNm/m]
Standard 69 853 200 | 45.85 69.81 0.99
With external 69 853 200 | 55.70 | 76.95 | 0.96
prestressing

Conclusion

Thus, in evaluating the bending moment at midspan at the top slab, consideration has been given
to five T-frames with incorrectly positioned transverse prestressing and their negative curvature effect.
Consequently, the applied external prestressing intended to correct this has also been taken into account,
along with their positive curvature effect. In conclusion, Table 4.12 shows that both the standard T-
frames and those with external prestressing have a marginal bending moment resistance to withstand
the applied bending moments.
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Check 4: Shear force capacity top slab

The fourth check is the evaluation of the top slab of the box girder’s shear force capacity. In longitudinal
direction, this evaluation is conducted for segment type D. Figure 4.12 highlights where the evaluation
of the box girder is located in transverse direction.

Vel SV

Figure 4.15: Check 4: Shear force capacity of the box girder’s top slab. Adapted from [5]

To check the shear force capacity of the top slab, two locations (A and B) will be assessed. Figure 4.16
illustrates these locations.

A B

Figure 4.16: Check 4: Locations A and B on the box girder’s top slab [5]

Based on the reinforcement properties detailed in subsection 2.2.5, the reinforcement applied in locations
A and B is known, see Table 4.13.

Table 4.13: Reinforcement applied in the box girder’s top slab at locations A and B

Reinforcement QR42
Loc. A | ¥19-400 + ©¥)16-400 + (¥14-200
Loc. B (*16-400 4+ ¥8-400

Applied shear force

The outcomes of the model by Iv-Infra based on the box girder segment type D were used [5]. The
applied shear force was found by including the cantilever’s self-weight, the pavement and the uniformly
distributed traffic load. Moreover, the highest applied shear force resulting from the Tandem System
of Eurocode Load Model 1 was found. This was done by shifting the position of the Tandem System
on the bridge. Through summation, the total applied shear force in the box girder’s top slab could be
calculated. At location A this is equal to 258 kN/m and at location B to 169 kN/m [5].

Shear force resistance
To verify the capacity, the shear force resistance should be computed. RBK 1.2.1 can be used again to
compute the shear force resistance through Equation 4.9.

VRde = [0.12 - keap - k- (100 - py - fek) /3 +0.15 - 0p] - by - d > [Ugin + 0.15 - 00p] - by - d

where:
VRa,c is the design shear capacity of the concrete in [N].
Keap is 1.0 -.
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k is the size effect factor, with d in [mm]. k =1+ /22 <2.0.

d is the effective depth to the main flexural reinforcement in [mm].
p1 is the flexural reinforcement ratio. p; = b‘iﬁb.

Ag is the area of reinforcement in [mm?].

fek is the characteristic cylinder compressive strength of the concrete in [N/mm?].
F, is the working prestress force in [N].

Fiop is the superimposed, axial load in the top slab in [NJ].

Fp+Fiop

0cp is the compressive stress in the concrete from axial load or prestressing [N/mm?]. o, = 45—
w

by is the smallest width of the cross-section in the tensile area in [mm].
3

Vmin 15 0.035 - Ky - ki, - kdup - £2..
ky is 1.25 for smooth steel and 1.00 for ribbed steel.
kp, is 4.2 - e~ 4/800 < 3.4,

For the calculation of the shear force resistance, a width of 1 m is considered. From the material prop-
erties in section 2.3, the following are known:

Location A:

-d=h—cq—O/2 =480 —20 — 10 = 450 mm

_ /200 _
k=14 /%5 =1.67—
A, = 7-(19/2)%-1000 4 7-(16/2)%-1000 + 7 (14/2)-1000 _ 1981 mm?2

1= ity =000
- for. = 30 N/mm?

- F, =432 kN/m

- Fiop =99 kN /m according to Iv-Infra [5].

— 432:10%499.10° _ 2
- Oep = “oooaso = L1 N/mm

- Umin = 0.035- 1.0 - 4.2 - ¢7459/800 .1 0. 301/2 = 0.46 N /mm?

Location B:
-d=h—cq—0/2=200—-20—-10=170 mm

— 200 __ —
Ck=14,/20 =208~ - k=2.0-

2 2
S A, = 776;;6/420)0 1000 4 = (z:s/i())0 1000 _ 698 1m?2
- P = Tooe.m70 = 0-0037—
- fer = 30 N/mm?
- F, =432 kN/m
- Fiop =99 kN /m according to Iv-Infra [5].
- O = % = 2.7 N/mm?
- Vmin = 0.035-1.0- 4.2 - ¢=170/800 .1 0. 301/2 = 0.65 N /mm?
Substitution of the values obtained into Equation 4.9 yields the shear force resistance.

In Figure 4.14, the curvature pressure resulting from the tendon curvature is illustrated. This illustra-
tion hypothesises the external prestressing that was applied in five T-frames. The curvature pressure
introduces an additional shear force at location B. TNO describes a method to predict its impact on
the shear force capacity [6]. The additional shear force can be calculated as follows.

VEd,curv =05 gy L =05 (8 Py - f/L?)-L=0.5-(8-160-0.1/3.48%)/3.48 = 18.4 kN

The applied shear force is increased by the addition of this supplementary force to the existing shear
force. Similarly, the shear force resistance can be increased by incorporating an additional resistance
found due to the applied external prestressing.

Ved,curv = 0.15- (P, /(b-h))-b-d=0.15- (160/(200 - 1000)) - 170 - 1000 = 20.4 kN

Unity check
The shear force capacity is assessed by calculating the unity check (U.C.) through Equation 4.10.

Vi

UC. =—
VRa
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The applied shear force, shear force resistance and unity check are presented in Table 4.14 for the box

girder’s top slab.

Table 4.14: Unity check shear force capacity of box girder’s top slab

prestressing

VEd VRd UC
[kN/m] | [kN/m]
Loc. A 258 287 0.90
Standard Toc. B 169 159 1.07
With external Loc. B 187 179 1.05

Conclusion

For the box girder’s top slab, similar to the evaluation of the bending moment capacity, the evaluation
of the shear force capacity also considers the five T-frames with external prestressing. Namely, the
external prestressing increases the shear force resistance but also introduces an additional shear force
at location B. As indicated by the results, all T-frames have a unity check at location B that exceeds
1. One possible explanation is the critical nature of location B, as depicted in Figure 4.16, which shows
its proximity to the web despite its small thickness of 200 mm.
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Check 6: Moment capacity webs (tension outer side)

Check number 6 involves assessing the moment capacity of the box girder’s webs under applied moments
inducing tension on the outer side of the webs. Figure 4.17 illustrates the location of this assessment
in the transverse direction of the box girder. In the longitudinal direction, this evaluation is conducted
at cross-sections 5 and 11, located in segment types B and D, respectively (see Figure 4.18).
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Figure 4.18: Check 6: Cross-sections 5 and 11 in the longitudinal section of the Zeelandbrug. Modified [NZC-78].

The diameter and center-to-center distance of the applied soft steel reinforcement vary across different
cross-sections. Additionally, the center-to-center distance of the Dywidag bars changes along the longi-
tudinal section of the structure. Iv-Infra predicts that cross-sections 5 and 11 could be critical [5]. This
prediction is due to the relatively high center-to-center distance of the Dywidag bars in cross-section 5,
and the low amount of soft steel reinforcement combined with the angle of the Dywidag bars in cross-
section 11. Therefore, in this recalculation cross-sections 5 and 11 will be checked as well. The soft steel
reinforcement applied in cross-sections 5 and 11 are given in Table 4.15. Regarding the prestressing,
the Dywidag bars are also essential for enhancing the shear force capacity of the webs in longitudinal
direction. According to Iv-Infra, approximately 50% of the Dywidag bars’ capacity contribute to the
moment capacity in the transverse direction, while the remaining 50% enhances the shear force capacity
in the longitudinal direction of the webs [5].

Table 4.15: Reinforcement applied in the box girder’s webs at cross-sections 5 and 11

Reinforcement QR42
Cross-section 5 | ©22-400 + ?19-400
Cross-section 11 | ©¥19-400 + (¥16-400

Applied bending moment

The outcomes of the Iv-Infra model based on the box girder segment type D were utilised [5]. For
cross-sections 5 and 11, the web thickness is greater than the web thickness employed in the model.
Consequently, the applied moment due to the Tandem System was slightly increased compared to the
model’s outcome. This outcome corresponds to the highest applied bending moment resulting from the
Tandem System of Eurocode Load Model 1. This was achieved by repositioning the Tandem System on
the bridge. Additionally, the applied bending moment was calculated by considering the cantilever’s
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self-weight, the pavement, and the uniformly distributed traffic load. The total applied bending moment
in the box girder’s webs was then determined by summing these contributions. At cross-sections 5 and
11, this results in a bending moment of 163 kNm/m [5].

Bending moment resistance

Subsequently, the bending moment resistances have been determined. The relevant strain, stress and
free body diagram are shown in Figure 4.19.
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Figure 4.19: Strain and stress diagram with tension left and €. is 3.50 %o as moment of failure
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As previously mentioned, by summing the horizontal forces and the moments, the height of the concrete
compressive zone and the bending moment resistance can be calculated.

SH=0
Nc - Ns,tension - NEd =0
3 —
1 b-x- fcd - As,tension . fyd - NEd =0
NpatAs tensionfyd
T Tea

ZM|cente7‘
MRd = Nc . (%h - 11893) + Ns,tension : (%h - a)

xr =

The abbreviations shown represent the following:

h is the height in [mm)].

b is the width in [mm].

x is the height of the concrete compressive zone in [mm].

a is the length from the top surface of the tension zone to the center of gravity of the tensile reinforce-
ment in [mm|. a =h—d

d is the effective depth of the reinforced concrete section, which is measured from the top surface of the
compression zone to the center of gravity of the tensile reinforcement in [mm)].

fea is the design value of the compressive strength of the concrete in [N/mm?].

fya is the design yield strength of the reinforcement in [N/mm?].

fpa is the design tensile strength in [N/mm?].

NEq is the design normal force due to transverse prestressing in [N]. Ngg = fpq - 4p

A, is the area of the prestressing tendons applied in [mm?/m).

N, is the design normal force of the concrete in [N].

Ns tension is the design normal force of the reinforcing steel under tension in [N].

As tension 18 the area of the reinforcement under tension in [mm?].

For the calculation of the moment resistance, a width of 1 m is considered. From the material properties
in section 2.3, the following are known:

Cross-section 5:

- h =380 mm

- d =340 mm

- a =380 — 340 = 40 mm

- fea =20 N/mm?

- fya = 300 N/mm?

- NEd =0 kN/m

_ w(22/2)2-1000 | 7-(19/2)%-1000 __ 2
- As,tension — 200 + 100 = 1659 mm
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Cross-section 11:

- h =352 mm

-d =298 mm

- a=352—298 =54 mm

- fea = 20 N/mm?

- fya =300 N/mm?

- Ngg = fpa-Ap = 713285 =202738 N/m =203 kN /m

- fpa = 713 N /mm?>

- A, = TE2221000 5607 i (45) = 285 mm?

It is possible to combine the prestressing tendon area with the tensioned reinforcement area. The Dy-
widag prestressing is applied as ¥32-1000. Since the Dywidag bars contribute only 50% to the moment
capacity and are positioned at an angle of approximately 45 degrees, the effective prestressing area
is 285 mm?. To account for this in the reinforcement area, the prestressing has been converted to a

reinforcement configuration of ?¥32-2820.
. 2. . 2, . 2,
- Ay rension = T (19/420)0 1000 4 = (16@20)0 1000 4 = (324;%0 1000 _ 1495 mm?2
Substitution of the values obtained into Equations 4.4 and 4.5 yields the bending moment resistance.

Unity check
The unity check (U.C.) to evaluate the bending moment capacity is calculated through Equation 4.6.

_ Mgq

UC. =
Mpq

Table 4.16 demonstrates the applied bending moment, the moment resistance and the unity check for
the box girder’s webs with tension on the outer side.

Table 4.16: Unity check moment capacity of box girder’s webs (tension outer side)

MEd As,tension h d € MRd U.C.

[kNm/m] [mm?2] [mm] | [mm] | [mm] | [kNm/m]
Cross-section 5 163 1659 380 340 | 33.18 162.81 1.00
Cross-section 11 163 1495 352 298 | 43.41 158.32 1.03

Conclusion

In this check, it was considered that the Dywidag bars have a lower design yield point f,q. The design
yield point f,q of the Dywidag bars was assumed to be 713 N/mm?, as specified by TNO [6]. Notably,
the contribution of the Dywidag bars was only considered for cross-section 11, thereby influencing only
this bending moment capacity. The results reveal a unity check value of 1 at cross-section 5, which
can be attributed to the exclusion of the Dywidag bar contribution due to their substantial center-to-
center spacing. Conversely, cross-section 11 has a unity check that slightly exceeds 1, despite having a
closer spacing of the Dywidag bars. This means that the influence of the Dywidag bars’ prestressing in
cross-section 11 were taken into account. Nevertheless, cross-section 11 has less soft steel reinforcement
and the contribution of the prestressing was restricted to 50% of their capacity, as the other 50% was
allocated for the longitudinal shear force capacity.



4.3. Recalculation of the Zeelandbrug 53

4.3.2. Checks in longitudinal direction
After completing the checks in transverse direction to analyse potential critical structural elements, this
assessment will proceed longitudinally. In these checks, the additional shear forces identified by the
Finite Element Model (model with supports) will be incorporated due to a support settlement of 100
mm and a lower and upper bound of 5 and 200 mm.

Check 8: Moment capacity top and bottom slab (tension top slab)

In check number 8, the moment capacity of both the top and bottom slabs of the box girder are assessed
in the longitudinal direction. The loads acting on the bridge could induce a moment that results in
tension in the top slab and compression in the bottom slab. Figure 4.20 depicts the locations of this
assessment along the longitudinal direction of the bridge. This evaluation is carried out at four cross-
sections: adjacent to the support and at the construction joints between the segment types within a
cantilever, as illustrated in Figure 4.21.
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Figure 4.20: Check 8: Moment capacity of the box girder’s top and bottom slab. Adapted from [5]
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Figure 4.21: Check 8: Cross-sections in the longitudinal section of the Zeelandbrug. Modified [NZC-78].

Applied bending moment

The outcomes of the Iv-Infra model were utilised to find the maximum occurring bending moment [5].
The Iv-Infra model for the longitudinal direction consists of five T-frames of the Zeelandbrug. Within
this model, various load cases were implemented incorporating different configurations of the uniformly
distributed traffic load and the Tandem System of Eurocode Load Model 1. Ultimately, the applied
bending moment is the cumulative result of the bending moments due to the self-weight, the barrier, the
pavement, the Tandem System, the uniformly distributed traffic load and the braking force. Table 4.17
presents these total maximum bending moments that are applied at the construction joints and adjacent
to the support.

Table 4.17: Total design bending moment [5]

Mgq
[MNm]
Adjacent to the support 317
Joint A-B 269
Joint B-C 126
Joint C-D 38
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It should be noted that the influence of torsion resulting from the eccentricity of the traffic loads has
been neglected. According to Iv-Infra, this is omission is deemed acceptable since the traffic loads have
a significantly small contribution compared to the permanent loads [5].

Operative forces

Figure 4.22 depicts a free body diagram illustrating the distribution of forces due to the applied moment
resulting in tension in the top slab and compression in the bottom slab. Figure 4.22 shows an additional
tension force in the top slab due to shear forces from the webs. This check aims to determine if the
prestressing force in the top slab is adequate to resist the tension induced by the bending moment.
Additionally, this check evaluates whether the compressive stress in the bottom slab, resulting from the
bending moment, remains within acceptable limits.
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Figure 4.22: Free body diagram of the box girder’s top and bottom slab
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Top slab
To determine if the prestressing force in the top slab is sufficient to resist the tension induced by the
bending moment, the normal force caused by the bending moment should first be calculated. This can
be done using Equation 4.11.

FEd:MEd/Z (411)

where:

Fgq is the design value of the normal force resulting from the applied bending moment in [MN].

MEgq is the design value of the applied bending moment in [MNm].

z is the the effective arm between the line of action of the tension force and the line of action of the
compressive force in [m]. z =h" — (diop siab + Abottom stab)/2

h' is the height from the top of the top slab to the bottom of the bottom slab in [m].

diop siab i the thickness of the top slab in [m)].

dpottom siab 18 the thickness of the bottom slab in [m].

The additional force due to shear forces from the webs can be calculated with Equation 4.12.
AFgq = (Vea + Vset) - ar/z (4.12)

where:

AFgq is the additional force due to shear forces from the webs in [MN].

VEa is the design value of the occurring shear force in [MN].

Vsett is the shear force due to a settlement of a pier in [MN], see Tables 3.3 and 3.5.

ar, is the distance of the shift of the moment curve in [m]. ar,/z = (cot(8) — cot(x))/2

f is the angle between the concrete compressive strut and the beam axis perpendicular to the shear
force in [deg].

« is the angle between shear reinforcement and the beam axis perpendicular to the shear force (mea-
sured positive) in [deg].

The prestressing force of a single tendon can be computed through Equation 4.13.

Fp = fpa,20% - Ap (4.13)
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where:

F, is the prestressing force of a single tendon in [N].

[pd.20% is the design tensile strength with a prestress loss accounted for of 20% in [N/mm?].
A, is the area of the prestressing tendon applied in [mm?].

The total prestressing force from all the tendons present in the box girder can be determined using
Equation 4.14.

> F,=n-F, (4.14)

where:

> F, is the total prestressing force in [N].

F, is the prestressing force of a single tendon in [N].
n is the number of prestressing tendons.

Based on the applied moment and the box girder’s dimensions, the normal force resulting from the
applied bending moment can be calculated. Additionally, the box girder’s dimensions allow for the
computation of the additional force due to shear forces from the webs, using a theta (0) of 30 and 21.8
degrees.

With 6 = 30°:

- 0 =30°— cot(30°) = 1.73

- a=90° = cot(90°) =0

-ar/z=(1.73-0)/2=0.866 —

With 6 = 21.8%:

_ 9 =21.8° — cot(21.8°) = 2.50
- a=90° = cot(90°) =0
-ap/z=(250-0)/2=1.25 —

Furthermore, based on the number of tendons present in the box girder, the total prestressing force can
be calculated. The prestressing force of a single tendon can be determined using the material properties
provided in section 2.3.

- fpa20% = 1231 N /mm?

-A,=12-71-(0/2)? =12 - 7 - (14/2)? = 462 mm?

- F, = 1231 - 462 = 568520 N = 568.5 kN

Bottom slab

In addition to the tension in the top slab, the applied bending moment will induce compression in the
bottom slab. It should be evaluated whether this compressive stress does not exceed the compressive
strength of the concrete. To determine this, Equation 4.15 can be used to compute the concrete’s
compressive force resistance.

NRd,c = fcd . b/ ' dbottom slab (415)

where:

Npa, is the design axial compressive force resistance of the concrete in [NJ.
fea is the design value of the compressive strength of the concrete in [N/mm?].
b’ is the width of the bottom slab in [mm].

dpottom stap 18 the thickness of the bottom slab in [mm].

With a compressive strength of 20 N/mm? for the concrete, the compressive resisting force from the
concrete can be calculated based on the dimensions of the box girder.

Unity check
After performing the required calculations, the unity check can be presented for both the top and bot-
tom slab.
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Top slab
The unity check for the top slab can be calculated through Equation 4.16.
F AF
vo — Frat AFpd) (4.16)

£y

The box girder’s dimensions and forces are outlined in Table 4.18, enabling the calculation of the unity
check for the top slab across the various cross-sections considered. In this Table, 6 is set to 30 degrees.

Table 4.18: Unity check bending moment top slab with 6 = 30°

Mgq B diop stab | dbottom stab | Fgq | AFgq n Y F, | UC.
[MNm] | [m] [m] [m] [m] | [MN] | [MN] | [number] | [MN]
Adjacent to the support 317 5.44 0.20 0.53 5.08 | 62.46 | 13.86 143 81.30 | 0.94
Joint A-B 269 4.69 0.20 0.50 4.34 | 61.98 | 12.47 123 69.93 | 1.06
Joint B-C 126 3.18 0.20 0.39 2.89 | 43.67 | 8.14 87 49.46 | 1.05
Joint C-D 38 2.22 0.20 0.27 1.99 | 19.14 | 4.33 45 25.58 | 0.92
Similarly, Table 4.19 provides the unity check for the top slab, where 0 is set to 21.8 degrees.
Table 4.19: Unity check bending moment top slab with 6 = 21.8°
MEd B dtop slab dbottom slab z FEd A-FEoi n Z Fp U.C.
[MNm] | [m] [m] [m] [m] | [MN] | [MN] | [number] | [MN]
Adjacent to the support | 317.00 | 5.44 0.20 0.53 5.08 | 62.46 | 20.00 143 81.30 | 1.01
Joint A-B 269.00 | 4.69 0.20 0.50 4.34 | 61.98 | 18.00 123 69.93 | 1.14
Joint B-C 126.00 | 3.18 0.20 0.39 2.89 | 43.67 | 11.75 87 49.46 | 1.12
Joint C-D 38.00 | 2.22 0.20 0.27 1.99 | 19.14 | 6.25 45 25.58 | 0.99

Table 4.20 presents an impact assessment evaluating the unity check for the bending moment capacity
of the top slab across various cases. The default case, as previously calculated, assumes a 6 of 30
degrees, no settlement, a Young’s modulus of 30 GPa, and a prestress loss of 20%. Additional cases are
analysed with either a 6 of 21.8 degrees, settlements of 5 mm, 100 mm or 200 mm, a settlement of 100
mm combined with a Young’s modulus of 20 GPa or 25 GPa, or a prestress loss of 15%. The percentage
values represent deviations from the default case.

Table 4.20: Impact assessment: Unity check bending moment top slab with altering parameters

U.C. U.C. U.C. U.C. U.C. U.C. U.C. U.C.
(6=21.8°) (100 mm) (5 mm) (200 mm) (100 mm) (100 mm) (fpa,15%)
(E=25 GPa) | (E=20 GPa)
Adjacent to the support | 0.04 | 101 (8.1%) | 0.95 (1.0%) | 0.94 (0.0%) | 0.96 (1.9%) | 0.95 (0.8%) | 0.94 (0.6%) | 0.88 (5.
Joint A-B 1.06 | 1.14 (7.4%) | 1.08 (1.0%) | 1.07 (0.0%) | 1.09 (2.0%) | 1.07 (0.8%) | 1.07 (0.7%) | 1.00 (-5.
Joint B-C 1.05 | 1.12 (7.0%) | 1.06 (1.4%) | 1.05 (0.1%) | 1.08 (2.8%) | 1.06 (1.2%) | 1.06 (1.0%) | 0.99 (-
Joint C-D 0.02 | 0.99 (8.2%) | 0.95 (3.1%) | 0.02 (0.2%) | 0.97 (6.2%) | 0.94 (2.6%) | 0.94 (2.1%) | 0.86 (-

Bottom slab

Equation 4.17 yields the unity check values for the bottom slab, which are presented in Table 4.21 for
the various cross-sections considered.
Fgq

UC. =
NRd,c

(4.17)

Table 4.21: Unity check bending moment bottom slab

Mgq Frq b pottom siab fed Nrpae | UC.
[MNm] | [MN] | [mm] [mm] [N/ mm2] [MN]
Adjacent to the support 317 62.46 | 6412 530 20 67.97 | 0.92
Joint A-B 269 61.98 | 6524 500 20 65.24 | 0.95
Joint B-C 126 43.67 | 6720 390 20 52.42 | 0.83
Joint C-D 38 19.14 | 6850 270 20 36.99 | 0.52
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Conclusion
In this section, calculations were conducted to evaluate the bending moment capacity of the box girder
in longitudinal direction. The following were taken into account:

e For the bottom slab, the calculation took into account its actual width.

o For the top slab, the prestress loss was adjusted to 20%. This reflects a more accurate estimation
of the longitudinal prestress loss. A prestress loss of 15% was also considered.

e For the top slab, a modified value of # was taken into account.

e For the top slab, the additional tensile force has been considered due to the shear forces resulting
from a support settlement. As settlement of the support, a lower and upper bound of 5 and 200
mm have been considered, as well as a settlement of 100 mm. A varying Young’s modulus has
been considered, where the modulus was adjusted to 20 and 25 GPa combined with a support
settlement of 100 mm.

All in all, it is evident from the results that the concrete compressive strength of the bottom slab
sufficiently withstands the compressive stresses induced by the applied bending moment. On the other
hand, the unity check values for the top slab indicate that the prestressing force is often insufficient in
withstanding the tensile forces induced by the bending moment across most cross-sections considered.
It is visible that reducing the value of 6 increases the force in the top slab due to shear forces from
the webs, which in turn results in higher unity checks. Similarly, accounting for the additional shear
force due to the settlement of a support also increases the force in the top slab. Considering a support
settlement of 100 mm, it is evident that variations in the Young’s modulus do not produce significant
effects. Lastly, a lower percentage of prestress loss correlates with a higher prestressing force present in
the top slab and hence lower unity checks.
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Check 9: Shear force capacity webs

Lastly, check number 9 assesses the shear force capacity of the webs in longitudinal direction. Figure 4.23
demonstrates how the loads applied on the bridge will generate shear forces in the webs. Figure 4.24
specifies the locations where this assessment is conducted along the longitudinal span of the bridge.
Similar to check 8, this evaluation is performed at the same four cross-sections: adjacent to the support
and at the construction joints between the segment types within a cantilever.

Figure 4.23: Check 9: Shear force capacity of the box girder’s webs. Adapted from [5]

b smmews o E R
Adjacent to the support Joint A-B i - Joint C-D
s W L «

Low

Figure 4.24: Check 9: Cross-sections in the longitudinal section of the Zeelandbrug. Modified [NZC-78].

Applied shear force

The results from the Iv-Infra model were used to determine the highest shear force experienced in the
web [5]. The model considers various load cases, including different setups of the uniformly distributed
traffic load and the Tandem System from Eurocode Load Model 1. The total shear force applied in-
cludes contributions from the self-weight, the barriers, the pavement, the Tandem System, the uniformly
distributed traffic load, and the braking force. The column with Vgy4 in Table 4.22 presents the highest
shear forces found at the construction joints and adjacent to the support [5].

As a result of torsion, tension/compression couples develop in the webs, adding to the applied shear force.
Iv-Infra has quantified the torsional contribution resulting from traffic eccentricity using Equation 4.18
[5]. Iv-Infra found for AVgqrs a value of 345 kN and for AVgq.upr, a value of 11.4 kN/m [5]. Based
on the effective length over which the uniformly distributed load acts, the additional shear force in the
web due to torsion can be calculated.

AViga = AVEgars + AVea,upr - Legy (4.18)

where:

AVgq is the total shear force induced by torsion due to traffic eccentricity in [kN].

AVgqgrs is the shear force induced by torsion due to the eccentricity from the Tandem System in [kN].
AVggupr is the shear force induced by torsion due to the eccentricity from the uniformly distributed
traffic load in [kN/m)].

L.y is the effective length over which the uniformly distributed load acts in [m].
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Finally, the applied shear force per web is calculated by dividing the total applied shear force by two,
then adding the torsional shear force and half of the shear force due to a pier’s settlement. In the
absence of settlements, the results are presented in Table 4.22.

VEedtot = AVia + (VEd + Viert)/2 (4.19)

where:

VEad,tot is the design value of the total occurring shear force per web in [MN].

AVgq is the total shear force induced by torsion due to traffic eccentricity in [MN].
VEa is the design value of the occurring shear force in [MN].

Viett is the shear force due to a settlement of a pier in [MN], see Tables 3.3 and 3.5.

Table 4.22: Total design shear force [5]

Vea | Lesr | AVEd | Vsert | VEd,tor Der web
[MN] | [m] [MN] | [MN] [MN]
Adjacent to the support | 16.0 | 47.5 0.89 0 8.89
Joint A-B 14.4 | 475 0.89 0 8.09
Joint B-C 9.4 25.2 0.63 0 5.33
Joint C-D 5.0 | 12.35 | 0.49 0 2.99

Shear force resistance

The shear force resistance is governed by the minimum value between the total shear resistance, which
includes contributions from the reinforcement components, and the shear force resistance limited by
the crushing of the concrete compressive strut. The shear force resistance will be calculated per web.

Total shear force resistance

The total shear force resistance includes the combined effects of prestressing, reinforcement and the
strength of concrete, along with any additional contribution from forces in the case of an inclined chord.
The total shear force resistance can be calculated with Equation 4.20.

Vra = Vrd,s + Veed + Via + Vrac (4.20)

where:

Vga is the design value of the total shear force which can be sustained by the concrete member in [NJ.
VRa,s is the design value of the shear force which can be sustained by the yielding shear reinforcement
in [N].

Veea is the design value of the force in the compression area, in the case of an inclined compression
chord in [N].

Viq is the design value of the shear component of the force in the tensile reinforcement in the case of an
inclined tensile chord in [N].

VRa,c is the design shear resistance of the concrete member without shear reinforcement in [N].

Contribution prestressing

According to NEN-EN 1992-1-1:2005, the contribution of the shear reinforcement to the total shear force
resistance can be computed through Equation 4.21. This equation holds true for concrete members with
inclined shear reinforcement.

Vra,s = Asw/S - 2+ fywa - cot(8) - +cot(e)) - sin(a) (4.21)

where:

VRa,s is the design value of the shear force which can be sustained by the yielding shear reinforcement
in [N].

Agy 18 the cross-sectional area of the shear reinforcement in [mm
s is the spacing of the stirrups in [mm].

z is the the inner lever arm between the line of action of the tension force and the line of action of the
compressive force in [mm).

fywa is the design yield strength of the shear reinforcement in [N/mm?].

2}.
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0 is the angle between the concrete compressive strut and the beam axis perpendicular to the shear
force in [deg].

« is the angle between shear reinforcement and the beam axis perpendicular to the shear force (mea-
sured positive) in [deg].

Contribution soft steel reinforcement

The soft steel reinforcement will not be taken into account in the shear force resistance of the webs
in longitudinal direction. Namely, the soft steel reinforcement is already accounted for in the bending
moment capacity of the webs in the transverse direction. Because it is difficult to quantify the contri-
bution of the soft steel reinforcement to each capacity, the soft steel reinforcement is excluded from the
shear force resistance [5]. This exclusion only has an effect when the shear force resistance is smaller
than the shear force resistance limited by the crushing of the concrete compressive strut.

Contribution concrete

Similar to previous calculations, the contribution of concrete to the shear force resistance can be deter-
mined using the formula provided by RBK 1.2.1 (see Equation 4.9). However, TU Delft has shown in
2019 that for greater structural heights the scale effect in this formula is underestimated, resulting in
an overly favourably calculation of the concrete contribution. Therefore, TNO recommends calculating
the contribution of the concrete to the shear force resistance using the formula described by TU Delft
(see Equation 4.22) [6].

Vige = — Jas - 3 by - 2 (4.22)
c
where:
VRd.c is the design shear resistance of the concrete member without shear reinforcement in [N].
v is the partial factor for concrete. . = 1.5 —
kq; is the factor accounting for properties of the reinforcement and concrete member.
kai = 0.7 - (10020dda y1/3
p1 is the flexural reinforcement ratio. p; = b‘zﬁld <0.02 —.
dgg4 is the shear crack roughness parameter.
dag = 16 + Dgrain < 40 mm for fo, <60 N/mm?
Dgrqin is the maximum grain size in [mm].
d is the effective depth to the main flexural reinforcement in [mm].
fek is the characteristic cylinder compressive strength of the concrete in [N/mm?].
by is the smallest width of the cross-section in the tensile area in [mm].
z is the the inner lever arm between the line of action of the tension force and the line of action of the
compressive force in [mm].

Contribution inclined chords

Equation 4.23 provides the calculation for the shear component V.4 of the force in the compression
area when dealing with an inclined chord. The division by two is applied because the shear resistance
is computed per web. The shear component V;4 of the force in the tensile reinforcement is considered
to be zero, since the tensile chord is not inclined.

Veed = FEa dy/dsc /2 (4.23)

where:

Vieq is the design value of the force in the compression area, in the case of an inclined compression
chord in [NJ.

Fgq is the design value of the normal force resulting from the applied bending moment in [N].

dy/dx is the inclination of the chords.

Shear force resistance limited by crushing of the concrete compressive strut

The maximum shear force resistance constrained by the crushing of the concrete compressive strut
should also be determined. This can be computed using a formula from NEN-EN 1992-1-1:2005, specif-
ically designed for concrete members with inclined shear reinforcement. The formula is provided in
Equation 4.24.
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VRd,maz = Qcw - by - 2 - V1 - fea - (cot(0) + cot(a)) / (1 + cot?(6)) (4.24)

where:

VRd,maz is the design value of the maximum shear force which can be sustained by the concrete member,
limited by crushing of the compression struts in [N].

Qe 18 the coefficient taking account of the state of the stress in the compression chord.

by is the smallest width of the cross-section in the tensile area in [mm].

z is the the inner lever arm between the line of action of the tension force and the line of action of the
compressive force in [mm].

vy is the strength reduction factor for concrete cracked in shear. v = 0.6 - (1 — fox)/250

fea is the design value of the compressive strength of the concrete in [N/mm?].

0 is the angle between the concrete compressive strut and the beam axis perpendicular to the shear
force in [deg].

« is the angle between shear reinforcement and the beam axis perpendicular to the shear force (mea-
sured positive) in [deg].

Computation of the shear force resistance

Now that the methods have been outlined, the shear force resistances can be computed. From the
material properties in section 2.3, the following are known:
- Ay =7 (0/2)? =7+ (32/2)? = 804.25 mm?

- fywa = T13 N /mm?

-A,=12-71-(0/2)? =12 -7 (7/2)? = 461.81 mm?
-a=90°

- Qe =1

- Dgrain = 32 mm

With 6 = 30° and C30/37:

- for. = 30 N/mm?

- fea =20 N/mm?

-v1=0.6-(1— fex)/250 =0.6- (1 — 30)/250 = 0.528 —

With 6 = 21.8° and 040/50:

- for. = 40 N /mm?

- feda = 26.67 N/mm?

co1 =06+ (1= fur)/250 = 0.6 - (1 — 40)/250 = 0.504 —

Additionally, Table 4.23 provides an overview of the variable values corresponding to the different
components contributing to the total shear resistance.

Table 4.23: Variables of the components contributing to the total shear force resistance

VRd,s Veed VRd,c
s z a | cot(a) | Fga | dy/dx | by d k n ol
o] | fo] | (]| F | N | F | fow] | mw] | F] | umber] | [
Adjacent to the support | 1800 | 5075 | 90 | 0.00 | 62.46 | 0.133 | 410 | 5075 | 1.20 143 0.02
Joint A-B 1800 | 4340 | 90 0.00 61.98 | 0.128 405 | 4340 | 1.21 123 0.02
Joint B-C 1000 | 2885 | 90 0.00 43.67 | 0.103 380 | 2885 | 1.26 87 0.02
Joint C-D 750 | 1985 | 70 0.36 19.14 | 0.044 360 | 1985 | 1.32 45 0.02

Unity check

To evaluate the shear force capacity of the webs in the longitudinal direction, Equation 4.25 can be used.
This equation calculates the unity check of the shear force capacity per web. The applied shear force
was equal to the applied shear force per web combined with the contribution from the torsional shear
force due to traffic eccentricity. The shear force resistance is determined by the minimum value between
the total resistance involving reinforcement components and the resistance limited by the crushing of
the concrete compressive strut.
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VEd, tot
min(VRd ) VRd,maa: )

In Table 4.24 the results are displayed for a 6 of 30 degrees and a concrete strength of C30/37.

UcC. =

(4.25)

Table 4.24: Unity check shear force capacity webs (per web) with § = 30° and C30/37

Vedtot | VrRds | Veed | Via | Vrae | Vrd | VRdymaz | U.C.
[MN] [MN] | [MN] | [MN] | [MN] | [MN] [MN]
Adjacent to the support 8.89 2.80 | 4.15 0 0.76 | 7.71 9.51 1.15
Joint A-B 8.09 2.39 | 3.97 0 0.67 | 7.03 8.04 1.15
Joint B-C 5.33 2.87 | 2.25 0 0.48 | 5.60 5.01 1.06
Joint C-D 2.99 2.99 | 0.42 0 0.36 | 3.77 3.95 0.79

A reduction in unity checks is possible by assuming a smaller value of § (6=21.8°), and subsequently
assuming Vgg . = 0. Furthermore, a concrete strength class of C40/50 is considered, as suggested by
TNO [6]. Table 4.25 presents the corresponding results.

Table 4.25: Unity check shear force capacity webs (per web) with 6 = 21.8° and C40/50

Veditot | Vrds | Veed | Vid | Ve | Vrd | VrRdmaz | U.C.
[MN] [MN] | [MN] | [MN] | [MN] | [MN] [MN]
Adjacent to the support 8.89 4.04 | 4.15 0 0 8.20 9.64 1.08
Joint A-B 8.09 3.46 | 3.97 0 0 7.42 8.15 1.09
Joint B-C 5.33 4.14 | 2.25 0 0 6.39 5.08 1.05
Joint C-D 2.99 4.08 | 0.42 0 0 4.51 3.79 0.79

Table 4.26 presents an impact assessment evaluating the unity check for the shear force capacity of
the webs across various cases. Again, the default case uses a 8 of 30 degrees, no settlement, a Young’s
modulus of 30 GPa, and a prestress loss of 20%. Additional cases are examined which have either a 6
of 21.8 degrees, settlements of 5 mm, 100 mm or 200 mm, a settlement of 100 mm combined with a
Young’s modulus of 20 GPa or 25 GPa, or a prestress loss of 15%. Deviations from the default case are
indicated with percentages.

Table 4.26: Impact assessment: Unity check shear force capacity webs (per web) with altering parameters

U.C. U.C. U.C. U.C. U.C. U.C. U.C.

(0=21.8°) (100 mm) (5 mm) (200 mm) (100 mm) (100 mm)
(C40/50) (E=25 GPa) | (E=20 GPa)

Adjacent to the support | 1.15 | 1.08 (-5.9%) | 1.21 (4.7%) | 1.16 (0.2%) | 1.26 (9.5%) | 1.20 (4.0%) | 1.19 (3.2%)
Joint A-B 115 | 1.09 (-5.2%) | 1.21 (52%) | L.15 (0.3%) | 1.27 (10.4%) | 1.20 (4.4%) | 1.19 (3.5%)

Joint B-C 1.06 | 1.05 (-1.3%) | L.15 (7.0%) | 1.07 (0.4%) | 1.23 (15.8%) | 1.13 (6.7%) | L.12 (5.4%)

Joint C-D 0.79 | 0.79 (-0.7%) | 0.01 (14.1%) | 0.80 (0.7%) | 1.02 (28.3%) | 0.89 (11.9%) | 0.87 (9.6%)

Conclusion

For the shear force capacity of the webs in the longitudinal direction, the following have been taken

into account:

e The shear force resistance was calculated per web.

e The scale effect was considered, reducing the contribution of the concrete to the total shear force

resistance.

o A different value was taken into account for the 6 (6=21.8°) and the concrete strength class

(C40/50).

e The additional shear force has been considered resulting from a 5, 100 and 200 mm support
settlement. A Young’s modulus of 20 and 25 GPa have also been considered combined with a
support settlement of 100 mm.
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In conclusion, the results indicate that the unity checks exceed 1 for the cross-sections adjacent to the
support and at the construction joint between segment types A and B, as well as B and C. A lower
value of # and an increased concrete strength class slightly reduce the unity checks. It has, however,
been observed from check 8 that a lower value of 8 increases the unity checks for the bending moment
capacity of the top slab. This is attributed to a gentler cracking slope leading to higher tensile forces.
These tensile forces add to the total tensile force under the applied bending moments. The additional
shear force resulting from a support settlement significantly impacts the total shear force within the
webs, thereby increasing the unity checks. As already observed, a lower modulus of elasticity results
in a slight reduction in shear forces due to the settlement of a support, consequently leading to lower
unity checks.

4.3.3. Discussion
This subsection discusses the reliability of the Finite Element Model and interprets the results.

Reliability

To better understand the outcomes of the Finite Element Model, there is looked at the moment and
shear force diagram of a balanced cantilever bridge as a beam with fixed supports at the piers locations.
Then, Figures 4.25, 4.26 and 4.27 display the expected moment and shear force diagrams due to self-
weight, settlement and their combination, respectively. As is visible, the results of the Finite Element
Model correspond to these diagrams. Due to the symmetry of the cantilevers, the shear force at the
midspan joints resulting from self-weight is zero. A support settlement induces a uniform shear force
across the entire adjacent cantilever spans. These shear forces due to self-weight and settlement can be
superimposed.
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Figure 4.25: Expected moment and shear force Figure 4.26: Expected moment and shear force
diagram due to self-weight diagram due to settlement
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Figure 4.27: Expected moment and shear force
diagram due to both self-weight and settlement

Various modelling assumptions were made in the Finite Element Model. One important modelling
assumption was to model the material behaviour as linear elastic isotropic and to perform structural
linear static analyses. As demonstrated in Tables 3.3, 3.4 and 3.7, a proportional load-deformation
relationship is evident. With the concrete modelled linearly elastic, this relationship implies that the
load is directly proportional to the applied deformation; hence, doubling the deformation results in a
doubled load. Consequently, linear interpolation and extrapolation can be used to determine the shear
force in the cantilever for any given settlement.

Since the concrete was modelled as linear elastic isotropic, both nonlinear and linear analyses yield iden-
tical responses. Nonlinear analysis is generally more accurate for large deformations because it takes
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into account both material and geometric nonlinearities. Regarding the material behaviour, nonlinear
materials do not exhibit a direct proportionality between stress and strain. Instead, complex behaviours
can be modelled such as concrete cracking under tensile stresses and crushing under compressive stresses.
Regarding the geometry, nonlinear analysis considers changes in the geometry that affect the structural
stiffness and the internal force distribution. This includes the generation of additional moments due to
the deformed shape of the structure, which linear analyses do not capture. Furthermore, the concrete
was assumed to be isotropic, meaning it has identical mechanical properties in all directions. This
includes properties such as the Young’s modulus and Poisson’s ratio.

The exact difference in the structural response when applying either a linear or nonlinear model is
unknown. However, it can be speculated what impact a nonlinear model would have. A linear elastic
model, which assumed the stress in the concrete to be directly proportional to the strain it experiences,
is valid for situations where the concrete remains within its elastic range. This means that the stresses
induced by the settlements do not cause permanent deformation such as cracking or crushing. Hence,
for small settlements, the shear forces in the cantilevers can be described very accurately. For larger
settlements, and the higher deformations they induce, the concrete may begin to behave nonlinearly
and crack. At this point the linear model does not accurately describe this behaviour as it assumes
that the concrete does not crack. Therefore, the linear model might estimate the concrete to be stiffer
and overestimate the shear force that is induced by a support settlement. Hence, the linear model is
conservative. Nevertheless, the linear model does provide a good indication of the magnitude of shear
forces that can be expected in the bridge as a result of varying magnitudes of settlement.

In addition to the modelling approach, the Young’s modulus was set to 30 GPa. This value was chosen
under the assumption that the concrete remains uncracked due to the reinforcement and prestressing.
As is visible in Tables 3.5 and 3.6, a reduction in Young’s modulus would result in lower shear forces in
the cantilevers. Lastly, the translational stiffness of the shear force dowels was derived from detailed
Finite Element Model simulations under vertical loading. It is possible that the stiffness of the dowels
varies between certain cantilevers. If the stiffness of the dowels is higher than initially calculated, it
would result in increased internal forces in the concrete surrounding the dowels.

Interpretation of the results

The results obtained from the Finite Element Model and subsequent calculations provide significant
insights into the structural behaviour of the Zeelandbrug under combined traffic loading and settlement
conditions.

As illustrated in Tables 4.20 and 4.26, the contribution of shear forces due to a support settlement
increases near the midspan joints. This is because the shear forces and moments resulting from the
bridge’s self-weight decrease in the vicinity of the midspan joints, as shown in Figure 4.25. The two
shear force dowels located in the midspan joints between the cantilevers have a combined capacity of
1.3 MN. According to the FEM results, the induced shear force only exceeds this capacity for scenario
1f (support settlement of 200 mm). However, even at lower settlements, the effects could be critical.
Namely, the settlement is more likely to cause additional shear forces that, due to high load concentra-
tions around the dowels, may lead to the failure of the concrete and the Dywidag bars around the dowels.

It has been observed that when a pier of the Zeelandbrug experiences settlement, several issues may
arise, particularly under high traffic loads on the cantilever. Settlement of a support leads to an increase
in shear forces within the cantilever that mirrors the adjacent cantilever. This results in increased tensile
forces in the top slab of the box girder. If these tensile forces exceed the prestressing force, tension will
develop in the top slab of the box girder. Additionally, the increased shear force in the webs of the bridge
could exceed their capacity. The question that now arises is: what happens if the moment or shear force
capacity gets exceeded? As previously observed, exceeding the moment capacity results in tension in the
top slab of the box girder, leading to gradual cracking over time. In contrast, exceeding the shear force
capacity in the webs leads to sudden and brittle cracking, which can cause an abrupt failure of the webs.

As noted earlier, Tables 4.20 and 4.26 present the effects of altering various parameters on the unity
check across different cases. From these Tables, it can be observed that a support settlement has a
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smaller impact on the unity checks of the moment capacity of the top slab compared to its influence on
the unity check of the shear force capacity of the webs. Modifying the Young’s modulus in the Finite
Element Model to assess the additional shear force has a relatively small impact. This is due to the fact
that, for both the top slab and the webs, the shear force resulting from support settlement comprises
only a small portion of the total shear force. At the joints where the moment capacity is exceeded in the
top slab in longitudinal direction, the loss of prestress significantly affects their performance. Initially,
a 20% prestress loss has been assumed in the recalculations for the longitudinal prestressing. Applying
a longitudinal prestress loss of 15% would result in a reduction of nearly 6% in the unity check for the
moment capacity of the top slab. Specifically, if the prestress loss were 15% rather than 20%, the top
slab at the examined locations would meet the required moment capacity.

For the webs, the shear force capacity was most critical adjacent to the support and at joint A-B in the
longitudinal direction. At these locations the unity check appears to be significantly reduced due to a
higher concrete compressive strength and a reduction in 6 (the angle between the concrete compressive
strut and the beam axis perpendicular to the shear force). Reducing 6 increases the compressive force in
the concrete strut, thereby increasing the shear resistance provided by the reinforcement. However, this
adjustment also reduces the shear resistance limited by the compressive strength of the concrete strut,
which may become governing in assessing the shear resistance. As a result, merely reducing 6 does not
necessarily lead to lower unity checks. If the concrete compressive strength is increased, the capacity
of the compressive strut to resist crushing improves, making the shear resistance of the reinforcement
governing and the reduction of 6§ effective in lowering the unity check.

The FEM results underscore the necessity of strategically choosing the supports of the Zeelandbrug to
monitor for settlements. It is evident that while the settlement of a support significantly impacts the
adjacent cantilever spans, its effects on more distant spans are minimal. For instance, the FEM results
indicate that a 100 mm settlement of a support can induce a shear force of 845.2 kN in the midspan
joint of the adjacent cantilever, whereas the shear force at the midspan joint in the next cantilever span
is only 8.68 kN. This highlights the localised nature of settlement effects, which necessitates precise
position of monitoring to accurately capture these changes.

From this analysis, several key points have emerged. Firstly, it is important to determine if pier
settlement of the Zeelandbrug is occurring and to quantify its extent. Additionally, understanding the
concrete compressive strength and the degree of prestress loss is important for evaluating the long-term
structural health of the bridge. Finally, given the localised impact of settlement, monitoring should be
applied strategically to effectively measure and monitor these effects.
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4.3.4. Conclusion

Overall, the recalculation has proven valuable insights into the current condition of the Zeelandbrug.
It can be concluded that the settlement of a support induces additional shear forces, with the most
significant contributions observed near the midspan joints. These settlement-induced shear forces add
to the existing shear forces generated by the bridge’s self-weight and traffic loads, thereby elevating the
risk of surpassing the bridge’s shear and moment capacity.

Critical structural elements

Through the structural recalculation of the Zeelandbrug, it was found that the moment capacity of
the box girder’s top slab in the transverse direction is sufficient. Similarly, the compression in the box
girder’s bottom slab as a result of the longitudinal moment does not exceed the bottom slab’s resis-
tance. However, the recalculation did identify the following structural elements of the Zeelandbug’s
superstructure to be critical. Structural elements have been defined as critical when their resistance is
exceeded by the applied loading.

In transverse direction:

e The moment and shear force capacity of the cantilever of the box girder.
e The shear force capacity of the top slab of the box girder.
e The moment capacity of the webs when tension occurs on the outer side of the webs.

In longitudinal direction:

e As a result of the longitudinal moment; tension in the top slab of the box girder.
o The shear force capacity of the box girder’s webs.

Since no new information or insights were obtained, recalculation of the coupling elements was deemed
unnecessary. However, based on the available information and previous calculations of Iv-Infra and
TNO, the coupling elements are identified as critical and are listed below [5, 6].

Coupling elements:

e Shear force dowels
¢ Shock absorbers
o Hinges
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4.4. Identified uncertainties

To assess the safety of a structure, it is important to identify the uncertainties in the structure’s
behaviour. Understanding these uncertainties is important as it clarifies the gaps in knowledge within
the current calculations, enables more thorough assessments, and thereby improves decision-making
processes related to the structure. Through the recalculation process of the Zeelandbrug, uncertainties
in the bridge’s performance have been identified. The uncertainties can be viewed from two perspectives:
the uncertainties regarding the applied loading and those regarding the material resistance.

4.4.1. Material resistance

The uncertainties identified related to the material resistance will be listed for each identified critical
structural element. In general, it was observed while developing the Finite Element Model that the
value of the concrete’s Young’s modulus is uncertain.

Top slab of the box girder
In transverse direction, the cantilever of the top slab was identified as critical for the bending moment
and shear forces, along with the shear forces at the section extending from the midspan towards the
web of the box girder.

o What is the prestress loss of the transverse prestressing?

o What is the condition of the top slab? (visual inspection of the top surface is hindered by the

pavement)

e Is there corrosion of the reinforcement?

e The occurrence of shear failure due to its unpredictability
In longitudinal direction, the box girder’s top slab was identified as critical for the bending moment
with tension in the top slab.

e What is the prestress loss of the longitudinal prestressing?

Webs of the box girder
In transverse direction, the box girder’s webs were identified as critical for the bending moment.
e What amount of capacity of the Dywidag bars can be attributed to the moment capacity in the
transverse direction?
In longitudinal direction: the box girder’s webs were identified as critical for the shear forces.
e« What amount of capacity of the Dywidag bars can be attributed to the shear force capacity in
the longitudinal direction?
e What is the actual concrete compressive strength?
e The occurrence of shear failure due to its unpredictability

Coupling elements
In the longitudinal direction, the shear force dowels were identified as critical for managing shear forces,
along with the shock absorbers and hinges for handling normal forces.

e What is the actual load on the shear force dowels?

o To what extent is the freedom of rotation of the hinges prevented due to corrosion?

e What is the efficiency of the shock absorbers?

4.4.2. Applied loading

From an alternative viewpoint, assessing the structural safety of a bridge also requires a thorough
understanding of the uncertainties related to the applied loading when the structure is in use. There is
considerable knowledge regarding the traffic that utilises the Zeelandbrug, which in turns informs the
traffic loads applied to it. This includes the number of passenger cars, light trucks and heavy trucks
per year. Additionally, a regulatory maximum weight limit of 50 tons for vehicles was established in
2016 [16]. Nevertheless, some uncertainties remain concerning the loads applied to the bridge. For
instance, with the Westerscheldetunnel becoming toll-free, an increase in traffic intensity on the bridge
is anticipated, although the exact extent of this increase is unclear [4]. Moreover, as previously discussed,
the extent of differential settlements that the Zeelandbrug experiences is unknown. As a result, the
impact that these potential settlements have on the load effects within the bridge’s structure is also
unknown.



Structural Health Monitoring

This chapter begins with section 5.1, which lists the important physical parameters of the Zeelandbrug
suitable for monitoring. Following this, section 5.2 identifies two types of failures of the bridge and
outlines the corresponding monitoring strategy. An introduction to Structural Health Monitoring is
provided in section 5.3. Then, in section 5.4, a brief literature review is conducted on monitoring
technologies that have been applied to bridges constructed using the balanced cantilever method. Sub-
sequently, section 5.5 discusses the technologies recommended for monitoring the physical parameters
of the Zeelandbrug. The final monitoring plan is presented in section 5.6. Lastly, section 5.7 addresses
additional studies and maintenance activities recommended for the Zeelandbrug.

5.1. Physical parameters

In the previous chapter, the uncertainties associated with the assessment of each structural element
and their failure modes were identified. Based on these findings, the physical parameters suited for
monitoring are listed in Table 5.1. Monitoring these parameters is expected to reduce the identified
uncertainties and enhance the accuracy of the structural assessment, thereby improving the overall
safety of the Zeelandbrug. For the failure modes in the longitudinal direction, the physical parameters
have been listed in order of importance, from most to least important. This is based on the results
from the impact assessment in subsection 4.3.2, which examined the effects of modifying these physical
parameters on the unity checks for the bending moment capacity and shear force capacity in the
longitudinal direction.

Table 5.1: Physical parameters

Location Failure mode Physical parameter

In transverse direction: cantilever of top slab

(Loc. B of cantilever) Bending moment capacity

In transverse direction: cantilever of top slab

. . . hear fi i T S stress loss
(Loc. A of cantilever, near the joints) Shear force capacity ransverse prestress loss

In transverse direction: top slab at the section
from midspan to the web of the box girder Shear force capacity
(Loc. B of top slab)

In longitudinal direction: top of the top slab 1. Longitudinal prestress loss

Bending moment capacity | 2. Support settlement

(Joint A-B and joint B-C) 3. Young's modulus

In transverse direction: webs

(Outer side of webs, cross-sections 5 and 11) Bending moment capacity | Concrete cracking related parameter

s . . 1. essi h
In longitudinal direction: webs Concrete compressive strengt

Shear force capacity 2. Support settlement

(Adjacent to support, joint A-B and joint B-C)

3. Young’s modulus

A physical parameter not demonstrated in Table 5.1 that relates to all locations is the weight of the
vehicles. Namely, it is important to have a good understanding of the actual weight of the vehicles

68




5.2. Global and local failure 69

travelling over the Zeelandbrug in order to accurately determine the loads experienced by the bridge.
Regarding the first physical parameter listed in Table 5.1, all assessments conducted in the transverse
direction for the top slab account for a prestress loss of 15%. However, this value represents an estimate,
and a more precise determination of the prestress loss would improve the accuracy of the calculations.
Furthermore, the impact assessment on the bending moment capacity of the top slab in longitudinal
direction revealed that the longitudinal prestress loss has a significant impact. Specifically, if the
prestress loss were 15% rather than 20%, the top slab at the examined locations would meet the required
moment capacity. Support settlement also affects the moment capacity of the top slab in longitudinal
direction, though to a lesser extent, with the greatest contribution observed near the midspan joint. In
longitudinal direction, for both the top slab’s moment capacity and the web’s shear force capacity, the
Young’s modulus would improve the accuracy of the Finite Element Model. According to the impact
assessment, a bigger impact on the shear force capacity of the webs in longitudinal direction, however,
is the selection of the concrete compressive strength and the angle (0) between the concrete compressive
strut and the beam axis perpendicular to the shear force. Lastly, the associated physical parameter
to the web’s bending moment capacity in transverse direction is a concrete cracking related parameter.
This parameter can be monitored to detect the formation or growth of concrete cracks.

5.2. Global and local failure

Through the structural assessment and the Finite Element Analysis, two types of failures can be speci-
fied, with each requiring a different monitoring strategy:

1. Global failure (high consequence, low probability) - Strategy 1

2. Local failure (low consequence, high probability) - Strategy 11
These types of failures and strategies will be described each.

Global failure

If a global failure of the Zeelandbrug would happen, this can be characterised as a high consequence,
low probability event. Specifically, should such a failure occur, it may result in the collapse of a signif-
icant portion of the bridge, potentially an entire span. The consequence of such a collapse would be
high, affecting nearby people, the economy, society, and the environment. The probability of such an
extensive failure is relatively low. In the context of a global failure, the dominant load on the bridge
is its self-weight. This is because, on a global scale, the traffic loads are minor in comparison to the
self-weight of the bridge. The monitoring strategy (strategy I) for addressing global failure primarily
involves using data collected during monitoring campaigns to refine and update the Finite Element
Model and recalculations of the bridge. These enhancements provide more accurate predictions of the
load effects and the overall bearing capacity of the bridge. Consequently, monitoring serves as a tool
for obtaining more precise information, thereby enabling better assessment of the bridge on a global
scale.

From the structural assessment in chapter 4, it follows that global failure may result from the failure of
the box girder’s top slab which is subjected to a bending moment in the longitudinal direction causing
tension in the top slab. Similarly, the shear failure of the box girder’s webs in longitudinal direction
could also be categorised as a potential global failure. From Table 5.1 it follows that the associated
physical parameters are the prestress loss, the concrete compressive strength, the support settlements
and the Young’s modulus, as well as the weight of the vehicles.

Local failure

If a local failure of the Zeelandbrug would happend, this can be characterised as a low consequence,
high probability event. In such instances, it is expected that only a small portion of the bridge would
be affected, such as the crumbling of a corner of a cantilever in the transverse direction. While the
consequence of such a failure is quite small, the probability of its occurrence is relatively high. On a
local level, the dominant load on the bridge is the traffic load. When examining specific areas of the
bridge, the self-weight is minimal compared to the substantial load imposed by passing vehicles, such
as heavy trucks. The most effective strategy (strategy II) for addressing local failures is to implement
a monitoring system designed to detect early signs of structural damages. This approach allows for
timely warnings and could enable preventive measures, thereby mitigating the risk of localised damages
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escalating into localised failures.

The structural assessment in chapter 4 reveals that potential local failure modes could be failure induced
by the bending moment within the cantilever of the top slab. Additionally, local failure may arise
from shear force failures within the cantilever of the top slab, or at the section extending from the
midspan towards the web of the box girder. Another categorised local failure relates to the box girder’s
webs, which may fail in the transverse direction due to bending moments. Because of this exceeding
bending moment capacity, crack formation or growth can occur on the outer side of the webs. Hence,
the main associated physical parameter is a concrete cracking related parameter. While strategy II
is very effective in addressing local failures, not all local failures are easily detectable or accessible.
Consequently, the first strategy can also be used to obtain data from monitoring technologies concerning
physical parameters, such as the transverse prestress loss and the weight of the vehicles, to update the
recalculations. This approach can help determine locations for applying monitoring technologies and
improve decision-making about these local failure modes. However, this topic will not be explored in
further detail.

5.3. Introduction to Structural Health Monitoring

Structural Health Monitoring (SHM) is the process of implementing a damage-detection strategy [17].
Farrar and Worden define damage in structural and mechanical systems as ”intentional or unintentional
changes to the material and /or geometric properties of these systems, including changes to the boundary
conditions and system connectivity, which adversely affect the current or future performance of these
systems” [18, p. xxvi]. Hence, this definition of damage encompasses the concept that damage is
identified by comparing two states of a system, with one state typically assumed to represent the initial,
often undamaged, state [17]. The process of Structural Health Monitoring can be split into four general
stages [18]:

1. Operational evaluation. This evaluation establishes the limitations of what will be monitored and
how the monitoring will be implemented.

2. Data acquisition. This stage requires the selection of the types of sensors to be used, determining
the locations for the sensors, deciding on the number of sensors to use, and selecting the data
acquisition hardware.

3. Feature selection. In this selection data features are identified that enable one to distinguish
between a structure’s undamaged and damaged states.

4. Statistical modelling for feature discrimination. This stage of Structural Health Monitoring in-
volves developing statistical models to discriminate between features of undamaged and damaged
structures.

This study briefly addresses the initial two stages: the operational evaluation and the data acquisition.
The important physical parameters and failure modes of the Zeelandbrug have already been identified.
Subsequently, a brief literature review will be conducted on monitoring technologies previously imple-
mented on bridges constructed using the balanced cantilever method. Then, as part of the operational
evaluation, limitations will be identified of the Zeelandbrug regarding the application of monitoring
technologies. For the data acquisition, the type of sensors that could be used will be listed, their
locations will be determined if necessary, and the utilisation of the collected data will be considered.

5.4. Brief literature review

The balanced cantilever method is one of the most commonly used techniques for constructing large-
span concrete bridges. Over the past decades, balanced cantilever prestressed bridges have become
widely utilised in bridge construction. Numerous studies in literature have documented cases of these
bridges being monitored to gather essential data on their structural behaviour over time. There is
looked at various concrete bridges where monitoring has been applied to understand what monitoring
strategies have already been employed in practice and its relevance for the Zeelandbrug.

Residual prestress
A paper by Abdel-Jaber and Glisic has evaluated strain-based methods to indirectly monitor the pre-
stressing force in prestressed concrete structures [19]. According to this research, long-term strain
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changes can be effectively monitored if sensors are installed in structures during their construction,
either by attaching them to the prestressing strands or embedding them within the concrete [19]. The
strain at the prestressing strand’s center of gravity can then be determined by assuming a linear strain
distribution [19]. As reported by Abdel-Jaber and Glisic, strain-based methods appear to be the most
promising for calculating the prestressing force when the structures are equipped with embedded strain
gauges during construction [19]. This is recognised as a limitation for the Zeelandbrug, as there were
no strain gauges embedded in the concrete, and historical data on prestress loss is unavailable. There-
fore, the use of alternative methods for measuring residual prestress should be considered. A paper by
Agredo Chéavez et al. provides a comprehensive review of the testing methods applied over the years to
prestressed concrete bridges for evaluating the residual prestress force [20]. Three of these techniques
were implemented on a 66-year-old balanced cantilever box girder bridge (the Kalix Bridge in Swe-
den) [20]. These methods are the saw-cut method, the strand cutting method and the deflection-based
method. In a research conducted by Bagge et al., the saw-cut method was further developed and car-
ried out on a 55-year-old multi-span continuous concrete girder bridge (located in Kiruna in Sweden)
[20]. The saw-cut method and strand cutting method have now been recognised as potentially effective
approaches for assessing the residual prestress in the Zeelandbrug.

The saw-cut method is a non-destructive approach. This technique estimates the prestress force by
applying saw cuts that isolate a concrete block from the surrounding applied forces, allowing the mea-
surement of strain changes in the region adjacent to the cuts [20]. The concrete block is considered fully
isolated once significant strain changes within the block are no longer detected during the progression
of saw cuts in the concrete cover adjacent to the prestressed reinforcement [20]. The prestress force is
then calculated based on the strain observed on the fully isolated concrete surface. In this calculation,
the factors influencing the strain are considered. These are the prestress force and its eccentricity, the
dead load of the member, secondary moments from restraining forces, and any externally applied loads
[20]. A recommendation by Agredo Chévez et al. is that for older bridges with low concrete cover, the
distance between the cuts should be minimised to ensure more effective isolation of the concrete block
[20]. Additionally, Bagge et al. recommend to repair the saw cuts on the concrete surface to prevent
unnecessary exposure of the internal components [21].

The strand cutting technique is a destructive method used to evaluate residual stresses in prestressed
strands. In this approach, a strain gauge is installed on an exposed prestressed bar. When the pre-
stressed bar is cut, the strain in the wires is measured by sensors oriented along their longitudinal axis
[20]. The stress is then determined by applying Hooke’s law to the measured strain following the relax-
ation of the bar [20]. In the experiment conducting the strand cutting method conducted by Agredo
Chévez et al., temperature was continuously monitored throughout the whole test to account for ther-
mal effects [20]. This allowed the detection of thermal strains induced by the cutting process, ensuring
that only strain measurements were considered after all thermal effects had been normalised [20]. The
study emphasises that careful consideration is required when applying the strand cutting method for
in-service evaluations, particularly when the prestressing system is approaching the tendon’s ultimate
tensile strength, as this could increase the risk of tendon breakage [20].

Concrete compressive strength and Young’s modulus

The Second Stichtse Bridge in the Netherlands is a balanced cantilever structure constructed using
high-strength concrete and implemented with monitoring technologies. The research by Lantsoght
et al. studies the high-strength concrete’s long-term material and structural behaviour in this cantilever
bridge [22]. Part of the monitoring plan for the bridge was the measurement of creep and shrinkage, as
well as the concrete compressive strength and splitting tensile strength over time. These assessments
were conducted using pre-prepared concrete specimens. The moisture and temperature were measured
as well. No additional concrete specimens were prepared for the Zeelandbrug. Hence, other methods
should be employed to assess the compressive concrete strength and Young’s modulus.

Non-destructive approaches which could be used to assess the compressive concrete strength and Young’s
modulus are the rebound hammer and/or the ultrasonic pulse velocity test. The rebound hammer test
provides a rapid and convenient assessment of the concrete compressive strength [23]. This test mea-
sures the energy of a specialised hammer’s rebound to estimate the concrete strength [24]. Due to
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significant scatter in the data, it is advisable to conduct at least ten measurements [24]. The ultrasonic
pulse velocity test is another in-situ, non-destructive test. This test calculates the time required for an
ultrasonic pulse to travel through the concrete member in km/sec [25]. This gives information about the
Young’s modulus, the density and the overall condition of the concrete element. However, the rebound
hammer test and ultrasonic pulse velocity test have been reported in literature to not be very reliable
nor accurate for assessing concrete properties [25, 26]. Consequently, it is proposed to drill concrete
cores from the Zeelandbrug to test the concrete compressive strength, Young’s modulus, and splitting
tensile strength.

Settlement

The deflections of the Second Stichtse Bridge superstructure were measured periodically by a surveyor
[22]. For the Second Stichtse Bridge it was found that the first support is undergoing a settlement
which directly influences the midspan deflection [22]. This study has highlighted the significant impact
of settlements on the shear forces within the Zeelandbrug’s superstructure. Therefore, it is recom-
mended that the settlements that the Zeelandbrug may have experienced be investigated. The study
by Lantsoght et al. demonstrates that periodic measurements by a surveyor could effectively track the
settlements that are currently occurring [22]. It is important to note that in the FEM of the Zeeland-
brug, the settlement of a support exhibits very localised effects. Therefore, if supports are selected for
settlement monitoring, careful consideration should be given to the selection of the specific supports to
be monitored. Furthermore, satellite data could be used to analyse the settlements that have occurred
over time of the Zeelandbrug. Specifically, InSAR data from Sentinel-1 could be used for this purpose.
A preliminary investigation was conducted to explore the applicability of satellite data in assessing
the settlement of the Zeelandbrug. The findings indicate that the spatial resolution of the data is low.
Measurement points are located either on the bridge or on the water’s surface due to the relatively small
width of the Zeelandbrug. Upon filtering out data points associated with the water, it became evident
that obtaining reliable and significant measurements of the bridge’s settlement is challenging.

Concrete cracking

In a paper from Richard et al., two similar balanced cantilever bridges have been monitored and eval-
uated on their shear crack propagation in the webs of the box girder sections [27]. Preliminary in-
vestigations suggested that the cracking was caused by insufficient shear reinforcement in the webs
[27]. The sensors used to measure the displacements were Linear Variable Differential Transformers
(LVDTs). The LVDTs were attached perpendicular to the cracks to measure the displacement across
them. Temperature gauges were also installed on the concrete surface of the webs to measure the sur-
face temperature [27]. The monitoring results have shown that the post-tensioned tendons that were
used to strengthen the structure has so far been successful [27]. This case demonstrates that LVDTs
can effectively measure displacements of the concrete and the growth of concrete cracks. Additionally,
monitoring temperature variations is necessary to determine how variations in temperature contribute
to the displacement across the cracks. To date, visual inspections of the Zeelandbrug have not revealed
any observable cracks [5, 6]. Consequently, there are no specific cracks requiring growth measurement.
A method that can be used to detect possible crack formation in the webs of the Zeelandbrug’s box
girders is the acoustic emission technique. This technique allows for the identification of structural
discontinuities and flaws without the need for a point-by-point search over the entire surface of the
structure [28]. Bagherifaez et al. conducted a study that successfully applied acoustic emission mon-
itoring to multicell box girder specimens under laboratory-induced torsion loading, which led to the
development and detection of torsional cracks [28]. Even though acoustic emission sensors are a good
option for detecting concrete cracking, this technique is very costly and impractical to apply to all 52
spans of the Zeelandbrug.

Limitations

A part of the operational evaluation involves establishing the limitations of what can be monitored
and how the monitoring technologies can be implemented. As observed in the brief literature review,
several limitations are evident in the monitoring of the Zeelandbrug. Notably, strain gauges were not
embedded in the concrete during construction, nor were additional concrete specimens prepared for later
testing. Furthermore, historical parameters such as settlements and prestress loss cannot be monitored
retrospectively. Additional limitations identified include the inability to monitor the contribution of the



5.5. Recommended monitoring technologies 73

Dywidag bars in the webs to the shear force capacity in the longitudinal direction and to the moment
capacity in the transverse direction. It is also acknowledged that the sensors for monitoring should
be strategically placed to avoid interference with traffic flow on the bridge. Further limitations on the
types of monitoring systems that can be employed come from variable weather conditions affecting the
bridge and the bridge’s physical size.

5.5. Recommended monitoring technologies

In this section, monitoring technologies that are proposed to be implemented on the Zeelandbrug are
discussed under either strategy I or II. As previously mentioned, the data collected about the physical
parameters in strategy I can be used to update the FEM and/or the recalculations, whereas the data
collected about the physical parameters in strategy II can be used to detect local damage.

5.5.1. Strategy I

First, it is acknowledged that the uncertainties regarding the prestress loss significantly impact the calcu-
lated capacities in the structural assessment of the Zeelandbrug. The brief literature review highlighted
that monitoring prestress loss could be challenging without embedded strain gauges. Two methods
are proposed for measuring the residual prestress in the strands; the saw-cut method and the strand
cutting method. The first method is at first glance preferred as it is non-destructive. Nevertheless,
further investigation is required to assess the feasibility of applying these methods to the Zeelandbrug,
as further discussed in section 5.7. In addition, it is recommended to initiate measurements to deter-
mine whether settlements of the Zeelandbrug’s supports are currently occurring. As observed in the
research by Lantsoght et al., settlement measurements can be conducted periodically by a surveyor [22].
Furthermore, the feasibility of using satellite data to obtain information on potential settlements that
have occurred over time should be investigated (see section 5.7). Utilising the results from the Finite
Element Model and the estimated settlements that may have occurred over time, one can reference
the tables generated from the FEM analysis to determine the additional shear forces in the bridge’s
cantilever. This approach enables a more precise structural assessment of the Zeelandbrug, ultimately
leading to more informed decision-making regarding its structural safety.

By drilling concrete cores from the Zeelandbrug, the compressive strength, Young’s modulus and split-
ting tensile strength of the concrete can be evaluated. The concrete strength should be tested for both
the prestressed concrete and the in-situ concrete used in the construction joints. Currently, it is assumed
that the concrete strength in the construction joints is equivalent to that of the prestressed concrete.
However, due to varying environmental conditions at the construction site, the in-situ concrete may
exhibit lower strength. In the original design, the concrete strength was found to be corresponding to
C30/37. However, TNO suggests that the concrete strength could potentially correspond to C40/50
[6]. Measurements should indicate whether this is the case or not. If the concrete strength is found
to be higher than initially estimated, this would indicate an increased residual capacity. Consequently,
recalculations should be revised to incorporate this new strength assessment. The Finite Element Model
currently estimates the Young’s modulus to be 30 GPa, based on a rough approximation. Testing the
concrete’s Young’s modulus would provide a more accurate value, thereby enhancing the precision of
the model and its subsequent predictions.

Besides reducing uncertainties in the material resistance, detailed knowledge of the traffic loading on
the Zeelandbrug is also necessary for a more accurate assessment of the structural elements. Weigh-In-
Motion (WIM) sensors could be utilised for this purpose. Available WIM sensors include piezoelectric
sensors, bending plate sensors, and fiber optic sensors [29]. For instance, piezoelectric sensors could be
employed. These sensors operate by converting mechanical energy into electrical energy [30]. Following
data acquisition from the piezoelectric sensors, an algorithm for weight determination is used to estimate
the static weight of the vehicles driving over the bridge [31]. If the capacity of a structural element is
found to be insufficient, a re-evaluation can be performed using the actual weights of the vehicles that
travel over the bridge.
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5.5.2. Strategy II

For the monitoring of the webs in the Zeelandbrug’s box girders, various sensor options can be employed
to detect the formation of cracks in the concrete. It is important to identify the specific locations where
cracks are likely to develop, thereby determining the precise points for the implementation of the sensors.
The recalculations indicate that the tension on the outer side of the webs is critical at cross-sections 5
and 11 of the bridge. Nevertheless, monitoring all 52 spans of the Zeelandbrug for concrete cracking
is challenging. Therefore, it is recommended to further study the most suitable monitoring technique
for this purpose, see section 5.7. The optimal solution would be the implementation of passive sensors,
which allow for continuous monitoring of the concrete without the need for manual testing.

5.6. Monitoring plan
Figures 5.1 and 5.2 demonstrate monitoring strategies I and II that together form the final monitoring
plan for the Zeelandbrug.

5.6.1. Strategy I

For strategy I, as previously discussed, in-situ measurements are suggested to assess the concrete com-
pressive strength, Young’s modulus and the residual prestressing force. Furthermore, Weigh-In-Motion
(WIM) sensors could monitor the weights of the vehicles on the bridge and regular surveys could check
for any settlement of the supports. The data collected from these monitoring technologies about these
physical parameters are important for updating the Finite Element Model and the recalculations used
in the structural assessment of the bridge. Specifically, the recalculations should yield a unity check
value below 1, confirming that the structural elements can safely carry the loads. If the unity check
exceeds 1, the use of these structural elements should be re-evaluated. This re-evaluation may involve
developing a nonlinear Finite Element Model to improve the accuracy of the structural assessment or
conduct recalculations using the actual weight of the vehicles found by the WIM sensors. Based on
the model’s outputs and recalculations, decision-making processes can be initiated. During this pro-
cess, predictions can be made about the expected lifespan of the structural elements. If the structural
elements still do not suffice, a global warning could be issued if deemed necessary.

Measurements Obtain data acceptable?

Sensors

Update Re-assess Choices

Obtain data

_—> Applied traffic loading

Figure 5.1: Monitoring plan: strategy I

5.6.2. Strategy II

For strategy II, passive sensors can be used to identify early signs of concrete cracking and provide
an early warning if the cracking exceeds a predetermined threshold. This approach enhances decision-
making and could lead to timely repair of the concrete, thereby mitigating the risk of local damage
progressing to a local failure.

Passive sensors Obtain data Warning Choices Repair

Formation of crac

Figure 5.2: Monitoring plan: strategy II
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5.7. Other recommended activities

In addition to the implementation of monitoring technologies, other activities are also recommended.
These are the performance of additional studies and maintenance activities.

5.7.1. Studies

As previously discussed, important uncertainties in the structural assessment of the Zeelandbrug include
the extent of prestress loss and support settlements. To address these uncertainties, it is recommended
that additional studies be conducted to evaluate the prestress loss and settlements that may have oc-
curred over time. As previously discussed, possible methods to assess the residual prestress of the
prestressing strands include the saw-cut method and the strand cutting method. It is advisable to
investigate the feasibility of these techniques, particularly the saw-cut method, as it is non-destructive,
while also determining whether the destructive strand cutting method can be safely applied to a bridge
in service. Another method that could be investigated to assess the residual prestress loss is the appli-
cation of smart aggregates in the concrete. A method to evaluate the potential support settlements of
the Zeelandbrug that may have occurred over time is to analyse satellite data, such as InSAR data from
Sentinel-1. Alternatively, other approaches that could be explored to estimate prestress loss and sup-
port settlement include studying bridges of similar design and construction on comparable soil profiles,
where more extensive data on prestress loss and settlement over time are available. Such comparisons
could then provide estimates for these parameters in the Zeelandbrug. Another recommended study is
to investigate the most suitable monitoring technique for detecting potential concrete crack formation.
Given that the Zeelandbrug has 52 spans, careful consideration should be given to both the choice of
monitoring technique and the location of its application.

Furthermore, this research has identified a knowledge gap concerning the actual load on the shear force
dowels, particularly in relation to the behaviour of the surrounding concrete under load concentration
near the dowels. It is therefore recommended that the magnitude of this load be studied in greater detail.
Lastly, a subject that has not received enough attention is the expected increase in traffic intensity
on the Zeelandbrug when the Westerscheldetunnel becomes toll-free [4]. The previously discussed
implementation of sensors that measure the weight of the vehicles on the Zeelandbrug coupled with
a study to project future traffic growth, would provide a more accurate assessment of the loading
conditions.

5.7.2. Maintenance

Some recommendations are provided for the maintenance activities on the Zeelandbrug. Since visual
inspection of the top surface is hindered by the pavement, it is advisable to inspect the underlying
concrete of the top slab for cracks and corrosion of the reinforcement when replacing the pavement.
The results of the recalculations indicate that certain locations of the top slab are prone to cracking
due to the exceeding moment capacities. Transverse moments can induce cracking at location B along
the longitudinal section of the bridge (see subsection 4.3.1, which contains check 1: Moment capacity
cantilever). Critical locations where tension occurs at the top of the top slab due to longitudinal mo-
ments have been identified at construction joints A-B and B-C. Hence, during the replacement of the
pavement, these locations should be prioritised for crack inspection in the concrete.

As part of the ongoing maintenance on the Zeelandbrug, several shock absorbers are being replaced
in the bridge over time [6]. Furthermore, a visual inspection conducted by TNO revealed corrosion
products in the hinges between the cantilevers of the bridge [6]. Therefore, the presence of corrosion
and its implications on the functionality of the hinges could be examined. By addressing these issues
at an early stage, the durability of the bridge can be maintained and its service life expanded. This is
the benefit of early intervention.



Conclusion and recommendations

This chapter presents the main conclusions of this research in section 6.1 and concludes with several
recommendations in section 6.2.

6.1. Conclusion

This study aimed to improve the safety of the Zeelandbrug by gaining a better understanding of the
bridge’s structural behaviour. The Zeelandbrug serves as an important connection between Noord-
Beveland and Schouwen-Duiveland. After the construction of the bridge was completed in 1965, the
bridge has been in operation for almost 60 years. Over this period, the current condition of the
Zeelandbrug’s load-bearing capacity has become uncertain. This research focused on assessing the
structural elements of the Zeelandbrug and exploring monitoring strategies to reduce the uncertainties
identified during this structural assessment. The findings of this research make it possible to return to
the main research question.

What monitoring strategies could be applied to improve the safety of the Zeelandbrug?

By answering the five sub-questions formulated at the start of this research, the main research question
will be addressed.

How can a physical model contribute to the understanding of the Zeelandbrug’s behaviour, and in
which detail level does the model need to be?

An initial uncertainty identified before the start of the structural assessment was the expected load
effects on the Zeelandbrug due to differential settlement. A physical model helped to understand how
the settlement of a support affects the magnitude of shear forces within the bridge’s cantilever. To
study this effect, a Finite Element Model with the bridge’s cantilevers modelled as one-dimensional
beam elements was found adequate.

What is known about the current status of the bearing capacity of the Zeelandbrug?

The recalculations have provided valuable insights into the current status of the Zeelandbrug’s bearing
capacity. The recalculations identified the following structural elements of the Zeelandbrug’s super-
structure where the applied loading exceeds their resistance. In the transverse direction, the moment
and shear force capacities of the cantilever of the box girder, as well as the shear force capacity of the
top slab of the box girder. Furthermore, in transverse direction, the moment capacity of the webs with
tension on their outer sides. In the longitudinal direction, the tensile force in the top slab resulting
from longitudinal moments and the shear force capacity of the box girder’s webs.
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What are important uncertainties involved in determining the safety of the Zeelandbrug’s structure?

Multiple uncertainties have been identified in the structural assessment, with the most important ones
discussed herein. Notably, shear forces may be introduced in the bridge’s superstructure as a result
of the settlement of a support. However, the extent of settlements of the Zeelandbrug is unknown,
posing a challenge in assessing their actual impact. Another uncertainty is the loss of prestress that has
accumulated over time in the transverse and longitudinal prestressing. This significantly complicates
the evaluation of the bridge’s structural elements. Additional uncertainties include the condition of
the top slab, which is difficult to assess due to the overlaying pavement, the compressive strength and
Young’s modulus of the concrete, and the magnitude of the traffic loading applied to the bridge.

What are the critical failure modes of the Zeelandbrug and its associated physical parameters?

Two types of possible failures have been identified: a global and a local failure. Each requires a different
monitoring strategy. Corresponding failure modes to a global failure are the shear failure of the box
girder’s webs in longitudinal direction and the exceeded tensile force in the box girder’s top slab due to
the bending moment in the longitudinal direction. The associated physical parameters to these failure
modes are the prestress loss, the concrete compressive strength, the support settlements and the Young’s
modulus, as well as the weight of the vehicles. To address the risk of global failure, the monitoring
strategy (strategy I) should focus on utilising data from monitoring technologies to improve and update
the Finite Element Model of the bridge. This updated model could then give more accurate predictions
on the bridge’s overall bearing capacity. The corresponding failure modes to a local failure are the shear
force failures in transverse direction within the cantilever of the top slab, or at the section extending
from the midspan towards the web of the box girder. Additionally, local failure could be induced by the
bending moment within the cantilever of the top slab in transverse direction. Another corresponding
failure mode relates to the box girder’s webs, which may fail in the transverse direction due to bending
moments. These may cause cracks to form on the outer surface of the webs. Therefore, the primary
physical parameter of interest is a concrete cracking related parameter which could be monitored to
detect the formation and progression of concrete cracks. The most effective strategy (strategy II) for
mitigating local failures is thus the implementation of monitoring technologies designed to detect early
signs of structural damage. This approach allows for timely warnings and interventions.

What kind of technologies can be used to monitor the physical parameters and reduce the identified
uncertainties?

As part of strategy I, in-situ measurements can be performed to assess the concrete compressive strength,
Young’s modulus and the residual prestressing force. The weight of the vehicles that travel over the
Zeelandbrug can be monitored with Weigh-In-Motion (WIM) sensors. Additionally, regular surveys
can be performed to assess potential support settlements of the Zeelandbrug. As part of strategy II,
monitoring technologies can be used to detect the formation of cracks in the concrete.

All in all, the main research question: "What monitoring strategies could be applied to improve the
safety of the Zeelandbrug?” can be answered. Two monitoring strategies were defined. The monitoring
technologies that could be implemented for each strategy on the Zeelandbrug have been mentioned
above. For mitigating a global failure, strategy I should be applied. As noted earlier, strategy I focuses
on collecting data from monitoring technologies to update the Finite Element Model and recalculations
for the structural assessment of the bridge. The updates of the model and recalculations should confirm
that the structural elements can support the loads in a safe manner. If not, the structural elements
should be re-evaluated. This re-evaluation may include the development of a nonlinear Finite Element
Model to achieve more accurate structural evaluations or recalculations that incorporate the actual
vehicle weights recorded by the WIM sensors. Based on the model’s outputs and recalculations, the
subsequent decision-making process could include evaluating the expected lifespan of the structural
elements. Should the structural elements still prove to have insufficient capacity, issuing a global warning
could be considered if deemed necessary. In contrast, strategy II should be applied for mitigating a local
failure. In strategy II, the data from the monitoring technologies can directly issue a local warning if a
certain threshold is exceeded. Then, a decision could be made regarding the repair of the local damage.
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6.2. Recommendations

In light of the ongoing structural assessment of the Zeelandbrug, several recommendations are proposed.
Foremost, it is suggested to investigate the prestress loss and support settlements that may have occurred
over the bridge’s lifespan. This research has indicated that a better prediction of these parameters
would significantly enhance the accuracy of the Zeelandbrug’s structural assessment. Recommended
approaches for a further investigation in assessing the residual prestress include the saw-cut method
and the strand cutting method. To evaluate potential support settlements of the Zeelandbrug, a further
study of satellite data analysis is recommended. Careful consideration should be given to the choice and
application of monitoring techniques for detecting potential concrete crack formation. If the capacity
of the structural elements is found to be insufficient, it is advisable to evaluate the concrete structure of
the Zeelandbrug under the actual applied traffic loads to the bridge. Moreover, developing a nonlinear
Finite Element Model is recommended to improve the model’s accuracy and better predict the bridge’s
behaviour. Regarding the maintenance of the Zeelandbrug, it is recommended to inspect the concrete
for cracks and corrosion of the reinforcement during the replacement of the pavement.
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Applied bending moment cantilever

The cantilever of the box girder will experience bending moments in the transverse direction due to
both permanent and variable loads. Figure A.1 illustrates the traffic loads according to Eurocode Load
Model 1 (LM1) and Load Model 2 (LM2) applied to the cantilever. Additionally, Figure A.2 shows
the load from the Maintenance Platform (MP) on the cantilever. It is conservatively assumed that the
entire load of the Maintenance Platform is applied to the outer wheel. In this Appendix, the calculation
of the bending moments due to the applied loads is shown in detail for location A of the cantilever (see
Figure A.3). Due to the load distribution near the joints only being possible in one direction, these
areas have been assessed separately.
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Figure A.1: Top view of the traffic loads on the cantilever with LM1 (left) and LM2 (right). Adapted from [5]
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The total bending moment applied at location A of the cantilever is then calculated as follows.

Location A:
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Figure A.3: Location A in the box girder’s cantilever [5]
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Geometry of the modelled segments

In this Appendix, the geometry of the modelled segments is described. First, the general geometric
properties of a single cantilever span of the Zeelandbrug are outlined. Table B.1 presents the general
geometry of one cantilever, including the x, y, and z coordinates for each segment, the segment length
and height-to-length ratio. Each segment’s element geometry is based on the corresponding cross-
section. To determine the cross-sectional area and the moments of inertia about the y and z axes, each
cross-section was modelled in AutoCAD (see Figures B.1 to B.16). The geometric properties of each
cross-section are summarised in Tables B.2 to B.17.

General geometry of one cantilever span

Total length of a cantilever’s concrete structure: 46.875 m
Total length of an expansion joint: 1.25 m
Total length of one cantilever: 47.5 m
Total length of one span: 95 m

Table B.1: Geometry of the segments for one cantilever

Based on x1 vl zl x2 y2 z2 | length | h’/length

Segment | ssection | [m] | [m] | [m] | [m] | [m]| [m] [j] / [ )
Segment 1 0 0 0 |0.00| 285 | 0 |0.00]| 2.85 1.19
Segment 2 2 285 | 0 | 0.00| 725 | 0 | 038 4.42 1.45
Segment 3 3 725 | 0 | 038 10.75 | 0 | 0.63 | 3.51 1.34
Segment 4 1 1075 | 0 | 063 | 1425 | 0 | 0.87 | 3.51 1.21
Segment 5 5 1425 | 0 | 087 | 17.75 | 0 | 1.10 | 351 1.09
Segment 6 6 1775 | 0 | 1.10 | 21.25 | 0 | 1.31 | 351 0.87
Segment 7 7 2125 | 0 | 1.31 | 2475 | 0 | 1.50 | 3.51 0.79
Segment 8 8 2475 | 0 | 150 | 2825 | 0 | 1.66 | 3.50 0.79
Segment 9 9 2825 | 0 | 1.66 | 31.75 | 0 | 1.80 | 3.50 0.71
Segment 10 10 3175 | 0 | 1.80 | 35.25 | 0 | 1.91 | 3.50 0.66
Segment 11 11 3525 | 0 | 1.01 | 38.75 | 0 | 2.00 | 3.50 0.61
Segment 12 12 3875 | 0 | 2.00 | 4225 | 0 | 2.07 | 3.50 0.58
Segment 13 13 1225 | 0 | 2.07 | 46875 | 0 | 2.12 | 4.63 0.43
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Figure B.7: Cross-section 5

Figure B.8: Cross-section 6
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Figure B.9: Cross-section 7 Figure B.10: Cross-section 8

Figure B.11: Cross-section 9 Figure B.12: Cross-section 10

Figure B.13: Cross-section 11 Figure B.14: Cross-section 12

Figure B.15: Cross-section 13 Figure B.16: Cross-section 14



Cross-section 0
h’ | 5625 mm | A | 10.233 m?
b’ | 6412 mm | I, | 51.025 m?
w | 410 mm | I. | 85.293 m?
d | 530 mm | I | 63.232 m*

Table B.2: Cross-section 0: geometric properties

Cross-section 2’
W' [ 5272 mm | A | 9.954 m?
b’ | 6446 mm | I, | 43.873 m?
w | 410 mm | I, | 82.729 m*
d | 528 mm | I | 56.643 m*

Table B.4: Cross-section 2’: geometric properties

Cross-section 3
h’ [ 4691 mm | A | 9.287 m?
b | 6524 mm | I, | 32.812 m?
w | 404 mm | I, | 77.795 m?
d] 4994 mm [ I; | 45.974 m?

Table B.6: Cross-section 3: geometric properties

Cross-section 5
h' | 3827 mm | A | 8257 m?
b’ | 6640 mm | I, | 19.721 m?
w | 392mm | I, | 70.119 m?
d ] 438 mm | I, | 31.422 m*

Table B.8: Cross-section 5: geometric properties

Cross-section 7
h’ | 3068 mm | A | 7.319 m?
b’ | 6740 mm | I, | 11.282 m?
w | 380 mm | I. | 63.151 m?
d | 381 mm | I | 20.324 m*

Table B.10: Cross-section 7: geometric properties

Cross-section 9
h’ [ 2503 mm | A | 6.467 m?
b’ [ 6816 mm | I, | 6.560 m?
w | 368 mm | I, | 57.391 m*
d | 313mm [ I; | 13.184 m*

Table B.12: Cross-section 9: geometric properties

Cross-section 1’
b’ [ 5445 mm | A | 10.107 m?
b [ 6412 mm | I, | 47.377 m?
w | 410 mm | I, | 83.853 m?
d 534 mm | I | 59.756 m?*

Table B.3: Cross-section 1’

: geometric properties

Cross-section 2
b’ [ 5147 mm [ A | 9.830 m?
b’ | 6464 mm | I, | 41.380 m?
w | 410 mm | I, | 81.807 m?
d | 522mm | I, | 54.354 m*?

Table B.5: Cross-section 2: geometric properties

Cross-section 4
b’ [ 4260 mm | A | 8.752 m?
b’ | 6552 mm | I, | 25.722 m?
w | 398 mm | I, | 73.669 m*
d ] 466 mm | I, | 38.331 m?

Table B.7: Cross-section 4: geometric properties

Cross-section 6
b’ [ 3427 mm | A | 7.774 m?
b’ | 6692 mm | I, | 14.945 m?
w | 386 mm | I, | 66.490 m*
d | 410 mm | I; | 23.358 m*

Table B.9: Cross-section 6: geometric properties

Cross-section 8
h’ [ 2762 mm | A | 6.882 m?
b’ | 6782 mm | I, | 8.568 m?
w | 374mm | I, | 60.126 m?
d 348 mm | I; | 16.334 m?

Table B.11: Cross-section 8: geometric properties

Cross-section 10
' [2304mm | A | 6.120 m?
b’ | 6842 mm | I, | 5.200 m?
w | 362mm | I, | 55.167 m*
d | 282mm | I; | 10.921 m*

Table B.13: Cross-section 10: geometric properties
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Cross-section 11
h' | 2142 mm | A | 5.774 m?
b’ | 6864 mm | I, | 4.175 m?
w | 352mm | I, | 53.052 m*
d] 2499mm | I | 9.130 m?

Table B.14: Cross-section 11: geometric properties

Cross-section 13
h’ | 1976 mm | A | 5.204 m?
b’ | 6886 mm | I, | 3.046 m”
w | 332mm | I. | 50.001 m?
d 185 mm | I 7.054 m*

Table B.16: Cross-section 13: geometric properties

Cross-section 12
b’ [ 2040 mm | A | 5.477 m?
b’ | 6880 mm | I, | 3.518 m?
w | 342mm | I, | 51.405 m*
d | 217mm | I, | 7.944 m?

Table B.15: Cross-section 12: geometric properties

Cross-section 14
h’ [ 1953 mm | A | 5.189 m?
b’ | 6886 mm | I, | 2.962 m*
w | 332mm | I, | 49.832 m?
d 185 mm | I, | 6.885 m?

Table B.17: Cross-section 14: geometric properties



Torsional moment of inertia

Figure C.1 shows a cross-section of the membrane in the Prandtl membrane analogy to derive the
torsional moment of inertia for a single-cell box girder.

e i

(a) Cross-section of membrane with transverse forces

(c) Section of the box girder

Figure C.1: Prandtl membrane analogy
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The transverse forces v, v’ and v” of the members are described by their displacement w;, the member’s
thickness ¢ and the shear flow S:

w1 . r__ w1 . . " wi
t ) v = ) v =
web

v =

thottom ttop

The four transverse forces of the members need to be in equilibrium with the shear stress distribution
p. The area is a trapezium and can be calculated with % - (lbottom + liop) - H. The vertical equilibrium
gives:

v lweb + v - lbottom +ov- lwcb + v ltop =Dp- % : (lbottom + ltop) -H

Substitution of the transverse forces provides:
Ly - S+ lbottom S+ lweb S+ ltop S=p- 1 (lbottom + ltop) - H

tbott

2
wy - [twe Awep - S+ tbottum “bottom S + ltop S] p- 2 * (Ibottom + ltop) H
wy = 2 - (lpottom+ltop) H

T hweb S+ —— lbottom's“rT ltop-S

In this case, the translation to the p-bubble can be made by the introduction of p =2 -6 and S = é

Here, 0 is the angle of twist and G is the shear modulus. This substitution delivers:
o1 = 2:0-G-+ (lbottonL+ltop) -H

l 1
Lweb + cbottom 4 lweb top
t tweb = ttop

web  thottom

The torsional moment of inertia is twice the volume of the ¢-bubble:
My =2- 25 (lbottom + ltozo) H
M o 4-0-G- (2 (lbott,om+lt0p) H)

. =

Lweb 4 thottom y lweb  top
tweb thottom tweb ttop

Lastly, the torsional moment of inertia equals I; = é‘,/[—é. This results in the following torsional moment
of inertiai

I = 4-(% - (lyottom+liop)-H)?
t— Lyeb lbott(nn_;’_ Lweb | Ltop
tweb thottom tweb ttup
4-Ag
I =
l
> %

This last equation is used to calculate the torsional moments of inertia of the cross-sections.
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