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Abstract

Transitioning towards a more circular construction industry is crucial for achieving climate-neutral and
fully circular operations by 2030. One significant contribution to this goal is fully utilising the reuse po-
tential of prefabricated inverted T-girders. The primary challenge lies in adapting the inverted T-girder
system to enhance the circularity of the girders. To address this, a comprehensive literature review is
conducted to understand the structural response and disassembly challenges associated with the sys-
tem, providing valuable insights into potential improvements. This study employs a numerical model
based on the Finite Element Method using DIANA FEA to assess the impact of various design adjust-
ments, specifically the removal of end transverse diaphragms and increasing deck slab thickness. The
numerical model uses horizontal and vertical curved shell elements and is subjected to several critical
load cases to determine the maximum stresses for different design parameters. The results indicate
that eliminating the end transverse diaphragms has minimal impact on the distribution of longitudinal
bending moments and shear forces. However, it causes a localised increase in support forces by 17%.
Additionally, significant differences are observed in the deck slab, necessitating an additional capacity
of 16% for transverse bending moments and 17% for twisting moments. The study also examines the
effect of skew angles to evaluate the applicability of orthogonal system findings to skewed systems. As
the skew angle decreases, a greater proportion of forces and moments is absorbed by the deck slab
rather than the composite girders. However, the mutual differences between systems with and without
end transverse diaphragms generally vary by up to 2.6%, indicating that the findings for the orthogonal
system are broadly applicable to skewed systems as well.
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Executive summary

In a world where natural resources are depleting and climate change is becoming increasingly evident,
the importance of sustainability is more widely recognised than ever. Achieving this means fulfilling
the needs of the present while ensuring that future generations have the resources to meet their own
needs. A circular economy addresses this by efficiently using resources, minimising waste and closing
loops of products. The gradations of circularity emphasise that refusing unnecessary elements is the
highest level of circularity. This approach leads to optimised material use and smarter product designs,
thereby enhancing overall sustainability.

The construction industry, known for its significant environmental impact, is evolving towards a more
circular model where reuse and design optimisation play crucial roles. In the Netherlands, this tran-
sition is primarily driven by the Ministry of Infrastructure and Water Management of the Netherlands,
which has set an ambitious goal to operate climate-neutral and fully circular by 2030. Previous studies
have shown that prefabricated inverted T-girders, due to their high quality of concrete, are ideal for
direct reuse. However, the traditional design of the inverted T-girder system does not incorporate the
concept of reuse, leading to significant costs associated with disassembly. These costs can diminish
the benefits of reuse, making it less competitive with the use of new girders. To fully leverage the reuse
potential of prefabricated inverted T-girders, this study evaluates various design adjustments aimed at
enhancing the reusability of these girders.

The objective of this study was to make optimal use of the reuse potential of inverted T-girders by
modifying the design of the girder system. The focus is on making design adjustments to enhance the
disassembly process of the girders without compromising their structural capacity. A structural analysis
of the inverted T-girder system was conducted to better understand the force and stress distribution
within the system, revealing the influence of each structural component. This analysis offers crucial
insights into the feasibility of design adjustments that facilitate both disassembly and future use of
the girders while ensuring structural integrity. To achieve this objective, the following main research
question was formulated:

"How can the inverted T-girder system be adapted to improve the circularity during the dis-
assembly and reassembly process in the future?”

To make adjustments to the inverted T-girder system, it is crucial to understand the contribution of dif-
ferent components to the overall structural integrity. A literature review was conducted to detail the
arrangement of structural components and their added value to the system’s performance. This review
also assessed the residual stress distribution of individual inverted T-girders, revealing concerns when
reusing these girders. Evaluating current methodologies for disassembling the girders highlighted chal-
lenges primarily associated with the transverse elements, such as the deck slab and end transverse
diaphragms. Due to the significantly greater dimensions of the end transverse diaphragms compared
to the deck slab thickness, detaching the girders from the end transverse diaphragms is assumed to
be the most challenging task.

To explore the potential of eliminating the end transverse diaphragms effectively, theirimpact has been
studied through literature. Limited research has been found on this topic, but the available studies
indicate that the absence of end transverse diaphragms has little to negligible impact on the force and
moment distribution of other structural components. The findings suggest that removing the end trans-
verse diaphragms could be feasible, thereby simplifying the disassembly process of the girders and
enhancing their reusability.

Assessing the impact of various design adjustments on the system starts by developing a numerical
model based on the Finite Element Analysis (FEM). To observe the effects of the various design ad-
justments, a base system was derived from a case study. The case study consisting of an inverted
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T-girder system was reduced to an orthogonal configuration with symmetrical characteristics to balance
the dead loads. The linear elastic model focuses only on the behaviour of prefabricated and cast in-situ
concrete elements. Furthermore, the system is subjected to four critical scenarios, each designed to
generate maximum internal stresses. Thereby, only vertical dead and live loads are considered, ex-
cluding self-weight and horizontal loads.

Given the connectivity of diverse structural components and their complex orthogonal arrangement, a
modelling approach using horizontal and vertical curved shell elements is considered the most suitable.
Integrating the results of a shell element model over the entire cross-section allows for the determina-
tion of internal forces and moments within the composite system. The numerical model in DIANA FEA
employs composed line elements to determine the forces and bending moments of every inverted T-
girder and in the transverse direction of the deck slab.

After elucidating the global operation of the system by analysing the deflection, force distribution, and
moment distribution, various design adjustments were evaluated, specifically focusing on the effect of
eliminating end transverse diaphragms. Recognising the potential reduction in transverse stiffness, the
impact of increased deck slab thickness in a system without end transverse diaphragms was explored.
Although the additional self-weight from increasing the full-width deck slab thickness leads to higher
maximum values, self-weight is excluded from this analysis to focus on the impact of increased stiff-
ness. The outcomes of these modified systems are compared to those of the base system, offering a
thorough insight into their effects on overall structural performance.

The findings indicate that removing the end transverse diaphragms has a negligible impact on the max-
imum longitudinal bending moments and shear forces across the composite girders. However, this
modification leads to a 17% increase in maximum support forces. Despite this localised increase, the
substructure is considered capable of withstanding the additional load, as it is generally constructed
with a higher capacity than is typically utilised. More significant changes are observed in the deck
slab, where transverse bending moments increase by 16% and twisting moments by 17%. These ad-
ditional demands can be met with relatively minor adjustments, primarily by increasing the amount of
reinforcement within the deck slab. Additionally, increasing the deck slab thickness to compensate for
the reduced transverse stiffness caused by the absence of end transverse diaphragms is not consid-
ered advantageous. This modification minimally contributes to a better distribution of maximum values
across the girders and significantly increases bending and twisting moments in the deck slab.

To ensure broader applicability for the findings, an additional analysis was conducted to assess the
effects of different skew angles. Keeping the system geometry and characteristics unchanged, all sys-
tems were tested and subjected to three different skew angles compared to the reference orthogonal
system. This comparison focused only on the maximum values of various design parameters gener-
ated by their critical load cases, adjusted for the skew angle.

As the skew angle decreases, a larger share of forces and moments are absorbed by the deck slab
rather than the composite girders. With two exceptions, the findings demonstrate a maximum mutual
difference of 2.6% across the various skew angles between the systems with and without end trans-
verse diaphragms. This indicates that the results for the orthogonal system are representative of other
skewed systems. Conversely, the system with increased deck slab thickness shows more significant
mutual differences from the base system as the skew angle decreases, especially in the deck slab.
These substantial differences highlight the skew angle’s impact, making this design adjustment less
suitable.

This study suggests that the inverted T-girder system can be modified by eliminating the end transverse
diaphragms without significantly impacting overall structural performance. This adjustment enhances
the circularity of the girder during disassembly and reassembly. Additionally, these findings also apply
to skewed systems with skew angles up to 45 degrees.
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Introduction

1.1. Background and relevance

In a world where natural resources are rapidly depleted and climate change has become tangible, the
importance of sustainability is acknowledged more than ever. Sustainability is defined as ‘'meeting the
needs of the present without compromising the ability of future generations to meet their own needs’ [6].
To achieve this, the economy has to change from a linear to a circular economy. A circular economy
aims for efficient use of resources by minimising waste and closing loops of products [47]. The con-
cept of circular economy can be important for sustainable development [39]. Various circular economy
concepts can be found in scientific and research papers. Kirchherr et al. (2017) [38] published the 10R
framework based on varying degrees of circularity [67]. Figure 1.1 shows the 10R model and what is
needed to change and develop the economy into a circular economy. The highest level of circularity is
not 'reuse’, but can be defined by the term 'refuse’. This level can be reached by smarter product use
and manufacture, which requires a change in the design process.

The construction industry is widely recognised for its substantial environmental impact [34]. Tradition-
ally regarded as a conservative sector, it predominantly follows a linear life-cycle model, commonly
referred to as a ’‘cradle-to-grave’ approach. This model represents a process where materials are used
to create a product, which then becomes waste at the end of its life cycle. Reducing the amount of
generated waste and resource usage can help evaluate this linear model to a more sustainable 'cradle-
to-cradle’ model. This model promotes circularity by reducing the need for demolition and instead
emphasising disassembly, which allows for greater reuse of materials and components [13]. Moreover,
as highlighted in Figure 1.1, adopting the circularity strategies of 'Reduce’, 'Rethink’, and 'Refuse’ can
further improve circularity. These strategies are designed to optimise product use and manufacturing
processes, thereby advancing more sustainable practices.

The transition from a linear to a circular construction process is a complex challenge, but the sector
holds significant potential for improvement. According to estimates by 'Het Rijksbrede programma Cir-
culaire Economie’, the Dutch construction industry accounts for 50% of the raw material consumption,
40% of the total energy consumption, and 30% of the total water consumption in the Netherlands [52].
Additionally, the construction industry is responsible for approximately 35% of the total carbon dioxide
emissions of the country [52]. Acknowledging the critical role of this sector, the Ministry of Infrastruc-
ture and Water Management of the Netherlands has set an ambitious goal to achieve climate neutrality
and full circularity by 2030 [46]. To support this goal, Rijkswaterstaat’ has initiated several consortia
to promote the development of circular solutions in Dutch infrastructure, with a particular emphasis on
bridges and viaducts.

'Rijkswaterstaat is part of the Dutch Ministry of Infrastructure and Water Management and is responsible
for the design, construction, management, and maintenance of the Netherlands’ primary infrastructure facilities.
(https://www.rijkswaterstaat.nl/en/about-us)
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Circular Strategies

economy Make product redundant by abandoning its function or by

Smarter offering the same function with a radically different product
product

use and Make product use more intensive (e.g. by sharing product)
manu-

facture Increase efficiency in product manufacture or use by consu-
ming fewer natural resources and materials

Reuse by another consumer of discarded product which is
still in good condition and fulfils its original function

Repair and maintenance of defective product so it can be
Extend used with its original function
lifespan of
product Restore an old product and bring it up to date
and its
parts Use parts of discarded product in a new product with the
same function

>
=
—_
©
=
3]
=
(5]
(o)
=
(2]}
@
o
o
=

Use discarded product or its parts in a new product with a
different function

Useful Process materials to obtain the same (high grade) or lower
application (low grade) quality

of mate- _ _ N
rials Incineration of material with energy recovery

Linear
economy

Figure 1.1: The 10R framework of circularity strategies [38]

The Dutch infrastructure consists of many concrete structures originating from the sixties of the last
century. With increasing loads due to heavier and more frequent traffic, many of these structures are
approaching their end of life or failing to meet current load capacity requirements. As a result, Rijk-
waterstaat faces enormous challenges in terms of replacements and renovations in the coming years.
The most significant challenges arise from major infrastructural projects within the Dutch road network,
which includes approximately 1.700 bridges and viaducts constructed with prefabricated girders [63].
These girder bridges are composed of multiple concrete girders supporting the deck slab, allowing for
the passage of traffic. Interestingly, 90% of the bridges and viaducts demolished over the past two
decades did not reach their technical lifespan but were demolished for functional reasons [70]. These
reasons often relate to changes in location and road design, causing the structures to no longer meet
the requirements.

The girders from these types of bridges are prefabricated and prestressed, typically designed to last
a hundred years. Due to early demolition for functional reasons, these girders often remain in good
technical condition. The high quality of concrete used means that, in many cases, these prefabricated
girders can last an additional hundred years. According to the feasibility study by SBIR Circulaire via-
ducten, prefabricated girders are suitable for direct reuse [63]. Not immediately reusing these girders
for the same function is a missed opportunity to enhance circularity in this polluting industry. An adjust-
ment in structural design could promote the reuse process and align with the ambitions of The Ministry
of Infrastructure and Water Management.

1.2. Objectives

It has become clear that the potential of reusing prefabricated girders is enormous. However, the
prefabricated girder systems do not take into account the idea of reusing these girders. This can lead
to high costs due to dismantling, adjusting, and strengthening the girders. This research focuses only
on the prefabricated inverted T-girders with a compression layer still in use in the Netherlands. The
objective of this research is to make optimal use of the reuse potential of these prefabricated inverted
T-girders. This is achieved by investigating several adjustments to the inverted T-girder system to
facilitate future use of the girders. The focus is on design adjustments to enhance the disassembly



1.3. Research questions 3

process of the girders without affecting the structural capacity. The outcome of this research will provide
a better understanding of the force and stress distribution within the inverted T-girder system, revealing
the influence of each structural component. Furthermore, the result offers a proposal for adjustments to
the inverted T-girder system to facilitate both disassembly and future use of the girders while ensuring
structural integrity.

1.3. Research questions
Following the objectives as stated in the previous section, the main research question is as follows:

"How can the inverted T-girder system be adapted to improve the circularity during the dis-
assembly and reassembly process in the future?”

In this context, improving the circularity refers to ensuring that the inverted T-girders can be relatively
easily reused several times, including cost reduction, reduction of carbon dioxide emissions, and less
energy consumption. This main research question is supported by several sub-research questions to
clarify the intermediate steps that are necessary to answer the main research question:

* What are the main challenges in efficiently disassembling prefabricated inverted T-girders?

» How is the stress distributed within the current design of prefabricated inverted T-girder systems
and what roles do different structural components play in maintaining overall stability and load-
bearing capacity?

» How do different structural design adjustments aimed at improving the disassembly and reassem-
bly efficiency of inverted T-girders affect the overall structural performance of the system?

» To what extent is the assessment of an orthogonal system representative of other systems with
a certain skew angle?

1.4. Scope

The research conducted to address the research questions is confined to the following points, defining
its scope:

* |t is assumed that reusing girders contributes to a circular economy and provides environmental
benefits, without determining the definitive environmental impacts.

» The systems covered are prefabricated, prestressed, concrete inverted T-girder systems with a
cast-in-situ concrete compression layer part of the Dutch infrastructure.

» The case study used in this study is simplified to an orthogonal system with symmetrical charac-
teristics.

» The system is modelled as simply supported on discrete bearing pads without incorporating rein-
forcement and prestressing steel

» The system is subjected to dead loads and live loads, excluding self-weight, impact, wind, seismic
and thermal loads.

» The material properties and critical load configurations are based on the Eurocode and Dutch
Annexes provision.

* Alinear static analysis is conducted using shell elements.

1.5. Research methodology

This section outlines the research methodology employed to address the main research question
through the development of structural design adjustments. A top-level view of the research methodol-
ogy is presented by Figure 1.2.
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First, a comprehensive literature review is conducted to provide relevant background information on
the general design and structural performance of prefabricated inverted T-girder systems with a com-
pression layer. This review includes a theoretical analysis of stress and force distribution within the
inverted T-girder system. Additionally, current disassembly methods are examined to identify the chal-
lenges associated with the disassembly and reassembly processes of these girders.

Following the literature review, an extensive analysis is carried out using a numerical model based on
the Finite Element Method (FEM). The model, developed with the DIANA FEA software, performs a
linear analysis and serves multiple purposes. The numerical model helps to understand the structural
behaviour of the base system by analysing the distribution of forces and stresses.

The model also provides a framework for evaluating various structural design adjustments to facilitate
the disassembly of the girders. Various design modifications are modelled and assessed for their fea-
sibility and impact on the system’s structural performance.

To ensure broader applicability, the findings of the design adjustments are evaluated for their relevance
to other systems with skew angles. This involves assessing the effect of skewed systems on all results
to determine the validity of the findings obtained from the orthogonal system. Ultimately, the discus-
sions and conclusions can be drawn upon the findings and their relevance across different system
configurations.

Description of the Structurlal Modelling the Experlmentatlorll . .
. . challenges in the . . and data analysis Discussion and
inverted T-girder . . inverted T-girder . .
svstem circularity of svstem of design conclusions
y inverted T-girders Y adjustments

Figure 1.2: Top-level view of research methodology

1.6. Thesis outline

The report is structured into nine chapters: Introduction, Literature Review, Case Study, Finite Element
Analysis, Structural Performance of the Inverted T-Girder System, Effect of Design Adjustments, Effect
of Skewness on the Behaviour of Inverted T-Girder Systems, Discussion, and Conclusion and Recom-
mendations. An overview of these chapters, along with the specific sub-questions addressed in each,
is provided in Figure 1.3.

In chapter 2, a literature review provides essential background information on the operation of the in-
verted T-girder system, covering design principles and structural performance. Additionally, current
methodologies for reusing girders are examined to identify the challenges associated with the reuse of
inverted T-girders, addressing sub-question 1.

In chapter 3, a description of the case study used to construct the numerical model is presented. This
includes details on structure geometry, supporting conditions, material properties, and loading condi-
tions, including dead loads and critical live load configurations.

In chapter 4, the numerical considerations of the model are detailed. The modelling approach, bound-
ary conditions, and loads are explained, along with the processing of the results.

In chapter 5, the structural performance of the inverted T-girder system is evaluated to answer sub-
question 2. An analysis of the base system is conducted to explore the internal force and stress distri-
bution, assessing the contribution of various structural components.

In chapter 6, the impact of various design adjustments on the inverted T-girder system is examined.
The influence of these adjustments is evaluated under critical load conditions and compared to the
base system, addressing sub-question 3.
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In chapter 7, the effects of different skew angles on the modified systems are analysed to assess the
applicability of the orthogonal system findings to skewed systems, answering sub-question 4.

In chapter 8, the results and model considerations are discussed comprehensively.

In chapter 9, the study’s conclusions are presented through the answers to the research questions,
followed by recommendations for future research.

Thesis structure
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Figure 1.3: Thesis outline and overview of chapters addressing the research questions



Literature Review

This chapter offers relevant background information on the operation of an inverted T-girder system.
It covers the design principles and contribution of structural components, providing a comprehensive
understanding of its functionality and structural performance. Subsequently, current methodologies
facilitating the reuse of girders are examined to explore the challenges in enabling the reuse of inverted
T-girders.

2.1. General design of the prefabricated inverted T-girder system

As described in Section 1.4, this research focuses on prefabricated inverted T-girder systems, because
this girder system is most commonly used in the Netherlands and has a beneficial ratio between pre-
fabricated and cast-in-situ concrete for reusability. An overview of various types of prefabricated girder
systems in the Netherlands is presented in Appendix A. In addition, the quantitative feasibility is high
according to SBIR Circulaire Viaducten [63]. First, the layout of a general inverted T-girder system is
described. Second, the commonly used types of inverted T-girders in the Netherlands are introduced
and described.

2.1.1. Layout of prefabricated inverted T-girder system

A viaduct or bridge is a structure that spans horizontally between two supports to overcome various
obstacles like roads and rivers. This civil engineering structure generally consists of a sub- and su-
perstructure, as illustrated in Figure 2.1. The superstructure is the top part of the structure and mainly
includes the girders and deck layers. The bottom part of the structure is referred to as the substructure
and primarily includes the piers, abutment, and foundation. The main objective of a viaduct or bridge
is to transfer the load coming from the superstructure to the soil. The different components of the
superstructure and substructure are connected by bearings to ensure an even distribution of the loads.

Traffic deck
Expansion joint
Parapet\ Main girder Bearings Super-structure
I T
i o, ;
AN . N

Sub-structure

Abutment Pier

Figure 2.1: All major components of a concrete viaduct [4]
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Superstructure

The superstructure of a prefabricated inverted T-girder viaduct consists of a series of prefabricated
concrete inverted T-girders arranged side by side, topped with a cast-in-situ concrete deck. This deck
serves as a platform to facilitate the passage of traffic and consists of a compression layer and a finish-
ing layer. The compression layer forms a deck slab, which is connected to the girders through extended
shear reinforcement from the web of the girders. The finishing layer, typically an asphalt layer, is ap-
plied over the compression layer to provide a smooth driving surface. The outer girders along the edges
of the viaduct, known as edge girders, resemble the inverted T-girders but often have distinct shape
characteristics. These edge girders are often accompanied by additional edge structures that serve
an aesthetic function without contributing to the structural capacity of the superstructure. At each end
of the span, cast-in-situ concrete beams, referred to as end transverse diaphragms, are constructed
between the inverted T-girders to provide connectivity. These diaphragms are substantial, with their
top matching the top of the compression layer and a typical width ranging from 500 to 1000 millimeters.
Additionally, these diaphragms are provided with shear and bending reinforcement. While the top steel
bars are placed above the girders, holes are created in the web of the girders to accommodate the bot-
tom steel bars. The primary function of the superstructure components is to withstand vertical variable
loads generated by traffic and transfer these loads through bearings to the substructure. The inverted
T-girders are often prestressed with internal steel tendons, inducing compressive stress at the bottom
of the girder. This prestressing stress helps counteract the tensile stresses that develop during service,
enhancing the performance of the concrete girder [26].

Connecting different prefabricated concrete elements creates a complex structure where the develop-
ment of stresses due to temperature variations and the shrinkage or swelling of concrete is a critical
factor. Despite these challenges, a smooth transition between adjacent girders or between girders and
the abutment is essential for traffic safety and comfort. To achieve this, expansion joints, as shown
in Figure 2.2a, are employed. These joints allow for a smooth transition while enabling the individual
elements to deform independently. Different expansion joints can be used to accommodate move-
ments up to 900 millimeters [60]. The required deformation capacity depends on the total length of the
span. The expansion joints are important in concrete structures because the complex functionality to
withstand high loads while sealing the gap between two elements makes them vulnerable [60]. The
leakage of water and deicing salts through the joints onto structural elements could impact the overall
structural performance [18]. Besides, the generated disturbances by the joints in terms of noises and
bumps should be mitigated as much as possible.

Moreover, the inverted T-girders in the superstructure might deform relative to each other, leading to
internal stresses. To counteract these stresses, a unified structure with adequate transverse stiffness
is created using cross beams. These cross beams are typically constructed on top of the supports at
the ends of the span, known as end transverse diaphragms, as shown in Figure 2.2b.

(a) Example of an expansion joint (b) Example of an end transverse diaphragm

Figure 2.2: Examples of connection elements in the superstructure [79]

Bearings
The structural bearings form the connection between the super- and substructure and transfer forces.
They stabilise the entire structure and permit translational and rotational movements while carrying
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the loads. Translational movements include vertical and horizontal displacements, whereas rotational
movements are induced by moments. The displacements and rotations at the supports can occur due
to temperature changes, shrinkage of concrete, permanent and variable loads, and settlements of sup-
ports [33]. In theory, the pin bearing and roller-type bearing can be used in different combinations to
create all possible degrees of freedom. However, in practice, these bearings are much more complex.
They should permit longitudinal movements due to thermal expansion and contraction and allow ro-
tations due to deflection caused by the dead and live loads [2]. Different bearing types are available
to provide necessary restraints to the superstructure while avoiding unnecessary forces on both the
super- and substructure by providing freedom to some displacements and rotations. Because of their
complexity and vulnerability, bearings determine the durability and reliability of the complete structure
[53]. It is therefore advisable to limit the number of bearings and make design provisions to make it
possible to replace them [41].

The most common types of bearings at viaducts are the elastomeric bearing and pot bearing, which
are shown in Figure 2.3. The elastomeric bearing consists of rubber layers separated by steel plates.
The bearing accommodates movements by deformation and can take up small structural movements
in longitudinal, transverse, and rotational directions [2]. In addition, the elastomeric bearing provides
vibration isolation and is generally simple to install and perform maintenance [2]. The pot bearing
comprises an elastomeric disk constrained by a metal cylinder and a close-fitting piston [33]. The dead
load of the structure puts the elastomeric disk under high pressure and permits rotational movement in
any direction. Translational movements can be accommodated by including a sliding surface. The pot
bearing can accommodate greater movements and higher loads compared to the elastomeric bearing

[33].
Rubber . .
! giee Plate ‘
(a) Example of an elastomeric bearing (b) Example of a pot bearing
Figure 2.3: Most common types of bearings in viaducts
Substructure

The substructure of the prefabricated inverted T-girder viaduct includes all components located below
the bearings. The primary components of the substructure include the piers, abutments, and foun-
dation. The main function of these components is to transfer the load from the superstructure to the
ground.

The piers are vertical structures that provide support to the superstructure, as illustrated in Figure 2.4.
When the span required exceeds the maximum span capability of a single girder, intermediate piers are
incorporated into the design. In the case of a prefabricated superstructure, a pier typically comprises
one or more columns, a capping beam to support the girders, and a footing. Due to their substantial
size and weight, piers are usually constructed with cast-in-situ concrete, as their large dimensions make
transportation challenging.
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Figure 2.4: Different types of piers for prefabricated structures [37]

The abutments are located at the ends of the viaduct, as illustrated in Figure 2.5. They are designed
to retain the soil behind the structure but also provide additional support to the structure in vertical and
horizontal directions [76]. Many different types of abutments can be used in different configurations.
The most common types of abutment support are piles, drilled shafts, and spread footings.

Resist vertical loads
from superstructure

g

Retain )
embankment Resist horizontal loads
from superstructure

=,

Figure 2.5: Example of an abutment in a viaduct [76]

The foundation transmits the load from the piers or abutments into the supporting soil. The main pur-
pose of the foundation is to provide stability to the structure and distribute the loads over a large area
of soil. Two types of foundations can be distinguished: shallow and deep foundations, as shown in
Figure 2.6. Shallow foundations, also known as spread footings, are used for small and light structures.
These foundations are placed close to the earth’s surface and are easy to construct. In comparison,
deep foundations are used for large and heavy structures and can be used on soft soils. The deep
foundation uses piles that are drilled or driven into the ground to find a soil layer with sufficient bearing
capacity. The load is mainly transmitted by the shaft or skin of the pile and partly by the base of the
pile [73].

In the Netherlands, the soil is soft and does not have enough load-carrying capacity close to the surface.
Therefore, mainly deep foundations with piles are used to transfer the load from the structure to a load-
bearing soil layer (i.e. sand layer). Moreover, these piles can be drilled under a certain slope to create
the optimal load distribution of horizontal and vertical forces.



2.1. General design of the prefabricated inverted T-girder system 10

CALL| VoLAS LSS
[ 1|

Figure 2.6: Shallow and deep foundations [29]

2.1.2. Structural system of superstructure

The most critical forces that a viaduct should withstand are the shear forces and moments. Shear
forces primarily result from the structure’s self-weight and variable loads on the deck. These loads are
transmitted through the girders to the support via the bearings. Moments in the structure can occur
around both transverse and longitudinal axes. Bending moments, arising around the transverse axis,
are generated by loads causing the element to deflect. These bending moments play a crucial role in
determining the structural integrity of the viaduct. Torsion moments around the longitudinal axis result
from girders deforming independently. The stiffness of the entire structure provides resistance against
these twisting forces and contributes to the overall stability of the structure.

Within structural mechanics, two main categories of structures are classified: statically determinate
and statically indeterminate. Statically determinate structures have a known internal force system that
can be analysed by using fundamental equilibrium equations [28]. In contrast, statically indeterminate
structures involve more unknowns than can be solved with only equilibrium equations. Determining
the internal force distribution requires additional conditions such as the compatibility conditions of de-
formations [28]. The prefabricated inverted T-girder system applies to both categories, but a statically
determinate structure is often preferred due to lower hogging moments at the supports.

The type of bearings between the super- and substructure influences the stress distribution across the
entire structure. For prefabricated inverted T-girders, the most commonly used structural system for the
superstructure is the simply supported configuration. In this setup, each girder is individually supported
by bearings at its end, requiring the incorporation of expansion joints at intermediate supports and
between girders and abutments. This design permits almost all movements of the girders, preventing
the generation of unnecessary stresses. Properly designed joints are crucial for preventing durability
issues, such as the wear of bearings. The main advantages of simply supported decks include [79]:

 Girders installed directly on their final bearings
« Differential settlements do not affect the structural system
» Dimensioned joints accommodating thermal movements, creep, and shrinkage

* Results in durable structures
However, the main disadvantages of a simply supported superstructure are highlighted by [79]:

* Requirement for two rows of bearings at intermediate supports, resulting in increased expenses
and the need for piers with larger surfaces

* Requirement for expansion joints, causing discomfort to traffic and susceptibility to durability is-
sues in the presence of de-icing salt

The utilisation of multi-span bridges enables the spanning of larger distances. Initially, these bridges
were designed with a series of simply supported girders. When H. Cross introduced the moment distri-
bution of continuous beams in 1932 [12], the use of continuous decks commenced [56]. The continuity
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of a deck plays a crucial role in the bending moment distribution over the girders, as illustrated in
Figure 2.7. The implementation of continuous girders introduces a hogging moment at the intermedi-
ate support and a lower bending moment along the rest of the girders. This results in not only better
structural performance but also allows for a reduction in the number of expansion joints and bearings,
resulting in significant cost savings [56]. Nevertheless, the main disadvantages associated with a con-
tinuous deck system include increased complexity, higher construction costs, and the need for wider
in-situ crossbeams [79].

o

f_Q [ o
(a) Disjointed girders

| |
= i ©
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(b) Continuous girders

Figure 2.7: Impact of continuity spans on the moment distribution in multi-span structures [79]

Three solutions exist for providing continuity in the deck of a prefabricated inverted T-girder system.
The first method involves expansion joints to only connect the deck. This approach results in a simply
supported structure with separate girders and a discontinuous deck slab. The presence of joints in the
deck slab not only results in discomfort for traffic but also requires frequent maintenance due to their
susceptibility to wear and damage.

The second method addresses continuity in the deck by connecting adjacent girders using an integral
reinforced crossbeam at the intermediate supports. Known as mechanical continuity, this connection
establishes a continuous connection between the girders. It is important to note that this continuity
only applies to additional loads, as the connection is constructed after the girders are simply supported.
This statically indeterminate structure provides great structural performance, characterised by minimal
moments and deflection [79].

The third method also uses simply supported girders as a starting point but provides continuity through
the deck slab only. This approach referred to as partial continuity, includes the construction of the deck
slab on top of the simply supported girders. However, it incorporates an elastic material to separate the
deck slab from the crossbeams, allowing rotational movements. This debonded deck slab, illustrated in
Figure 2.8 and referred to as the link slab, mitigates the effects of rotation by allowing the development
of fine cracks within the link slab itself [66]. This method strikes a balance between the simplicity of a
simply supported structure and the benefits of a jointless continuous deck slab. The incorporation of
this method not only minimises maintenance requirements but also contributes to the overall structural
performance by decreasing the continuous stress in the deck slab [74].
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Figure 2.8: Partial continuity in prestressed girder bridges by using the link slab [48]

Eliminating the durability problems associated with bearings and enhancing structural efficiency, in-
tegral bridges are introduced as an alternative to conventional girder bridges. Distinguished by the
absence of bearings and expansion joints, this design integrates the superstructure with the substruc-
ture. Rigid connections are established between the deck girders and the supports, as presented in
Figure 2.9. This bridge design is suitable for both single- and multiple-span bridges. The resulting
portal frame transfers all movements and rotations directly to the abutments, which are pushed into
the soil. It is therefore accepted that these structures are subjected to secondary stresses induced by
settlements, post-tensioning, and significant internal moments [7]. The simplicity of these structures
contributes to faster and easier construction. However, the design can cause some problems related
to the lack of flexibility in accommodating thermal expansion and contraction. Moreover, semi-integral
bridges have been developed to optimise this bridge design by combining simplicity and necessary
flexibility by incorporating bearings at specific locations.

expansion joints expaxﬁion joints
/AN L -I_I /AN
w ~
bearings bearings
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(a) Conventional bridge
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(b) Integral bridge

Figure 2.9: Comparison of a conventional bridge and integral bridge [77]
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2.1.3. Different types of inverted T-girders

Over time, the inverted T-girder has found application in numerous infrastructure projects and has
undergone various structural developments. Figure 2.10 shows the cross-sections of the predominant
inverted T-girder types used in the Netherlands. The designs of Figure 2.10a till Figure 2.10d were
designed by Spanbeton BV, whereas Haitsma designed the remaining cross-sections. Despite major
differences in the girder’s cross-sectional profiles, the structural principle of the inverted T-girder system
remains unchanged, as discussed in Appendix A.1.3.

(c)zIP

D

=

(d) ZIPXL (e) HRP (f) HIP

Figure 2.10: Cross-section of different prefabricated inverted T-girders [55] [10] [31]

HNP girder

The first generation of inverted T-girders was the HNP girder produced by Spanbeton BV from 1965
until 1972. These girders were used to span between 13 and 29 meters. The width of these girders
was constant at 1000 millimeters and a varying height of 500 to 1000 millimeters. This profile has little
to no shear reinforcement and is therefore incompatible regarding the required shear capacity with the
more stringent standards nowadays [15].

HIP girder

The HIP girder introduced by Spanbeton BV in 1970 was the expansion to the HNP girder to fulfil the
need for greater spans while concerning the economic interests [57]. With this girder spans up to
40 meters were possible. The girder has a constant width of 1200 millimeters and a variety in height
between 500 and 1400 millimeters. In addition, the web of the girder was 300 millimeters and contained
shear reinforcement [15].

ZIP girder

In 1973 Spanbeton BV introduced the ZIP girder which is identical to the HIP girder system but with
some strengthening to withstand the collision load of the deck [57]. There are two types of this girder;
ZIP and ZIPXL. The ZIP girder has a constant width of 1200 millimeters and a varying height between
500 and 900 millimeters. Spans up to 25 meters were possible to reach. The big brother, the ZIPXL,
has a constant width of 1500 millimeters and a varying height of 1000 to 2400 millimeters. With this XL
variant, spans up to 60 meters were available [10].
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HRP girder

The HRP girder is designed by Haitsma and stands for 'Haitsma Rail Profiel’ [31]. This girder is designed
to span 15 to 45 meters. The standard width is 1200 millimeters and the construction height varies
between 500 and 1600 millimeters [31].

HIP girder

The expansion of the HRP girder is the HIP girder which Haitsma also designs. The top and bottom
flanges have the same width, making this an I-girder. These HIP profiles are suitable to span 40 to 65
meters and have a standard width of 1500 millimeters [31]. The construction height is varying between
1200 and 2000 millimeters [31].

An overview of all inverted T-girder profiles, along with their most important characteristics, is presented
in Table 2.1.

Table 2.1: Overview of the key characteristics of various inverted T-girder profiles

Profile Width [mnm] Height [mm] Span [m]

HNP 1000 500-1000 13-29
HIP 1200 500-1400 13-40
ZIP 1200 500-900 13-25
ZIPXL 1500 1000-2400 10-60
HRP 1200 500-1000 15-45
HIP 1500 1200-2000 30-60

2.2. Structural behaviour of the inverted T-girder system

With the structural design of an inverted T-girder system described, a theoretical analysis of its structural
behaviour can be performed. This section explores the structural behaviour of the entire superstruc-
ture, emphasising the interaction between structural components in terms of stiffness and efficient load
distribution, using a single span simply supported at both ends. Subsequently, the stress distribution
within an individual composite inverted T-girder is analysed and detailed.

2.2.1. Analysis of the systems structural response

Describing the structural behaviour of the inverted T-girder system involves understanding the response
to external loads. These forces result in various internal stresses that can lead to failure if not adequately
accounted for in the structural design. Especially, the ability to resist bending moments, shear forces,
axial forces, and torsion moments is crucial to ensure the structural integrity and safety of the structure.
Moreover, efficient load distribution significantly influences structural performance. By comprehending
the behaviour of the complete system, one can evaluate the contributions of components and explore
the feasibility of various design innovations.

In structural engineering, evaluating the load-bearing capacity of a structure involves two design criteria:
the Ultimate Limit State (ULS) and the Serviceability Limit State (SLS). The ULS focuses on extreme
conditions determining the maximum load a structure must withstand without failure, thereby ensuring
its safety and reliability. Conversely, the SLS deals with normal operating conditions, ensuring that the
structure remains functional and comfortable during regular use. This involves controlling factors such
as vibrations, deflections, and crack widths to maintain the structure’s durability and usability over time.

In the context of this research, the superstructure’s system behaviour is analysed by evaluating the
configuration of its structural components and assessing the system’s stiffness and load distribution
capabilities under ULS conditions. Specifically, the emphasis is on investigating the collaborative be-
haviour of all structural components when exposed to critical conditions.
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Structural components
The superstructure of the prefabricated inverted T-girder system can be divided into four principal struc-
tural components:

1. Inverted T-girders

2. Edge girders

3. Deck

4. Transverse diaphragms

The primary load-carrying components within the inverted T-girder system consist of a series of simply
supported prefabricated girders oriented in the longitudinal direction. Initially, these girders provide
longitudinal stiffness without contributing to transverse stiffness due to their separation. Similarly, edge
girders contribute to the system’s stiffness but with different characteristics due to their distinct cross-
sections. The in-situ deck slab connects the girders, creating a continuous composite system in both
longitudinal and transverse directions. This integration enables applied loads at any point to be trans-
ferred through the girders to the supports. Furthermore, the deck slab enhances transverse stiffness
by acting as a cross beam. The transverse diaphragms positioned at both ends of the girders further
increase the transverse stiffness by rigidly connecting the girders in the transverse direction. Both the
deck and transverse diaphragms play important roles in creating a unified system that facilitates bend-
ing in multiple directions.

Structural stiffness and arrangement in both directions

The superstructure of a viaduct or bridge is orthotropic and behaves distinctively in longitudinal and
transversal directions due to varying stiffness and a different structural system. In the longitudinal di-
rection, the bending stiffness is determined by the total cross-section of the combined girder and deck.
In the transversal direction, the bending stiffness only relies on the height of the deck, resulting in lower
stiffness than the longitudinal direction. In addition to the difference in stiffness, the presence of pre-
stressing steel in the inverted T-girders further influences the longitudinal behaviour. Furthermore, the
structural system varies in both directions, resulting in a different moment distribution, as illustrated in
Figure 2.11. In the longitudinal direction, the girders are supported at both ends, resulting in a simply
supported deck. Conversely, each girder forms a support in the transverse direction, resulting in a
continuous deck slab with multiple supports. The corresponding moment distribution shows hogging
moments above each girder and lower deflection moments between the girders.
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(a) Transverse direction

(b) Longitudinal direction

Figure 2.11: Cross-section of the superstructure in both directions with corresponding moment distribution
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Load distribution

The behaviour of a structural system can be defined by the transfer of applied loads across its com-
ponents toward the supports. Load distribution predominantly depends on the arrangement of girders
and the system'’s stiffness in both longitudinal and transverse directions. As described, longitudinal
stiffness mainly relies on the girders themselves, while the presence of the deck slab and transverse
diaphragms enhances transverse stiffness. Greater transverse stiffness ensures a more efficient load
distribution, ensuring uniform deformation of the deck slab, with multiple structural elements participat-
ing. Traditionally, multiple cross beams were installed along the span to provide sufficient transverse
stiffness. However, these cross beams have been omitted for simplicity reasons and to mitigate labour-
intensive processes, resulting in a less effective system [64]. Consequently, the torsional stiffness of
principle structural components significantly influences transverse load distribution [81].

The load distribution of a concrete girder bridge can be analysed using the Guyon-Massonnet method,
which details the distribution of moments and forces in slabs supported by a grid of beams. This
semi-empirical approach determines the deflection of a deck slab in both longitudinal and transverse
directions by describing the orthotropic slab behaviour with a fourth-order differential equation. Ap-
pendix B provides the background and derivation of this equation. The inputs for this equation include
the geometry of the deck slab and its flexural and torsional stiffness. In linear elastic systems, the slab
deflection is directly proportional to the load distribution.

The Guyon-Massonnet method demonstrates the influence of various structural properties on the load-
bearing capacity of a slab. The method highlights that higher torsional stiffness enhances the slab’s
ability to distribute loads in the transverse direction. Additionally, the method shows that lower longitu-
dinal flexural rigidity relative to transverse flexural rigidity further improves transverse load distribution.
When cracking occurs in the slab or transverse cross beams, the transverse flexural rigidity decreases.
According to the Guyon-Massonnet method, this reduction leads to an overall decrease in flexural stiff-
ness, significantly affecting the transverse load distribution. Moreover, the method indicates that load
distribution is independent of the slab’s thickness, emphasising that the slab stiffness and structural
properties over more critical than geometric dimensions in determining load distribution patterns.

Research on the effectiveness of component collaboration

Now that the system behaviour of the superstructure has been thoroughly clarified through theory, the
importance of the contribution of all structural components has become clear. Although most concrete
research tends to emphasise the capacity of individual components rather than the whole deck, there
are a few relevant examples of studies that highlight the importance of system collaboration in girder
systems.

One example is the research done by Ensink et al. (2018) [20] in which multiple experiments are
conducted on a simply supported multi-span T-girder bridge, consisting of prestressed T-girders and
cross-beams, subjected to an individual point load. A part of the experiments was carried out with
the original structural system unchanged, consisting of connected T-girders. The other part of the ex-
periments was carried out on the individual T-girder, separated by sawing the cast-in-situ deck in the
longitudinal direction. The results from the experiments show that the bridge deck with connected T-
girders can resist very high loads compared to the individual T-girder.

Another example is the research done by Murray et al. (2018) [50] and Murray et al. (2019) [49] in
which prestressed |-beams are tested individually and compared to a bridge deck, consisting of similar
prestressed |-beams connected by a cast-in-situ deck slab and transverse diaphragms. The experi-
ments show that the bridge deck and transverse diaphragms provide additional load distribution after
girder failure and allow two-way bending of the deck slab, suggesting different behaviour than typically
assumed. These load transfer capabilities affect the failure mechanism of the bridge, potentially in-
creasing the capacity.

Another example is the study done by Ensink (2024) [21], which provides an extensive analysis of the
system behaviour in prestressed concrete T-beam bridges. The main part of this research is a case
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study of a typical concrete T-beam bridge in the Netherlands. The study demonstrates how the interac-
tion of elements within the structural system enhances the ultimate load capacity of the main T-beams.
Using experimental, numerical, and analytical methods, including a full three-dimensional nonlinear
finite element model, the research reveals that the system behaviour significantly differs from that of
an individual T-beam due to the contribution of secondary load-bearing mechanisms. While traditional
assessments of these bridges often overlook these mechanisms, Ensink’s research highlights their role
in increasing the bridge’s overall capacity.

The studies conducted show the importance of cooperation among various structural components in en-
larging the load-bearing capacity. This collaboration hinges upon the overall coherence of the system,
which relies on the connections between the structural components. The transverse stiffness is there-
fore an important characteristic of the system. Its presence facilitates the transverse load distribution
across the deck, resulting in the involvement of multiple girders. This more effective load distribution
improves the structure’s load-bearing capacity and durability [50].

As demonstrated by Ensink (2024) [21], the cooperation among structural components not only in-
creases the system’s structural capacity but also activates secondary load-bearing mechanisms that
further enhance the overall capacity. These mechanisms involve compressive membrane action (CMA)
in the deck and arch action in the girders. When structural deformations combine with lateral restraints,
internal compressive arches form, generating compressive membrane forces, as illustrated by Fig-
ure 2.12. These mechanisms are identical for slabs and beams and can substantially enhance the
load-bearing capacity of prestressed bridge decks [1]. This hidden residual capacity is traditionally not
considered but could have a positive effect when reusing the girders.

Load

i

Compressive membrane force

Figure 2.12: Visual representation of CMA in both concrete deck and girders [19]

2.2.2. Assessment of the individual inverted T-girder

The structural response of the individual composite inverted T-girder can be described using a statically
determinate simply supported girder, as illustrated in Figure 2.13. This homogeneous concrete girder
demonstrates linear-elastic behaviour, primarily experiencing dead loads, live loads, and prestressing
forces. These loads induce internal forces expressed by shear forces, bending moments, and torsion
moments. Consequently, internal stresses develop within the girder, comprising both normal and shear
stresses. The normal stresses are oriented perpendicular to the cross-section, whereas shear stresses
are oriented parallel to the cross-section. The internal forces always maintain equilibrium with the ex-
ternal forces along the entire length of the girder.

»L ¢ ¢ Live loads ¢ ¢ ¢
| ¢ ¢ ¢ Dead loads ¢ ¢ ¢ I

Prestressing
force

Prestressing
force

Figure 2.13: Overview of inverted T-girder subjected to dead loads, live loads, and prestressing forces
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Inverted T-girder construction design

As a building material, concrete’s material properties are much stronger in compression than in tension.
The occurrence of tensile stresses should be therefore taken up by another material that is strong in
tension such as steel. Moreover, different techniques such as arching or prestressing offer solutions
to mitigate tensile stresses. The considered prefabricated inverted T-girders are both reinforced and
prestressed to improve the structural integrity of the concrete girder. The method of prestressing that is
mainly used for the production of prefabricated bridge girders is prestressing with pre-tensioned steel.
This method stresses the steel tendons by elongating them at the ends before pouring the concrete
into the inverted T-girder mould. After hardening the concrete, the tension in the tendons is released
by cutting them at the girder’s ends. The tendency of the steel tendons to return to their original state
creates a firm connection by the expansion of the tendons. These tendons then exert a compressive
force on the concrete over their entire length. The prestressing force is gradually transferred at both
ends over a certain transmission length. Adjusting the transmission length by detaching prestressing
steel and concrete can be used to optimise the bending moment distribution. Since the prestressing
steel is concentrated below the centroidal axis of the girder, it naturally induces an upward curvature
in the girder. Simultaneously with the release of the prestressing force, the self-weight of the girder is
mobilised, resulting in the moment distribution, as illustrated in Figure 2.14a.

Prestressing force
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+
Self-weight
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(a) Moment distribution due to prestressing force and self-weight (b) Cross-section detailing prestressing steel and
reinforcement

Figure 2.14: Structural design of individual inverted T-girder

The shape of the inverted T-girder is characterised by its optimal material usage and suitability for
incorporating prestressing steel into the bottom flange due to the space availability. Typically, rein-
forced concrete girders start to crack at relatively low loads due to concrete’s limited tensile strength.
After cracking, the longitudinal reinforcement takes over the tensile stresses, withstanding bending
moments, and controlling concrete crack width. However, this system diverges from the conventional
approach as it operates mainly under compression during service conditions (SLS) due to the prestress-
ing force. Consequently, longitudinal reinforcement may only be needed at the top to absorb potential
tensile forces immediately after the release of the prestressing force. Additionally, split reinforcement
at the supports within the bottom flange can be necessary due to concentrated forces for controlling
the crack width. Figure 2.14b illustrates the layout of the longitudinal reinforcement and prestressing
steel, marked by blue and black dots respectively, within the cross-section of the composite inverted
T-girder. Notably, the stirrup reinforcement surrounding the longitudinal reinforcement is not shown;
only the hairpins between the girder and the deck are presented.

Stress distribution within the composite girder

To provide a better understanding of the behaviour of the girder, the internal stress distribution within
the composite girder is analysed. Normal stresses arise due to axial forces and bending moments,
whereas shear stresses are generated by forces acting perpendicular to the girder’s cross-section, in-
volving shear forces and torsion moments. Figure 2.15 illustrates the stresses generated by bending
and torsion moments in a cross-section.
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Figure 2.15: Normal and shear stresses due to bending and torsion moments [42]

The normal stress distribution of the composite girder is analysed by examining the stress development
during various construction stages. Since this distribution varies along the length of the girder due to
changes in internal bending moments, the cross-section is examined at mid-span. Furthermore, the
equations for calculating the maximum stress values at the top and bottom of the girder are provided
in the figures.

In the initial stage of the composite system’s life, the prestressed inverted T-girder exists just a few days
after fabrication in the factory. At this stage, the inverted T-girder is subjected only to the prestressing
force and its self-weight. The eccentric compressive force exerted by the prestressing steel can be
described as an axial force combined with a bending moment, inducing high compressive stresses at
the bottom and minor tensile stresses at the top of the girder. Consequently, the resulting forces are
primarily compressive, as illustrated in Figure 2.16.

Prestressing Prestressing Self-weight Stress distribution
moments axial force girder initial stage
Fpepz; Mz
I L

Figure 2.16: Normal stress distribution at the initial stage

The intermediate stage occurs during the casting of the compression layer, following the girder instal-
lation in the structure but before the cast-in-situ concrete has hardened. At this stage, the girders bear
an additional load from the self-weight of the compression layer. The resulting stress distribution is
presented in Figure 2.17.
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Figure 2.17: Normal stress distribution at the intermediate stage

The final stage involves the composite action of the system after the compression layer has hardened.
At this stage, the components of the system function as a single cross-section, altering the position
of the neutral axis. During service, the composite system must support additional dead loads from
the asphalt layer and live loads from passing traffic. The stress distribution observed during service
is illustrated in Figure 2.18. The discontinuity in the stress distribution is due to the varying stiffness
between the compression layer and the girder. This variation in stiffness, combined with an equal strain,
causes a jump in stress values at the connection.

Stress distribution Dead loads and Stress distribution
intermediate stage live loads final stage
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Figure 2.18: Normal stress distribution at the final stage

In addition to normal stresses, shear stresses arise due to shear forces and torsion moments, flowing
parallel to the cross-section. The shear stress distribution from shear force is uniform across the width
of the web, while shear stresses from torsion moments are linearly distributed, with extreme values
at both ends. Figure 2.19 illustrates the flow parallel to the cross-section and shows the total shear
stress distribution over the complete height of the composite girder. The maximum shear stress is
observed in the middle of the cross-section and is primarily carried by the girder’s web. These vertical
shear stresses are complemented by horizontal shear stresses along the girder’s length to maintain
equilibrium. The shear stresses from torsion moments occur when the girder experiences torsion mo-
ments due to eccentric loading, the curvature of the alignment, or the skew angle of the girder. The
magnitude of these shear stresses within composite girders is significant at the ends, where the gird-
ers are restrained against rotation. Both shear stresses develop concurrently within the girder and can
influence each other, potentially leading to higher stress magnitudes within the cross-section. This
could lead to higher shear stress magnitudes within the cross-section. Furthermore, the presence of
the deck slab significantly increases the stiffness and torsional rigidity of the girder system. This results
in a more uniform stress distribution along the length of the girder, reducing stress concentrations at
specific locations.
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Figure 2.19: Shear stress distribution of the composite girder

Time-dependent effects

Besides the immediate response of a girder under load, time-dependent effects significantly influence
concrete behaviour, especially shrinkage and creep. Shrinkage refers to the change in length or vol-
ume of a non-stressed concrete element caused by changes in moisture content or chemical reactions.
Conversely, creep is defined as the gradual deformation of a concrete element over a long-term period
under stress. Restraining these time-dependent effects through the supports or for example with the
bonding of steel [27] or the casting of new to old concrete [59], introduces additional stresses within
the cross-section of the composite system. These stresses could considerably impact the structural
performance, causing substantial deflections and increasing crack widths, potentially leading to service-
ability failures. Moreover, both shrinkage and creep contribute to a reduction in prestressing force over
time. This effect is enhanced by relaxation, a time-dependent material property of steel characterised
by stress reduction at a constant material strain.

Structural response during its operational lifespan (SLS)

The composite system formed by the prefabricated prestressed girder and the in-situ deck slab com-
bines two distinct concrete elements into a single cross-section. Throughout its operational lifespan, the
behaviour of the girder is influenced by various loads and time-dependent factors, resulting in changes
to the stress distribution. Understanding the stress distribution within the composite system is crucial
for ensuring durability when preparing the girders for a second service life.

Figure 2.20 - 2.22 provides an overview of the stress distribution within the composite inverted T-girder,
showing key moments from its construction in the factory to the end of its initial service life and prepa-
ration for reuse. These figures aim to provide insight into the evolution of stress distribution during the
life cycle of the composite girder and are conceptual rather than based on calculations.

Initially (at t=0), concrete is poured into the mould containing prestressing and reinforcing steel. Several
days later (at t=3-5), the prestressing force is released, exerting a compressive force on the girder and
mobilising its self-weight. The girder reaches its full strength after 30 days, allowing for its installation in
a structure. In practice, the girder is often installed after approximately 50 - 60 days with the cast-in-situ
compressive layer initially adding its self-weight as a distributed load before contributing to the system.
After the hardening of the cast-in-situ concrete, the composite system begins to function collectively.
Approximately 100 - 200 days into the process, the additional dead loads in the form of the asphalt
layer are introduced, making the system ready for its service life.

t=0 t=3-5 t =50-60 t=100-200

Figure 2.20: Stress distribution of the composite inverted T-girder during its construction
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At the start of its service life at around 100 - 200 days, the composite girder is subjected to dead
loads with minimal time-depend effects and live loads. As the service life progresses (t=«), the time-
dependent effects due to the dead loads become more present, leading to additional self-weight and
a prestressing force in the compression layer due to creep. Additionally, the prestressing force on the
girder decreases due to shrinkage and relaxation, leading to an overall assumption of decreasing com-
pressive stress values on the top side of the composite girder. Figure 2.21 shows the stress distribution
at the beginning and end of its lifespan with a distinction in the stress distribution due to the dead- and
live loads.

t=100-200

Figure 2.21: Stress distribution of the composite inverted T-girder during its service life

Figure 2.22 illustrates the stress distribution of the composite girder during the reuse process. Prepar-
ing the inverted T-girder for future use begins with the removal of the asphalt layer, which reduces
distributed loads. Following the disassembly of the girder, the compression layer is partially removed,
restoring the girder to its original shape with reduced compressive stresses from the unchanged pre-
stressing force. When reusing these girders, it is important to consider the reduced compressive stress
remaining in the girders, as it increases the potential risk of exceeding the concrete’s tensile stress ca-
pacity.

Figure 2.22: Stress distribution of the composite inverted T-girder during its reusing process

Structural response at failure (ULS)

The stress distributions of the composite girder, as shown in Figure 2.20 - Figure 2.22, help by under-
standing the structural behaviour under SLS conditions. However, the girder’s stress distribution in the
ULS could be decisive when ensuring its safety and reliability. Therefore, Figure 2.23 shows the stress
distribution of the composite girder under ULS conditions, representing the behaviour of the structure
when approaching failure. Here, a distinction is made between the consequences due to dead and live
loads.
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Figure 2.23: Stress distribution of the composite inverted T-girder under ULS conditions

2.3. Current methods to enable reuse of prefabricated girders
Improving the circularity of prefabricated inverted T-girders involves a shift in design considerations to
facilitate future disassembly and reassembly processes. As described in Section 1.1, some girders
have already been successfully reused after being disassembled from their original structures. This
section outlines the current methodologies for disassembling, modifying, repairing, and strengthening
prefabricated inverted T-girders.

2.3.1. Disassembling of prefabricated girders

The circularity process starts with the disassembly of various structural elements. This disassembly pro-
cess shows similarities to the conventional demolition process of concrete structures, primarily driven
by transport capacity considerations. However, in contrast to typical demolition, the disassembly pro-
cess demands precision and accuracy. This is necessary to ensure that reusable elements retain their
structural integrity and functionality. Throughout the process, the safety and stability of the structure
should always be guaranteed. Numerous factors influence the disassembly process with hindrances
to the surrounding environment being of primary concern. In the Dutch infrastructure, factors such as
duration, noise, and traffic hindrances emerge as critical considerations. The ambient traffic should
not be limited by supporting constructions or potential issues like the leakage of cooling water from
the sawing process [71]. When dealing with a viaduct, a temporary sand layer is often applied to the
underlying road to provide protection.

The traditional demolition process incorporates heavy machinery equipped with hammers, shears, and
concrete crushers. It is important to note that this demolition process also requires structural analy-
sis to remove a concrete structure safely and responsibly. The removal of each structural component
changes the structural system and leads to different force distributions within the structure [3]. While the
traditional process is cost-effective and fast, it limits the traffic hindrance. However, this method does
not consider any reusable value of concrete elements. This approach results in the pulverisation of all
demolished materials into debris. As this results in non-reusable girders, a more delicate approach is
needed. The suitable approach can be described by the deconstruction process, which is defined by
the disassembly of elements and material salvage [36].

The deconstruction of a prefabricated concrete viaduct involves the removal of non-structural elements,
such as streetlights and guardrails, followed by the removal of the asphalt layer using milling machines
[82]. Subsequently, the compression layer connecting the girders is sawn through to enable the lon-
gitudinal separation of the girders. The slab saw, as presented in Figure 2.24, is typically used on
horizontal surfaces and provides clean, accurate cuts up to 700 millimeters deep [25]. Dust creation is
mitigated by using water, ensuring the cleanest and most effective way to cut concrete [25].
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Figure 2.24: Example of a slab saw being used in practice

Major challenges arise with the presence of crossbeams and end transverse diaphragms due to their
robustness. The height of these end transverse diaphragms matches the construction height, which
exceeds 900 millimeters for spans over 20 meters [71]. Detaching the transverse diaphragms requires
specialised, time-consuming methods, such as wire cutting and stitch drilling [71]. Figure 2.25 shows
practical examples of these methods. Wire cutting involves a wire wrapped around an element to make
clean controlled cuts for elements with an out-of-reach depth for other methods. This method does not
require as much space as other methods and can be controlled remotely, minimising risks. On the
other hand, stitch drilling involves a sequence of overlapping vertical holes to form a ’cut’. This method
is easy to perform but the result is an uneven cut and lost material between the girders. The complexity
due to transverse diaphragms can extend the deconstruction process by up to one week. In contrast,
other girder types without transverse diaphragms such as box beams are easier, faster, and cheaper
to deconstruct [71].

(a) Example of a wire saw being used in practice (b) Example of stitch drilling in practice

Figure 2.25: Special methods for detaching end transverse diaphragms [25] [64]

2.3.2. Modification of prefabricated girders

Following the disassembly of prefabricated girders from the original structure, they are transported
via trucks or boats to a storage area or workplace. Here, the prefabricated girders are modified and
prepared for future use. This process starts with the removal of residual cast-in-situ concrete parts
from the compression layer and end transverse diaphragms. Subsequently, the girders are adapted to
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meet the requirements for new constructions by shortening and adjusting the skew angle of the girders.

Eliminating the remaining cast-in-situ concrete parts from the compression layer and transverse di-
aphragms is achieved while maintaining the shear reinforcement within the girder’s web. The most
commonly used techniques include hydraulic hammering and hydro demolition. Hydraulic hammering
is more often chosen due to its cost-effectiveness [71]. This method involves breaking concrete into
smaller pieces, allowing for accurate removal and preservation of the girders and their reinforcement.
However, the presence of high bond strength between concrete elements increases the risk of poten-
tial damage to other structural components. Mitigating the risk involves careful machine operation by
limiting the power of the machines and extending the process time. It may suffice to expose a minimum
of 60 millimeters of reinforcement instead of entirely removing the compression layer. An alternative
approach is to retain the original compression layer and cast a new layer on top, which increases the
bending moment and shear capacity. However, this also results in a greater overall construction height.
A prerequisite for this method is the good condition of the compression layer, which requires an addi-
tional inspection to ensure its structural integrity.

Making the girders suitable for new constructions involves alignment adjustments in both length and
angle. Shortening prefabricated prestressed girders is not straightforward due to potential changes in
stress distribution, leading to the formation of cracks. The removal of splitting reinforcement, applied
at the ends of the girders to counteract splitting stresses from prestressing, can lead to issues during
shortening. Moreover, modifications to the skew angle may introduce additional stresses. Research
shows that skew angle adjustments between 60 and 90 degrees can be effectively made using a wire
saw [71]. However, these modifications may lead to insufficient coverage on reinforcing and prestress-
ing steel or even expose these steel strands. To protect these steel strands from potential corrosion
by their surroundings, the cover of concrete must be restored. During their service life, girders may
sustain damage and require repairs to satisfy the standards and guidelines.

2.3.3. Repairs

Over the years, structural elements can suffer damage due to various factors, including weather condi-
tions and vehicular collisions, ultimately leading to a potential decrease in load-bearing capacity. How-
ever, the long-term performance of infrastructural structures depends greatly on their ability to resist the
degradation of materials [43]. Environmental influences can significantly affect the structural properties
of reinforced concrete elements through multiple deterioration mechanisms, such as reinforcement cor-
rosion. For the preservation and reuse of the girders, it is crucial to understand the current conditions
of the materials to determine their properties and durability. Visual inspection, coupled with several
testing techniques, could be used to measure structural properties and determine the remaining ser-
vice life of the reinforced concrete element.

The cause of deterioration of a reinforced concrete element depends on the deterioration of the concrete
itself and the deterioration of steel. One may lead to the other when, for example, physical damage to
the concrete cover could expose the reinforcing steel directly to the environment. Concrete cracking is
a source of concern as it can cause severe corrosion of reinforcement, which is the most critical factor
in the durability of reinforced concrete structures [43]. The two major causes of reinforcement corrosion
in structures within the infrastructure are:

1. Carbonation-induced corrosion

2. Chloride-induced corrosion

Carbonation of concrete denotes a chemical reaction occurring within the concrete, particularly in envi-
ronments rich in carbon dioxide, such as the road network. This process causes embedded reinforce-
ment to corrode resulting in the formation of expansion cracks and weakening the concrete. Additionally,
the presence of chloride ions, primarily coming from deicing salts used on roads, could initiate chloride-
induced corrosion in reinforcing steel. This type of corrosion diminishes the mechanical strength of
steel, causing cracks and a decline in the bond between steel and concrete. Both deterioration mech-
anisms affect the durability of reinforced concrete structures, ultimately reducing their service life [43].
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Ensuring the durability of structures involves timely repairs to restore structural integrity and prevent
deterioration of materials. Concrete coverage is an important factor in preventing corrosion of steel.
These relatively small procedures could have a significant impact on the structure’s durability. Nev-
ertheless, when repairs are inadequate, strengthening the girders is a feasible measure to maintain
structural integrity to prescribed standards.

2.3.4. Strengthening of prefabricated girders

Due to various factors, the bearing capacity of existing prefabricated girders may no longer meet the
requirements for future use. In these cases, various strengthening options are available to increase the
bending moment capacity, shear capacity, or transverse stiffness. These options can be categorised
into active and passive methods. Active methods immediately increase the structure or element’s
capacity after application. Whereas, passive methods only become active when the load exceeds a
certain threshold.

The feasibility of strengthening methods for existing structures depends on several factors, including
the amount of strength increase, constructability, accessibility, functionality, aesthetics, and available
space. However, constructability and accessibility are less significant since the girders are strength-
ened after disassembly. Typically, strengthening methods are employed as a last resort to extend the
service life of a structure without prioritising durability. In contrast, the existing girders will now be used
in new structures and must meet durability standards with an expected lifespan of one hundred years.
Additionally, the costs and environmental impact of the strengthening methods should not exceed those
of producing a new girder.

Several methods are available to strengthen the superstructure of a bridge. Figure 2.26 provides an

overview of the most common techniques for strengthening reinforced concrete girders. Following this
overview, the suitability of each method for prefabricated concrete girders is evaluated and discussed.
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Figure 2.26: Overview of the most commonly used methods for strengthening concrete structures
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The principles behind using CFRP (Carbon Fiber Reinforced Polymer) and steel strips for strengthen-
ing are quite similar. Attaching these strips to the concrete surface ensures that these strips absorb
stresses, thereby enhancing the strength and stiffness of the reinforced members. Simultaneously
applying these strips to both the tension and compression regions results in a substantial increase in
flexural strength [35]. Additionally, attaching these strips to the sides of the girder’s web increases its
shear capacity. Due to their external application, these techniques are relatively easy to install and
widely applicable. However, significant challenges are associated with debonding and anchoring the
strips to the concrete surface.

Another strengthening technique to improve a structure’s bearing capacity is external prestressing. This
involves placing a reinforcement layout outside the structure, which transfers the prestressing force to
the concrete through anchorages and steering blocks. This method can limit cracks and reduce the
structure’s deformation without increasing its dead load. Moreover, it is easy to set up and maintain,
while also improving the effectiveness of the prestressing system by reducing friction loss [83]. How-
ever, the external tendons are susceptible to environmental exposure and potential damage.

In addition, applying a concrete overlay is another effective strengthening technique. This method in-
volves adding a new layer of concrete over the existing surface, significantly enhancing the structural
capacity and durability of the reinforced members. Beyond concrete repairing and correcting surface ir-
regularities, the concrete overlay increases the cross-sectional area of the member, thereby improving
its flexural and shear capacities. However, the effectiveness of a concrete overlay relies on the quality
of the bond between the new and existing concrete. While this technique can be highly effective, the
potential increase in structural height and dead load must be carefully considered.

2.4. Eliminating end transverse diaphragms from inverted T-girder

systems

As described in Section 2.3.1, the primary challenges in reusing the inverted T-girders arise from the
end transverse diaphragms. Considering the removal of the end transverse diaphragms presents sig-
nificant opportunities to improve the reusability of the girders. Therefore, further investigation into the
elimination of end transverse diaphragms in inverted T-girder systems is desirable.

Few relevant studies have been found on exploring the effects of eliminating transverse diaphragms
in concrete girder bridges. The first section presents two international studies that investigate the ef-
fect of transverse diaphragms in prestressed T-girder bridges, comparing systems with and without
diaphragms. Since the inverted T-girder system is similar, these findings may also be applicable.

Next, two studies specifically examine the effect of end transverse diaphragms in inverted T-girder sys-
tems. One study evaluates the advantages and disadvantages of excluding end transverse diaphragms
by comparing systems with and without them. The other study investigates the feasibility of eliminat-
ing end transverse diaphragms, questioning their practical functionalities. Following the description of
these significant studies, their findings are reviewed and discussed in detail.

2.4.1. Effect of transverse diaphragms in prestressed T-girder bridges

The research conducted by Ramos (2019) [58] aims to determine the effectiveness of closure pour
connections and diaphragms between T-girders on the live-load distribution of a concrete girder bridge.
Using a three-dimensional finite element model of a simply supported straight bridge representative
of a typical T-girder bridge, the study investigates the moment distribution factors for both interior and
exterior girders. The model incorporates longitudinal closure pour joints between the girders and var-
ious configurations of transverse diaphragms. Moments experienced by the girders were compared
between models with and without transverse diaphragms.

The analysis reveals that the effects of transverse diaphragms on load distribution vary with the ap-
plied load configuration. Models without transverse diaphragms show higher design moments in all
girders across different load cases. However, the differences are marginal, with a maximum deviation
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of about 6% in the design moments between the models with and without transverse diaphragms. Con-
sequently, the study concludes that intermediate transverse diaphragms could be eliminated in these
types of bridges. Additionally, it finds no significant difference in performance between cracked and
uncracked end transverse diaphragms under all loading cases.

Another relevant study by Saber et al. (2010) [61] investigates the effectiveness of continuity di-
aphragms for skewed continuous concrete girder bridges through field verification. This study examines
the effects of continuity diaphragms on stresses and deflections in both the bridge deck and girders.
Previous theoretical results from Saber et al. (2007) [62], derived from finite element models, suggested
that continuity diaphragms could be eliminated as they were ineffective in reducing and controlling max-
imum stress and deflection.

Field verification confirms these theoretical findings, indicating that the impact of continuity diaphragms
on skewed, continuous, precast concrete girder bridges is negligible. Comparisons of stresses, strains,
and deflections in the concrete girders, as well as stresses in the bridge deck, show negligible variation.
Therefore, continuity diaphragms may be omitted from the structural design of these bridges.

2.4.2. Effect of end transverse diaphragms in inverted T-girder systems

The research conducted by Minalu (2010) [45] presents appropriate finite element modelling techniques
to predict the behaviour of skew bridges consisting of prefabricated inverted T-girders and a cast-in-
situ concrete deck. Various numerical models were created, incorporating different structural modelling
approaches and element types. The model utilising shell elements for the deck and eccentric beam
elements for the girders was identified as the most suitable for engineering practice.

The study examined the sensitivity of skew bridge performance in two finite element models, both in-
cluding and excluding end transverse diaphragms. The findings indicate that removing the stiffness
provided by the end transverse diaphragms increases the live load longitudinal bending moments by
2% for orthogonal systems and up to 4% for skewed systems. Additionally, removing the end transverse
diaphragms increases the torsion moments in the composite girders by approximately 35% for straight
systems, with this increase reducing to about 20% as the skew angle decreases. Unlike the longitudinal
bending moments in the girders, the maximum transverse bending moment in the deck slab increases
by 7-12% for straight systems and 10-15% for skewed systems, depending on the finite element model
used. These changes are accompanied by high torsion moments in the end transverse diaphragms,
which are practically unsustainable. Given that shear stresses resulting from torsion moments and
shear forces can be substantial, incorporating end transverse diaphragms in the finite element model
could optimise the required stirrups. Conversely, for small-angle skew bridges, the contribution of end
transverse diaphragms is negligible compared to the high torsion moments they induce, suggesting
they can be omitted.

In addition, Van Vliet [68] highlights in his study on torsion in the ZIP bridge system that while the pres-
ence of end transverse diaphragms in a linear elastic model decreases stresses, it results in unrealis-
tically high torsion moments in the end transverse diaphragms. Therefore, eliminating the diaphragms
in calculations provides a more conservative and practical approach.

2.4.3. Practical functions of end transverse diaphragms in inverted T-girder sys-

tems

The memorandum by Vergoossen (2021) [72], which includes consultations with numerous experi-
enced and reputable constructors, aims to investigate the necessity of end transverse diaphragms in
inverted T-girder systems and explore whether their functions can be replaced. To assess the potential
exclusion of end transverse diaphragms from the design, it is crucial to summarise their functions. This
memorandum focuses exclusively on statically determinate spans and draws primarily on the expertise
and experiences of several skilled and respected constructors. The six functions of the end transverse
diaphragms are described and evaluated as follows:

1. Contribution to load distribution over the girders/supports

2. Transfer loads across single joint crossings
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3. Fixation of girders during construction
4. Preservation of the girder head
5. Enhancing the robustness of the deck under special loads such as collisions and earthquakes

6. Load absorption during jacking for support replacement

Contribution to load distribution over the girders/supports

Based on the review of multiple calculations and the experience of specialists, it turns out that the
transverse diaphragms are often not modelled or with negligible torsion stiffness to avoid high tor-
sion moments. Also, the assessment of existing bridges does not consider transverse diaphragms in
the models. In addition, few international studies show a marginal contribution of the transverse di-
aphragms in the load distribution within precast girder bridges. From this, it can be concluded that the
end cross beams function for the load distribution can be omitted.

Transfer loads across single joint crossings

At the intermediate supports, a flexural joint can be applied in the compression layer to transfer the
loads. Wheel loads acting between the precast inverted T-girders are transferred via the joint transition
to the compression layer. It is expected that a joint beam of 600 mm width and 400 mm height is
required to meet the coverage and detailing requirements of the Eurocode. This does not require a
recess in the precast girders.

Fixation of girders during construction

During the construction phase, inverted T-girders are supported by bearing pads only, which can lead
to an unstable situation. Especially, horizontal loads at the top of the girders could compromise the
stability of the beam. However, this can be solved with temporary fixation, consisting of a pair of steel
bars connecting the beams in the transverse direction. It can be concluded that the function of fixating
the girders during construction can be taken over with simple measures.

Preservation of the girder head

Near an expansion joint, the components located under this joint must be additionally protected against
the penetration of de-icing salts. This is because, in practice, joint transitions do not remain permanently
watertight throughout the entire design life. By hydrophobing the surfaces of the girder heads over the
last meter, the requirements of the ROK' can be met. Therefore, the presence of end cross beams to
preserve the girder heads is not necessary.

Enhancing the robustness of the deck under special loads such as collisions and earthquakes
Apart from variable loads, special loads such as collision and seismic loads can occur. However, in the
Netherlands, the magnitude of seismic loads is so low that the resulting loads are not significant com-
pared to normal loads. Therefore, it is assumed that the compression layer provides sufficient shear
action even in the absence of end cross beams. In the case of collision loads, the load is applied on
the edge girder. When reusing precast beams, it is assumed that the edge girders are always remade
since they are often specific to a structure and difficult to disassemble. These new edge girders are de-
signed to withstand impact load, and as with new viaducts, the impact loads can be distributed through
the connections of the lower flanges. Therefore, the end cross beams have negligible contribution in
absorbing frontal impact loads.

Load absorption during jacking for support replacement

According to the ROK guidelines, the supports of a separate support system for the superstructure
should be replaceable. With an end cross beam, it is not necessary to support each beam with a jack.
However, if the end cross beam is excluded, the deck can be lifted using staggered jacks positioned
under each beam. There is sufficient space at the abutments to accommodate jacks under each girder.
Conversely, at the intermediate abutments, the absence of end cross beams presents a challenge. This
can be easily solved by facilitating temporary jacking through the construction of an auxiliary structure,
a method commonly employed with precast box girders. Meeting the ROK’s requirement regarding the
jacking capacity for support replacement demonstrates that an end cross beam is not required.

"The guideline 'Richtlijnen Ontwerp Kunstwerken’ (ROK) by Rijkswaterstaat sets out the requirements for the design and
construction of new structures.
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2.4.4. Conclusions

The studies conducted by Ramos (2019) [58] and Saber et al. (2010) [61] suggest that the effec-
tiveness of transverse diaphragms in concrete girder bridges could be questionable. Comparisons of
girder bridge models with and without transverse diaphragms show only minor differences in longitudi-
nal bending moments, while the effect of continuity diaphragms on stresses, strains, and deflections in
the bridge girders and deck is negligible.

Additionally, research by Minalu (2010) [45] concludes that the contribution of end transverse diaphragms
is insignificant compared to the stresses generated within the transverse diaphragms themselves. Con-
sequently, Minalu suggests that wide reinforced concrete end transverse diaphragms can be excluded
from the finite element model for straight girder bridges.

Furthermore, the memorandum by Vergoossen (2021) [72] proposes alternative solutions to fulfil the
functions of the end transverse diaphragms. Drawing from practical experiences, the memorandum
suggests that all functionalities of end transverse diaphragms are either negligible or can be taken over
by other structural members.

The conclusions drawn from these references suggest the feasibility of eliminating end transverse di-
aphragms from inverted T-girder systems. This revelation provides opportunities to substitute the func-
tionality of end transverse diaphragms with other structural and non-structural elements. Incorporating
this principle in new viaducts enhances the potential for reusing these girder types in future projects.

However, these studies only address the negligible influence of transverse diaphragms in similar sys-
tems to the inverted T-girder system and do not provide definitive solutions for substituting the end
transverse diaphragms.

2.5. Conclusions from literature

The literature review has provided a comprehensive overview of the design details of an inverted T-
girder system, focusing on the arrangement of its structural components and the construction processes
involved. Employing a theoretical approach to understanding the systems’ structural response has pro-
vided valuable insights into its orthotropic properties and the cooperative behaviour of its structural
components. The incorporation of the deck slab and cross beams significantly enhances transverse
stiffness, optimising load distribution throughout the structure. As a result, multiple structural elements
participate, improving the system’s overall load-bearing capacity.

The theoretical assessment of individual inverted T-girders, including aspects of structural design and
stress distribution, has revealed potential deficiencies and weaknesses. Integrating time-dependent
effects into the stress distribution analysis has shown the expected residual stresses at the end of
its lifespan. After preparing the girders for reuse, the presence of prestressing force has moderately
decreased compared to the original. This leads to higher potential risks for tensile stresses occurring
during the construction of new structures using reused elements.

Examination of current disassembly methods for the girders has identified challenges primarily asso-
ciated with transverse elements such as the deck slab and end transverse diaphragms. Addressing
these challenges creates various opportunities for improving the circularity of the girders. With the rela-
tively straightforward removal of the deck slab due to its limited thickness, the focus will be on removing
the transverse end diaphragms.

Considering the removal of end transverse diaphragms in the inverted T-girder system, limited research
has been found investigating the effect of eliminating end transverse diaphragms in girder bridges. In
all studies addressed, the absence of end transverse diaphragms has little to negligible impact on the
moments and stress distribution of the girders and a slightly higher impact on the moments in the deck
slab. Overall, the findings suggest that eliminating the end transverse diaphragms in the inverted T-
girder system could be feasible.
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The findings from the literature review form the foundation for this research. This thesis specifically
examines the contribution of end transverse diaphragms to the system’s load distribution. Additionally,
it investigates the impact of various design adjustments aimed at enhancing the circularity of the girders
on the load-bearing capacity of the inverted T-girder system.



Case Study

This chapter provides a detailed description of the case study used to construct the numerical model.
First, the structure’s geometry, supporting conditions, and material properties are described. Then, the
chapter presents the loading conditions, which include dead loads and critical live load configurations
based on Load Model 1 from the Eurocode.

3.1. Introduction

The case study selected to investigate the system’s structural behaviour, as well as the feasibility and
impact of various design adjustments, features a single-span inverted T-girder system. To facilitate a
comprehensive understanding of structural components and the potential impact of design improve-
ments, the complexity of geometries within the structure has been minimised. Several simplified as-
sumptions have been adopted, considering the entire structure to be straight and no distinction is made
between sides. These simplifications aim to ease modelling and facilitate the analysis of structural ad-
justments.

The inverted T-girder system, known as the underpass Stayerhofweg, is located within the area devel-
opment 'Ooijen-Wanssum’ in Limburg, the Netherlands. The underpass features a statically determi-
nate structure, utilising prefabricated and prestressed inverted T-girders with edge girders. It includes
a cast-in-situ deck slab and transverse diaphragms, ensuring a cohesive and well-integrated system.
Additionally, the material properties are assumed to conform to the values prescribed in the Eurocodes
[22].

3.2. Geometry

The dimensions of the bridge are detailed in Figure 3.1 and Figure 3.2. The single span of the concrete
structure spans 31730 millimeters in length, while the total width of the bridge deck measures 13760
millimeters. Comprising a total of 12 girders arranged side by side, the bridge features ten inverted
T-girders of type HRP1150 and two edge girders of type RH. The combined width of the prefabricated
girders counts up to 13005 millimeters. A reinforced cast-in-situ compression layer on top of the girders
and transverse diaphragms at both ends facilitate the transverse connection of the girders. The com-
posite girders have a construction height of 1350 millimeters, resulting in a construction thickness of the
compression layer of 200 millimeters. For simplification, it is assumed that the girders are constructed
perpendicular to the abutments, maintaining a skew angle of 90 degrees. The transverse diaphragms
are cast-in-situ on top of the bottom flanges of the inverted T-girders, with a height of 987 millimeters
and a width of 850 millimeters.

32
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Figure 3.1: Longitudinal cross-section of the structure
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Figure 3.2: Transverse cross-section of the structure

Figure 3.3 and Figure 3.4 illustrate the geometry of the middle and edge girders, respectively, along
with the arrangement of prestressing strands and stirrups. As shown by the figures, both girders mainly
contain prestressing steel in their configurations. As elaborated in Section 2.2.2, the prestressing steel
strands are strategically positioned primarily at the bottom of the cross-section, inducing an upward
deflection effect. Additionally, ten steel strands are detached from the concrete to optimise the bending
moment distribution from the prestressing force. This adjustment ensures an effective counteract of
external loads without arising additional stresses at the supports.
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Figure 3.4: Cross-section of RH girder profile

As illustrated in Figure 3.2, the edge girders are similarly part of the system as the middle girders, but
contribute differently due to different dimensions.

3.3. Supporting conditions

The supporting conditions of a structure play a significant role in determining its force and stress distri-
bution. In the case of the examined bridge, each girder is supported at its ends by elastomeric bearing
pads, creating a statically determinate structure. These bearing pads, comprised of rubber layers
separated by steel plates, are designed to accommodate slight structural movements in longitudinal,
transverse, and rotational directions. While the rubber layers permit these movements through shear
deformation, their stiffness restricts excessive displacements. The vertical stiffness of these bearing
pads significantly surpasses their lateral stiffness, ensuring robust support under varying loading condi-
tions. The dimensions of the bearing pads are measured to be 300 millimeters in length, 250 millimeters
in width, and 75 millimeters in height.

3.4. Materials

The structure is a composite system that comprises several structural components consisting of con-
crete and steel. According to the Eurocode, the concrete components are classified into different con-
crete classes with varying material properties. In all classes, the Poisson ratio is equal to 0.2.

» Prefabricated girders: C60/70
+ Cast-in-situ deck slab: C35/45

» Cast-in-situ end transverse diaphragms: C35/45

The prestressing steel strands, consisting of 7 tendons, feature a steel grade of FeP 1860. Additionally,
the reinforcing steel used in the reinforced deck slab and as shear reinforcement in the prefabricated
girders is of steel grade B500B.

3.5. Loads

The structural integrity of structures depends on their ability to endure various loads throughout their
lifespan. A structural analysis evaluates how well a structure withstands different load types and combi-
nations. The modelling approach employed for these loads significantly influences the accuracy of the
analysis results. The Eurocode and National Annexes provide load models for simulating traffic loads
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with a certain degree of accuracy.

This research focuses exclusively on vertical loads due to dead and live loads. Determining dead
loads involves making simplified assumptions about the structure’s geometry, assuming both longitu-
dinal edges are identical, resulting in a symmetrical structure. The live loads simulate the action of
vehicles over the deck at worst-case locations, as prescribed by Eurocode’s Traffic Load Model 1. The
structure’s resilience to permanent and variable loads is tested under SLS conditions to evaluate its ca-
pacity during service. Several critical cases involving the most unfavourable load configurations due to
traffic positions are determined to test the behaviour of the structure. These critical cases are assumed
to result in the maximum bending moments in both longitudinal and transverse directions, shear forces,
and torsion moments.

Regarding other types of loads, the effect of thermal loads can be expressed as imposed deformations.
In the assessment of a statically determinate structure, it is assumed that imposed deformations can
occur freely without generating additional stress. However, in the case of simply supported structures,
horizontal movements are partially constrained due to the stiffness of the bearing pads. Therefore, it is
considered that the supports can fully accommodate the deformation in both longitudinal and transverse
directions. Furthermore, the horizontal force components in the longitudinal and transverse direction
from braking loads, seismic activities, and wind loads are excluded from the analysis, as it is assumed
that these forces have a negligible impact. Additionally, it is assumed that the edge structures absorb
collision loads and therefore do not critically impact the rest of the structure. Consequently, these loads
are not considered in this study.

3.5.1. Dead loads

The dead loads indicate permanent or static loads with a constant magnitude over time. This includes
the self-weight of the structural concrete components, the asphalt layer, and the additional elements.
Figure 3.5 illustrates the distribution of the structure’s dead loads on the modelled deck slab. It is
assumed that the dead loads are symmetrical, with the same dimensions and distribution applied to
the opposite side.
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Figure 3.5: Dimensions and load distribution of the structure’s dead loads

Concrete components
As described in Section 2.2.2, the stress distribution within the girders changes during the construction
phase of the structure. Initially, the prestressed girders must be capable of carrying their self-weight
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and the weight of the deck slab. After hardening the cast-in-situ concrete deck slab, the prefabricated
girders start to act as a single system during its service life. Due to this sequence in the construction
phase, the stress distribution obtained by the self-weight of the girders and deck is not taken into
account.

Asphalt layer

The cast-in-situ concrete deck slab is covered by an asphalt layer, which does not contribute to the
structural performance but only imposes a permanent load. Assuming an average thickness of 120
millimeters, and a self-weight of 23 kN/m?3, the resulting distributed load of the asphalt layer is calculated
as 23 % 0.12 = 1.955 kN/m?,

Additional dead loads

Additional permanent loads arise from concrete elements such as the edge structure, scrap strips, and
other elements like traffic barriers. The concrete scrap strips, depicted in light blue in Figure 3.5, exert
a distributed load over a width of 780 millimeters along the deck slab’s entire length. With an average
thickness of 150 millimeters, plus a distributed load from the traffic barriers of 1 kN/m, the total load is
(0.15%0.78 * 25) 4+ 1.0 = 3.925 kN/m.

The concrete edge structure, highlighted in red in Figure 3.5, is located on the outside of the system and
is considered to be entirely taken by the deck slab. Its self-weight is estimated based on approximate
dimensions and self-weight. Including the contribution of the railing (0.5 kN/m), the total dead load
along the longitudinal edges of the deck slab is calculated as (1.55 * 0.19 * 24) + 0.5 = 7.568 kN/m.

3.5.2. Prestressing force

The prefabricated girders were prestressed using the method with pre-tensioned steel, which utilises
horizontally applied strands. As elaborated in Section 3.2, the prefabricated girders contain 44 steel
strands with a diameter of 12.5 millimeters, made of steel class FeP1860. However, prestressing force
introduces nonlinear effects, such as geometric, material, and time-dependent effects, which cannot be
adequately accounted for in a linear analysis. Additionally, this study focuses on a comparison of struc-
tural behaviour under various loading conditions where including nonlinear effects is beyond its scope.
The analysis remains focused on the primary objectives by excluding the complexities introduced by
prestressing.

3.5.3. Live loads

The live loads refer to the dynamic and transient loads that structures experience during service. For
bridges, these live loads mainly consist of traffic loads. These live loads do not have a fixed position
and may vary over time. Various factors such as bridge composition, traffic density, and vehicle types
could influence the traffic loads on bridges. Because of these variable traffic actions and dynamic load
characteristics, load models are created in the Eurocode to reproduce real values induced by traffic
loads [23]. Most of the effects of traffic are covered by Load Model 1 comprising concentrated and
uniformly distributed loads.

The representation of the traffic action on the structure starts by dividing the carriageway into notional
lanes and a remaining area. The total number of lanes and their width is determined using table 3.1.

Table 3.1: Number and width of notional lanes [23]

Carriageway Number of Width of a Width of the
width w Notional lanes | notional lane w; Remaining area
w < 5,4m ny =1 3m w —3m
5,4m < w < 6mM ny =2 5 0
6m < w n1:Int(%) 3m w— 3 *xnq
NOTE For example, for a carriageway width equal to 11m, n; = Int (%) = 3, and the width
of the remaining area is 11 — 3 * 3 = 2m
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Following the divisions of the carriageway into notional lanes, the location and numbering of these lanes
are assigned based on the most adverse effects from the loads. Notional lane number 1 represents the
lane with the most unfavourable effects, followed by notional Lane number 2 and so on, as depicted in
Figure 3.6.

&
CREONNONO)

Key
w Carriageway width
w, Notional lane width

1 Notional Lane Nr. 1
2 Notional Lane Nr. 2
3 Notional Lane Nr. 3
4 Remaining area

Figure 3.6: Example of the Lane Numbering [23]

Load Model 1

Vertical loads due to normal vehicles are generally represented by Load Model 1, incorporating con-
centrated and uniformly distributed loads. This model consists of two partial systems: Double-axle
concentrated loads, referred to as the Tandem System (TS), and the Uniformly Distributed Loads (UDL
system). The characteristic values of the load model are presented in Table 3.2.

Table 3.2: Characteristics values of Load Model 1 [23]

Location Tandem system TS UDL system
Axle loads Q;, [kN] | g;,.0rq,, [kKN/m?]

Lane Number 1 300 9

Lane Number 2 200 2.5

Lane Number 3 100 25

Other lanes 0 25

Remaining area (q.x) 0 2.5

The carriageway, typically comprising multiple traffic lanes, is divided into notional lanes, as depicted in
Figure 3.7a. These notional lanes correspond to specific loading configurations, including concentrated
and uniformly distributed loads. The concentrated loads, consisting of a tandem system with two axle
loads, are applied to a 400 by 400 millimeter surface area, representing the wheels of the vehicles.
These axle loads are considered at their most critical position, with minimal dimensions outlined in
Figure 3.7b.
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Key

(1) Lane Nr. 1 : Oy = 300 kN ; g,y = 9 kN/m?
(2) Lane Nr. 2 : Oy = 200 kN ; gy = 2,5 kKN/m?
(3) Lane Nr. 3 : Q3= 100 kN ; g3 = 2,5 kN/m?
*For w; =3,00m

(a) Application of Load Model 1 (b) Application of tandem systems for local
verifications Load Model 1

Figure 3.7: Application of Load Model 1, according to the Eurocode[23]

The concentrated axle loads from the tandem systems should be taken as uniformly distributed on their
contact area for local verifications, according to Eurocode [23]. The dispersal of these concentrated
loads goes through the asphalt layer until reaching the centroidal axis of the compression layer, as
illustrated in Figure 3.8. With a thickness of 120 millimeters for the asphalt layer and 200 millimeters

for the compression layer, the total contact area of the concentrated loads from the tandem system is
840 by 840 millimeters.

Wheel contact pressure
Pavement

Concrete slab

Middle surface of concrete slab

AW
lg-]
-

Figure 3.8: Dispersal of concentrated loads through asphalt layer and concrete deck [23]

3.5.4. Critical load configurations

The structural integrity of the inverted T-girder system is assessed through the examination of various
critical scenarios, each designed to generate maximum internal stresses. Four different load configu-
rations, strategically positioned to produce peak moments in longitudinal bending, transverse bending,
shear force, and torsion moment are thoroughly investigated. These critical load cases are designed
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to simulate the most demanding conditions, accounting for both dead and live loads during the opera-
tional life of the structure.

The selection of critical load configurations is based on Eurocode’s Load Model 1, further refined by
modification factors specified in the Dutch National Annex to obtain characteristic design loads. These
characteristic design loads for each notional lane are shown in Table 3.3. Each tandem system consists
of two axle loads evenly distributed over four contact surfaces, while the UDL system is uniformly
distributed over the entire notional lane surface.

Table 3.3: Characteristic design loads used in the numerical model

Location Tandem system TS [kN] UDL system [kN/m?]
Lane Number 1 600 10.35

Lane Number 2 400 3.5

Lane Number 3 200 3.5

Rest 0 3.5

Maximum bending moment

The critical load cases yielding maximum bending moment in both longitudinal and transverse direc-
tions are closely related to those for maximum deflection. For a simply supported structure, maximum
deflection typically occurs at the midpoint of the span. Consequently, the greatest moments occur
when loads are applied at mid-span. In the longitudinal direction, the girders positioned near the edges
experience a bigger moment due to their constrained ability to transfer loads to adjacent girders. In
the transverse direction, the maximum bending moment arises at the center of the deck’s surface. In
this direction, each girder acts as a spring support for the deck slab, with the highest impact occurring
when a load is applied between two adjacent girder. The critical load arrangements that cause maxi-
mum bending moments in both longitudinal and transverse directions are presented in Figure 3.9 and
Figure 3.10, respectively.

[Edge

Rest

Ol
uDL 3 . Ts3
OO
uDL 2 TS 2 TS 2

TS3

UDL 1 B s UDL 1 ;
oo
[Edge [Edge | UDL 2 UDL 3 Rest [Ea=]
Figure 3.9: Traffic load arrangement for maximum longitudinal bending moment
[Edge
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ubL 2 TS2 TS 1
uDL 1 oo TS 1
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|[Edge [Edgs] Rest = UDL3 UDL2  Rest EagE]

Figure 3.10: Traffic load arrangement for maximum transverse bending moment

Maximum shear force
The critical position for axle loads, resulting in the highest shear stresses, typically occurs near the
edges close to the supports. In slab bridges, loads naturally follow the shortest path to the supports,
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resulting in a 45-degree load distribution pattern. Maximum shear stresses are only observed when
loads are applied at a distance from the supports, as shear forces are primarily absorbed by the supports
otherwise. According to the Eurocode standards [22] and the study conducted by Lantsoght et al.
(2012) [40], the maximum shear contribution from loads in slabs is observed at a minimum distance
of twice the effective depth (2d.s¢) between the faces of the first axle load and the support. In this
study, determining the exact effective depth of the composite girder is outside the scope, so a depth
of 1.2 meters is assumed. Although this assumption may overestimate the effective depth, it provides
a conservative approach to ensuring that the shear forces in the girder are adequately considered.
Additionally, research by Van Vliet (2012) [68] notes that Spanbeton employs this load arrangement in
daily practice to generate maximum shear stresses. The load configuration that results in maximum
shear forces is illustrated in Figure 3.11.

[Edge

Rest

upL 3 TS3 H H
upL2 TS2 V.V 1s2
% 53
Pt TS 1 gg UDL 1 & 9
(edas ~ [ ubL2 | UDL3 Rest legg)
+—+

Figure 3.11: Traffic load arrangement for maximum shear force

Maximum torsion moment

The critical load case for maximum torsion moments in the system is determined by the angular rotation
of the girders. A girder clamped at both ends experiences the maximum torsion moment when the
relative angular rotation is maximised. After considering several loading configurations that could lead
to the greatest rotation of one of the girders, the decisive load configuration was identified. The critical
load case is created by maximally loading the first notional lane while unloading the remaining lanes.
The load arrangement resulting in the maximum torsion moments is presented in Figure 3.12.

Edge

TS1

Unloaded ﬂ ﬂ

UDL 1 181 20 ubL 1

oo Unloaded
[Edge | [Edge’] dge

Figure 3.12: Traffic load arrangement for maximum torsion moment

3.5.5. Load combinations

The load combinations used in the model include both dead and live loads, as previously described.
Table 3.4 presents the load combinations applicable to various critical scenarios. These combinations
are designed to generate critical stresses, providing valuable insights into the overall system capacity.

Table 3.4: Load combinations employed in the numerical model

Load combination Dead loads Live loads
LC1 asphalt layer + additional dead loads critical load case 1
LC2 asphalt layer + additional dead loads critical load case 2
LC3 asphalt layer + additional dead loads critical load case 3

LC 4 asphalt layer + additional dead loads critical load case 4




Finite Element Analysis (FEA)

This chapter delves into the numerical considerations essential for developing the finite element model
of the case study. It provides a detailed description of the modelling approach, boundary conditions,
and critical loading input, clarifying the construction of the numerical model. Additionally, it elaborates
on the method employed for processing the results and details the analysis settings used in this study.

4.1. Global analysis

Various design approaches with different element types can be employed to accurately model the in-
verted T-girder system. In practice, two typical approaches are commonly used for modelling prefab-
ricated decks: the orthotropic plate or the plate with ribs. These approaches involve simplifications
in the stiffness of structural elements and may not fully capture the influence of the various structural
components. A more comprehensive analysis can be achieved by employing shell or solid elements.
This allows for considering several factors, including design and calculation time, accuracy of results,
available modelling options, and complexity of the analysis. Appendix C provides more information on
the characteristics and options of different element types within the DIANA FEA software.

Research conducted by A. Noukari in 2021 [54] highlights that employing shell elements to model the
inverted T-girder system offers a precise representation of bridge geometry and a variety of modelling
options. This approach demonstrates remarkable efficiency in computational time and practical ap-
plication compared to solid elements. The accuracy and reliability of the modelling approach were
validated using a detached individual inverted T-girder, including part of the compression layer. Ap-
pendix D presents the model validation, comprising an analytical comparison between several design
approaches to accurately model the system geometry and component interactions. The primary chal-
lenge in this modelling approach is accurately connecting the horizontal and vertical shell elements due
to the complex arrangement of structural components.

Considering the connectivity of diverse structural components and the results presented in Appendix D,
a combination of vertical and horizontal curved shell elements with an eccentric connection has been
identified as the most suitable approach for this study. Moreover, this type of connection is also ex-
pected to accurately represent the interaction between the end transverse diaphragms and the girders
and deck slab.

4.1.1. Modelling structural components

The structural components constituting the inverted T-girder system are represented in the numerical
model using shell elements. The distinct planes of various structural components are illustrated using
different colours in Figure 4.1, showing their orthogonal configuration.

41
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[] Inverted T-girder plane

2 Deck plane

[] Transverse diaphragm plane
X y L~

Figure 4.1: Orthogonal configuration of the planes used for modelling the structural components

Given the complexity arising from the intersection of these components, compatibility among shared
nodes becomes challenging. A special type of curved shell element incorporating drilling rotation is
employed within the model. This additional drilling rotation allows for rotation around the z-axis of the
shell element, affording six degrees of freedom at each node, as depicted in Figure 4.2. This approach
achieves compatibility among shell elements originating from orthogonal planes.

£ i)

(a) regular elements

(b) additional drilling rotation

Figure 4.2: Degrees of freedom of a) regular shell elements and b) additional drilling rotation [17]

Prefabricated inverted T-girders and edge girders

The prefabricated inverted T-girders and edge girders are modelled using horizontal and vertical shell
elements with constant and variable thicknesses matching the girders’ cross-section. The inverted T-
girder has been divided into five parts, with the bottom flange represented by horizontal shell elements
and the web by vertical shell elements, as depicted in Figure 4.3a. The thickness of the horizontal shell
elements, representing the bottom flange, is eccentrically positioned to avoid overlapping of material.
The non-uniform thickness of some vertical elements is achieved using tapered shell elements defined
by spatial functions. These spatial functions are specified grid-wise by using a multiplication factor and
the gradient between the points. Conversely, the cross-section of the edge girder is matched by using
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only one uniform thickness, as illustrated by Figure 4.3b.

‘ | t4=250mm

1150 mm te =400 mm
_ - t3 =300 mm

-7 _ - tp =456 mm

- »t1=1142 mm
.

Offset = t, /2 I

---------------------------------------------------- tp = 163 mm

1180 mm

(a) Inverted T-girder (b) Edge girder
Figure 4.3: Arrangement of shell elements and dimensions for modelling inverted T-girders and edge girders
Furthermore, due to the presence of prestressing force in the longitudinal direction, the girders and deck

slab remain in constant compression and are considered uncracked. The linear material properties of
the prefabricated girders are specified as follows:

. E060/70 = 39100 N/mm2
cv=02

Cast-in-situ deck slab

The cast-in-situ deck slab is modelled using horizontal curved shell elements with a constant thickness.
This orthogonal shape has a uniform thickness across its entire surface and is positioned on top of the
girders, as illustrated by Figure 4.4. To achieve a shared node connection without material overlap, the
deck slab’s thickness is eccentrically positioned by half of the deck slab’s thickness.

1217 mm

tgeck = 200 mm

IOffset =tgeck / 2

Figure 4.4: Arrangement of shell elements and dimensions for modelling the deck slab

Additionally, initial results indicate that a portion of the deck slab in the transverse direction exceeds
the tensile strength of concrete. In linear analysis, the impact of cracking can be simulated by reducing
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the stiffness of the cracked element. Consequently, this results in an elastic orthotropic deck slab with
full stiffness in the longitudinal direction and reduced stiffness in the transverse direction. Since the
analysis is linearly elastic, the steel reinforcement is excluded from the structural members. The linear
material properties of the orthotropic cast-in-situ concrete deck slab are specified as follows:

* Ecss/45 = 34077 N/mm?

Eoss/as _ 34077 2
* EC35/45,cracked = %/4 =—3 = 11359 N/mm

cv=02
* Veracked = 0

End transverse diaphragms

The end transverse diaphragms are modelled using vertical curved shell elements positioned perpen-
dicularly to both the girders and deck slab. This orthogonal configuration and its interface with other
elements presents several challenges. Due to the complex geometry of the inverted T-girders, accu-
rately representing the shape of the cast-in-situ transverse diaphragms along their connection with the
girders is difficult. Given the extensive design time required to match the girders’ geometry, precisely
modelling these diaphragms is not considered worthwhile. Therefore, a conservative approach is taken
by overlapping the girders’ web, as illustrated by Figure 4.5a. Moreover, the transverse diaphragms are
modelled using shell elements with a thickness equal to the width of the end transverse diaphragms,
as depicted in Figure 4.5b.

987 mm |

608.5 mm 608.5 mm 850 mm
(a) Front view (b) Side view

Figure 4.5: Arrangement of shell elements and dimensions for modelling the end transverse diaphragms

Furthermore, there is an ongoing debate about whether to consider the end transverse diaphragms as
cracked or uncracked. Since this study investigates the influence of the diaphragms by comparing the
system with and without their presence, their full stiffness is assumed to obtain the clearest possible
results. The material properties of the cast-in-situ concrete end transverse diaphragms are specified
as follows:

* Ecss/45 = 34077 N/mm?
e v=20.2

4.1.2. Boundary conditions

The examined superstructure is supported by bearing pads at each girder’s ends. As explained in
Section 2.1, these supports allow movements in all directions while possessing specific translational
and rotational stiffness. Since this research focuses solely on the assessment of the superstructure,
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the supports can be modelled using boundary springs connected to the environment. In the model,
the one-node generic spring element type N6SPR is employed, which features three translational and
three rotational degrees of freedom, as illustrated in Figure 4.6.

Z/\_ ¢Z@l§ 2&2. ljx
S

Figure 4.6: Degrees of freedom of matrix spring element type N6SPR [17]

The N6SPR element type is classified as a matrix or nodal spring element. This element is defined in
a matrix form based on stress-strain relations, with or without cross terms. Since there is no coupling
between the six degrees of freedom in the model, the nodal springs are implemented without cross
terms [17].

The boundary springs are attached to the bottom of the girders and are positioned at the locations of
the bearing pads. These springs are connected to a single node rather than being distributed over an
area equal to that of the bearing pad. The stiffness of the supports is determined using values from the
case study, as presented in Table 4.1. Additionally, it is assumed that the elastomeric bearing pads do
not restrain any rotational movements.

Table 4.1: Overview boundary spring stiffness for all degrees of freedom

Spring stiffness Stress [N/mm?]

k 1250
ky 1250
k. 417000
ke 0

4.1.3. Loads

The numerical model employs several load classes to accurately represent all actual loads, incorpo-
rating loads distributed over surfaces and along lines. As outlined by Section 3.5.4, four distinct load
cases generating maximum stresses are considered to assess the impact of various design adapta-
tions. These load cases involve specific load arrangements for the UDL and tandem systems. Each
load within the UDL and tandem systems is applied using quadrilateral force loads. This feature in
DIANA FEA allows a force to be distributed across a quadrilateral surface regardless of the underlying
element areas. Internally, the load is converted to element surface or point loads without generally
matching the element edges. This method is particularly useful when imprinting the surface load is
impractical or time-consuming due to numerous loading points. This approach facilitates diverse load
arrangements that enable precise user-defined positioning and values without disrupting the mesh of
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the structural components.

Table 4.2 provides an overview of the load inputs used in the numerical model. The quadrilateral
force loads are applied per surface area, resulting in input values that may differ from those specified
in Section 3.5. The load input is validated by checking the external force equilibrium and the total
maximum bending moments of the entire system, as described in Appendix D.

Table 4.2: Overview of load inputs in the numerical model

Load case Load type Input Unit
Asphalt Quadrilateral force  1026.16  [kN]
Edge loads Quadrilateral force 127.48 [kN]
Edge structure Distributed edge load 7.57 [kN/m]
UDL lane 1 Quadrilateral force  1008.50  [kN]
UDL lane 2 Quadrilateral force 341.04 [kN]
UDL lane 3 Quadrilateral force 341.04 [kN]
UDL rest Quadrilateral force 278.17 [kN]
TS 1 Quadrilateral force 150.00 [kN]
TS 2 Quadrilateral force 100.00 [kN]
TS 3 Quadrilateral force 50.00 [kN]

4.1.4. Result processing

Before interpreting the analysis results, it is imperative to post-process the result outputs generated by
the model. This process involves transforming the numerical data into visually understandable figures,
facilitating the findings of this research. This section describes the model’s orientation, the utilisation
of composed lines, and the determination of mesh element size to achieve the desired result accuracy.
Each aspect is crucial in ensuring the accuracy and reliability of the obtained results.

Model orientation

The structure’s coordinate system is illustrated in Figure 4.7. This orientation affects the identification
of the structural components in the analysis. The global x-axis runs parallel to the longitudinal direction
of the structure, whereas the global y-axis is parallel to its transverse direction. The inverted T-girders
are positioned with the first inverted T-girder at y=0, meaning that one of the edge girders is located on
the negative y-axis. The vertical z-axis indicates positive values in the upward direction.

Figure 4.7: Coordinate system of the complete inverted T-girder system
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In DIANA FEA, the axis orientation convention results in negative values for downward deflection. Ad-
ditionally, sagging moments, characterised by tension on the bottom side and compression on the top
side, are displayed as negative bending moments, while hogging moments are shown as positive val-
ues. Although this sign convention differs from the more commonly used standards, it is consistently
applied throughout this report to ensure uniformity. Additionally, stress values follow the standard con-
vention, with tensile stresses indicated by positive values and compressive stresses by negative values.

Furthermore, the structural components are modelled using both vertical and horizontal curved shell
elements with varying thicknesses, as detailed in Section 4.1.1. The thickness of each shell element
is divided into three layers, with layers 1 and 3 serving as the outer layers and layer 2 as the middle
layer. The layer order is determined by the local axis of the shell elements. In the cross-section of the
composite girder, the extreme values at the bottom are located in layer 1, while the extreme values
at the top are in layer 3. Figure 4.8 illustrates the arrangement of these layers for both vertical and
horizontal shell elements.

Layer 3
Layer 2
® T T T ° Layer 1
z
y Layer 3 Layer 2 Layer 1
Layer 3
Layer 2
Layer 1

Figure 4.8: Layer arrangement for both vertical and horizontal shell elements

Composed lines

The results of a shell element model should be integrated over the entire cross-section to find internal
forces and moments of the composite system. In DIANA FEA, the composed line elements feature can
be used to automatically calculate the local forces and bending moments of a specified cross-section
in the model. The composed line elements are created parallel to the prefabricated inverted T-girders
using a line, as illustrated in Figure 4.9. The dimensions of the cross-sectional plane normal to the
reference line are determined by two values that define the width and height. All nodes within these
dimensions are included in the calculation. The composed line element is used as a reference line and
is automatically shifted to the centroidal axis of the composite cross-section by the software. Moreover,
the composed line elements do not have mechanical properties, therefore these elements do not affect
the model’s results.

Additionally, composed lines can be used to calculate forces and bending moments in specific areas
within the complete structure. For instance, when examining the transverse direction, the internal
forces in the compression layer are of particular interest. A composed line can be constructed in the
transverse direction at the centroid of the compression layer. By specifying the height and width of this
area, it is possible to determine the internal forces and bending moments specifically in the deck slab
within this region. This method makes it possible to highlight the forces in different structural elements
or other parts of interest, facilitating an understanding of the contributions of structural elements to the
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overall system. When using elements with different orientations, it is important to consider their local
axes, as this can cause some disturbances in the calculation of internal forces and moments.

hcomposLine

bcomposLine
Figure 4.9: Principle and dimensions of the composed lines

Multiple critical load scenarios generate diverse maximum internal stresses within the system. These
critical stresses are accessible in the model through various results outputs within the software. There-
fore, Table 4.3 provides an overview of each critical load case alongside its corresponding result output
in DIANA FEA. The maximum transversal bending moment can be determined by employing composed
lines aligned in the transverse direction. These composed lines only consider the thickness of the deck
slab since it exclusively contributes to the stiffness in this direction.

Table 4.3: Overview of critical load cases and associated composed line results

Critical load case Result output
Maximum longitudinal bending moments M,
Maximum transverse bending moments M,
Maximum shear forces Q.
Maximum torsional moments M,

Mesh

The numerical model utilises two types of finite elements: four-node quadrilateral (Q24SH) and three-
node triangular (T18SH) isoparametric curved shell elements, as illustrated in Figure 4.10. Figure 4.11
demonstrates the application of both element types in the mesh generated by DIANA FEA. Both ele-
ment types employ linear interpolation and the Gauss integration scheme over the element area. These
elements possess degrees of freedom for translation in all three directions and rotation in three direc-
tions. The average mesh size is set to 0.2 by 0.2 meters, which is considered sufficient to yield precise
results for the model. Detailed information on the finite element types used in the model is provided in
Table 4 .4.
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[ag]

(b) Three-node triangular element type (T18SH)

(a) Four-node quadrilateral element type (Q24SH)

lllustrations of the curved shell finite element types [17]

Figure 4.10

Finite element mesh generated by DIANA FEA

Figure 4.11

Detailed information of the curved shell element types

Table 4.4

Curved shell elements

T18SH
6 (’U/I,'U/y7uz7 (b:zn (bya ¢Z)

C24SH

6 (UI,Uy,uz7¢m7¢y7¢Z)

Finite element type
Degrees of freedom

Linear
2x2 Gauss

Linear
2x2 Gauss

Interpolation scheme

heme
Average element size [m]

Integration sc

0.2x0.2

0.2x0.2

Analysis settings

The numerical model employs linear analysis to evaluate the structural dynamic properties and re-
sponses under various loads. This analysis is performed using a force-based method known as linear

static analysis. This approach is valid under specific critical conditions, including the absence of time
variance, linear elastic material properties, and no significant deformations. While these simplifications

prevent the model from capturing the actual behaviour of the structure, they allow for the determina-

focus on forces, moments,

IS

inear analys

ty. The outputs of the li

ing capaci
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tion of the maximum

displacements, stresses, and strains of the structural elements.



Structural Performance of the
Inverted T-Girder System

In this chapter, the structural performance of the inverted T-girder system is examined by analysing
its response in critical scenarios. This analysis of the base system evaluates the force and moment
distribution, along with the normal and shear stresses, to clarify the contribution of various components
to the overall structural capacity.

5.1. Base system

To assess the effects of various design adjustments, the results are compared to the structural perfor-
mance of the base system. The structural performance of this base system is obtained and evaluated
using the finite element analysis described in Chapter 4. The prefabricated inverted T-girder system
comprises four main components: inverted T-girders, edge girders, deck slab, and end transverse di-
aphragms. This system exhibits inherent stiffness in longitudinal and transverse directions, enabling
efficient load transfer to the supports. The structural performance and interaction of the various com-
ponents are evaluated using four different load configurations, each simulating critical scenarios re-
garding forces and moments. To elucidate the distinct roles of each structural element, the system’s
performance is analysed by examining deflection, force distribution, and moment distribution. It is im-
portant to note that the load combination depicted at the top of the contour plots generated by DIANA
FEA does not match the four distinct load combinations outlined in Table 3.4.

5.1.1. Bending moments

Before analysing the bending moments within the complete system, it is crucial to consider the vertical
deformation of the system. The maximum vertical deflection occurs at mid-span under load combination
1, as presented in Figure 5.1. This figure shows that the vertical deformation begins at approximately
zero at the supports and reaches its maximum at mid-span.

This load combination also results in the largest longitudinal bending moments, which are absorbed by
both the girder and deck slab. Figure 5.2 presents the longitudinal bending moments in each composite
girder, created by composed lines over the area of a single girder. The distribution of longitudinal bend-
ing moments is similar to that of vertical deflection, peaking in the middle of the first inverted T-girder.
These moments are highly dependent on the longitudinal flexural stiffness of the composite girder, in-
dicating greater stiffness in the inverted T-girder compared to the edge girder. This increased stiffness
can be attributed to the advantageous size and shape of the inverted T-girder for incorporating bending
moments.

In the transverse direction, the bending moments reach their maximum under load combination 2. Fig-
ure 5.3 shows the maximum bending moments at mid-span in the transverse direction, integrated over
a meter width. As explained in Chapter 2, the system’s stiffness in the transverse direction is solely

50
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provided by the deck slab. With the girders acting as spring supports, the bending moments are highly
dependent on the position of the applied TS loads. The largest transverse bending moments occur
when the TS loads are applied both at mid-span and precisely between two girders. This positioning
maximises the bending effects on the deck slab, highlighting the flexural stiffness of the system in the
transverse direction. The large difference between the maximum bending moments in both directions
indicates the great flexural stiffness of the composite girder in the longitudinal direction.

AnalysisT

Load combination 3
Displacements DfZ
min: -42.74mm max: 0.85mm|

DiZ
(mm)
085
-4.60
-10.05
-15.50
2 -20.94
4 -26.39
I/\' -31.84
-37.29
-42.74
Figure 5.1: Vertical deformation of the system under LC1
AnalysisT
Load combination 3
Cross-section Moments My
min: -2849 .06kNm max: 60.47kNm
My
(KNm)
60.47
I -303.22
66691
-1030.60
2 -1394.29
Y -1757.99
kx -2121.68
-2485.37
-2849.06

Figure 5.2: Longitudinal bending moments in each composite girder under LC1
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[AnalysisT

Load combination 3
Cross-section Moments My
rnin: -19.16kNIm max: 7.29kNm

My
(kNm)
7.29
I 3.99
0.68
-2.63
-593
924
-12.55|
-15.85|
-19.16]

Figure 5.3: Transverse bending moments in the system at mid-span under LC2

5.1.2. Shear forces

In addition to bending moments, the inverted T-girder system must also transfer shear forces to the
supports. These vertical shear forces are carried by both the deck slab and the girders. The governing
shear forces in the composite girder arise when load combination 3 is applied to the system. Figure 5.4
presents the shear force distribution in each composite girder under load combination 3. This figure
shows that the shear forces decrease as the distance from the supports increases, with the maximum
shear forces occurring in regions near the supports where the applied loads are concentrated.

Moreover, the shear force distribution demonstrates effective load transfer in the transverse direction,
enabling multiple girders to resist the applied loads. This highlights the importance of the composite
action between the deck slab and the girders in distributing shear forces across the system.

Analysis1
Load combination 3
Cross-section Forces Qz
min: -342.23kN max: 388.18kN

Qz
(kN)
388.18
I 296.88
206.58
114.28
2297
-68.33
-159.63
25093
-342.23

Figure 5.4: Maximum shear force in each composite girder under LC3

5.1.3. Torsion moments

Due to the applied loads, torsion moments also arise in the composite girders. Eccentric loading and
asymmetrical characteristics create uneven load distribution, leading to torsional moments in the sys-
tem. These torsion moments are directly related to the angular rotation of the girders, reaching their
maximum at positions where this rotation is restrained. Figure 5.5 shows the torsion moments in each
composite girder under load combination 4. The largest torsional moments are observed in the girders
located adjacent to the applied loads. This indicates that these girders experience the highest imposed
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rotation. Additionally, the peak values of torsion moments occur near the end transverse diaphragms,
which prevent the rotation of the girders.

AnalysisT

Load combination 3
Cross-section Moments Mx

min: -185.57kNm max: 185.57kNm

Mx
(kNm)
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46.39
-0.00
-46.39
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I*]SQ.IB
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Figure 5.5: Maximum torsion moment in each composite girder under LC4

5.2. Stress distribution
After analysing the distribution of forces and moments, a more detailed analysis is conducted to highlight
the stress distribution within the different structural elements. Therefore, this analysis focuses on the
normal and shear stress distribution under the critical load cases. Maximum bending moments result
in maximum normal stresses, while maximum shear stresses occur due to a combination of maximum
shear forces and torsion moments.

5.2.1. Normal stresses

The normal stresses in the girders are oriented in the axial direction and can be either compressive
or tensile. The maximum normal stress in the longitudinal direction occurs in the girder subjected to
the largest longitudinal bending moments. Figure 5.6 presents the normal stress distribution in the
longitudinal direction over the height of the governing composite girder. This is represented by a three-
dimensional visualisation of the stress values in the middle layer, along with a stress diagram over the
entire cross-section. The stress diagram displays the stress values for the vertical shell elements in
the middle layer and the extreme values at the top and bottom, corresponding to layer 3 and layer
1, respectively, for the horizontal shell elements. The figure shows that longitudinal bending moments
induce tensile stress in the bottom part of the cross-section and compressive stress in the top part. The
stress distribution over the height of the cross-section is linear, with zero stress at the neutral axis and
maximum stress at the extreme fibres. A shift occurs in this stress distribution between the prefabricated
concrete girder and cast-in-situ concrete deck slab due to their differing material properties. For equal
strains, the variation in the modulus of elasticity between these materials results in different stresses,
leading to a shift in the stress distribution.
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Figure 5.6: Normal longitudinal stress distribution in the first inverted T-girder under LC1

In the transverse direction, only the deck slab contributes to the system’s flexural stiffness. Figure 5.7a
and Figure 2.15b present the normal transverse stress distribution in the bottom and top layers of the
deck slab, respectively. Figure 2.15c¢ illustrates the stress distribution over the height of the deck slab at
the critical node. Att his critical node, the normal stresses cause tension at the bottom and compression
at the top of the cross-section. Closer to the free edges of the structure, the deck slab experiences
tension in the top layer and compression in the bottom layer, resulting in hogging moments. Similar to
the longitudinal direction, the normal stress in the transverse direction is distributed linearly over the
height of the deck slab, reaching its maximum values at the outer fibres.
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Figure 5.7: Normal transverse stress distribution in the deck slab under LC1
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5.2.2. Shear stresses

The shear stresses arise due to shear forces and torsion moments and are primarily present in the
girder’s web, as explained by Section 2.2.2. Figure 5.8 presents the vertical shear stress distribution
over the height of the web in a critical cross-section for shear forces by LC3 and torsion moments by LC4.
As shown by the blue lines in the figure, the shear stresses produced by shear forces are similar in the
three distinct layers over the height, indicating that these stresses are uniformly distributed across the
width of the web. Conversely, the orange lines which represent the shear stresses in different layers of
the governing girder subjected to torsion, show significant differences between the layers with positive
and negative values. These shear stresses with opposite directions demonstrate that the vertical shear
forces produced by torsion flow through the cross-section.
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Figure 5.8: Comparison between shear stresses due to shear force and torsion moments at the critical nodes under LC3 and
LC4



Effect of Design Adjustments

This chapter examines the impact of various design adjustments on the inverted T-girder system, focus-
ing on their behaviour under critical load cases. Initially, the structural performance of different design
configurations is compared under these critical load conditions. Following this, an in-depth analysis is
conducted on key points of interest. Finally, conclusions are drawn based on the results obtained from
these analyses.

6.1. Design adjustments

The structural performance of the original base system is demonstrated by Chapter 5, highlighting how
the applied loads are transferred to the supports and identifying the components that contribute to both
longitudinal and transverse stiffness. The global operation of the system is elucidated, allowing for the
evaluation of several design adjustments.

This research specifically examines the effect of eliminating the end transverse diaphragms from the
inverted T-girder system. Recognising the potential reduction in transverse stiffness due to this modifi-
cation, the study also explores the impact of increasing the deck slab thickness in the absence of the
end transverse diaphragms. The additional load that is significant when increasing the full-width deck
slab thickness automatically results in higher maximum values. However, the purpose of this adjust-
ment is to increase stiffness and therefore the contribution of the additional self-weight is only indicated
in this part of the study.

The results of these modified systems are compared to those of the original system, providing a com-
prehensive understanding of their impact on overall structural performance. This comparative analysis
clarifies the feasibility of various design adjustments, guiding potential improvements in the structural
performance of the inverted T-girder system.

6.2. Comparison of distribution in transverse direction

Since eliminating the end transverse diaphragms primarily affects the transverse stiffness of the sys-
tem, the comparison focuses on load distribution in the transverse direction. Figure 6.1 - Figure 6.4
present the maximum values in the composite girders or deck slab distributed over the width of the
system for each critical load case. This comparison only considers values in the girders and deck slab,
excluding those in and near the end transverse diaphragms. These figures provide valuable insight
into how the design adjustments affect load distribution across the entire system. By analysing these
differences, we can assess the impact of removing the end transverse diaphragms and increasing deck
slab thickness on load distribution and overall structural integrity.

In these figures, the maximum values of each composite girder are connected with lines for visualisation

purposes, even though these values are not related to each other. The graphical representations
include:
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* Blue lines representing the original system.
» Orange lines representing the system without the end transverse diaphragms.

» Green lines representing the system without the end transverse diaphragms and with an in-
creased deck slab thickness of 350 millimeters.

» Green dashed lines indicating the additional load from the increased deck slab thickness, added
to the dead loads.

The maximum longitudinal bending moment per composite girder for each system is presented in Fig-
ure 6.1. According to the results, maximum bending moments occur in the inverted T-girders directly
beneath the applied loads. The figure shows minor differences between the system with and without
the end transverse diaphragms, with a maximum increase of 2% for the peak values in the system
without end transverse diaphragms. The maximum bending moments in the system incorporating end
transverse diaphragms are more evenly distributed, indicating a slightly better load distribution in the
transverse direction. Additionally, in systems without transverse diaphragms, increasing the deck slab
thickness shows a minor improvement in transverse load distribution. However, the potential extra
weight leads to a significant 20-40% increase in the bending moments per girder.

More significant differences between the systems are observed in the transverse bending moments
per meter width in the deck slab at mid-span, as presented by Figure 6.2. The figure shows that all
various systems experience hogging moments near the edges and sagging moments under the ap-
plied TS loads. The peak values after each dip indicate the support of the deck slab by the girders
in the transverse direction. This figure highlights differences between systems with and without trans-
verse diaphragms, with the system incorporating increased deck slab thickness deviating even further.
Specifically, the maximum transverse bending moment at mid-span in the deck slab increases by 16%
in the system without end transverse diaphragms compared to the base system. Furthermore, the
system with an increased deck slab thickness exhibits an approximate 100% increase in maximum
bending moment relative to the base system. Notably, the potential extra weight of the thicker deck
slab has limited impact on the transverse bending moments.

In Figure 6.3, the maximum shear forces per composite girder are shown with positive values, along
with the associated support forces on the negative y-axis. The highest shear forces are observed in
composite girders 3 and 4, where TS loads 1 and 2 are closely positioned. No significant differences
are observed in the shear force distribution across the different systems. However, two peaks appear
in the shear force distribution of the base system due to the concentration of the applied TS loads. This
concentration of forces most significantly affects the shear force distribution of the base system, indi-
cating sensitivity to shear force concentrations. Conversely, the distribution of support forces demon-
strates more differences in which the base system shows a more levelled transverse load distribution
compared to the others. When omitting the end transverse diaphragms, the maximum support force
increases by approximately 17%. Additionally, the support forces closely resemble the maximum shear
forces but show small differences at the locations where loads are applied. These differences can be
attributed to the distance between the location of the maximum shear forces and the supports. The
potential extra weight of the thicker deck slab indicates in both the shear and support force distribution
a substantial 20-50% increase per girder.

Figure 6.4 presents the maximum torsion moments per composite girder for each system. The loca-
tion of each girder’'s maximum torsion moment varies along its length. At the side opposite to where
the loads are applied, the torsion moments flow in the opposite direction. However, the highest tor-
sion moments are observed in composite girders 4 and 5, which are adjacent to the girders directly
beneath the applied loads. Significant differences are observed between the various systems when
comparing the maximum torsion moments. Eliminating the end transverse diaphragms leads to a bet-
ter distribution of the maximum torsion moments across different composite girders. This modification
results in lower torsion moments in the girders near the applied loads, while the girders on the opposite
side experience higher torsion moments. Overall, the maximum torsion moments across all composite
girders decrease by approximately 22.6% in the system without end transverse diaphragms compared
to the base system. Additionally, increasing the thickness of the deck slab ensures a more uniform
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distribution of torsion moments over the composite girders, resulting in 36.8% lower peak values. The
potential extra load from the increased deck slab thickness does not significantly affect the maximum
torsion moments in the composite girders.
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As indicated by Figure 6.1 - Figure 6.4, the most significant differences between the modified systems
are observed when comparing the transverse bending moment at mid-span in the deck slab and the
maximum torsion moments in the composite girders. Therefore, further investigation into these load
cases is conducted to determine the causes of these differences.

6.3. In-depth analysis of transverse bending moments and torsion

moments

The most notable differences between the distinct systems emerge when considering the transverse
bending moments in the deck slab and the torsion moments in the composite girders. To assess these
differences, an in-depth analysis of these critical cases is conducted. Given the disproportionate in-
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crease of nearly 100% in the transverse bending moment, coupled with only minor improvements in
the longitudinal bending moment and shear force distribution, increasing the deck slab thickness does
not appear advantageous. Although the capacity of the deck slab increases with its thickness, this
modification offers no substantial benefit. This conclusion, further elaborated at the end of this chapter,
leads to the exclusion of this system from the in-depth analysis. Consequently, the focus will be on
comparing the systems with and without the end transverse diaphragms.

Eliminating the end transverse diaphragms results in a 16% increase in the maximum transverse bend-
ing moment in the deck slab compared to the base system. This indicates that the deck slab must
compensate for the lack of stiffness due to the removal of the end transverse diaphragms. This is
likely because the deck slab remains the only transverse connection between the girders. Addition-
ally, the torsion moments in the composite girders decrease by nearly 23% when the end transverse
diaphragms are removed. While this reduction seems advantageous, there may be drawbacks not
immediately apparent from these results. Therefore, this section will further investigate the impact of
eliminating the end transverse diaphragms on other system characteristics for these two critical cases.

6.3.1. Transverse bending moments in the deck slab

The difference in the transverse bending moments in the deck slab between the systems suggests
that normal transverse stresses in the deck slab increase when the end transverse diaphragms are
eliminated. The normal stresses in the deck slab are displayed over three layers, with the bottom and
top layers showing the peak values that are evaluated and compared. Figure 6.5 shows the transverse
normal stresses in the bottom layer of the deck slab, while Figure 6.6 presents the normal stresses in
the top layer of the deck slab for both systems.

For the bottom and top layers, the distribution of transverse normal stresses across the deck slab is
nearly identical for both systems. However, the system without end transverse diaphragms exhibits
higher stress values near the supported edges in both layers. Additionally, the modified system expe-
riences larger maximum stresses, aligning with the larger observed moments. The maximum tensile
stresses are found in the bottom layer of the deck slab at the location of the largest TS loads. Removing
the end transverse diaphragms results in a 15% increase in maximum tensile stresses. Similarly, in
the top layer of the deck slab, maximum compressive stresses occur at the same location, showing a
16% increase when end transverse diaphragms are eliminated. These results are consistent with the
trends observed in the transverse bending moments in the deck slab.

(a) System with end transverse diaphragms (b) System without end transverse diaphragms

Figure 6.5: Transverse normal stress in the bottom layer of the deck slab for both systems
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(a) System with end transverse diaphragms (b) System without end transverse diaphragms

Figure 6.6: Transverse normal stress in the top layer of the deck slab for both systems

6.3.2. Torsion moments in the girders

To further clarify the difference in torsion moments, Figure 6.7 presents the complete distribution of
torsion moments along the length of the governing composite girder for both systems. Considering an
orthogonal system with centrally applied loads, both systems display a symmetrical distribution along
the length of the girder. The primary distinction between the torsion moment distributions is observed in
the peak values near the edges. As described by Section 2.2.2, torsion moments occur when rotation
is restrained, resulting in shear stresses within the composite girders. In the base system, torsion
moments reach their maximum values near the edges at the location of the end transverse diaphragms.
In contrast, the modified system shows nearly zero torsion moments at the girder ends.
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Figure 6.7: Distributed torsion moment along the length of the governing girder for each system

Since the deck slab remains the only transverse connection between the girders, the reduction of
torsion moments in the composite girders is expected to impact the moments in the deck slab. This
effect can be analysed by examining the twisting moments in the deck slab for both systems. Given
that the twisting moments in the deck slab are symmetrical, Figure 6.8 focuses on the moments on one
side. As shown in the figure, the twisting moments in the deck slab increase by approximately 28%.
Moreover, the locations of these increased twisting moments correspond to the regions where the peak
values of the torsion moments in the girders decrease.
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Figure 6.8: Twisting moments in the deck slab of both systems

Furthermore, variations in torsion moments within the composite girders could influence the maximum
shear stresses. Therefore, the shear stresses within the cross-section of the composite girders are
analysed at the location of the critical torsion moments, which occur at x = 27.85 and x = 31.25. Fig-
ure 6.9 illustrates the size and direction of the shear stresses across the cross-section of the composite
girder for both systems at 27.85 m, whereas Figure 6.10 shows the shear stresses at 31.25 m.
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Figure 6.9: Shear stresses in cross-section composite girder for different systems at x = 27.85 m

As shown by Figure 6.7, the torsion moments at x = 27.85 m are identical for both systems, with the
maximum value observed in the system without end transverse diaphragms. Figure 6.9 compares the
shear stresses in the composite girders for both configurations, illustrating that the shear stresses in
the bottom flange and the girder web are similar for both systems. However, there is a slight increase
in the shear stresses of the deck slab.
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Figure 6.10: Shear stresses in cross-section composite girder for different systems at x = 31.25 m

Additionally, Figure 6.7 highlights significant differences in torsion moments between the two systems
at x = 31.25 m. At this location, the governing girder from the base system experiences the maximum
torsion moment, whereas the governing girder from the modified system exhibits a significantly smaller
torsion moment. This discrepancy can also be observed in the shear stresses within the cross-sections,
as presented by Figure 6.10. The large difference in torsion moments can be attributed to the alignment
of shear stresses in the base system’s girder. In this system, the shear stresses in the bottom flange
and the web of the girder are oriented in the same direction. Additionally, the shear stresses in the
deck slab are predominantly aligned in one direction, enhancing the overall torsion moment around the
cross-section’s centre of torsion. Conversely, in the modified system, the shear stresses are oriented
oppositely. Although the shear stresses are higher in absolute terms, they effectively cancel each other
out, resulting in smaller torsion moments. Therefore, a decrease in torsion moments in a composite
girder does not necessarily lead to lower shear stresses.

The elimination of the end transverse diaphragms from the system decreases the torsion moments in
the composite girders, impacting the shear stress distribution within the girder’s cross-section. However,
this change does not significantly affect the maximum shear stress across the entire system. While the
torsion moments in the girder decrease, the absolute maximum shear stress remains unchanged, as
for both systems the maximum shear stresses occur around x = 27.85 m.

6.4. Conclusion

The impact of various design adjustments on the inverted T-girder system is examined by comparing
their structural performance with the base system. Through an in-depth analysis of the most critical
points, significant findings are revealed, allowing for conclusions to be drawn.

Eliminating the end transverse diaphragms from the inverted T-girder system generally has minimal im-
pact on the transverse distribution of longitudinal bending moments and shear forces across different
composite girders. However, it results in a 17% increase in the maximum support force at one of the
girder supports, leading to a locally heavier load on the substructure. This increase is not expected
to cause issues, as the total load on the substructure remains unchanged. Additionally, practical ex-
periences suggests that substructures are generally designed with additional capacity beyond what is
ultimately required. Significant differences are observed in the deck slab when the end transverse di-
aphragms are removed. The deck slab must compensate for the loss of stiffness, leading to a positive
impact on the maximum torsion moments in the composite girders, though maximum shear stresses
remain unchanged. The transverse bending moment in the deck slab increases by 16%, leading to a
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corresponding rise in maximum normal stresses in the transverse direction. Additionally, the twisting
moments in the deck slab increase by 17%. Both increases in bending and twisting moments can be
managed by increasing the reinforcement in the deck slab. Despite the limitations of this study, re-
moving the end transverse diaphragms requires the deck slab to handle greater bending and twisting
moments. However, this is achievable with minor adjustments, primarily through additional reinforce-
ment. While these adjustments might lead to increased material usage, the advantages of eliminating
the end transverse diaphragms are anticipated to outweigh the drawbacks.

Increasing the deck slab thickness to compensate for the reduction in transverse stiffness caused by
the removal of end transverse diaphragms is not advantageous for several reasons. The added rigidity
from a thicker deck slab has minimal impact on balancing the maximum longitudinal bending moments
and shear forces in the composite girders. Moreover, this adjustment nearly doubles the transverse
bending moments in the deck slab. While the capacity of the deck slab increases with thickening, this
significant increase will not directly lead to excessive stresses. However, given that the adjustment re-
quires significantly more material and only offers minor improvements, it does not provide a meaningful
advantage over a thinner deck slab. Additionally, the increased material usage negatively impacts the
environment. The only notable benefit of a thicker deck slab is a reduction in the maximum torsion mo-
ments in the composite girders, with these maximum values becoming more evenly distributed among
the various girders. When the potential additional weight of the increased deck slab is also considered,
the overall outcomes argue against this solution.

Furthermore, the impact of increasing the thickness is more pronounced in the transverse direction
compared to the longitudinal direction, due to the relatively larger increase in thickness. The results
indicate that deformation in the longitudinal direction is predominant over the transverse direction, sug-
gesting that the deck slab experiences imposed deformation in the transverse direction. A thicker, more
rigid deck slab has greater difficulty accommodating this imposed deformation, leading to higher inter-
nal moments. Although the capacity of the deck slab increases with thickness, these higher moments
do not pose a problem but also offer no significant advantages. Overall, these findings suggest that
increasing deck slab thickness is neither feasible nor beneficial for improving the system’s performance.

The potential additional weight of the increased deck slab indicates that an increase in self-weight or
distributed loads over the entire structure primarily affects the maximum longitudinal bending moments
and shear forces. Conversely, the maximum torsion moments remain unaffected, suggesting that the
torsion moments in the composite girders are generated by asymmetrical axle loads. Additionally, the
transverse bending moments in the deck slab are highly dependent on the position of the axle loads
between the girders. These findings offer valuable insights into the specific types of loads that cause
particular stresses, leading to more effective structural design and analysis.



Effect of Skewness on the Behaviour
of Inverted T-Girder Systems

This chapter assesses the applicability of findings from the orthogonal system comparison by examining
the effects of various skew angles on the modified systems used in this study. It begins by reviewing
relevant studies, followed by the modelling approach and loading conditions used to evaluate the impact
of different skew angles. The results of this evaluation are then outlined and discussed, leading to the
formulation of conclusions.

7.1. Introduction

As mentioned in Chapter 2, most viaducts or bridges are not constructed orthogonally but with a certain
skew angle to better fit into the available space of the surroundings. The skew angle of a structure is
defined as the angle between the abutments and the longitudinal centerline of the girders, represented
by 6 in Figure 7.1 - Figure 7.4. With this convention, an orthogonal system corresponds to a skew angle
of 90 degrees.

For simplicity reasons, this study initially considered an orthogonal system as a test case. However,
previous research indicates that a skew angle in a girder system significantly influences the load trans-
fer mechanisms. As the skew angle increases, the system exhibits asymmetric responses due to the
non-orthogonal alignment of the supporting lines with the girders. This misalignment results in different
structural behaviours, with load concentrations typically occurring in the obtuse corners [16]. Several
relevant studies have highlighted the effects of skewness on girder bridges.

One example is the research conducted by Menassa et al. (2007) [44], in which the effect of skew
angle on multiple configurations of reinforced concrete slab bridges was investigated. This research
incorporated multiple skewed simply supported one-span slab bridges with uniform material properties
subjected to live loads by trucks over the complete span. The results of this study indicate that the longi-
tudinal bending moments decrease as the skew angle decreases. Conversely, the transverse bending
moments increase with a reduction of the skew angle. Significant differences are only observed when
the skew angle is less than 70 degrees, suggesting that bridges with skew angles between 90 and 70
degrees can be designed as straight bridges.

Another relevant study is by Nagashekhar et al. (2016) [51], which examined the effect of skew angle
on the behaviour of precast I-girder bridges by considering the maximum bending moment, shear force,
and torsion moment. This study compared the results of skewed bridges with non-skewed bridges for
both dead loads and live loads. The findings indicate that the maximum bending moments decrease as
the skew angle decreases, while the maximum shear forces increase. Additionally, the maximum tor-
sional moment initially increases with a smaller skew angle but then decreases, indicating dependence
on span and skew angle. Furthermore, bridges with skew angles up to 75 degrees can be analysed as
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non-skewed bridges.

Another study by Harba (2011) [32] addresses the impact of skew angles by conducting a three-
dimensional finite element method to examine the behaviour of simply supported T-beam girder bridges.
The model represents a simply supported T-beam bridge with uniform material properties subjected to
edge truck loading. The results indicate that bending moments and deflections decrease, while torsion
moments increase with a smaller skew angle. Shear forces and support forces in the girders either
increase or decrease depending on the girder’s location as the skew angle increases. Consequently,
this study challenges the recommendation to consider skewed systems up to 70 degrees as straight
systems.

The study by Minalu (2010) [45] addresses the effect of skew angles on the behaviour of an inverted
T-girder bridge. Minalu employs two different finite element modelling techniques: one based on the
orthotropic plate model with eccentric beam elements, and the other without. These models are used to
analyse bending moments and torsion moments in the first composite girders, transverse bending mo-
ments in the deck slab, and torsion moments in the end transverse diaphragms. The model accounts
for cracked stiffness in the end transverse diaphragms and the transverse direction of the deck slab
by reducing the elastic modulus of these cast in-situ concrete elements. The findings indicate that as
the skew angle decreases, the longitudinal bending moments in the reference girder decrease, while
the torsion moments increase at the obtuse corner of the system. Additionally, the transverse bending
moments in the deck slab increase as the skew angle decreases.

These studies present consistent findings of the impact of skew angles on longitudinal and transverse
bending moments. However, despite not all studies incorporating these design parameters, the results
for shear forces and torsion moments are inconclusive in some cases. Minalu’s study aligns most
closely with this research, as it tested systems under maximum design conditions according to the Eu-
rocode [22] and accounted for the orthotropic material properties of the deck slab. Consequently, the
findings of this research will be primarily compared with those of Minalu’s study in Section 8.2.

The effect of skew angles on systems is examined using the same test case and critical load configu-
rations previously employed in this study, maintaining the same geometries and assumptions. Critical
load cases are ensured by adjusting the load arrangements with the same skew angle of the system. In
addition to the orthogonal system with a 90-degree skew angle, three other skew angles of 75, 60, and
45 degrees are considered. This approach allows for a comprehensive analysis of the impact of skew
angles on the load distribution in the modified systems. The objective is to evaluate the applicability of
findings from the orthogonal test system to systems with varying skew angles.

7.2. Critical load cases for different skew angle bridges

The effect of skewness on the structural integrity of the system is assessed using the same critical
scenarios as with the orthogonal system. The load configurations selected to generate maximum values
for longitudinal bending moment, transverse bending moment, shear force, and torsion moments are
adjusted for each skew angle. Note that the TS loads are transformed relative to the center of the
four-axle loads, resulting in loads not being exactly in the middle of the span. This effect increases
with the skew angle. Figure 7.1 - Figure 7.4 illustrate the transformation of both the system and load
arrangements with the skew angle, depicted by 6.

[Edae 7 ]

Rest

uDL 3 JJ TS3
oo
uDL 2 ;. Ts2 TS2

D‘D TS3

TS 1

L N 6 [ea ubL2 | UDL3 Rest

ubL 1

[Edge =)

Figure 7.1: Traffic load arrangement for maximum longitudinal bending moment in skewed systems
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[Edae ]

Rest

UDL 3 TS3 7‘\‘ ‘
og
uDL 2 TS2 NS TS 2

i TS3
uDL 1 TS 1 gg 6 upL 1
[Edge AN [Eage] uDL 2 uDL 3 Rest =
++

2dg¢

Figure 7.3: Traffic load arrangement for maximum shear force in skewed systems
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Figure 7.4: Traffic load arrangement for maximum torsion moment in skewed systems

In addition to the live loads, the permanent loads from the asphalt layer, scrap strips, and edge struc-
tures are considered in the model. As with the orthogonal system, each traffic load arrangement is
combined with the dead loads to form a load combination. The load combinations applicable to each
critical scenario are provided in Table 7.1.

Table 7.1: Load combinations employed in the numerical model for skewed systems

Load combination Dead loads Live loads
LC5 asphalt layer + additional dead loads critical load case 5
LC6 asphalt layer + additional dead loads critical load case 6
LC7 asphalt layer + additional dead loads critical load case 7
LC8 asphalt layer + additional dead loads critical load case 8

7.3. Model results

The impact of the skew angle on the behaviour of the modified systems is evaluated by comparing the
maximum values of the key design parameters. Since the transverse direction of the system changes
with the skew angle, and the composed lines integrate elements perpendicular to this line, the results
from the composed lines no longer correspond accurately. Therefore, to ensure consistent compar-
isons across all systems with different skew angles, distributed moments in the deck slab are used.
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Unlike the transverse bending moments from the composed lines, these values are expressed per el-
ement and not integrated over a meter width. Furthermore, building on the conclusion from Chapter 6
that torsion moments in the composite girders are related to twisting moments in the deck slab, both
parameters are analysed to evaluate the effect of the skew angle on the system’s torsion moments.
The maximum values for the design parameters are determined by subjecting the skewed modified
system to their most critical load cases, as detailed in Section 7.2.

Table 7.2 - Table 7.4 detail the maximum values observed for each design parameter in each system
with a certain skew angle. Subsequently, the effect of the skew angle on each design parameter is
highlighted and further explained. It is important to note that only the maximum values are considered,
which may cause the locations where these maximum values occur to vary for each skew angle.

Table 7.2: Maximum value per critical load case in the original system for each skew angle

Skew Max. longitudinal Max. transverse Max. shear Max. torsion Max. twisting

angle bending moment bending moment force moment moment
[kNm] [kNm/m] [kN] [kNm] [kNm/m]
90 2848.9 171 419.8 185.6 8.4
75 2842.6 17.2 410.7 188.5 8.6
60 2818.6 17.8 399.9 181.3 9.8
45 2751.6 18.6 384.7 162.8 10.4

Table 7.3: Maximum value per critical load case in the system without end transverse diaphragms for each skew angle

Skew Max. longitudinal Max. transverse Max. shear Max. torsion Max. twisting

angle bending moment bending moment force [kN] moment [kNm] moment
[kNm] [kNm/m] [kN] [kNm] [KNm/m]
90 2910.2 19.7 403.6 143.7 10.7
75 2910.1 19.9 404.4 145.9 11.3
60 2828.9 19.9 384.2 133.8 12.6
45 2871.0 21.3 370.5 129.8 13.8

Table 7.4: Maximum value per critical load case in the system without end transverse diaphragms and increased deck slab
thickness for each skew angle

Skew Max. longitudinal Max. transverse Max. shear Max. torsion Max. twisting

angle bending moment bending moment force moment moment
[kNm] [kNm/m] [kN] [kNm] [kNm/m]
90 2870.8 32.6 377.3 1171 31.8
75 2859.9 32.9 375.3 126.0 35.3
60 2748.1 34.0 384.5 120.9 41.3
45 2778.4 37.3 345.2 134.2 50.7

7.3.1. Effect of skewness for the maximum longitudinal bending moment

The maximum longitudinal bending moments for each modified system at different skew angles are
presented in Figure 7.5. The overall trend indicates a decrease in the maximum longitudinal bending
moments as the skew angle decreases. This observation aligns with the conclusions of the studies
cited in the introduction of this chapter. All maximum values are observed at the mid-span of the sec-
ond composite girder.
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For skew angles 90 and 75 degrees, the maximum values for each system remain nearly equal. Be-
tween skew angles of 75 and 45 degrees, the maximum values of the base system decrease further,
leading to a maximum reduction of 3.4% compared to the orthogonal system. The systems without end
transverse diaphragms show a decrease of 1.3% and 3.2% for the 45-degree skewed system relative
to the orthogonal system. Although all systems follow a similar trend, the systems without end trans-
verse diaphragms exhibit a significantly lower maximum bending moment at the 60-degree skew angle.
The position of the maximum values remains unchanged, suggesting that this drop could be due to a
change in the load transfer mechanism, resulting in a better distribution of moments along the girders
than expected.

Furthermore, excluding the values from the 60-degree skewed systems, the differences between the
distinct systems for each skew angle increase as the skew angle decreases. The difference between
the systems with and without end transverse diaphragms increases from 2.2% for the orthogonal sys-
tem to 4.3% for the 45-degree skewed systems. The differences between the base system and thick
deck slab system follow a similar trend but remain within a 1.0% deviation.
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Figure 7.5: Maximum longitudinal bending moment in the composite girder per system for different skew angles

7.3.2. Effect of skewness for the maximum transverse bending moment

The maximum transverse bending moments in the deck slab of each system for different skew angles
are presented in Figure 7.6. These maximum values are located beneath one of the TS loads in the
middle of the deck slab and are consistent for all systems and skew angles.

For skew angles of 90 and 75 degrees, the values remain consistent across all systems. However, as
the skew angle decreases further, the maximum values increase, reaching a peak increase of 8.1%
and 8.7% for the system with and without end transverse diaphragms, respectively. The system with a
thick deck slab demonstrates a significant increase, with a maximum of 14.4% for a 45-degree skewed
system relative to the orthogonal configuration.

The mutual differences between the systems with and without end transverse diaphragms remain nearly
constant across different skew angles, ranging from 13.2% for the orthogonal system to 10.6% for the
60-degree skewed systems. The system with the increased deck slab thickness shows a notable
increase of at least 88% relative to the base system, with this increase becoming more pronounced as
the skew angle decreases.
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Figure 7.6: Maximum transverse bending moment in the deck slab per system for different skew angles

7.3.3. Effect of skewness for the maximum shear force

The maximum shear forces in the composite girders for each system at various skew angles are dis-
played in Figure 7.7. As the skew angle decreases, the maximum shear forces in the girders also
decrease. The maximum values for the systems with and without end transverse diaphragms occur in
the fourth composite girder, while in the thick deck slab system, the maximum value shifts to the third
composite girder.

At a skew angle of 45 degrees, the base system shows a maximum reduction of 8.4%. The system
without end transverse diaphragms experiences a reduction of 8.2% and the thick deck slab system
exhibits a reduction of 9.6%. Unlike other design parameters, the maximum values for the systems with
and without end transverse diaphragms differ significantly between skew angles of 90 and 75 degrees.

Additionally, the mutual differences between the systems remain almost consistent across all skew
angles. The difference between systems with and without end transverse diaphragms varies between
a 3.7% and 3.9% decrease in shear forces per skew angle. The thick deck slab system shows a
difference ranging from 9.1% to 10.3% per skew angle relative to the base system.
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Figure 7.7: Maximum shear forces in the composite girder per system for different skew angles

7.3.4. Effect of skewness for the maximum torsion moment

To assess the effect of the skew angle on the torsion moments in the system, both the twisting mo-
ments in the deck slab and the torsion moments in the composite girders are considered, as they are
interrelated. Figure 7.8 presents the maximum torsion moments in the composite girder per system
for various skew angles, while Figure 7.9 shows the maximum twisting moments in the deck slab for
the same skew angles. The overall trend, illustrated in the figures, indicates that as the skew angle
decreases, torsion moments in the girders decrease, while the twisting moments increase.

For the base system, the maximum torsion moments in the composite girders decrease by 12.3% as
the skew angle reduces to 45 degrees. In contrast, the system without end transverse diaphragms
exhibits a maximum reduction of 9.7%, while the system with an increased deck slab thickness shows
a 14.6% increase when the skew angle is reduced to 45 degrees. The mutual difference between the
systems with and without end transverse diaphragms varies from 26.2% for 60-degree skewed sys-
tems to 20.3% for 45-degree skewed systems. For the system with an increased deck slab thickness,
the mutual differences relative to the base system decrease from 36.9% for the orthogonal systems to
17.6% for high-skewed systems, indicating a reduced impact as the skew angle decreases.

Compared to the maximum values of other design parameters, a clear shift is observed in the position
of the maximum values. For the base system, the maximum torsion moments stay around compos-
ite girder 4 and 5 for each skew angle, while for the systems without end transverse diaphragms, the
maximum value shifts towards the second composite girder, concentrating around the obtuse corner
as the skew angle decreases. The concentration of torsion moments appears higher for the system
with an increased deck slab thickness, resulting in an overall increase in maximum torsion moments
as the skew angle decreases.

Additionally, the twisting moments in the deck slab show a maximum total increase of 23.8% for the base
system and 29.0% for the system without end transverse diaphragms as the skew angle decreases.
The mutual differences between these systems increase from 27.4% for orthogonal systems to 32.7%
for 45-degree skewed systems. The system with an increased deck slab thickness shows significant
discrepancies from the base system, with a minimum increase of 278.6%, rising to a maximum of
387.5% as the skew angle decreases. These substantial differences can be attributed to the fact that
the thickness of the deck slab influences the plate moments to the power of three.
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Figure 7.8: Maximum torsion moments in the composite girder per system for different skew angles
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Figure 7.9: Maximum twisting moments in the deck slab per system for different skew angles

7.3.5. Validity of critical load cases

Reducing the skew angle can significantly impact load transfer mechanisms and system behaviour.
Large changes in skew angle create different structural configurations due to the altered positioning
of supports. Consequently, the critical scenarios for structures with extreme skew angles may differ
from those assumed in this study. To ensure that the most critical load configurations are considered,
alternative load arrangements have been examined for high-skewed systems.

The validity of the assumed critical load cases was verified by comparing different load arrangements
for the 45-degree skewed system. This process involved varying the positioning of the TS loads, ei-
ther by not adjusting them according to the skew angle or by counteracting this angle. For all design
parameters, no other critical load cases were identified. While this finding does not entirely rule out
the possibility of other critical load cases for specific skew angles, it suggests that the values used for
comparison are likely near the maximum.
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Additionally, it is important to note that the ratio between the width and length of the structure also influ-
ences load transfer mechanisms. Specifically, for highly skewed systems, the critical load cases could
differ as the width/length ratio increases. A structure with more equal dimensions and a width/length
ratio closer to one could have different load transfer mechanisms, as the supports of the skewed sys-
tem are closer to the applied loads. The critical load cases employed in this study and their results are
only valid for this specific width/length ratio. In the case of a lower ratio, it is likely that the same critical
load cases will remain governing.

7.4. Conclusion

The effects of various skew angles in a simply supported single-span inverted T-girder system were
examined using a numerical model. This numerical model performed a linear analysis on shell element-
based prefabricated inverted T-girders with a cast in-situ deck slab. Three different skew angles were
considered and tested, keeping the system geometry and characteristics unchanged. To clearly under-
stand the effects of skew angles on the modified inverted T-girder systems, the maximum longitudinal
bending moment, transverse bending moment, shear force, torsion moment, and twisting moment were
compared with those of the reference orthogonal system. This additional comparison helps assess the
applicability of the findings from the orthogonal system to skewed systems.

In general, the findings indicate that as the skew angle decreases, the maximum values within the deck
slab increase, while the maximum values in the composite girders decrease. The only exception is the
maximum torsion moment in the composite girders of the thick deck slab system which increases with
the reduction of the skew angle. However, the overall findings indicate that in skewed systems, the
deck slab should absorb relatively more forces and moments than the composite girders.

Additionally, the location of the maximum values per system remains generally unchanged across dif-
ferent skew angles. Only the location of the maximum torsion moments within the composite girders of
the systems without end transverse diaphragms shifts towards the obtuse corner. While the maximum
values in the base system stay at the same location for different skewed systems, the maximum values
of the modified systems vary as the skew angle decreases. Eliminating the end transverse diaphragms
leads to the concentration of torsion moments towards the girders near the obtuse corner as the skew
angle decreases. This effect is enhanced by the thick deck slab system, in which these maximum
values even increase when reducing the skew angles.

Furthermore, the maximum values in the composite girders of the base system decrease slightly faster
with a reduction in the skew angle compared to the system without end transverse diaphragms. Con-
versely, the maximum values in the deck slab of the base system increase less with a decreasing skew
angle than those in the system without end transverse diaphragms. Despite these differences, the
mutual differences between the systems with and without end transverse diaphragms per skew angle
do not show clear patterns. For the longitudinal bending moment and twisting moment, the mutual
differences between the maximum values of these two systems increase slightly as the skew angle de-
creases. Meanwhile, the mutual differences in transverse bending moments, shear forces, and torsion
moments become smaller with decreasing skew angle. The maximum impact of the skew angle on
these mutual differences ranges up to 2.6%, with an exception of 5.6% for the torsion moments at the
skew angle of 60 degrees and 5.3% for twisting moments at the skew angle of 45 degrees. Considering
these two exceptions, it can be stated that the mutual differences between the systems with and without
the end transverse diaphragms remain nearly consistent across various skew angles. Therefore, the
results obtained by comparing these two systems are applicable to different skew angle systems with
the same order of magnitude.

For the system with an increased deck slab thickness, the maximum values generally follow the same
trend as the system without end transverse diaphragms, with the exception of the torsion moments in
the composite girders. However, the differences compared to the base system are more pronounced
than those observed when only the end transverse diaphragms are removed. In this system, the max-
imum values in the girders are smaller, while those in the deck slab are greater. Furthermore, the
mutual differences with the base system increase as the skew angle decreases, except for the max-
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imum torsion moments, where the differences decrease with a reduced skew angle. Especially, the
maximum values within the deck slab increase significantly as the skew angle decreases, highlighting
that the impact of reducing the skew angle is more significant for systems with an increased deck slab
thickness. The substantial increase in moments in the deck slab and the varying developments across
different skew angles underscore that this design adjustment is not a suitable option for improving
overall structural performance.



Discussion

This chapter discusses the numerical model and the analysis considerations adopted in this study. It
then presents and compares the results obtained from design adjustments and the effects of various
skew angles, contrasting these findings with those of previous studies.

8.1. Discussion on numerical model

To observe the effects of various design adjustments and the system'’s skew angle, a numerical model
based on an inverted T-girder system was employed. This numerical model has been derived and
simplified from the case study and transformed into a linear elastic model using multiple assumptions.
The case study was reduced to an orthogonal configuration with symmetrical characteristics to balance
the dead loads on both sides. Additionally, the linear elastic model focuses solely on the behaviour of
prefabricated and cast in-situ concrete elements, excluding reinforcement and prestressing steel. As a
result, the model provides valuable insights into the differences in structural behaviour among the mod-
ified systems but does not capture the actual behaviour of the system. However, the model’s simplicity
makes it easy to apply to various systems with different dimensions and characteristics.

Given that this model only examines the effect of various design adjustments on structural behaviour, a
linear analysis is appropriate. However, the linear analysis does not account for material and geomet-
ric nonlinearity, such as concrete cracking, plasticity, and large deformations. Since concrete exhibits
nonlinear behaviour, significant information may be lost, such as the potential extra capacity due to
compressive membrane action (CMA). Accounting for concrete cracking in a linear analysis can be
challenging because the linear elastic behaviour does not capture the nonlinear cracking. Therefore,
the most commonly used method is to reduce the modulus of elasticity to account for the reduced stiff-
ness due to cracking. This method relies on simplified assumptions that may not capture the actual
effects of concrete cracking.

Furthermore, the numerical model contains several simplifications that could be questioned. For in-
stance, the supporting conditions of the numerical model in which the bearing pads are transformed
to idealised support conditions as a one-node discrete connection to its surroundings. While the sup-
port conditions represent the actual constraints, defined as spring stiffnesses in all directions, they can
introduce singularities and unrealistic stress concentrations. Additionally, the model was performed
using shell elements to ensure time efficiency. While this simplifies the analysis and reduces compu-
tational effort, it may not capture all aspects of the structural behaviour, particularly those related to
three-dimensional stress states and localised effects. The limitations of this analysis highlight the need
for further studies to understand the true behaviour using nonlinear analysis. A more complex model
that incorporates all elements with nonlinearity would provide a more realistic representation of the
system’s behaviour.

When evaluating the applied loads on the system, only the vertical loads from dead loads and traffic
loads were considered, as these represent the most significant variable loads. Horizontal loads result-
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ing from traffic actions, such as braking, acceleration and potential impact, as well as those from wind,
seismic activity, and thermal gradients affecting the entire structure, were not included due to their
relatively minor influence on critical load scenarios. However, it is important to recognise that these
horizontal loads can significantly influence the transverse bending moments, particularly in the deck
slab. Additionally, it is assumed that the system’s capacity to resist these horizontal loads does not
differ significantly among the various system configurations. To simplify the comparison between the
modified systems and focus on their differences in structural response to critical live loads, self-weight
was excluded from the analysis. Although the removal of the end transverse diaphragms significantly
reduces the total self-weight of the structure, this reduction is considered to have a minimal effect on the
differences between systems under critical load conditions, as the diaphragms are located above the
supports. Therefore, while incorporating self-weight would increase the absolute values of all design
parameters, the relative differences between the systems are expected to remain largely consistent.

The critical load configurations were selected to generate the maximum longitudinal bending moments,
transverse bending moments, shear forces, and torsion moments. These load arrangements were de-
rived from previous studies and refined through a process of trial and error. It is important to note that
the maximum torsion moments in the composite girders are influenced by the transverse stiffness of
the deck slab, which is reduced to account for concrete cracking. Changes in the transverse stiffness of
the deck slab stiffness could therefore affect the critical load case for torsion moments. For the skewed
systems, the same load configurations were considered critical, with adjustments made to account for
the shift in critical locations due to the skew angle. Although various load arrangements were com-
pared to verify the critical load cases for the 45-degree skewed system, other load configurations might
produce even more critical internal stresses. Nevertheless, the load cases are consistent across all
scenarios, and the values are expected to be near the maximum.

8.2. Discussion on results

This section reviews the results obtained from analysing several test cases with design adjustments
and the effects of various skew angles on the modified systems. It involves a critical comparison of
these results with the findings of other studies.

8.2.1. Effect of design adjustments

The results that the removal of end transverse diaphragms from the inverted T-girder system has mini-
mal impact on longitudinal bending moments but a more substantial impact on the transverse bending
moments in the deck slab align with the findings of Minalu (2010) [45]. However, differences are ob-
served regarding the effect on torsion moments. While Minalu reported an increase in torsion moments
when the end transverse diaphragms were removed, this research indicates a decrease. This discrep-
ancy arises because Minalu considers the torsion moments in the first girder, whereas this study evalu-
ates the largest torsion moments across all composite girders. When focusing solely on the first girder,
this study also shows an increase in torsion moments. However, the maximum torsion moments at the
fourth and fifth composite girders clearly show a reduction. Despite the differences in finite element
models, the similarities in findings support the reliability of this research.

This study suggests that the removal of end transverse diaphragms can be effectively compensated by
primarily strengthening the deck slab’s bending and twisting moment capacity by approximately 16%.
This increase in capacity is assumed to be achieved solely by increasing the amount of reinforcement.
In some cases, this additional capacity could be achieved without any modifications, as the existing
reinforcement may not always be fully utilised. Additionally, the substructure can remain largely un-
changed, with the possibility of localised strengthening to accommodate increased maximum support
forces. Furthermore, the findings indicate that the maximum stresses in the composite girders will
not increase, enabling the use of the same girders in the redesigned system without end transverse
diaphragms. This revised system, potentially featuring additional reinforcement and localised substruc-
ture strengthening, is expected to have a significantly lower environmental impact than the system
incorporating the cast-in-situ concrete end transverse diaphragms with reinforcement.
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Coupling these results with the suggestions by Vergoossen (2021) [72] that all functionalities of end
transverse diaphragms can be substituted by other structural and non-structural elements enhances
the potential for reusing the inverted T-girders in future projects. The primary additional complexity
involves jacking the superstructure for maintenance of the supports, which would require each girder
to have its own jacks. Furthermore, eliminating end transverse diaphragms significantly reduces the
overall robustness of the structure, making it more susceptible to horizontal impacts. Although this
reduction in robustness has not been extensively investigated, Vergoossen’s work suggests that the
compression layer provides sufficient shear action. If necessary, it could be possible to locally increase
the deck slab above the supports to enhance the structure’s robustness at the edges. This modification
offers some practical benefits, such as facilitating the installation of joints, transitioning from abutment
to deck, and compensating for the upward deflection of prestressed girders. However, it will not have
a substantial impact on load distribution since the additional weight is primarily transferred directly to
the supports. While this approach offers practical advantages, further exploration of the impact of elim-
inating end transverse diaphragms on horizontal forces in more detail could provide valuable insights.

To examine the impact of the end transverse diaphragms, the modified systems are subjected to the
most critical load cases, which generate the largest bending moments, shear forces, and torsion mo-
ments in single-span systems. Although these critical load cases produce the maximum values, they
do not capture the largest impact of the end transverse diaphragms. The maximum effect of the end
transverse diaphragms in the inverted T-girder system is likely to occur under different scenarios. For
instance, when applied loads are closer to the edges, the effect of incorporating the end transverse di-
aphragms becomes more pronounced. While these other load cases may not produce the most critical
forces or moments overall, they could highlight the maximum impact of the end transverse diaphragms.
Additionally, adjusting these load cases could provide valuable insights into the influence of the end
transverse diaphragms on local elements rather than the global system.

8.2.2. Effect of skewness

Comparing the results obtained in this study with those of relevant studies addressing the effect of
skew angles on design parameters, as described in Section 7.1, reveals several similarities. Despite
some differences in study setups, all studies indicate that the maximum longitudinal bending moments
in the girders decrease with decreasing skew angle. Moreover, studies addressing transverse bend-
ing moments in the deck slab consistently show an increase as the skew angle decreases. However,
differences are observed in the impact of skew angles on shear forces and torsion moments in the
composite girders. This study demonstrates that a reduction in the skew angle leads to decreased
maximum shear forces and torsion moments in almost all situations. In contrast, reference studies by
Nagashekhar et al. (2016) [51] and Harba (2011) [32] present varying results, where the impact of skew
angles in shear forces and torsion moments differs depending on the location of the girders within the
system and the applied load configurations.

Additionally, the impact of skew angles on torsion moments obtained in this study differs from the re-
sults by Minalu (2010) [45]. While Minalu reports an increase in torsion moments in the first girder as
the skew angle decreases, this study shows a decrease in the system’s maximum torsion moments.
This discrepancy can be explained by the shift of the maximum value towards the second girder in the
obtuse corner of the system as the skew angle decreases. This effect primarily arises when eliminating
end transverse diaphragms, leading to a less pronounced decrease as the skew angle decreases. The
maximum value in one of the girders may decrease while the overall maximum value of the system in-
creases due to load concentrations or other factors. A more detailed analysis of the critical load cases
for each girder could provide conclusive insights into the impact of the skew angle on individual girders.

Furthermore, another difference in the findings of various studies is that the variation in skew angle
does not significantly affect the design parameters when it varies less than 20 degrees. Both Menassa
et al. (2007) [44] and Nagashekhar et al. (2016) [51] conclude that skewed systems with angles up
to 70 degrees can be considered as straight systems. However, Harba (2011) [32] challenges this
assertion, noting that shear forces either decrease or increase as the skew angle decreases up to
70 degrees. According to the results of this study, clear discrepancies are observed in shear forces
between skew angles of 90 and 75 degrees, while no significant differences are found for other de-
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sign parameters. This indicates that, although there may be no distinction for other design parameters
between skew angles of 90 and 75 degrees, the differences in shear forces must be considered. Con-
sequently, this result underscores the uncertainty of the recommendation to treat 70-degree skewed
systems as straight systems. Therefore, considering small skewed systems as straight systems should
be accompanied by additional consideration of the shear forces.

As described in Section 7.3.5, the ratio between the width and length of the structure plays a significant
role in the system’s operation. Structures with a smaller span and greater width transfer loads differently
due to altered support positions. Consequently, the critical load cases used in this study might differ
for systems with varying width/length ratios. Therefore, the study’s findings are only valid for systems
with a similar or smaller width/length ratio, as these systems likely exhibit similar load transfer mecha-
nisms. For systems with a greater width/length ratio, different load cases are expected to be governing,
potentially leading to different results. A more detailed analysis of the impact of the width/length ratio
on the findings could be valuable for applying these results to other types of systems.



Conclusions and Recommendations

The conclusions from this study are presented by answering the sub-questions, after which the main
research question is addressed. Subsequently, recommendations for future work are provided.

9.1. Conclusions

Moving towards a more circular construction industry is essential for achieving the objective of operat-
ing climate-neutral and fully circular by 2030. Maximising the reuse potential of prefabricated inverted
T-girders could significantly contribute to this goal. However, the conventional design of the inverted
T-girder system does not accommodate reuse, potentially leading to additional costs associated with
disassembly. Therefore, this study investigates various design modifications to enhance the reusability
of these girders. The objective is to fully exploit the reuse potential of inverted T-girders by modifying
the design of girder systems.

1. What are the main challenges in efficiently disassembling prefabricated inverted T-girders?

A literature review provided a comprehensive overview of the design details and arrangement of struc-
tural components within the inverted T-girder system. Additionally, a theoretical approach elucidates
the system’s operation and the contributions of various structural components, highlighting potential
deficiencies and weaknesses, especially in the transverse direction. Examination of current disassem-
bly methods for the girders indicates that the main challenges primarily arise from the end transverse
diaphragms and deck slab, which ensure connection in the transverse direction. Given the commonly
used deck slab thickness of 200 millimeters and the average dimensions of the end transverse di-
aphragms exceeding 800 millimeters in height and width, detaching the girders from the end transverse
diaphragms is particularly challenging. Few studies have addressed the necessity of incorporating the
end transverse diaphragms, raising questions about their effectiveness. This creates an opportunity
to eliminate these robust, material- and labour-intensive structural elements, thereby simplifying the
disassembly process and enhancing the reusability of the girders

2. How is the stress distributed within the current design of prefabricated inverted T-girder systems
and what roles do different structural components play in maintaining overall stability and load-
bearing capacity?

A comprehensive assessment of the prefabricated inverted T-girder system demonstrates that longitu-
dinal bending moments are supported by the composite girders, whereas transverse bending moments
are carried exclusively by the deck slab. The significant difference in stiffness between these compo-
nents results in much larger longitudinal bending moments compared to transverse bending moments,
causing the longitudinal direction to predominate over the transverse direction. Furthermore, shear
forces are transferred to the supports by both the deck slab and girders, leading to uniformly distributed
stresses over the girder’s web. Torsion moments arise due to the restraint of the imposed rotation of
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the girders and are symmetrical when centrally applied loads are present. The shear stresses caused
by torsion moments flow through the cross-section of the composite girder, reaching their maximum in
the web of the girders.

3. How do different structural design adjustments aimed at improving the disassembly and reassem-
bly efficiency of inverted T-girders affect the overall structural performance of the system?

After identifying the main challenges associated with disassembling the prefabricated girders from the
system, the study focuses on the possibility of eliminating the end transverse diaphragms. The findings
indicate that excluding the end transverse diaphragms has minimal impact on the distribution of longitu-
dinal bending moments and shear forces. However, the deck slab, as the only transverse connection,
bears a greater load. To accommodate this increase, an additional 16% capacity of the deck slab is
required, which can be achieved by increasing the amount of reinforcement. Although the support
forces show a local 17% increase, the substructure is considered capable of withstanding this because
its capacity is generally not fully utilised. Based on this study’s findings and suggestions from other
studies, the consequences of eliminating end transverse diaphragms can be compensated for by other
existing structural elements, with only an increase in deck slab reinforcement. This demonstrates the
feasibility of removing the end transverse diaphragms to enhance the disassembly of the girders with-
out significantly affecting overall structural performance. Additionally, attempts to compensate for the
reduced transverse stiffness by increasing the deck slab thickness were found to be effective only in
reducing the torsion moments in the girders. Given the potential weight increase, it was concluded that
a thicker deck slab is neither feasible nor beneficial for improving the overall structural performance
of the system without end transverse diaphragms. Additionally, the greater material consumption re-
quired for a thicker deck slab would have a negative environmental impact.

4. To what extent is the assessment of an orthogonal system representative of other systems with
a certain skew angle?

In skewed systems, a greater proportion of forces and moments are absorbed by the deck slab com-
pared to the composite girders, highlighting a more crucial role for the deck slab. The mutual differences
across various skew angles between the systems with and without end transverse diaphragms vary up
to 2.6%, except for the 5.6% difference in torsion moments at a 60-degree skewed system and the
5.3% difference in twisting moments at a 45-degree skewed system. Additionally, the location of the
maximum torsion moments in the composite girders shifts only in systems without end transverse di-
aphragms. Decreasing the skew angle in these systems causes the maximum torsion moments to
shift towards the obtuse corner. With only two significant differences across various skew angles, the
impact of eliminating end transverse diaphragms from the inverted T-girder system remains relatively
consistent. Therefore, the assessment for the orthogonal system can be applied with a similar order of
magnitude to skewed systems. However, for the system with increased deck slab thickness, the results
do not apply to other skewed systems, as this system shows magnifying influences as the skew angle
decreases. Moreover, this system has already been deemed unsuitable for improving the structural
performance of the inverted T-girder system due to its substantial moment increases in the deck slab.

By obtaining answers to these sub-questions, the main research question can be answered. This
allows the study to achieve its objective of making optimal use of the reuse potential of prefabricated
inverted T-girders.

"How can the inverted T-girder system be adapted to improve the circularity during the dis-
assembly and reassembly process in the future?”

To enhance the circularity of the prefabricated inverted T-girders during the disassembly and reassem-
bly, a comprehensive analysis is conducted on these systems. The primary challenges associated with
these processes were identified, focusing on the removal of the end transverse diaphragms. To assess
their feasibility, two modified systems, both excluding the end transverse diaphragms, were evaluated
and compared to the base system.
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The study revealed that eliminating the end transverse diaphragms from the inverted T-girder system
primarily results in higher stresses in the deck slab. This increase in stress can be effectively managed
by adding more reinforcement to the deck slab. Therefore, the findings suggest that implementing a
girder system without end transverse diaphragms is a feasible design option, as it does not significantly
affect the system’s overall structural performance. Moreover, these findings are relevant for skewed
systems with skew angles of up to 45 degrees. By eliminating the end transverse diaphragms, the
design approach optimises the use of structural elements and facilitates the reuse of the girders, con-
tributing to sustainable construction practices.

Conversely, the study demonstrates that increasing the transverse stiffness of the deck slab by increas-
ing its height does not yield overall positive effects. While this modified system shows similar maximum
values in the girders, the maximum values in the deck slab increase substantially. Despite the increased
capacity of the deck slab due to its greater thickness, these high values are disadvantageous. There-
fore, increasing the deck slab thickness does not contribute to the overall structural performance and
is not deemed feasible. Moreover, the impact of skew angles becomes more pronounced as the skew
angle decreases, highlighting varying structural responses for different skew angles.

9.2. Recommendations for future research

Based on the findings presented in this study, several recommendations are proposed to improve fu-
ture studies.

The objective of this study was to examine the impact of various design adjustments, facilitating the
disassembly of girders, on the structural performance of the inverted T-girder system. After identifying
the main challenges associated with the disassembly and reassembly of the girders, two specific de-
sign modifications were evaluated. However, there are probably several other adjustments possible
that somehow enhance the disassembly of the girders. It is recommended to initially test these mod-
ifications using the linear model developed in this study to obtain a preliminary assessment of their
feasibility.

Considering the findings from this linear static analysis, initial insight into the feasibility of eliminating
end transverse diaphragms has been provided. However, since the numerical model does not incor-
porate all aspects, it does not fully capture the actual behaviour of the system. To accurately simulate
the system’s behaviour, it is crucial to include self-weight, reinforcement and prestressing steel, as well
as nonlinear effects such as material and geometric nonlinearity, which includes concrete cracking,
plasticity and large deformations. An improved numerical model that includes these factors could offer
a more realistic representation of the system. It could account for the potential loss of compressive
membrane action due to the elimination of the end transverse diaphragms, which is of significant inter-
est. Additionally, increasing the degree of accuracy by utilising solid elements is possible, though this
approach would involve increased modelling and computational time.

Although the findings of this study suggest that eliminating end transverse diaphragms from the system
is feasible when considering only vertical forces, and Vergoossen’s work indicates that the deck slab
should provide sufficient shear action to bear horizontal forces based on experiences from valued con-
structors, the lack of robustness within the system when eliminating the end transverse diaphragms
could be a significant disadvantage in implementing this adjustment in real structures. Therefore, it
is recommended to further investigate the impact of not having end transverse diaphragms in girder
systems under horizontal loads in particular.

Furthermore, the effect of end transverse diaphragms was investigated in this study by analysing the
system’s maximum values under four critical load cases. However, these critical load cases do not
necessarily represent the scenarios where the importance of end transverse diaphragms is greatest.
The impact of the end transverse diaphragms is likely most significant when live loads are applied
closer to their location. Additionally, the transverse diaphragms may play a crucial role in local effects.
Therefore, it is interesting to explore the most critical scenarios where the end transverse diaphragms
have the greatest impact to fully understand their significance.
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The current study on the impact of the skew angle on the system considers only the maximum values
of the complete system. However, the influence of the skew angle may vary for different girders due
to changes in the system’s load transfer mechanisms. To investigate the impact of the skew angle at a
more localised level, it is recommended to analyse the load distribution of individual girders within the
system under various skew angles.

Considering a broader perspective, it would be valuable to assess the environmental impact and fea-
sibility of reusing these inverted T-girders, taking into account factors such as construction, transport,
storage, and their suitability for other projects. This assessment should include a life cycle analysis to
determine the overall sustainability benefits of reusing prefabricated girders compared to manufactur-
ing new ones. Furthermore, it could be of interest to investigate the environmental impact of reinforc-
ing the deck slab by increasing the amount of reinforcement compared to eliminating end transverse
diaphragms. This investigation should consider the potential benefits of excluding end transverse di-
aphragms, as well as any trade-offs in terms of construction complexity and long-term maintenance.
By comparing these factors, a better understanding of the most effective strategies for improving the
sustainability of girder bridges can be achieved.
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Prefabricated girder systems in the
Netherlands

This appendix provides an overview of the various types of prefabricated girder systems currently used
in the Netherlands.

A.l. Prefabricated girder systems in the Netherlands

An analysis of different prefabricated girder systems in the Netherlands is conducted to make the design
of prefabricated girder systems more future-proof. This section presents an overview of different bridge
and viaduct designs used in the Netherlands. At first, the beginning of concrete structures with prefab
girders is described. Following this, the characteristics of different girder types are explained.

A.1.1. Origin of prefabricated girder systems in the Netherlands

Since the 1960s, the use of cars has become a common phenomenon, experiencing exponential growth
[69]. A corresponding expansion of the road network was necessary, leading to the introduction of the
'Rijkswegenplan’ in 1968 [8]. This initiative facilitated the construction of numerous bridges and viaducts
while focusing on cost-effective and fast construction. This shift in the construction industry paved the
way for prefabricated concrete structures. According to Tomek (2017) [65] and Yang (2023) [78], the
advantages of using precast concrete in infrastructure construction compared to cast-in-situ concrete
are:

» Shorter construction time resulting in less traffic hindrance

» Higher quality due to ideal working environment

 Benefits of pre- and post-tensioning

» Long-term durability due to higher quality

» Higher economic effectiveness due to mass production and optimised cross-section

The use of prefabricated concrete elements started with solid girders, but the evolution soon led to the
creation of T-shaped girders for efficient material usage. Subsequent developments resulted in various
types of prefabricated concrete structures, leading to the majority of infrastructural concrete structures
being constructed using prefabricated girders [75].

In the Netherlands, the predominant types of prefabricated girders can be divided into four main types:
T-girder, inverted T-girder, infilled girder, and box girder. While the design of these girders may vary
over the years and among different producers, the structural principle is the same. The characteristics
and applicability of these main girder types are provided in the next section. The information is based
on the girder designs of the two leading producers in recent years in the Netherlands: Spanbeton BV
and Haitsma.
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A12. T-girder

A prefabricated girder system with T-shaped girders is mainly used for spans ranging from 20 to 40 me-
ters. After placement side by side, a compression layer is poured on-site to create a deck construction
[14]. These girders are often prestressed and find application in bridges with a low traffic class and a
requisite construction height [14]. The T-girder features a distinctive T-shape with a notably larger upper
flange, varying in width from 900 to 1500 millimeters, while the web is around 200 millimeters. Often,
a thickening is present at the bottom of the web and the profile height of the girders varies between
1100 and 3600 millimeters. A cast-in-situ deck with a thickness of 150 to 250 millimeters is poured to
connect the girders.

During the construction phase, it is crucial to consider the stability of the girders. The relatively small
web at the bottom side of the girder makes the structure susceptible to tilting. To enhance transverse
stability, girders are commonly connected by cast-in-situ transverse diaphragms at the supports, in-
creasing the stiffness of the entire system.

It is important to note that the T-shaped girder system is not suitable for absorbing collision loads. The
absence of a connection between the bottom flanges ensures that the load is transferred to the upper
part of the structure through a single girder. The collision load can be substantial and is therefore almost
impossible to incorporate into the design requirements. However, the standards and guidelines require
compliance with this type of load for structures that cross other roads. This girder type could therefore
only be used in structures without any risk of collision. The T-girder became deprecated after 1984 due
to its incompatibility with newer and more stringent standards [5].

Bridge Width

Figure A.1: Cross-section of a T-girder system

A.1.3. Inverted T-girder

The inverted T-shaped girders are used similarly to the T-shaped girder, featuring a cast-in-situ con-
crete compression layer. This system, distinguished by its inverted girders, offers more stability and is
employed to span 15 to 35 meters. It requires a sufficient construction height which ranges significantly
from 500 to 2400 millimeters for various girder types [10]. The bottom is nearly universal and varies
between 1000 and 1200 millimeters. Some girders incorporate a top flange and are so-called I-girders.
These girders are also covered by the inverted T-shaped girders, referred to as rail girders because
their shape looks like a rail track.

The inverted T-girder system shares similarities to the T-shaped girder system but is designed to han-
dle larger loads. The inverted T-girders are connected at the bottom flange using mortar, and a lost
formwork is applied between the girder’s web to facilitate the construction of the in-situ concrete com-
pression layer. The thickness of this deck varies between 200 and 260 millimeters [10]. Extended
stirrups connect the compression layer to the girder’s web, ensuring the capacity to withstand shear
forces. With the compression layer, transverse diaphragms at the supports enhance the transverse stiff-
ness. The reinforcement of the end transverse diaphragm is constructed through holes in the inverted
T-girders, followed by in-situ casting to secure connection. For larger spans, additional intermediate
transverse diaphragms can be applied if necessary.

In comparison to the T-shaped girder system, the inverted T-girder system can effectively absorb col-
lision loads. The mortar connection between the bottom flanges creates a plate covering the entire
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structure, allowing the transfer of collision loads through all supports [14]. It is crucial to consider the
difference in concrete between the girders and deck, as it may lead to internal stresses due to shrinkage
and relaxation.

Figure A.2: Cross-section of an inverted T-girder system [30]

A.14. Infilled girder

The infilled girder, which is called 'Volstortligger’ in the Netherlands, is a variation on the inverted T-
girder. Due to fast construction time, this system is the most economical solution to span 7 to 20
meters [30]. The bottom flange’s width varies between 1000 and 1200 millimeters [30]. Together with
great applicability, this system is most used in Dutch road and water constructions [30]. Because of
the minimum amount of prefabricated concrete and the maximum amount of in-situ concrete fast con-
struction can be achieved. However, the great amount of cast-in-situ concrete means that this system
is unsuitable for reuse.

The infilled girder system consists of multiple inverted T-girders next to each other with holes at the
bottom of the web to enable transverse reinforcement. After this, the total spaces between the girders
are filled with in-situ concrete to create a monolith construction [14]. However, the characteristics
differ in the longitudinal and transverse directions. This system combines the benefits of prefabricated
concrete with the construction speed of in-situ concrete.

—compression layer 120 finishing layer

L

lower transverse reinforcement joint seal 1180 i 290

(n+0,5) x 1200

Figure A.3: Cross-section of an infilled girder system [11]

A.15. Box girder

The box girder system is preferred for large spans up to 68 meters. Its development has progressed
significantly since the 1980s, because of high expectations for its future dominance. As a result, the
box girder has a great variety of shapes and cross-sections. The prefabricated girders collectively form
a complete deck of prefabricated concrete, eliminating the need for a compression layer [14]. In this
way, the full capacity of the girders can be used to bear only variable loads, contributing to a relatively
small construction height, ranging from 700 to 1900 millimeters [9].

The box girder system comprises multiple prefabricated girders with a rectangular profile side by side.
To minimise weight, the inside of the box girder is left empty. The rectangular shape imparts high
torsional stiffness and eliminates the need for special edge girders. Two methods are available for
connecting the girders into a unified system. The first method involves a reinforced joint, where each
girder is provided with transverse reinforcement extending from the upper flange. When the girders are
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placed next to each other, the joint with reinforcement is filled. The second option involves a transverse
connection using prestressed steel through holes in the deck of the girders. Subsequently, the joint is
filled with low-shrinkage mortar [14]. Figure A.4 shows the cross-section with transverse prestressing at
the upper flange between the girders. The box girder system facilitates faster building without the need
for reinforcement and a cast-in-situ concrete compression layer. However, transverse post-tensioning
will increase costs.

transverse prestressing —_mould / formwork cast-in-situ joint finishing layer anchorage

Figure A.4: Cross-section of a box girder system [9]



Derivation of the Guyon-Massonnet
method

This appendix details the derivation of the Guyon-Massonnet method.

B.1. Derivation of the Guyon-Massonnet method

The distribution of forces and moments in concrete girder bridges can be analysed using the Guyon-
Massonnet method. This analytical method describes the deflection of slabs in longitudinal and trans-
verse directions using a fourth-order differential equation in combination with empirical factors based
on experimental data. Due to a linear elastic system, the deformation of the slab is proportional to
the force. This derivation of the Guyon-Massonnet method is based on Ezi et al (2018) [24] and Yang
(2019) [80] and uses the orientation presented in Figure B.1.

Figure B.1: Orientation of a simply supported slab used in the Guyon-Massonnet method

The Guyon-Massonnet method describes the orthotropic slab behaviour with the following fourth-order
differential equation:

d*w d*w d*w
— 4+ 2H——— - = B.1
Po gt T2 GaqE v g p(z,y) (B.1)

In this equation, the terms p, and p, represent the flexural rigidity per unit width of the slab in both
directions. The twisting effect is incorporated in both directions by the term H including the torsional
rigidity per unit width, denoted by ~, and the flexural rigidity with the Poisson ratio. The outcome (p(z, y))
is the deflection of the slab, which can also be used for the load distribution.
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Introducing a ratio between the torsional stiffnesses, given by «, the differential equation (B.1) can be
written as:

w d*w d*w
pogg + 2@\/Pmﬂym + Py gyt = p(z,y) (B.3)
Where

o= Yo + Yy + Vpx +Vpy
2\/PzPy

To solve this fourth-order differential equation, Guyon introduced a summation of sines and cosines to
construct the displacement field in the following form:

p(z,y) = %sm (?) (1 + Zcos (%) (y— e)) (B.5)
p(z,y) = f(z) + f(2)f(y)

Subsequently, Guyon considered a slab with zero torsional stiffness (o« = 0), resulting in a displacement
field of the form:

(B.4)

. pﬂ . mmnx
p(z,y) = 2% sin (—l ) (B.6)
In this case, equation B.1 can be written in a more simplified equation:
d*w o\ d*w P mnx
g ) I Iman (22 B.7
dy4+<b> e pySZn( ) B.7)
In which 6 describes the ratio between flexural stiffnesses, given by:
b [pa
9 — —4/= BB
LY py (B:8)
The general solution of this equation is in the form:
. mmx
Wy, = Y SIN (T) 89)
4 .
y, — LPm
mimtp,
When applying a sinusoidal line-load in the x-direction of the form:
. ™
p(x) = p1sin (T) (B.10)
the slab deflects to a surface, given by:
. ™
w(z,y) = W(y)sin (T) (B.11)

This equation shows that the deflection distribution can be decoupled in x- and y-direction, with W(y)
indicating the deflection of the slab at a certain y-coordinate.

When applying a distributed load over the whole width (x = 2b), the load becomes uniform in the
y-direction, described by:

pla) = %sin (@) (B.12)
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In response to this load, the slab deflects to a cylindrical surface defined by
. ™
wo(z) = Wysin (T) (B.13)

These two deflections, caused by a line-load (equation (B.10)) and a distributed load (equation (B.12)),
are used to determine the ratio denoted by the term K, also called "the principal coefficient of lateral
distribution”:
w(z,y) _ W(y)
K(a), = = B.14
() o)~ W (B.14)
Additionally, this method is extended by considering torsion. To avoid recalculating the coefficient K
for every particular value of the torsional parameter o, Massonnet deduced the interpolation formula
based on numerical investigations as follows:

K, = Ko + (K1 — Ko)Va (B.15)
Where
Ky = K(0),
K = K(1), (B.16)

The number of K values helps to determine the proportion to calculate support forces of girders in the
transverse direction. The actual moment due to P is equal to K times the mean moment:

P, P,
K

LW Ko B.17
2b 2b ( )



Element types

There are several approaches to modelling a structure in a three-dimensional finite element model,
each utilising different element types. To ensure a high level of accuracy in the results, this study only
considers shell and solid elements. This appendix offers a detailed overview of the characteristics and
capabilities of various element types available in the DIANA FEA software, as referenced from the
DIANA User’s Manual [17].

C.1. Plate and shell elements

Plate or shell elements can be used to model various types of structures, particularly thin-walled struc-
tures where one dimension is significantly smaller than the other two dimensions. These elements
are characterised by a small out-of-plane thickness relative to their in-plane dimensions. The element
shape could be triangular or quadrilateral and linear, quadratic, or cubic interpolation is possible. The
DIANA FEA software includes three types of plate or shell elements, involving the plate bending ele-
ment, the flat shell element, and the curved shell element.

C.11. Plate elements

The plate bending elements must meet specific shape and loading criteria, as shown in Figure C.1. The
elements should follow a plane configuration, with the coordinates of the element nodes lying in the
xy-plane. Additionally, the element’s thickness should be small relative to its in-plane dimensions. The
force loading (F) must act perpendicular to the element plane, while the moment loading (M) should
act around an axis within the plane.

These elements have a zero direct stress component perpendicular to the plane, fulfilling the plane
stress condition. After deformation, the normals of the element plane remain straight, and the displace-
ment perpendicular to the plane stays constant across its thickness.

The DIANA FEA software provides two types of plate bending elements based on the Discrete Kirchhoff
and Mindlin-Reissner theories. Both types employ numerical integration to ensure adequate precision
while maintaining computational efficiency. These plate bending elements are typically applied in floors
and other two-dimensional structures that are primarily subjected to out-of-plane forces.
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Figure C.1: Characteristics of the plate bending element [17]

C.1.2. Flat shell elements

The flat shell elements combine the characteristics of both plane stress elements and plate bending
elements, as shown in Figure C.2. To qualify as a flat shell element, the coordinates of the element
nodes must lie in one plane. This shell element also requires a small thickness relative to its in-plane
dimensions. Forces can act perpendicular to the plane as well as within the plane of the element, while
moment loads must act within the plane.

After deformation, the normals of the element plane remain straight, and the perpendicular deformation
remains consistent along its thickness. The membrane behaviour corresponds to that of a plane stress
element, however, primary stresses are defined in terms of forces and moments rather than Cauchy
stresses. The bending behaviour is primarily based on the Mindlin-Reissner theory and uses numerical
integration on the reference surface.

The DIANA FEA software provides three types of flat shell elements: regular elements, elements with
drilling rotation, and spline elements. Regular elements offer three translations and two in-plane rota-
tions degrees of freedom at each node. Elements with the drilling rotation provide an additional degree
of freedom, allowing for rotation perpendicular to the plane at each node. Spline elements are specifi-
cally used for post-buckling analyses of slim-line prismatic structures, which do not apply to this study.

Figure C.2: Characteristics of the flat shell element [17]

C.1.3. Curved shell elements

The curved shell elements in DIANA FEA are characterised by an isoparametric degenerated-solid ap-
proach that incorporates two shell hypotheses: the straight-normals hypothesis and the zero-normal
stress hypothesis. The straight-normal hypothesis assumes that the normals to the shell surface are
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straight, not necessarily perpendicular to the reference surface. Additionally, it includes transverse
shear deformation based on the Mindlin-Reissner theory. On the other hand, the zero-normal stress
hypothesis imposes a zero-normal stress component in the normal direction of a lamina basis.

The in-plane strains in curved shell elements are characterised by linear variation over their thickness,
whereas the transverse shear strains are forced to be constant in the thickness direction. Similar to flat
shell elements, the force loads can act in any direction both in and out of the shell plane, while moments
act around the in-plane axis of the element, as shown by Figure C.3. Each node of the curved shell
elements has five degrees of freedom, including three translations and two rotations. The degrees
of freedom can be increased to include rotation perpendicular to the plane by using the curved shell
elements with drilling rotation.

When comparing flat shell elements and curved shell elements, flat shell elements are more economical
for flat models, especially when the focus is on forces and moments rather than Cauchy stresses. On
the other hand, curved shell elements, which are typically used for curved structures, offer additional
functionalities in DIANA FEA. These include the capability for eccentric connections and a broader
range of nonlinearity options, making them widely used in various applications.

Figure C.3: Characteristics of the curved shell element [17]

The thickness of flat or curved shell elements can be defined as uniform or nonuniform, as shown in
Figure C.4. Varying thickness over a single element can be achieved using spatial functions depending
on a multiplication factor and gradient between multiple points.

(a) tapered (b) uniform

Figure C.4: Thickness of flat or curved shell elements a) uniform and b) tapered [17]

C.2. Solid elements

Solid elements are multi-functional and can be used to model various geometries and are typically
employed when other elements are unsuitable. These elements do not require engineering consider-
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ations or simplification of actual geometries. Characterised by their three-dimensional properties such
as stress distribution, dimensions, and arbitrary loading, these elements provide comprehensive rep-
resentation, as illustrated by Figure C.5. The disadvantages of solid elements include the need for
a fine mesh to produce accurate results and to accurately follow complex geometries. Additionally,
these elements require detailed definitions of boundary conditions. These requirements significantly
increase the complexity and computational time compared to other element types, such as shell or
beam elements.

Figure C.5: Characteristics of the solid element [17]



Model validation

This appendix presents the validation of the numerical model used in the main study. It includes the
test case, various design approaches, and analytical calculations of key variables. Additionally, the
load input is validated by comparing the support forces with the applied loads and verifying the total
maximum bending moments of all girders.

D.1. Results validation

The accuracy and reliability of the numerical model are validated by using a test case subjected to
a straightforward load scenario, allowing for comparison with analytical calculations. Various design
approaches are tested and their outputs are compared with analytically derived values.

D.1.1. Test case

The test case comprises a single precast inverted T-girder with part of the cast-in-situ compression
layer on top subjected to a distributed load. The two-dimensional representation is presented in Fig-
ure D.1. The girder is simply supported using regular supports at both ends, restraining only vertical
displacement. Ensuring stability, the transverse displacement is restrained at the top of the girder.

S A A

Figure D.1: Overview test case

The total span of the structure corresponds to the length of the girder, with supports provided at both
ends. The width of the beam, denoted by parameter B, determines the surface area over which the load
is distributed, resulting in a distributed load denoted by q. The elastic modulus of concrete differs for
the prefabricated girder (Epc) and the cast-in-situ deck (E;). The ratio between these different elastic
moduli (n) is used to calculate the moment of inertia of the composite girder. Details regarding the
geometry of the test case, the applied load, and material properties are outlined in Table D.1.
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Table D.1: Details of the geometry, applied load, and material properties of the test case

Parameter Value

L [m] 32.00
B [m] 1.22
q [kN/m] -24.34

Epo INFmm2] 39100
Ec [N/mm?2] 34077
n[ 1.15

D.1.2. Design approaches

Modelling the girders with a deck slab on top involves the integration of several structural components,
each requiring shell elements oriented in distinct planes. The deck slab is modelled using horizontal
shell elements, situated at the centroid of the deck slab, while vertical shell elements represent the
girders’ geometry with varying thicknesses. Considering both horizontal and vertical shell elements
presents a challenge in connectivity. Multiple design approaches are employed to accurately capture
the geometries and connections of both the girder and deck, as illustrated by Figure D.2. Subsequently,
the chosen modelling approach can be extended to the transverse diaphragms within the main numer-
ical model.

The first design approach utilises vertical shell elements with varying thicknesses throughout the girder’s
height and horizontal shell elements with uniform thickness for the deck slab. Connectivity between
the vertical and horizontal shell elements is achieved by extending the upper shell elements of the
girder to the deck slab’s centroid. Although this approach establishes a correct connection, it leads to
a geometry error due to material overlap.

In the second design iteration, a similar approach is adopted, but the geometry mismatch is avoided by
introducing an interface connection between the girder and deck slab elements. This interface connec-
tion establishes a special relation between shapes and ensures matching the geometry of the girder
and deck. The material properties of these interface elements, specifically regarding normal and shear
stiffness moduli, can be adjusted to achieve the correct rigidity. For this design, the optimal values
have been used for comparison.

The third design iteration maintains the geometry approach of the previous designs but employs an ec-
centric connection between the girder and deck elements. This design approach matches the geometry
of the girder and deck while incorporating an eccentric connection without additional input properties.

Similarly, the fourth design approach utilises an eccentric connection between the girder and deck
complemented by horizontal shell elements to model the girder’s bottom flange. This adjustment leads
to a less accurate representation of the geometry of the bottom flange but may enhance connectivity
between the bottom flange and other components. In the complete model, this adjustment enables the
transverse diaphragms to be connected to the bottom flange, providing a better representation of their
interaction.
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(a) Shell elements with overlap connection (b) Shell elements with interface connection

(c) Shell elements with eccentric connection (d) Shell elements with eccentric connection between bottom
flange and deck

Figure D.2: Diverse design approaches for modelling the geometry and connection of the inverted T-girder and deck slab with
shell elements

D.1.3. Analytical calculation

The accuracy and reliability of the numerical model are evaluated by comparing its results with those
obtained from analytical calculations for diverse design approaches. This comparison involves assess-
ing key variables for a simply supported beam, such as the maximum shear force, maximum bending
moment, mid-span deflection, and the stresses in the outer top and bottom fibers.

The equations used to determine the maximum shear force and bending moment analytically are based
on the static equilibrium of the beam, ensuring that the external forces balance the applied loads. For
a simply supported beam, the maximum shear force is equal to the vertical force at one of the supports
and is given by:

1 1
Vinar = Fx = 5qL = 5 % —24.34 32 = —380.44kN (D.1)

The maximum bending moment arises at midspan and can be determined by analysing the internal
forces at a section cut. For simply supported beams, the maximum bending moment is:
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1 1
Maw = quQ =3 —24.34 % 322 = —3115.52kNm (D.2)

To determine the mid-span deflection and the maximum stresses in the outer fibers, the moment of
inertia of the composite cross-section is required. This property measures the ability of the beam to
resist bending and depends on the cross-section geometry. For complex cross-sections like an inverted
T-girder with a compression layer, the cross-section is divided into smaller segments. The moment of
inertia of the composite beam is calculated using the parallel axes theorem, which incorporates the
moment of inertia of each segment about its own neutral axis (li), the area of each segment(Ai), and
the vertical distance from the segment’s centroid to the neutral axis of the composite cross-section (di):

Tior = Z(Ii + A;d?) (D.3)

The cross-section segments can be either rectangular or trapezoidal. For each rectangular segment,
the moment of inertia about its own neutral axis, the area, and the centroid distance from the bottom
base are calculated as follows:

1
I, = —bh?
v = 73bh
A =bh (D.4)
1
i=h
Yi= 3

For the trapezoidal segments, the calculations are more complex, considering the widths of the top (a)
and bottom (b) parts of each segment:

hB

I ==
Y 12(3a+b)
1
A= §h(a—|—b) (D.5)
4_ﬁ2a+b
¥i= 3a+b

The vertical distance from the centroid of each segment to the neutral axis of the complete cross-section
is determined by first finding the centroid of the entire composite cross-section. This is achieved by
calculating the areas and centroid distances of each segment from the base of the cross-section. The
location of the neutral axis of the composite cross-section is determined relative to the bottom of the
girders using the following equation:

2y

V=5 (D.6)
Additionally, the cross-section consists of two different materials with varying elastic moduli. When cal-
culating the moment of inertia, this difference in stiffness is addressed by scaling the width of the parts
made from the other material. This method only works with a positive scaling factor. Therefore, the
material with the lower elastic modulus is used as the base material to ensure a modular ratio greater
than one. The adjustment for stiffness is applied only to the width of the segments, thereby preserving
the position of the neutral axis of the composite cross-section.

Table D.2 presents the results for all equations for each segment, showing the moment of inertia of the
composite cross-section.

After calculating the moment of inertia of the composite beam, the mid-span deflection and the maxi-
mum stresses in the outer top and bottom fibers can be determined using standard beam equations.
The mid-span deflection of a simply supported beam is given by:

- 5 ogL* 5 —24.34%32*
T 384 EI 384 3.4077TE7 % 0.19267

The maximum stresses in the outer top and bottom fibers are determined using the maximum bending
moment, the distance to the outer fiber, and the moment of inertia. To accurately calculate the stress

= —0.050615m = —50.615mm (D.7)
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Table D.2: Calculation of the moment of inertia of the test case
Part b[mm] bs[mm] h[mm] A[mm?] I[mm?* y[mm] Ay[mm?® d[mm] I, [mm?]
1 1180 1353.9 60 81236  2.437E7 30 2.437E6 629.0 3.216E10
2 1142 1310.3 103 134964 1.193E8 1115 1.505E7 547.5 4.057E10
3 456 523.2 47 43088  7.445E6  183.1 7.891E6 4759 9.764E9
4 300 344.2 82 35565 1.965E7 248.2 8.826E6 410.8 6.022E9
5 300 344.2 778 267804 1.351E10 681 1.824E8 22.0 1.364E10
6 250 286.9 80 22948 1.224E7 1110 2.547E7 451.0 4.680E9
7 1217 1217 200 243400 8.113ES8 1250 3.043E8 591.0 8.583E10
Total 1350 829005 5.463E8 1.927E11
7 658.98
in the bottom fiber of the scaled part of the cross-section, the modular ratio (n) should be used for
compensation.
For the top fiber:
g _ Monazyrop  —3115.5% (1.35 —y)  —3115.5 % (1.35 — 0.659)
R A 0.19267 - 0.19267 (D.8)
= —11173.86kN/m? = —11.17N/mm?
For the bottom fiber, incorporating the modular ratio (n):
Moot —3115.5 % (0 — 7) —3115.5 % (0 — 0.659)
Sbot = 1 T—0.19267 7 0.19267 (D.9)

= 12226.54kN/m? = 12.23N/mm?

D.1.4. Comparison

After determining the maximum shear force, bending moment, mid-span deflection and maximum
stresses using analytically derived equations, a comparison between different numerical design ap-
proaches can be made. Table D.3 presents the results of the key variables for both analytical and
various numerical design approaches. The numerical design approach using solid elements serves as
an additional control value, but it is excluded from practical consideration due to its high computational

time.

Table D.3: Comparison of Analytical and Numerical Approaches

Modelling Max F max w Diff Stop Diff Shot Diff
approach [kKNm] [kN] [mm] [%] [N/mm?] [%] [N/mm?] [%]
Analytical -3115.5 -388.2 -50.6 0.00 -11.17 0.00 12.23 0.00

Solid elements -3115.5 -388.2 -51.3 133 -11.17 -0.04 1222 -0.03
Shell interface -3363.0 -388.2 -59.6 15.09 -11.66 4.15 13.64 10.39
Shell overlap  -31155 -388.2 -49.2 -281 -1043 -715 1210 -1.04
Shell eccentric -3115.5 -388.2 -495 -219 -1097 -1.83 12.08 -1.20
Shell ecc. bot. -3115.5 -388.2 -51.1 0.91 -11.15  -025 1213  -0.79

The comparison indicates that the modelling design approaches involving shell elements with eccentric
connections perform the best. Considering the connectivity options with other structural components
and the minimal difference compared to the analytical approach, the design approach using horizontal

shell elements for the bottom flange and deck slab is assumed most suitable for this model.
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D.2. Load input validation

In addition to validating the model’s accuracy and reliability through a test case, it is important to verify
the load input in the full numerical model. To ensure the accuracy of load input in the model, the ex-
ternal forces of the structure must be in equilibrium. Consequently, the vertical forces at all supports
should balance the total applied loads.

For this validation, the complete model is considered, incorporating the entire geometry, boundary con-
ditions, and all potential applied loads. Therefore, this model is subjected to load combination 1, which
generates the maximum longitudinal bending moments in the system. Since the applied loads are ex-
clusively vertical, only the vertical forces at the supports are examined.

Additionally, the total bending moments of all girders within the full system can serve as a further veri-
fication method. The summation of the maximum bending moments of each girder in a system should
match the maximum bending moment of a single simply supported beam subjected to the same loads.
However, due to the complexities in the full model concerning the location and stiffness of the supports,
the sum of the moments will differ. The equations for maximum bending moments of simply supported
beams subjected to a point load or distributed load are given by:

1

My = FL (D.10)
1 2
Mz = qu (D11)

The load inputs can be categorised into three load types: dead loads, TS loads, and UDL. For the
analytical determination of maximum bending moments, the TS loads were simplified as a point load at
the middle of the span. This simplification does not perfectly match the actual input and will therefore
overestimate the bending moments caused by the TS loads.

Table D.4 presents a comparison for each load type between the applied loads and the support forces
in the model. Additionally, it includes a comparison of the total bending moments generated by the
loads and the model outcomes.

Table D.4: Overview of load inputs in the numerical model

Load type F,[kN] q[kN/m] F, model [kN] Mmax [KNM] Mmax model [kNm]

Dead loads 1773 54.6 1773 7198 6855
TS loads 1200 - 1200 9744 9157
ubDL 1969 60.6 1969 7993 7620
Total 4942 4942 24935 23632

The results presented in Table D.4 indicate that the vertical forces at the supports correspond accurately
to the total applied loads. Furthermore, the maximum bending moments of the system generated
by each load type are relatively close to the analytically determined values. The differences can be
explained by the simplification of modelling the TS loads as point loads and the complexities of the
system. Due to the horizontal stiffness of the supports and their position relative to the edges, the
maximum bending moments in the girders are smaller. However, with a difference of around 5% in the
total bending moments, it can be concluded that the load inputs are accurately modelled.
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