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Abstract

Orthotropic steel decks (OSDs) offer structural advantages but are highly sensitive to fatigue
cracking, mainly initiated from trough-to-deck plate welds at the intersection between the trough and
crossbeam. To mitigate existing fatigue cracks, a high strength concrete (HSC) overlay repair method
was developed, which addresses two types of fatigue cracks but does not completely prevent root-weld
crack propagation. To avoid damaging the HSC overlay by applying heating in traditional repair
methods, the ‘Cold Repair’ method was developed, using a steel angle adhered to the trough-to-deck
plate exterior. Recent studies suggest increased effectiveness with a carbon fiber-reinforced polymer
(CFRP) angle, created by vacuum infusing carbon fiber fabrics with epoxy reason onto the OSD.
However, limited knowledge exists on the use of fiber-reinforced polymer (FRP) to strengthen OSDs
and control root crack growth in these weld details. This presents challenges in understanding its
behaviour, material properties and design.

This study investigates CFRP-steel adhesive joints through experimental and numerical analyses.
Thick-adherend shear tests (TASTSs) were conducted to study the adhesive bond’s shear strength, and
the failure mechanisms of these adhesive joints subjected to shear loading. Component-level three-point
bending tests evaluated bond behaviour under bending loads and the structural performance of OSD
strip components strengthened with a CFRP angle. Finite element (FE) models were developed to
simulate the adhesive FRP-steel joint, employing both linear tied and non-linear tie-break interface
conditions. Experimental and numerical results were compared to assess the FE models” accuracy.

A comparative analysis was also performed between a full-bridge model, provided by supervising
company Arup, and the component-level model developed in this thesis. Significant differences in
boundary conditions, loading conditions, element formulation, and the scaling of global dimensions
(apart from thicknesses) complicated precise comparisons. The component-level model used tie-break
interface conditions to model adhesive interface failure, whereas the full-bridge model employed tied
interface conditions, which limited its ability to predict failure.

TASTSs results identified debonding between steel and primer -applied to enhance the adherend-
adhesive bond- as the primary failure mode. In four samples, this debonding occurred alongside
delamination of the first glass-fiber layer. The design value of the average shear bond strength was
determined to be 5.42 kN. Component-level three-point bending tests consistently showed crack
initiation at the outer edge of the horizontal adhesive bond at a load level of around 82 kN. Crack
initiation was followed by linear behaviour up to the onset of yielding of the deck plate, after which
full debonding of the horizontal leg of the Cold Repair occurred at an average load of 110 kN.

Numerical studies revealed that linear numerical modelling provides a sufficient approach to
model the Cold Repair method up to the point of failure. Developed non-linear numerical models do
not contribute to additional reliability of the Cold Repair method, as they were unable to accurately
match observed failure behaviour and because adhesive bond failure occurs suddenly. Nonetheless,
the additional capacity observed in component strips suggests that non-linear numerical modelling
could extend the capacity of the Cold Repair method if its design allows for damage. To improve the
accuracy of adhesive bond failure modelling, further experiments, including fracture mechanics tests,
are recommended to determine essential adhesive properties, such as fracture toughness.
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1. Introduction

This chapter presents an overview of the background and outline of this thesis. It introduces the
topic by providing a background on the Cold Repair Method. This is followed by the objectives of this
thesis. The chapter concludes with the followed methodology and outline of the thesis.

1.1 Background

This section provides relevant background information regarding the Cold Repair method. It
presents a brief description of orthotropic steel decks, highlighting their challenges. Furthermore, it
introduces the concept of the Cold Repair method.

1.1.1 Orthotropic Steel Decks

Orthotropic steel decks (OSDs) are widely used in long-span bridge engineering due to their
reduction in dead weight compared to concrete bridge decks. This aspect results in relatively small loads
on the substructure, which is highly suitable for large-span and movable bridges. However, despite their
benefits, OSDs display a vulnerability to fatigue cracking caused by the relatively high ratio of load-
resistance to self-weight compared to concrete bridge decks. This results in high stress ranges under
traffic loads, especially at welded joints, which could= lead to fatigue cracking [1-3].

Since the early 1970s, fatigue cracks have been observed in OSDs during their service life. One of
the most frequently observed occurrences in OSDs are fatigue cracks at the trough-to-deck welded
connections. There are four different crack initiation types, as displayed in Figure 1.1. In the
Netherlands, the most observed fatigue cracks are in the deck plate at the intersection of crossbeam and
trough, indicated by crack type a and b in Figure 1.1. Since crack propagation of type a and b trough
the deck plate could damage bridge performance and asphalt pavement leading to decreased traffic
safety, these cracks are most harmful [2, 4-6].

Root-deck crack Toe-deck crack

" Root-weld crack

Figure 1.1: Fatigue crack propagation in trough-to-deck welds [58, 60]

To mitigate fatigue cracking in existing bridges with OSDs, several bridge decks are strengthened
with a high strength concrete (HSC) overlay. For this method, the asphalt layer will be removed and
replaced with an epoxy layer followed by a layer of HSC. This reinforced HSC layer increases the
bending stiffness of the OSD and will increase the distribution of vehicle loads, resulting in lower stress
ranges in rib-to-deck welds. This repair method mainly contributes to limiting crack propagation of
cracks a and b, while also reducing sensitivity to crack propagation of cracks ¢ and d. The main issue
with crack d is that it is typically only detected during renovation inspections, which means there is a
risk that a relatively large crack may go unnoticed and could further propagate [7].



A traditional repair method that focuses on resolving crack d, includes removing the existing weld
and applying a new weld. However, in cases where an OSD is strengthened by applying a HSC overlay,
the heating that is required in the welding process will burn the epoxy layer of the strengthened steel
deck plate and result in a potential risk for long term damage [8].

1.1.2 Cold Repair Method

As applying heating to resolve weld crack propagation results in potential damage, Arup conducted
a study into the *Cold Repair’ method. The Cold Repair method, in literature also described as ‘angle
steel reinforcement method’, consists of a bent steel plate, also referred to as a steel angle, that is
attached to the trough-deck plate detail by making use of an adhesive, as displayed in Figure 1.2. This
local strengthening technique is researched with the intention of replacing the function of the trough-
to-deck plate weld, therefore reducing occurring stresses in the weld and limiting crack propagation. In
2014, the Cold Repair method is applied to the Galecopper bridge as a pilot by Arup and Takke
Breukelen, as displayed in Figure 1.3 [8].

86.6mm

~~8mm

R=20mm

86.6;11111

Figure 1.3: Implementation of Cold Repair
method using steel on Galecopper bridge [8]

Figure 1.2: Cold Repair method [9]

A review of the production and implementation process resulted in a discussion about the possibility

of including fiber-reinforced polymer (FRP) for the strengthening solution. Based on the experience

and expertise of involved parties, the decision was made to focus on an FRP composite angle produced

by vacuum infusion of fiber fabrics with epoxy resin. The application process would be similar to the

Cold Repair method using steel, where the FRP angle would be attached to the bottom of a trough-deck

plate detail by an adhesive, in this case by vacuum infusion. The following expected considerations
were established:

o Increased design freedom. Since the proposed production method includes vacuum infusion
of fiber fabrics, the material is flexible and free of form before vacuum infusion is executed.
Compared to a steel angle with relatively high stiffness, this is an advantage since, in the field,
the geometry of the trough-deck plate detail can vary.

o Reduced stress in epoxy. Due to the reduced stiffness of FRP compared to steel, occurring
stresses in the epoxy interface between FRP and OSD will be reduced.

e Better accommodation of imperfections. As described in the first point, prior to the vacuum
infusion process, FRP is quite flexible and can therefore take imperfections in the geometry of
the orthotropic steel deck into account, as opposed to a bent steel plate. Since OSDs, especially
in longitudinal stiffeners, can have quite large imperfections due to frequent dynamic loading,
the epoxy adhesive could have a varying thickness over the surface of the strengthening angle.
This introduces a weakness in the design.



e Increased preparation costs. As described in section 2.2.6, the production process of
described FRP consists of impregnating fiber fabrics with epoxy resin by the process of vacuum
infusion. Since this is a manual process and the fiber fabrics need to be prepared by hand, in
contrast to a steel angle, preparation costs will increase when an FRP angle will be implemented

[8].
1.1.3 Cold Repair Method Study conducted by Arup

The use of CFRP for the Cold Repair method is relatively new and has not been extensively applied.
While there is supportive literature that shows the potential of FRP to improve fatigue performance of
steel structures and welded connections [6, 10-14], there are several uncertainties and risks involved
with respect to its behaviour, material properties and design. For this reason, Arup, in collaboration
with contractor Takke Breukelen, is conducting research that aims to design the Cold Repair method
using FRP to delay the root-weld crack growth. The study includes three phases, which are:

e Phase 1 - Methodology / Approach: establishing design principles and scope of Cold Repair
method.

e Phase 2 - Design: preliminary design of Cold Repair and in a later stage, development of a
detailed design. The designs are based on a linear numerical analysis.

o Phase 3 - Material and feasibility tests: conducting several material tests to determine material
properties of Cold Repair. In addition, Takke Breukelen will carry out a feasibility test to
determine construction time and quality [15].

From phase 1, the decision was made to use carbon fiber-reinforced polymer (CFRP) in the design
of the Cold Repair as they exhibit higher strength and tensile properties than other fibers. This thesis
provides an expansion of Arup’s study into the Cold Repair method, and mainly contributes to phase 2
and 3.

1.2 Objectives

This section presents the objectives of the thesis. Firstly, a brief description of subtopics and
research objectives is provided, followed by research questions.

In short, this thesis includes two series of lab experiments, accompanied by two series of numerical
models. This means that the thesis contains two main topics, each divided in two sub-topics, as will be
outlined in section 1.3.

1.2.1 Experimental testing

Since there are several knowledge gaps regarding behaviour and capacity of the adhesive FRP-steel
joint, also referred to as FRP-steel bond, thick-adherend shear tests (TASTS) subject to static load will
be performed. These tests, also referred to as small-scale tests or experiments, aim to provide more
insight into the bond behaviour and to determine the shear capacity of the adhesive bond. Moreover,
the experimental results will be used to provide a discussion and validation of the corresponding
numerical model.

In addition to TASTS, static three-point bending tests on component-level will be performed. These
components will consist of a trough-deck plate strip element of an OSD, strengthened with FRP angle.
The main objectives of these experiments are to provide a discussion and validation of the
corresponding numerical study and to determine the static capacity and failure behaviour of strip
component.



1.2.2 Numerical Study

Two series of numerical models will be constructed, corresponding to the test series. The
development of the numerical model on small-scale level, referring to the TASTSs, will provide insight
into material models and modelling approaches for the adhesive bonded joint. These will be applied as
input parameters and modelling principles for the numerical model on component-level.

Furthermore, the component-level model aims to study to what extent the model can simulate
physical behaviour observed during experiments and what modelling techniques could be implemented
to model this behaviour. More specifically, this numerical study has the goal to implement non-linear
interface conditions for the FRP-steel bond. This contrasts with the full-bridge model provided by Arup,
as this model implements linear interface conditions.

In addition, as the numerical model of the component-level three-point bending tests includes a
similar geometry of the Cold Repair design to the full-bridge model provided by Arup, a comparison
between these models will be performed. This comparison mainly focuses on the contribution of non-
linear interface conditions as opposed to linear interface conditions.

Further characteristics of numerical studies will be described in section 0. In conclusion, this thesis
aims to study what the contribution of a non-linear numerical analysis and small-scale shear and
component-level bending tests, will be.

1.2.3 Research Questions

The main objective of this thesis is translated to a main research question and can be formulated as
follows:

“To what extent can non-linear numerical modelling and small-scale and component-level
experiments contribute to obtaining an increased reliability of the Cold Repair method using Carbon
Fiber-reinforced Polymer angles for delaying the root-weld crack growth of trough-deck plates of
orthotropic steel decks?”

To be able to answer this main research question, multiple sub-questions will be required. They are
formulated as follows:

e What are the governing failure mechanism and ultimate load capacity obtained in thick-
adherend shear experiments?

¢ How can afinite element model be built to sufficiently resemble the governing failure behaviour
obtained in the small-scale shear lab experiments?

e What is the governing failure mechanism and ultimate load capacity obtained in component
three-point bending experiments?

e How can a finite element model be built to sufficiently resemble the governing failure
mechanisms obtained in the component lab experiments?

e To what extent can a full-bridge model, provided by Arup, and the component-level model give
comparable results, and can the full-bridge model represent the behaviour observed in
experiments?



1.3 Methodology

To answer the research questions stated in section 1.2.3, a numerical study, which includes the
development and application of finite element (FE) models, and an experimental study, which includes
small-scale shear and component-level bending tests, will be performed.

The FE models will be computed in LS-DYNA and will be implicit and explicit models, based on
the modelling approaches. All models that are part of the scope of this thesis will be static models,
which means that fatigue and dynamic loads are not considered.

The FE small-scale model resembles a TAST specimen, like the TAST specimens that will be tested
in laboratory. The model will consist of a steel and CFRP strip, both modelled as solid elements, with
an adhesive interface. For the interface, several modelling approaches, including tied contact definitions,
and several tie-break surface-to-surface options, will be analysed. The loading case will be similar to
the testing set-up and will be limited to static loading.

The FE component-level model includes a trough-deck component of an OSD. The model will
consist of three elements:

e The steel trough and deck plate of the OSD,
e The epoxy layer which is the adhesive bond (adhesive interface) between the steel and the CFRP
o The CFRP angle, also referred to Cold Repair, itself.

The characteristics of the component-level models built by Arup and within this thesis are displayed in
Table 1.1.

Table 1.1: Characteristics of component-level models Arup and thesis

Modelled Interface element Cold Repair
Model type by OSD element type type element type
Full-bridge Aru 2D. linear elastic Linear tied interface 3D, linear-elastic
model P ’ condition orthotropic
Compone_nt- . . . Linear and non-linear | 3D, linear-elastic
level strip Jill 3D, linear elastic . . .
model interface condition orthotropic

A general overview of this thesis is illustrated in Figure 1.4.
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Figure 1.4: Flow-chart of the thesis



1.4 Outline of Thesis

Chapter 1 serves as a introduction to the thesis topic, describing the context of the research problem,
illustrating the main objectives of the thesis and describing the methodology in order to answer
presented research questions.

Chapter 2 provides a summary of the literature study into the field of thesis research, focusing on
OSDs, FRP, the Cold Repair method and finite element modelling (FEM) approaches of simulating
adhesive joints.

Chapter 3 is devoted to TASTs and corresponding FE models. The set-up and results of both
experimental and numerical studies are presented, followed by a discussion of corresponding FE models.
Design values of the shear bond strength are derived.

In Chapter 4, the component-level tests, and accompanying FE model are presented. This chapter
describes the set-up and results of experiments and numerical analyses. Moreove, a comparison between
the component-level numerical model and full-bridge model will be provided.

In Chapter 5, research conclusions are presented, and recommendations for future research related
to this topic are provided.



2. Literature Study

This chapter presents an overview of important topics for the research, based on a literature study.
Firstly, it introduces orthotropic steel decks (OSDs) and fiber-reinforced polymers (FRP). This is
followed by an introduction of the Cold Repair method, an overview of FEM of adhesive joints and
concluded by a summary. an overview of FEM of adhesive joints, introducing several modelling
techniques.

2.1 Orthotropic Steel Decks

This section of the literature study provides an overview of OSDs, their application in various bridge
types and challenges related to fatigue behaviour.

2.1.1 Introduction

OSDs are a type of steel decks widely used in long-span bridge engineering. The term ‘orthotropic’
refers to a structure or material that has different properties in three mutually perpendicular directions.
These steel decks have mostly been developed in Germany and the United States after World War 1.
Initially, one of the main reasons to design OSDs was the poor steel supply and inexpensive labour
since fabricating OSDs is labour-intensive and the application of longitudinal stiffeners saves material.
Additional properties, including benefits and challenges, are described later in this section [1, 16].

An OSD consists of a steel deck plate supported in two mutually perpendicular directions by
longitudinal, also known as ribs or troughs, and transverse stiffeners, also known as crossbeams. OSDs
can be fabricated either with continuous troughs or with continuous crossbeams; the former is preferred
with respect to the transfer of loads. An example of an OSD is displayed in Figure 2.1. Traffic loads are
distributed from the deck plate to the longitudinal stiffeners, from there to the crossbeams and from the
crossheams to the main girders [1, 16, 17].

Longitudinal Stiffeners

Main Girder

Figure 2.1: Orthotropic Steel Deck [10]



Longitudinal stiffeners can be either closed or open stiffeners, depending on the traffic load and
for this reason, bridge type. The different types of longitudinal stiffeners are illustrated in Figure 2.2.

Wearing surface

Types of stiffeners Types of stiffeners

(a) Deck with open stiffeners (b) Deck with closed stiffeners
Figure 2.2: Types of Longitudinal Stiffeners for Orthotropic Steel Decks [16]

Open stiffeners are applied to the first generation of orthotropic steel bridge decks, which are mainly
constructed after World War Il in Europe. The mechanical behaviour of OSDs with open stiffeners can
be described as individual beams with very little interaction, resulting in a low longitudinal stiffness
and therefore limited spans. When these bridges were constructed, traffic loads were less concentrated
which resulted, in combination with limited spans, in a substantial transverse load compared to the
longitudinal load [1, 10, 16].

Since open stiffeners have a negligible stiffness in transverse direction, closed stiffeners, also known
as ribs or troughs, were introduced. This type of stiffeners has several advantages compared to the
application of open stiffeners:

e Increased torsion stiffness. This results in a better accommodation for eccentric loads, therefore
increasing the effective width of the bridge deck.

e Increased bending resistance. This results in an increased longitudinal stiffness, therefore
making longer spans possible.

e Since only the outer part of the stiffener is in direct contact with weather influence, closed
stiffeners are less sensitive to corrosion and results in a reduction of the painting surface.

Trapezoidal closed stiffeners have a larger bending stiffness than round ribs and are more frequently
applied. On the other hand, round closed stiffeners have a larger torsion stiffness. A combination of the
two types of ribs, as well as trapezoidal and round ribs, is displayed in Figure 2.2 (b) [1, 10, 16].

Nowadays, the main reason for the application of an OSD is the reduction of dead weight compared
to bridges with concrete decks. This aspect results in relatively small loads on the substructure and is
highly beneficial for large-span and movable bridges. A disadvantage of OSDs is the extensive amount
of required labour for fabrication, resulting in high fabrication costs. The increasing application of
OSDs in the past was largely driven by inexpensive labour, but today’s high labour costs result in a
significant challenge with respect to the economical aspect of OSDs [1, 10].



2.1.2 Application of Orthotropic Steel Decks in the Netherlands

OSDs can be and have been applied to many types of steel bridges. This section presents several
examples of applications of OSDs in the Netherlands.

In the Netherlands, for main spans greater than two hundred metres, mainly steel bridges are applied.
An example of a large-span steel arch bridge is the VVan Brienenoord bridge, displayed in Figure 2.3.
The Van Brienenoord bridge, also known as the eastern VVan Brienenoord bridge, is the first bridge with
a span of this length, which is 287 metres, to be constructed in the Netherlands, and is located in
Rotterdam where it crosses the New Meuse. The tied-arch bridge, meaning that the deck functions as a
tie between the arch ends, was opened in 1964 and is the most heavily used bridge in the country. Traffic
increases resulted in construction of the second Van Brienenoord bridge, also known as western Van
Brienenoord bridge, in 1989, with a span of 295 metres, also displayed in Figure 2.3 [1, 18-20].

T

Figure 2.3: Van Brienenoord bridges, Rotterdam [20]

A second example of a steel bridge with an OSD is a truss girder bridge. One of the first modern
Warren truss girder bridges, which are bridges where a truss system consisting of only diagonal
members is applied, is the Moerdijk Railway bridge, opened in 1955. The bridge, that crosses Hollands

Diep, is displayed in Figure 2.4. The upper bracing is applied to reduce the number of members of the
truss girders [1].

« o S

Figure 2.4: Moerdijk Railway bridge, Moerdijk [61]

A commonly used type of bridges in the Netherlands is a cable-stayed bridge. The Galecopper
bridge, constructed in 1971 near Utrecht, is an example and displayed in Figure 2.5. It is built as a
replacement of an arch bridge, resulting in a doubling of traffic capacity. To ensure continuous traffic
flow during construction of the new bridge, the decision was made to build two separate bridges, the
second bridge being finished in 1975 [1].

Figure 2.5: Galecopper bridge, Utrecht [62]
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A fourth type of bridge that is constructed with an OSD is a plate girder bridge. This bridge type is
considered the most uncomplicated and consists of two or more plate girders, which fulfil the function
of main girders, and a deck system. An example of a plate girder bridge is the Lek bridge near Hagestein,
also known as Hagesteinse bridge, displayed in Figure 2.6. This bridge has a total span of 740 metres
with a main span of 160 metres [1, 21].

Figure 2.6: Lek bridge, Hagestein [63]

A fifth and final type of bridge where an OSD is applied in the Netherlands, is a box girder bridge.
A box girder bridge is a bridge type in which the main structural memberis one or more closed
sections, in other words, a box girder. An example of a box girder bridge in the Netherlands is the
Moerdijk traffic bridge, which crosses the Hollands Diep near Moerdijk. The bridge, displayed in
Figure 2.7, is located next to the Moerdijk Rail bridge, as displayed in Figure 2.4. The Moerdijk
traffic bridge replaced the second Moerdijk bridge in 1976, which was one of the first bridges that
displayed the insufficiency to increasing traffic [1].

Figure 2.7: Moerdijk bridge, Moerdijk [64]
2.1.3 Fatigue Behaviour of Orthotropic Steel Decks

In previous section, several advantages of OSDs are described. However, they also have challenges
and drawbacks, with fatigue crack propagation being the major challenge. One of the main reasons for
the high number of OSD applications is the improvement of the ratio of load-resistance to self-weight
compared to for example a concrete girder bridge deck. However, this property does result in high stress
ranges under traffic loads caused by a high number of vehicles, especially at welded joints. This is
related to significant stress concentrations in welded joints, due to high temperatures in the welding
process. In addition, increasing traffic loads in the last decades result in a higher number of load cycles
and higher loads in general. This combination causes sensitivity to fatigue cracking in OSDs, mainly
initiating from trough-to-deck weld connections [2, 22, 23].
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Since the early 1970s, fatigue cracks have been observed in OSDs during their service life. To
specify, fatigue cracks at the rib-to-deck welded connections, also known as trough-to-deck welded
connections, are one of the most frequently observed occurrences in OSDs. Fatigue cracks can occur at
two locations, either at the intersection between crossbeam, also known as diaphragm, and longitudinal
stiffener, also known as rib or through, or between crossbeams in midspan. Crack initiation at the
intersection between crossbeam and trough is observed significantly more than in midspan. Both
locations are displayed in Figure 2.8 [4, 23].

<
deck plate

/ fatigue crack at
\ midspan of diaphragms

. fatigue crack at
. < cross diaphragm
rib

| diaphragm

Figure 2.8: Common fatigue cracks at rib-to-deck welded connection details of OSDs [65]

At these two locations, there are four different crack initiation types, as displayed in Figure 1.1. In
the Netherlands, the most observed fatigue cracks are located in the deck plate at the intersection of
crossheam and trough, indicated by crack type a and b in Figure 1.1. For example, deck plate cracks
caused by cyclic loading of heavy vehicles were observed in the Second Van Brienenoord bascule
bridge in 1997, only 7 years after the bridge opened. Since crack propagation of type a and b trough the
deck plate could damage bridge performance and asphalt pavement leading to decreased traffic safety,
these cracks are most harmful [2, 4-6].

2.1.4 High Strength Concrete Overlay for Orthotropic Steel Decks

To mitigate fatigue cracking in existing bridges with OSDs in the Netherlands, Rijkswaterstaat
started a project group called ‘Problematiek Stalen Rijdekken’, translated to ‘Problems Steel Bridge
Decks’, in 1998. The goal of this project group was to increase understanding regarding orthotropic
steel bridge decks and to come up with solutions to strengthen the lifetime of these bridge decks [7].

This resulted in the development of a concept to mitigate deck plate crack propagation, which is the
application of a high strength concrete (HSC) overlay. This reinforced high strength concrete layer
increases the bending stiffness of the OSD and will increase the distribution of vehicle loads, resulting
in lower stress ranges in rib-to-deck welds. These properties will result in an extension of the fatigue
life of the orthotropic steel bridge deck. This innovative approach was applied in a pilot that included
strengthening of the Caland bridge near Rotterdam, Moerdijk bridge near Moerdijk and Lek bridge near
Hagestein. The pilot was considered successful [7].

In 2006, Rijkswaterstaat started ‘Project Renovatie Bruggen’, translated to ‘Project Renovation
Bridges’, in 2006. A joint venture between Royal Haskoning DHV, Arup and Greisch was created to
further develop this project in 2009. Within this project, the decision was made to start renovation of
eight steel bridges in main roads in the Netherlands. These bridges were mainly constructed in the 1960s
and 1970s and all displayed fatigue cracks in the deck plate. Since the pilot of the Caland bridge,
Moerdijk bridge and Lek bridge near Hagestein was successful, ‘Project Renovation Bridges’ included
extension of the fatigue lifetime of these eight bridges with 30 years by applying a high strength concrete
overlay. The following bridges were included in the project:

e Muider bridge, part of highway Al near Muiden
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o Beek bridge, part of highway A2 near Beek

e Scharberg bridge, part of highway A76 near Elsloo

e Galecopper bridge, part of highway A12 near Utrecht

e Tacitus bridge, part of highway A50 near Ewijk

o Kreekrak bridge, part of highway A58 near Reimerswaal

e Suurhoff bridge, part of highway A15 near Rotterdam

e Second Van Brienenoord bridge, part of highway A16 in Rotterdam

Since the start of ‘Project Renovation Bridges’, all bridges within the scope of the project except
for the Suurhoff bridge and second Van Brienenoord bridge, also known as western Van Brienenoord
bridge, were strengthened by applying a HSC overlay. During the timeframe of the project, the
decision was made to change the renovation scope for the Suurfhoff bridge and second Van
Brienenoord bridge. Eventually, alternative renovation techniques were researched and developed for
these two bridges [7, 24].

2.2 Fiber-reinforced Polymer

This section of the literature study provides an overview of FRP. It introduces their properties,
advantages and challenges compared to steel, as well as practical examples of their application.

2.2.1 Introduction to FRP

FRP, is, as the term suggests, a composite material. A composite material is defined as a “material
structure that consists of at least two macroscopically identifiable materials that work together to
achieve a better result”. Macroscopically identifiable materials are those that do not dissolve into one
another and remain distinguishable on a macro level, meaning that they can be detected with the human
eye [25].

In this thesis, the described composites, or FRP, are produced of a type of fiber, also known as the
reinforcement, combined with a resin or matrix, commonly referred to as polymer. After production,
both components retain their chemical, physical and mechanical properties. The properties of a
composite are determined by:

e Mechanical properties of the fibers
e Mechanical properties of the resin
e Ratio of fiber to resin, also referred to as fiber volume fraction
e Geometry and orientation of fibers [25, 26].
2.2.2 Fibers

The strength and stiffness of FRP composites are mainly provided by fibers since they have a high
ultimate strength and a relatively high stiffness. However, fibers can only provide tensile properties
along the fibers’ length, resulting in a unidirectional strength similar to fibers in a rope. Various types
of fibers can be applied, including natural fibers, such as jute, and polyester fibers. However, glass,
aramid and carbon fibers are most common. This thesis primarily focuses on carbon fibers, and, to a
lower extent, on glass fibers [25, 27].
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Carbon fibers have, compared to other common fibers, a higher tensile strength, stiffness, fatigue
performance. They also have an excellent stiffness-to-weight ratio and high toughness, making them
very advantageous. However, carbon fiber-reinforced polymers, often referred to as CFRP, are more
expensive than other fiber types and have a lower compressive than tensile strength, low impact
resistance and brittle behaviour. There are various types of carbon fibers with varying properties;
prevalent types are high-modulus (HM) or high-strength (HS) carbon fibers [25, 27].

Glass fibers, often referred to as GFRP, offer good chemical resistance, a relatively high tensile
strength and impact resistance and are less expensive than other fiber types. However, they have an
inferior fatigue properties and modulus of elasticity compared to carbon fibers. Similarly to carbon
fibers, there are various types of glass fibers, yet E-glass and S-glass fibers are most frequently applied.
A comparison of the stress-strain properties of high-strength carbon, aramid, S-glass and E-glass fibers,
as well as an epoxy reason for comparison, is displayed in Figure 2.9 [25, 27].

S-glass

30001 Aramid
HS Carbon

Tensile Stress (MPa)

IEpoxy Resin

6

Strain (%)

Figure 2.9: Typical stress-strain curves for different types of fibers [26]

In FRP composites, there are several forms in which fibers can be included in the material. These
forms can be categorized by discontinuous- and continuous-fiber product forms, where discontinuous-
fiber product forms include chopped fibers created by mechanically chopping rovings, yarns or tows.
Continuous-fiber product forms include continuous strands, yarns, rovings, reinforced mats and fabrics.
FRP composites included in this thesis consist of fiber fabrics. For this reason, a more elaborate
description of this product form is provided [25, 27].

Fiber fabrics are defined as “a manufactured assembly of long fibers to produce a flat sheet of one
or more layers of fibers” [26]. The layers are bound by mechanical interlocking, which is a method
where the rough fibers’ surface holds the fibers in the desired orientation, or with a binding material.
Fabrics can applied to manufacture FRP laminates, as will be described in section 2.2.5. The fabrics are
characterized by fiber orientation, with three main categories:

e Unidirectional. In this fabric, most fibers are oriented in one direction.

e 0/90° and £45°, also known as cross ply or biaxial. This fabric consists of a combination of
fibers in 0° and 90° orientation or, if rotated 45 degrees of fibers in +45° and -45°.

e Multiaxial. This fabric consists of one or more layers of fibers, bound by a stitching thread. This
fabric type provides more design freedom in fiber orientation, since several fiber directions can
be combined into one fabric to produce, for example + 45° fabrics [26, 28].

2.2.3 Resin
The matrix, resin or polymer, has four major functions:
e Fixing the fibers in desired geometrical arrangement

e Distribution of load to and between fibers
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e Prevention of fiber-buckling
e Protecting the fibers from environmental influences.

In addition, the matrix provides additional toughness and resistance to damage caused by impact and
abrasion. The matrix properties also determine the composite’s maximum service temperature, which
is the highest temperature at which the material retains its load-bearing capacities, resistance to moisture,
thermal stability and sensibility to UV radiation. [26, 27, 29].

Epoxy resins are a type of thermoset polymers, which means that they set after curing and cannot
be softened by heating, and most widely used for high-performance composites with either high-
modulus (HM) or high-strength (HS). This type of matrix material has a good combination of strength,
adhesion, fatigue resistance, low shrinkage, and processing versatility and possess a low moisture
absorption capacity. However, this resin is relatively expensive compared to other polymers. In this
thesis, epoxy resin will be applied in the design and manufacturing of the FRP [25, 27].

2.2.4 Orthotropic Properties of FRP

In general, materials are classified as either isotropic or anisotropic, where isotropic materials have
equal properties in all directions and anisotropic materials have different properties in all directions.
Within the material category anisotropic materials, composites consist of a subcategory that is
characterized as orthotropic. Like for OSDs, FRP composites have properties that are different in three
perpendicular directions. This material property is caused by the strong influence of the fiber direction
on the strength and stiffness [25].

For example, a unidirectional (UD) fabric is relatively strong and stiff in longitudinal direction,
which is parallel to the fiber, meaning that it can withstand relatively high loads in the axial direction.
However, this type of fabric is weaker in transverse direction, which is perpendicular to the fiber. On
the other hand, a + 45° fabric, also referred to as a biaxial fabric, has a relatively high shear capacity
[30].

2.2.5 FRP Laminates

As described in section 2.2.2, FRP composites can consist of fiber fabrics combined with a resin. A
single layer of fiber fabric is commonly referred to as a ply and can be stacked with other plies
containing fibers in equal directions to form a lay-up, in which case it will be referred to as a lamina, or
with plies containing fibers in different directions, in which case it will be referred to as a laminate [25].

As fiber orientation directly affects the mechanical properties of a composite material, the design
of a laminate is related to the direction of the applied load. In general, the majority of plies in a laminate
will be oriented in the load-carrying direction, to ensure a high strength in this direction. However, for
the stability of a laminate, it is necessary to combine plies in different directions. Many circumstances
require a material to perform in more than one direction, in which case a laminate with different fiber
orientations is desired. In such a case, a quasi-isotropic laminate can be applied, which consists of an
equal number of plies in 0°, 90° and + 45° direction and performs well in all directions. An example of
a laminate with 0°, 90° and £ 45° plies is displayed in Figure 2.10 [25, 30] .

Figure 2.10: Example of laminate lay-up [30]
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2.2.6 Production processes of FRP

The production process of an FRP influences the mechanical properties and can be described by
three steps, which are:

e Step 1: Arrange the fibers in their designated place and orientation. This is done either by hand
or by machine.

e Step 2: Impregnate the fibers with resin.
e Step 3: Cure the resin to finalize the composite product.

The production process can be categorized as either open mould, meaning that the mould is not covered
with film or another mould, or closed mould. The mould is required to achieve the desired shape of the
composite product. The four most important production processes in civil engineering applications are:

e Hand lay-up. This is an open mould process where fiber fabrics are added and impregnated
using a brush or roller to remove excess resin. Since this process is performed layer by layer, it
is labour intensive and therefore not applied to large components.

e Filament winding. This open mould process is used to create various hollow sections by
spinning fiber fabrics around a rotating mandrel. With this process, the thickness can be
controlled, and an outstanding fiber density can be achieved.

e Vacuum infusion. This closed mould process uses vacuum pressure to impregnate fiber fabrics
and provides a high design freedom, making this process suitable for production of bridge decks,
plates and freeform beams. In this thesis, the composites used in experimental tests and FE
modelling are produced by vacuum infusion.

e Pultrusion. Since this closed mould process is continuous, it is cost-effective if a high number
of elements needs to be produced. Continuous fabrics are pulled through a resin bath and then
extruded into the desired shape. The produced components have excellent unidirectional
properties, however strength in other directions is relatively low [25, 31].

2.2.7 Performance of FRP Compared to Steel
In general, FRP has several advantages when compared to steel, with the main advantages being:

e Lightweight. FRP composites have a lower density than steel, which results in a reduction of
dead weight. For example, a unidirectional GFRP composite has a density of 2000 kg/m?* while
in general, steel has a density of 7850 kg/m?[32].

o High tensile strength. FRP composites have a relatively high tensile strength compared to steel.
For example, the tensile strength of a unidirectional GFRP ranges from 1140 to 1725 MPa while
the ultimate strength of steel ranges from 360 to 770 Mpa [32].

o Fatigue resistant. When compared to steel, FRP provides a better fatigue resistance which is
beneficial for bridge applications [33].

e Corrosion and chemically resistant. FRP’s contain a higher corrosion and chemical resistance
when compared to steel, which means that they can be applied in corrosive and chemically
aggressive environments, such as wastewater treatment plants [34].

However, some properties of FRP cause challenges that are not present with steel. The main
challenges can be defined as:

o High anisotropy. This results in a weakness in out-of-plane direction, to ensure a high strength
in longitudinal direction.
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o Linear-elastic behaviour. Steel possesses a high ductility which results in a high deformation
prior to fracture. In contrast to this, FRP materials are relatively brittle and therefore susceptible
to sudden failure and exhibit low impact resistance [25].

e Susceptible to delamination. Delamination is a failure mechanism where different plies, or
layers, of a laminate are separated.

e High costs. In general, high raw material, fabrication, and assembly costs, result in relatively
high costs for FRP composites when compared to steel. However, this does heavily depend on
the type of fibers and fabrication process. Innovations and increasing application of FRP will
contribute to a cost reduction [25].

2.3 Cold Repair Method

This section of the literature study provides an overview to the Cold Repair method. It introduces
the method followed by its implementation on the Galecopper bridge. Moreover, possible failure
mechanisms and applications of strengthening OSDs with FRP are presented.

2.3.1 Cold Repair Method with Steel

As described in section 2.1.3 and 2.1.4, many orthotropic steel bridge deck display fatigue cracks
and a repair method of applying a HSC overlay was developed. Though this repair method resolves
crack type a and b, as displayed in Figure 1.1, this method does not focus on crack type ¢ and d which
means that these fatigue cracks can still propagate. Section 1.1.2 presented the traditional repair method
to resolve these fatigue cracks and highlighted that this method cannot be applied to steel bridges
strengthened with an HSC overlay. For this reason, Arup conducted a study into the ’Cold Repair’
method. The principle and implemented pilot project of this method were also presented in section 1.1.2

[8l.
2.3.2 Introduction to Cold Repair Method with FRP

After the implementation of the Cold Repair method on the Galecopper bridge, a review of the
production and implementation process resulted in a discussion about the possibility of including FRP
for the strengthening solution. Based on the experience and expertise of involved parties, the decision
was made to focus on an FRP composite angle produced by vacuum infusion of fiber fabrics with epoxy
resin. The application process would be similar to the Cold Repair method using steel, where the FRP

angle would be attached to the bottom of a trough-deck plate detail by an adhesive, in this case by
vacuum infusion [8].

As outlined in section 1.1.3, Arup is conducting a research that aims to design the Cold Repair
method using FRP. Within this study, there are several design goals which relate to design assumptions
and decisions in this thesis. The following design goals related to the OSD are established:

e The application of the Cold Repair must slow down the (root) crack growth, specified as crack
d in Figure 1.1, in the trough-to-deck plate weld.

e The application of the Cold Repair should not result in adverse effects on other fatigue details.

e The Cold Repair must take over the function of the trough-to-deck plate weld under static
loading.

With respect to the Cold Repair itself, the following design goals are established:

e The design life should be thirty years. It should have sufficient static and fatigue strength during
its design lifetime.

o It should be relatively easy and quick to install with minimum hinderance to traffic [8].
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2.3.3 Failure Mechanisms of Cold Repair Method with FRP

To ensure a verified design, several failure mechanisms of the Cold Repair method need to be
considered. In general, there are three loading modes leading to fracture in adhesively bonded joints,
which are displayed in Figure 2.11 and characterised by:

e Mode I: Opening mode
e Mode Il: Shear mode where the crack surfaces move perpendicular to the crack tip
e Mode IlI: Shear mode where the crack surfaces move parallel to the crack tip

An adhesively bonded joint can be subjected to one loading mode, resulting in pure mode behaviour,
or a combination of two or more loading modes, resulting in mixed-mode behaviour.

Mode I1

Mode 11

™~

Figure 2.11: Adhesive joint loading modes [66]

In addition to the three loading modes, possible failure modes in an adhesive steel — FRP interface
are characterised by:

o Adhesive failure: failure of the adherend-adhesive interface, displayed by failure modes a and
c in Figure 2.12;

e Cohesive failure: failure inside the adhesive layer, displayed by failure mode b in Figure 2.12;

e Adherend failure: failure of FRP or steel, displayed by failure modes d, e and f in Figure 2.12

[13, 35] .
(e) FRP rupture \
(d) FRP delamination |
FRP -
Adhesive L (c) FRP and adhesive interface debonding
L (b) Adhesive layer failure
Steel —|—m & (a) Steel and adhesive interface debonding

(f) Steel yeilding

Figure 2.12: Failure modes in a bonded joint [13]

18



Since the Cold Repair method is a strengthening method which will be applied to existing OSDs,
the assumption was made that yielding of steel is unlikely to occur and therefore not considered as a
possible failure mode. ‘CEN/TS 19101 — Design of fibre-polymer composite structures’ indicates that
pure adhesive failure, meaning complete failure in either the FRP-adhesive or steel-adhesive interface,
should be avoided. This failure mode may be prevented by an appropriate surface preparation and
application of a primer to increase the adherend-adhesive bond. In this guideline it is also stated that
adhesive failure should cover less than 10 percent of the failure surface in a mixed-mode failure and
that the governing failure mechanism of adhesive connections between FRP and steel should be
validated by tests [35].

Adherend failure of the FRP can be categorized by FRP delamination and FRP rupture, as displayed
in Figure 2.12. These failure modes can be caused or initiated by three types of FRP laminate failure,
as displayed in Figure 2.13:

e Matrix cracking: resin cracking occurs between fibers.
e Delamination: cracks between plies occur. This process is initiated by matrix cracking.

o Fiber failure: fiber pullout or breakage occurs. This process is one of the steps towards final
failure of a laminate [36, 37].

Matrix cracking (splitting)
/m
/ /- Delamination

Matrix cracking

0
+45§
90

\
'43’§\\\ )
’ U=
Fiber failure <—

Figure 2.13: FRP laminate failure modes [36]
2.3.4 Applications of Strengthening Orthotropic Steel Decks with FRP

Though the Cold Repair method using CFRP is an innovative approach and not yet applied in the
Netherlands, there are references in literature of similar strengthening techniques. In this section,
relevant examples will be described.

Liu et al. [6] conducted fatigue tests and numerical studies on seven full-scale OSD specimens
strengthened with both CFRP and GFRP angles. The goal of the study was to validate the strengthening
technique’s effectiveness and to define the effect of different fiber types, adhesives, and angle
dimensions. Pultruded FRP angles, illustrated in Figure 2.14, were attached with various adhesives,
including epoxy resin, with fibers mostly aligned in X-direction to resist bending stresses. Results
showed FRP angles reduced the stress in the strengthening region and distributed stresses to the
unstrengthened region in the trough. Detailed FE models analysed the effect on stress intensity factors,
which is a parameter used in fracture mechanics to define stress redistribution at crack tips after crack
initiation. The following conclusions could be drawn:

o Cold Repair method using FRP angles could significantly increase fatigue life of OSDs. This
was mainly caused by the reduction of hot-spot stress in welded connections of strengthened
OSDs.

¢ FRP material, adhesive and angle dimension strongly affect the strengthening effect. Ductile,
stronger adhesives and FRP angles with longer plates in transverse direction resulted in better
fatigue performance. Since CFRP has a higher stiffness than GFRP, this fiber type is concluded
to be more effective.
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Since adhesive debonding, characterized as either cohesive or adhesive failure, occurred in
some specimens, resulting in fracture of the OSDs, it is essential that debonding is prevented.

The observed strengthening effects are supported by numerical analyses. The study was
performed at room temperature. However, temperature variation could influence the

performance of the Cold Repair [6, 38].

Figure 2.14: Strengthening of OSD with FRP angles: (a)
FRP angles; (b) strengthened specimen [6]

Another example is a study performed by Guo et al. that focuses on field measurements of a long-
span suspension bridge, the Runyang Yangtze River bridge in China, with OSD, strengthened by GFRP
angles with varying dimensions. The GFRP angles were fabricated by pultrusion and bonded to the
OSD by applying adhesive, like the implemented Cold Repair method of Arup on the Galecopper bridge.
In addition, a numerical study was conducted, in which the stress fields of the trough-to-deck weld were
further studied. The following conclusions could be drawn:

Based on the measured stress ranges, the Cold Repair method using FRP angles could improve
fatigue performance of trough-to-deck welds. In addition, FRP angles with longer legs and an
increased thickness could further improve fatigue strength.

The observed strengthening effects are supported by numerical analyses.

The study was performed at room temperature. However, temperature variation could affect the
performance of the Cold Repair [5].
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Figure 2.15: Transverse position of GFRP angle (in meters) [5]
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2.4 Finite Element Modelling of Adhesive Joints

This section of the literature study provides an overview of FEM of adhesive joints. It introduces
several modelling techniques that are used to simulate adhesive interfaces. Implementations of these
modelling approaches are provided in section 3.3.

2.4.1 Tied Interface Condition

In a linear model, two elements are generally connected using either merged nodes or with a tied
contact definition. This modelling technique implements the concept of infinite stiffness, ensuring that
slave nodes or surfaces that are tied to master nodes or surfaces stay tied without allowing movement
or failure during the analysis, treating them like one monolithic part.

Limitations of this approach regarding modelling of adhesive interfaces is the infinite stiffness of
the interface. This leads to an overestimation of adhesive joints and means that this modelling approach
does not allow modelling of failure propagation of bonded joints.

2.4.2 Tie-break Interface Condition

In addition to tied contact definitions, a tie-break contact includes a failure definition that allows
the modelling of failure, which is defined as the moment where the non-physical linear spring decouples.
This decoupling allows unconstrained movement of the slave node when subjected to tensile stress and
results in a traditional compression-only contact between slave and master. In LS-DYNA, failure can
be based on either force or stress distribution and there is a wide variety of tie-break contact definitions
with corresponding failure definitions. Tie-break contacts can be applied to simulate bonded joints,
amongst other applications, and, in contrast to tied contacts, are penalty based [39].

2.4.3 Cohesive Zone Modelling

The third method is the application of solid cohesive elements, commonly referred to as cohesive
zone modelling (CZM). This method, which combines cohesive zone models with FE analysis, is
employed to predict both static and fatigue behaviour in materials of structural systems, including
adhesively bonded joints. CZM relies on spring-like or cohesive elements that create a coupling
between 2D or 3D elements of structures to model degradation of cohesive stiffness up to the point of
failure. The characteristics of this coupling depend on traction-separation laws that are used to model,
for example, adhesive interfaces. Two types of CZM can be categorized, which are the local and
continuum approach, as displayed in Figure 2.16. The local approach is used to simulate a zero-
thickness interface and is, for example, used for different plies in a composite laminate. On the other
hand, the continuum approach is used to simulate a thin strip between two materials, initially not in
direct contact and is, for example, employed to model and adhesive bond. Since the local approach
takes the effects of external and internal factors into account for assessing the plastic dissipation, this
approach provides a more thorough simulation. However, compared to the continuum approach, this
method requires more parameters and computations [40—42].
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Figure 2.16: CZM: (a) Local approach (b) Continuum approach [40]

2.5 Summary

OSDs are a type of steel deck widely used in long-span bridge engineering since the 1950s. Though
their application brings several advantages, one of the major challenges is the sensitivity to fatigue
cracking, mainly initiating from trough-to-deck plate welds at the intersection between crossheam and
trough. To mitigate fatigue cracking in existing bridges in the Netherlands, a repair method consisting
of the application of an HSC overlay was developed and applied. This strengthening technique results
in an extension of the fatigue life of OSDs.

Though this repair method mainly resolves two types of fatigue cracks, it does not prevent further
propagation of root-weld cracks. A traditional repair method includes the removal of the existing weld
and application of a new welded connection. However, the heating that is required in the welding
process will burn the epoxy layer of the strengthened steel deck plate and result in a potential risk for
long term damage. For this reason, Arup conducted a study into the effectiveness of the Cold Repair
method, which consists of a steel angle, attached to the exterior of trough-to-deck plate detail with
adhesive. The strengthening technique was applied to increase the fatigue life of the Galecopper bridge
in 2014.

Additional research showed the potentially increased effectiveness of the application of the Cold
Repair method with an FRP angle. For this method, carbon fiber fabrics will be attached to the OSD by
the process of vacuum infusion with an epoxy resin. The literature review shows that limited knowledge
is available on strengthening OSDs with CFRP to slow down root crack growth in trough-to-deck plate
welds, especially for applications that include vacuum infusion of fiber fabrics. For this reason, there
are several uncertainties and challenges involved with respect to its behaviour, material properties and
design.

Moreover, several FEM techniques can be used for simulating adhesive joints. It introduces three
main approaches, which are:

e Tied interface condition. In this technique, elements are tied with infinite stiffness and strength,
treating them as one monolithic part.

o Tie-break interface condition. This is a tied contact definition that allows for modelling of
joint failure.

e CZM. This method applies cohesive elements to simulate degradation and failure in adhesive
interfaces through traction-separation laws.
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3. Thick-adherend Shear Tests and Numerical Model

To gain knowledge and understanding of modelling and the actual behaviour of the Cold Repair
method using FRP, more insight into the bond behaviour of the FRP-steel joint is essential. For this
reason, this chapter is devoted to TASTSs and corresponding FE model.

3.1 Introduction

Initially, single-lap shear (SLS) and double-lap shear (DLS) tests were proposed to obtain more
insight into the bond behaviour of the FRP-steel joint, as displayed in Figure 3.1. However, due to the
asymmetry and relatively thin substrate of a single-lap joint specimen, a substantial amount of mixed-
mode behaviour is introduced. As described in section 2.3.3, there are three modes that could occur and
result in failure of bonded joints. For a single-lap joint, initially mode | behaviour, which is defined as
peel or opening of the joint, will be observed, followed by increasing mode Il behaviour, characterized
as in-plane shear. This results in a more complex evaluation of material properties and is therefore not
preferred. On the other hand, DLS tests show less mixed-mode behaviour, making them more suitable
for the evaluation of material parameters, such as bond stress. However, due to limitations in the
manufacturing process of DLS specimens, these tests could not be performed within this thesis [43].

Single lap Double lap

Figure 3.1: SLS and DLS test [67]
3.2 Thick-adherend Shear Tests

This section of the report provides a description of the test set-up and test results of the performed
TASTS.

3.2.1 Test Set-up

As an alternative to DLS tests, TASTs of bonded FRP-streel strips were performed in the Stevin Il
laboratory of the Delft University of Technology. This test method consists of testing thick-adherend
shear-lap samples, also referred to as thick-adherend shear specimens and displayed in Figure 3.2,
loaded by a tensile load, yet placed in shear. Two substates are connected by a bonded joint, where
two notches on either side of the sample result in shear forces in the overlap region, indicated with red
in Figure 3.2. Unlike single-lap shear tests, the adherends, which are the components to which the
adhesive adheres are thick and therefore rigid, which leads to a minimization of peel forces. TASTs
are generally performed to obtain stress-strain properties of adhesives [44].
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Figure 3.2: Thick-adherend lap shear test specimen [44]

-

To specify, the performed shear tests are ‘modified TASTs’ since they are not fully designed
according to ASTM D5656-10 [44]. However, for simplicity, the performed small-scale tests will be
referred to as TASTS in this thesis. For experiments to be characterized as standardized TASTs and to
process the results accordingly, they must comply with the following specifics, as displayed in Figure
3.2

e Specimens should have specific dimensions, as described in ASTM D5656-10.

e Specimens contain holes through which steel support pins will be inserted, resulting in
rotational freedom of the top and bottom of the specimen.

The guideline describes that since bond stresses are not uniform across the overlap regio, they
could are influenced by factors like adhesive and adherend stiffness. For this reason, specific
dimensions are defined. Nonetheless, to resemble the Cold Repair’s full-scale design, the laminate
thickness matches the thickness of the Cold Repair. Moreover, to simplify the test set-up and
production process of the specimens, considering that drilling holes in the specimens could lead to
damage of the materials, the TASTs are performed with clamped top and bottom, as opposed to
pinned with support pins [44].
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The specimens consist of a 15 mm steel and 18 mm CFRP strip, connected by the process of
vacuum infusion with epoxy resin, with applied notches to create an overlap region. A primer is
applied to the steel plate to create a better bond between FRP and steel. To observe the influence of
the overlap length on the bond strength, specimens with three different overlap lengths are tested,
which are 30 mm, 60 mm and 90 mm. The three different types are displayed in Figure 3.3 - Figure
3.5.
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Figure 3.3: Thick-adherend shear test specimen with 30 mm overlap length; dimensions in [mm]
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Figure 3.4: Thick-adherend shear test specimen with 60 mm overlap length; dimensions in [mm]
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The tested specimens were cut by waterjet from a steel plate with adjacent CFRP on top. The notches
were created by waterjet as well. The stiffness difference between the FRP and steel created notch
imperfections during the water jetting process. This means that the notch geometry, including width,
depth and notch head size, vary over the width of the samples. An example is provided in Figure 3.6,
which displays the left and right notch zone of sample TAST 30-3. The image shows a larger penetration
and notch head for the steel notch, which is the top notch in this frame, on the left side than the right

side. Since the 2D-DIC results are only able to measure strains and crack propagation on one surface,

there is a possibility that nonuniform failure and strains occur in the tests, without it being captured by

the measuring technique.
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Figure 3.6: Notch zone sample TAST 30-3: (a) left side and (b) right side




In addition to notch geometry imperfections, the FRP itself contains material imperfections. During
the vacuum infusion process, the FRP was not fully saturated and post-infusion was performed.
Unfortunately, dry patches in several FRP strips were observed after cutting meaning that the laminate
was still not fully saturated. The FRP-steel plate before and during post-infusion can be observed in
Figure 3.7. Samples TAST 30-1, 60-3 and 90-3 showed the most severe dry patches, as displayed in
Figure 3.8. The dry patches could result in a 10-20 percent stiffness reduction for the laminate, as stated
by the manufacturer.

(@) (b)

(b)
Figure 3.8: Dry patch on TAST samples (a) 30-1, (b) 60-3 and (c) 90-3

As described in section 2.2.2, this thesis primarily focuses on carbon fiber fabrics, meaning that the
laminate consists mainly of carbon fiber plies. However, due to the potential for galvanic corrosion
between the carbon and steel, one layer of GFRP is applied closest to the steel. As a result, the laminate
consists of the following fiber fabrics:

e 600 gr/m? UD CFRP
e 600 gr/m? +45° CFRP
e 1717 gr/m? quasi-isotropic (Ql) 0/90/+45 GFRP [12].

The laminate lay-up is symmetric, apart from the first GFRP layer, and consists of 29 layers of
CFRP and one layer of GFRP. The UD fabric is used to obtain plies in 0° and 90° direction. Stacking
of unidirectional plies is limited to three plies, which results in the following laminate lay-up
[QI(GFRP)/0,/£45/03/90/04/+45/03/+45/03/+45/03/90/03/+45/0,]. The 0° direction of the FRP is applied
in the longitudinal direction of the samples. This lay-up results in the following composition:
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e 75.9%UDDO°
e 6.9% UD 90°
o 17.2% +45°

Three series of tests with varying overlap lengths were performed, each consisting of 5 specimens.
The tests are executed by use of a static tensile machine with a maximum capacity of 600 kN, displayed
in Figure 3.9. The tests were displacement controlled and the static load was applied with 0.48 mm/min
displacement rate. Relative displacement of the FRP-steel strip was recorded with 2-dimensional
‘Digital Image Correlation’ (DIC) on one surface of the specimens, as illustrated in Figure 3.10.

v

Figure 3.9: TASTS: testing set-up Figure 3.10: TASTSs: surface that is
measured by 2D DIC

3.2.2 Experimental Results

Table 3.1 displays observed failure pattern per tested specimen. The specimen number is an
arbitrary value and not related to the testing order.

Table 3.1: Failure mechanisms of TASTs

Specimen

Overlap 30 mm Overlap 60 mm Overlap 90 mm
number

Specimen 1 Primer-steel failure Primer-steel failure combined Primer-steel failure
P with delamination of GFRP

Primer-steel failure
Specimen 2 Primer-steel failure Primer-steel failure combined with
delamination of GFRP

Specimen 3 Primer-steel failure Primer-steel failure combined Delamination of
P with delamination of GFRP CFRP
Specimen 4 | Delamination of CFRP Primer-steel failure Primer-steel failure

. Primer-steel failure combined . .
Specimen 5 Removed from results with delamination of GERP Primer-steel failure
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Observed failure mechanisms are shown in Figure 3.11 - Figure 3.16. Primer-steel failure and
primer-steel failure combined with delamination of GFRP ply, is defined based on the observed steel
surface area on which GFRP fibers are left after separation. When Figure 3.11 and Figure 3.13 are
compared, there is a clear difference in the amount of glass fibers that is bonded to the steel surface. As
the adherends are attached through vacuum infusion, the adhesive layer is relative thin. This leads to a
complex identification of either adhesive or cohesive failure, as defined in section 2.3.3. The following
failure mechanisms can be defined:

o For samples that are categorized as primer-steel failure, either cohesive or adhesive failure
between the primer and steel can be defined. Displayed micrographs do not provide additional
clarity.

e Figure 3.14 shows that primer-steel failure in combination with delamination of GFRP plies, is
a combination of adhesive and adherend failure, as failure between the adhesive layer and steel
and failure of the GFRP layer is observed.

e Delamination of CFRP can be defined as adherend failure.

It is important to note that nearly half of the specimens were not completely separated after
removing the specimen from the tensile machine, and therefore were separated after the shear test by
either gravity or manual force. This could influence the number of glass-fibers left on the steel surface
after separation. This is the case for the following specimens: 60-1, 60-3, 60-5, 90-1, 90-2, 90-3 and 90-
5.

Primer

Steel

Figure 3.11: Primer-steel failure (TAST 30-2)
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TAST 30-1 TAST 60-2

Figure 3.12: Micrographs of primer-steel failure

TAST 60-3

Figure 3.14: Micrographs of primer-steel failure combined with delamination of GFRP
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TAST 90-3 TAST 90-3
Figure 3.16: Micrographs of delamination of CFRP

Twelve out of fifteen samples suffered failure primer-steel failure with or without additional
delamination of GFRP. The following three samples are identified as distinct:

e TAST 30-4: The specimen showed delamination of CFRP as the governing failure mechanism.
This can be explained by the application of the notch, which is not sawn completely through
the CFRP, as shown in Figure 3.17. As a result of this, the CFRP strip is placed in shear as
opposed to the bonded FRP-steel joint, resulting in a different loading condition and therefore
failure mode.

- v

Figure 3.17: Failure behaviour of TAST 30-4

e TAST 30-5: This specimen was first tested and initially loaded by a loading rate of 0.96
mm/min, followed by a loading decrease to 0.48 mm/min during testing. This resulted in a
relatively quick failure that occurred at a very low ultimate load. For this reason, the results for
this specimen are removed.
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e TAST 90-3: This sample showed more severe dry patches than the other samples with a 90 mm
overlap length, as displayed in Figure 3.8. In combination with imperfections in the notch head
size and penetration, this could explain why this sample suffered delamination of CFRP.

During testing, it was observed that all specimens were subjected to sudden failure. Failure is
defined by the load drop to O kN, after reaching the ultimate load. Therefore, this ultimate load will be
defined as the failure load of the experiments, displayed in Table 3.2.

Table 3.2: Failure load for TAST specimens in kN

Specimen number Overlap 30 mm Overlap 60 mm Overlap 90 mm
Specimen 1 31 44 46
Specimen 2 28 40 58
Specimen 3 30 46 51
Specimen 4 21 42 43
Specimen 5 - 44 56

Obtained 2D-DIC results were used to further study local displacements, strains and failure
propagation inside the zone of interest. To obtain this data, relative displacements, also known as digital
extensometers, were derived from inside the zone of interest. To determine the best position to measure
relative displacement, the data is extracted for several distances at different positions on the monitored
surface of the sample, which are displayed in Figure 3.18. Their corresponding time-displacement
curves for sample 30-1 can be observed in Figure 3.19. From this analysis, the conclusion can be drawn
that the approach with a horizontal distance in between the notches provides the most accurate results.
That is because this distance is not influenced by the exact positioning of the distance on the occurring
fracture, which is the case for the vertical distances, and captures the rotation of the specimens in
between the notches. For this reason, the digital extensometers are derived with the horizontal distance
in between the notches.

Vertical distance Vertical distance 10 Diagonal distance Horizontal distance
outside notches mm outside notches inside notches inside notches

Figure 3.18: DIC digital extensometers
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Time-displacement curves for different relative distances of TAST samples
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Figure 3.19: Time-displacement curves for different relative distances of TAST 30-2

Relative load-displacement curves, based on the load results from the jack of the test machine and
the relative displacements determined from 2D-DIC data, are displayed in Figure 3.20 - Figure 3.22.

Load-displacement curves of TAST specimens with overlap = 30 mm

— 301
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Figure 3.20: Relative load-displacement curves of TAST with overlap length 30 mm
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Load-displacement curves of TAST specimens with overlap = 60 mm
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Figure 3.21: Relative load-displacement curves of TAST with overlap length 60 mm
Load-displacement curves of TAST specimens with overlap = 90 mm
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Figure 3.22: Relative load-displacement curves of TAST with overlap length 90 mm

Based on the load-displacement curves displayed in Figure 3.20 - Figure 3.22, the following
observations and conclusions can be formulated:

e Specimens with 30 mm overlap length show linear behaviour;

e Specimen TAST 30-4 fails at a load level of 19 kN while the mean failure load level of
specimens 30-1, 30-2 and 30-3 is 29 kN. This difference is caused by the notch penetration
depth imperfection for sample 30-4, as displayed in Figure 3.17.
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e The test series with a 60 mm overlap length displays linear behaviour. Samples 60-4 and 60-5
display a slight platform just before failure where relative displacement increases and the load
does not increase further. This behaviour can be explained by crack initiation around the lower
notch which resulted in a reduced stiffness of the sample, as displayed in Appendix 0.

e Samples 60-1, 60-3 and 60-5 show a very similar stiffness while the stiffness of samples 60-2
and 60-4 is slightly higher, with a difference of approximately 15 percent between samples 60-
2 and 60-5. Unfortunately, this behaviour could not be explained by specimen imperfections or
dimensions and deviating behaviour observed from the DIC results.

e Specimens in the test series with an overlap length of 90 mm show bi-linear behaviour where a
stiffness decrease can be observed around 37 kKN. This behaviour can be explained by crack
propagation in the steel-FRP interface, observed at the upper notch, and in the FRP itself,
observed at the lower notch, which became clear from the DIC data. Examples of this crack
initiation are displayed in Figure 3.23.

e Specimen 90-2 displayed a much higher failure load than other samples in that series. This
difference is caused by the notch penetration depth imperfection for specimen 90-2, as described
in section 3.2.1. The conclusion can be drawn that subjecting the GFRP ply to shear load, as
opposed to the adhesive bond, resulted in a higher failure load.

TAST 90-2 at F = 43.5 kN TAST 90-5at F =41.4 kN TAST 90-5 at F = 43.6 kN
Figure 3.23: Crack initiation in TAST samples

The combined results for all three test series, displayed by mean load-displacement curves and
standard deviation per test series, can be observed in Figure 3.24. Results of samples 30-4 and 90-2
were excluded from these load-displacement curves since their notch geometry leads to outlying
results. Corresponding failure loads and determined stiffnesses are displayed in Table 3.3. An
important remark is that the provided stiffness is determined based on the linear phase for all three test
series, excluding the bi-linear and non-linear behaviour for series with 60 and 90 mm overlap length.
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Mean relative load-displacement curves of thick-adherend shear tests
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Figure 3.24: Mean relative load-displacement curves of TAST

Table 3.3: Mean failure load and stiffness for TAST series

Property 30 mm overlap 60 mm overlap 90 mm overlap
Mean failure load 29.0 42.3 46.3

[kN]

Stiffness [N/mm] 2.1*10° 1.8*10° 2.3*10°

The mean load-displacement curves show that the difference in failure load between test series
with 30 mm and 60 mm overlap length is much larger than the difference between test series with 60
mm and 90 mm overlap length. This difference can be explained by the crack propagation for test
series with 90 mm overlap, since that leads to a stiffness decrease and therefore to a lower ultimate
failure load for these specimens.

Section 3.2.1 identified dry patches in the FRP. For this reason, experimental results of samples
with and without visible dry patches were compared and are displayed in Figure 3.25. Table 3.4
highlights that for specimens with overlap lengths 30 and 60 mm, visible dry patches reduce stiffness
by 7.2 and 14.9 percent, respectively. However, the samples with 90 mm overlap length show similar
stiffness. This is likely a result of the less severe dry patches of sample 90-3 compared to TAST 30-1
and 60-3, as can be observed in Figure 3.8.
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Load-displacement curves of TAST specimens with and without visible dry patches

—— TAST 30-1: with visible dry patches

50 TAST 60-3: with visible dry patches

—— TAST 90-3: with visible dry patches

=== TAST 30-3: without visible dry patches I ™ T~
TAST B60-2: without visible dry patches =T

. === TAST 90-5: without visible dry patches .-

30 4

Load [kN]

20+

10 A

T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
Relative displacement [mm]

Figure 3.25: Relative load-displacement curves of TASTs with and without visible dry patches

Table 3.4: Difference in global stiffness for TAST samples with and without visible dry patches

Overlap length [mm] Deviation from sample without visible dry patches
30 -7.2%
60 -149%
90 +26%

3.3 Finite Element Modelling of Adhesive Joints in LS-DYNA

This section of the report provides an overview and implementation of two modelling techniques to
simulate the adhesive bond, including tied and tie-break contact definitions. A sensitivity analysis was
performed to evaluate the performance of the modelling approaches.

3.3.1 Tied Interface Condition

In LS-DYNA, tied contacts can be applied for nodes-to-surface, shell-edge-to-surface, shell-edge-
to-solid and surface-to-surface and always include a node-segment pair in which the node is a single
point or the node on a surface and the segment is a three- or four-noded surface referencing either a
shell element or one of the faces of a solid element. In this principle, the node is generally named as
‘slave’ and the segment as ‘master’, as can be observed in Figure 3.26. Between the slave and master,
both tensile and compressive forces are transmitted, resulting in a ‘tied’ contact. Separation of slave
and master is resisted by a non-physical linear contact spring. A tied contact definition behaves similarly
to merged nodes, where neighbouring solids share the same nodes, and is constraint based [40].

® “slave” node

“master” segment

Figure 3.26: Principle of contact treatment in LS-DYNA [39]
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3.3.2 Tie-break Interface Condition

In LS-DYNA, there are fourteen options for definition of the failure criterion of the adhesive
interface. Input parameters for all options are normal and shear failure stress, NFLS and SFLS,
respectively with additional input parameters depending on the failure criterion definition. In this study,
the following four built-in tie-break failure criterions were researched and applied:

o Option 4 — Tie-break is active for nodes which are initially in contact but tangential motion
with frictional sliding is permitted. The tie-break failure criterion is defined as

lonl
NFLS = 1. (Eq. 3.1)

where g, is the peel stress capacity of the interface [45].

e Option 6 — Tie-break is active for nodes which are initially in contact. Failure stress is required
for tie-break to occur. After this criterion is met, damage propagation behaves according to a
linear function of the distance between points that are initially in contact. When the critical
distance between points is reached, damage is fully developed, and interface failure occurs. The
tie-break failure criterion is defined as

On 2 Og 2
(h2l)" 4 (2h) 21, (Eq. 3.2)

e Option 7 — Dycoss Discrete Crack Model, as described in reference [46]. This model
implements a softening relationship between stresses and strains to define interface failure. In
its application, three states can be identified, which are the elastic or uncracked state, the crack
development state and crack open state. The softening relationship and corresponding states are
displayed in Figure 3.27, where F; is the ultimate load for mode | behaviour, Gc is the energy
release rate for mode I, A is the crack area represented by the element and u,ini and ujuicare the
displacements at the end of the uncracked state and crack development state respectively [45,
46].

Fy

-G, A

* » Uy
U ini Uy iy

Figure 3.27: Softening behaviour for mode | crack opening in
Dycoss Discrete Crack model [46]

This modelling approach allows for a mixed-mode behaviour, as displayed in Figure 3.28.

fe

Uy

Uy

Figure 3.28: 3D representation of softening model in Dycoss Discrete
Crack model [461
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For this interface definition, the criterion for crack initiation is defined as

max (0y,0) 2 o 2 _
NFLS ] + [SFLS—sin(PARAM)min (0,an)] =1 (Eq. 3.3)

where PARAM is defined as the friction angle [45].

e Option 9 — Discrete Crack Model with power law and B-K damage models. This tie-break
contact definition is based on Material Type 138 in LS-DYNA, which is the material model
used to apply solid cohesive elements [45] .

3.3.3 Sensitivity Study for Preliminary TAST Geometry

A sensitivity study was performed to assess the performance of defined modelling approaches for
adhesive interfaces. A preliminary FE model of the TASTs was constructed with 3D element
formulation and the same boundary and loading conditions as the FE model of the TASTSs. The model
is displayed in Figure 3.29. As the mesh size and loading rate sensitivity study were performed in
parallel with adhesive interface sensitivity study, the mesh size and loading rates of the FE models
results show variations.

In the sensitivity study of the four tie-break options, the following parameters were varied:
e Shear failure stress: 24 — 48 MPa

e Normal failure stress: 50 — 100 MPa

e Critical distance parameter: 0.01 — 0.1 mm

Results of the most promising contact definitions for tie-break contacts are displayed in the form
of load-displacement curves in Figure 3.30. Corresponding input parameters of the adhesive interface
are displayed in Table 3.5 and Table 3.6. Notably, the global stiffness between the two load-
displacement curves is different. This is caused by the mesh size difference, as the mesh size is 1.2
mm for model 14.2 and 2 mm for model 11.1.

FRP

Figure 3.29: Geometry of preliminary adhesive
interface sensitivity study
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Load-displacement curves of adhesive interface sensitivity study

—— FE model versicn 14.2 with tie-break option 6
FE model version 11.1 with tie-break option 9
251
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T
0.06

Relative displacement [mm]

Figure 3.30: Load-displacement curve of model versions 11.1 and 14.2
Table 3.5: Tie-break contact properties of option 6 for model version 14.2

Parameter Symbol Value [Unit] Reference
Static friction coefficient FS 0.2[] According to [47]
Dynamic friction coefficient FD 0.2 ] According to [47]
Normal failure stress NFLS 100 [MPa] Acrbitrary value since initial
assumption was that peel stresses
were negligible
Shear failure stress SFLS 48 [MPa] Initial value determined from
experimental results, assuming
adhesive joint is only subjected to
shear load
Critical failure distance PARAM 0.01 [mm] Initial arbitraty trial value that
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Table 3.6: Tie-break contact properties of option 9 for model version 11.1

Parameter Symbol Value [Unit] Reference

Static friction coefficient FS 0.2[] According to [47]
Dynamic friction coefficient FD 0.2[] According to [47]
Normal failure stress NFLS 70 [MPa] According to [48]
Shear failure stress SFLS 112 [MPa] According to [48]
Exponent in damage model. Exponent <0 | PARAM 1[-] According to [49]

activates B-K damage and an exponent > 0
activates power law.

Normal energy rate ERATEN 0.38 [N/mm] According to [50]
Shear energy rate ERATES 0.68 [N/mm] According to [50]
Tangential / normal stiffness ration CT2CN 1 Default value

Stiffness CN 10% [MPa] According to [48]

From this sensitivity analysis, the following conclusions were formed with respect to modelling of
the adhesive interface:

As option 4, does not include the shear behaviour and shear stress in the failure criterion, this
tiebreak contact definition is not able to resemble an adhesive interface subjected to shear and
peel loading. For this reason, this option was not considered in the final FE model.

Option 7 and option 9 use a softening relationship that could be to take ductile properties of the
adhesive into account. However, as these options result in an increased complexity and number
of input parameters, they are more difficult to implement. Despite showing similar global
behaviour to option 6, variations led to unrealistic results and failed analysis. This is likely due
to uncertainties in adhesive properties, as they were derived from references and not from
classic fracture mechanics tests. To avoid unreliable modelling approaches with a high level of
complexity, option 7 and 9 were not implemented in the final FE model.

Option 6 provides the best results considering the load-displacement curves and characteristics
of this option. The inclusion of both shear and normal stress in the failure criterion leads to a
sufficient approach to model failure progression of the adhesive interface as sudden failure is
observed. However, this tie-break approach does not allow modelling of the bi-linear behaviour
observed for higher overlaps. Despite this, this modelling technique provides the best approach
of all options that were considered in this study, excluding option that were not analysed. In
conclusion, tie-break contacts according to option 6 will be applied in the FE model.

3.4 Finite Element Model of Thick-adherend Shear Tests

This section of the report provides an overview of the set-up of the FE models of the TASTSs. This
includes presenting the geometry and boundary conditions with corresponding mesh sensitivity study.
In addition, material models and modelling approaches for the adhesive interface are provided. To
conclude, the FE type and analysis are presented.
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3.4.1 Geometry and Boundary Conditions

FE models were developed in LS-DYNA R.12 for all three series with varying overlap lengths. To
reduce the number of elements, the grip area is not modelled, as it assumed to be perfectly gripped. The
notch is modelled as a gap with a rectangular penetration. A symmetry boundary condition is applied
in the YZ-face to reduce the number of elements. A fixed boundary condition is defined for the bottom
surface of the sample, while a prescribed displacement in z-direction is applied to the top surface. The
prescribed displacement is velocity controlled, with a maximum displacement of 0.22 mm, based on an
increasing loading rate to 0.1 mm/s. A sensitivity study was performed to determine the loading rate.
This study included a trade-off between accuracy of results, in the form of load-displacement curves,
the required maximum displacement and total runtime of analysis. The FE models of the TASTSs are
displayed in Figure 3.31. Degrees of freedom that are not shown in this figure are considered as ‘free’
in the FE models.
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Figure 3.31: Geometry and boundary conditions of 3D FE models of TASTs
3.4.2 Finite Element Type

Eight-noded hexahedron linear solid elements were used for the FRP and steel. Full-integration
elements were used for the FRP part and reduced-integration elements were used for the steel part.
While crack propagation in the FRP strip was observed during the TASTSs, the failure mode of the
specimens was related to the adhesive interface. Therefore, the FRP was assumed to behave according
to a linear-elastic material model to simplify the FE model. For this reason, linear-elastic material

models were applied to both the FRP and steel part. An overview of the FE types is displayed in Table
3.7.
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Table 3.7: Overview of FE types in TAST model

Part Element DOF’s Interpolation Stress Integration | Hourglass
type per node components control
Steel Eight-noded | uy, uy and Linear Gxx, Oyy, Ozz, Reduced Yes,
hexahdron Uz Oxy, Oxz, Oyz Belytschko-
solid element Bindeman
FRP Eight-noded | uy, uy and Linear Gxx, Oyy, Ozz, Full Yes,
laminate | hexahdron u; Oxy, Oxz, Oyz Belytschko-
solid element Bindeman

3.4.3 Material Models

The steel strip is modelled by an isotropic elastic material. Corresponding material properties are
displayed in Table 3.8.

Table 3.8: Linear-elastic material properties of steel

Material name Elastic Modulus [GPa] Poisson’s ratio [-] Mass density [kg/m?]

Steel 210 0.3 7859

As described in section 3.2.1, the laminate consists of 29 layers of CFRP and one layer of GFRP,
applied closest to the steel. The following lay-up was applied [QI(GFRP)/0,/+45/0s/90/05/
+45/03/+45/03/+45/03/90/03/+45/0,]. Since no material failure of the FRP strip was observed during
testing, the modelling approach of the composite was simplified to solid elements with homogenized
material properties, using an orthotropic elastic material model to take the orthotropic properties of FRP
into account. Classic laminate theory was applied, by use of the Classic Laminate Tool [51], to calculate
the homogenized properties of the laminate using the elastic material properties of the UD and +45 plies
provided by the manufacturer, displayed in Table 3.9. Test methods ASTM D 3039 and ASTM D 790
have been performed by the manufacturer to ensure these properties. Since there is only one GFRP ply,
this was not included in the calculation [51-53].

Table 3.9: Material properties of UD and +45 CFRP plies

Material Elastic moduli [GPa] Poisson’s ratio [-] Mass density
name [kg/m?]
UD CFRP ply E1=144,E;=8.6, Gio=G13=Gx = vi2 =0.21 [52, 53] 1520 [52]
4.05 [53]
+45 CFRP p|y E1 = Ez = 14.34, Glz = 30.27, Gle,: st = Vi2 = 0.77 [52] 1520 [52]
4.05 [52, 53]
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With these ply properties, the homogenized properties of the composite were determined, displayed
in Table 3.10.

Table 3.10: Material properties of CFRP laminate

Material name Elastic moduli [GPa] Poisson’s ratio [-] Mass density
[kg/m?]
CFRP laminate with 75.9% | E1=100, E>=20,E3=6.9, | vi2=viz=v3=0.34 877.88
0° UD plies, 6.9% 90°UD | G12=9.2,G13=Gx3=4.4 [51]
plies and 17.2% =45 plies [51]

3.4.4 Mesh Sensitivity Study

A mesh sensitivity study was performed to see with which the FE models reach convergence. The
study was partially performed on 2D models to reduce the number of elements, since the large number
of solid elements in 3D models could exceed the memory limit of the solver for a mesh size that is too
small. The geometry and boundary conditions of the 2D models are displayed in Figure 3.32. In these
models, shell elements in the YZ face with a thickness of 45 mm are used.

u=u=u-=0
X y z

¢?,=9,=¢,=0

Figure 3.32: Geometry and boundary conditions of 2D FE
model of TAST with overlap length of 30 mm

The meshed surfaces were built in 2D in the YZ face and subsequently extruded to create 3D
elements. Since this method makes it difficult to include smooth transitions between different mesh
densities in x-direction, the transition between mesh densities is employed by tied segment-to-segment
contact definition, where a segment is a 2D element on one face of the 3D solids, as described in section
3.4.5. A study was performed to ensure that stresses were distributed correctly from finer to coarser
mesh.

The 2D mesh sensitivity study was performed for mesh sizes varying from 2 to 0.25 mm, where the
mesh size is divided by factor two for every iteration. In these models, the full geometry was constructed
with this mesh size, so no mesh size deviations are used within one model. The load-displacement
curves can be observed in Figure 3.33. From these results, the conclusion can be drawn that the models
with 0.5 mm and 0.25 mm show negligible difference and therefore, that the 2D models have reached
convergence for a mesh size of 0.5 mm.
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Mesh sensitivity study - 2D FE model of TAST 30 mm overlap length

100 T'— 2p FE model - 2 mm mesh

2D FE model - 1 mm mesh
— 2D FE model - 0.5 mm mesh
— 2D FE model - 0.25 mm mesh
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Figure 3.33: Load-displacement curves of 2D mesh sensitivity study

To reduce the computational demand of the 3D FE models, a symmetry boundary condition in x-
direction and a finer mesh inside the zone of interest were implemented. Based on the results and
conclusion of the 2D mesh sensitivity study, an initial estimation of a mesh size of 0.5 mm was applied
to the zone of interest in the 3D FE models.

Due to computational limitations caused by the high number of elements in the 3D FE models, local
mesh sizes smaller than 0.5 mm were not applied. A comparison between the 3D local 0.5 mm mesh
and coarser mesh sized was performed to analyse whether convergence was reached for the 3D local
0.5 mm FE model. Unfortunately, this study showed that convergence is not reached for a 0.5 mm mesh
in the zone of interest. Deviations between the mesh convergence study, based on load — relative
displacement curves for the 3D FE models with an overlap length of 30 mm, are displayed in Figure
3.34.

Load-displacement curves of mesh convergence study - 3D FE models of TAST

100 4 —— 3D FE model - 0.5 mm local mesh
3D FE model - 1.5 mm local mesh

—— 3D FE model - 1 mm local mesh

— 3D FE medel - 2 mm local mesh
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Figure 3.34: Load - relative displacement curves oT mesh sensitivity study or 3D Fe models oT 1AS 1 with
30 mm overlap length
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In an additional mesh sensitivity study, 3D FE models with a combination of a finer and coarser
mesh, as shown in Figure 3.31, were compared with FE models consisting of a uniform element size,
to determine the mesh size outside the zone of interest. Based on this study, a combination of 1 mm
and 2 mm elements were selected for the constructed mesh outside the zone of interest, where the 1
mm mesh size is implemented directly outside the zone of interest and the 2 mm mesh size is applied
on the outer edges of the FE models.

Outside the zone of interest, nine elements for FRP and seven for steel were used in y-direction,
increasing to 28 elements for FRP and 23 for steel inside the zone of interest. The total number of
solid elements is:

e 189110 for 30 mm overlap length
e 238587 for 60 mm overlap length
e 302656 for 90 mm overlap length

To gain additional insight into the performance of the 3D FE model with 0.5 mm mesh size in the
zone of interest, a comparison with the 2D FE model with 0.5 mm mesh size was made. A comparison
of the global behaviour is displayed in Figure 3.35, which shows the load — relative displacement
curves for the 2D and 3D FE models. Moreover, the maximum global o ,, and global o y, were used
to compare the local behaviour of the FE models, which can be observed in Table 3.11.

Comparison 2D and 3D FE model of TAST 30 with 0.5 mm mesh size

— 2D FE model
3D FE model
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0.00 0.02 0.04 0.06 0.08
Relative displacement [mm]

Figure 3.35: Load - relative displacement curves for 2D and 3D FE models of TAST - 0.5 mm mesh

Table 3.11: Local behaviour comparison for 2D and 3D FE models of TAST - 0.5 mm mesh

Results of FE models 2D FE model - 0.5 3D FE model - 0.5 Deviation from 2D
mm mesh mm mesh model

Max. global ¢ ,;[MPa] 1.24* 108 1.27 * 108 +24%

Max. global Ty, [MPa] 253.84 276.05 +8.7%
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3.4.5 Steel — FRP Interaction

From the adhesive interface sensitivity study, the conclusion was made to implement tie-breaks and
tied interface conditions in the FE model of the TASTs. Three FE models with varying overlap lengths
and tied interface definition were constructed. In addition, an FE model with tie-break adhesive
interface was constructed for an overlap length of 30 mm.

The properties of the tie-break contact definition were determined based on an iterative process with
the objective to obtain a good match between the experimental and FE modelling results. This study
resulted in the following properties of the tie-break contact definition:

e Average shear capacity = 48 MPa
e Average peel capacity = 100 MPa
e Critical distance = 0.1 mm

The sensitivity study did not fully lead to physically realistic properties for the tie-break contact
definition. Since the TASTs are mainly subject to shear loading, more attention was paid to finetuning
the shear capacity than the normal capacity of the tie-break contact. However, this aspect will be further
discussed in the FE analysis of the component-level tests.

3.4.6 Finite Element Analysis

For the final 3D FE model, implicit or explicit analysis is performed, depending on the modelling
approach for the adhesive interface. For the numerical model of an overlap of 30 mm, an explicit
analysis was used as tie-break contacts cannot be analysed in an implicit analysis in LS-DYNA. On the
other hand, numerical models of overlap lengths 60 and 90 mm were executed with an implicit analysis,
as these models do not include non-linearity, and the runtime of the models is immensely reduced by
using implicit analysis. For the implicit analysis, an initial time step size of 0.1 seconds was used. The
static load was applied in two steps, starting with an initial increasing velocity and with a maximum
velocity of 0.1 mm/s. The applied load is displayed in Figure 3.36.
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Figure 3.36: Prescribed displacement of FE models
3.5 Discussion of TAST Numerical Models

This section of the report provides a discussion of the 3D FE models with varying overlap lengths.
This discussion consists of a comparison of the global behaviour of the FE models and experimental
results, in the form of load-displacement curves. Moreover, the influence of observed dry patches on
the FRP laminate and notch geometry in the numerical models are displayed.

47



3.5.1 Load-displacement Curves of Comparison Numerical and Experimental results

The relative displacement of the load-displacement curves is based on the same relative distance,
or extensometer, for DIC as numerical results. The relative distance is displayed in Figure 3.37.

Steel

Figure 3.37: Relative distance of TAST FE
model with overlap of 30 mm

For every test series with distinct overlap length, the load-displacement curves of the numerical
study and experimental results were grouped. To provide a good comparison, the geometry of one
specific sample from every series, which are samples TAST 30-2, 60-2 and 90-5, was implemented in
the FE models. These samples were selected based on minimizing the deviation from the mean
geometry and material imperfections in notch geometry and laminate. The results for 30 mm, 60 mm
and 90 mm overlap length can be observed in Figure 3.38, Figure 3.39 and Figure 3.40, respectively.

Load-displacement curves of FEM and experimental results for TAST 30-2

—— TAST 30-2 experiment
FE model of sample 30-2: tie-break interface
—— FE model sample 30-2: tied interface
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Figure 3.38: Load-displacement curves of FEM and experimental results for TAST 30-2
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Load-displacement curves of FEM and experimental results for TAST 60-2

— TAST 60-2 experiment
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Figure 3.39: Load-displacement curves of FEM and experimental results for TAST 60-3
Load-displacement curves of FEM and experimental results for TAST 90-5
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Figure 3.40: Load-displacement curves of FEM and experimental results for TAST 90-5

As can be observed from the load-displacement curves, there are extremely large deviations
between the load-displacement curves of the FE models and experimental results. This shows that the
FE models highly overestimate the global stiffness of the TAST when subjected to shear force. These
deviations increase for increasing overlap lengths, highlighting that the FE models of TAST 60-2 and
90-5 display a higher level of over-performance of the specimens when compared to experimental data.
The deviations between the numerical models and experimental results are displayed in Table 3.12.
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Table 3.12: Deviation between TAST FE models and experimental data

Model Stiffness [N/mm] Stiffness test results [N/mm] | Deviation from test
results

30-2 tied interface | 3.75* 10° 1.92 *10° +95%

30-2 tie-breaks 3.45*10° 1.92 *10° +80%

60-2 tied interface | 7.74 * 10° 1.83*10° +323%

90-5 tied interface | 15.4 * 10° 2.17*10° +610%

The implementation of adhesive interface modelling with tie-break contacts allows for failure
modelling and will provide interesting insights for the component-level study. For this reason, the model
with tie-break contacts will be considered for an overlap of 30 mm. The models with tied interface for
60 mm and 90 mm overlap length will be included in the validation and results.

3.5.2 Influence of FRP Stiffness

Since several samples showed dry patches on the FRP surface of the strips, the elastic stiffness and
therefore capacity of the material are likely to be lower than the determined properties with the Classic
Laminate Theory. Insights into the influence of these dry patches were provided by the manufacturer,
stating that the FRP could have a ten to twenty percent reduction in stiffness. For this reason, a ten and
twenty percent reduction in stiffness was applied to the FRP material model and compared to the FE
models without this reduction. The comparison was performed on models with tied interface condition.
The load-displacement curves for all test series are provided in Figure 3.41 - Figure 3.43.

Influence of FRP stiffness in FE model TAST 30-2

= FE model sample 30-2
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Figure 3.41: Influence of reduction FRP stiffness for TAST 30-2
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Influence of FRP stiffness in FE model TAST 60-2

—— FE model sample 60-2
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Figure 3.42: Influence of reduction FRP stiffness for TAST 60-3
Influence of FRP stiffness in FE model TAST 90-5
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Figure 3.43: Influence of reduction FRP stiffness for TAST 90-5

This comparison shows that even with a ten or twenty percent reduction in FRP capacity, there is
still a noticeable difference in global stiffness between the FE models and experimental results. The
FRP reduction does indeed lead to a decrease in global stiffness of the FE models. However, this factor
alone cannot account for the significant deviation observed between the FE results and experimental
data.
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3.5.3 Influence of Notch Geometry

In addition to the capacity of the FRP, notch geometry is another factor of which the influence was
studied. In section 3.3, the preliminary geometry of the notches was described. In this study, round
notches with a penetration of 1 mm were implemented. Due to their sensitivity to meshing around the
notches, the decision was made to apply rectangular notches, as displayed in Figure 3.31. However, due
to the large stiffness difference between FE results and experimental data, the influence of notch
geometry was studied.

A comparison including three models with varying notch geometry, displayed in Figure 3.44, was
performed. The analyses were performed on 3D FE models, based on a specimen with an overlap length
of 30 mm. A local mesh of 0.5 mm was used inside the zone of interest, while a coarser mesh of 2 mm
was used outside the zone of interest. The adhesive interface was modelled with tied contact definitions.
Load-displacement curves can be observed in Figure 3.45. Based on this load-displacement curve, it
becomes clear that the notch geometry has a large influence on the global stiffness of the FE model.
Additionally, the model with round penetrated notches demonstrated a lower global stiffness than the
model with sharp penetrated notches.
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Figure 3.44: FE models with and without penetrated notches
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Figure 3.45: Load-displacement curves of FE models with and without penetrated notches
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3.6 Results

This section of the report provides results, conclusions and recommendations for the TAST
numerical and experimental study. First, a model validation is performed for the three FE models with
varying overlap lengths, which is followed by results of the models. In addition, an estimation of design
values of the bond strength is provided. To conclude, a discussion of the small-scale study is provided.

3.6.1 Model Validation

For the validation of the three FE models with varying overlap lengths, a comparison between
strains based on the DIC results of the experiments and based on the FE models is provided. This
comparison includes strains in three directions, which are:

e Global zZ-direction, which is in longitudinal direction of the samples.
e Global Y-direction, which is in in-plane transverse direction of the samples.
e Principal direction, which is the direction in which maximum strains occur.

An important remark is that the DIC results do not show strains on the entire surface of the
specimens, but of a subsection. To increase the accuracy of the comparison, the same subsection of the
surface of the FE model is displayed. In addition, the extreme values of the legend of the FEM results
were matched to the extreme values of the DIC plot. Strains of DIC and numerical results for specimens
TAST 30-2, 60-2 and 90-5 are displayed in Figure 3.46 - Figure 3.54. Numerical results of the FE
models for the TASTS are presented in Appendix B.
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Figure 3.46: Strain in global Z-direction TAST 30-2 at F = 13.6 kN
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Figure 3.47: Strain in global Y-direction TAST 30-2 at F = 13.6 kN
FRP Steel 1000
0 FRP Steel 0462
0.006
0.077
0615
0.005 1154
1692
2231
0.004
2769
3.308
0.003 3846
4385
0.002 4.923
5462
6.000
0.001
x 1.0E-03
0.000

-0.001
¥

DIC TAST 30-2 FE model TAST 30-2

Figure 3.48: Strain in principal direction TAST 30-2 at F = 13.6 kN
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Figure 3.49: Strain in global Z-direction TAST 60-2 at F = 20.0 kN
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Figure 3.50: Strain in global Y-direction TAST 60-2 at F = 20.0 kN
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Figure 3.51: Strain in principal direction TAST 60-2 at F = 20.0 kN
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Figure 3.52: Strain in global Z-direction TAST 90-5 at F = 20.5 kN
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Figure 3.53: Strain in global Y-direction TAST 90-5 at F = 20.5 kN
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Figure 3.54: Strain in principal direction TAST 90-5 at F = 20.5 kN

57



From these strain results, the following observations can be formulated regarding validation of the
FE models:

e Strain distributions in all three directions show similar qualitatively behaviour for the
experimental and numerical results.

o Despite the similar qualitatively results, higher strains are observed for the experimental results
than the FE results, with an exception for peak strains around the notches. This is in line what
the deviations between the FE and experimental results. These higher strains are mainly
observed for strains in z- and principal direction. It is assumed that the stiffness difference is
mainly impacted by the longitudinal stiffness.

e All strain plots display maximum positive strain, which corresponds to tensile behaviour,
around the lower notch, which is the steel notch. This behaviour is caused by the lower stiffness
of the FRP compared to steel, therefore resulting in higher strains. This observation shows that
the notch and more specifically, the notch geometry, are an important aspect of the specimens.

e Strains in global y-direction are generally much smaller than those in global z-direction, as
observed in the DIC and FE results. However, they are not negligible, indicating the presence
of peel stresses.

e In the experimental y-strains, a blue line can be observed for TAST 30-2 and 90-5 where
negative strains occur. As specimen 90-5 shows a dry patch at the same position, it is assumed
that the dry patch is causing a weakness in transversal in-plane direction of the FRP. The same
assumption was mode for sample 30-2, however it is probable that this dry patch is positioned
in the middle of the material since it cannot be observed from either surface.

e The numerical model of TAST 30-2 displays substantially large strains in the lower part of the
overlap interface. These strains are caused by the tie-break contact definition, which showed
partial opening between the two adherends at F = 13.6 [KN]. Experimental results of TAST 30-
2 do not display any crack initiation at this stage, showing that the tie-break contact interface
displays premature crack initiation.

In conclusion, the FE models demonstrate an accurate qualitative strain distribution along the
longitudinal, transverse in-plane and principal direction. However, due to notch geometry, the FE model
tends to overestimate peak strains in the notch area. Moreover, the numerical models exhibit generally
lower strain levels compared to those observed in experimental results.

3.6.2 Design Values Bond Strength

To gain insight into the design values of the adhesive bond strength, Annex D of Eurocode 1990
was used to determine characteristic and ULS values for the shear bond strength. These values were
determined based on the load at failure observed during the TASTSs and contact stresses of the FE model
of sample 30-2 with tie-break contact definition. This section shows the major steps and conclusions of
this evaluation. The full calculation is provided in Appendix F.

Twelve out of fifteen TAST specimens displayed primer-steel failure, with or without a combination
of GFRP delamination, with an exception for TAST 30-4 and 90-3. Since primer-steel failure includes
failure of the adhesive interface between the FRP laminate and steel, these twelve samples were used
in the determination of design values of the bond strength. For these twelve samples, the average stress
was computed based on the observed load at failure and average overlap surface for samples with
overlap of 30, 60 and 90 mm. Computed average stresses are displayed in Table 3.13.
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Table 3.13: Average stress of TAST specimens based on failure load

Specimen number

Average stress for
overlap of 30 mm

Average stress for
overlap of 60 mm

Average stress for
overlap of 90 mm

[MPa] [MPa] [MPa]
Specimen 1 25.0 17.1 11.7
Specimen 2 22.6 155 14.8
Specimen 3 24.2 17.9 Not included in design

values

Specimen 4 Not included in design 17.1 10.9

values
Specimen 5 Not included in design 17.1 14.2

values

For all three FE models, peak and average bond stresses were extracted at the failure load level, as
displayed in Table 3.2. Extracted adhesive interface stresses and derived ratios for average / peak bond
stress and average peel / shear stress are shown in Table 3.14.

Table 3.14: Average and peak bond stress from TAST FE models

Property FE model with 30 FE model with 60 FE model with 90
mm overlap mm overlap mm overlap
Peak shear stress 29.0 37.0 28.0
[MPa]
Average shear stress 26.4 17.2 13.4
[MPa]
Ratio average / peak 1/11 1/2.2 1/21
shear stress
Peak peel stress 455 61.9 46.8
[MPa]
Average peel stress 2.46 2.8 2.0
[MPa]
Ratio average / peak 1/11.2 1/22.1 1/23.2
peel stress
Ratio average peel / 1/6.5 1/6.1 1/6.7

shear stress
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These results show that, compared to the model with 30 mm overlap, the ratio average peel / shear
stress decreases for the model with 60 mm overlap and increases for the model with 90 mm overlap.
This indicates that the peel stresses show, as expected, a relative increase for 60 mm, but a decrease for
90 mm overlap. This result is in contrast with expectations, as longer overlap lengths are likely to result
in higher peel stresses. However, Figure 3.55 shows that the distance from grip area to the zone of
interest decreases for higher overlap lengths, resulting in additional stiffness. This leads to a restriction
against rotation of the zone of interest, limiting peel stresses. Moreover, these results show that the
performed small-scale tests are mainly subjected to shear loading although a certain level of mixed-
mode behaviour is observed from the FE model. This leads to the conclusion that failure of the adhesive
bond was the result of shear loading, therefore only considering the shear bond strength in evaluation
of design values.

atdsatiesea:
B

i

TAST 30-2 TAST 60-2 TAST 90-5
Figure 3.55: Deformed shapes of TAST FE models (magnified 50x)

The average peel / shear stress ratio was applied to the determined average strength observed
from experiments. The average shear strengths for all specimens are displayed in Table 3.15.

Table 3.15: Average shear stress of TAST samples at failure

Overlap length [mm] Average shear strength [MPa]
30 20.7
60 14.6
90 11.2

Annex D of Eurocode 1990 defines two methods to derive properties from tests, which are:

e Method A: by assessing a characteristic value, which is divided by a partial factor and, if
necessary, multiplied by a conversion factor

e Method B: by directly determining an ULS design value, implicitly or explicitly accounting for
conversion and required reliability of the results [54].
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Equations (D.1) — (D.3) and Table D.1 of Annex D of Eurocode 1990 were used to determine
characteristic values of the average shear bond strength via method A. In addition, equations (D.4) and
(D.5) and Table D.2 of Annex D of Eurocode 1990 were used to determine design values for ULS
verifications. Since sufficient knowledge regarding the bond strength is not available, parameters for
“Vy unknown” were applied. The ratio of average / peak stress for shear stress was applied to determine
peak bond strengths. The values for the bond strength are displayed in Table 3.16 [54].

Table 3.16: Design values bond strength based on TASTs

Bond strength Characteristic values Design values for ULS
verifications

Average shear strength 10.27 5.42
[MPa]
Peak shear strength [MPa] 14.35 7.58

3.7 Discussion

This section provides limitations and uncertainties of the experimental and numerical results of
the small-scale study.

Limitations of the experimental results obtained from the TASTS, are presented as:

e Presence of peel stress. While TASTs were opted to limit peel stresses, numerical and
experimental results highlighted the presence of peel stresses. Therefore, pure mode I1
behaviour was not observed.

o Modified TASTs. As outlined in section 3.2, performed TASTS in this study are, in fact,
modified TASTSs as they do not follow the specific dimensions and boundary conditions as
defined in ASTM D5656-10 [45]. For this reason, this standard could not be used to derive
characteristic values of the bond strength.

One of the main objectives of this study was to validate constructed FE models with experimental
results. However, from section 3.5, it becomes clear that there are large deviations between global
behaviour of experimental and numerical results. There are several factors that could explain why such
large deviations were observed:

o Modelling of FRP. In this thesis, the FRP laminate is modelled by using solid elements with
homogeneous properties. This method does not take the first layer of GFRP plies into account
and is not able to compute adherend laminate failure, such as delamination.

e Material uncertainties of FRP laminate. Material properties of the FRP adherend were
determined by the classic laminate theory and material properties of the plies and resin, as
provided by the supplier. Unfortunately, experiments to ensure assumed material properties
were not performed, resulting in uncertainties regarding the performance of the FRP laminate.

¢ Infinite stiffness interface. Tied and tie-break contact definitions incorporate the principle of
an (initial) infinitely stiff adhesive interface. However, it is likely that the physical adhesive
bond displays a more ductile behaviour, therefore reducing the global stiffness of the specimens.

e Tie-break uncertainties. Several variations of tie-break contact definitions were used, with the
definition presented in the final FE model of TAST 30-2 providing the best results. However,
discrepancies between the test results and FE model regarding bond behaviour can be defined

by:
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o Insufficient stiffness of the non-physical springs in FE model. Due to this input
property, the models with tie-break contact demonstrated a lower global stiffness than
the model with tied contact. Additionally, this resulted in bond stress peaks along the
bottom of the adhesive interface, as can be seen in Figure 3.47 and Figure 3.48. This
indicates that the tie-break contact interface does not result in a properly tied interface.

o Inaccurate failure behaviour. The TAST experiments demonstrated sudden and
brittle failure while the load-displacement curve of the FE model with tie-breaks
showed a less sudden total failure. This failure behaviour is impacted by the numerical
parameter ‘critical distance’. Classical fracture mechanics tests, such as DCB and ENF,
are required to reliably obtain adhesive properties.

e Notch geometry. Section 3.5.3 presented that the notch geometry has a high impact on the
global performance of the FE models. While a simplified notch geometry with sharp edges was
applied to the FE models, it is highlighted that rounded notches would lead to a decrease in
global stiffness.

Section 3.6.2 presents design values for the average shear bond strength, based on the FE models
and experimental results. Important remarks with respect to these design values are:

e Asthe FE models were not validated by experimental results, model imperfections make it
challenging to provide an accurate comparison between the models and test results.

e As peak bond stresses are influenced by tie-break properties and mesh size, care must be
taken with presented values for the peak strength.

o Values for partial and conversion factors are based on assumptions, as sufficient knowledge is
not available.

To further validate the design bond strength, calculated values were compared with values from
similar studies, as summarized in Table 3.17. Both reference studies performed TASTs according to
ISO 11003-2 standard [55]. It is important to note that within this thesis modified TASTs were
performed, which makes presented comparison less precise. The shear bond strength obtained in this
study appears realistic and consistent with those reported in literature.

Table 3.17: Shear comparative evaluation between performed TASTs and comparative studies

Adhesive Average shear bond strength [MPa] Reference

20.7 for 30 mm overlap length
Prime™ 37 Resin & Ampreg 3X

Standard hardener 14.6 for 60 mm overlap length -

11.2 for 90 mm overlap length
Silkapower® 4720 24.34 £ 0.941 [56]

Araldite® 2015 179+138 [57]
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3.8 Summary

This chapter studies the bond strength and failure mechanisms of adhesive joints between FRP and
steel, using TASTs and corresponding FE models. The experimental set-up included three types of
thick-adherend shear samples with varying overlap lengths (30 mm, 60 mm and 90 mm) to evaluate the
influence of bond surface on shear capacity. Observed failure mechanisms highlighted sudden
debonding between primer and steel, in some cases combined with delamination of the GFRP layer, as
the primary failure mode.

In addition to the experiments, FE models were developed in LS-DYNA, using both tied and tie-
break contact conditions to simulate bond strength and bond failure. A discussion of the numerical
models was performed by comparing global load-displacement behaviour across the three overlap
lengths. Results showed that both modelling approaches demonstrate large dissimilarities with
experimental results, varying from + 80% for an overlap length of 30 mm where tie-breaks are
implemented to + 610% for an overlap length of 90 mm where a tied contact is implemented. Possible
explanations were provided. Implemented tie-break contacts overestimated the failure load in the FE
model with a 30 mm overlap length. This overestimation is assumed to be a result of the physically
unrealistic strength properties.

Characteristic and design values of the shear bond strength were derived from experimental and
numerical results. An average design bond strength of 5.42 kN was determined. Obtained average bond
strength values appear realistic and consistent with those reported in literature.

Findings from this chapter demonstrate the importance of overlap length and notch geometry in
bond performance, noting that longer overlaps displayed a reduction in average bond stress caused by
crack initiation observed during experiments for 60 mm and 90 mm overlaps. The developed FE models
offer a basis for simulating adhesive bond behaviour in FRP-steel applications.
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4. Component Experiments and Numerical Model

This chapter presents the component-level three-point bending tests and numerical models. Firstly,
it introduces the concept and set-up of the performed three-point bending tests, followed by
experimental results. This is followed by the numerical study, which includes FE models of the
component strips. A discussion and validation of the FE models is provided. To conclude, a comparison
between the component-level and full-bridge FE models is presented, followed by a discussion and
summary.

4.1 Introduction

To gain knowledge and understanding into the behaviour of the Cold Repair method using FRP,
more insight into the bond and global behaviour of an OSD component strengthened with an FRP angle
is essential. Component-level experiments and corresponding FE models contribute to this objective.
This series of experiments and FE modelling is a continuation of the TASTs and FE modelling, where
mainly the failure mechanisms, obtained shear capacity, and modelling approaches provide valuable
information for the component-level study.

4.2 Component Experiments

This section of the report provides a description of the test set-up and test results of the performed
component experiments.

4.2.1 Test Set-up

Static three-point bending tests of OSD component strips strengthened with an FRP angle were
performed in the Stevin Il laboratory of the Delft University of Technology. This test method consists
of strips, simply supported on two supports and statically loaded in bending, as displayed in Figure 4.1
and Figure 4.2.

50 mm 450 mm

90 mm 200 mm / Steel

40 mm

*weld

200 mm

Figure 4.1: Component-level three-point bending test: specimen geometry
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Figure 4.2: Component-level three-point bending test: test set-up

The specimens consist of a deck plate strip with a width of 60 mm and a thickness of 40 mm, to
simulate the equivalent stiffness of a OSD with a HSC overlay, as described in section 2.1.4. The deck
plate is connected to a trough -with a thickness of 8 mm- with a weld on the opposite side of the FRP
angle. The trough leg and deck plate are unconnected on the side where the Cold Repair is attached to
the bridge deck component to ensure all loads are distributed through the FRP and it is fully utilized.
The CFRP angle is attached to the steel deck component by the process of vacuum infusion with epoxy
resin. A primer is applied to the steel plate to create a better bond between FRP and steel. For the
component-level tests, an identical FRP laminate to the TASTs was applied. To attain the same
percentage of UD plies in the lay-up as for the TASTS, a thickness of 18 mm was implemented in these
specimens as well. One series of tests was performed, consisting of 6 samples. A detail of the laminate
lay-up is displayed in Figure 4.3. A description of the layers marked by the letters in the detail is
provided in Table 4.1

=

Figure 4.3: Laminate lay-up component samples
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Table 4.1: Description of plies in laminate lay-up component samples

Layer Description

A GQI1200 + Flow 500 (GFRP layer)
B 2 plies UD 0° 600gr/m?
C 1 ply £45° 600gr/m?
D 3 plies UD 0° 600gr/m?
E 1 ply UD 09° 600gr/m?2
F 3 plies UD 0° 600gr/m?
G 1 ply +45° 600gr/m?
H 3 plies UD 0° 600gr/m?
| 1 ply +45° 600gr/m2
J 3 plies UD 0° 600gr/m?
K 1 ply £45° 600gr/m?
L 3 plies UD 0° 600gr/m2
M 1 ply UD 09° 600gr/m?
N 3 plies 0° 600gr/m?
@] 1 ply +45° 600gr/m?
P 2 plies UD 0° 600gr/m?

The main objectives of these experiments were to measure whether debonding would occur, and, if
debonding were to be the governing failure mechanism, when and where it would occur. To measure
these objectives, 2D-DIC was used to capture strains in the Cold Repair and occurring failure. Moreover,
strain gauges were applied on the deck plate strip in two positions:

¢ Inthe middle between the trough legs, in the middle of the width of the strip

o Close to the loaded trough leg, in between the trough legs, in the middle of the width of the
strip.

In addition, LVDT, placed in the middle of the deck plate in between supports, was used to measure the
global deformation of the deck plate.
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4.2.2 Experimental Results

All tested specimens showed a very similar failure behaviour, which initiated in the edge of the
horizontal leg of the Cold Repair and propagated in the direction of the trough-to-deck plate joint until
failure of the adhesive bond occurred. Observed failure after testing for sample COMP-3, which was
the first tested specimen, is displayed in Figure 4.4.

Figure 4.4: Observed failure for specimen COMP-3

As COMP-3 was loaded for a longer time after failure of the adhesive bond, there is a clearly visible
gap between the deck plate and CFRP angle. For specimens 2, 4, 5, 6 and 7, this is not the case. For this
reason, micrographs of the fracture were taken for all six samples. To be able to identify the different
elements of the steel-FRP interface, the photos were taken from the opposite surface as the side of which
2D-DIC measurements were taken. However, for sample COMP-3, DIC paint was already applied on
this side, making it difficult to identify the interface elements. For every sample, three micrographs are
provided in Table 4.2, including:

e One image of the horizontal leg of the Cold Repair close to the trough-to-deck plate joint
e One image approximately in the middle of the horizontal leg

e One image of the outer edge of the horizontal leg of the Cold Repair

67



Table 4.2: Micrographs of failure for component three-point bending tests

Specimen | Close to the trough-to-deck | Middle of the horizontal leg Outer edge of the horizontal leg
number | plate joint

As can be seen from the micrographs, cracks propagated inwards from the outer edge of the
horizontal leg of the Cold Repair. A combination of delamination of the GFRP layer, indicated with
arrow D, and adhesive failure of the Cold Repair, indicated by arrow A, was observed.
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Global load-displacement curves of the experimental tests are displayed in Figure 4.5. The mean
curve can be observed in Figure 4.6. The load is based on data from the tensile machine and the
displacement was based on the LVDT data.

Global load-displacement curves based on LVDT

140 11— Specimen 2

Specimen 3
Specimen 4
Specimen 5
Specimen 6
Specimen 7

120

100 A

80 A

Load [kN]

60

40 1

20

0 1 2 3 4 5
Displacement of the middle of the deck strip [mm]

Figure 4.5 Global load-displacement curves of component-level three-point bending tests

Mean relative load-displacement curves of component tests
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Figure 4.6: Mean load-displacement curve of component tests

From the displayed load-displacement curves, the following observations and conclusions can be
formulated:

e All six samples show a linear behaviour with a similar stiffness up to a certain load level, at
which the load drops. The load at which this drop occurs, and the magnitude of this drop are
displayed in Table 4.3. This load drop was paired by a sudden crack and sound, indicating the
full debonding of the Cold Repair. The average load level at debonding is 110.15 kN.
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o After this load drop, non-linear behaviour is observed for all specimens. All samples were
loaded until the non-linear behaviour was observed after which the loading was slowly removed.
However, specimens 3 and 6 were loaded until the non-linear behaviour stabilized and the load
no longer increased.

o Before this visible debonding, which occurred between 92.2 kN for COMP-2 and 116.5 kN for
COMP-6, a minor kink is visible at a load of level of around 82 kN. 2D-DIC results were used
to further study this behaviour.

o Specimen 3 shows a slightly lower stiffness in the linear-elastic phase than the other samples.
This can be explained by the deviant testing procedure for this sample. Specimen 3 was initially
tested by a machine with an insufficient capacity. Therefore, this specimen was loaded twice.
The load-displacement curve of the first test, with the name of COMP-3.1, is displayed in
Figure 4.7. The decrease in stiffness and the small load drop at around 80 kN, which was caused
by crack initiation, illustrate that the specimen was subjected to some failure, causing a stiffness
reduction during test COMP-3.2.

Table 4.3: Load at debonding of component-level three-point bending tests

Specimen number Load level at debonding [KN] Magnitude of drop [kN]
2 92.2 24
3 107.9 3.8
4 113.5 34
5 114.9 4.7
6 116.5 2.9
7 115.9 3.0

Load-displacement curve COMP-3.1

100 4

80 -

60

Load [kN]

40

20 A

T T T T T
2 4 6 8 10
Displacement from jack [mm]

Figure 4.7: Load-displacement curve of COMP-3.1

In addition to global load-displacement curves, load-strain curves from strain gauge 1, which is
placed in the middle of the steel deck strip between trough legs, and strain gauge 2, which is applied
close to the loaded trough leg, can be observed in Figure 4.8 and Figure 4.9. An inset of Figure 4.9 is
displayed in Figure 4.10.
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Strain gauge 1: Middle of steel deck strip
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Figure 4.8: Load-strain curves for strain gauge 1
Strain gauge 2: Steel deck strip close to loaded trough leg
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Figure 4.9: Load-strain curves for strain gauge 2
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Inset of strain gauge 2: Steel deck strip close to loaded trough leg
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Figure 4.10: Inset of load-strain curves for strain gauge 2

From these load-strain curves, the following conclusions can be drawn:

Strain gauge 1, which captures strains in the middle of the deck plate in between supports,
displays linear-elastic behaviour, meaning that at this point no yielding occurs.

Strain gauge 2, which captures strains in the deck plate close to the applied load, shows that the
deck strip reaches the yielding point. Figure 4.10 shows an overview of the strains at which the
onset of yielding is observed, which is the point at which the first non-linear behaviour can be
identified. Since the deck plate consists of S460, Hooke’s law defines a yield strain of 2.19 *
10° when considering a Young’s modulus of 210 GPa. As the component strips showed higher
strains, the conclusion can be drawn that either the onset of yielding occurred at lower strains
but was not captured by the strain gauges or that the steel deck plate has a higher steel grade
than the theoretical S460, which is more likely and therefore assumed.

From the inset of strain gauge 2, two different behaviours can be identified:

o Sudden drop in load, followed by non-linear behaviour. This means that debonding
occurred before yielding of the steel deck plate. This is the case for specimens 2 and 3.

o Non-linear behaviour with increasing stiffness, followed by a sudden drop in load.
This means that yielding of the steel deck plate occurred before debonding. This is the
case for specimens 4, 5, 6 and 7.

The first defined behaviour can be explained by the divergent behaviour of specimens 2 and 3
observed in Figure 4.5, since these specimens showed debonding at a much lower load level
than specimens 4 to 7. The distinct behaviour for specimen 3 is defined by performing the three-
point bending tests twice. However, the distinct behaviour for specimen 2 is not as easily
identified. 2D-DIC results were used to further study this behaviour.

Since specimens 4, 5, 6 and 7 display the onset of yielding followed by debonding of the Cold
Repair, it is assumed that increasing deformation of the deck plate, caused by the onset of
yielding, resulted in debonding of the Cold Repair. However, it is difficult to conclude to what
extent the onset of yielding influenced debonding of the Cold Repair.
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Table 4.4: Yield strains for steel deck plate in component-level tests

Specimen number Strain at which yielding occurs [-]
2 2620 * 10°
3 2700 * 10°
4 2460 * 10°°
5 2440 * 10°®
6 2420 * 10°®
7 2480 * 10°®

To measure local strains in the Cold Repair and to capture failure, 2D-DIC was used. Digital
extensometers, as displayed in Figure 4.11 where the specimen is rotated by 45 degrees, were used to
obtain strains in the following positions:

e Horizontal leg of the Cold Repair with [, = 16 mm, to measure strain in longitudinal direction
of the horizontal leg;

e Vertical leg of the Cold Repair with [, = 40 mm, to measure strain in longitudinal direction of
the vertical leg;

e Close to the edge of the Cold Repair with [, = 50 mm, to measure fracture propagation;

¢ Inthe middle of the horizontal leg with [, = 58 mm, to measure fracture propagation.

Fracture ed‘ge

RE Frac@qre'middle

sy vertical leg '

Figure 4.11: Digital extensometers DIC component-level tests
Load-strain curves of the DIC measurements can be observed in Figure 4.13 - Figure 4.14. Some
important remarks regarding these results are:

e The 2D-DIC photos for test COMP-6 were out-of-focus and could therefore, unfortunately, not
be used to determine strains. For this reason, results of test COMP-6 are not displayed in the
load-strain curves.
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Since the first 2D-DIC photo for test COMP-5 was taken at a load level of around 37 kN, strains
that occurred before that load level were not measured. This led to inconsistent results between
sample 5 and the other samples. For this reason, results of test COMP-5 are not displayed in the
load-strain curves.

The position of the digital extensometers was chosen manually, meaning that small deviations
between the positions exist between specimens. Since the results show relatively small strains
for the legs of the Cold Repair, these small deviations could lead to relatively large differences
in strains in the Cold Repair between specimens.

Load-strain curves of vertical leg of cold repair
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Figure 4.12: Load-strain curves of vertical leg of Cold Repair
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Figure 4.13: Crack opening close to edge horizontal leg Cold Repair
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Crack opening in the middle of horizontal leg cold repair
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Figure 4.14: Crack opening in the middle of horizontal leg of Cold Repair

From these load-strain curves, the following observation and conclusions can be formulated:

e Especially from Figure 4.13, it becomes clear that test COMP-3.1 caused a stiffness decrease in the
Cold Repair since strains in the legs of the Cold Repair are much higher and the crack propagation
is initiated much earlier, around 20 kN as opposed to 82 kN, than the other tested specimens.

o In Figure 4.13, opening of the crack close to the edge of the horizontal leg is displayed. This is
expressed in terms of strain of the total thickness of the component specimen, including deck plate
strip and horizontal leg. It shows crack initiation by a small jump in strain, for which the load levels
are displayed in Table 4.5, which is the case for specimens 2, 4, 5 and 7. For all specimens, crack
initiation is followed by a slope change in the load-strain curves, indicating crack propagation.
These conclusions are supported by the 2D-DIC results which show a clear opening of the crack.
Strain plots of specimen 7, before crack initiation, after crack initiation and after debonding are
displayed in Figure 4.15. DIC results for all specimens can be found in Appendix D.

e Figure 4.12 shows a jump in strains at the point of full debonding, corresponding with the jumps
displayed in Figure 4.13 and Figure 4.14.

Table 4.5: Load levels at which crack initiation of component-level tests is observed

Specimen number Load level at crack initiation [KN]
2 78.3
3 -
4 83.4
5 84.2
6 -
7 83.1
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Figure 4.15: Major strain plots of COMP-7

4.3 Finite Element Model of Component Experiments

This section of the report provides an overview of the set-up of the FE models of the component
experiments. This includes presenting the geometry and boundary conditions with corresponding mesh
size. In addition, material models and modelling approaches for the adhesive interface are provided. To

conclude, the FE type and analysis are presented.
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4.3.1 Geometry and Boundary Conditions

FE models were developed in LS-DYNA R12. Since the samples are simply supported, a support
boundary condition is defined where translation in z-direction and y-direction is constrained. Loading
is applied to the deck plate in negative z-direction. Degrees of freedom that are not shown in this figure
are considered as ‘free’ in the FE models. The model of the strengthened OSD component is displayed
in Figure 4.16.

Figure 4.16: Geometry and boundary conditions of 3D FE model of component-level three-point bending test
4.3.2 Finite Element Types
Eight-noded hexahedron linear solid elements were used to model the FRP and steel trough and

deck plate. Linear-elastic material models were applied to both the FRP and steel parts. An overview
of the FE types is displayed in Table 4.6.

Table 4.6: Overview of FE types in component-level FE model

Part Element DOP’s per | Interpolation Stress Integration = Hourglass
type node components control
Steel Eight-noded | uy, uyand Linear Gxx, Oyy, Ozz, Reduced Yes,
hexahdron U, Oxy, Oxz, Oyz Belytschko-
solid element Bindeman
FRP Eight-noded | ux, uyand Linear Oxx, Oyy, Ozz, Full Yes,
laminate | hexahdron U, Oxy, Oxz, Oyz Belytschko-
solid element Bindeman

4.3.3 Material Models

For both the steel and FRP in the component-level FE model, identical material models to the TAST
FE models were applied. This means that the steel deck plate and trough are modelled by an isotropic
elastic material, with properties displayed in Table 3.8. Moreover, the FRP angle is modelled by an
orthotropic elastic material model, with properties displayed in Table 3.10.
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4.3.4 Finite Element Mesh

For the numerical models of the TASTS, an elaborate mesh sensitivity study was performed to assess
the correct mesh size. However, as one of the objectives of the component-level model was to compare
the model with the full-bridge model, the same mesh size was implemented, with the smallest element
size of 6 mm. Generally, in practice, a mesh size corresponding to the trough thickness is implemented
in models of OSDs. The reason for this is the assessment of hot-spot stresses, for which stresses at a
distance of 0.5 and 1.5 times the thickness of the trough are required, for a relatively coarse mesh [58].
In conclusion, a mesh size of six mm is applied for the numerical models.

Six elements were used for the thickness of the deck plate, and four elements for the thickness of
the trough and cold repair. The FE model contains a total number of 9830 solid elements.

4.3.5 Steel — FRP Interaction

From section 3.3, the conclusion was made to implement both tie-breaks and tied interface
conditions in the FE model of the component-level three-point bending tests. One model with tied
interface condition and three models with tie-break adhesive interface were constructed.

The properties of the tie-break contact definition were initially determined based on the conclusions
of the thick-adherend shear numerical study. An iterative process was performed to obtain a good match
between the experimental and FE modelling results. The primary goal was to obtain a realistic load
level at which total debonding of the horizontal leg occurred. Properties of several variations are
provided in Table 4.7.

Table 4.7: Properties of tie-break contact definition of component FE models

Tie-break variation Avergge shear Aver_age peel Critical distance
capacity [MPa] capacity [MPa] parameter [mm]
Variation A 30 10 0.1
Variation B 40 20 0.1
Variation C 60 20 0.1
Variation D 80 20 0.1

4.3.6 Finite Element Analysis

Explicit analysis was performed for the final 3D FE model, as tie-break contacts cannot be analysed

with implicit analysis. A linear static load was applied, as displayed in Figure 4.17.
Applied nodal load FE model
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Figure 4.17: Applied load of component-level FE model
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4.4 Discussion of Component-level Numerical Models

This section of the report provides a discussion of the 3D FE models. This discussion consists of a
comparison of the global behaviour of the FE models and experimental results, in the form of load-
displacement curves. Moreover, an overview of the influence of the Cold Repair is displayed.

4.4.1 Load-displacement Curves of Comparison FEM and Experimental results

Discussion of the numerical models involves the comparison of the load-displacement curves from
experiments with those obtained by the FE models. The numerical study includes two modelling
approaches regarding the FRP-steel adhesive interface, which are:

e Tied contact definition
e Tie-break contact definition: Variation A, B, C and D

Since geometric and material imperfections between the component samples are much smaller
compared to the TAST specimens, the FE model was built according to average geometry parameters.
For this reason, the mean curve of all tested samples is used for the comparison. The load-displacement
curves are displayed in Figure 4.18. Displayed displacements are determined in the middle of the deck
plate, which is the same position as the LVDT during experiments. An inset of the FEM results can be
observed in Figure 4.19.

Load-displacement curves of component FEM and experimental results
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Figure 4.18: Load-displacement curves of FEM and experimental results for COMP-7
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Inset of load-displacement curves of FEM component tests
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Figure 4.19: Inset of load-displacement curves of FEM component tests

From the displayed load-displacement curves, the following observations can be formulated:

There is a deviation between the load-displacement curves of the FE models and experimental
results of sample COMP-7. This shows that the FE models overestimate the global stiffness of
the component specimens when loaded in bending. The stiffness of the linear-elastic behaviour
of the mean curve, as displayed in Figure 4.18, is 4.77 * 10* [N/mm]. Deviations between the
numerical models and experimental results are displayed in Table 4.8.

Though much less noticeable than the difference between the FE and experimental results, there
is difference in global stiffness between the FE models with tied interface condition and tie-
break interface conditions. This could be explained by an insufficient stiffness of the non-
physical springs in the FE model.

From the load-displacement curves, it is difficult to observe the specific failure behaviour of
the tie-break variations. For this reason, resultant contact forces of the adhesive interface
between deck plate and horizontal leg of the Cold Repair are displayed in Figure 4.20.

Table 4.8: Deviation between component FE models and experimental data

Model Stiffness [N/mm] Deviation from test results
Tied interface 5.64 * 10* + 18%
Tie-break variation A 5.45* 10* + 14%
Tie-breaks variation B 5.46 * 10 + 14%
Tie-breaks variation C 5.49 * 10* +15%
Tie-breaks variation D 5.48 * 10* +15%

80



Contact force curves of tie-break contacts of component FE models
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Figure 4.20: Contact force curves of adhesive interface deck plate — horizontal leg of component FE models

Figure 4.20 shows that variations A and D experience total debonding, while variations B and C
show partial debonding. As experiments revealed full debonding of the horizontal adhesive bond,
variations B and C were excluded from the final FE model. As there is a 30 kN additional capacity
between crack initiation and total debonding, variation D, showing debonding without crack
propagation, was also not considered. Tie-break variation A, which allows for crack propagation and
full debonding of the horizontal leg of the Cold Repair, was selected for the FE model of the component-
level tests.

4.4.2 Impact Cold Repair on Global Stiffness Component Specimen

Since there are several uncertainties involved regarding modelling of FRP, two FE models were
developed to determine the effectiveness of the Cold Repair. To provide a correct comparison, the initial
gap between trough and deck plate was replaced for a tied connection. The reason for this was to ensure
the model without Cold Repair would utilize the trough component as well, which is not the case if the
trough and deck plate are disconnected. The interface between FRP and the OSD component is
modelled as a tied contact. The set-up of both models is displayed in Figure 4.21.
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Figure 4.21: 3D FE model of OSD component with and without Cold Repair and attached trough-deck connection

81

v\l,_. R



Load-displacement curves of both FE models are shown in Figure 4.22. The mean load-
displacement curve of experimental results is also displayed to illustrate the performance of these
models compared to the component samples. An important remark is that the component strips do not
consist of a welded trough-deck joint.

Load-displacement curves of FE models with and without cold repair and compenent tests
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Figure 4.22: Load-displacement curves of FE models with and without Cold Repair and component
tests

Based on displayed load-displacement curves, the following observations and conclusions can be
formulated:

e The model with Cold Repair provides a higher stiffness than the model without Cold Repair,
which is in line with expectations. The model with Cold Repair results in an increase in global
stiffness of + 9.9% compared to the model without Cold Repair.

e Both FE models show an overestimation of the global stiffness when compared to
experimental results. Theoretically, the FE model without Cold Repair should have a lower
performance than experimental results, since the samples are strengthened by the application
of the FRP angle. However, this behaviour can be explained by the influence of the tied
trough-deck plate connection in the models, which leads to an increase in global stiffness of
the entire component.

This last observation sparks interest into the influence of the tied trough-deck connection. For this
reason, the 3D FE models with Cold Repair and with and without tied trough-deck joint, as displayed
in Figure 4.21, are compared. The interface between FRP and the OSD component is modelled as a
tied contact. Load-displacement curves of this analysis can be observed in Figure 4.23.
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Load-displacement curves of FE models with CR and with and without tied trough-deck joint
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Figure 4.23: Load-displacement curves of FE models with and without tied trough-deck joint

These load-displacement curves show that the influence of the tied trough-deck joint is relatively
small, with a deviation of +2.3% for the model with attached trough-deck component. From this result,
the conclusion can be drawn that the tied connection alone does not provide a thorough explanation for
the stiffness difference between the model without Cold Repair and experimental results.

4.5 Results

This section of the report provides results, conclusions and recommendations for the component-
level numerical and experimental study. First, a model validation is performed for the FE model,
followed by results of the models. In addition, an estimation of design values of the bond strength is
provided. To conclude, a discussion of the component-level study is provided.

45.1 Model Validation

For the validation of the FE model, a comparison between strains based on the DIC results of the
experiments and based on the FE model is performed. This comparison includes strains in principal
direction.

An important remark is that the DIC results do not show strains on the entire surface of the
specimens, but of a subsection. To increase the accuracy of the comparison, the same subsection of the
surface of the FE model is displayed. In addition, the extreme values of the legend of the FEM results
were matched to the extreme values of the DIC plot. Since crack initiation and propagation were
observed in the DIC results of the experiments, three significant stages are displayed in the model
validation, which are:

e Stage before crack initiation with a load level of 60 kN
e Stage after crack initiation with a load level of 104 kKN
e Stage after total debonding of the horizontal leg of the Cold Repair with a load level of 119 kN.

Strains of DIC and numerical results of specimen 7 are displayed in Figure 4.24 - Figure 4.26.
Numerical results of the component-level FE models are presented in Appendix E.
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Figure 4.24: Strain in principal direction for DIC COMP 7 and FEM tie-break variation A at F = 60 kKN
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Figure 4.25: Strain in principal direction for DIC COMP 7 and FEM tie-break variation A at F = 104 kN
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Figure 4.26: Strain in principal direction for DIC COMP 7 and FEM tie-break variation A at F = 119 kN

From these strain and bond contact results, the following observations and conclusions can be
formulated regarding validation of the FE models:

The strain plots indicate negligible strain levels in the steel deck plate and trough for all three
load levels. At a load level of 60 kN, strain peaks are mainly observed around the inner and
outer edge of the horizontal interface in both the experimental set-up as the FE model. However,
the DIC strain plot reveals maximum strains in the trough-deck plate joint. This behaviour
aligns with expectations, as the rubber in the specimens is assumed to have a substantially lower
stiffness than the OSD component and Cold Repair, leading to higher strains.

High strain peaks and a visible gap in the horizontal adhesive bond display crack initiation and
propagation from the outer edge of the horizontal adhesive joint in the experimental results. The
FE model shows crack propagation and initiation as well but this is not visible in displayed
figures.

To display failure of the adhesive interface in FEM, Figure 4.27 - Figure 4.29 can be observed.
Figure 4.27 shows the position of horizontal, indicated by yellow, and vertical, indicated by
green, adhesive interface. In Figure 4.29, debonding is represented by values between 0 and 1,
where 0 indicates full contact and 1 indicates no contact. It is evident that crack initiation and
propagation do not follow the same pattern in experimental results, with the following
differences:

o Experimental results of specimen COMP-7 show no crack initiation up to a load of 100
kN with full debonding at around 119 kN. The FE model displayed the first crack
initiation around 60 kN. This means that the FE model with tie-breaks underestimates
the adhesive bonded joint.

o DIC results indicate that a crack propagation is initiated from the outer edge of the
horizontal adhesive interface. This is in contrast with the FE model, where debonding
is mainly propagating from the inner edge of the interface, while the outer edge suffers
debonding to a lesser extent. However, the presence of the gap between trough and deck
plate in the FE model could provide an explanation of this dissimilarity.
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Figure 4.27: Position of horizontal and vertical adhesive interface of component-level FE model
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Figure 4.28: Failure of the adhesive interface between Cold Repair and OSD in FEM
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Figure 4.29: Debonding of adhesive interface between deck plate and horizontal leg of Cold Repair

In conclusion, while the FE models demonstrate a reasonable qualitative strain distribution in
principal direction, the current tie-break contact interface in the FE model does not fully capture the
debonding behaviour observed during experiments, as there is a discrepancy between the experimental
and FE model debonding behaviour.

4.5.2 Impact Cold Repair on Stress Distribution in Trough Leg

As outlined in section 4.4.2, the Cold Repair positively impacts the global stiffness of the OSD
component, resulting in an increase of 9.9% compared to the model without Cold Repair. However, as
the goal of the Cold Repair is not defined as increasing the global stiffness of the OSD, but to take over
the function of the weld, the repair method should reduce stress concentrations in the trough-to-deck
plate weld. For this reason, a comparison of local stresses in the trough for the model with and without
Cold Repair is performed.

To provide a correct comparison, the initial gap between trough and deck plate was replaced for a
tied connection. The reason for this was to ensure the model without Cold Repair would utilize the
trough component as well, which is not the case if the trough and deck plate are disconnected. The
interface between FRP and the OSD component is modelled as a tied contact. Both FE models can be
observed in Figure 4.21. Contour plots of stresses in local y-direction (bending stress) are displayed in
Figure 4.30. The deck plate is removed to increase visibility of the stress distribution.

LOCAL Y Direct Stress LOCAL Y Direct Stress
34338 37266 I—}
-201.89 -319.69 I
240.39 266.72 |
-188.90 21375 |
-137.40 -160.79 |
-85.90 -107.82 |
3441 5485 |
17.09 -1.88 I
6858 51.08 |

120.08 104.05

171.58 157.02

223.07 20999

27457 262 96

326.06 31592

With Cold Repair Without Cold Repair

Figure 4.30: Local y-directional stress in trough leg with and without Cold Repair
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In Figure 4.31, the mid-plane, read from the top fibers in the second row of elements, and bending
stresses in the centre solid elements of the trough leg are displayed. Generally, hot-spot stresses would
be indicated at distances of 0.5 and 1.5 times the trough plate thickness from the toe of the weld.
However, as the strip models exhibit a mesh size of 6 mm, to match the mesh size of the full-bridge
model, and the trough thickness is 8 mm, these stresses cannot be directly obtained from the model.
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Figure 4.31: Axial and bending stress distribution in trough leg along the length of the trough

As can be seen from the stress distributions, the Cold Repair decreases the bending and axial
stress, especially close to the deck plate intersection. Additionally, the Cold Repair leads to
compressive stresses in the trough leg while the model without cold repair does not demonstrate any
compressive stresses in the upper part of the trough leg. This highlights that the cold repair changes
the complete behaviour of the trough leg for this specific component strip. This conclusion is
supported by the deformed shape of the component specimen with and without Cold Repair, which
exhibits a different behaviour, as can be observed in Figure 4.32.

With Cold Repair Without Cold Repair
Figure 4.32: Deformed shape of FE model with and without CR (magnified 30x)
4.5.3 Design Values Bond Strength

To gain insight into the design values of the adhesive bond strength, Annex D of Eurocode 1990
was used to determine characteristic and ULS values. This section shows the major steps and
conclusions of this evaluation. The full calculation is provided in Appendix F.

Since all six samples of the component tests displayed debonding initiated from the outer edge of
the horizontal leg of the Cold Repair, all specimens are included in the determination of design values
of the bond strength. The FE model with tie-breaks was used to obtain bond stresses at the outer edge
of the horizontal leg of the Cold Repair. For every sample, the bond stresses were taken at the load level
at which debonding occurred. Determined bond stresses at the outer edge of the horizontal leg of the
Cold Repair are displayed in Table 4.9. These stresses are not the maximum observed stresses but local
stresses, making them subject to mesh size and not to be confused with average bond stresses.
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Table 4.9: Bond stress at outer edge of horizontal leg of CR for component specimens

Specimen number Load at debonding Shear bond stress Peel bond stress
[kN] [MPa] [MPa]
Specimen 2 92.2 16.0 7.5
Specimen 3 107.9 16.3 7.6
Specimen 4 1135 16.8 6.8
Specimen 5 114.9 16.9 6.5
Specimen 6 116.5 17.0 6.3
Specimen 7 115.9 16.9 6.5

The FE model was used to assess the ratio peel / shear stress for the outer edge of the horizontal
interface, which is dependent on the load level. The ratio peel / shear stress at the average failure load
of 110.15 kN is 1/ 2.4. This ratio indicates a high level of mixed-mode behaviour. For this reason, and
because the obtained ratio peel / shear stress is based on peak stresses and not on average values, no
average bond strength values could be derived. However, values for the peak bond strength with a
specific ratio of 1/ 2.4 and a mesh size of 6 mm were determined to provide insight into the adhesive
bond strength of the Cold Repair and how it compares to the TASTS.

Similarly as for the TASTs, Annex D of Eurocode 1990 was used to determine characteristic and
design values for the peak shear and peel bond strength. Values for the peak bond strength are displayed
in Table 4.10. As these results are based on peak stresses, they could not be compared to derived peak
shear bond strengths from TASTS, as these values were based on a different mesh size.

Table 4.10: Values peak bond strength based on component-level tests at ratio peel / shear of 1 /2.4 and mesh size of 6 mm

Property Characteristic value Design value for ULS verifications
Peak shear strength at outer 15.80 14.28
edge [MPa]
Peak peel strength at outer 5.77 4.16
edge [MPa]

4.6 Comparison between Component-level and Full-bridge Numerical
Model

This section of the report provides a comparative analysis of the component-level strip model,
constructed within this thesis, and the full-bridge model, constructed by Arup. It highlights key
differences between the models and provides a qualitative and quantitative comparison.
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4.6.1 Set-up of Full-bridge Model provided by Arup

Arup has provided an existing FE model of the Second Van Brienenoord bridge. The geometry and

boundary conditions of this model are displayed in Figure 4.33. The analysis is focused on governing
detail 2, marked red.

. Deck restrained in
Deck restrained all directions at this
vertically and location
longitudinally at this
Hanger spacing
Length = 32.8m

Deck restrained
vertically only at these
locations

Deck restrained
vertically only
at these
locations

Width = 29m
(full width of bridge)

Ay

Figure 4.33: Geometry and boundary conditions FE model Second Van Brienenoord bridge (Arup)

Arup’s research focuses on the contribution of the Cold Repair by comparison of a FE model with

and without Cold Repair. The FE model without Cold Repair exhibits three main elements, displayed
in Figure 4.34 and Table 4.11.

One layer of Epoxy connected to deck Two layers of solids
solids for Epoxy plate in 6 degrees of modelling HSC
layer freedom layer

101100 T .01 A A )1 I AT T 2T 1 T JTY

| ] i
ATV YT ET 01 10 O 1 10 0 O I 1

1 I /]
A T 11T 0 . 1010 I 20 O

Figure 4.34: Elements in FE model Second Van Brienenoord bridge without Cold Repair (Arup)
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Table 4.11: Elements with corresponding element type in FE model Van Brienenoord bridge without Cold Repair

Part Element type Thickness Young’s Poisson’s
[mm] Modulus [GPa] ratio [-]
Steel OSD Shell elements Deck plate = 12 210 0.3
Trough =6

HSC overlay Two rows of solid 50 22.5 0.2
elements

Epoxy layer between One row of solid 3 1.15 0.4
HSC overlay and elements

deck plate

Similar as in this thesis, the OSD is strengthened with the Cold Repair. Several geometries were
considered in a sensitivity study with the final geometry modelled according to Figure 4.35. FRP lay-
up and properties outlined in this thesis were applied in the full-bridge model as well. A tied contact
between the OSD and Cold Repair was implemented.

Horizontal leg

1 Geometrical parameters | Cold Repair

Thickness 18 mm
Horizontal leg 150 mm
Vertical leg 150 mm
Length 1420 mm

Figure 4.35: Geometry Cold Repair in full-bridge model (Arup)
4.6.2 Comparison of Strip Model and Full-bridge Model

One of the objectives of this thesis research is to assess to what extent the full-bridge model provided
by Arup gives comparable results to the component strip model. This comparison relies on similarities
with respect to model set-up to provide a proper comparison. However, the full-bridge and strip model
exhibit several dissimilarities, making it complex to perform a proper comparison. ldentified
dissimilarities can be defined as:

e Loading condition. In the full-bridge model, a patch load that resembles a tyre load in traffic
loading conditions, is applied to the OSD. However, a line load over the entire width of the strip
component was applied in the strip model. The impact of the loading condition is verified on a
FE model of an unstrengthened OSD component, modelled by shell elements and with a length
of 1000 mm, as opposed to the 60 mm of the strip model. The comparison is displayed in Figure
4.36 and shows that the loading conditions impact the distribution of bending stresses in the
trough.
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Line load Patch load

Figure 4.36: Comparison of loading condition on unstrengthened OSD component

¢ Boundary conditions. The main difference between the strip model and full-bridge model is
defined by the boundary conditions. While the strip model is simply supported by supporting
the deck plate, the full-bridge model exhibits a supported trough, which is supported by
crossheams, and an increased stiffness of the deck plate supports since the model is extended
beyond the displayed detail of strengthened OSD.

o Dimensions. Since the strip model is downscaled by a factor 1.5 compared to the full-bridge
model, size effects could lead to deviations between results of the component strip and full-
scale bridge model. Moreover, the length of the horizontal and vertical leg of the Cold Repair
in the strip model is smaller than in the full-bridge model. However, thicknesses are not scaled
in the component strip model.

e Element formulation. While the full-scale model exhibits shell element formulation for the
OSD, the strip model applied solid elements. This difference lies in the presence of the HSC
overlay, which is modelled by two rows of solid elements in the bridge model. However, to
simulate the additional stiffness of this HSC overlay, the thickness of the deck plate strip in the
component specimens was increased. To simulate the experiments, four rows of solid elements
were used in the strip model since shell elements are not able to sufficiently take this relatively
large thickness into account.

Apart from these dissimilarities, the full-bridge model and component model implement two
distinct interface conditions, where the full-bridge model implements tied interface conditions, and the
component strip model implements tie-break interface conditions. As outlined in previous sections, the
major difference between tied and tie-break interface conditions lies in the inclusion of failure
modelling. This means that the full-bridge model is not able to capture debonding of the adhesive
interface, as tied contacts are used.
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While an accurate comparison of both models is challenging, stress plots for the shear and normal
bond stress of both FE models are compared to gain insights into the contribution of the Cold Repair.
For the full-bridge model, three cases of tandem loads according to LM1 and LM2 of traffic loading
according to Eurocode 1991 [59], as displayed in Figure 4.37, are considered. Occurring bond stresses
are displayed in Figure 4.38 and Figure 4.39. To compare, occurring bond stresses in the strip model at
a load level of 60 kN are displayed in Figure 4.40.

TS 101 TS 102 TS 103

Figure 4.37: Tandem load cases applied in full-bridge model (Arup)
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Figure 4.38: Peel bond stress contour plot under characteristic TS cases of bridge model (Arup)
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Figure 4.39: Shear bond stress contour plot under characteristic TS cases of bridge model (Arup)
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Figure 4.40: Peel bond stress contour plot at F = 60 kN of strip model in MPa

From these contour plots, it is evident that all stress peaks occur in the corner, or inner edges of the
Cold Repair. However, while the results from the full-bridge model show substantially lower bond
stresses at the outer edges, the strip model shows peel stress concentrations at the outer edge of the
horizontal leg. As tapered edges are employed in the component strip model, stress concentrations
should be reduced at the outer edges. This dissimilarity could be caused by the separation of the Cold
Repair and OSD because of tie-break failure, however there is no additional support for this explanation.

4.6.3 Verification of Cold Repair Design

A verification of the proposed design of the Cold Repair was performed in Arup’s study. Assumed
average bond strengths were referenced by dolly tests and three-point bending tests conducted for the
project of the Suurhoff Bascule bridge. Additionally, design values of observed peak stresses in the full-
bridge model were determined, taking temperature loading and LM1 of traffic loading according to
Eurocode 1991 into account [59]. These values with accompanying unity checks are displayed in Table
4.12.
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Table 4.12: Values for assumed bond strength and design values of bond stress (Arup)

Aspect Shear [MPa] Peel [MPa]
Assumed average bond 12 19
Strength (fbond)
Design values of peak bond 8.9 8.9
stress (a'design; rdesign) . '
Unity check 0.7 0.5

Table 4.12 shows that the ratio peak peel / shear stress in the full-bridge model is 1 / 1. This is in
contrast to the ratio of 1 / 6.5, which was derived from the component-level model. As displayed bond
stresses are based on different peel / shear ratios and peak stresses, they cannot be accurately compared
with derived values in sections 3.6.2 and 4.5.3. Therefore, the design of the Cold Repair as applied in
the full-bridge model could not be verified by obtained design values. However, when the average shear
bond strength, as assumed by Arup, is compared to the derived average design shear strength, as shown
in Table 4.13, it is evident that Arup’s design overestimates the shear bond strength.

Table 4.13: Design values of average bond strength from TASTs

Bond strength Average shear strength [MPa]
Assumed average bond strength (f pona) 12
Design values for ULS verifications 5.42

It is evident that bond strength values derived in this thesis cannot be used to verify the Cold Repair
design as implemented in the full-bridge model. However, to provide some insights into whether the
strengthened component strip could resist loads similar to those in the full-bridge model, the static
capacity of the component strips was analysed. Since the component strips represent a small section of
a full bridge, the LM1 loading case from Eurocode 1991-2 [59] was applied, as this loading case
provides the governing local load. LM1 specifies a tandem load of 300 kN with a tyre contact area of
400 x 400 mm.

The component strips, with a width of 60 mm, displayed crack initiation at an average load of 82
kN and full debonding at 110 kN. Scaling the component strips to a width of 400 mm results in the
following load capacities:

e Load at crack initiation: 533 kN
e Load at full debonding: 733 kN

This simplified analysis suggests that the component strips strengthened with Cold Repair, as tested in
component-level experiments, could withstand local traffic loads as the defined tyre loads remain below
the ultimate load capacity. However, it is important to note the differences between the component-
level experiments and the full-bridge model, as discussed in section 4.6.2. These key differences
introduce uncertainties to this conclusion, mainly with respect to size effects boundary conditions.
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4.7 Discussion

Similarly to the small-scale study, the component-level FE models demonstrate deviations from the
global load-displacement behaviour observed in experiments. In addition to described factors in section
5.1, a possible explanation for these dissimilarities could be related to the mesh size, since no mesh
sensitivity analysis was performed for this numerical study.

With respect to derived values for peak shear bond strength, uncertainties outlined in section 3.7
also apply to the component-level study. It is also important to highlight that derived values are based
on peak stresses and a specific ratio peel / shear stress and mesh size. Therefore, these results are highly
case-specific.

4.8 Summary

This chapter studies the component-level experiments and accompanying FEM of reinforced OSD
components. It starts with the set-up and execution of static three-point bending tests on OSD strips
strengthened with Cold Repair. These tests aim to investigate the bond performance, failure modes and
static load-carrying capacity of the specimens. Experimental results demonstrated that crack initiation
-at around 82 kN- consistently occurred from the outer edge of the adhesive bond between steel deck
plate and horizontal leg of the Cold Repair. The global load-displacement curves displayed linear
behaviour during further crack propagation up to the point of debonding. This total failure, at an average
load of 110 kN, indicates the point where the horizontal leg of the Cold Repair separates from the deck
plate.

The chapter further focuses on the development and discussion of a 3D FE model of the
strengthened OSD strips. Similar to the TASTSs, the implementation of tied and tie-break contact
conditions are studied to simulate bond behaviour and assess their influence on global load-
displacement behaviour. Tie-breaks were implemented in the final FE model as they allow for crack
propagation followed by debonding of the interface, as opposed to tied contacts. Through an iterative
process, the FE model was fine-tuned to approach experimental load-displacement behaviour and
observed failure modes, although the model exhibited limitations in capturing the exact global stiffness
and debonding behaviour.

A comparative analysis of the full-bridge and component numerical models was performed. While
the full-bridge model uses a tied contact for the adhesive interface, the strip model includes tie-break
conditions. Key differences in loading conditions, boundary conditions, dimensions (with respect to
scaling) and element formulation, challenge direct comparison of both models. Both models show
similar bond stress distributions, though the component-level model displays peak peel bond stress at
the outer edge of the horizontal leg. While the strip model’s load capacity suggests it could withstand
local traffic loads employed in the full-bridge model, defined key differences introduce uncertainties.
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5. Conclusions and Recommendations for Future
Research

This chapter presents the research conclusions, which provide an answer to formulated research
guestions in section 1.2.3. Based on these conclusions, recommendations for future research are
suggested.

5.1 Conclusions

This thesis investigates to what extent non-linear numerical modelling and small-scale and
component-level experiments contribute to obtaining an increased reliability using the Cold Repair
method with CFRP. Two experimental and numerical studies were performed, followed by a
comparison of a full-bridge and component-level model of an OSD strengthened by Cold Repair. First,
an answer to the main research question is provided.

This thesis demonstrates that linear numerical modelling provides a sufficient approach to model
the Cold Repair method up to the point of failure. Non-linear numerical modelling allows for simulation
of the failure behaviour of the adhesive bonded joint between FRP and steel. Performed experiments
demonstrate that the samples follow a linear behaviour, and failure of the adhesive bond occurs
suddenly. This reduces the necessity to implement non-linear numerical modelling of the adhesive
interface when the design of the Cold Repair does not allow for damage.

To support the answer to the main research question, the following conclusions can be formulated:

e Small-scale tests indicate the shear-dominated failure of the adhesive bond between FRP and steel,
with a design value of the average shear bond strength of 5.42 kKN. Observed failure mechanisms
highlight debonding between primer and steel, for four samples in combination with delamination
of the GFRP layer, as the primary failure mode.

e Component-level tests demonstrate that crack initiation consistently occurs from the outer edge of
the adhesive bond between deck plate and horizontal leg of the Cold Repair. This crack initiation
occurs at a load level of around 82 kN. As the crack propagates, the component strips display linear
behaviour up to the point of total failure. Total failure is defined by full debonding between the
horizontal leg of the Cold Repair and steel deck strip at an average load level of 110 kN. For four
of six specimens, full debonding was followed by the onset of yielding of the steel deck strip. As
the component strips have additional capacity after crack initiation, non-linear numerical modelling
could result in obtaining additional capacity of the Cold Repair design.

e Developed non-linear numerical models do not contribute to additional reliability in the Cold Repair
method, for two reasons:

o Developed non-linear numerical models that implemented tie-break adhesive interfaces are
not able to accurately match observed failure behaviour of the FRP-steel bonded joint.

o As observed during small-scale and component-level experiments, failure of the adhesive
bond occurs suddenly. Therefore, non-linear modelling does not provide additional value
to results obtained from performed experiments. However, the FE models present valuable
insights into mixed-mode behaviour of the tests. The ratio of peel / shear stress, as derived
from developed FE models, is equal to 1 / 6.5 for the TASTS, indicating shear-dominating
failure, and 1/ 2.4 for the component-level tests, indicating mixed-mode behaviour.
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5.2 Recommendations for Future Research

This research could be further improved and extended by studying the following topics:

Additional shear tests. Limitations of the executed TASTs were recognised in this thesis. It is
recommended to perform standardized shear tests for which the ratio between peel and shear
stresses is known and that do not require application of notches. Examples that fit these criteria
include single-lap shear tests and double-lap shear tests.

Peel tests to obtain peel strength of adhesive bond. As mixed-mode and shear-dominant
behaviour was observed during component-level tests and TASTSs, respectively, the peel bond
strength could not be derived. However, it would be valuable to have understanding into the peel
strength properties of the FRP-steel adhesive joint. Therefore, it is recommended to perform peel
tests.

Material testing of FRP laminate. As outlined in this thesis, uncertainties regarding material
properties of the FRP laminate could have contributed to the observed deviations between
experimental and numerical results. For this reason, it is recommended to perform material-level
tests on FRP laminate in future research to gain confidence into strength and stiffness of the material.

As presented in section 5.1, non-linear numerical modelling allows for modelling of the adhesive

bond failure. However, if accurate modelling of failure of the adhesive bond is desired, the following
topics could be investigated in extension to this thesis:

Modelling of FRP laminate. Increasing the complexity of the modelling approach of the composite
laminate provides additional accuracy, as delamination of the GRP plies was observed in both
TASTSs and component-level tests. Approaches that take the lay-up of a composite laminate into
account are displayed in Figure 5.1 (c) and (d). These modelling approaches implement one row of
solid elements per ply or several plies and cohesive solid elements in between to enable the
simulation of delamination.

Figure 5.1: FE models of composite laminate plate (c) solid layers (SL) — cohesive zone layer (CZ) -
SLand (d) SL-CZ-SL-CZ-SL - CZ-SL (black solid lines are cohesive layers)

Fracture mechanics tests. While several tie-break contact options and basic principles of CZM
were studied in this thesis, an improvement could be accomplished by a more complex and
extensive analysis of modelling approaches to simulate adhesive interfaces. However, classical
fracture mechanics tests, such as double-cantilever beam (DCB) tests or end-notch flexure (ENF)
tests are needed to reliably obtain required adhesive properties, such as fracture toughness.
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A Experimental Results of TASTs

This appendix presents the experimental results of the TASTSs. For all samples, strains in y-, x-
and major strain direction are displayed at different load levels. Strains in x- and y-direction are
displayed for three load levels, where the highest load level is one stage before failure. Displayed
major strains include observed failure as the latest stage.

103



0.005

0.002

Y-strain TAST 30-1 at F = 30.8 kN

0
0.035
0.030
0.003 0.004 0.023
|
e BE & s B L)
) 0.000 ]
I -‘_.‘.‘_/ 6000 0.015
—1-0.003 I )
. -0.004
U i 0.008
0.006
i -0.008
| -0.009 £ 0.000
. ] -0.012
. -0.012 P e—
e " e -0.008
N7 A 0.016
-0.015
-0.020 -0.015
-0.018
-0.022 I -0.025 -0.024

X;strain TAST 30-1 at F =20.4 kN X- straln TAST 30-1 at F = 28. 2 kN X-strain TAST 30-1 at F = 30.8 kN

0
O 013 0.432

0.400
0.011

0.350
0.009

0.300
0.008

0.250
0.006

0.200
0.005

0.150
0.003

0.100
0.002

0.050
0.000
-0.001 -0.011

Major strain TAST S0-L&F =282 Major strain TAST 30-1at F = 0 kN

o

0.009
0.008
0.006
0.005
0.003
0.002
0.000

-0.002
-0.002

Major strain TAST 30-1 at F = 20.4 kN

104



0
0.004
0.004
0.003
0.002
0.002
0.001
o 0.000
-0.001
| -0.002
X -0.002

Y-strain TAST 30 2 at F=17.4 kN

8]
0.004
0.003

0.002

0.000

iE [

-0.002
-0.003

-0.005

0.005

0.003
0.002

0.001

-0.001
-0.001

Major strain TAST 30-2 at F = 17.4 kN

Y-strain TAST 30-2 at F = 21. 6 kN

X-strain TAST 30-2 at F = 21.6 kN

Major strain TAST 30-2atF=21.6

105

0o
0.005

0.004

0.003

0.002

0.001

0.000

-0.001

-0.002

-0.003

-0.004

0.007
0.006

0.005

0.003

0.002

0.000

0.002

0.003

0.005

0.006
-0.007

0
0.013
0.012

0.011

0.009

0.008

0.006

0.005

0.003

0.002

0.000

-0.001

4]
0.017
0.015
i 0.013
. 0.010
0.008
0.005
0.003
0.000
-0.003
-0.004

Y-strain TAST 30-2 at F = 28.6 kN

0
0.053

0.023
0.015
0.008

0.000

-0.006

X-strain TAST 30-2 at F = 28.6 kN

8]
0.478
0.450

0.375

0.225

0.075

Major strain TAST 30-2 at F = 0 kN



0
0.007

0.006

0.005

0.004

0.003

0.001

0.000

-0.001

8] 8]
0.004 0.006
0.005
0.003
0.004
0.002
0.003
0.002
0.002
0.001
0.001
i 0:000 0.000
B
-0.001 -0.001
| X i) -0.002
-0.002 -0.003

-0.002
Y-strain TAST 30-3 at F = 18.7 kN Y-strain TAST 30-3 at F =24.6 Y-strain TAST 30-3 at F =29.8 kN
0 4]
0.006 0.007 0.014
0.006 0.013
| 0005 0.010
0.003 0008
0.002
0.000 o 0:003
0.000
-0.002 0.003
-0.002
-0.003 0.000
-0.003
-0.005 -0.003
-0.005
-0.006 -0.005
-0.006
0008 -0.007 -0.008
X-strain TAST 30-3 at F = 18.7 kN X-strain TAST 30-3 at F = 24.6 X-strain TAST 30-3 at F =29.8 kN
kN
8] 0 0
0.007 0.008 0.501
0.006 0.008 0.450
0.005 0.006 H 0.375
0.004 I 0.300
0.005 m ’
0.003
0.225
0.002 .
0.001 0-002
0.075
0.000 0.000
0.000
-0.001 -0.001 -0.044
Major strain TAST 30-3 at F = 18.7 kN Major strain TAST 30-3 at F = Major strain TAST 30-3 at F = 0 kN

24.6 kN

106



Y-strain TAST 30-4 at F = 6.8 kN

0

0.101
0.090
0.075
0.060
0.045
0.030

/

0.015
0.000
0.005

X-strain TAST 30-4 at F = 6.8 kN

0
0.101

0.090
0.075
0.060

0.045

0.015

-0.003

Major strain TAST 30-4 at F = 6.8 kKN

8]
0.008
0.008

= 0.006
0.005
0.003

0.002

Y-strain TAST 30-4 at F=12.5

8}

0.030

0.000

-0.010
-0.014

X-strain TAST 30-4 at F=12.5
kN

8}
0.096

0.090

0.075

0.060

0.045

0.030

0.015

-0.003

Major strain TAST 30-4 at F =
12.5 kN

107

0
0.753
0.600
0.450
0.300
0.150
0.000
-0.150
-0.281

Y-strain TAST 30-4 at F = 19.1 kN

0
0.206

0.100

0.605

0.075

-0.004

Major strain TAST 30-4 at F = 19.1 kN



0
0.076

0
0.004

0.004 0.060
0.003
0.002
0.020

—{ 0.002

0.001

-0.020

- -0.040

-0.002

-0.002 -0.081
Y-strain TAST 60-1 at F =29.0 kN Y-strain TAST 60-1 at F = 43.1 kN
[;.012 lO]JZS
0.120
0.105
0.090
W 0.075
0.005 0,060
= 0.003 0.045
!! 0.002 0.030
0.000 0.015
e oo
: -0.005
X-strain TAST 60-1 at F =29.0 kN X-strain TAST 60-1 at F = 33.3 kN X-strain TAST 60-1 at F = 43.1 kN
[(:,013 [01.030 [(21'.527
0.450

0.024

H 0.375

0.020
0.008 0.300
{ 0.016 H
0.006
0.225
0.012
0.005 J
0.150
Soes 0.008 m
0.075
0.002 0.004
0.000 0.000

-0.001 -0.001 -0.030

Major strain TAST 60-1 at F =29.0 kKN  Major strain TAST 60-1 at F = 33.3 kN Major strain TAST 60-1 at F = 0 KN

108



8]
0.004

0 n

0.005 0.041
0.038
0.003
0.004
0.030
0.002
0.003
0.023
0.002
0.002
0.015
0.001 0.002
0.000 0.001 0.008
0.001 | 0.000 St
0.001
0.002
-0.008
0.002 -0.012

-0.002

Y-strain TAST 60-2 at F = 26.0 kN Y-strain TAST 60-2 at F = 32 6 kN Y-strain TAST 60-2 at F = 40.0 kN

8} n
0.003 o 024 0.087
0.002 0.080
0.021
—{ 0.070
0.002 0.018
0.060
0.015
0.001
0.050
—
0.012
0.000 0.040
0.009
0.030
-0.001
0.006
—{ 0.020
-0.002 0.003
0.010
0.000
-0.002 0.000
-0.005
-0.003 -0.003

X- straln TAST 60-2 at F 26.0 kN X-strain TAST 60-2 at F = 32 6 kN X-strain TAST 60-2 at F = 40.0 kN

0 ]
0.005 0 026 0.392
0.024 ) 0.300
0.005 4
=
()
0.021 7~ - 0.150
0.004 U
4
0.018 3
1 0.000
0.003 3
0.015 ‘2
% -0.150
'§
0.002 A
0.012 {
4
~ -0.300
0.002 }!'
0.009 1
$
A o -0.450
&
L4
{ 0.001 1 0.006 ’1;,1
).
t -0.600
n
0.000 oon3 =
/
0.750
0.000 L_‘
-0.001 0.001 EEEE—— -0.858

Major strain TAST 60-2 at F = 26.0 kKN Major strain TAST 60-2 at F = 32.6 kN Major strain TAST 60-2 at F = 0 KN

109



4] 3]
0.021 ‘ 0.021 0.033
R 0.030
)
| 0.010
oo r 0.023
0.000
0.010 ‘
0.015
\ -0.010
0.005
9 0.008
‘ =~ -0.020
0.000
’ -0.030 0.000
0.005
l -0.040 -0.008
0.010 1 -0.050
‘ -0.015
-0.015 ( — 0.060
P4 1 -0.023
-0.019 -0.069 -0.026
Y-strain TAST 60-3 at F = 28.9 kN Y-strain TAST 60-3 at F = 32.3 kN Y-strain TAST 60-3 at F = 45.2 kN
n
[J 138 [(], 129 0.168
0.120
0.150
0.120
0.100
0.125
0.100
0.080
0.100
0.080 0.060
—{ 0.075
0.060 0.040
0.050
0.020
0.040
0.025
0.000
0.020
0.000
-0.020
0.000 -0.025
-0.040
-0.014 -0.042
-0.055
X-strain TAST 60-3 at F = 28.9 kN X-strain TAST 60-3 at F = 32.3 kN X-strain TAST 60-3 at F = 45.2 kN
0 [
0.174 [(:.687
0.160
0.600
0.140
0.525
0.120
0.450
9:100 = 0.375
0.080 0.300
= 0.060 0.225
—{ 0.040 4 0.150
0.075

0.020

-0.002 -0.024

Major strain TAST 60-3 at F = 28.9 kN  Major strain TAST 60-3 at F = 32.3 kN Major strain TAST 60-3 at F = 0 kN

110



0

0 n
0.004 0.004 0.028
0.004
0.004 0.023
0.003
0.003
0.015
0.002
0.002
0.008
0002 0.002
0.000
9001 0.001
-0.008
%:000 0.000
-0.015
-0.001 Y -0.001
-0.002 P i -0.023
-0.002 d -0.002 -0.026
Y-strain TAST 60-4 at F =29.7 kN Y-strain TAST 60-4 at F = 30.8 kN Y-strain TAST 60-4 at F = 41. 3 kN
8}
[g.ou 0.018 o 129
DS 0.120
0.015
o510 0.105
0.012
0:008 0.090
0.009
0.005 0.075
0.006
0.003 0.060
0.003
0.000 0.045
0.000
-0.003 0.030
-0.003
-0.005 0.015
-0.006
-0.008 0.000
-0.009 -0.010 -0.012
X-strain TAST 60-4 at F = 29. 7 kN X-strain TAST 60-4 at F =30.8 kN X-strain TAST 60-4 at F = 41 3 kN
i}
0 014 0.018 1—/— Cl 256
0.150
0.012 0.016
I 0.014 0.000
0.010 %
' 0.012
8 -0.150
—! 0.008
{ 0.010
ﬁ -0.300
0.006 0.008 i
3 -0.450
0.006
{ 0.004
~ 0.004 g “0-800
0.002
0.002 —_— -0.750
0.000 7—7—]
-0.001 -0.001 - -0.901

Major strain TAST 60-4 at F = 29.7 kN Major strain TAST 60-4 at F = 30.8 kN Major strain TAST 60-4 at F = 0 KN

111



a 4] 4]

0.003 0.003 0.245
0.003
0.003 0.200
0.002 0.002 0.150
— 0.100
- 0.002
0.050
0.001 0.001
0.000
0.000 o900 -0.050
-0.001 -0.100
-0.001
-0.150
-0.002
-0.002
-0.002 -0.002 -0.209
Y-strain TAST 60-5 at F = 24.8 kN Y-strain TAST 60-5 at F =27.4 kN Y-strain TAST 60-5 at F = 41.7 kN
[g.om 2.007 o 261
0.006
0.004
0.200
0.003 0.005
0.150
0.002 %004 0.100
o602 0.003 b
0.001 002 000
0.000 o0z 0.050
-0.001 a-ndn 0.100
-0.002 -0.001 0.150
-0.002 -0.002 -0.198
X-strain TAST 60-5 at F = 24.8 kN X-strain TAST 60-5 at F = 27.4 kN X-strain TAST 60-5 at F = 41.7 kN
u
[3.007 o.010 [3.442
0.009 0.400
0.006
= 0.350
0.008
0.005 I
0.300
i 0.006 {0250
0.200
0.003 0:005
0.150
0.002 0.003
0.100
0.001 0.002 0.050
0.000
0.000
0.000

-0.001 -0.001 -0.051

Major strain TAST 60-5 at F = 24.8 kN Major strain TAST 60-5 at F = 27.4 kN Major strain TAST 60-5 at F = 0 KN

112



0
0.005 0.120
0.005
0.090
—1 0.004 '
0.060
0.003 I
0.030
0.002 !
0.000
0.002
-0.030
0.001
4 0.000 - -o.oso
-0.001 -0.090
-0.120

=0.002 -0.131

Y-strain TAST 90-1 at F = 36.5 kN Y-strain TAST 90-1 at F = 41.4 kN

8] W] n
0.004 0.033 0.334
0.300
0.003
0.028
0.225
0.002
0.024
0.150
0.002 0.020
=1 0.075
0.001 0.016
0.000
0060 0.012
-0.075
0.008
-0.001
-0.150
0.004
-0.002
0.000 -0.225
-0.002 -0.003 0276

X-strain TAST 90-1 at F = 25.5 kN X-strain TAST 90-1 at F = 36.5 kN X-strain TAST 90-1 atF = 41.4 kN
8] ]

[
0.007 0.038 0.700
0.006 02039

0.032 0.600
0.005

0.028 0.525
0.004

0.024 0.450
0.003 0.020 0.375

0.016 0.300
0.002

0.012 0.225

— 0.001

0.008 0.150

0.000 0.004 0.075

-0.001 0.001 -0.008

Major strain TAST 90-1 at F =25.5kN  Major strain TAST 90-1 at F = 36.5 kN Major strain TAST 90-1 at F = 0 KN

113



n

0.003 0.031 0.096
0.080
0.020
0.002
0.060
0.010
0.002
0.040
0.000
0.001
0.020
-0.010
0.000
0.000
-0.020
-0.001
-0.020
-0.030
-0.002 5
y -0.040
-0.040
X -0.002
0.060
-0.050
-0.003 -0.055 0.074

Y-strain TAST 90-2 at F = 30.5 kN Y-strain TAST 90-2 at F = 49.2 kN Y-strain TAST 90-2 at F = 57.8 kN
]

8} 0

0.152 0.255

0.120
0.200

0.090
0.150

0.060
0.100

0.030
0.050

0.000
0.000

—{-0.030
-0.060 -0.050
32020 -0.100

-0.117
-0.144

0.003

0.000

-0.002

-0.003

X-strain TAST 90-2 at F = 30.5 kN X-strain TAST 90-2 at F = 49.2 kN X-strain TAST 90-2 at F =57.8 kN

8}
0.012

0.011

0.009

0.008

0.006

0.005

8} s}
0.158 0.458
0.140 0.400
0.120 0.350

0.300
0.100

0.250
0.080

0.200
0.060

0.150
0.040

0.100
0.020 0.050

-0.005 -0.014

Major strain TAST 90-2 at F = 30.5 kN Major strain TAST 90-2 at F = 49.2 kN Major strain TAST 90-2 at F = 0 kKN

114



0
0.004

0.004 0.054
0.004 0.004 0.050
0.003 0.003 0.040
0.030
0.002 0.002
0.020
0.002 0.002
0.010
0.001 0.001
i 0.000
0.000 1 0.000
y -0.010
X -0.001 -0.001
L} -0.020
-0.001 -0.001 -0.024
Y-strain TAST 90-3 at F =30.7 kN Y-strain TAST 90-3 at F = 39 9 kN Y-strain TAST 90-3 at F =50.7 kN
8]
0.010 2.181
0.009
0.150
0.008
0.125
0.006
0.100
0.005
0.075
0.003
0.050
0.002 == 0.025
0.000 0:000
0.025
-0.002
-0.002 0,044
X-strain TAST 90-3 at F = 30.7 kN X-strain TAST 90-3 at F = 39 9 kN X-strain TAST 90-3 at F = 50.7 kN
8] 8]
0.011 o.037 0.575
0.525
0.009 0.032
]
; t 0.450
0.028
0.008 ¢
‘ 0.375
0.024 7
0.006
0.020 } 0.300
.
0.005 0.016
0.225
0.012
0.003
0.150
0.008
0.002 0.075
0.004
-0.000 -0.000 -0.010

Major strain TAST 90-3 at F = 30.7 KN Major strain TAST 90-3 at F = 39.9 kN Major strain TAST 90-3 at F = 0 kN

115



0 8] 8]
0.002 0.002 0.093
0.080
0.002
0.002
0.060
0.002
0.001 0.040
0.001
0.020
0.000
0.001
0.000
-0.001 0.000
-0.020
-0.001
-0.002
-0.040
-0.001
-0.002 -0.060
-0.002
-0.003 -0.002 0.084
Y-strain TAST 90-4 at F = 29 7 kN Y-strain TAST 90-4 at F =31.2 kN Y-strain TAST 90-4 at F =41.9 kN
8]
0 006 0.012 L [3,259
ﬁ} 0.200
0.005 0.010
| 0.100
0.004 0.008 ‘ ‘
0.000
0.003 0.006 \ \
-0.100
0.002 S | | -0.200
0.002 \ \ =0.300
0.001
0.000 | | -0.400
0.000
\ -0.500
-0.002
-0.001 (L .
T T -0.600
-0.004
-0.002 -0.005 -0.699
X-strain TAST 90-4 at F =29.7 kN X-strain TAST 90-4 at F = 31.2 kN X-strain TAST 90-4 at F =41.9 kN
8]
[0].007 0.012 %‘455
0.006 0.450
0.011
= 0.005
0.375
0.009
0.005
0.008 0.300
0.004
0.003 0:008 0225
0.002 0.005
0.150
0.002 0.003
0.001 0.002 0.075
0.000
0.000 0.000
-0.001 -0.001 -0.022

Major strain TAST 90-4 at F =29.7 kN Major strain TAST 90-4 at F = 31.2 kN Major strain TAST 90-4 at F = 0 kN

116



n 8] 0
0.003 0.003 0.041
0.038
0.003 0.002
0.030
0.002
0.002
0.023
0.002
0:001 0.015
0.001
0.001 0.000 0.008
0.000 0.000
-0.001
-0.001
-0.008
-0.002
-0.001
-0.015
-0.002 -0.002 -0.021

Y-strain TAST 90- 5 atF= 30 1kN Y-strain TAST 90 SatF = 33 3 kN Y-strain TAST 90-5 at F =“44.6 kN
0.001 S i 0.100
0.000 » H 0.080
X-strain TAST 90 5 atF= 30 1kN X- straln TAST 90-5atF = 33 3 kN X-strain TAST 90-5 at F ;44.6 kN
I i [t:oos I i [;oos 3.163

Major strain TAST 90-5at F=30.1 kN  Major strain TAST 90-5 at F = 33.3 kN Major strain TAST 90-5 at F = 0 kN

117



B  Numerical Results of TAST FE Models

This section provides results of the FE model for the TASTs with varying overlap lengths. Plots of
global stresses, displacements and bond stresses of the FE models are displayed. In FE models of
TAST 60-2 and 90-5, the adhesive interface was modelled with tied contact definition. For this
reason, bond stresses could not be read from the contact stress. As an alternative, bond stresses were
determined from the first row of elements of the FRP laminate. Displayed bond stresses are positioned
in the interface between FRP and steel, inside the zone of interest, as indicated by the dashed surface
in Figure B.1

Figure B.1: Position adhesive interface bond stress
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C Determination of Design Values Bond Strength for
Thick-adherend Shear Tests

Annex D of Eurocode 1990 defines two methods to derive properties from tests, which are:

e Method A: by assessing a characteristic value, which is divided by a partial factor and, if
necessary, multiplied by a conversion factor

e Method B: by directly determining an ULS design value, implicitly or explicitly accounting for
conversion and required reliability of the results [54].

First, method A will be applied. With a log-normal distribution, the design value, X;, should be
determined by:

Xy = ;’—;exp [m, — kysy] (C.1)
where

my, = %Zln (x) (C.2)

s, = \/ﬁﬂ(ln(xi) —my)? if Vx is unknown (C.3)

N4 1S the design value of the conversion factor. This conversion factor is strongly dependent on the
type of test and type of material [54]. As sufficient knowledge of the correct value is missing, a value
of 1.0 was assumed in the calculation.

yum 1S the partial factor. This partial factor should be selected according to the field of application of
the test results. A value of 1.0 was assumed in the calculation.

m,, = 2.82 based on experimental results.
n is the number of tested samples. In this case, n = 12.

k,, is based on Table D.1 of Annex D in Eurocode 1990. As insufficient prior knowledge of the
coefficient of variation, V,, is available, V, is unknown was applied. Asn =12, k,, = 1.89.

s, = 0.26 based on experimental results.

This calculation leads to: X; = 10.27 MPa where X, is the characteristic value of the average shear
bond strength.

For method B, the following formula is provided to determine basic variable X based on a log-
normal distribution:

Xa = 1Nqexp [my - kd,nsy] (C.4)
where all variables are consistent with method A. However:
k4, is based on Table D.2 of Annex D in Eurocode 1990. Asn=12, k;, = 4.34

This calculation leads to: X; = 5.42 MPa where X, is the design value of the average shear bond
strength for ULS verifications.
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D Experimental Results of Component-level
EXxperiments

This appendix presents the experimental results of the component-level three-point bending tests.
Sample COMP-6 is excluded from the results since the 2D-DIC photos for this test were out-of-focus
and could therefore not be used. For all samples, major strains contour plots are displayed at four load

levels:
e Before crack initiation
e After crack initiation, before total debonding
e After total debonding

e At the highest load level, before removing the load.

125



8] 0

0.016 0.196
0.014 0.180
0.160

0.012
— 0.140

0.010
I 0.120

0.008
0.100

0.006
1 0.080

0.004
— 0.060

0.002
0.040

0.000
0.020
-0.003 -0.003

COMP 2 at F=75.6 kN COMP 2 at F =86.8 kN

8]

0.347 0.197

0.320
0.175

0.280
— 0.150

0.240
— 0.125

0.200
0.100

0.160
= 0.075

0.120
— 0.050

0.080
0.025

0.040
0.000
-0.010 -0.009

COMP 2 at F=89.9kN COMP 2 at F=121.0kN

126



0
0.145

0.135
0.120
0.105
0.090
0.075
0.060
0.045

0.030

I 0.015
-0.002

COMP 3at F=107.6 kN

COMP 3atF=775kN

{1
0.390

0.360

0.320

0.280

0.240

= 0.200

0.160

0.120

5 0.080

0.040

-0.008

COMP 3 at F = 104.0 kN COMP 3 at F =134.0 kN

127



8] 8]
0.019 0.254 |

0.018
0.225|
0.015
— 0.200 |
0.013  0.175|
0.010 ] o150
0.125|
0.008
L 0.100 |
0.005
- 0.075|
0.003
—1 0.050 |
9:000 0.025 |
-0.003 -0.004 |
COMP 4 at F=73.9kN COMP 4 at F=113.0 kN
0 1
0.352 0.469
0.320
0.280 0.375
0.240
0.300
0.200
0.225
0.160
0.120 0.150
0.080
0.075
0.040
-0.008 -0.015
COMP 4 at F=110.0 kN COMP 4 at F=123.3 kN

128



8]
0.012

0.011

0.009

0.008

0.006

0.005

0.003

0.002

COMP 5at F=79.3kN

0.225
0.200
0.175

0.150

0.125

0.100

0.075

0.050

0.025

-0.003

COMP 5 at F =109.5 kN

129

COMP 5atF=114.6 kN

COMP 5 at F =128.4 kN

8]
0.228

0.200

— 0.175

— 0.150

0.125

0.100

== 0.075

0.050

]
0.025
-0.005

(1




8] 8]

0.026 0.225

0.024
0.200

0.021
—1 0.175

— 0.018
—1 0.150

—1 0.015

0.125
0.012

T |

0.100

[y

0.009

=1 0.075
—1 0.006

0.050

0.025

-0.003

COMP 7 at F=78.9 kN COMP 7 at F = 114.4 kN
0
0.151

0.140

[

0.120
| 0210 — 0.100
—{ 0.180
0.080
H 0.150
’ — 0.060
1 0.120
—{ 0.090 — 0.040
0.060
0.020
0.030
0.000
-0.004 -0.009
COMP 7 at F=114.9 kN COMP 7 at F =129.0 KN

130



E

Numerical Results of Component-level FE Models

This section provides results of the FE model for the component-level three-point bending tests.
Plots of global stresses and strains, displacements and bond stresses of the FE model are displayed.
Since crack initiation and propagation were observed in the DIC results of the experiments, four stages
are displayed in the model results, which are:

Stage before crack initiation with a load level of 60 kN
Stage after crack initiation with a load level of 104 kN
Stage after crack initiation with a load level of 119 kN

Stage after total debonding of the horizontal leg of the Cold Repair with a load level of 134 kN.

Results for the bond stress are displayed for the horizontal and vertical adhesive joint between steel and
FRP. Figure 4.27 shows the position of horizontal, indicated by yellow, and vertical, indicated by green,
adhesive interface.
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Peel bond stress in MPa of vertical adhesive interface
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F  Determination of Design Values Bond Strength for
Component-level Tests

As outlined in Annex C, Annex D of Eurocode 1990 defines two methods to derive properties
from tests. Both methods will be used to assess characteristic and design values of lower-bound
values of shear bond strength [54].

First, method A will be applied. With a log-normal distribution, the design value, X, should be
determined by:

Xo =2 exp [my — kns] ©L)
where

my, = %Zln (x:) (€2)

sy = \/ﬁf(ln(xi) —m,y)? if Vx is unknown (C.3)

nq 1S the design value of the conversion factor. This conversion factor is strongly dependent on the
type of test and type of material [54]. As sufficient knowledge of the correct value is missing, a value
of 1.0 was assumed in the calculation.

yum 1S the partial factor. This partial factor should be selected according to the field of application of
the test results. A value of 1.0 was assumed in the calculation.

m,, = 2.81 for shear stress and m,, = 1.92 for peel stress, based on experimental results.
n is the number of tested samples. In this case, n = 6.

k,, is based on Table D.1 of Annex D in Eurocode 1990. As insufficient prior knowledge of the
coefficient of variation, V,, is available, V, is unknown was applied. Asn =6, k,, = 2.18.

sy, = 0.02 for shear stress and s, = 0.08 for peel stress, based on experimental results.

This calculation leads to: X; = 15.8 MPa where X; is the characteristic value of the peak shear bond
strength with a ratio peel / shear strength of 1/ 2.4 and a mesh size of 6 mm. Additionally, X; =
5.77 MPa for the peak peel bond strength.

For method B, the following formula is provided to determine basic variable X based on a log-
normal distribution:

Xa = 1Nqexp [my - kd,nsy] (C.4)
where all variables are consistent with method A. However:
k4, is based on Table D.2 of Annex D in Eurocode 1990. Asn=12, k;, = 4.34

This calculation leads to: X; = 14.28 MPa where X, is the design value of the average shear bond
strength for ULS verifications. Additionally, X; = 4.16 MPa for the peak peel bond strength.
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