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Abstract

Orthotropic steel decks are used in most of the major long span bridges in the world
where low dead-weight is an important factor. For the same reason, they are also
largely used in movable bridges. In the past decades, severe fatigue cracks have
been reported at several welded joints in orthotropic steel bridge decks. One of the
main reasons for the fatigue problems is the low stiffness of the deck plate, which
is insufficient to deal with the wheel loads of heavy traffic. Moreover, the increase
of heavy traffic in the last decades makes the fatigue phenomena an even greater
concern.

This research investigates the reinforcement of orthotropic steel bridge decks (OBD)
by adding a second steel plate to the existing deck. The main idea is to stiffen the
existing deck plate which will reduce the stresses at the fatigue sensitive details and
extend the fatigue life of the orthotropic bridge deck. Two reinforcement systems are
subject of research, bonded steel plates system and sandwich steel plates system. In
the bonded steel plates system, the existing OBD is reinforced by adding the second
steel plate using a thin epoxy adhesive layer (approximately 2 mm thick). In the
sandwich steel plates system, the existing deck is reinforced by adding a sandwich
overlay which is composed of a polyurethane core (PU-core, from 15 mm to 30 mm
thick) and the second steel plate. Both reinforcements are considered lightweight
solutions (between 50 and 80 kg/m2), which is of special importance for application
on movable bridges.

The strategy used in this research is based on a multi-scale approach, in which the
reinforcement behaviour is investigated in three structure-scales: (i) plate-scale, (ii)
deck-scale and (iii) bridge-scale. The research was therefore divided into three main
parts: Part I (plate-scale), Part II (deck-scale) and Part III (bridge-scale).

In Part I, the mechanical behaviour of the reinforcement system is studied. The
material properties of the epoxy-adhesive and of the PU-core were determined at
different temperatures. The static and fatigue behaviour of both reinforcement sys-
tems were investigated through experiments and numerical simulations, using finite
element analysis on reinforced beams. The properties of both the epoxy material
and of the polyurethane material are temperature dependent. However, since only
2 mm of adhesive thickness is used on the bonded steel plates reinforced beams, this
temperature effect has hardly any influence on the bending stiffness of these beams.
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ii Abstract

Due to the relatively thick PU-cores used (15 mm to 30 mm), temperature has a sig-
nificant influence on the bending stiffness of the sandwich steel plates reinforcement.
Results show that the static and fatigue damage of the reinforcements are caused
by the shear stresses in the adhesive layer, for the bonded system, and by the shear
stresses in the faces-to-core interface, for the sandwich system. The fatigue strength
of the bonded steel plates reinforced beams is not significantly affected by adhesive
thicknesses between 1 and 3 mm. The same can be found for sandwich steel plates
reinforced beams with 15 mm and 30 mm PU-core thickness.

In Part II, the behaviour and the effect of the reinforcement system on full-scale
orthotropic bridge deck panels are investigated. Tests under realistic wheel loads
were performed on deck-panels reinforced with the bonded and the sandwich system.
The decks were subjected to static and fatigue wheel loads. In order to better
understand the experimental results, linear elastic simulations were carried out on
the static behaviour of the reinforced deck panels using finite element analysis. The
results show significant stress reduction close to the fatigue sensitive details after
applying both reinforcement systems. Considering two reinforcement solutions with
approximately the same weight, the local stress reduction close to the welds is higher
for the bonded steel plates solutions than for the sandwich steel plates solutions. The
sandwich steel plates system reduces the global stresses more than the bonded steel
plates system. It can be concluded that wheel loads up to 160 kN cause shear
stresses which are considerably lower than the determined fatigue threshold of both
reinforcement systems. Therefore, it is expected that wheel loads do not cause
fatigue damage in any of the reinforcement systems.

Finally, in Part III, a real case study of reinforcing an orthotropic bridge deck is
described. The performance of the bonded steel plates system was investigated
during a monitoring campaign performed on a pilot application on the movable
orthotropic deck of Scharsterrijn Bridge in the Netherlands. Strain data was recorded
during controlled load tests and under normal traffic conditions. The short-term
measurements carried out immediately before and after applying the reinforcement
show significant stress reduction in the fatigue sensitive details of the bridge deck. By
adding the second steel, the fatigue life of the deck-plate-to-stiffener weld is expected
to increase 12 times at the deck plate side and 4 times at the stiffener web side. The
long-term measurements carried out during the year after applying the reinforcement
did not show significant changes on the performance of the reinforcement system.

Overall, the performance of these two light-weight solutions for reinforcing OBD
proved to be efficient and durable. A step forward in the design approach to evaluate
the reinforcement of OBD has been established.
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Chapter 1

Introduction

1.1 Background

An orthotropic bridge deck (OBD) consists of a deck plate supported in two perpen-
dicular directions by a system of longitudinal stiffeners and transverse crossbeams
which are, in turn, spanned by main girders. All these elements are connected by
welding.

Fatigue is a well-known phenomenon in orthotropic bridge decks. Several welded de-
tails appeared to be extremely sensitive to fatigue loading and shortened drastically
the life span of orthotropic bridge decks. One of the most threatening fatigue cracks
concerning the traffic safety running on the bridge is the one at the longitudinal
welds between the deck plate and trapezoidal stiffener. The main reason is the low
stiffness of the deck plate, which is insufficient to deal with the wheel loads of heavy
traffic. Moreover, the increase of heavy traffic in the last decades makes the fa-
tigue phenomena an even greater concern. It became clear that existing orthotropic
bridge decks needed to be stiffened in order to decrease the stresses at the welds and
extend their fatigue life. In the past decades, this subject attracted international
attention and several studies have been performed on the fatigue phenomena and
on the possible reinforcement systems.

Numerous reinforcement techniques have been suggested. The common idea is to
replace the existing wearing course, normally an asphalt layer, by a stiffer overlay.
Most of the alternatives up to now were focused on the application for fixed bridges,
where the dead-weight of the reinforcement overlay is not a main concern. However,
orthotropic steel decks are also largely used in movable bridges. In this case, the
reinforcement’s dead-weight is a major parameter when choosing the most efficient
solution to prolong their life span.

In this thesis, two reinforcements for OBDs are investigated. The reinforcement
systems consist of adding a second steel plate to the existing deck. Both alternatives

1



2 1 Introduction

are promising light-weight solutions for prolonging the life-span of orthotropic bridge
decks.

1.2 Aim of the research

The main goal of this thesis is to investigate the performance of reinforcing ortho-
tropic steel bridge decks (OBDs) by adding a second steel plate to the existing deck.
The aim of the reinforcement systems is to stiffen the existing deck plate, reducing
the stresses at the welds of the deck which results in extending the fatigue life of
orthotropic bridge decks. Two reinforcements are subject of research, bonded steel
plates system and sandwich steel plates system. In the bonded steel plates system,
the second steel plate is bonded to the existing OBD by vacuum-infusing a thin
epoxy adhesive layer with a thickness of approximately 2 mm. In the sandwich
steel plates system, the existing OBD is reinforced by adding a sandwich overlay
which consists of a polyurethane core (PU-core, from 15 mm to 30 mm thick) and
the second steel plate. Both reinforcements are considered lightweight solutions for
strengthening orthotropic bridges. The reinforcement systems are based on existing
technology that has been developed and applied in other type of applications, such
as for manufacturing of composite structures in aerospace industry in the case of the
vacuum-infused application method or for repair of ferry decks in the naval industry
in the case of the sandwich steel plates reinforcement.

1.3 Outline of the thesis

Chapter 2 gives a brief state of the art on orthotropic steel bridge decks. Their
fatigue phenomena and especially their possible reinforcement techniques are dis-
cussed. Finally, the motivation and strategy of the research are underlined.

The research work has been divided into three main parts. Overall, three reinforce-
ment scales are studied: (i) plate-scale , (ii) deck-scale and (iii) bridge-scale. Each
part is dedicated to one scale of the reinforcement structure that has been studied.

Part I describes the research on the behaviour of reinforced steel plates. The plate-
scale is the smallest studied and investigates the behaviour of reinforced beams.
This part is covered in Chapters 3, 4 and 5. Chapter 3 presents the main findings
of an analytical study that was undertaken on the flexural behaviour of the bonded
and sandwich steel plates reinforced beams. A parametric study was performed in
order to better understand the influence of geometrical, mechanical and structural
parameters on the flexural performance of the reinforcements. The results showed
the most important parameters and a guidance to the optimum design solutions
for both reinforcement systems. Chapters 4 and 5 describe the static and fatigue
tests carried out on reinforced beams of the selected solutions of bonded steel plates
and sandwich steel plates system, respectively. Linear elastic numerical simulations
were performed to better understand the experimental results. In this part of the
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research the effect of temperature and load conditions on the static behaviour of the
reinforcement are investigated. For each reinforcement, stress-cycle fatigue diagrams
are derived from fatigue tests.

Part II is dedicated to the reinforcement behaviour when applied to full-scale ortho-
tropic deck panels. The study includes a characteristic part of an OBD, composed
of a deck-plate 5 m long and 2 m wide, three trapezoidal stiffeners and two crossbe-
ams. This part is covered in Chapters 6, 7 and 8. In Chapter 6, the finite element
analysis which simulates the behaviour of full-scale reinforced orthotropic steel deck
when subjected to wheel loads is described. Chapter 7 presents the full-scale tests
carried out on two reinforced orthotropic steel deck panels. One is reinforced with
bonded steel plates and another with sandwich steel plates. The aim is to study
the effect of the reinforcement on the deck-plate details and to investigate the struc-
tural performance of the reinforcement when applied on the orthotropic steel deck
loaded by heavy wheels. The finite element analysis (FEA) described in Chapter 6
is validated using experimental data. This chapter also includes the findings of a
parametric study which used the FEA to predict the behaviour of different reinfor-
cement scenarios. Finally, Chapter 8 describes the French five-point bending tests
that were performed on the sandwich steel plates system. The aim is to understand
how well it simulates the fatigue load of an OBD and if it can be used to evaluate
the performance of reinforcement systems for OBDs.

In Part III, a real case study of reinforcing an orthotropic bridge deck is described.
The performance of the bonded steel plates reinforcement system has been evaluated
after being applied on a real bridge. This scale is the largest and evaluates the
real reinforcement performance. This part of the research is presented in Chapter
9 and covers the findings of a monitoring campaign carried out during the pilot
application of the bonded steel plates reinforcement on the movable orthotropic
deck of Scharsterrijn Bridge in the Netherlands.

Finally, the overall conclusions of this research together with recommendations for
future work are presented in Chapter 10.

Figure 1.1 shows a schematic overview of the outline of the thesis.
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Figure 1.1: Outline of the thesis.



Chapter 2

Orthotropic steel bridge

decks: Fatigue damage and

Renovation

2.1 Orthotropic steel bridge decks

Orthotropic steel bridge decks are extremely cost-effective solutions when low dead-
weight is an important factor. For this reason they are largely used in most of the
major long span bridges in the world and in movable bridges (ASCE, 2008; Huang
et al., 2010; Mangus and Sun, 2000).

An orthotropic steel bridge deck consists of a deck plate supported in two mutu-
ally perpendicular directions by a system of longitudinal stiffeners and transverse
crossbeams. The whole deck is supported by main girders. All these elements are
connected by welding. Figure 2.1 shows a schematic drawing of an orthotropic deck
(bottom 3D view and typical cross section).

There are two types of longitudinal stiffeners, the open type and the closed type. The
closed stiffeners with a trapezoidal shape has been found to be the most practicable
and efficient solution (see Figure 2.1(b)). Since they are the most widely used in the
deck design, this thesis studies decks which use closed-type trapezoidal stiffeners.
The stiffeners are typically spaced 600 mm apart. The transverse crossbeam are
usually made of inverted T-sections and they are distanced 3000 mm to 5000 mm
from each other. The most common deck plate thicknesses are 10 mm and 12 mm.

5
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Deck Plate

Crossbeam

Longitudinal Sti!eners

Main Girder

(a)

(b)

Figure 2.1: Orthotropic steel bridge deck (a) bottom 3D view and (b) cross section.
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2.2 Fatigue failure modes

The main problem of orthotropic bridge decks is their fatigue life. In the past
decades, severe fatigue cracks were found at several welds of orthotropic steel bridge
decks. Numerous examples have been reported in Europe (Kolstein et al., 1998;
Wolchuk, 1990), in Japan (Sim et al., 2009; Xiao et al., 2006; Yuge et al., 2004), in
China (Wang and Feng, 2008) and in Brazil (Pfeil et al., 2005).

Several details suffer from fatigue damage in orthotropic bridge decks (Cheng et al.,
2004; Jong, 2004). Investigation on the fatigue behaviour of orthotropic decks has
attracted international attention (Janss, 1988; Sim et al., 2009; Tsakopoulos and
Fisher, 2003; Uchida et al., 2008) and has led to a better understanding on the
fatigue phenomena of the different details and their standard classification (Kolstein,
2007).

One of the most studied fatigue cracks is the one located at the longitudinal welds
between the deck plate and the trapezoidal stiffener. When loaded by individual
wheel loads, the deck-plate-to-stiffener weld is submitted to local transverse bending
moments. If the deck is flexible, the bending moments will cause significant stresses
and, therefore, the weld is likely to undergo fatigue cracking (Cullimore and Smith,
1981; Janss, 1988; Miki, 2006). One of the main reasons for these fatigue cracks is
the low stiffness of the deck plate, which is insufficient to deal with the wheel loads
of heavy traffic. Moreover, the increase of heavy traffic in the last decades makes
the fatigue phenomena an even greater concern.

These last fatigue cracks can either start at the weld toe or at the weld root and
grow either through the weld throat or through the deck plate thickness. The one
starting at the weld root and growing through the deck plate thickness has recently
received most attention. Figure 2.2 shows a schematic drawing with the fatigue
crack locations in the deck and a detail of the typical crack shape. They are the most
dangerous fatigue cracks. Firstly, because the crack initiation point is at the weld
root, which makes inspection difficult. Secondly, because as the crack grows through
the thickness of the deck plate, it affects the traffic safety running on the bridge.
Intensive research on this severe fatigue crack has been performed, for example, by
Jong (2006), Xiao et al. (2008), Ya and Yamada (2008), Ya et al. (2011), Inokuchi
et al. (2008) and Ishio et al. (2008).

As already mentioned, the main cause of these fatigue cracks is the insufficient
stiffness of the deck plate to deal with heavy traffic loading (Jong, 2006; Miki, 2006).
The stresses at these longitudinal welds are more severe at the crossbeam location
than between crossbeams due to the extra stiffness point induced by the crossbeam
web. This stress concentration leads to an even shorter fatigue life of the welds
at the crossbeam location than between crossbeams. The consequence of this is
that fatigue cracks in the longitudinal welds at the crossbeam location appear in
a very early age of the orthotropic bridge decks. A known case-study is the Van
Brienenoord Bridge in the Netherlands, where these type of cracks at the crossbeam
location were detected after only seven years of service-life (Kolstein et al., 1998).
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Figure 2.2: Fatigue cracks at orthotropic decks (location and detail).

In order to decrease the stresses at the welds and extend their fatigue life, the
bending stiffness of the deck plate needs to be increased. It is therefore clear that
renovation techniques are needed to stiffen the deck plate and extend the fatigue life
of the existing orthotropic bridge decks.

2.3 Renovation of orthotropic steel bridges

Research projects have studied different renovation systems to strengthen existing
orthotropic steel bridge decks. The main idea is to add a stiff layer on the top of the
existing deck to increase its total stiffness. The stresses at the existing welds will
decrease and their fatigue life will be extended.

Studies have been conducted in order to determine the most efficient renovation
system for orthotropic bridge decks. Jong (2006) gives an overview of several ideas
for renovation systems. Some of these were selected for further research which was
mainly focused on renovation systems for fixed bridges. The renovation system
selected for fixed bridges consisted of substituting the common asphalt surfacing by
a reinforced concrete overlay.

For movable bridges, Jong (2006) also suggested alternative lightweight renovation
systems and proposed using either a similar reinforced concrete overlay as used for
the fixed bridges or bonding a second steel plate to the old steel deck plate. However,
further research is needed to select the most efficient solution.

In the following sections, the most relevant systems for renovating orthotropic steel
bridge decks are reviewed.
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2.3.1 Common wearing courses

Several research projects have studied the structural behaviour of the common wea-
ring courses in order to better understand their contribution to the stress reduction
in the deck plate. The composite behaviour of the surfacing with the steel deck plate
is complex and largely influenced by temperature and load frequencies. Therefore,
the stress reduction is difficult to describe and to include in design rules (Kolstein,
2004; Smith and Cullimore, 1987; Wolchuk, 2002).

There are two types of surfacing materials used in wearing courses of orthotropic
bridge decks: bituminous-based materials (such as asphalt and mastic asphalt) and
polymer-based materials (such as polyurethane pavings and epoxy resins). The most
commonly used wearing course in fixed bridges is a thick pavement of bituminous
based material (40 mm to 80 mm thick), such as conventional asphalt or mastic
asphalt. In movable bridges due to weight restriction a thin polymer based surfacing
such as epoxy resins of 6 mm to 10 mm is commonly used.

Intensive research was performed by Medani (2006) in order to characterize the
behaviour of bituminous-based materials in an orthotropic bridge deck as well as
the membrane materials connecting the mastic asphalt surfacing and the steel deck
(Liu et al., 2008; Medani et al., 2008). A design model for the membrane materials
together with the mastic asphalt surfacing is proposed. Cong et al. (2009) built a
model to help predicting the rutting development of similar mastic asphalt surfacing.

A benchmarking between two types of surfacing for fixed bridges was performed by
Jong et al. (2004). The comparison is between a 50 mm mastic asphalt surfacing and
a 50 mm polymer-based surfacing called ZOK. When using the asphalt surfacing,
field measurements and experiments showed a stress reduction compared with no
surfacing of 80% to 10% depending on temperature. When using ZOK surfacing, the
experiments showed a reduction compared with no surfacing of 90% to 50% (Jong,
2006). The polyemer-based materials are considerably less temperature dependent
than the bituminous-based ones.

New alternatives are also being suggested to upgrade the surfacing performance, for
example by combining the asphalt with a layer of glass fibre reinforced mesh (Smith
and Bright, 2001) or replacing the asphalt by a neoprene layer (Backer et al., 2008).

2.3.2 Concrete overlay system

An effective renovation system to reduce the stress ranges at the deck plate is to
replace the common wearing courses by a concrete overlay. This renovation technique
is being applied in several fixed bridges in the world.

In the Netherlands, the common 50 mm thick asphalt surface is being replaced by
50 mm to 100 mm thick Reinforced High Performance Concrete (RHPC) bonded
to the deck plate by a thin epoxy layer. Extensive research on this system was
performed by Jong (2006). Experiments carried out on bridge deck-panels showed a
stress reduction of 90% on the deck plate when compared with no surfacing. Fields
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measurements performed during renovations of two orthotropic brides in the Nether-
lands showed a stress reduction close to the welds of 80% after the reinforcement
when compared with no surfacing (Jong and Kolstein, 2004; Kolstein and Sliedrecht,
2008).

A mechanical model of a comparable concrete overlay solution was extensively stu-
died by Walter (2005). The main issue on this type of renovation system is the
unavoidable cracking of the concrete overlay which can lead to debonding between
the overlay and the steel plate. However, inducing multi-cracking behaviour on the
concrete overlay can be the solution to avoid that problem (Walter et al., 2007).
The concrete overlay system has also been applied using shear studs to connect the
concrete overlay to the steel plate in Brazil (Battista et al., 2008) or shear studs
together with an adhesive layer in Japan (Murakoshi et al., 2008).

For movable bridges, alternative renovation systems are required due to weight and
height limits. The proposed concrete overlay system replaces the usual epoxy wea-
ring course of 6 mm to 8 mm thick by a layer of reinforced ultra high performance
concrete of 20 mm to 30 mm thick. Static bending tests carried out on beams re-
presenting the renovated deck show a stress reduction of 70% after renovation, when
compared with no surfacing, with an increase of approximately 50 to 60 kg/m2 to
the bridge deck (Boeters et al., 2009; Schrieks, 2006).

2.3.3 Second steel plate reinforcement

The need for more efficient light-weight solutions to reinforce movable bridges led to
another very promising system which consists of adding a second steel plate to the
existing bridge deck. The reinforcement can simply bond the second steel plate to
the existing deck or add it creating a sandwich structure. The second steel plate is
generally 5 mm to 8 mm thick.

For the bonding system, the first studies were focused on selecting the right adhesive
material to the bonding layer and correspondent application method (Jong, 2006).
The first application method consisted of applying Sikadur 30 in the existing deck
plate, using a glue comb, and then placing the second steel plate on top. Static
and fatigue full-scale tests were performed on deck-panels reinforced by steel pla-
tes of 1500 mm by 2600 mm. During the fatigue test delamination occurred on
the adhesive layer (Straalen and Hagen, 2003). A similar application method was
tested by Corte (2011) using a different adhesive type, PC5800/BL epoxy. Fatigue
tests were performed on deck-panels reinforced with two steel plates of 600 mm by
300 mm. After 5 million cycles no fatigue damage was observed on the adhesive
layer. Labordus (2006) suggested an alternative application method which consists
of vacuum-infusing the adhesive layer between the two steel plates. The adhesive
material is a resin epoxy with low viscosity. Static and fatigue tests performed in
beams specimens and small parts of OBD showed good fatigue resistance. For the
described studies the second steel plate was 6 mm thick.

As an alternative to the bonding system, the second steel plate can be added to
the existing deck creating a sandwich structure. The two faces of the sandwich are
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the existing deck plate and the second steel plate. The thick core of the sandwich,
besides bonding the steel plates together, allows to increase the bending stiffness of
the reinforcement. Overduin et al. (1999) studied a renovation solution consisting
of a 10 mm thick second steel plate connected with the existing deck by a 30 mm
thick synthetic layer. The results showed that the synthetic material used for the
core was relatively weak (Young’s modulus 32 MPa). A more promising solution
is the Sandwich Plate System (SPS) developed by Intelligent Engineering in which
the sandwich of two steel plates is separated by a stiffer polyurethane core (Young’s
modulus approx. 750 MPa at room temperature) (Kennedy et al., 2002). This
technology was initially developed to repair and upgrade ferry decks but has been
applied in many other fields, such as new bridge decks and repairing of existing
bridge decks (Kennedy and Murray, 2004; Vincent and Ferro, 2004). The use of
SPS to repair OBD has been studied by Feldmann et al. (2007). The research
included experimental and numerical investigation on the reinforcement of OBD
using a 6 mm thick second steel plate and a 20 mm to 30 mm thick core (Minten
et al., 2007). A pilot application of SPS to strengthen a fixed orthotropic bridge deck
was carried out on the Schönwasserpark Bridge near Krefeld in Germany (Friedrich,
2007; Matuschek et al., 2007). SPS applications for new and repairing bridge decks
are also being studied in China (Zhang et al., 2011). For both studies, the SPS is
used to reinforce fixed bridges and on the top of the SPS overlay there is a 50 mm
thick asphalt layer.

2.4 Proposed steel plate reinforcement:

Motivation and Strategy

This thesis investigates the second steel plate reinforcement as a strengthening sy-
stem for orthotropic steel decks, mainly for application in movable bridges. Two
alternatives to add the steel plate have been studied: the bonded system and the
sandwich system.

The bonded system consists of bonding the second steel plate with a thin adhesive
layer. It was decided to further investigate the reinforcement using the previously
mentioned application method which uses vacuum infused resin epoxy between the
two steel plates. The previous applications undertaken by Labordus (2006) showed
good results in terms of the quality of the adhesive layer, but fundamental research is
limited. In the thesis, this system is referred to as bonded steel plates reinforcement
and a detail is shown in Figure 2.3(a).

The sandwich system consists of adding the second steel plate creating a sandwich
structure. The sandwich faces are the existing deck plate and the second steel plate,
which are connected by the core of the sandwich. It was decided to study the Sand-
wich Plate System SPS patented by Intelligent Engineering. Although this system
has been applied in different engineering fields all around the world, optimization and
fundamental research are needed for further application in orthotropic steel bridge
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decks. In the thesis, this system is referred to as sandwich steel plates reinforcement
and a detail is shown in Figure 2.3(b).

The motivation for choosing the second steel plate reinforcement is due to its low
dead-weight. The concrete overlay systems are often too heavy for application on
existing movable orthotropic bridge decks. For these structures, the weight limits
are very strict and light-weight reinforcements are the only possible solution. The
usual low density of core materials can make the sandwich steel plates system an
efficient light-weight solution. The bonded steel plates system is also a light-weight
solution and can be the only one to fulfil the height limits required. The strategy
used on this thesis is based on a multi-scale approach, in which the reinforcement
behaviour is investigated in three structure-scales: (i) plate-scale, (ii) deck-scale and
(iii) bridge-scale.

Longitudinal Sti�ener

Deck Plate

Adhesive Layer

2nd Plate

(a) Bonded steel plates system

Longitudinal Sti�ener

Deck Plate

PU core

2nd Plate

(b) Sandwich steel plate system

Figure 2.3: Detail of the steel plate reinforcement systems.



Part I

Behaviour of the reinforced

steel plates

13





Chapter 3

Influence of the interface

layer on the behaviour of the

reinforced steel plates ∗

3.1 Introduction

The present chapter presents the findings of an analytical study that was performed
on the flexural behaviour of the bonded and sandwich steel plates reinforcement. A
parametric study was performed in order to better understand the influence of geo-
metrical, mechanical and structural parameters on the performance of the reinforced
plates. The thickness of the second steel plate and thickness of the interface layer
between the existing deck and the second steel plate are varied as well as the extra
weight added to the existing structure. The influence of the mechanical properties of
the interface layer is investigated. The aim is to select the most important parame-
ters for the systems’ performance for conducting further research. The performance
is evaluated by the reinforced plates stiffness and by the stress reduction on the steel
plate after applying the reinforcement.

3.2 Materials and Geometry

3.2.1 Materials

Steel grade S355 (fy = 355 MPa; fu = 510 MPa; E = 210 GPa; ν = 0.3) was
selected for the existing deck plate and the second steel plate (EN1993-1-1, 2006).

∗This chapter is based on Teixeira de Freitas et al. (2012a).

15
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The materials selection for the interface layer was based on a market prospective
of the adhesive materials available. The aim was to work with real inputs for the
analytical study, instead of random values for the mechanical properties of the ad-
hesives. Two types of polymer based materials were used for the interface layer:
epoxy for the bonded steel plates reinforcement and polyurethane for the sandwich
steel plates reinforcement. Four epoxies and four polyurethanes were selected. In
the current chapter, both epoxies and polyurethanes will be referred to as adhesives.
Table 3.1 lists the adhesives mechanical properties based on the manufacturer data
(values for room temperature).

Table 3.1: List of adhesives (Ea Young’s modulus; Ga shear modulus; υa Poisson’s ratio;
ρa density).

Reinforcement Adhesives Ea(MPa) Ga(MPa) υa(-) ρa (kg/m3)

Bonded steel
plates

B1 1560 350 0.41

1050
–
1150

B2 1920 483 0.41
B3 2100 550 -
B4 2900 1036 0.4

Sandwich
steel plates

S1 2.9 0.5 -
S2 840 40 -
S3 1580 80 -
S4 874 285 0.36

3.2.2 Geometry

The typical cross-section of the reinforced steel plates has three layers: the lower
plate representing the existing steel deck, the upper plate representing the second
steel plate and the adhesive layer that bonds the plates together. Figure 3.1 shows a
drawing of the typical cross-section, where tlp is the thickness of the lower plate, ta
is the thickness of the adhesive layer and tup is the thickness of the upper plate. The
total thickness and width of the cross-section are represented by t and b, respectively.

Upper Plate

Lower Plate

Adhesive Layer ta

tup

tlp

t

b

Figure 3.1: Typical cross-section of the reinforced steel plates.
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The minimum thickness of the second steel plate was set at 5 mm (tup), since in real
applications a minimum robustness of the plate in contact with the wearing course
is required. The maximum thickness of the epoxy layer in the bonded steel plates
reinforcement was set at 5 mm (ta). No restrictions were made on the maximum
thickness of the polyurethane core in the sandwich steel plates reinforcement since it
depends on the height restrictions of each existing deck. The weight of the reinforce-
ment system, i.e. the extra weight added to the existing orthotropic deck (adhesive
layer and second steel plate), was varied between 40 to 70 kg/m2. The study was
performed for 10 and 12 mm thick lower steel plate (tlp) since these are the typical
deck plate thicknesses of fixed and movable orthotropic steel bridges, respectively,
in the Netherlands. Table 3.2 summarizes the main characteristics used for each
reinforcement system in the current study.

Table 3.2: Reinforcements’ main characteristics.

Reinforcement Bonded steel plates Sandwich steel plates

Plates
Geometry tup.min=5 mm

tlp=10 mm and 12 mm
Material steel

Adhesive
Geometry ta.max=5 mm no limits

Material (see Table 3.1) Epoxies: B1 to B4 Polyurethane: S1 to S4
Weight – W 40 to 70 kg/m2

3.3 Analytical study

An analytical study was carried out in order to determine the stiffness and stress
reduction factor of the two reinforcements: bonded and sandwich steel plates. The
model used for carrying out the analytical study is a simply supported beam, sub-
jected to three point bending. Such a simple model enables studying numerous
parameters and a wide range of values in each parameter. More complex models
can only be applied after selecting the most important parameters and their more
efficient values. Even though the quantitative results obtained for this model cannot
be compared or extrapolated for the real structures, the model used is valuable for
the main aim of this study, which is to check the important parameters, optimize
the structure and compare both reinforcements.

Figure 3.2 shows the beam-model where x, y, z are the axes in the direction of the
length, width and thickness, respectively. The beam with span L is subjected to
three-point loading by a load P . The beam cross-section is the one presented in
Figure 3.1 with 100 mm width (b=100 mm).
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Figure 3.2: Beam model for analytical study.

The normal strain εx, normal stress σx, shear stress τxz and shear strain γxz were
determined by Equations (3.1), (3.2), (3.3) and (3.4), respectively.

εx =
Mx

D
· z (3.1)

σx,j =
Mx

D
· z · Ej (3.2)

τxz =
Tx

D
·B (3.3)

γxz,j =
τxz
Gj

(3.4)

where Mx and Tx are the bending moment and transverse force, respectively, of the
cross-section x, and j numbers each layer of the cross-section (Ej and Gj are the
Young’s modulus and shear modulus of layer j, respectively).

The flexural rigidity of the cross-section D is defined by Equation (3.5) which nor-
mally is the product of the elastic modulus E and the moment of inertia I, but as
the Young’s modulus E varies along the thickness, it cannot be removed outside
integral in Equation (3.5). The first moment of area B is defined by Equation (3.6)
and the shear stiffness S by Equation (3.7).

D = b ·
∫

(

E · z2
)

dz (3.5)

B =

∫

(E · z) dz (3.6)
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S =
T 2
x

b ·
∫
(

τ2xz
G

)

dz

(3.7)

The shear modulus of each material was determined by Equation (3.8).

G =
E

2 · (1 + ν)
(3.8)

3.3.1 Stiffness

The beam stiffness was determined using equivalent single layer theories. The beam
representing the bonded steel plates was analysed using Classical Laminate Plate
Theory (CLPT). The beam representing the sandwich steel plates was analysed
using First-order Shear Deformation plate Theory (FSDT). Both theories assume
full connection between the layers and linear elastic behaviour of the material. The
CLPT assumes that a line originally straight and normal to the reference axis remains
straight and normal to the reference axis during deformation. The deformation is
entirely due to bending and the shear deformation γxz is neglected. The FSDT
assumes that a line originally straight and normal to the reference axis remains
straight during deformation but not necessarily perpendicular to the reference axis.
The displacement consists of two parts, one due to pure bending and one due to
transverse shear. In the FSDT the transverse shear strains γxz are constant through
the thickness (Reddy, 2004).

For both reinforcements the shear displacement occurs mainly in the adhesive layer
as the adhesive material has much lower shear stiffness than the steel. The CLPT
was used for determining the displacement of the bonded steel plates reinforcement
since the shear strain of the thin epoxy layer can be neglected. The FSDT was used
for the sandwich steel plates reinforcement. As the thickness of the polyurethane
core is significant in the total reinforcement thickness, its shear displacement must
be taken into account (Zenkert, 1997).

Considering the equilibrium equations of the beam model, constitutive equations of
each material and strain-displacements relations of each theory CLPT and FSDT,
the bending displacement and shear displacement at the middle span cross-section
of the beam are given by Equation (3.9) and (3.10), respectively.

δbending;midspan =
P · L3

48 ·D (3.9)

δshear;midspan =
P · L
4 · S (3.10)
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The total displacement of the bonded steel plates reinforcement using the CLPT
is equal to the bending displacement (Equation (3.11)). The total displacement of
the sandwich steel plates reinforcement using the FSDT is equal to the bending
displacement plus the shear displacement (Equation (3.12)).

δbondedsteelplates = δCLPT = δbending (3.11)

δsandwichsteelplates = δFSDT = δbending + δshear (3.12)

For each theory, the stiffness K was determined by the ratio between the load and
the displacement at middle span – Equation (3.13).

K =
P

δmidspan
(3.13)

3.3.2 Stress reduction factor

The aim of adding a second steel plate to the existing steel deck is to reduce the stress
range at the welded joints that generates the fatigue cracks. Therefore, the stress
reduction on the deck plate after applying the reinforcement is extremely important.
The stress reduction factor SRF was determined by the ratio between the maximum
stress in the deck plate after the reinforcement and before the reinforcement (steel
plate with no surfacing) – Equation (3.14). The stresses on the deck plate are
represented by the stresses on the lower steel plate of the beam (σlp).

SRF =

(

1−
σAfter
lp

σBefore
lp

)

· 100 (3.14)
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3.4 Results

The analytical solutions were applied to the model representing the reinforced steel
plates. In order to better understand the models and reinforcement used, one
example will be presented hereinafter.

The results of one bonded steel plates solution and one sandwich steel plates solution
will be shown. Both solutions have approximately the same weight of 70 kg/m2 and
the same 12 mm lower plate thickness. The bonded steel plates solution consists of
a 5 mm thick Epoxy B4 (see Table 3.1) and an 8 mm thick upper steel plate. The
sandwich steel plates solution consists of a 30 mm thick S4 polyurethane (see Table
3.1) and a 5 mm thick upper steel plate. The beam has a 1000 mm span and is
loaded with 1 kN at middle span. The results of the bonded and sandwich solutions
are presented in Figures 3.3 and 3.4, respectively.

The longitudinal strains εx along the thickness at the middle span cross-section
are presented in Figures 3.3(a) and 3.4(a). Both strain distributions are straight
lines with a constant slope along the thickness, since full connection and elastic
material behaviour is assumed. The normal stresses σx along the thickness at the
middle span cross-section are presented in Figures 3.3(b) and 3.4(b). The values
are almost zero at the adhesive layer, as the adhesive has a much lower Young’s
modulus than the steel. Figures 3.3(c) and 3.4(c) show the shear stresses τxz along
the thickness of one cross-section between the load and the support point. For both
reinforcements, the maximum shear stress is reached at the adhesive layer where
it remains constant along the thickness. Finally, Figures 3.3(d) and 3.4(d) plot
the displacement along the beam’s length of the bonded and sandwich steel plates
reinforcement, respectively.

The strains, stresses and total displacement of the sandwich steel plates solution
are lower than the bonded steel plates solution. The stiffness increases by a factor
two and the stress is reduced by a factor three when using the sandwich steel plates
solution instead of the bonded steel plates solution, maintaining the same weight
and increasing the height by 20 mm.

3.4.1 Parametric study

The analytical solutions were used to perform a parametric study in order to better
understand the influence of different parameters on the stiffness and on the stress
reduction of the reinforcement systems. The reinforcement efficiency, which aims at
extending the lifespan of the deck plate, depends largely on the stiffness and on the
stress reduction factor.

The following geometrical parameters were varied: thickness of the lower plate, tlp,
thickness of the adhesive, ta and thickness of the upper plate, tup. Although some
of the thickness values cannot be used in real applications, using their total range
enables a better understanding of the reinforcement’s behaviour. Thickness limits,
listed in Table 3.2, and height limits should be considered for real applications. The
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Figure 3.3: Bonded steel plates solution results (tlp=12 mm; B4: ta=5 mm; tup=8 mm).
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Figure 3.4: Sandwich steel plates solution results (tlp=12 mm; S4:ta=30 mm; tup=5 mm).
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weight W of the reinforcement system was varied between 40 and 70 kg/m2. The
mechanical properties of the adhesive layers were varied according to the different
materials presented in Table 3.1. The parametric study was carried out for two spans
L of the beam model presented in Figure 3.2, one representing short beams with
500 mm span and another representing long beams with 1000 mm span. The aim is
to study different ratios between normal stress and shear stress on the cross-section
(σx/τxz), varying the importance of the adhesive layer on the total displacement of
the beam. For short beams this ratio is lower than for long beams. The load applied
to both models is 1 kN (P = 1 kN).

The extra weight W of each renovation solution is given by Equation (3.15).

W = ta · ρa + tup · ρsteel (3.15)

Due to their importance for the optimization of the reinforcement system, the weight
and the adhesive thickness were chosen as independent parameters and therefore the
thickness of the upper plate (second steel plate) is given by Equation (3.16).

tup =
W − ta · ρa

ρsteel
(3.16)

The stiffness K and the stress reduction factor SRF of the reinforcement system are
defined as functions of the different parameters as shown in Equations (3.17) and
(3.18).

K = K (tlp, ta,W,L,Ga, Ea) (3.17)

SRF = SRF (tlp, ta,W,Ea) (3.18)

The SRF (Equation (3.14)) is only dependent on the flexural rigidity D of the
reinforced plates (Equation (3.5)) and therefore is independent of the beam’s span
L and of the adhesive’s shear modulus Ga.

The results of the parametric study are presented varying one of the parameters
continuously and the remaining ones are either fixed or discretely varied.
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Effect of the adhesive thickness ta

Figure 3.5 shows the influence of the adhesive thickness on the stiffness of the rein-
forced steel plates. Figure 3.5(a) plots the stiffness of the bonded steel plates using
adhesive B4 and Figure 3.5(b) of the sandwich steel plates using adhesive S4. The
stiffness values are presented for four different weight restrictions (40, 50, 60 and 70
kg/m2) and were determined using a 12 mm thick lower steel plate and a beam span
of 1000 mm (long beams). The upper steel plate thickness tup (Equation(3.16)) was
varied from 1 to 9 mm for the sandwich steel plates and from 4 to 9 mm for the
bonded steel plates. As already mentioned, although some of these values cannot
be used in real applications, using their total range enables a better understanding
of each reinforcement’s behaviour.
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Figure 3.5: Reinforced steel plates stiffness when varying the adhesive thickness ta for dif-
ferent weight restrictions (tlp=12 mm; L=1000 mm).

Increasing the thickness of the epoxy layer increases the stiffness of the bonded steel
plates, see Figure 3.5(a). Allowing more total weight to the reinforcement shifts the
stiffness function up. The maximum stiffness and maximum SRF are obtained for
solutions with 4 to 8 mm upper steel plate thickness and 5 mm adhesive thickness.
The maximum SRF values are between 70% and 80% (the highest is obtained for
the heaviest solution – 70 kg/m2).

The sandwich steel plates stiffness increases with the increase of core thickness until
reaching a maximum value. The core thickness for this maximum stiffness is the
optimum core thickness. For core thicknesses higher than the optimum value, the
stiffness starts to decrease (see Figure 3.5(b)). The maximum stiffness is reached
when the decrease of bending displacement starts not to compensate the increase
of shear displacement. On the one hand, increasing the core thickness increases the
flexural rigidity D (Equation (3.5)), and therefore decreases the bending displace-
ment (Equation (3.9)). On the other hand, increasing the core thickness decreases
the shear stiffness S (Equation (3.7)) and therefore increases the shear displacement
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(Equation (3.10)). The optimum solutions consist of a 2 to 3 mm thick upper steel
plate and a 20 to 50 mm thick core. The maximum stress reduction factor is also
achieved for the same thickness combinations and varies between 90% and 95% (the
highest to the heaviest solution – 70 kg/m2).

Effect of the beam span L

Figure 3.6 plots the stiffness for short and long beams using epoxy B4 and polyure-
thane S4, and a weight limit of 70 kg/m2. As expected, short beams have higher
stiffnesses than the long beams both for the bonded steel plates, Figure 3.6(a) and for
the sandwich steel plates, Figure 3.6(b). For the bonded steel plates, the optimum
adhesive thickness is 5 mm for both models (maximum allowed). For the sandwich
steel plates the optimum adhesive thickness slightly increases when decreasing the
span (43 mm and 48 mm for long and short beams, respectively). For practical
applications, this difference is insignificant.
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Figure 3.6: Reinforced steel plates stiffness when varying the adhesive thickness ta for dif-
ferent spans L (tlp=12 mm; W=70 kg/m2).

Effect of the deck plate thickness tlp

Figure 3.7 plots the stiffness considering 10 mm and 12 mm of lower plate thickness.
Figure 3.7(a) shows the results for the bonded steel plates and Figure 3.7(b) for the
sandwich steel plates. The stiffness values were determined for long beams (L =
1000 mm), 70 kg/m2 weight and using epoxy B4 and polyurethane S4. The optimal
solution for a 10 mm thick steel deck plate is the same as for a 12 mm thick steel
deck plate. As expected, if the same reinforcement is applied on a 10 mm or on a
12 mm thick deck plate, the 12 mm deck plate will have a higher stiffness.
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Figure 3.7: Reinforced steel plates stiffness when varying the adhesive thickness ta for dif-
ferent lower plate thicknesses tlp (W= 70 kg/m2; L=1000 mm).

Effect of the adhesive mechanical properties

Figure 3.8 plots the reinforced steel plates stiffness for the different adhesives pre-
sented in Table 3.1. The stiffness values were determined for long beams (L = 1000
mm), 70 kg/m2 weight and a 12 mm thick lower steel plate.

As shown in Figure 3.8(a) the adhesive mechanical properties do not significantly
affect the stiffness of the bonded steel plates. The four series B1, B2, B3 and B4 are
coincident. Since the adhesive has a much lower Young’s modulus than the steel and
the adhesive layer is much thinner than the total thickness of the steel plates, the
contribution of the adhesive material is almost insignificant to the flexural rigidity
D of the bonded steel plates. The maximum SRF is 80% and is obtained using a 8
mm thick upper steel plate and 5 mm of adhesive thickness (solution with maximum
stiffness).

Figure 3.8(b) shows that the core properties significantly affect the stiffness of the
sandwich steel plates. The most important property is the core’s shear modulus Ga:
higher values as for polyurethane S4 (see Table 3.1) achieve higher stiffnesses than S1,
S2 and S3. As the sandwich stiffness depends also on the shear displacement, higher
polyurethane shear modulus leads to lower shear displacement and therefore higher
stiffness. For a very low shear modulus as for the polyurethane S1 (Ga=0.5 MPa)
the stiffness drastically decreases as soon as the thickness of the core increases. The
shear displacement for this polyurethane is too high to compensate any solution
of core thickness. The stress reduction factor is not significantly affected by the
core mechanical properties because it is only dependent on the flexural rigidity D.
Excluding polyurethane S1, the maximum SRF is 95%. The maximum values are
reached when using 2 to 3 mm upper steel plate thickness and 40 to 50 mm core
thickness.
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Figure 3.8: Reinforced steel plates stiffness when varying the adhesive thickness ta for dif-
ferent adhesives (*B1 ≡ B2 ≡ B3 ≡ B4; tlp=12 mm; W=70 kg/m2; L=1000
mm).

Figure 3.9 plots the bonded and the sandwich steel plates stiffness in the same graph,
Figure 3.9(a) for long beams (L = 1000 mm) and Figure 3.9(b) for short beams (L
= 500 mm). The weight limit is 70 kg/m2 and the lower plate thickness is 12 mm.
As shown in Figure 3.9(a), for long beams the sandwich steel plates reinforcement
leads to higher stiffnesses than the bonded steel plates reinforcement as long as Ga

is higher than a certain limit (Ga > Ga(S3)). This limit is drastically increased for
short beams, Figure 3.9(b). For short beams, the bonded steel plates present a very
similar performance as the sandwich steel plates, even when using the highest core
shear modulus S4. The sandwich steel plates reinforcement behaves better for long
beams than for short beams, i.e., when shear displacement is lower.

Figure 3.10 plots the maximum stiffnesses of the bonded steel plates (B) and sand-
wich steel plates (S), when varying the shear modulus of the adhesive Ga. The aim
is to determine the minimum shear modulus Ga.min of the core of the sandwich
steel plates that leads to a higher stiffness than the bonded steel plates. The maxi-
mum stiffness (Kmax) is determined using the optimum thicknesses solution (ta.optm;
tb.optm) for 70 kg/m2 weight, 12 mm of lower steel plate thickness and a constant
adhesive’s Young’s modulus Ea (adhesive S4). The optimum solution is a 8 mm
thick upper steel plate and a 5 mm thick adhesive for the bonded steel plates, and
a 2 to 3 mm thick upper steel plate and 40 to 50 mm thick core for the sandwich
steel plates.
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Figure 3.9: Reinforced steel plates stiffnesses when varying the adhesive thickness ta for
different adhesives and spans (B1 ≡ B2 ≡ B3 ≡ B4; tlp=12 mm; W=70
kg/m2).

Figure 3.10(a) plots the results for long beams and Figure 3.10(b) for short beams.
As shown before, the stiffness of the bonded steel plates is independent of the ad-
hesive’s mechanical properties. The maximum stiffness of the sandwich steel plates
tends to increase with the increase of the shear modulus until maximum limit. This
limit at the upper right part of the graphs corresponds with the stiffness where
the shear deformation is zero (δshear → 0 when Ga → ∞) and therefore the total
displacement is constant and entirely due to bending. The shear modulus at the
intersection between the bonded steel plates (B) and sandwich steel plates (S) is the
minimum required to the polyurethane core for the sandwich to be stiffer than the
bonded steel plates. This minimum value is higher for short beams than for long
beams, 270 MPa and 70 MPa, respectively. For a given steel deck plate with its
weight limit and structure, minimum mechanical properties can be required for the
polyurethane core of the sandwich steel plate reinforcement.



3.5 Conclusions 29

0 200 400 600 800 1000
0

1

2

3

4

5

Ga [MPa]

K
m

ax
 [k

N
/m

m
]

 

 

S
B

(a) long beams

0 200 400 600 800 1000
0

5

10

15

20

25

Ga [MPa]

K
m

ax
 [k

N
/m

m
]

 

 

S
B

(b) short beams

Figure 3.10: Reinforced steel plates maximum stiffness when varying the adhesive shear
modulus Ga for different spans (S: sandwich steel plates; B: bonded steel
plates; tlp=12 mm; W=70 kg/m2).

3.5 Conclusions

A parametric study based on analytical solutions was carried out in order to better
understand the behaviour of two types of reinforcements for orthotropic steel bridge
decks: bonded steel plates and sandwich steel plates. Both reinforcements include
a new second steel plate bonded to the existing bridge deck in order to reduce the
stresses on the deck and extend the lifespan of orthotropic bridge decks.

The optimization of the bonded steel plates system can only be achieved by maxi-
mizing the second steel plate thickness. The variation of the adhesive thickness is
limited at 2 mm in real applications, but thicker adhesive layers up to 5 mm increase
the reinforcement stiffness. For 70 kg/m2, the optimum solution for the bonded steel
plates is a 8 mm thick upper steel plate which reduces the stresses on the lower steel
plate by 80%. The optimum combination of thickness of the sandwich steel plates
is achieved by maximizing the core thickness until a certain maximum limit. For
cores thicker than this maximum value, the increase of shear displacement of the
core counterbalances the increase of the moment of inertia of the sandwich section.
For 70 kg/m2, the optimum solution is a 2 to 3 mm thick upper steel plate and 40 to
50 mm thick polyurethane core. This solution reduces the stresses on the lower steel
plate by 95%. However, for real applications the minimum thickness of the steel
plate is 5 mm and, for maintaing the same weight, the core thickness is reduced to
30 mm and the SRF to 94%.

The mechanical properties of the epoxy adhesive do not significantly affect the stiff-
ness of the bonded steel plates. The stiffness of the sandwich steel plates is affected
by the polyurethane shear modulus (Ga). Higher values of the shear modulus lead to
higher stiffness. The SRF is not significantly affected by the mechanical properties
of the adhesive or core.
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The sandwich steel plates reinforcement decreases its performance as the shear in-
creases its role in the flexural behaviour of the reinforced structure. The minimum
shear modulus for the polyurethane that makes the sandwich steel plates stiffer than
the bonded steel plates is much higher for short beams than for long beams. This
minimum value depends on the weight limit.

The bonded and sandwich steel plates reinforcements look promising solutions for
reinforcing orthotropic bridge decks. Nevertheless, lower stress reduction factors are
expected on the real structure due to the complex geometry of an orthotropic bridge
deck.



Chapter 4

Bonded steel plates

reinforcement

4.1 Introduction

In the present chapter, the behaviour of the bonded steel plates reinforcement is
investigated. The technique consists in bonding with a thin resin epoxy layer a
second steel plate to the existing deck. An experimental program was carried out in
order to evaluate the static and fatigue flexural behaviour of the reinforced plates.
The influence of the thickness of the adhesive layer, environmental temperature and
loading conditions are investigated. Part of the contents presented in this chapter
is also available in Teixeira de Freitas et al. (2010).

4.2 Technique

The manufacturing and application of the bonded steel plates reinforcement was
performed by Lightweight Structures B.V. A more detailed description of the tech-
nology and manufacturing process is given in Chapter 7. The application procedure
of the specimens used in the current Chapter consisted of the following steps:

1. steel surfaces treatment: grit blast and clean the steel surfaces to be free from
rust, grease and dust – cleaning grade Sa 2 1/2 according to ISO-8501 (2007);

2. primer application on the cleaned steel surfaces;

3. glue steel spacers with the adhesive thickness to the lower plate (nominally 2
mm thick);

4. place the upper plate above the spacers;

31
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5. prepare the cavity between the plates to create vacuum;

6. vacuum inject the adhesive in the cavity;

7. cure during 16 hours between 40 ◦C and 50 ◦C.

4.3 Materials

4.3.1 Steel plates

Steel grade S355 was selected for both steel plates which represent the existing steel
plate and the second steel plate. According to EN1993-1-1 (2006) the nominal values
for S355 steel grade are 355 MPa for the yield strength (fy) and 510 MPa for the
ultimate strength (fu). The design Young’s modulus for steel is 210 GPa (E) and
Poisson’s ratio is 0.3 (ν), according to the same standard. Four different steel plate
thicknesses were used: 6 mm and 8 mm, for the second steel plate, and 10 mm and
12 mm, for the existing steel plate.

Tensile tests

In order to characterize the mechanical properties of the steel plates, four series
of tensile tests were performed, one for each plate thickness. The specimens and
test procedure were in accordance with EN10002-1 (2001). Table 4.1 shows the
average±standard deviation values of the mechanical properties obtained from the
tensile tests. The average values for the Young’s modulus E, yield strength fy,
ultimate strength fu, ratio between ultimate strength and yield strength fu/fy and
percentage elongation after fracture Ac are given.

Overall, the average tensile strengths are higher than the nominal values recommen-
ded in EN1993-1-1 (2006), except for the plate thicknesses 6 mm and 10 mm, of
which the average ultimate strength is lower than the nominal value recommended
510 MPa. All steel plates fulfil the minimum ductility requirement concerning the
ratio fu/fy > 1.10, recommended in EN1993-1-1 (2006). On average, the Young’s
modulus are in agreement with the design value 210 GPa.

Table 4.1: Tensile mechanical properties of the steel plates.

Plate thickness # E (GPa) fy (MPa) fu (MPa) fu/fy Ac (%)
6 mm 3 205.1± 2.9 374.1± 1.7 502.5± 1.4 1.34± 0.01 29.7± 1.1
8 mm 3 207.4± 5.0 426.8± 3.2 531.3± 0.6 1.24± 0.01 29.6± 0.9
10 mm 3 211.1± 1.2 374.9± 4.3 480.6± 1.1 1.28± 0.01 25.9± 0.5
12 mm 3 213.6± 1.8 387.2± 7.8 551.2± 1.1 1.42± 0.03 26.4± 0.7
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4.3.2 Adhesive

The adhesive material is a low-viscosity epoxy resin - Epikote resin EPR 04908 with
hardener Epikure curing agent EPH 04908. This epoxy is the adhesive B4 presented
in Chapter 3, Table 3.1. The adhesive characteristics based on the manufacturer’s
data are presented in Table 4.2.

Table 4.2: Characteristics of the adhesive material at room temperature given by the ma-
nufacturer.

Characteristics EPR 04908+EPH 04908
Manufacturer Hexion
Curing process Curing at room temperature for

24h, post-curing at 60 ◦C for 12h
Density (kg/m3) 1150
ν (-) 0.4
Et (MPa) 2900
σtmax (MPa) 74
εtmax (%) 9.4

Tensile tests

Tensile tests were performed on the adhesive material in order to characterize its
mechanical properties. The tests were performed at three different temperatures:
low temperature (−10 ◦C), room temperature (RT: +20 ◦C to +23 ◦C) and high
temperature (+50 ◦C). Material testing was carried out by displacement control
using a testing machine with a maximum test load of 10 kN. A climate chamber
was fitted to the testing machine to enable testing under different temperatures.
Six specimens were submitted to tensile load up to failure for each temperature
(−10 ◦C, RT and +50 ◦C). The experimental procedure was in accordance with
ASTM-D638 (2008). A mechanical extensometer was used to measure the elongation
of the specimens.

Figure 4.1 shows three representative stress-strain curves of the adhesive at each
tested temperature. It is clearly shown that the behaviour of the adhesive can be
considered brittle at low temperatures and ductile at high temperatures. Table 4.3
presents the maximum, minimum and the average values of the mechanical proper-
ties determined by the tensile tests at the three temperatures: tensile modulus (Et),
tensile strength (σtmax) and tensile failure strain (εtmax). As expected, the mecha-
nical properties of the adhesive are affected by temperature. The tensile modulus
is higher at −10 ◦C than at room temperature, while the tensile failure strain is
lower. The results obtained for the tensile strength at −10 ◦C show a significant
scatter, which is a characteristic of brittle material behaviour (high sensitivity to
small defects). This significant scatter can explain the unexpected higher average
value of the tensile strength at RT than at −10 ◦C. This fact does not occur for
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the maximum values of the tensile strength. The tensile modulus is lower at +50 ◦C
than at room temperature. The tensile strength is considerably reduced at this tem-
perature, while the tensile failure strain is much higher. The adhesive mechanical
properties from the tensile tests at room temperature are in accordance with the
ones given by the manufacturer (see Table 4.2).
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Figure 4.1: Adhesive tensile stress-strain curves.

Table 4.3: Tensile mechanical properties from adhesive material testing and from the ma-
nufacturer (* Table 4.2).

Temperature Average Maximum Minimum Manufacturer*

Et(MPa)
−10 ◦C 3378 3585 3131 –
RT 2929 3129 2728 2900

+50 ◦C 2451 2585 2308 –

σtmax(MPa)
−10 ◦C 69.01 75.97 59.83 –
RT 69.28 72.69 62.80 74

+50 ◦C 43.34 49.66 39.47 –

εtmax(%)
−10 ◦C 2.56 3.27 2.07 –
RT 4.88 7.11 3.57 9.4

+50 ◦C 19.51 25.42 15.95 –
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4.4 Bonded steel plates specimens

Five bonded steel plates reinforcement configurations were used in the testing. The
thickness of the steel plates and adhesive were varied according to the expected real
applications. In the Netherlands, the steel deck plate of orthotropic bridge decks
is typically 12 mm thick in movable bridges and 10 mm thick in fixed bridges. In
the present study, both thicknesses were used in combination with 6 mm and 8 mm
thick second steel plate. Two nominal adhesive thicknesses were used: 2 mm and 5
mm. For real application the nominal thickness is 2 mm, but often due to unflatness
of the existing orthotropic deck, the final thickness can vary a lot and therefore it
was included in the experimental program specimens with 5 mm adhesive thickness.

Table 4.4 shows the five configurations tested. The specimen configuration is referred
to as “Baabc”, where “aa”, “b” and “c” represent the nominal thicknesses of the
lower plate (tlp), the adhesive layer (ta,n) and the upper plate (tup), respectively. The
lower plate represents the existing steel deck plate and the upper plate represents
the second steel plate added. Since this research is mainly focused on movable
bridges, the adhesive thickness was only varied when using it with 12 mm thick
lower steel plates. Moreover, the results from the parametric study carried out in
Chapter 3 show that there is no significant difference in the flexural behaviour of the
reinforcement when using 10 mm or 12 mm lower steel plate. The weight of each
reinforcement configuration W is also presented in Table 4.4.

Table 4.4: Configuration of the bonded steel plates specimens and their characteristics.

Configuration tlp (mm) ta,n (mm) tup (mm) W (kg/m2)
B1226 12 2 6 49
B1256 12 5 6 53
B1228 12 2 8 65
B1026 10 2 6 49
B1028 10 2 8 65

The specimens were manufactured by Lightweight Structures B.V. which was res-
ponsible for the adhesive material and its application. The fabrication procedure
followed the technique described in section 4.2. The specimens geometry are simple
beams with 100 mm width and variable lengths.

One resin/epoxy injection was performed for each reinforcement configuration. The
steel plates were manufactured large enough to extract more than one specimen of
each configuration (1000 x 800 mm2). After cutting the specimens to their final
dimensions, the actual adhesive thickness ta,r was determined for each specimen
by measuring the total thickness of the specimen and extracting the thicknesses
of the steel plates. The actual thickness of the steel plates corresponds with its
nominal thickness (tlp and tup). However, the actual adhesive thickness presents
significant deviations from its nominal value. Table 4.5 presents the average actual
adhesive thickness (average), standard deviation (SD) and relative standard devia-
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tion (RSD). The average actual thickness (ta,r) tends to be lower than the nominal
one (ta,n) and the relative standard deviation between specimens can be as much as
24% (specimen B1026).

Table 4.5: Adhesive actual thickness.

ta,r average (mm) SD (mm) RSD (%)
B1226 1.30 0.28 22
B1256 3.18 0.20 6
B1228 1.05 0.22 21
B1026 1.49 0.35 24
B1028 1.24 0.08 7

All specimens were carefully checked by using an ultrasonic Non Destructive Testing
C-scan in order to detect any flaws or delamination areas created during the fabri-
cation or the cutting process. The ultrasonic technique used was the water column
testing. In this technique, the sound is projected from the traducer to the specimen
through a column of flowing water (Grandt, 2004). The sound frequency used was
10 MHz.

4.5 Static behaviour

The aim of this part of the study is to better understand the static bending behaviour
of the bonded steel plates reinforcement. The experimental program that has been
carried out is presented and discussed in the following sections.

4.5.1 Experimental procedure

Static tests were performed on the five different reinforcement configurations, using
a four-point bending rig. The static tests were carried out at three temperatures:
low temperature (−10 ◦C), room temperature (RT: +20 ◦C to +23 ◦C) and high
temperature (+50 ◦C), chosen according to the conditions expected to occur in the
Dutch bridges. The tests were carried out at displacement control using a testing
machine with a maximum test load of 100 kN. A climate chamber was fitted to the
testing machine to enable testing under different temperatures. Two types of load
configuration were used: short and long beams. The short beams load configuration
was quarter point loading with 400 mm support span and 200 mm load span. The
long beams load configuration was third point loading with 750 mm support span
and 250 mm load span. The aim was to better understand the flexural behaviour
of the reinforcement when subjected to different ratios between the normal stress
at the steel plates and the shear stress at the adhesive layer (σsteelplates/τadhesive)
and hence change the importance of the adhesive layer on the total behaviour of the
beam. The specimens were 850 mm long and 100 mm wide. The bending tests were
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performed at a constant displacement rate of 1 mm/min and 3 mm/min for short
and long beams load configuration, respectively.

Firstly, a non-destructive test was carried out in the elastic range using two spe-
cimens of each geometry. Each specimen was tested under the six test conditions
mentioned above (3 temperatures x 2 load configurations). Secondly, the configu-
rations B1228, B1026 and B1028 were tested to final failure. The failure tests were
carried out under the three different temperatures and for the short beams load
configuration.

Figure 4.2 shows a photo of the test set-up. The load actuator is at the lower side of
the specimen. Therefore, the specimen is positioned upside down (lower plate up and
upper plate down). Figure 4.3(a) shows a schematic drawing of the test set-up where
L1 is the load span and L2 is the support span. The displacements of the middle
span cross-section were measured by two potentiometers, one on each side of the
specimen’s width (see Figure 4.3(a)). Temperature sensors were used to measure the
climate chamber and the specimen temperature. The specimens’ middle span cross-
section was instrumented with strain gauges measuring longitudinal strains. Figure
4.3(b) shows a detail of the middle span cross-section where the strain gauges were
applied. The strains along the specimen’s thickness were measured by five strain
gauges, three on the lower plate and two on the upper plate. The strains along the
specimen’s width were measured by three strain gauges at the surface of the lower
plate and three strain gauges at the surface of the upper plate.

Figure 4.2: Test set-up used for the bending tests.
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(a) Test set-up (b) Strain gauges at middle span

Figure 4.3: Isometric drawing of the bending test set-up and instrumentation (L1 – load
span; L2 – support span; Pot1/2 – potentiometers).

4.5.2 Results and Discussion

The results of the experimental program carried out on the static behaviour of the
bonded steel plates reinforcement are divided into three sub results: elastic flexural
behaviour, failure flexural behaviour and stress reduction factor. The experimental
results are compared with analytical results obtained from the analytical solutions
discussed in Chapter 3, applied to the bending tests. A summary of the analytical
study is given hereinafter.

Analytical study

Analytical study was performed on the bonded steel plates specimens to simulate the
bending tests of the experimental program. The elastic flexural behaviour of the spe-
cimens at low temperature (−10 ◦C), room temperature (RT) and high temperature
(+50 ◦C) for short and long beams is studied.

The model is a beam subjected to four-point loading bending test where x, y, z are
the axes in the direction of the length, width and thickness, respectively. The normal
strain εx, normal stress σx, shear stress τxz and shear strain γxz were determined
by the Equations (3.1), (3.2), (3.3) and (3.4) presented in Chapter 3 (page 18).

The cross-section of the bonded steel plates specimens consists of three layers: two
steel plates and one adhesive layer in between. The Young’s modulus and Pois-
son’s ratio of the steel were defined in accordance with EN1993-1-1 (2006), as no
significant difference was found on the tensile material testing performed on the
steel plates. The adhesive material properties were defined by the tensile Young’s
modulus obtained from the tensile tests and by the Poisson’s ratio given by the
manufacturer.
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In order to include temperature effects, the actual mechanical properties of the
adhesive at each temperature were used to determine the flexural rigidity of the
cross-section D (Equation (3.5) in Chapter 3, on page 18) and the first moment of
area B (Equation (3.6) in Chapter 3, on page 18). The mechanical properties of the
steel are considered constant within the tested temperature range.

The specimens stiffness was determined using the two equivalent single layer the-
ories described in Chapter 3: Classical Laminate Plate Theory (CLPT) and the
First-order Shear Deformation plate Theory (FSDT). The analysis was carried out
using both theories in order to understand whether or not shear deformation is im-
portant to the total deformation of the beams. The bending displacement and shear
displacement at the middle span cross-section are given by Equation (4.1) and (4.2),
respectively:

δbending;midspan =
P · L3

k1 ·D
(4.1)

δshear;midspan =
P · L
k2 · S

(4.2)

where P is the applied load, L is the beam span and k1 and k2 are functions of the
support and load span.

The total displacement using the CLPT is equal to the bending displacement –
Equation (4.3). The total displacement using the FSDT is equal to the bending
displacement plus the shear displacement – Equation (4.4), as presented in Chapter
3.

δCLPT = δbending (4.3)

δFSDT = δbending + δshear (4.4)

For each theory, the specimen stiffness K was determined by the ratio between the
load and the displacement at middle span – Equation (4.5).

K =
P

δmidspan
(4.5)
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Bonded steel plates elastic flexural behaviour

This section presents the results from the non-destructive tests performed in the elas-
tic ranges of the specimens. Figure 4.4 shows the typical load-displacement graph,
measured on a B1256 specimen under the six test conditions: three temperature le-
vels (−10 ◦C, RT and +50 ◦C) and two load configurations (S - short beams, L - long
beams). Both for short and for long beams, the results show that temperature has
hardly any effect on the bonded steel plates stiffness. Only the adhesive material is
significantly affected by temperature within the considered range and B1256 has the
thickest adhesive layer (5 mm) from the geometries that were studied. Therefore,
for a smaller adhesive thickness, the temperature effect is even less. As expected,
due to the loading conditions, the stiffness is higher for short beams than for long
beams.
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Figure 4.4: Load displacement graphs measured for B1256 (S – short beams, L – long
beams).

Figure 4.5 and Figure 4.6 show the strains measured at the middle span cross-section
along the thickness of one specimen B1256 and one specimen B1226, respectively,
for short and long beams. The strains measured by strain gauges are plotted for the
three temperatures, Exp T=−10 ◦C, Exp RT and Exp T=+50 ◦C. The only diffe-
rence between the two geometries is the adhesive thickness (2 mm thick for B1226
and 5 mm thick for B1256). The results show that the experimental strains are not
significantly affected by temperature. Contrary to what was expected, the influence
of the temperature is slightly greater for the thinner adhesive layer (B1226) than for
the thicker adhesive layer (B1256). These results are in accordance with the load-
displacement graphs (Figure 4.4) which show that the stiffness is not significantly
affected by temperature. The experimental values are compared with the strain
distribution predicted by CLPT (see Equation (3.1) in Chapter 3, on page 18). The
strain distribution was determined for the three temperatures, CLPT T=−10 ◦C,
CLPT RT and CLPT T=+50 ◦C. The temperature effect is included in the flexural
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rigidity of the cross-section D (see Equation (3.5) in Chapter 3, on page 18) by the
adhesive’s mechanical properties at the three temperatures. The strain distributions
at the three temperatures by CLPT are coincident for all cases presented. The series
CLPT T=−10 ◦C, CLPT RT and CLPT T=+50 ◦C have hardly any difference. The
analytical and experimental results are in considerable agreement.
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(a) Short beams (15 kN)
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(b) Long beams (6 kN)

Figure 4.5: B1256 longitudinal strains (εx) at the middle span cross-section.
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(a) Short beams (15 kN)
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Figure 4.6: B1226 longitudinal strains (εx) at the middle span cross-section.
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Figure 4.7 shows the typical load-displacement graphs of the five geometries at room
temperature for short and long beams. In both graphs, the highest stiffness is
measured for B1228 geometry. Similar values were measured for the geometry B1256.
B1256’s weight is considerably lower than B1228 (53 kg/m2 and 65 kg/m2 as shown
in Table 4.4) and therefore the first is a more efficient configuration than the latter.
For the geometries with a 10 mm thick lower plate, the solution using an 8 mm thick
upper steel plate (B1028) is stiffer than the one using a 6 mm thick upper steel plate
(B1026), as expected.
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Figure 4.7: Load displacement graphs measured at room temperature.

A complete set of experimental stiffnesses is presented in Table 4.6 considering all ge-
ometries, temperatures and load configurations. The results are the average stiffness
measured from two specimens per geometry. The experimental results are compared
with the analytical stiffnesses determined from CLPT and FSDT. The analytical
calculations were performed using the actual adhesive thickness for each specimen
instead of the nominal one, and the actual mechanical properties determined from
the tensile tests.

As expected, for short beams, the stiffness is higher than for long beams load con-
figuration. The temperature effect is higher in short beams than in long beams for
all geometries. Only the adhesive material is significantly affected by temperature
within the considered range and is responsible for the shear displacement. As the
shear displacement plays a more important role in short beams than in long be-
ams, the temperature effects were expected to be higher in the short beams than
in the long beams (σsteelplates/τadhesive lower for short than for long beams). The
temperature effect within the same geometry is generally less than 10%, with the
exception of the B1026 specimens (approximately 20%). This geometry presents a
significant scatter in the adhesive actual thickness (approximately 20% – see Table
4.5, on page 36) which contributes to a greater scatter in the stiffness results.

The difference between CLPT and FSDT is greater for short beams (approximately
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6%) than for long beams (2%). Results can be explained through the shear displa-
cement, which is higher in short beams than in long beams. The difference between
the two theories decreases with temperature due to the fact that the adhesive tensile
modulus Et is higher for low temperatures (see Table 4.3), leading to lower shear
deformations.

The difference between the analytical stiffnesses and the experimental stiffnesses is,
in most of the cases, less than 5%. B1026 and B1228 specimens are the only two
exceptions. The high scatter at the actual adhesive thickness present in these two
geometries might contribute significantly to these results (see Table 4.5).

Table 4.6: Stiffness results from the bending tests (Exp), from CLPT and FSDT.

K −10 ◦C RT +50 ◦C
(kN/mm) Exp CLPT FSDT Exp CLPT FSDT Exp CLPT FSDT

Short
beams

B1226 12.31 13.04 12.53 12.84 13.03 12.46 12.07 13.03 12.36
B1256 14.92 16.80 15.35 16.01 16.79 15.15 15.65 16.78 14.87
B1228 15.40 17.49 16.69 17.09 17.48 16.59 16.86 17.48 16.44
B1026 7.60 9.72 9.34 9.58 9.71 9.29 7.82 9.71 9.21
B1028 12.04 13.47 12.85 13.44 13.47 12.76 12.32 13.46 12.64

Long
beams

B1226 1.66 1.60 1.58 1.58 1.60 1.57 1.52 1.59 1.57
B1256 2.06 2.06 2.00 2.02 2.06 1.99 1.95 2.05 1.98
B1228 2.17 2.14 2.11 2.22 2.14 2.11 2.04 2.14 2.10
B1026 1.16 1.19 1.18 1.15 1.19 1.17 1.00 1.19 1.17
B1028 1.56 1.65 1.63 1.63 1.65 1.62 1.51 1.65 1.62

Bonded steel plates failure flexural behaviour

In order to determine the flexural strength and failure mechanism at different tempe-
ratures, B1228, B1026 and B1028 were tested to final failure. B1226 and B1256 were
not included in this testing since the specimens were used in the fatigue experimental
program that is described in section 4.6.

The bending static tests were carried out for short beams load configuration at
the three temperatures (−10 ◦C, RT and +50 ◦C). Short beams load configuration
was chosen in order to test lower ratios between normal stress and shear stress
(σsteelplates/τadhesive), increasing the importance of the adhesive layer on the total
strength of the beam.

Figure 4.8 shows the representative load-displacement curves at the three tempe-
ratures for B1228 and B1026. Tables 4.7 and 4.8 present the average loads and
displacement at yield and failure, respectively. The elastic limit of the bonded steel
plates beams is not significantly affected by temperature, while the ultimate load
and its displacement are higher at low temperature (−10 ◦C) than at high tempe-
rature (+50 ◦C). As the mechanical properties of the steel plates are not affected
by temperature within the considered range, these results indicate that yielding is
highly affected by the steel plates and the ultimate failure by the adhesive layer.
Temperature effects on the ultimate strength can be explained by the much lower
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adhesive strength at high temperatures than at low temperatures (see Figure 4.1).
As the normal stresses at the adhesive layer are almost zero (near the neutral axis
and low Young’s modulus compared to steel), the dominant failure mode at the ad-
hesive is due to shear stresses. This is shown in Figure 4.9 by the failure mode of one
B1026 specimen, where the shear failure of the adhesive layer next to the loading
point is visible.
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Figure 4.8: Load-displacement curves.

Table 4.7: Average yield loads and displacements (* not tested).

−10 ◦C RT +50 ◦C
(kN,mm) Py δy Py δy Py δy
B1228 72.1 3.8 70.5 3.7 68.7 3.6
B1028 * * 51.4 3.4 50.2 3.5
B1026 37.6 3.6 38.0 3.8 38.0 3.7

Table 4.8: Average failure loads and displacements (* not tested).

−10 ◦C RT +50 ◦C
(kN,mm) Pult δult Pult δult Pult δult
B1228 94.5 9.7 90.7 7.5 78.6 4.5
B1028 * * 74.5 8.1 65.1 5.5
B1026 58.4 17.7 54.3 14.9 53.0 8.2
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Figure 4.9: Shear failure of the adhesive layer on specimen B1026 tested at +50 ◦C.

Figure 4.10 shows the representative load-displacement curves of the three geome-
tries at room temperature. As expected, the stiffness and the yield load are different
for each geometry due to their different flexural rigidity values (D - see Equation
(3.5), Chapter 3). Figure 4.11 shows the normal and shear stress distribution along
the normalized thickness at the yield load for each geometry. The normal stresses
were determined at the middle span cross-section (highest values) using Equation
(3.2). The shear stresses were determined at a cross-section between the load and
the support of the beams (highest values) using Equation (3.3). The normal stress
distribution shows that the adhesive’s normal stress is negligible when compared to
steel stress due to its low Young’s modulus. It can also be observed that for all
geometries the yield load of the beams corresponds approximately with the average
yield stress of the steel plates shown in Table 4.1, fy = 390 MPa (normal stresses at
z/t = 0 and z/t = 1 are around 360 MPa). As the steel material properties are inde-
pendent of temperature, the yield load is not significantly affected by temperature,
as already shown in Figure 4.8. Additionally, for the three geometries presented,
the level of shear stress at the yield load is lower than the shear strength of the ad-
hesive determined from the tensile strength presented in Table 4.3 using Von Mises
criterion (τ = σ/

√
3 = 69/

√
3 = 39.8 MPa). The lowest shear stress level occurs

in B1026 geometry and the highest in B1228. This can explain why the adhesive
failure is achieved with much more deformation after yielding for the B1026 than
for B1228 geometries, as shown in Figure 4.10.
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Figure 4.10: Load-displacement curves at room temperature.
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Figure 4.11: Stresses at RT at the yield load.



4.5 Static behaviour 47

Stress reduction factor

The stress reduction factor SRF was determined by the ratio between the maximum
stress in the lower steel plate after the reinforcement and before the reinforcement
(steel plate with no surfacing). The stress before the reinforcement was determined
using Equation (3.2) for a steel beam with no reinforcement subjected to the same
load conditions. For the experimental values (Exp), the stress after the reinforcement
was determined by the measured strains along the width of the lower steel plate
during tests. For the analytical values (Ant), the stress after the reinforcement was
determined using Equation (3.2) using the actual adhesive thickness and mechanical
properties. Equation (4.6) presents the general expression used for determining the
stress reduction factor of the bonded steel plates specimens.

SRF =

(

1−
σAfter
lp

σBefore
lp

)

· 100 =

(

1− σBaabbc

σaa

)

· 100 (4.6)

The results are presented in Table 4.9 for all geometries, temperatures and load
configurations. The experimental values of SRF are an average of the results for
the specimens tested in each test condition.

Table 4.9: Average SRF results from bending tests and determined from analytical solu-
tion.

SRF −10 ◦C RT +50 ◦C
(%) Exp Ant Exp Ant Exp Ant

Short
beams

B1226 65 60 65 60 63 60
B1256 71 67 70 67 70 67
B1228 71 67 71 67 71 67
B1026 69 67 69 67 68 67
B1028 75 73 76 73 75 73

Long
beams

B1226 65 60 63 60 62 60
B1256 70 67 69 67 68 67
B1228 70 67 71 67 68 67
B1026 67 67 68 67 63 67
B1028 75 73 75 73 73 73

As the analytical stress reduction factor depends only on stress, and therefore only
on the flexural rigidity (D), its value is independent of the load conditions (short and
long beams). The analytical SRF is exactly the same for long and short beams load
configurations, for each geometry. The differences presented between long and short
beams on the experimental stress reduction factor, determined for each geometry,
are mainly due to the variability on experimental data. Once again the influence of
the temperature is very small on the stress reduction factor.

Overall, the stresses can be reduced by 60% to 75% when a 6 mm to 8 mm thick
second steel plate is added to an unreinforced steel plate of 10 to 12 mm thickness.
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4.6 Fatigue behaviour

Fatigue tests have been carried out in order to better understand the fatigue be-
haviour of the bonded steel plates reinforcement. The experimental program was
performed using the first two of the five configurations listed in Table 4.4: B1226
and B1256. The aim was also to investigate the influence of the adhesive thickness
on the fatigue behaviour of the reinforcement.

4.6.1 Experimental procedure

Two reinforcement configurations were tested on fatigue: B1226 and B1256, i.e., a 12
mm thick lower plate and a 6 mm thick upper plate bonded with a nominal adhesive
thickness of 2 mm and 5 mm. All fatigue tests were performed at room temperature
at the same test rig as the one used for the static tests. Two load configurations
were used: four point bending and three point bending. The four point bending test
was equivalent to the short beams load configuration used on the static tests: 200
mm load span and 400 mm support span. The three point bending test was a mid
point loading with 200 mm support span. The B1226’s specimens were subjected to
four point bending tests and the B1256 specimens were subjected to four and three
point bending tests. The change in load configuration had to do with the limited
number of specimens available. In order to increase the number of specimens, the
long specimens of 850 mm length designed for the four point bending tests were cut
into several shorter specimens of 250 mm length and tested in three point bending
tests.

Figure 4.12 shows the fatigue load configurations and the strain gauges used. The
strain gauges measured longitudinal strains at the bottom side of the lower plate
and at the top side of the upper plate, in the middle of the strip. The strain gauges
were applied at midspan and between the load and the support points. Static results
showed that the shear failure of the adhesive occurs between the load and the support
point, where the shear stress is the highest. Therefore it is important to monitor
this area during fatigue tests to detect a possible failure.

In all fatigue tests, the load was controlled and the applied load ratio R – defined
as the ratio of the minimum applied load to the maximum applied load Pmin/Pmax

– was 0.1. The wave form was sinusoidal with a frequency of 8 Hz. Fatigue tests
were performed at three load levels, at a maximum load (Pmax) between 70% and
40% of the relevant static failure load (Pult). Static tests were initially performed
to obtain relevant load levels for the fatigue tests. The static tests were carried out
at room temperature at a constant displacement rate of 1 mm/min. Due to the
reduced number of specimens available, one specimen within each configuration and
test set-up, was tested in static loading.
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(a) four point bending test – 4pbt

(b) three point bending test – 3pbt

Figure 4.12: Fatigue load configurations and specimens’ instrumentation (SG - strain gau-
ges; dimensions in mm).

4.6.2 Results

The results from the static test initially performed on each configuration (B1226,
B1256) and test set-up (4pbt and 3pbt) are shown in Table 4.10. The failure mode
is the same as described in the previous section 4.5.2 for the static tests (page 45):
yield of the steel plates and shear failure of the adhesive at the ultimate load.

Table 4.10: Static yield and ultimate loads and displacements at room temperature.

(kN,mm) Py δy Pult δult
B1226 – 4pbt 59.1 4.3 69.7 12.7
B1256 – 4pbt 67.8 4.0 80.6 14.7
B1256 – 3pbt 53.0 1.4 88.7 4.4
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Fatigue failure mode

Two failure modes were observed during the fatigue tests. The majority of the tests
failed by shear of the adhesive layer. The failure occurred between the support and
load points. The failure mode was similar to the one observed at the static tests but
in this case the shear failure of the adhesive occurred without any yield of the steel
plates. The second fatigue failure mode observed was at the steel plate in tension.
The failure occurred at midspan and generally the steel crack started at the edge of
the strip. Table 4.11 shows pictures of the two failure modes and respective fracture
areas at each load configuration, 4pbt and 3pbt.

Figure 4.13 shows one typical example of the displacement and strain ranges measu-
red during fatigue tests on each failure mode. The displacement range is measured
by the piston of the load cell δpiston and the strains are measured by the strain
gauges applied on the specimen (see Figure 4.12). The examples shown are both
from B1256’s specimens using 3pbt configuration under 0.48 and 0.56 Pmax/Pu load
level.

Table 4.11: Fatigue failure modes.

Failure mode
Load configuration: fracture

area

Shear failure of the adhesive – sfa
4pbt: between supports and

loads

3pbt: between supports and load

Tension failure of the plate – tfp
3pbt: midspan at the tension

steel plate
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Figure 4.13: Displacement and strain ranges versus number of cycles recorded during B1256
three point bending fatigue tests.
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On the specimens which failed by shear of the adhesive (Figure 4.13(a)), there is
no significant stiffness degradation during the fatigue test until final failure. The
failure occurs suddenly at approximately 3.1 · 105 cycles. Neither the displacement
nor the strains have significant changes during the test. The crack initiation could
not be detected before the final fracture of the specimen. The fatigue life of these
specimens is defined as the number of cycles that corresponds with the final failure
of the specimens.

On the specimens which failed by tension of the steel plate (Figure 4.13(b)), the
strain gauge at the midspan (SG02) where the fatigue crack occurred, started to show
the crack initiation at the steel plate between 2.5 · 105 and 3.0 · 105 cycles. During
this crack initiation and propagation there is almost no stiffness degradation. The
fatigue life of these specimens is defined as the number of cycles that corresponds
with an increase of 10% of the initial strain range at the strain gauge SG02.

Fatigue life

Table 4.12 presents the experimental results of the fatigue life of all fatigue tests
performed. The fatigue life corresponding to each load level is presented to each
studied specimens configuration. Figure 4.14 shows the relationship between the
ratio Pmax/Pult and the fatigue life nf for both configurations.

Five B1226 specimens were tested at three load levels under four-point cyclic loading
– Figure 4.14(a). The four specimens tested at load levels higher than 60% failed
by shear failure of the adhevive (‘sfa’). The specimen tested at the lowest load level
50% did not show any damage after 3 million cycles. Due to the limited number
of specimens, only one load level had more than one specimen. At this load level
(around 60%), there is a considerable scatter on the fatigue life.

Seven B1256 specimens were tests at four load levels under three-point cyclic loading
– Figure 4.14(a): ‘3pbt’. The specimens failed in two different modes: shear failure
of the adhesive (‘sfa’) and tension failure of the plates (‘tfp’). At load levels higher
than 50%, the specimens failed on the steel plate in tension (‘tfp’). The higher stress
concentration at midpsan under three-point bending tests induced higher strains in
the tensile steel plates than on the four-point bending tests and therefore the steel
plate in tension failed before the adhesive layer. At the load level around 50%, two
specimens failed on the adhesive and one specimen reached 3 million cycles without
any damage. There is once again a considerable scatter on the fatigue life at this
load level. Finally one specimen at 40% load level failed on the adhesive at 2.5
million cycles. The fatigue life of the B1256 configuration under four-point cyclic
loading (Figure 4.14(a) – ‘4pbt’) was only tested with one specimen at 50% load
level, which reached 6 million cycles without any damage.

Overall, the fatigue life of the bonded steel plates reinforcement presents a significant
scatter.
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Table 4.12: Experimental results of the fatigue life (sfa – shear failure of the adhesive; tfp
– tensile failure of the plates).

Pmax/Pult nf (cycles) failure

B1226 – 4pbt

0.72 11621 sfa

0.61
9483 sfa
2427 sfa

244038 sfa
0.50 > 3005735 run out

B1256 – 4pbt 0.50 > 6242504 run out

B1256 – 3pbt

0.65 701147 tfp

0.56
340161 tfp
337751 tfp

0.48
715806 sfa
306298 sfa

> 3370955 run out
0.39 2502631 sfa
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Figure 4.14: Experimental results given by the relationship between the ratio Pmax/Pult

and the fatigue life nf .
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4.6.3 Discussion

Results show that shear failure of the adhesive is the major fatigue failure mode of
the bonded steel plates reinforced beams. Therefore, the evaluation of the fatigue life
will be focused on the behaviour of the adhesive layer. The shear stress distribution
at the adhesive layer is used to evaluate the fatigue life.

In order to determine the stress distribution at the adhesive layer, linear elastic finite
element analysis (FEA) was performed on the bonded steel plates specimens. The
FEA is explained in the following section.

Stress distribution: FEA

Numerical simulations were performed on the specimens under static four and three
point bending test. The analysis was performed with various adhesive thicknesses,
from 1 mm to 5 mm. Although the nominal adhesive thickness was 2 mm for B1226
configuration and 5 mm for B1256 configuration, the actual thicknesses were between
1 mm and 1.5 mm for B1226 configuration and between 3 mm and 3.5 mm for B1256
configuration, as presented earlier in Table 4.5. Therefore, for the simulation to fit
the actual testing as much as possible, models with 1 mm, 1.5 mm, 2 mm, 3 mm,
3.5 mm and 5 mm adhesive thickness were performed and fitted to each specimen
actual adhesive thickness.

The analysis is fully elastic and under constant loading. The ABAQUS finite element
code was used. The Young’s modulus and Poisson’s ratio of the steel were defined
in accordance with EN1993-1-1 (2006), as no significant difference was found on
the tensile material testing performed on the steel plates (Esteel = 210 GPa and
ν = 0.3). The adhesive mechanical properties were defined by the tensile Young’s
modulus obtained from the tensile tests at room temperature (Eadhesive = 2929
MPa – see Table 4.3) and by the Poisson’s ratio given by the manufacturer (ν = 0.4
– see Table 4.2).

The boundary conditions and the loads were applied directly on the element nodes.
Both the steel plates and the adhesive layer were modelled using continuum 20-nodes
brick (solid) elements, quadratic (second-order) with reduced integration. These
elements are available in the ABAQUS library as C3D20R. These elements show
accurate results when the elements are under shear and bending loads and avoid
errors due to shear locking (a problem in fully integrated, first-order, solid elements)
(ABAQUS, 2008). The mesh was refined until the numerical results converged. The
100 mm width was divided into elements of 5 mm wide. The thicknesses of the
steel plates were divided into elements of 1.5 mm thickness. The adhesive layer is
simulated with one element along the thickness. After performing mesh convergency
studies with 1, 2, 3 and 4 elements per adhesive thickness which showed insignificant
differences, it was decided to keep 1 element per adhesive thickness. In the model
of the four-point bending tests (4pbt), only 425 mm length of the specimen was
modeled since both geometry and loading are symmetric (see Figure 4.12(a)). The
specimen length was divided into three mesh areas: the most refined mesh is between
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the supports and the loads with elements 2.5 mm long; the second area is between
the load and the symmetric axis with elements 5 mm long, and finally the coarsest
mesh in the unloaded areas of the specimen with elements 10 mm long. The 4pbt
model has 105819 nodes and 23920 elements. In the model of the three-point bending
tests (3pbt), the complete specimens length was modeled (see Figure 4.12(b)). The
250 mm specimens length was divided into elements of 2.5 mm length. The 3pbt
model has 117229 nodes and 26520 elements.

The maximum aspect ratio of the elements is 5, which is enough to avoid errors due
to artificial stiffening. Figure 4.15 shows an example of a 3D finite element model of
a bonded steel plates specimen under three-point bending and a detail of the mesh.

(a) 3D model (b) mesh detail

Figure 4.15: 3D finite element model of a bonded steel plates specimen under 3pbt.

To verify the accuracy of the numerical simulations, the results from the FEA were
compared with the experimental results under static bending loads. The strains
measured during the static test at the strain gauges located at the midspan cross-
section were compared with the respective 3D FE models. Table 4.13 presents
the experimental (Exp) and numerical (FEA) results of the strain gauges at the
upper plate and lower plate, SG12 and SG02, respectively, and the deviation of the
numerical results. The experimental results from the ‘B1226 – 4pbt’ static tests are
compared with the model ‘B12‘1’6 – 4pbt’ because its actual adhesive thickness is
1 mm and not 2 mm. The same is valid for the other two specimens: ‘B1256 –
3pbt’ static tests are compared with the model ‘B12‘3’6 – 4pbt’ and ‘B1256 – 3pbt’
static tests are compared with the model ‘B12‘3’6 – 3pbt’. The simulated results are
close to the measured values, with maximum deviations of 10%. Figure 4.16 shows
the comparison between the simulated and measured longitudinal strains along the
thickness at the midspan cross-section of the ‘B12‘2’6 – 4pbt’.

Labordus (2006) performed similar fatigue tests on bonded steel plates reinforced
specimens. Specimens with B1226 configuration were subjected to a sinusoidal fa-
tigue load at 10 Hz frequency and 0.1 ratio. The set-up was a three-point bending
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Table 4.13: Validation of the FEA with experimental data.

Static Test Model P (kN) SG Exp (µ) FEA (µ) dev.

B1226 – 4pbt B12‘1’6 – 4pbt 50
SG12 -1927 -2053 6.5%
SG02 1789 1983 10.8%

B1256 – 4pbt B12‘3’6 – 4pbt 57
SG12 -1995 -2038 2.1%
SG02 1699 1864 9.7%

B1256 – 3pbt B12‘3’6 – 3pbt 40 SG02 1577 1594 1.1%
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Figure 4.16: B1226 – 4pbt longitudinal strains along the thickness at the midspan cross-
section.

test, similar to the one presented in Figure 4.12(b), but with asymmetric support
loads, 100 mm and 50 mm instead of even 100 mm. FEA was performed on the
specimens tested by Labordus (2006) in order to compare these results with the
ones tested in this thesis. FEA was performed using the nominal adhesive thickness
of 2 mm and using the same mechanical properties mentioned earlier in this section.

SN diagram

Figure 4.17 shows the shear stress distribution τxz obtained from the FEA of several
reinforcement configurations at four-point bending under 10 kN static load. Figure
4.17(a) shows the stress distribution at the adhesive layer along the length of the
specimens. This shear stress is maximum at the cross-section between the support
and load point (y/L = 0.325 and y/L = 0.625). The shear stress at the adhesive
decreases as the adhesive thickness increases. Figure 4.17(b) shows the shear stress
distribution along the total thickness of the reinforcement at those cross-sections
with maximum shear stress. At the adhesive layer, the shear stress is constant. The
shear stress at the 12 mm steel plate is higher than at the adhesive layer.
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Figure 4.17: Shear stress distribution τxz under four-point bending tests at 10 kN load
(a) along the normalized total length (L) at the adhesive layer (z/t ≈ 0.65)
and (b) along the normalized total thickness (t) at the cross-section between
support and load points (y/L ≈ 0.325).
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Figure 4.18: Shear stress distribution τxz under three-point bending tests at 10 kN load
(a) along the normalized total length (L) at the adhesive layer (z/t ≈ 0.65)
and (b) along the normalized total thickness (t) at the cross-section between
support and load points (y/L ≈ 0.2− 0.3).
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Figure 4.18 shows the corresponding results for the three-point bending test also at
10 kN load. The cross-section where the shear stress at the adhesive is maximum
is also between the support and load points (y/L between 0.2 and 0.3). The series
‘B1226LWS’ shows the results from the specimens tested by Labordus (2006). As in
this case the load is asymmetric, the shear stress is higher at the shortest support
span.

The shear failure of the adhesive occurred at the cross-section where the FEA pre-
dicts highest shear stresses. This means that using the adequate parameter to eva-
luate the fatigue life, in this case the shear stress at the adhesive layer, can predict
the potential locations of failure.

The shear stress distribution at the adhesive layer during the fatigue tests is related
to its fatigue life in a stress-cycles diagram. Figure 4.19 shows the stress-cycle
SN diagram of all fatigue tests performed on the bonded steel plates reinforcement
beams that failed at the adhesive. The SN diagram was determined from the fatigue
results presented in Table 4.12 and Figure 4.14. The adhesive shear stress range
(∆τad) is the average adhesive shear stress along the width at the area where the
fatigue failure occurred at the amplitude load (∆ · P = 0.9 · Pmax). The fatigue life
of each specimen nf is plotted against its adhesive shear stress range ∆τad.

The results taken from Labordus (2006) are apparently better than those from the
present study. It is important to mention that those results are from literature and
many important parameters for the fatigue life are missing.

The fatigue life does not change significantly when varying the adhesive thickness
between 1 mm and 3.5 mm. No significant difference was found between the fatigue
results from B1226 and B1256 specimens.

Overall, the results are considerably aligned except for the two points that failed
before 104 cycles at 12.6 MPa adhesive shear stress range. In order to investigate
the cause of these two earlier failures, Figure 4.20 shows the results from the C-scan
before testing and photos after testing of one of these specimens. The C-scan shows
significant air flaws before testing, Figure 4.20(a). These air flaws are particularly
large at the edge of the strip. However, this ‘edge air flaw’ is outside the loaded area
of the strip and therefore does not interfere with the fatigue results. On the loaded
area, the air flaws are significantly smaller (‘air flaws’). The C-scan also shows the
steel spacers position on the strip. After testing, the specimen was open and Figure
4.20(b) shows a photo of the failure zone at the interfaces between the adhesive layer
and the 12 mm and 6 mm thick steel plates. The same air flaws and steel spacers
detected on the C-scan can be observed on this photo. The specimen failed by shear
of the adhesive earlier than expected. The fatigue “beach marks” observed at both
interfaces indicate that the fatigue crack initiated at the steel spacer. Hence, the
earlier fatigue failures shown in Figure 4.19 are caused by the stress concentration
at the steel spacers and/or air flaws present in the adhesive layer before testing.
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Figure 4.19: SN diagram of the bonded steel plates reinforcement.

(a)

(b)

Figure 4.20: Specimen (a) C-scan before testing and (b) photos of the failure zone after
testing (∆τad = 12.6 MPa, nf = 104 cycles).
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Fatigue threshold

The fatigue threshold, ∆τ th is defined as the stress level below which no damage will
initiate or if a damage has already formed, no further propagation will take place. A
limited number of cycles was set at 3 million cycles. Three specimens reached this
limit without any damage. The shear stress on the adhesive at those tests is around
10-11 MPa. However, two other fatigue tests failed before one million cycles at the
same stress range. One specimen even failed at 2.5 million cycles at a lower stress
level around 9 MPa. These results indicate that we are very close to the border
between limited and unlimited fatigue life. Despite the limited number of fatigue
data, it can be said that the fatigue threshold of the adhesive shear stress range is
approximately 8 MPa.

4.7 Conclusions

An assessment of the behaviour of the bonded steel plates reinforcement has been
made through an experimental program. The flexural static and fatigue behaviour
of the reinforcement has been studied by three- and four-point bending tests.

The stiffness and the elastic limit of the bonded steel plates reinforcement is not
significantly affected by temperatures between −10 ◦C and +50 ◦C. Both the Clas-
sical Laminate Plate Theory (CLPT) and the First-order Shear Deformation Plate
Theory (FSDT) applied to beams fit to simulate the elastic behaviour of the bonded
steel plates beams. In comparison with no reinforcement, the stresses can be redu-
ced by 65% to 75% after reinforcement. The static failure mode is characterized by
yielding of the steel plates followed by the shear failure of the adhesive layer at the
ultimate load.

The major fatigue failure mode of the bonded steel plates specimens is shear failure
of the adhesive. The damage occurs at the cross-section where the shear stress
is the highest. There is no significant stiffness degradation until the final failure.
Therefore, the stiffness may not be a good monitoring measure for the ‘health’ of a
specimen. The fatigue life of the bonded steel plates reinforcement is not significantly
affected by adhesive thicknesses between 1 mm and 3.5 mm. The fatigue behaviour is
determined by shear stress at the adhesive layer, ∆τad. Concerning this parameter,
the fatigue threshold of the adhesive layers is approximately ∆τ thad = 8 MPa.

The fatigue life of the specimens is sensitive to the quality of the adhesive layer. The
presence of air flaws or steel spacers on the adhesive layer can decrease the fatigue
life of the reinforcement, specially at stress levels higher than the fatigue threshold.



Chapter 5

Sandwich steel plates

reinforcement

5.1 Introduction

In the present Chapter the behaviour of the sandwich steel plates reinforcement is
studied. The technique consists of adding a second steel plate creating a sandwich
structure, in which the faces are the existing steel plate and the second steel plate,
and the polyurethane layer is both the core and the adhesive of the sandwich. An
experimental program was carried out aiming at a better understanding of the influ-
ence of several parameters such as core thickness, environmental temperature, etc,
on the sandwich flexural behaviour. Static and fatigue bending tests were performed
in sandwich beams representing the sandwich steel plates reinforcement. Part of the
contents presented in this chapter is also available in Teixeira de Freitas et al. (2011).

5.2 Technique

The sandwich steel plates reinforcement was developed by Intelligent Engineering
(IE) and patented as Sandwich Plates System (SPS). All manufacturing and appli-
cation of SPS were performed by IE. A more detailed description of the technology
and manufacturing process is given in Chapter 7. The application procedure of the
sandwich specimens used on the current study consists of the following steps:

1. steel surfaces treatment: grit blast and clean the steel surfaces to be free from
rust, grease and dust – cleaning grade Sa 2 1/2 according to ISO-8501 (2007);

2. weld steel bars (with the design core thickness) on the perimeter of the lower
steel plate;

61
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3. place the upper steel plate on the top of the perimeter bars and fillet weld
through the perimeter forming a cavity;

4. inject the polyurethane into the cavity through small holes previously drilled
in the top plate;

5. cure at room temperature during 48 h.

5.3 Materials

5.3.1 Steel plates

Steel grade S355 was selected for both steel plates, the existing steel plate and the
second steel plate. According to EN1993-1-1 (2006) the nominal values for S355
steel grade are 355 MPa for the yield strength (fy) and 510 MPa for the ultimate
strength (fu). According to the same standard, the design Young’s modulus for steel
is 210 GPa (E) and Poisson’s ratio is 0.3 (ν). Four different steel plate thicknesses
were used: 5 mm and 6 mm for the second steel plate, and 10 mm and 12 mm for
the existing steel plate.

Tensile tests

In order to characterize the mechanical properties of the steel plates, four series
of tensile tests were performed, one for each plate thickness. The specimens and
test procedure were in accordance with EN10002-1 (2001). Table 5.1 shows the
average±standard deviation mechanical properties obtained from the tensile tests.
The values for the Young’s modulus E, yield strength fy, ultimate strength fu, ratio
between ultimate strength and yield strength fu/fy and percentage elongation after
fracture Ac are given.

The average yield strengths are higher than the nominal value 355 MPa recom-
mended in EN1993-1-1 (2006). The average ultimate strength are lower than the
nominal value 510 MPa recommended in the same standard. All steel plates fulfil
the minimum ductility requirement concerning the ratio fu/fy > 1.10, recommen-
ded in EN1993-1-1 (2006). The Young’s modulus are on average 8% lower than the
recommended design value, 210 GPa.

Table 5.1: Tensile mechanical properties of the steel plates.

Plate thickness # E (GPa) fy (MPa) fu (MPa) fu/fy Ac (%)
5 mm 4 205.9± 2.1 431.1± 2.9 504.2± 4.1 1.17± 0.00 27.0± 3.1
6 mm 3 186.2± 10.5 407.3± 2.5 494.3± 2.5 1.21± 0.01 31.3± 2.1
10 mm 4 204.1± 15.2 427.6± 5.2 486.7± 1.4 1.14± 0.02 31.8± 1.1
12 mm 3 179.7± 2.6 405.0± 2.6 500.3± 3.8 1.24± 0.01 31.7± 2.1
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5.3.2 Core

The sandwich core is polyurethane (solid polymer) with density 1150 kg/m3. This
polyurethane is the material S4 presented in Chapter 3, Table 3.1. Table 5.2 shows
the polyurethane characteristics given by the manufacturer, including the tensile
mechanical properties at three temperature ranges (σty, yield strength at 0.2% offset;
εtmax, tensile failure strain).

Table 5.2: Characteristics of the core material given by the manufacturer.

Characteristics Polyurethane elastomer
Manufacturer Elastogran GmbH
Curing process Room temperature during 48 h
Density (kg/m3) 1150
ν (-) 0.36
Temp. −20 ◦C +23 ◦C +60 ◦C
Et (MPa) 1164 874 436
σty (MPa) 23.0 16.1 8.1
εtmax (%) 15.1 32.1 43.1

Tensile tests

Tensile tests were performed on the core material in order to characterize its me-
chanical properties. The tests were performed at three different temperatures: low
temperature (−10 ◦C), room temperature (RT: +20 ◦C to +23 ◦C) and high tempe-
rature (+50 ◦C). Tests were conducted in an environmental chamber of a testing
machine with a maximum test load of 250 kN. At each temperature five specimens
were submitted to tensile load up to failure. The experimental procedure was in
accordance with ISO-527 (1996). Experiments were performed under displacement
control at cross-head speed of 5 mm/min. A mechanical extensometer was used to
measure the elongation of the specimens.

The average±standard deviation results obtained from the core tensile testing at low
temperature (−10 ◦C), room temperature (RT) and high temperature (+50 ◦C) are
presented in Table 5.3. The corresponding stress-strain curves are shown in Figure
5.1.

The polyurethane core tensile behaviour is significantly affected by temperature
within the considered range. The polyurethane is stiffer at low temperatures than
at high temperatures. The Young’s tensile modulus (Et) increases by approximately
45% at −10 ◦C and decreases by approximately 35% at +50 ◦C when compared to
room temperature. The same tendency is observed for the yield strength at 0.2%
offset (σty) and the tensile strength (σtmax), higher values at low temperatures
than at high temperatures. The tensile failure strain (εtmax) presents the opposite
behaviour with lower values at low temperatures than at high temperatures, although
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at a lower rate of approximately 20% for both temperature extremes when compared
to room temperature.

The results fit well to the mechanical properties given by the manufacturer (see
Table 5.2).

Table 5.3: Tensile mechanical properties from the core material testing.

Temp Et(MPa) σty(MPa) σtmax(MPa) εtmax(%)
−10 ◦C 1049± 70 22.0± 0.5 37.6± 1.0 21.2± 4.1
RT 721± 54 15.1± 0.3 25.0± 1.1 26.6± 4.8

+50 ◦C 471± 52 9.1± 0.4 17.7± 0.6 31.4± 2.0
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Figure 5.1: Core tensile stress-strain curves.
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5.4 Sandwich steel plates specimens

The sandwich specimens are simple beams representing the sandwich steel plates
reinforcement. Five configurations were tested. The thickness of the steel faces and
core were varied according to the expected real applications.

Although stiffer sandwich structures are achieved when minimizing faces thickness
and maximizing core thickness, for this specific application several limitations must
be considered. In the Netherlands, the steel deck plate of orthotropic bridge decks is
typically 12 mm thick in movable bridges and 10 mm thick in fixed bridges. In the
present study, both thicknesses were used for the lower steel face. In addition, the
thickness of the second steel plate cannot be less than 5 mm. In real applications,
a minimum robustness is needed for this second steel plate, for preventing damage
of the interface layer (for example when repairing wearing courses). Therefore,
thicknesses of 5 and 6 mm were used for the upper steel face. The thickness of the
core was selected according to the most common limitations on weight for movable
bridges. The extra weight added to the structure (W : weight of the core and upper
steel face) was varied between 60 and 80 kg/m2. Taking these values into account,
the thickness of the polyurethane core was varied from 15 mm to 30 mm. Although
the height limit on a movable bridge might be exceeded using these values, the
thickness variation allows to investigate the influence of the core thickness on the
bending behaviour and extend the applicability of the research (for example to fixed
bridges).

Specimens with five different cross-sections were manufactured using different com-
binations of thicknesses. Table 5.4 shows the characteristics of the specimens, inclu-
ding lower and upper face thickness (tlf and tuf ), core thickness (tc), ratio between
core thickness and average face thickness (tc/t̄f ) and weight (W ). The specimens’
configuration is referred to as “Saabbc”, where “aa” represents the lower face thick-
ness (tlf ), “bb” the core thickness (tc) and “c” the upper face thickness (tuf ). The
sandwich geometry was mainly varied using a 12 mm thick lower steel face, because
this study is mainly focused on reinforcement systems for movable bridges.

The specimens were manufactured by Elastogran GmbH, by order of Intelligent
Engineering, which was responsible for the core material and its application. The
fabrication procedure followed the technique described in section 5.2.

Table 5.4: Configuration of the sandwich steel plates specimens and their characteristics.

Specimen tlf (mm) tc (mm) tuf (mm) tc/t̄f (-) W (kg/m2)
S12305 12 30 5 3.5 74
S12155 12 15 5 1.8 57
S12206 12 20 6 2.2 70
S12306 12 30 6 3.3 82
S10306 10 30 6 3.8 82
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One sandwich box was manufactured per sandwich configuration. The sandwich
boxes were manufactured large enough to extract more than one specimen from
each box. The boxes were water-jet cut to obtain the specimens final dimensions,
100 mm wide and 850 mm long.

After cutting the specimens, the thicknesses of the faces and core were carefully
measured. No significant difference was found between the real and the nominal
values.

5.5 Static behaviour

The aim of this part of the study is to better understand the static bending behaviour
of the sandwich steel plates reinforcement. The experimental program that has been
carried out is presented and discussed in the following sections. The experimental
program is similar to what was performed on the bonded steel plates reinforcement
presented in Chapter 4.

5.5.1 Experimental procedure

The flexural behaviour of the sandwich specimens at low temperature (−10 ◦C),
room temperature (RT) and high temperature (+50 ◦C) was determined from static
four-point bending tests in accordance with ASTM-C393 (2006). Two types of load
configuration were used: short and long beams. The short beams load configuration
was quarter point loading with 400 mm support span and 200 mm load span. The
long beams load configuration was third point loading with 750 mm support span
and 250 mm load span. The aim was to better understand the flexural behaviour of
the sandwich beams when subjected to different ratios between normal stress of the
steel faces and shear stress of the core (σsteelfaces/τcore). The bending tests were
performed under displacement control at cross-head speeds of 1 and 3 mm/min for
the short beams and long beams load configuration, respectively.

Firstly, the elastic flexural behaviour was determined from non-destructive bending
tests performed up to a certain elastic load. Two specimens per geometry were
subjected to six test conditions: three environmental temperatures (−10 ◦C, RT and
+50 ◦C) at two load configurations (short and long beams). Tests were conducted
in an environmental chamber of a testing machine with a maximum test load of 100
kN.

Secondly, the failure flexural behaviour of the sandwich beams S12206, S12306 and
S10306 was determined at −10 ◦C, RT and +50 ◦C for short beams load configura-
tion. For this second part of the experimental program six specimens were tested
per geometry (two specimens per test condition). Tests were conducted in an envi-
ronmental chamber of a testing machine with a maximum test load of 600 kN.

Figure 5.2 shows the test set-ups used for elastic (Figure 5.2(a)) and failure (Figure
5.2(b)) bending tests. The sandwich specimens are positioned upside down (lower
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face up) since the load actuator is at the bottom side. The displacement at middle
span was measured by two potentiometers, one at each side of the specimen (see
Figure 5.2(a)). The middle span longitudinal strains of the steel faces were mea-
sured by strain gauges placed along the thickness of the faces as shown in Figure
5.3(a). Rosettes were positioned half way between the supports and the load points
at the short beams load configuration in order to measure the shear strain of the
polyurethane core (see Figure 5.3(b)). The climate chamber’s and the specimen’s
temperature were measured by temperature sensors.

(a) elastic behaviour (b) failure behaviour

Figure 5.2: Test set-ups used for bending tests.

(a) strain gauges on the faces (b) rosette on the core

Figure 5.3: Strain gauges applied on the sandwich specimen.
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5.5.2 Analytical and Numerical Analyses

Analytical and numerical analyses were performed to verify the elastic flexural beha-
viour at low temperature (−10 ◦C), room temperature (RT) and high temperature
(+50 ◦C) of short and long sandwich beams. The analyses are fully elastic, under
constant loading and assume perfect bonding conditions between the core and the
faces of the sandwich. The analytical stiffness of the sandwich beams was determined
using the First-order Shear Deformation Theory (FSDT). Numerical simulations of
the elastic bending tests were performed using finite element analysis (FEA).

The Young’s modulus and Poisson’s ratio of the steel were defined in accordance
with EN1993-1-1 (2006), as no significant difference was found between the real and
design values. The core material properties were defined by the tensile Young’s
modulus obtained from the tensile tests and by the Poisson’s ratio given by the
manufacturer.

First-order Shear Deformation Theory

Many theories have been developed to predict the flexural behaviour of sandwich be-
ams. One of the most popular is the First-order Shear Deformation Theory (FSDT),
also known as classical sandwich theory, already presented in Chapter 3. The FSDT
is an equivalent single layer theory which assumes that a line originally straight and
normal to the reference axis remains straight during deformation, but not necessarily
perpendicular to the reference axis. The displacement consists of two parts, one due
to pure bending and one due to transverse shear.

The model used to simulate the sandwich bending tests is a beam subjected to
four-point loading bending tests where x, y, z are the axes in the direction of the
length, width and thickness, respectively. In the FSDT, the normal strains εx are
linear through the thickness of the laminate and the transverse shear strains γxz are
constant through the thickness (Reddy, 2004). The normal strain εx, normal stress
σx, shear stress τxz and shear strain γxz were determined by the Equations (3.1),
(3.2), (3.3) and (3.4) presented in Chapter 3 (page 18).

According to FSDT, the sandwich beam total displacement is the sum of the ben-
ding displacement of the faces and the shear displacement of the core. The total
displacement at middle span is given by Equation (5.1), the bending displacement
by (5.2) and the shear displacement by (5.3).

δmidspan = δbending;midspan + δshear;midspan (5.1)

δbending;midspan =
P · L3

k1 ·D
(5.2)
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δshear;midspan =
P · L
k2 · S

(5.3)

where P is the applied load, L is the beam span and k1 and k2 are functions of
the support and load span. The sandwich stiffness K was determined by the ratio
between the load and the displacement at middle span – Equation (5.4).

K =
P

δmidspan
(5.4)

Finite element analysis

Finite element analysis (FEA) was performed to better understand the elastic flexu-
ral behaviour of the sandwich beams. The ABAQUS finite element code was used.
Figure 5.4 shows the 3D finite element model of S12305 specimen subjected to long
beams and short beams load configuration, Figures 5.4(a) and 5.4(b), respectively.
The coordinate system is the same as the one used in FSDT, x, y and z in the direc-
tion of the length, width and thickness of the specimen. The boundary conditions
and the loads were applied directly on the element nodes. Both faces and core were
modelled using continuum 20-nodes brick (solid) elements, quadratic (second-order)
with reduced integration. These elements are available in the ABAQUS library as
C3D20R. These elements show accurate results, especially when the elements are
under shear and bending loads and avoid errors due to shear locking (a problem
with fully integrated, first-order, solid elements) (ABAQUS, 2008). A mesh con-
vergency study was performed until the difference in stresses between two refined
meshes was insignificant (less than 0.5%). The elements thicknesses were varied from
1.25 mm to 1.5 mm on the faces and from 3 to 6 mm on the core (5 elements per
core thickness). The elements width was 5 mm (20 elements per specimen width).
The specimen length was divided into elements of 10 mm length except for the short
beams load configuration between supports where the mesh was refined to 5 mm
element length. The long beams model has 127773 nodes and 29240 elements. The
short beams model has 186693 nodes and 42840 elements. The maximum aspect
ratio of the elements is 5, which is enough to avoid errors due to artificial stiffening.
A detail of the mesh is shown in Figure 5.5. Simulations were carried out at the
three environmental temperatures and for the five geometries tested.
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(a) Long beams (b) Short beams

Figure 5.4: S12305 3D FE model.

(a) Mesh detail (b) Mesh refinement at short beams

Figure 5.5: S12305 FE model mesh.
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5.5.3 Results and Discussion

The results of the experimental program carried out on the static behaviour of the
sandwich steel plates reinforcement are divided into three sub results: elastic flexural
behaviour, failure flexural behaviour and stress reduction factor. The experimental
results are compared with the analytical and numerical results presented in the
previous section.

Sandwich steel plates elastic flexural behaviour

The load-displacement graphs at room temperature of the five tested sandwich ge-
ometries are presented in Figure 5.6, for long beams load configuration. The ratio
between core thickness and face thickness influences the stiffness of the different ge-
ometries. Specimens with higher ratios (S12305: 3.5; S12306: 3.3; S10306: 3.8) are
stiffer than specimens with lower ratios (S12206: 2.2; S12155: 1.8). It can also be
observed that reducing by 1 mm or 2 mm the steel face thickness (S12306, S12305
and S10306) has much less influence on the stiffness than reducing the core thickness
by 10 or 5 mm (S12306, S12206 and S12155). Moreover, considering that 1 mm steel
face and 5 mm PU-core have approximately the same weight, the reduction is more
significant when reducing by 5 mm the core thickness from S12206 to S12155 than
when reducing by 1 mm the upper steel face from S12305 to S12306. Therefore, if
weight reduction must be made it should be on the steel faces rather than on the
core thickness. Stiffer sandwich steel plates solutions can be achieved by putting the
extra weight on the core thickness rather than on the face thickness.
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Figure 5.6: Load-displacement graphs measured at room temperature for long beams.
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The load-displacement graphs for the sandwiches S12305 and S12155 at low tempe-
rature (−10 ◦C), room temperature (RT) and high temperature (+50 ◦C) are pre-
sented in Figure 5.7 both for short and long beams load configuration. These two
geometries have extreme values of the ratio between core thickness and face thick-
ness (S12305: 3.5; S12155: 1.8). With regard to other geometries, similar ratios have
similar flexural behaviour (S12306 and S10306 similar to S12305) and in between
ratios have in between flexural behaviour (S12206 in between S12305 and S12155).
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Figure 5.7: Load-displacement graphs (S–short beams; L–long beams).

The temperature significantly affects the sandwich stiffness, within the considered
range. The sandwich beams are stiffer at low temperatures (−10 ◦C) than at high
temperatures (+50 ◦C). The stiffness increases by approximately 25% and 15% at
−10 ◦C for short and long beams, respectively, when compared with room tempe-
rature. The stiffness decreases by approximately 50% and 45% at +50 ◦C for short
and long beams, respectively, when compared with room temperature. The ben-
ding stiffness is more affected by temperature variations in short beams than in
long beams. Only the core behaviour is temperature dependent and it plays a more
important role in short beams than in long beams (εsteelfaces/γcore lower in short
beams than in long beams). When compared with room temperature, the bending
stiffness decreases significantly more at +50 ◦C than increases it at −10 ◦C. Accor-
ding to Gibson and Ashby (1997), increasing the temperature of a polymer based
material gives time-dependent strain beyond the further drop in the Young’s mo-
dulus. The significant visco-elasticity at high temperatures justifies more notable
temperature effects at high temperatures than at low temperatures. This phenome-
non is relatively more significant on the experimental results of thinner cores than
of thicker cores. This effect might be caused by the low thermal conductivity of the
polyurethane where thinner cores ensure better temperature distribution along the
beam than thicker cores.

The average stiffness results (K ) from all geometries tested at low temperature
(−10 ◦C), room temperature (RT) and high temperature (+50 ◦C) are presented in
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Table 5.5 both for short and long beams load configuration. In Table 5.5 the experi-
mental results are compared with the results from the First-order Shear Deformation
Theory and from the FEA simulations.

Table 5.5: Stiffness results from sandwich bending tests (Exp), FSDT and FEA.

K −10 ◦C RT +50 ◦C
(kN/mm) Exp FSDT FEA Exp FSDT FEA Exp FSDT FEA

Short
beams

S12305 39.4 30.3 36.4 32.3 22.6 29.1 20.2 15.8 22.5
S12155 28.2 19.6 23.2 22.0 15.5 19.7 9.0 11.4 16.2
S12206 38.3 24.4 29.8 29.6 18.5 24.5 13.3 13.1 19.5
S12306 46.2 31.2 38.6 37.1 23.0 30.6 19.0 15.9 23.6
S10306 42.7 29.8 34.0 34.2 22.1 26.6 16.2 15.4 20.1

Long
beams

S12305 8.8 7.8 8.1 7.6 6.4 6.8 4.5 4.9 5.3
S12155 4.6 4.1 4.2 4.2 3.6 3.8 2.0 3.0 3.2
S12206 7.0 5.8 6.1 6.2 4.9 5.2 2.9 3.8 4.2
S12306 9.9 8.4 8.9 8.5 6.7 7.3 4.7 5.1 5.7
S10306 9.4 7.8 8.0 8.0 6.3 6.6 4.3 4.8 5.1

With regard to the accuracy of FSDT it can be observed that only for long beams
at −10 ◦C and RT there is reasonable agreement between FSDT and experiments.
The FSDT predicted stiffness is approximately 15% lower than experimental results
at these tests conditions. For short beams the deviation between the FSDT stiffness
and experiments grows to 30% at −10 ◦C and RT. At +50 ◦C the experimental
results show less analogy with the FSDT results.

The FEA simulations are generally more in accordance with the experimental results.
At −10 ◦C and RT, the predicted stiffnesses for short beams are approximately 20%
lower than the experimental results and for long beams 15% lower. At +50 ◦C, FEA
predicted stiffnesses are on average 25% higher than the experimental results. The
deviation of the FEA at high temperatures is higher for specimens with thinner cores
(30% and 40%) than for specimens with thicker cores (10% and 20%) because, as
discussed earlier, the experimental results of thinner cores are more affected by high
temperatures.

In order to better understand these results, the through-thickness variation of longi-
tudinal strains at the middle span cross-section was measured experimentally (Exp)
and determined using FSDT and FEA. The results are given in Figures 5.8 and 5.9
for S12305 and S12155 for short beams at 12 kN load and for long beams at 7 kN
load.
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Figure 5.8: S12305 longitudinal strains (εx) at the middle span cross-section.
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Figure 5.9: S12155 longitudinal strains (εx) at the middle span cross-section.

The Exp and FEA results indicate that the plane-sections-remain-plane criterion
assumed in FSDT is only valid for long beams at −10 ◦C and RT (Figures 5.8(a)
and 5.9(a)) and clearly invalid for short beams at any temperature range (Figures
5.8(b) and 5.9(b)). The FSDT cannot predict the discontinuity at the interfaces core-
steel-face and the non-linearity at the core present on the longitudinal strains for the
short beams load configuration. Higher order shear deformation theories (HSDT)
are needed to better model the sandwich bending behaviour on these load conditions.
At +50 ◦C the experimental results present greater deviations with the FSDT results
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than at lower temperatures. The visco-elasticity present in the polyurethane at high
temperatures, which fails the elastic assumption, might be the reason for the increase
of deviation.

FEA simulations result in a better analogy with the experimental results. This is
especially observed for short beams load configuration (Figures 5.8(b) and 5.9(b)).
In both geometries S12305 and S12155, the results from FEA predict the slope dis-
continuity measured on the longitudinal strains at all temperatures tested. The
difference of mechanical properties between the steel faces and the core causes a
discontinuity of the deformed core-steel-face planes at the interface. This is also
known as ‘zig-zag’ effect and has been subject of several studies in sandwich compo-
site structures (Brischetto et al., 2009; Carrera, 2003; Cho and Averill, 2000). The
‘zig-zag’ effect increases with temperature as the discontinuities in the mechanical
properties between faces and core increase. At short beams load configuration, the
‘zig-zag’ effect becomes stronger than at long beams because the transverse shear
strain is higher in short beams than in long beams.

Besides this discontinuity, FEA simulations of the geometry S12305 present an extra
warping of the core at short beams load configuration. The warping gets stronger
for high temperatures and is less significant for S12155 geometry. This effect might
be caused by secondary effects of short beams already observed by Hardy and Pi-
pelzadeh (1991) when studying static analysis of short beams with homogeneous
cross-section. As the ratio between span and thickness of the cross-section increa-
sed, the distribution became less distorted. This might be the reason for the less
significant warping on the distribution along the S12155 geometry.

For the results at +50 ◦C, the percentage of deviation between FEA and experiments
is approximately 15% for S12305 and 40% for S12155. The simulations are stiffer
than the experiments because the FEA took only the decrease of Young’s modulus
into account and ignored the extra effect of time-dependent strain.

The shear strain was measured during tests by rosettes at half way between the
support and the load for short beams load configuration. The results are shown in
Figure 5.10 for S12305 and S12155 at all temperatures tested and compared with
FSDT and FEA. As already observed, FEA is more in agreement with experimental
results than FSDT. At −10 ◦C and RT, the predicted shear strains are higher than
the ones measured, both for FSDT and FEA. At +50 ◦C, and mainly at thinner
cores, greater deviation is observed between measured values and predicted values.
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Figure 5.10: Shear strain (γxz) at half way between the support and the load for short
beams load configuration (see Fig. 5.9 for key).

Sandwich steel plates failure flexural behaviour

The failure flexural behaviour of the sandwich beams S12206, S12306 and S10306
was determined at −10 ◦C, RT and +50 ◦C for short beams load configuration. The
representative load-displacement curves at room temperature of the three sandwich
geometries are presented in Figure 5.11. It can be observed that the lower steel face
thickness, 12 mm or 10 mm (S12306 to S10306), has less influence on the flexural
strength than the core thickness, 30 mm or 20 mm (S12306 to S12206).
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Figure 5.11: Load-displacement curves at room temperature.
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The representative load-displacement curves for geometries S12206 and S10306 at
the three temperatures ranges are shown in Figure 5.12. The average yield loads and
delamination loads and corresponding displacements are presented in Table 5.6. The
delamination between the faces and PU-core was detected by monitoring the bending
tests taking pictures at every displacement step. This procedure was carried out only
when no climate chamber was used. Therefore, there are only delamination values
for RT tests. Table 5.7 shows the average maximum loads and failure displacements.

At −10 ◦C the behaviour is brittle and almost linear. Failure occurs at high load
levels and small displacements. No significant plastic deformation is observed as the
yield and failure occur at similar displacement values.

At RT the plastic deformation increases but the yield and maximum load values are
not significantly affected. The delamination loads are higher than the yield loads,
which indicates that the sandwich beams yield before delamination occurs between
the PU-core and the faces.

At +50 ◦C the behaviour is non-linear with significant plastic deformation. The
maximum load decreases and the failure displacement increases.

Temperature significantly affects the flexural strength of the sandwich beams within
the considered range. The behaviour observed indicates that the PU-core has a
significant influence on the flexural behaviour of the sandwich beams. Temperature
effects can be explained by the temperature dependency of the PU material, lower
strength and higher failure strain at high temperature than at low temperatures (see
Table 5.3).
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Figure 5.12: Load-displacement curves.
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Table 5.6: Average yield loads and delamination loads and corresponding displacements.

−10 ◦C RT +50 ◦C
(kN,mm) Py δy Py δy Pdel δdel Py δy
S12206 110.7 3.2 97.9 3.6 135.7 6.0 40.4 5.7
S12306 146.4 3.8 130.2 4.1 131.3 4.2 72.9 5.8
S10306 135.4 3.5 120.2 4.0 134.7 4.9 70.3 7.4

Table 5.7: Average maximum loads and failure displacements.

−10 ◦C RT +50 ◦C
(kN,mm) Pult δult Pult δult Pult δult
S12206 133.7 5.8 148.0 12.6 91.4 37.4
S12306 234.3 13.5 182.8 16.7 119.9 42.3
S10306 197.9 9.2 167.7 17.0 102.7 40.1

Figure 5.13 shows pictures of S10306 specimens after failure. The failure modes
at −10 ◦C and at RT are faces-to-core delamination and core shear failure (Figures
5.13(b) and 5.13(c)). Although the final failure of the specimens is core shear failure,
delamination started before. This is confirmed by the delamination load measured
at RT which occurred before failure. It can also be observed in Figures 5.13(b)
and 5.13(c) that the plastic deformation after failure is more significant on the steel
faces than on the PU-core. For both temperatures the lines drawn on the PU-
core surface remain straight after failure. The failure mode at +50 ◦C is faces-to-
core delamination (Figure 5.13(d)). At high temperatures the PU-core allows more
deformation before failure than at low temperatures. This can be observed by the
significant warping of the lines drawn on the PU-core at +50 ◦C when compared to
−10 ◦C and RT (Figures 5.13(b) to 5.13(d) – perpendicular lines before test). The
deformation needed for the complete delamination of the interface between PU-core
and faces can only be achieved before shear failure of the PU-core at +50 ◦C and
not at −10 ◦C and RT.

Figures 5.14, 5.15 and 5.16 show the normal stress and the shear stress distribution
along the normalized thickness at the yield load of each geometry, respectively, at
−10 ◦C, RT and +50 ◦C. The normal stress σx is at the middle span cross-section
and the shear stress τxz at the cross-section half way between load and support
points. The experimental values (Exp) were determined by Equations (5.5) and
(5.6) using the strain values measured during tests by strain gauges applied on the
steel faces and rosettes on the PU-core.

σsteel
x.exp = εx · Esteel (5.5)

τPU
xz.exp = γxz ·GPU (5.6)
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(a) (b) −10 ◦C

(c) RT (d) +50 ◦C

Figure 5.13: S10306 specimens after failure.
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Figure 5.14: Stresses at −10 ◦C at the yield load.
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Figure 5.15: Stresses at RT at the yield load.
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Figure 5.16: Stresses at +50 ◦C at the yield load.

The steel Young’s modulus was defined in accordance with EN1993-1-1 (2006)
(Esteel = 210 GPa). The shear modulus of the PU was determined by Equation
(3.8) using the tensile Young’s modulus obtained from the tensile tests at each
temperature and by the Poisson’s ratio given by the manufacturer.

The experimental results are compared with FEA results. Both results are compared
with the average yield stress of the faces (σy,faces – Table 5.1, for 6, 10 and 12 mm:
fy = 413 MPa) and the yield shear stress of the PU-core using Von Mises criterion
(τy,core = σty/

√
3).
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For the yield load at −10 ◦C and RT, the upper steel face and PU-core are close
to yielding. At −10 ◦C and RT, there is good agreement between the experimental
values and the FEA. At −10 ◦C no experimental results are available for the shear
strain of the PU-core. At +50 ◦C, the lower steel face and the PU-core are close to
yielding. The considerable deformation of the PU-core at this temperature decreases
the connection between the steel faces. Therefore, the stresses on the lower steel face
increase considerably. Meanwhile, the PU-core is also close to yielding. At +50 ◦C a
greater deviation is observed between experimental results and FEA than at −10 ◦C
and RT. For all temperatures tested, the yield load of the sandwich beams occurred
when one of the steel faces and the PU-core were close to yielding.

Stress reduction factor

The stress reduction factor SRF for the sandwich beams was determined by the ratio
between the maximum stress in the lower steel face (midspan location) before the
reinforcement and after the reinforcement – Equation (5.7). The stress before was
determined using Equation (3.2) for a steel beam with no reinforcement subjected
to the same load conditions. The stresses after the reinforcement were determined
from the strain gauge measurements during tests using Equation (5.5) and from the
FEA.

SRF =

(

1−
σAfter
lf

σBefore
lf

)

· 100 =

(

1− σSaabbc

σaa

)

· 100 (5.7)

The SRF from the experimental tests (average values) and from the FEA at −10 ◦C,
RT and +50 ◦C are presented in Table 5.8 both for short and long beams load configu-
rations. Stresses at the steel plate can be reduced by 60% to 95% after reinfocement.
The SRF is significantly affected by temperature, within the considered range. The
temperature increase, from RT to +50 ◦C, decreases the SRF by up to 20%. The
temperature decrease, from RT to −10 ◦C, increases the SRF by up to 3%.

The most efficient combination is 30 mm PU-core and 5 mm or 6 mm upper steel
face: rows S12305, S12306 and S10206. These combinations can result in an SRF
between 80% and 90%. Decreasing the PU-core thickness from 30 mm to 20 mm or
15 mm (rows S12205 and S12155) can reduce the SRF to 75% or 65%, respectively.
The FEA results are in good agreement with the experimental results.

Overall, the SRF is higher for long beams than for short beams load configuration.
As shown in Figures 5.8 and 5.9, decreasing the span from long to short increases the
‘zig-zag’ effect present at the strains of the sandwich beams. As the ‘zig-zag’ effect
becomes stronger, the desirable composite action between the three layer becomes
weaker (more than one neutral axis) and, therefore the SRF decreases.

The bonded and sandwich steel plates reinforcements can be compared with the
ultra high performance concrete alternative studied by Schrieks (2006) and Boeters
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Table 5.8: Average SRF results from sandwich bending tests and determined from FEA.

SRF −10 ◦C RT +50 ◦C
(%) Exp FEA Exp FEA Exp FEA

Short
beams

S12305 91 89 90 87 84 83
S12155 85 81 83 79 62 75
S12206 89 86 87 83 74 80
S12306 92 90 90 87 83 84
S10306 94 93 94 91 89 89

Long
beams

S12305 92 92 92 91 90 89
S12155 86 84 85 83 75 82
S12206 90 88 89 88 83 86
S12306 93 92 92 91 90 90
S10306 95 94 94 94 92 93

et al. (2009) in terms of stress reduction factors. Tests were performed on small
beams similar to the present study. The results show a stress reduction of 70% on
the steel plate adding 50 kg/m2 (25 mm of concrete overlay). For approximatelly the
same weight, the SRF obtained for the bonded steel plates reinforcement is 60%-
65% adding a 6 mm thick upper steel plate using 2 mm adhesive nominal thickness
and for the sandwich steel plates reinforcement is 75%-85% adding a 5 mm thick
upper steel plate using 15 mm core thickness.

5.6 Fatigue behaviour

Fatigue tests have been carried out in order to better understand the fatigue be-
haviour of the sandwich steel plates reinforcement. The experimental program was
performed using the first two of the five configurations listed in Table 4.4: S12305
and S12155.

5.6.1 Experimental procedure

Fatigue tests were performed in two sandwich beam geometries. Both have 12 mm
and 5 mm lower and upper steel face thicknesses, respectively. The difference bet-
ween the two tested geometries is the core thickness, 30 mm and 15 mm. The
maximum and minimum values for the core thickness were tested to enable any
further interpolation for the fatigue behaviour of the thickness in between.

The fatigue tests were performed at room temperature on the test rig used for the
static tests (see Figure 5.2(a)), with a maximum capacity of 100 kN. The tests were
four-point loading equivalent to the short beams load configuration used for the
static tests: 200 mm load span and 400 mm support span.

Strain gauges were applied at the bottom side of the lower steel face and at the top
side of the upper steel face in the middle of the strip’s width. The strain gauges
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measured longitudinal strains at the midspan cross-section and at the cross-section
between the load and the support points. It was decided to monitor the latter
region, since core shear failure was expected to occur where the core shear stress is
the highest. Figure 5.17 shows a drawing of a specimen S12305 under the fatigue
load configuration and the strain gauge positions.

Figure 5.17: Fatigue load configuration and specimens instrumentation (SG - strain gauges;
dimensions in mm).

The fatigue tests were carried out in load control with a constant applied load ratio
R = 0.1 (R = Pmin/Pmax). The aim was to perform tests at different load levels, at
a maximum load (Pmax) between 60% and 30% of the respective static failure load
(Pult). The wave form was sinusoidal.

Cyclic loading on sandwich beams with large strain variation creates an increase in
the temperature of the core material, that will not be released due to its very low
thermal conductivity. This temperature increase results in a degradation of the core
properties, as observed in the previous section, and hence has a decremental effect
on the fatigue life of the sandwich beams (Sharma et al., 2006). Therefore, attention
must be paid to temperature increases at the core material during fatigue loads in
order to avoid any negative influence on the fatigue life of the sandwich beams.

In order to ensure that the fatigue life determined in this study is not influenced
by any thermal effects during the fatigue tests, a pre-study was conducted varying
the frequency of testing. Temperature sensors were glued to the free surface of the
sandwich core. The evaluation was based on the criterion that the core temperature
should not rise more than 5 ◦C from its initial temperature (Burman and Zenkert,
1997; Shenoi et al., 1995). After testing between 5 Hz and 2 Hz frequency, it was
concluded that at 2 Hz the temperature was not increasing more than 4 ◦C to 5 ◦C
from its initial temperature. Therefore it was decided to conduct all the fatigue tests
on the sandwich steel plates at a constant frequency of 2 Hz.

Static tests were initially performed to obtain relevant load levels for the fatigue
tests. Static tests were performed at room temperature, at a constant displacement
rate of 1 mm/min and using exactly the same load configuration as for the fatigue
tests. Due to the small amount of specimens available for the fatigue experimental
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program, only one specimen within each sandwich geometry was tested in static
loading.

5.6.2 Results

The results from the static test initially performed on the sandwich beams S12305
and S12155 are shown in Table 5.9. The static failure mode was first delamination
at the interface between the core and the faces and finally core shear failure at the
ultimate applied load (see Figure 5.13(c)).

Table 5.9: Static yield and ultimate loads and corresponding displacements at room tem-
perature.

(kN,mm) Py δy Pult δult
S12305 111.9 3.6 174.8 16.4
S12155 81.1 3.8 127.5 20.2

Fatigue failure mode

All the fatigue failures occurred in the area between the support and the load point
of the sandwich beam, where the transverse shear force is constant. All the fatigue
final failure modes were core shear failures. Figure 5.18 shows a typical example of
displacement and strains range values measured during one fatigue test until failure.
The displacement range is measured by the piston of the load cell δpiston and the
strains are measured by the strain gauges SG01 and SG11 (see Figure 5.17), located
close to the area where final failure occurred. The example shown is from a S12155
sandwich configuration under 0.35 Pmax/Pult load level.

The displacement and strain range are constant in the greater part of the fatigue
test, until a certain point when the fatigue damage starts. For the example shown
in Figure 5.18, the damage starts at approximately 1.8 million cycles. At this point
the strain of both strain gauges starts to increase. This is the start of the fatigue
damage and corresponds with the beginning of the delamination between the 12-
mm-steel-face (tension face) and the core, which was visually observed. For all the
fatigue tests performed, the delamination was the first damage event observed. The
starting point of the delamination is detected by the strain gauges, but it does not
affect the displacement significantly. As the delamination propagates throughout
the interface, the displacement starts to increase.

The second damage event is the kink of the delamination crack through the core
thickness. The starting point of the crack kink was difficult to be detected visually
due to the high crack propagation rate. Nevertheless it is believed that the kink of
the crack and following progression through the core thickness occurs approximately
when the strain range of SG11 starts to decrease.
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Figure 5.18: Displacement and strain range versus number of cycles measured at S12155
fatigue test under 0.35 · Pmax/Pult load level.

The third and last damage event is when the crack progresses through the core
thickness and reaches the interface with the 5-mm-steel-face (compression face),
causing the displacement and strain to increase exponentially and finally to the
failure of the specimen (close to 2.5 million cycles).

These three fatigue damage events occurred in all fatigue tests performed both for
S12305 and S12155.

Very similar fatigue damage progression was already observed in previous research
on fatigue of sandwich structures found in literature. Kulkarni et al. (2004) and
Shenoi et al. (1995) described very similar fatigue damage on sandwich panels with
PVC foams (polyvinyl chloride) under three-point bending fatigue tests. Gibson
(2011) reports the core crack progression in the same way for sandwich beams with
Rohacell foam cores. A very good summary of the research that has been performed
on fatigue of sandwich beams is reported in Sharma et al. (2006).

Looking at what the failure and cracks look like during fatigue damage, two distinct
‘core shear crack shapes’ were identified based on the angle of the crack in the core
of the sandwich: type A and type B.

Figure 5.19 shows examples of type A crack on S12305 and S12155. On type A
crack, after progression of the delamination between the tension face and core (this
delamination can be detected on the right hand side of Figure 5.19(a) and left hand
side of Figure 5.19(b)), the crack kinks to the core thickness with an angle clearly
larger than 45◦, rather between 70◦ and 80◦. The crack progresses through the core
thickness decreasing the angle and finally reaches the compression face at an angle
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of approximately 55◦. The crack is asymmetrical considering the mid core thickness
plan.

Kink angles larger than 45◦ were also observed in shear fatigue tests performed
on sandwich beams with polymer foams reported in Zenkert and Burman (2009).
Analytical studies performed by the same author state that kink angles higher than
45◦ occur when an interface delamination is present just prior to the core crack
(Zenkert, 1991), which is exactly the case with the damage progression observed at
the tested sandwich beams.

Figure 5.20 shows examples of type B crack on S12305 and S12155. The initial crack
angle (kink angle) is also between 70◦ and 80◦ just like type A crack. However, when
the crack reaches the mid thickness of the core, the angle decreases to approximately
45◦. This is especially evident on the S12305 specimen in Figure 5.20(a). When the
crack reaches the compression face, the angle returns to its initial shape, but now
with the compression face. In Figure 5.20(c), prior to the crack, there is delamination
on both interfaces between the core and the tension face and the core and the
compression face. The delamination with both faces is thought to be the cause of
the symmetrical kink angle and symmetrical crack shape.

Fatigue crack growth and fracture mechanics on sandwich structures has been sub-
ject of several research studies for many years, such as Prasad and Carlsson (1994),
Shipsha et al. (1999) and Berggreen and Carlsson (2010). In these studies, analyses
are carried out to better understand and explain the fracture mechanism of sandwich
beams.

Fatigue life

The fatigue life is defined as the number of cycles that corresponds to 10% of stiffness
degradation. In all failure fatigue tests, this point occurred after the delamination
event but before the final failure. For the example shown in Figure 5.18, the de-
lamination occurred around 1.8 million cycles, the 10% stiffness degradation at 2.3
million cycles and the final failure at 2.48 million cycles.

Table 5.10 presents the experimental results of the fatigue life of all tested sandwich
beams. The fatigue life nf corresponding to the load level (Pmax/Pult) of each test
is presented, as well as the moment when delamination was detected in terms of
percentage of the fatigue life (‘del. (%nf )’). For specimens with a fatigue life lower
than 1 million cycles, the delamination occurs quite early, approximately 50% to
70% of the fatigue life. For specimens with longer lives, the delamination occurs
mainly after 80% of the fatigue life.

Figure 5.21 shows the relationship between the ratio Pmax/Pult and the fatigue life
nf for the S12305 and the S12155 sandwich configurations.



5.6 Fatigue behaviour 87

(a) S12305 (0.54 · Pmax/Pult) (b) S12155 (0.42 · Pmax/Pult)

Figure 5.19: Type A core shear crack : delamination and core crack progression.

(a) S12305 – crack progression (b) S12305 – final failure

delamination

(c) S12155 – delamination prior to crack (d) S12155 – final failure

Figure 5.20: Type B core shear crack – (a) and (b) 0.43 · Pmax/Pult, (c) and (d) 0.42 ·

Pmax/Pult.
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Table 5.10: Experimental results of the fatigue life of the sandwich beams (* delamination
not detected).

Pmax/Pult nf (cycles) del. (%nf )

S12305

0.54 209282 72%

0.43

103191 68%
283672 71%
2593862 94%
2976665 89%

0.34
> 4674438 (run out)
> 5363733 (run out)

S12155

0.63 11107 *

0.47
243604 57%
379407 *

0.42
308479 55%
1093497 87%
1448238 76%

0.35

1438322 90%
2303967 78%
2878979 83%

> 3638481 (run out)
0.31 > 4165831 (run out)
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Figure 5.21: Experimental results given by the relationship between the ratio Pmax/Pult

and the fatigue life nf .
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Seven S12305 specimens were tested at three different load levels (Figure 5.21(a)).
The specimen tested at the highest load level failed before half a million cycles.
At the intermediate load level between 0.4 and 0.5, two specimens failed before
half a million cycles and two specimens failed after 2.5 million cycles. There is a
considerable scatter at this intermediate level. At the lowest load level (0.34) two
specimens reached approximately 5 million cycles without any damage.

Eleven S12155 specimens were tested at five different load levels (Figure 5.21(b)).
The only specimen tested at the highest load level had a very early failure, around
10.000 cycles. From the five specimens tested between 0.4 and 0.5 load level, three
failed before half a million cycles and two failed around 1 million cycles. At the lower
load levels two specimens failed between 2 and 3 million and two specimens reached
almost 4 million cycles without any damage. One specimen at this load level failed
earlier than the other ones, at 1.4 million cycles.

5.6.3 Discussion

SN diagram

Results show that delamination between the core and the steel faces followed by
shear failure of the core is the major fatigue failure mode of the studied sandwich
beams. Therefore the shear stresses through the interfaces and through the core
thickness are the parameters used to evaluate the fatigue life.

The stress distribution at the sandwich beams was obtained from the static FEA
explained in the previous section 5.5.2. Figure 5.22 shows the shear stress distri-
bution τxz under four-point bending tests at 10 kN load (by equilibrium τzx=τxz)
. The cross-section along the length with the maximum shear stress is located bet-
ween the load and support points (Figure 5.22(a) – y/L = 0.35). It was at this
cross-section where all the fatigue failures were experimentally observed. Using the
adequate parameter to evaluate the fatigue life, in this case the shear stress at the
interface between the core and the 12 mm thick steel plate, can predict the potential
locations of failure.

The distribution along the sandwich thickness (Figure 5.22(b)) shows that the shear
stress at the interface between the core and the 12 mm thick steel plate is 17%
higher than at the interface with the 5 mm thick steel plate, both for S12305 and
S12155. This explains why the delamination was mainly observed at the interface
between the core and the 12 mm thick steel face. The shear stress at the S12155
sandwich configuration is approximately 39% higher than at the S12305 sandwich
configuration.
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Figure 5.22: Shear stress distribution τxz under four-point bending tests at 10 kN load (a)
along the normalized total length (L) at the interface between core and 12
mm steel face (z = 12 mm) and (b) along the normalized total thickness (t)
at the cross-section between support and load points (y/L = 0.35).

Figure 5.23 shows the stress-cycle SN diagram of all fatigue tests performed on the
sandwich steel plates reinforcement beams. The SN diagram was determined from
the fatigue results presented in Figure 5.21. The fatigue life of each test nf is plotted
against the interface shear stress range ∆τc. This stress range is the shear stress
τxz at z=12 mm (interface between the 12 mm steel plate and the core – see Figure
5.22(b)), multiplied by the amplitude load (∆ · P = 0.9 · Pmax) in each fatigue test.

There is a good agreement between the fatigue life of the two sandwich configurati-
ons, S12305 and S12155. The fatigue life of both configuration end at approximately
the same area, depending on the load level, except for one specimen S12305 that fai-
led too early at 105 cycles. This might be caused by less quality adherence between
the core and the interface at this specific specimen. The fatigue life of the sandwich
steel plates reinforcement might be influenced by the quality of the interface bet-
ween the core and the steel faces. Increasing the core thickness does not have direct
influence on the fatigue life of the sandwich beams since this is dominated by the
interface life.
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Figure 5.23: SN diagram for sandwich steel plates reinforcement.

Fatigue threshold

The fatigue threshold, ∆τ th is defined as the stress level below which no damage
will initiate or if a damage has already formed, no further propagation will take
place. Four specimens reached 3 to 5 million cycles without any damage. The shear
stress at the interface at those tests is between 4 and 5 MPa. At 5 MPa, three other
tests failed after 1.4 million cycles. This indicates that the fatigue threshold is lower
than 5 MPa. Despite the small number of fatigue data without any damage, it can
be said that the fatigue threshold of the interface shear stress range lays somewhere
between 4 and 5 MPa. Moreover, the fatigue threshold is not significantly influenced
by the core thickness.
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5.7 Conclusions

An assessment of the behaviour of the sandwich steel plates reinforcement has been
made through an experimental program and finite element analysis (FEA). The
flexural static and fatigue behaviour of the reinforcement has been studied by four
point bending tests.

The static behaviour of the sandwich steel plates reinforcement is significantly affec-
ted by temperatures between −10 ◦C and +50 ◦C. The increase of the temperature
decreases the sandwich stiffness. When compared to RT, the bending stiffness of
the sandwich beams increases on average 20% at -10 ◦C and decreases on average
50% at +50 ◦C. At +50 ◦C the viscoelastic behaviour present in the PU-core at
high temperatures plays an important role in the flexural behaviour of the sandwich
beams and decreases the sandwich stiffness. Experimental results reveal some agree-
ment with FSDT only at −10 ◦C and RT for long beams. Overall, FEA is in good
agreement with the experimental results. The increase of the temperature decreases
the sandwich strength and increases the deformation capacity before failure. At
−10 ◦C and RT the static failure mode of the sandwich beams starts by yielding of
the steel plates and near yielding of the PU-core, subsequently by delamination of
the faces-to-core interfaces and, finally by shear failure of the core. At +50 ◦C the
PU-core deformation increases considerably. The static failure mode at this tempe-
rature also starts by yielding of the steel plates and near yielding of the PU-core, but
the final failure is the complete delamination of the interface between core and faces.
Stresses on the steel plate can be reduced from 60% to 95% after the reinforcement.
When using the 30 mm PU-core and 5 to 6 mm upper steel face, a maximum stress
reduction of 80% to 95% is achieved.

The fatigue failure mode of the sandwich beams has three damage events. It starts
by delamination of the interface between the core and the steel faces. In the second
phase, the delamination crack progresses through the core thickness and in the last
stage the crack crosses the complete core thickness (shear failure of the core). The
stiffness degradation starts with the delamination event. The strain gauges applied
to the steel faces are a good monitoring method for identifying the fatigue damage.
There is significant stiffness degradation as the damage progresses.

Increasing the core thickness does not increase the fatigue life of the sandwich beams.
The fatigue behaviour is determined by shear stress at the interface ∆τc. Considering
this parameter, the fatigue threshold is approximately ∆τ thc = 4 MPa.
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Chapter 6

Numerical simulation of

reinforced orthotropic steel

decks

6.1 Introduction

This Chapter describes the finite element analysis (FEA) conducted to simulated the
behaviour of the reinforced orthotropic bridge decks. Linear elastic simulations are
performed to better understand the structural behaviour of the bridge deck-panels
when subjected to wheel loads. The FEA are also needed to set up an experimental
program for the full-scale tests (presented in Chapter 7), revealing the most relevant
load cases and typical stress patterns due to wheel loading. Furthermore, after
the appropriate validation with experimental data, it is an excellent tool to simulate
different scenarios as an extension of the experimental program. The present chapter
describes the main characteristics of the finite element model, such as geometry,
materials, wheel loads and boundary conditions. After selecting the appropriate
elements and mesh for the analysis, numerical results are presented as a preparation
for the full-scale experimental program.

6.2 Model description

The numerical simulations are performed in order to predict the structural behaviour
of an orthotropic bridge deck when subjected to wheel loading. The fatigue damage
at the deck-plate-to-stiffener welds is caused by local transverse-bending moments
due to individual wheel loads (Cullimore and Smith, 1981). Therefore, as the pre-
sent study aims at extending the fatigue life of the mentioned welds, the structural
behaviour is focused on local stress and strain fields due to individual wheel loads.

95
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FEA are frequently used to characterize the stress fields on orthotropic bridge decks.
The numerical results are needed to evaluate the fatigue behaviour of several deck
details which are critical for the fatigue life of the bridge deck (Choi et al., 2008;
Choi and Kim, 2008; Kiss and Dunai, 2002; Xiao et al., 2008; Ya and Yamada, 2008;
Zhang et al., 2011).

In this study it is not only important to characterize the stresses at the steel deck
details but also on the reinforcement structures. On the one hand it is important to
quantify the stress reduction at the critical OBD details due to the reinforcement in
order to predict the extended fatigue life of the welds. On the other hand, the stress
fields at the adhesive layer of the bonded steel plates reinforcement and at the core
of the sandwich steel plates reinforcement need to be characterized when applied
to orthotropic bridge deck panels and subjected to wheel loads. Only then the real
fatigue performance of the reinforcement can be evaluated. Therefore the numerical
models should be accurate on both fronts, orthotropic steel deck and reinforcements.
Three models were built, one for each deck status: unreinforced bridge deck, bonded
steel plates reinforced bridge deck and sandwich steel plates reinforced bridge deck.
The unreinforced bridge deck model is the reference model and allows the prediction
of the stress reduction at the deck details.

The prediction of stress reduction and fatigue life of orthotropic bridge decks due
to renovation systems using FEA is also popular in this research area. Walter et al.
(2007) simulated the performance of a concrete overlay system at FarøBridge using
FE models. FEA were also used by Pover (2002, 2004) to evaluate and compare
performances of different renovation solutions. The behaviour of asphalt surfacing on
orthotropic bridge decks was also studied by FEA calibrated with materials testing
by Huurman et al. (2004), Medani et al. (2008) and Liu et al. (2008).

The fatigue damage at the deck-plate-to-stiffener welds has been observed both at
the crossbeam location and at midspan between crossbeams. Both deck locations are
therefore important to investigate and are included in this numerical study. The FE
model consists of a 12 mm deck plate supported by three trapezoidal stiffeners and
by two crossbeams 3000 mm apart. Several individual wheel loads were positioned
at the crossbeam location and at midspan between crossbeams in order to select the
most adequate load case for the experimental program, presented in Chapter 7.

The simulations were performed using the commercial FEA program ABAQUS.
Abaqus/CAE software application was used for the pre- and post-processing. Abaqus/
Standard, a finite element analyser that employs implicit integration scheme, was
used to run the analysis.

6.3 Calibration of the model

The calibration of the FE model was based on the experimental program carried out
during this study. The actual mechanical properties of the materials are used in the
FEA, based on the results from the materials testing presented in Chapters 4 and
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5. The geometry, wheel loads and boundary conditions are simulating as much as
possible the full-scale test set-up that will be presented in Chapter 7.

6.3.1 Geometry

The geometry of the model is directly related to the bridge deck-panels tested in the
full-scale testing program (Chapter 7).

The deck plate is 12 mm thick, 5000 mm long and 2000 mm wide (deck plate area:
10 m2). The deck plate is supported by three trapezoidal stiffeners and by two
crossbeams 3000 mm apart. Figure 6.1 shows a longitudinal view of the deck-panels
and Figure 6.2(c) a typical transverse cross-section at the crossbeam location. The
trapezoidal stiffeners are 6 mm thick and 325 mm high. The crossbeam is an inverted
T-section 10 mm thick and 788 mm high. The two reinforcement systems were
applied in two identical deck panels. The bonded steel plates FE model consists
of an orthotropic bridge deck reinforced with 6 mm thick second steel plate and
2 mm thick adhesive layer. The sandwich steel plates FE model consists of an
orthotropic bridge deck reinforced with 5 mm thick second steel plate and 15 mm
thick core thickness. In both cases, the second steel plate and the interface layer do
not include any joint.

The nominal geometry of the several parts of the OBD were used in the model,
namely, deck plate, second steel plate and interface layer thicknesses. The welds
were not specifically modelled. They were simulated with the geometrical connection
between the different elements (deck plate, stiffeners and crossbeams).

6.3.2 Materials

All materials were modelled as linear elastic. The mechanical properties of the steel
are defined in accordance with EN1993-1-1 (2006), i.e., Young’s modulus is 210 GPa
and Poisson’s ratio is 0.30. The mechanical properties of the epoxy adhesive in
the bonded steel plates reinforcement are defined by the Young’s modulus at room
temperature obtained from the tensile material testing Ea = 2929 MPa and by the
Poisson’s ratio given by the manufacturer νa = 0.40 (Chapter 4, pages 33 and 34).
The mechanical properties of the polyurethane core in the sandwich steel plates
reinforcement are defined by the Young’s modulus at room temperature obtained
from the tensile material testing Ec = 721 MPa and by the Poisson’s ratio given by
the manufacturer νc = 0.36 (Chapter 5, pages 63 and 64).

6.3.3 Loads and Boundary conditions

The loads and boundary conditions of the model were defined in order to simulate
the local transverse bending moments at the deck plate due to individual wheel
loads. These local moments are the main cause for the fatigue problems, since they
induce the high stress ranges at the deck-plate-to-stiffener weld which lead to fatigue
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cracking. Taking this into account, the effect of the bending of the crossbeams has
been neglected. The two crossbeam supporting the deck-panel are fully clamped to
the floor. Although this is not exactly the real situation, the most important effect
on this research is the bending of the deck-plate between stiffener webs, which is
present in the model, and not the bending of the crossbeams between main girders.

The FEA simulates OBD when loaded with wheel prints at the crossbeam location
and at midspan between crossbeams. The wheel prints dimensions are in accordance
with the set of ‘standard’ lorries defined at the Fatigue Load Model 4 of EN1991-2
(2003). Two types of wheel prints were used, a single tyre wheel type C (super-
single) and a double tyre wheel type B. The wheel type A was not used in this study
since it causes similar stress levels as the wheel print type C (Jong et al., 2004).
Table 6.1 presents the dimensions of each wheel print.

Figure 6.1 shows a schematic drawing of the longitudinal view of the global-model
loaded at the crossbeams with the wheel type C and at midspan between crossbe-
ams with the wheel type B. The load conditions presented are only one example,
since both wheel prints were simulated at both locations, crossbeam and midspan.
As shown in Figure 6.1 the global model has symmetric geometry and symmetric
loading and therefore only half of the model was subjected to analysis with the cor-
responding symmetric boundary conditions. Two models were built according to the
load location as shown in Figure 6.2. One model simulates loads at the crossbeam
location (Crossbeam-FE model: Figures 6.2(a) and 6.2(c)) and the second model si-
mulates loads at midspan location (Midspan-FE model: Figures 6.2(b) and 6.2(d)).
The symmetry simplification saves enormous computational time and memory. This
allows to implement a more refined mesh close to the critical areas of the FE model,
such as loading areas and high stress gradient areas, which leads to more accurate
results.

Figure 6.3 shows an overview of the three-dimensional finite element model.

Table 6.1: Dimensions of the wheel prints.

Wheel type Geometry w - width (mm) L - length (mm)

B 220 320

C 270 320
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Figure 6.1: Longitudinal view of the global model loaded with the wheel type C at the
crossbeams and the wheel type B at midspan between crossbeams.

(a) Crossbeam-FE model: longitudinal view (b) Midspan-FE model: longitudinal view

(c) Crossbeam-FE model: transverse view (d) Midspan-FE model: transverse view

Figure 6.2: Symmetry simplification for wheel loads at the crossbeam (a) and (c) and at
midspan (b) and (d).
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Figure 6.3: Three-dimensional finite element model overview.

6.4 Mesh and Element type

The model of the reinforced orthotropic bridge decks were built using three-dimensional
elements. All the parts of the structure, crossbeams, troughs, deck plate and rein-
forcement, were modelled using continuum 20-nodes brick (solid) elements, quadra-
tic (second-order) with reduced integration. These elements are available in the
ABAQUS library as C3D20R (Continuum 3-Dimensional 20-nodes Reduced inte-
gration elements). Quadratic elements were used in order to avoid problems of
shear locking. Shear locking affects the performance of linear elements subjected
to bending loads. In this analysis the elements are subjected to bending and shear
loads. The quadratic reduced-integration elements are not susceptible to locking,
even when subjected to complicated states of stress (ABAQUS, 2008). Quadratic
fully integrated elements were not used in this analysis since they are only needed
when a very high stress gradient exists in coarse meshes.

As mentioned in the previous section, two models were built, one for loads at midspan
and another for loads at the crossbeams. In each of these models, the three deck
states were modelled: unreinforced, bonded steel plates reinforced and sandwich
steel plates reinforced. Therefore six models were built in total.

An overview of the meshes used in this analysis is shown in Figure 6.4 for the
Midspan-FE model and in Figure 6.5 for the Crossbeam-FE model. The meshes
were refined close to the loading areas and where high stress levels were expected,
such as close to the crossbeams and at the deck-plate-to-stiffener weld. Coarser
meshes were used where the stress level were low or irrelevant for the analysis. The
maximum aspect ratio of an element is 5, in order to avoid artificial stiffening, except
in the areas of coarser meshes where the stress level is low and far from the loading
area.
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Figure 6.4: Mesh of the Midspan-FE model.
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Figure 6.5: Mesh of the Crossbeam-FE model.
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Figure 6.6 shows the mesh details along the unreinforced and reinforced deck plate
thickness. The existing deck plate was modelled with two elements per thickness –
Figure 6.6(a). The bonded steel plate reinforcement was modelled with one element
per epoxy layer thickness and two elements per second steel plate thickness – Figure
6.6(b). The sandwich steel plate reinforcement was modelled with four elements per
core thickness and two elements per second steel plate thickness – Figure 6.6(c). The
troughs and the crossbeams web were modelled with two elements per thickness.
The FE models of the reinforced decks have between 720000 and 1000000 nodes
and between 150000 and 215000 elements. The mesh of the finite element model
satisfies a mesh convergency study presented in Appendix A which proves the mesh
independency of the results.

X

Y

Z

(a) unreinforced deck

X

Y

Z

(b) bonded reinforced deck

X

Y

Z

(c) sandwich reinforced deck

Figure 6.6: Mesh details along the deck plate thickness (Y-axis).

6.5 Numerical results

As an example, the results of the unreinforced steel deck FE model are presented
in this section (steel plate 12 mm thick without any reinforcement). These results
were used for setting up the full-scale experimental program, selecting the most
severe load cases and preparing an instrumentation plan. These numerical results
are predictions of the actual behaviour of the structure and further in Chapter 7,
they will be validated using experimental data.

Figures 6.7 and 6.8 show the load cases simulated in the Crossbeam-FE model and
in the Midspan-FE model, respectively. In the Crossbeam-FE model, the load is
aligned with the crossbeam, Figure 6.7(a), and in the Midspan-FE model the load
is at midspan between crossbeams, Figure 6.8(a). In both models, two load cases
were simulated: in the first the wheel type C was aligned with the middle trough
and in the second the wheel type B was centred at the deck-plate-to-stiffener weld
(see Figures 6.7(b) and 6.8(b)).
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(a) longitudinal view (b) transverse view

Figure 6.7: Crossbeam load cases: wheel type C (WC) and wheel type B (WB).

(a) longitudinal view (b) transverse view

Figure 6.8: Midspan load cases: wheel type C (WC) and wheel type B (WB).

Figure 6.9 shows the stresses and correspondent strains at the bottom side of the
unreinforced deck plate due to 100 kN wheel loads applied at the crossbeam location
(Crossbeam-FE model).

Figure 6.9(a) shows the results along the crossbeam cross-section for the wheel type
C and the wheel type B load cases. Both transverse and longitudinal stresses are
shown for the load case wheel type C, σxx and σzz, respectively. It can be observed
that wheel loads cause higher transverse stresses than longitudinal stresses and those
are the main source for the fatigue cracking at the deck-plate-to-stiffener weld.

Comparing σxx due to the wheel type C and due to the wheel type B, the most se-
vere load case is clearly the wheel type C. The stresses at the deck-plate-to-stiffener
welds are considerably higher for the wheel type C than for the wheel type B. Also
the stresses at the deck plate between the welds (x = 1000 mm) are higher for the
wheel type C than for the wheel type B. Wheel loads at the crossbeam location cause
mainly stresses on the loaded area close to the middle trough. Immediately outside
the loaded area, the stresses are almost zero. The stress concentration is extremely
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high close to the deck-plate-to-stiffener welds. The high stress concentration is cau-
sed by the singularity of the crossbeam web. The peak stresses occur at the weld
root. Actually, the stresses at the peaks are unrealistic because at more than 400
MPa, the steel already yielded. The stresses that should be taken into account at
the welds are the ones 10 to 15 mm away from the peak.

Figure 6.9(b) shows the transverse stresses along the length of the deck-panel for
the wheel type C (worse load case). The results along the deck-plate-to-stiffener
weld-root (point P2) show a very high stress concentration when the weld crosses
the crossbeam web (known as ‘hot-spot’ point). This high stress concentration is
the main cause for the extremely short fatigue life of the welds at this location. The
stresses are significantly lower between stiffener webs (point P1) than close to the
welds.

Figure 6.10 shows the stresses and correspondent strains when the wheel loads are
at midspan between crossbeam (Midspan-FE model).

Figure 6.10(a) shows the results along the midspan cross-section for the wheel type
C and for the wheel type B load cases (100 kN wheel load). Once more, it can be
observed that wheel loads cause higher transverse stresses than longitudinal stresses
and those are the main source for the fatigue cracking at the deck-plate-to-stiffener
weld. However at midspan between crossbeams, the transverse stresses at the deck-
plate-to-stiffener welds are higher for wheel type B than for wheel type C. Moreover,
the stress concentration close to the welds is lower than at the crossbeam location.

Figure 6.10(b) shows the transverse stresses along the length of the deck-panel for
the wheel type B, as this is the worst load case for the welds. In this case, with the
wheel load at midspan, the stresses at the welds show lower stress gradients than at
the crossbeam location.



106 6 Numerical simulation of reinforced orthotropic steel decks

0 200 400 600 800 1000 1200 1400 1600 1800 2000
−500

−400

−300

−200

−100

0

100

200

300

σ 
(M

P
a)

x (mm)

 

 

σ
xx

 and ε
xx

 Wheel type C

σ
xx

 and ε
xx

 Wheel type B

σ
zz

 Wheel type C

−2050

−1640

−1230

−820

−410

0

410

820

1230

ε xx
 (

µ)

WC

WB

y

x

(a) along the models width at the crossbeam cross-section – x-axis

0 500 1000 1500 2000 2500
−500

−400

−300

−200

−100

0

100

200

300

σ xx
 (

M
P

a)

z (mm)

 

 

Wheel type C; point P1
Wheel type C; point P2 (weld−root)

−2050

−1640

−1230

−820

−410

0

410

820

1230

ε xx
 (

µ)

WC

P2P1

WC

y

z

(b) along the model length – z-axis

Figure 6.9: Stresses at the bottom side of the unreinforced deck plate due to wheel loads of
100 kN applied at the crossbeam location, Crossbeam-FE model (WC – wheel
type C and WB – wheel type B).
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Chapter 7

Full-scale behaviour of

reinforced orthotropic steel

decks

7.1 Introduction

In the present chapter the full-scale behaviour of the reinforced orthotropic steel
decks is studied. The first part of Chapter (Section 7.2) describes the actual appli-
cation of the bonded steel plates and the sandwich steel plates reinforcements on two
orthotropic deck-panels with 10 m2. Section 7.3 describes the full-scale static tests
carried out on these reinforced decks. The specimens were subjected to individual
wheel loads. The goal is to determine the effect of the reinforcement on the full-scale
deck-panels. The experimental results are presented and compared with the nume-
rical simulations of the reinforced OBD presented in the Chapter 6. The numerical
results are validated using the experimental data. Section 7.4 presents the results
from the full-scale fatigue tests carried out in the same deck specimens. The aim
is to determine the fatigue behaviour of the reinforcement when subjected to wheel
loads. In both Sections 7.3 and 7.4, the reinforcements’ behaviour is compared with
the static and fatigue behaviour of the reinforced beams studied in Chapters 4 and
5. Finally, Section 7.5 presents the main findings of a parametric study which used
FEA to predict the behaviour of different reinforcement scenarios.

7.2 Bridge deck specimens

Two orthotropic deck-panels were built in order to perform the full-scale tests. The
two decks have exactly the same geometry and one was reinforced using the bonded
steel plates technique and the second one using the sandwich steel plates technique.

109
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7.2.1 Geometry

Figure 7.1 shows the geometry of the orthotropic steel deck specimens. The deck
panels are 5000 mm long and 2000 mm wide. The deck plate is 12 mm thick and it
is supported in the longitudinal direction by three trapezoidal stiffeners and in the
transverse direction by two crossbeams 3000 mm apart. In the actual situation, the
traffic is running in the longitudinal direction on the top of the deck plate. All the
elements of the OBD were manually welded together in a common steel workshop.
The orthotropic deck is made of steel grade S355 (EN1993-1-1, 2006).

(a) longitudinal view

(b) transverse view (c) hole detail on crossbeam

Figure 7.1: Geometry of the orthotropic steel deck specimens.

7.2.2 Reinforcement

The application of the bonded and sandwich steel plates reinforcements followed
exactly the same procedure as described previously in Chapter 4 (page 31) and
in Chapter 5 (page 61), respectively. The bonded steel plates reinforcement was
applied by Lightweight Structures B.V. and the sandwich steel plates reinforcement
by Intelligent Engineering (IE) – Sandwich Plates System SPS. Tables 7.1 and 7.2
describe the application procedure followed for the bonded steel plates and sandwich
steel plates reinforcements, respectively.
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From the several reinforcement geometries studied in Part I, the lightest solutions
were chosen for the full-scale application. Figure 7.2 shows a detail of the solutions
applied on the deck specimens. After validating the numerical simulations presented
in Chapter 6 with the experimental data, predictions can be made for different
solutions.

In the bonded steel plates, the 12 mm thick deck plate was reinforced with a 6 mm
thick second steel plate and a 2 mm thick adhesive layer (nominal thickness). This
reinforcement is referred to as ‘B1226’ (Bonded, 12 mm existing steel plate, 2 mm
adhesive and 6 mm second steel plate). The second steel plate is made of steel
grade S355 (EN1993-1-1, 2006). The adhesive material is exactly the same epoxy
as presented in Chapter 4 - Epikote resin EPR 04908 with hardener Epikure curing
agent EPH 04908. The mechanical properties determined from material testing and
obtained from the manufacturer data are presented in Tables 4.2 and 4.3, pages 33
and 34.

In the sandwich steel plates, the 12 mm thick deck plate was reinforced with a 5 mm
thick second steel plate and a 15 mm thick polyurethane core. This reinforcement
is referred to as ‘S12155’ (Sandwich, 12 mm existing deck plate, 15 mm core and
5 mm second steel plate). The second steel plate is also made of steel grade S355
(EN1993-1-1, 2006). The core material is exactly the same polyurethane as presented
in Chapter 5. The mechanical properties determined from material testing and
obtained from the manufacturer data are presented in Tables 5.2 and 5.3, pages 63
and 64.

The end details of the reinforcements were not taken into account on the behaviour
of the deck-panels. Wheel loads are the main cause for the fatigue problems and, as
it was presented before in Chapter 6, they cause very local stresses on the deck. On
the area just outside the wheel load (100 mm frame-thickness, approximately), the
stresses decrease to almost zero. Therefore, the influence of the end details such as
the perimeter bars in the sandwich steel plates reinforcement that are positioned at
least 200 mm from the wheel loads, can be neglected. In the actual situation these
end details are positioned far away from the loaded areas of the deck (traffic lines).

(a) bonded steel plates reinforcement (b) sandwich steel plates reinforcement

Figure 7.2: Reinforcement systems (dimensions in mm).
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Table 7.1: Application procedure of the bonded steel plates reinforcement on the deck
specimen.

1 steel surfaces treatment: grit
blast and clean the steel surfaces
to be free from rust, grease and
dust (Sa 2 1/2)

2 primer application on the clea-
ned steel surfaces

3 glue steel spacers on the top of
the existing deck plate with the
adhesive thickness (nominally 2
mm); the spacers grid is chosen
in order to avoid the weld lo-
cation on the deck (high stress
levels), such as crossbeams and
troughs webs

4 place the second steel plate ca-
refully on the top of the existing
deck plate, above the steel spa-
cers

5 prepare the cavity between the
steel plates to create vacuum

6 vacuum inject the adhesive into
the cavity

7 cure during 16 hours between
40 ◦C and 50 ◦C (the deck is co-
vered with a thermal insulation
blanket and heated with electri-
cal heaters). The procedure is
the same in the real structure.
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Table 7.2: Application procedure of the sandwich steel plates reinforcement on the deck
specimen.

1 steel surfaces treatment: grit
blast and clean the steel surfaces
to be free from rust, grease and
dust (Sa 2 1/2)

2 weld steel bars on the perime-
ter of the existing deck plate (the
bar thickness is the nominal core
thickness)

3 glue PU spacers with the core
thickness on the existing deck
plate

4 place the second steel plate on
the top of the perimeter bars and
fillet weld through the perimeter
forming a cavity

5 inject the liquid PU into the
cavity through small holes pre-
viously drilled on the second
steel plate

6 cure at room temperature during
48 h
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7.2.3 Instrumentation

The instrumentation plan consisted mainly of applying strain gauges to the steel
deck. The strain gauges were used to monitor the behaviour of the deck-panel during
testing. This is specially important during fatigue testing, in which changes of the
measured strains can indicate fatigue damage of the reinforced deck. Moreover, the
measured strains were used to validate the FEA described in Chapter 6. At reference
points of the deck-panels, the strains measured during static tests were compared
with the strains predicted by the FEA.

The strain gauges were applied to three cross-sections of the deck-panel: crossbeam
A, crossbeam B and midspan between both crossbeams (see Figure 7.1). These
sections represent the two typical cross-section of an orthotropic deck and therefore
they were selected to conducted static and fatigue tests.

Figures 7.3 and 7.5 show the strain gauges applied at midspan and at crossbeam
cross-sections, respectively. All strain gauges measured transverse strains except
strain gauges 26, 27 and 28 at midspan cross-section (Figure 7.3(a)) which measured
longitudinal strains at the bottom of the trough. Figure 7.4 shows the position of
the strain gauges close to the deck-plate-to-stiffener welds.

(a) Midspan cross-section

(b) top view

Figure 7.3: Strain gauges at midspan between both crossbeams.
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Figure 7.4: Strain gauges close to the deck-plate-to-stiffener weld at midspan between cross-
beams.

(a) crossbeam cross-section

(b) top view

Figure 7.5: Strain gauges at crossbeam A.
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The instrumentation plan was exactly the same for both reinforced deck specimens:
sandwich and bonded steel plates.

The position and distribution of the strain gauges were chosen in accordance with
the stress patterns predicted by the FEA due to individual wheel loads (see Figures
6.9 and 6.10 in Chapter 6, pages 106 and 107). The strain gauges should cover the
area with the most significant stress values.

Considering the midspan cross-section when loaded at the middle trough, the area
with more significant stresses is approximately 900 mm wide in the transverse direc-
tion and 400 mm long in the longitudinal direction (see Figures 6.10 on page 107).
Figure 7.3 shows the strain gauges distributed in an area 850 mm wide and 340 mm
long, in the transverse and longitudinal direction, respectively. The strain gauges at
this location are numbered from 1 to 28.

Considering the crossbeam cross-sections when loaded at the middle trough, the
area with more significant stresses is approximately 400 mm wide in the transverse
direction and 400 mm long in the longitudinal direction (see Figures 6.9 on page
106). The effect of the wheel load at the adjacent troughs (trough 1 and 3) is
negligible. Only a very limited area around the loaded trough has significant stress
values. Therefore, several tests were conducted at each crossbeam section. More
specifically, three tests, one per trough, were performed on each crossbeam cross-
section, since there is no interaction between the stresses.

As shown in Figure 7.5, the strain gauges were distributed along an area 400 mm
wide and 340 mm long centred in each trough, on the transverse and longitudinal
direction, respectively.

In each deck specimen a total of six tests were performed at the crossbeam locations:
three troughs times two crossbeams. The strain gauges at these locations are num-
bered from 100 to 615 (the first digit indicates the trough-to-crossbeam location, 1
to 6; the last two digits indicate the strain gauge location at the deck).

In order to apply the strain gauges inside the troughs, such as numbers 8 to 18 at
midspan (Figure 7.3(b)) and 105 to 115 at the crossbeam (Figure 7.5(b)), part of
the troughs was cut out. After applying the strain gauges the cut-outs were welded
back to the deck. Figure 7.6 shows pictures of the troughs cut-outs.

It was decided not to instrument the interface layer of the reinforcement. Both
adhesive and core are in a closed cavity and therefore of difficult access after ma-
nufacturing. The possibility of including any instrumentation inside the layers in-
stalled during manufacture, could create initial imperfections which would lead to
stress concentrations. These undesirable stresses could influence the test results.
The strain/stress field at the interface layers of the reinforcements are determined
by the FEA after it has been validated with experimental results.

The integrity of the bonded steel plates reinforcement was monitored using an ul-
trasonic Non Destructive Testing A-scan. The scan was performed before testing,
during fatigue testing at specific cycles-intervals and after testing. The aim is to
detect any initial flaws and imperfections before testing and monitored them during
fatigue testing. NDT was already used before in the beams specimens presented in
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(a) trough cut-outs close to the cross-
beam

(b) trough cut-out at midspan

Figure 7.6: Troughs cut-outs for instrumentation.

Chapter 4. For the full-scale application, the pulse-echo technique was used since the
access was limited to one single side of the reinforcement (the top side of the second
steel plate). The pulse echo technique uses a pulsed ultrasonic beam that is reflected
back to the original transducer by a surface or flaw at the tested object (Grandt,
2004). The frequency used was 2.25 MHz. The frequency is lower than the one used
in the beam specimens, which increases the penetration length, but decreases the
testing resolution (minimum flaw area detected). NDT was performed at the tested
areas, at each trough-to-crossbeam joint and at midspan between crossbeams. Areas
of approximately 500 mm by 500 mm were monitored with a minimum grid of 50
mm by 50 mm. Figure 7.7 shows a picture of the A-scan set-up on the top surface
of the deck.

Figure 7.7: Non Destructive Testing A-scan.
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7.3 Static behaviour

This part of the study describes the full-scale static tests performed on the bridge
deck specimens. The experimental results are used to validate the numerical analysis
and to determine the stress reduction factor after the reinforcement.

7.3.1 Experimental procedure

The static tests were performed at the crossbeam location and midspan between
crossbeams. The specimens were loaded with wheel prints type B and type C. The
wheel prints dimensions are shown in Table 7.3. They are in accordance with the
wheel prints defined at the fatigue load models of EN1991-2 (2003).

Table 7.3: Dimensions of the wheel prints.

Wheel type Geometry w - width (mm) L - length (mm)

B 220 320

C 270 320

At the crossbeam, static tests were performed at each trough-to-crossbeam joint
loaded by one wheel type C aligned with the trough. The numerical results of the
Crossbeam-FE model presented in Chapter 6 showed that the wheel type C is the
worst load case at the crossbeam location (see Figure 6.9(a), page 106). Therefore,
the wheel type B load case was excluded from the static tests at the crossbeam.
The six trough-to-crossbeam joints, present at each deck specimen, were tested one
by one. Figure 7.8 shows one example of a static test performed at trough 2 to
crossbeam A joint.

At midspan between crossbeams, two static tests were performed, one using wheel
type C aligned with trough 2 and a second one using wheel type B (double-tyre) with
one of the tyres aligned with trough 2. The numerical results of the Midspan-FE
model presented in Chapter 6 showed that the stresses at the deck-plate-to-stiffener
weld are higher for the wheel type B than for the wheel type C load cases. However,
the stresses between stiffener webs are higher for the wheel type C than for the wheel
type B (see Figure 6.10(a), page 107). Therefore, it was decided to perform static
test using both wheel prints. Figure 7.9 shows the static test performed using wheel
type B.
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(a) longitudinal view

(b) crossbeam A cross-section (c) photograph of the test

Figure 7.8: Static tests at crossbeam location (wheel type C).

In the experimental program, two bridge deck specimens were tested. Specimen
1 is the bonded steel plates reinforced bridge deck B1226 and specimen 2 is the
sandwich steel plates reinforced bridge deck S12155. Static tests were performed on
specimen 1 before and after being reinforced. The static tests on the unreinforced
deck are the reference tests. Specimen 2 was tested only after being reinforced with
the sandwich steel plates. The maximum wheel load on the static tests was 50 kN
for the unreinforced deck and 100 kN for the reinforced decks. The load level was
lower at the unreinforced deck in order to prevent any damage before applying the
reinforcement.

The deck specimens were clamped to the ground at the bottom flange of the two
crossbeams. The load was applied by a metallic frame which held the hydraulic jack.
A photo overview of the test set-up is given in Figure 7.10(a).

Two test-rigs were used, one for the bonded deck specimen and another for the
sandwich deck specimen. The tests were load controlled and the testing speed was
0.3 kN/s. The load was applied on the deck by the following sequence: hydraulic
jack, load cell, a rectangular-shaped steel plate 30 mm thick and three layers of 10
mm thick rubber with the same rectangular shape. The rectangular area is the size
of the wheel prints. A photo of the wheel print is given in Figure 7.10(b).
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(a) longitudinal view

(b) midspan cross-section (c) photograph of the test

Figure 7.9: Static tests at midspan between crossbeams (wheel type B).

(a) overview (b) wheel print detail

Figure 7.10: Photos of the test set-up



7.3 Static behaviour 121

The rubber layers are used to evenly distribute the load over the wheel print. During
static tests, pressure sensitive papers were used between the last rubber layer and the
deck-plate. The goal was to have a qualitative indication of the pressure distribution
over the wheel print during the static tests. The pressure sensitive paper used was
‘Pressure measurement film PRESCALE’ from Fujifilm.

The pressure sensitive paper results showed several load distributions along the
wheel prints. For some tests the distribution is rather uniform over the wheel print,
for others the load pressure was higher at the centre of the wheel print than at the
edges. After a qualitative evaluation of the available pressure sensitive papers at each
static test, several pressure distributions were defined. These pressure distributions
were used in the FEA for the pressure load of the wheel prints. The results from
the pressure sensitive papers and corresponding load distribution used in FEA are
presented in Appendix B.

7.3.2 Experimental results and numerical validation

The static test results are presented for the unreinforced deck, for the bonded steel
plates reinforced deck and for the sandwich steel plates reinforced deck. The ex-
perimental results are strains recorded by the strain gauges at the maximum static
load: 50 kN for the unreinforced deck and 100 kN for the reinforced decks. The ex-
perimental values are compared with the corresponding strain distribution obtained
from the FEA, presented in Chapter 6.

For the static tests at the crossbeams, the results at all six trough-to-crossbeam
joints are very consistent. Therefore, as an example, the results for the wheel type
C aligned with the middle trough are presented. The results for the wheel loads
aligned with trough 1 and 3 are presented in Appendix B, for both bonded and
sandwich steel plates reinforced decks.

For the static tests at midspan between crossbeams, both the results for the wheel
type C and the wheel type B load cases are presented.

The numerical simulations are evaluated by the average ratio between the numerical
values (n) predicted for the strain gauges and the experimental values (e) recorded
at the strain gauges during testing, n/e.
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Unreinforced steel deck

Figure 7.11 shows the results of the unreinforced steel deck when it is loaded at the
crossbeam. The wheel load is 50 kN and it is aligned with the middle trough. The
wheel print is type C.

The graph plots the transverse strain distribution at the bottom side of the steel deck
plate (εxx) along the width of the specimen (x-axis). The experimental values are
the strains recorded by the strain gauges during the static test (Exp). The numerical
distribution is given by the Crossbeam-FE model of the unreinforced deck described
in Chapter 6 (FEA).

Figure 7.11(a) shows the results at the crossbeam cross-section. The strains given
by the strain gauges close to the deck-plate-to-stiffener welds are very high, around
−600µ. The results 75 mm from the crossbeam cross-section, given in Figure 7.11(b),
show a significant decrease of strains close to these welds. The strain values close
to troughs 1 and 3 are almost zero. The numerical prediction fits well with the
experimental values (n/e = 1.01± 0.09).

Figure 7.12(a) shows the results of the unreinforced deck when it is loaded at midspan
between crossbeams. Figure 7.12(a) shows the results using a wheel print type C
and Figure 7.12(b) using a wheel print type B. The total wheel load for both cases
is 50 kN.

For both wheel prints, the strains recorded by the strain gauges close to the deck-
plate-to-stiffener welds (approx. 200 µ to 300 µ) are significantly lower than the
same strain gauges at the crossbeam cross-section. The strain values close to these
welds are slightly higher for the wheel type B than for the wheel type C. The strain
values between trough webs are lower for the wheel type B than for the wheel type
C (x ≈ 1000mm).

For both wheel prints, the strain distribution given by the FEA fits well with the
experimental values (n/e = 0.95± 0.09 and n/e = 0.89± 0.08, wheel type C and B,
respectively).
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Figure 7.11: Transverse strains εxx at the bottom side of the unreinforced steel deck plate
recorded during testing (Exp) and predicted by the FEA (50 kN wheel load
type C aligned with middle-trough at the crossbeam).
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Figure 7.12: Transverse strains εxx at the bottom side of the unreinforced steel deck plate
recorded during testing (Exp) and predicted by the FEA (50 kN wheel load
at midspan between crossbeams).
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Bonded steel plates reinforced steel deck

Figure 7.13 shows the results of the bonded steel plates reinforced deck when it is
loaded at the crossbeam. The wheel load is 100 kN and it is aligned with the middle
trough. The wheel print is type C. The experimental values (Exp) are the strains
recorded by the strain gauges during the static test. The numerical distribution is
given by the FEA of the bonded steel plates reinforced deck described in Chapter 6.

Figure 7.13(a) shows the transverse strains along the crossbeam cross-section and
Figure 7.13(b) along the cross-section 75 mm from the crossbeam. The strain dis-
tribution is similar to that of the unreinforced deck. It is important to notice that
the wheel load at this tests is 100 kN, which is twice the load used in the unrein-
forced deck tests. The strain values are of the same order when compared with
the unreinforced deck for twice the load (50 kN for the unreinforced and 100 kN
for the reinforced). This indicates that the strain values decrease by approximately
50% after the reinforcement. Overall, the numerical prediction fits well with the
experimental values (n/e = 0.96± 0.09).

Figure 7.14 shows the results when the deck is loaded at midspan between crossbe-
ams. Figure 7.14(a) shows the results using wheel print type C and Figure 7.14(b)
using wheel print type B. The total wheel load for both cases is 100 kN. Both strain
distributions are once again similar to the corresponding strains of the unreinfor-
ced deck. The strain distribution given by the FEA fits well with the experimental
values (n/e = 0.91± 0.10 and n/e = 0.93± 0.09, wheel type C and B, respectively).

Sandwich steel plates reinforced steel deck

Figure 7.15 shows the results of the sandwich steel plates reinforced deck when it is
loaded at the crossbeam. The wheel load is 100 kN and it is aligned with the middle
trough. The wheel print is type C. The experimental values (Exp) are the strains
recorded by the strain gauges during the static test. The numerical distribution is
given by the FEA of the sandwich steel plates reinforced deck described in Chapter
6.

Figure 7.15(a) shows the transverse strains along the crossbeam cross-section and
Figure 7.15(b) along the cross-section 75 mm from the crossbeam. The strain distri-
bution is similar to the ones previously presented at the crossbeam location. Overall,
the numerical prediction fits well with the experimental values (n/e = 1.09± 0.07).

Figure 7.16 shows the results when the deck is loaded at midspan between crossbe-
ams. Figure 7.16(a) shows the results using wheel print type C and Figure 7.16(b)
using wheel print type B. The total wheel load for both cases is 100 kN.

The strain distribution is similar to the ones previously presented at midspan loca-
tion. However in comparison with the previous results, this case has one of the hig-
hest deviation, although it is still acceptable (n/e = 1.06±0.16 and n/e = 1.01±0.19
wheel C and wheel B, respectively).
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Figure 7.13: Transverse strains εxx at the bottom side of the bonded steel plates reinforced
deck plate recorded during testing (Exp) and predicted by the FEA (100 kN
wheel load type C aligned with middle-trough at the crossbeam).
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Figure 7.14: Transverse strains εxx at the bottom side of the bonded steel plates reinforced
deck plate recorded during testing (Exp) and predicted by the FEA (100 kN
wheel load at midspan between crossbeams).



128 7 Full-scale behaviour of reinforced orthotropic steel decks

0 200 400 600 800 1000 1200 1400 1600 1800 2000
−1400

−1200

−1000

−800

−600

−400

−200

0

200

400

600

x (mm)

ε xx
 (

µ)

 

 
FEA
Exp

WC (100 kN)

y

x

Sanwich steel plates

(a) crossbeam cross-section

0 200 400 600 800 1000 1200 1400 1600 1800 2000
−600

−400

−200

0

200

400

600

x (mm)

ε xx
 (

µ)

 

 
FEA
Exp

WC (100 kN)

y

x

Sanwich steel plates

(b) 75 mm from crossbeam cross-section

Figure 7.15: Transverse strains εxx at the bottom side of the sandwich steel plates reinfor-
ced deck plate recorded during testing (Exp) and predicted by the FEA (100
kN wheel load type C aligned with middle-trough at the crossbeam).
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Figure 7.16: Transverse strains εxx at the bottom side of the sandwich steel plates reinfor-
ced deck plate recorded during testing (Exp) and predicted by the FEA (100
kN wheel load at midspan between crossbeams).
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Summarizing, the transverse strains at the bottom side of the deck plate decrease
significantly after reinforcement, both close to the deck-plate-to-stiffener welds and
between stiffener webs. The FEA proved to be a good simulation of the actual
full-scale behaviour of the deck panels. Therefore the FEA are validated for further
studies.

Figure 7.17 compares the transverse strains at the bottom side of the deck plate
between the unreinforced deck, bonded steel plates reinforced deck and sandwich
steel plates reinforced deck. The results are given by the validated FEA. The wheel
load is 100 kN and the wheel print is type C.

Figure 7.17(a) compares the strain distribution at the crossbeam cross-section. The
transverse stresses close to the deck-plate-to-stiffener weld are extremely high for all
deck states. The peak values occur at the weld root. The strain values are unrealistic
at these peak points. In reality the steel would yield before reaching those values.
The stresses to take into account at the welds are the ones 10 to 15 mm away from
those peak points. The strains close to the deck-plate-to-stiffener welds and between
stiffener webs (x = 1000mm) are higher for the sandwich steel plates reinforcement
than for the bonded steel plates reinforcement.

Figure 7.17(b) compares the strain distribution at midspan between crossbeams.
Also at this deck location, the transverse stresses close to the deck-plate-to-stiffener
weld are higher for the sandwich steel plates reinforcement than for the bonded steel
plates reinforcement. However, the strains between stiffener webs (x = 1000 mm)
are lower for sandwich steel plates reinforcement than for the bonded steel plates
reinforcement.

The fact that the sandwich steel plates perform less well close to the welds is related
with the high shear forces present at this deck location. In Chapter 3, after a
parametric study performed on bonded and sandwich steel plates reinforced beams,
it was concluded that the sandwich beams decrease their bending performance when
shear increases its role on the bending behaviour of the beam. This is why the
sandwich steel plates have better results at midspan between crossbeam than at the
crossbeam, and better results between stiffener webs than close to the welds. The
bending performance of sandwich steel plates is much better if bending moments
play a more important role than shear forces on the behaviour of the reinforced
deck.
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Figure 7.17: Transverse strains εxx at the bottom side of deck plate for the unreinforced
deck, the bonded steel plates reinforced deck the sandwich steel plates rein-
forced deck (100 kN wheel load type C).
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7.3.3 Strain reduction factor

In order to quantify the decrease of strain values at the deck after applying the
reinforcements, the strain reduction factor ERF was determined for each strain
gauge applied to the deck by equation 7.1.

ERF = 1− εReinforced deck

εUnreinforced deck
(7.1)

The ERF was determined using the recorded strains during testing (Exp) and using
the predicted strains by the FEA. From these results, three strain reduction factors
were determined, ERFExp1, ERFExp2 and ERFFEA, equations 7.2, 7.3 and 7.4,
respectively.

ERFExp1 = 1−
εExp
Reinf.

εExp
Unreinf.

(7.2)

ERFExp2 = 1−
εExp
Reinf.

εFEA
Unreinf.

(7.3)

ERFFEA = 1−
εFEA
Reinf.

εFEA
Unreinf.

(7.4)

ERFExp1 compares experimental strains obtained from the static tests. This factor
was only determined for a limited amount of strain gauges on specimen 1 (B1226),
since only on this specimen static tests were performed before and after the rein-
forcement. This strain reduction factor is not available for specimen 2 (S12155).
ERFExp2 was determined using the experimental strain values of the reinforced
decks and the numerical values of the unreinforced deck. This factor was determi-
ned for all the strain gauges applied to specimen 1 – B1226 and specimen 2 – S12155.
Finally, ERFFEA compares the strain values predicted by the FEA of the unrein-
forced and reinforced decks. This factor was determined for all the strain gauges
applied to specimen 1 – B1226 and specimen 2 – S12155.

The results from the strain gauges were gathered in four groups of deck locations.
Figure 7.18 shows a drawing where the four details are defined. Table 7.4 gives the
list of strain gauges included in each group of results, at the crossbeam (see Figure
7.5, page 115) and at midspan between crossbeams (see Figure 7.3, page 114).

Some strain gauges at midspan location were not included in this analysis because
the load case applied at midspan was not the most severe for those strain gauges.
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Therefore their strain values are not significant and not appropriate to determine
the strain reduction factor. This is the case for strain gauges 1, 2, 6, 7, 19, 20, 24
and 25. For the same reason, only strain gauge 27 is considered in group IV. The
most important groups for the fatigue life of the OBD are II and III, since they
indicate the reduction close to the deck-plate-to-stiffener welds.

Figure 7.18: Groups of strain gauges according to the deck location: trough and close to
the welds.

Table 7.4: Strain gauges groups at the crossbeam and at midspan between crossbeams.

Group Crossbeam Midspan
I 08, 09, 10, 11, 12 11, 12, 13, 14, 15
II 01, 02, 03, 04 3, 4, 5, 21, 22, 23
III 05, 06, 07, 13, 14, 15 8, 9, 10, 16, 17, 18
IV — 27

Tables 7.5 and 7.6 show the average±standard deviation values of the strain re-
duction factors on each group of strain gauges at the crossbeam location and at
midspan between crossbeams for the bonded steel plates and the sandwich steel
plates reinforcement, respectively.

At the crossbeam location, the bonded steel plates reinforcement reduces by ap-
proximately 45% to 60% the strain values close deck-plate-to-stiffener welds (groups
II and III). At midspan, the reduction is higher than at the crossbeam, between 60%
and 80%. The standard deviation is considerably higher at midspan, especially for
group III, because at this location two load cases are considered, the wheel type C
and the wheel type B. Group IV has the lowest strain reduction factor, approxima-
tely 20%. These results indicate that the reinforcement has more influence on the
local strains (transverse strains, groups I, II and III) than on the longitudinal strains.
The bonded steel plates reinforcement has little influence on the global behaviour of
the bridge deck (longitudinal strains, strain gauge 27).

The sandwich steel plates reinforcement reduces by approximately 40% to 55% the
transverse strains at the existing deck. The differences between midspan and cross-
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beam are not as significant as for the bonded steel plates reinforcement. The lon-
gitudinal strains at the bottom of the stiffener are reduced by about 30% (group
IV). This value is higher than for the bonded steel plates. The sandwich steel plates
reinforcement influences not only the local behaviour, but also the global behaviour
of the deck.

The sandwich steel plates can be considered as a global reinforcement system while
the bonded steel plates is more a local reinforcement system.

Table 7.5: Strain reduction factors of the bonded steel plates reinforcement B1226.

ERF (%)
Crossbeam Midspan

Exp1 Exp2 FEA Exp1 Exp2 FEA

I 46± 5 56± 5 56± 0 50± 3 48± 3 51± 1
II 45± 3 45± 3 51± 0 66± 3 61± 3 68± 1
III 58± 3 62± 4 62± 1 83± 10 81± 12 86± 10
IV — — — 18± 5 23± 1 21± 3

Table 7.6: Strain reduction factors of the sandwich steel plates reinforcement S12155.

ERF (%)
Crossbeam Midspan

Exp1 Exp2 FEA Exp1 Exp2 FEA

I — 47± 7 46± 6 — 45± 9 49± 3
II — 37± 8 42± 4 — 56± 3 50± 4
III — 48± 7 46± 6 — 48± 14 51± 9
IV — — — — 36± 4 27± 3

The strain reduction factors for both reinforced decks are considerably lower than
the ones determined for the beam-type specimens studied in Chapters 4 and 5. The
results from the bending tests performed at room temperature on the reinforced
beams showed a stress reduction of approximately 60% for the bonded steel plates
B1226 and 80% for the sandwich steel plates S12155 (see Table 4.9, page 47 and
Table 5.8, page 82, respectively).

Figure 7.19 shows the transverse strains along the thickness of the sandwich steel
plates reinforcement when the deck-panel is loaded at the crossbeam or at midspan
between crossbeams by 100 kN wheel type C. Figure 7.19(a) shows the distribution
between stiffener webs and Figure 7.19(b) at the root of the deck-plate-to-stiffener
weld. Both strain distributions present a ‘zig-zag’ shape. This is a characteristic of
the ‘zig-zag’ effect that causes the existence of two neutral axis on the cross-section
instead of one. The ‘zig-zag’ is stronger at the weld root than between stiffener webs
(Figure 7.19(b) and 7.19(a), respectively). This ‘zig-zag’ effect had been already
observed in the 4pbt performed on the sandwich beams, described in Chapter 5 (see
Figure 5.9, page 74). In those tests, the effect was stronger for short beams than for
long beams. The effect is exactly the same in the beam tests and in the full-scale
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tests. The ‘zig-zag’ is stronger when shear forces are high. This is the reason why
it is stronger in the the short beams in comparison with the long beams, on the
beam specimens, and it is stronger in the weld root in comparison with between
the stiffener webs. The same is applied to justify the stronger ‘zig-zag’ for the
crossbeam than for midspan between crossbeams, at the weld root (Figure 7.19(b)):
higher shear forces at the crossbeam than at midspan.

Figure 7.20 shows the corresponding results for the bonded steel plates reinforce-
ment. The only strain distribution which presents a strong ‘zig-zag’ shape is at the
weld root when the load is at the crossbeam. However in none of the distribution the
‘zig-zag’ is as strong as in the sandwich steel plates. This shape was not observed
at the beam tests of the bonded steel plates, presented in Chapter 4 (see Figure 4.6,
page 41). This gives once more the indication that the shear forces are much higher
close to the weld (specially at the crossbeam cross-section) due to the high stiffness
of the existing deck in comparison with an unstiffened steel plate (beam tests).

This phenomena is the main reason for the difference between the stress reduction
factors of the beam specimens and of the deck-panels. The ‘zig-zag’ effect is depen-
dent on the span, on the loading and on the stiffness of the structure. All these
parameters are different when comparing the beams tests with the full-scale tests.

The geometry of an orthotropic bridge deck is complex and each detail has a different
strain reduction factor, which not only depends on the detail geometry but even on
the load case applied to the deck. The simple beam geometry can be used to predict
the influence of different parameters on the reinforcement performance, but not for
predicting the absolute value of the stress reduction at weld details of orthotropic
bridge decks.
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Figure 7.19: Transverse strains along the thickness of the sandwich steel plates reinforce-
ment when the deck-panel is loaded at the crossbeam or at midspan between
crossbeams by 100 kN wheel type C.
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Figure 7.20: Transverse strains along the thickness of the bonded steel plates reinforce-
ment when the deck-panel is loaded at the crossbeam or at midspan between
crossbeams by 100 kN wheel type C.

7.4 Fatigue behaviour

This part of the study describes the fatigue tests performed on the full-scale reinfor-
ced deck panels. The aim of this experimental program was to evaluate the fatigue
behaviour of the bonded and sandwich steel plates reinforced deck panels when sub-
jected to wheel loads. The fatigue tests were mainly focused on the fatigue behaviour
of the reinforcement, the composite structure of the adhesive or core and second steel
plate, rather than on the fatigue life of the welds present on an orthotropic bridge
deck.

As studied in Chapter 4, Section 4.6, the main fatigue failure mode of the bonded
steel plates reinforcement is adhesive shear failure. For the sandwich steel plates
reinforcement, the main fatigue failure mode is delamination between the steel face
and the core, as shown in Chapter 5, Section 5.6. Hence, the fatigue behaviour of
the bonded and sandwich reinforcements depends on the shear stress in the adhesive
layer and at the interface between the steel face and the core, respectively. The
full-scale fatigue tests should be performed using the load cases that lead to the
highest shear stresses at these locations.

Before describing the experimental procedure and corresponding results, the follo-
wing section presents the shear stresses in the reinforcements when subjected to
wheel loads, based on FEA.
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7.4.1 Shear stress distribution in the reinforcement

The FEA validated in the previous section were used to determine the shear stress
distribution in the adhesive and at the interface between the steel face and the core.
The shear stress distribution was determined when the deck panels are subjected
to wheel loads at the crossbeam and at midspan between crossbeams. Two shear
stresses were determined, τxy and τzy, being x-axis along the specimen width, y-axis
along the specimen thickness and z-axis along the specimen length. The coordinated
system is based on the FEA described in Chapter 6 (see Figure 6.4, page 101).
Besides these two shear stresses, an equivalent shear stress τyeq was determined that
combines those two stress components. τyeq was determined by Equation 7.5 (by
equilibrium τyx = τxy and τyz = τzy).

τyeq =

√

(τyx)
2
+ (τyz)

2
(7.5)

Figure 7.21 shows the shear stresses τxy and τzy in the adhesive layer (mid-thickness)
when the bonded steel plates reinforced deck is loaded at the crossbeam by wheel
type C or at midspan by wheel type C or B (100 kN wheel load). The shear stress
τxy is shown along the x-axis (specimen width), Figure 7.21(a). The shear stress τzy
is shown along the specimen length z-axis between stiffener webs – point P (Figure
7.21(b). At the crossbeam it is clear that the wheel type C is the most severe load
case for the adhesive layer. This load case is also the worst for the deck-plate-to-
stiffener welds at this location (see Figure 6.9 in Chapter 6 on page 106). At midspan
between crossbeams, the wheel type C is the worst load case for the adhesive layer.
However for the deck-plate-to-stiffener welds the worst load case is wheel type B (see
Figure 6.10 in Chapter 6 on page 107).

As the fatigue tests were focused on the fatigue behaviour of the reinforcement layers
rather than on the welds, the fatigue tests on the bonded steel plates reinforced deck
were performed using the heel load type C both at the crossbeam and at midspan
between crossbeams.

The corresponding results at the interface between the 12 mm thick steel plate and
the core of the sandwich steel plates reinforced decks are shown in Figure 7.22.
They are in accordance with the ones for the bonded steel plates: the wheel type C
is the worst load case, both at the crossbeam and at midspan between crossbeams.
Therefore the fatigue tests on the sandwich steel plates reinforcement deck were
also performed using wheel type C both at the crossbeam and at midspan between
crossbeams.

Figures 7.23(a) and 7.23(b) show the stress distribution of τyeq in the adhesive layer
over the loaded area at the crossbeam and at midspan between crossbeams, respec-
tively. The maximum values are approximately 8 MPa and 7 MPa for crossbeam
and midspan, respectively. The predominant shear stress at both locations is τxy.

Figures 7.24(a) and 7.24(b) show the stress distribution of τyeq at the interface
between the steel plate and the core over the loaded area, at the crossbeam and at
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Figure 7.21: Shear stresses τxy and τzy in the adhesive layer (mid-thickness) when the
bonded steel plates reinforced deck is loaded at the crossbeam by wheel type
C or at midspan by wheel types C or B (100 kN wheel load).
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Figure 7.22: Shear stresses τxy and τzy at the steel-core interface when the sandwich steel
plates reinforced deck is loaded at the crossbeam by wheel type C or at mid-
span by wheel types C or B (100 kN wheel load).
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Figure 7.23: Shear stress distribution τyeq in the adhesive layer (mid-thickness) over the
loading area when the bonded steel plates reinforced deck is loaded at the
crossbeam or at midspan by wheel type C (100 kN wheel load).
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Figure 7.24: Shear stress distribution τyeq at the steel-core interface over the loading area
when the sandwich steel plates reinforced deck is loaded at the crossbeam or
at midspan by wheel type C (100 kN wheel load).
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midspan between crossbeams, respectively. The maximum values are approximately
2.4 MPa both at the crossbeam and at midspan. The predominant shear stress at
both locations is also τxy. The shear stress values at the steel-core interface are
considerably lower than at the adhesive layer of the bonded steel plates reinforced
deck.

7.4.2 Experimental procedure

In total seven fatigue test were performed on each deck specimen. At the crossbeams,
six fatigue tests were performed in total, one on each trough-to-crossbeam joint. The
wheel type C was aligned with the crossbeams web and with each trough, as shown
in Figure 7.8 (page 119) for the static tests. At midspan between crossbeams, one
fatigue test was performed. The wheel type C was aligned with the middle trough at
midspan between crossbeams. The seven fatigue tests on each deck specimen were
performed one by one. The load cases used were the same for both deck specimens,
bonded and sandwich steel plates reinforced deck.

The fatigue tests were carried out in load control with a constant applied load
ratio R = 0.1 (R = Pmin/Pmax). The wave form was sinusoidal. The tests were
conducted in the same test rigs as for the static tests. The bonded steel plates
specimen was loaded at a frequency of 7 and 5 Hz at the crossbeam and at midspan
between crossbeams, respectively. The sandwich steel plates specimen was loaded
at a frequency of 2 Hz at both locations.

The tests were performed at three load levels. The maximum loads Pmax were
160 kN, 110 kN and 90 kN (∆P = 144 kN, 99 kN and 81 kN, respectively). At
the crossbeams, two tests were performed at each load level. At midspan between
crossbeams, the bonded steel plates specimen was tested at Pmax = 160 kN and the
sandwich steel plates at Pmax = 110 kN. Chronologically, the bonded steel plates
specimen was tested first, and at midspan a fatigue crack appeared in an early stage
of the tests at the weld of the trough made for the instrumentation holes (cut-outs
shown in Figure 7.6). The test had to be stopped, the trough was cut out once again
but this time a larger piece in order to reduce the stresses at the welds. After re-
welding the new trough-piece, the test was restarted. In order to avoid this problem,
on the sandwich steel plates specimen, the maximum load level was decreased to 110
kN at midspan between crossbeams. No fatigue crack was detected at the trough of
this specimen.

The load levels used in the fatigue tests are higher than the ones recommended at
the fatigue load model 2 of EN1991-2 (2003). On this model the maximum wheel
load of type C is 60 kN. The loads used in the fatigue tests are from 1.5 to 2.67
times higher than the ones prescribed by the fatigue model.

Ultrasonic NDT A-scan was performed at the loaded areas of the bonded steel plates
reinforced specimen. The scanning was performed before the fatigue tests. Every
million cycles the fatigue tests were stopped to perform another scanning.
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7.4.3 Results

The fatigue results are presented for each specimen: bonded steel plates reinforced
deck and sandwich steel plates reinforced deck. The strain ranges measured by the
strain gauges during testing are presented.

Bonded steel plates reinforced deck

Figure 7.25 shows the strain ranges measured during fatigue tests at the crossbeam
location on the bonded steel plates reinforced deck. The presented results are from
a selection of strain gauges which represent the typical results of each fatigue test:
strain gauges close to the deck-plate-to-stiffener weld root SG 05, SG 06 and SG 07
and close to the weld toe, SG 01 and SG 03; and strain gauges between the stiffener
webs, SG 09, SG 10 and SG 11. Figures 7.25(a), 7.25(b) and 7.25(c) show the results
for the three load levels, Pmax = 160 kN, 110 kN and 90 kN, respectively.

At all load levels, the biggest change in the strain range occurred in strain gauge
SG 06. This strain gauge is aligned with the crossbeam close to the deck-plate-to-
stiffener weld root. The range started to decrease in an early stage of the fatigue
tests. As a response to that decrease, the strain range of strain gauges SG 01
and SG 03 increased. Strain ranges of strain gauges SG 09, SG 10 and SG 11 also
increased, but on a lower magnitude than the previous ones. The increase of the
strain ranges of these strain gauges is a consequence of stress redistribution due to
the local loss of stiffness close to strain gauge SG 06.

The results of the repeated tests at the same load level are very similar to the ones
presented.
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Figure 7.25: Strain ranges measured by strain gauges (SG) during fatigue tests at the
crossbeam on the bonded steel plates reinforced deck specimen.
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Figure 7.26: Strain ranges measured by the strain gauges 06 during fatigue tests at the
crossbeam for three load levels on the bonded steel plates reinforced deck
specimen.

Figure 7.26 compares the strain ranges measured by strain gauge SG 06 at the three
load levels. At all load levels the strain range starts to decrease after a certain
number of cycles. This number of cycles depends on the load level. The lower the
load level, the more cycles are needed to the range to start decreasing. The decrease
of strain range is related with the loss of stiffness close to deck-plate-to-stiffener weld
at the crossbeam location.

Figure 7.27 shows the strain ranges measured during the fatigue test at midspan
between crossbeams on the bonded steel plates reinforced deck. The selection of
strain gauges represents the typical results from the most important deck details:
strain gauges close to the deck-plate-to-stiffener weld root, SG8 and SG9 and close
to the weld toe, SG3 and SG4; and strain gauge between the stiffener webs, SG12
and SG13. The load level is Pmax = 160 kN (∆P = 144 kN).

There were no significant changes during testing in any of the strain gauge results.
The strains close to the welds are significantly lower than those at any load level at
the crossbeam location (SG9 is lower than 100µ, while SG 06 is approximately 500µ
for the same load level). The stress concentration is considerably lower at midspan
between crossbeams than at the crossbeam, since there is no crossbeam web which
is a point of very high stiffness. The strain between the stiffener webs is higher at
midspan between crossbeams than at the crossbeam (SG13 is approximately 900µ,
while SG 10 is 600µ at the crossbeam for the same load level).
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Figure 7.27: Strain ranges measured during fatigue tests at midspan between crossbeams on
the bonded steel plates reinforced deck specimen Pmax = 160 kN (∆P = 144
kN).

Figures 7.28, 7.29 and 7.30 show the results of the ultrasonic NDT A-scan performed
on the loaded areas of the bonded steel plates reinforced deck. The interpretation
of the amplitude levels from 0 to 80 is presented in Table 7.7. The amplitude
interpretation was based on a small reference panel (100 mm by 100 mm) of bonded
steel plates in which a delamination was deliberately simulated by two neoprene
sheets placed inside the adhesive layer.

Table 7.7: Interpretation of the amplitude levels.

Amplitude levels Interpretation
0 not scanned

20 – 40 good bonding
60 – 80 partially to full delaminated

Figure 7.28 shows the amplitude levels at the crossbeam A. Figure 7.28(a) shows
some delaminated areas before testing (n=0 cycles). After the fatigue tests, Figure
7.28(b), no significant changes were observed. Hence, there was no further delami-
nation induced by the fatigue testing. The areas where the bonding was considered
good, kept the same good quality after the fatigue test. Therefore, one can conclude
that the fatigue tests at crossbeam A did not induce any damage in the adhesive
layer. At midspan between crossbeams, shown in Figure 7.29, the bonding quality
was good before the fatigue tests and no considerable changes were found after the
fatigue tests (no delamination). Finally, Figure 7.30 shows the results at crossbeam
B. Once more there are no significant changes in the results before and after the fa-
tigue tests. Also at this location no delamination in the adhesive layer was detected
after the fatigue tests.
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Figure 7.28: NDT performed at the crossbeam A of the bonded steel plates reinforced deck
(a) before and (b) after the fatigue tests (crossbeam web at z=1000 mm).
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Figure 7.29: NDT performed at midspan of the bonded steel plates reinforced deck (a)
before and (b) after the fatigue tests (midspan at z=2500 mm).



7.4 Fatigue behaviour 147

x (mm)

z 
(m

m
)

 

 

0 200 400 600 800 1000 1200 1400 1600 1800 2000
3600

3700

3800

3900

4000

4100

4200

4300

4400

0

20

40

60

80

(a) n=0 cycles

x (mm)

z 
(m

m
)

 

 

0 200 400 600 800 1000 1200 1400 1600 1800 2000
3600

3700

3800

3900

4000

4100

4200

4300

4400

0

20

40

60

80

(b) n=4 to 5 million cycles

Figure 7.30: NDT performed at the crossbeam B of the bonded steel plates reinforced deck
(a) before and (b) after the fatigue tests (crossbeam web at z=4000 mm).

Sandwich steel plates reinforced steel deck

Figure 7.31 shows the strain ranges measured during fatigue tests at the crossbeam
location on the sandwich steel plates reinforced deck. The results are from the same
selection of strain gauges as the one presented for the bonded steel plates specimen.
Figures 7.31(a), 7.31(b) and 7.31(c) show the results for three load levels, Pmax =
160 kN, 110 kN and 90 kN, respectively.
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(a) crossbeam trough 3, Pmax = 160 kN (∆P = 144 kN)
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(b) crossbeam trough 1, Pmax = 110 kN (∆P = 99 kN)
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(c) crossbeam trough 2, Pmax = 90 kN (∆P = 81 kN)

Figure 7.31: Strain ranges measured by strain gauges (SG) during fatigue tests at the
crossbeam on the sandwich steel plates reinforced deck specimen.
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The biggest change in the strain range occurred in strain gauge SG 06. The same
was observed for the bonded steel plates reinforcement. The range also started to
decrease in an early stage of the fatigue tests. As a response to that decrease,
mainly the strain range of strain gauges SG 01 and SG 03 increased. As in the
bonded steel plates specimen, the increase of the strain ranges of these strain gauges
is a consequence of stress redistribution due to the local loss of stiffness close to
strain gauge SG 06. The results of the repeated tests at the same load level are very
similar to the ones presented, except for one at the load level 90 kN, where at one
of the welds there was no significant change at any strain gauge, including SG 06.

Figure 7.32 compares the strain range measured by strain gauge SG 06 at the three
load levels. The results are very similar to the corresponding ones for the bonded
steel plates deck specimen. At all load levels the strain range starts to decrease after
a certain number of cycles. The lower the load level, the more cycles are needed to
the range to start decreasing.

Figure 7.33 shows the strain ranges measured during the fatigue test at midspan
between crossbeams on the sandwich steel plates reinforced deck. The results are
given for the same selection of strain gauges as the one presented for the bonded
steel plates specimen. The load level is Pmax = 110 kN (∆P = 99 kN).

There were no significant changes during testing in any of the strain gauge results.
The strains close to the welds are significantly lower at midspan between crossbeams
than at any load level at the crossbeam location (SG9 is lower than 100µ, while SG 06
is approximately 500µ for the same load level). The strain between the stiffener
webs is higher at midspan between crossbeams than at the crossbeam (SG13 is
approximately 550µ, while SG 10 is approximately 320µ at the crossbeam for the
same load level).

Overall the strain ranges measured at the sandwich steel plates deck specimen are
very similar to the corresponding ones measured at the bonded steel plate deck
specimen.

The ultrasonic scan was not performed on the sandwich steel plates deck specimen.
After a trial test on a reference sandwich panel, it was concluded that the damping
of the sound wave when crossing the interface between the steel plate and the core
material was as high as when crossing an interface between steel plate and air.
Therefore, no distinction could be made between good and bad quality adhesion at
the interface between the steel and the core.
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Figure 7.32: Strain ranges measured by the strain gauges 06 close to the weld during
fatigue tests at the crossbeam for three load levels on the sandwich steel plates
reinforced deck specimen.
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Figure 7.33: Strain ranges measured during fatigue tests at midspan between crossbeams on
the sandwich steel plates reinforced deck specimen Pmax = 110 kN (∆P = 99
kN).
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During and after the fatigue tests, both bridge deck specimens were visually inspec-
ted for fatigue cracks at the welds. At the crossbeam location, several fatigue cracks
were observed at the deck-plate-to-stiffener welds. The fatigue cracks at this loca-
tion were observed on both bridge deck specimens. Figure 7.34 shows pictures of
the fatigue cracks close to those welds on both reinforced deck-panels. These picture
were taken after cutting a part of the deck specimens at the crossbeam. The fatigue
cracks in the deck plate are clearly shown. At midspan locations no cracks were
observed.

1
2

 m
m

Fatigue crack

(a) bonded steel plates reinforced deck

1
2

 m
m

Fatigue crack

(b) sandwich steel plates reinforced deck

Figure 7.34: Fatigue cracks in the deck-plate-to-stiffener welds at the crossbeam location
(wheel load type C Pmax = 160 kN – ∆P = 144 kN).

The strain gauges showing major changes are always close to the deck-plate-to-
stiffener welds where fatigue cracks were observed. No delamination was detected in
the adhesive layer by the ultrasonic NDT. Therefore, it can be concluded that the
decrease of strain range close to the welds is caused by fatigue crack initiation at the
deck-plate-to-stiffener weld. Although at the sandwich steel plates deck specimen,
there was no NDT inspection to the interface between the core and the steel plate,
the fact that the corresponding strain range pattern is very similar to the bonded
steel plates deck panel and that fatigue cracks were also observed at the deck-plate-
to-stiffener welds, it can be concluded that: there was no fatigue damage on the
sandwich steel plates reinforcement.

Tables 7.8 and 7.9 summarise all fatigue results of the bonded and sandwich steel
plates reinforced deck specimens. The fatigue life nf is based on the strain ranges
measured by the strain gauges close to the deck-plate-to-stiffener welds root, aligned
with the crossbeam or with midspan between crossbeams (for example SG 06 and
SG09, crossbeam and midspan location, respectively). The results are presented
for two different failure criteria: 10% and 25% strain fall. These failure criteria
were used by Kolstein (2007) to define the fatigue design classification of this type
of fatigue crack (cracks at deck-plate-to-stiffener weld that grow through the deck-
plate thickness). The main difference is that Kolstein (2007) used strain gauges on
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the top side of the deck plate and in this thesis strain gauges on the bottom side
of the deck-plate were used. At each fatigue test, two deck-plate-to-stiffener welds
were tested and therefore the fatigue results are presented for both welds (one at
each side of the stiffener).

Figure 7.35 shows the relationship between the fatigue lives nf and the maximum
load Pmax for both deck specimens.

At midspan between crossbeams, there were no changes on the strain ranges during
fatigue tests and no cracks were detected on both reinforced decks. Therefore, the
tests are considered run-out tests. At the crossbeam, the major part of the strain
gauges showed significant changes on the strain range during testing. There is one
exception on the sandwich steel plates reinforced deck at the lowest load level. On
this test at the crossbeam location, the strain gauges showed no changes during
testing and no cracks were observed at the welds. Therefore it was considered a
run-out test.

Table 7.8: Maximum load versus fatigue lives of the welds at the bonded steel plates rein-
forced deck.

Location Pmax
nf (cycles)

10% 25%

Crossbeam

160 72883 112354
160 63225 108994
160 64535 107649
160 48368 72561
110 402821 529840
110 65392 124920
110 107940 189030
110 120544 239029
90 227845 378262
90 98259 203896
90 211682 336889
90 116726 217144

Midspan
160 > 5072367 (run out)
160 > 5072367 (run out)
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Table 7.9: Maximum load versus fatigue lives of the welds at the sandwich steel plates
reinforced deck.

Location Pmax
nf (cycles)

10% 25%

Crossbeam

160 139565 181320
160 62955 107528
160 52692 79330
160 46573 215155
110 125051 204498
110 274344 369033
110 126719 192044
110 291973 365773
90 125083 228472
90 145685 271185
90 125784 200292
90 > 3918743 (run out)

Midspan
110 > 4136051 (run out)
110 > 4136051 (run out)
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Figure 7.35: Maximum load versus fatigue life of the welds.
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7.4.4 Fatigue behaviour of the reinforcement

The aim of the full-scale fatigue tests was to study the fatigue behaviour of the
bonded and sandwich steel plates reinforcement when applied to the actual geometry
of an OBD and subjected to wheel loads.

As studied in Chapter 4, the main fatigue failure mode of the bonded steel plates
reinforcement is the adhesive shear failure. Therefore, the fatigue behaviour of this
reinforcement should be evaluated in terms of the shear stress in the adhesive layer.
This shear stress distribution was presented in Figure 7.21, on page 138. For 100
kN wheel load type C, the maximum equivalent shear stress on the adhesive layer
(τyeq) is approximately 8 MPa and 7 MPa when the load is at the crossbeam and at
midspan between crossbeams, respectively (see Figure 7.23). The end of the fatigue
life of the bonded steel plates reinforcement should be taken at the moment when
delamination occurs in the adhesive layer. As no delamination was detected after
any of the full-scale fatigue tests, it is considered that no fatigue damage occurred
on the bonded steel plates reinforcement during full-scale fatigue testing.

Considering the sandwich steel plates reinforcement, the main fatigue failure mode
is delamination between the steel plate and the polyurethane core, as presented
in Chapter 5. Therefore, the fatigue behaviour of this reinforcement should be
evaluated in terms of the shear stress present at that interface. These shear stress
fields were presented in Figure 7.22, on page 139. For 100 kN wheel load type C, the
maximum shear stress at the interface between plate and core (τyeq) is approximately
2.4 MPa (see Figure 7.24). The end of the fatigue life of the sandwich reinforcement
should be taken when delamination occurs. As no delamination was detected during
the full-scale fatigue tests, it is considered that no fatigue damage occurred on the
sandwich steel plates reinforcement during full-scale fatigue testing.

Figure 7.36 shows the stress-cycle SN diagrams for both reinforcements. Figure
7.36(a) plots the fatigue life nf of each bonded steel plates fatigue test against
the shear stress range at the adhesive layer ∆τad. Figure 7.36(b) plots the fatigue
life nf of each sandwich steel plates fatigue test against the shear stress range at
the interface between core and steel plate ∆τc. The shear stress is the maximum
equivalent shear stress multiplied by the amplitude load (∆ · P = 0.9 · Pmax). The
results from the full-scale tests are plotted together with the fatigue results from the
beam fatigue tests described in Chapters 4 and 5, for the bonded and sandwich steel
plates reinforcement, respectively.

For the bonded steel plates reinforcement, the results from the full-scale tests are
close to the run-outs of the beam tests. The equivalent shear stress present at
the full-scale tests is close to the value of fatigue threshold of the adhesive layer
determined in the beams tests. From the SN diagram of the beam tests, one could
predict the fatigue life during full-scale testing based on the equivalent shear stress
present at the adhesive layer.

For the sandwich steel plates reinforcement, the shear stress at the interface on the
full-scale tests is lower than the fatigue threshold determined in the beams tests. It
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Figure 7.36: SN diagram of the reinforcements at the full-scale tests and at the beam tests.
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could be predicted from the SN diagram of the beams tests that no fatigue damage
would occur on the full scale tests, as confirmed during testing.

7.4.5 Fatigue life of the welds

It was not the main aim of the full-scale tests to determine the fatigue life of the
welded joints in orthotropic steel bridge decks. However, as several fatigue cracks
were found during testing, a brief analysis of their fatigue behaviour is made in this
section.

As shown in Figure 7.34, the crack found at the crossbeam location is the well known
fatigue crack at the deck-plate-to-stiffener weld at the crossbeam location. The crack
starts at the root of the weld between the longitudinal stiffener and the deck plate
at the point where it intersects with crossbeam web. The crack grows through the
thickness of the deck plate, from the bottom to the top side of the plate.

In this study, the fatigue life nf of the welds is the number of cycles when the strain
range falls 10% or 25% at the strain gauge closest to fatigue crack initiation point
(for example SG 06 – see Figure 7.26). The 10% strain fall failure criterium was
used by Kolstein (2007) to define the fatigue design classification of these type of
fatigue cracks. The main difference is that Kolstein (2007) used strain gauges on
the top side of the deck plate and in this thesis strain gauges on the bottom side of
the deck-plate were used.

Figure 7.37 shows the fatigue results of the welds at the crossbeam as ∆σ − nf

diagrams (SN-curves) for the bonded and sandwich steel plates reinforced deck spe-
cimens. The stress range ∆σ is taken at the point where the crack initiates, which
means at the deck-plate-to-stiffener weld root on the bottom side of the deck plate.
For this typical detail, as the stress gradient close to the weld is very high, the stress
is determined based on the geometrical stress range – hot spot method. The hot
spot method is recommended by Hobbacher (2009) for fatigue assessment of general
welded joints and by Kolstein (2007) for this specific fatigue crack of orthotropic
steel bridge decks. The method consists in extrapolating the structural stress from
two measuring points to where the crack initiates, called hot spot point. The two
measuring points are 0.4 ·t and t from the hot spot point, t being the plate thickness.
The stress at the measuring points is taken from the FEA presented in Chapter 6.
In this case study, the deck plate is 12 mm thick (t=12 mm). The measuring points
are therefore 4.8 mm (0.4 · t = 0.4 · 12 = 4.8 mm) and 12 mm (t) from the weld root.

Figure 7.37(a) shows the results of the fatigue life using the 10% failure criterium
and Figure 7.37(b) using the 25% failure criterium. From the fatigue results a
linear regression analysis was made. The fatigue life of the welds in the bonded and
sandwich reinforced decks is compared with the fatigue strength SN curve defined
at EN1993-1-9 (2005). The detail category is defined as the fatigue strength at 2
million cycles. The detail category 125 is the one recommended by Kolstein (2007)
for the fatigue crack found in this study at the crossbeam location: crack at the deck-
plate-to-stiffener weld that starts at the weld root and grows through the deck-plate
thickness.
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Figure 7.37: SN fatigue results of the welds at the crossbeam location from the bonded and
sandwich steel plate deck specimens for (a) 10% and (b) 25% strain fall failure
criteria and comparison with the detail category 125 defined in EN1993-1-9
(2005).
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Table 7.10: Equations of the SN curves from the bonded and sandwich fatigue results and
from the detail category 125 defined in EN1993-1-9 (R2 – statistics coefficient
of determination).

∆σ = k · n−1/m
f

m k R2

10% 25% 10% 25% 10% 25%
Bonded 3.96 3.09 4901 11801 0.43 0.59
Sandwich 3.88 3.13 5869 16023 0.37 0.36
Detail cat. 125 (nf < 5 · 106) 3 15749 –

Table 7.10 shows the results from the linear regression analysis fitted to the fatigue
results and compares them with the SN fatigue strength of the detail category 125.

The fatigue results of the welds in the bonded and sandwich reinforced deck follow
the same tendency when considering the same fatigue life criterion (slope m 3.9 for
the 10% and 3 for the 25%). The fatigue life of the welds in the sandwich reinforced
deck is slightly longer than in the bonded reinforced deck. But the R2 coefficient
is higher for the fitted curve of the bonded reinforced deck than for the sandwich
reinforced deck (approximately 0.5 and 0.4, respectively). The slope of the fatigue
results is closer to the fatigue strength detail category when the 25% strain fall
failure criterium is used. In both graphs, the fatigue results are on the area of the
fatigue strengths of the 125 detail category, spread above and under this line.

These fatigue results are worse than expected, since the detail category 125 should
give a conservative fatigue strength of the fatigue life of these welds. This is related
with the fact that, in this study the failure criteria are based on strain falls measured
at the bottom side of the deck plate, very close to the weld root. While Kolstein
(2007) based his recommendation on strain falls measured at the top side of the deck
plate, and therefore farther away from the weld root. As this type of crack initiates
at the weld root, the strain measured in this study are much more sensitive to the
crack initiating at the weld root than the ones used by Kolstein (2007). Therefore
the strain fall occurs earlier in the strain gauges used on this thesis (at the bottom
side of the deck plate) than in the ones used by Kolstein (2007) (at the top side of
the deck plate).

From extrapolation of these SN curves, one can predict the fatigue life of the welds
at any stress range present at the weld root in a bonded or sandwich steel plates
reinforced deck. This means that with the stress or strain reduction factor, one
can predict the improvement in the fatigue life of the welds just by using the stress
reduction factor on these SN curves.

Figure 7.38 shows the fatigue results of the deck-plate-to-stiffener welds at midspan
between crossbeams as ∆σ−nf diagrams (SN-curves), for the bonded and sandwich
steel plates reinforced deck specimens. As no fatigue cracks were found at this loca-
tion, all results are run-out tests. The stress range was determined by the nominal
stresses at the deck plate at the stiffener web location. The results are compared
with the details category for the fatigue strength of these welds recommended by
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Kolstein (2007) (125 detail category) and by EN1993-1-9 (2005) (71 detail category).
The results are below the constant amplitude fatigue limit (∆σ at n = 5 ·106) of the
125 detail category, which explains the absence of fatigue cracks at this location.
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Figure 7.38: SN fatigue results of the welds at midspan between crossbeams location from
the bonded and sandwich specimens and comparison with the detail categories
defined in EN1993-1-9 (2005).

7.5 Parametric study

In the previous sections, the numerical analysis described in Chapter 6 was validated
by experimental values. Once the FEA is validated, they can be used to predict the
behaviour of different reinforcement.

In this section, the behaviour of several reinforcement scenarios is simulated using
FEA. The orthotropic deck geometry is exactly the same as presented in Chapter 6.
The load is 100 kN wheel type C aligned with the middle trough (see Figure 7.8(b),
page 119) and positioned either at the crossbeam or at midspan between crossbeams.

The parametric study investigates the influence of the thickness of the reinforcement
and of the environmental temperature on the behaviour of the reinforced deck panel.
Predictions are made for the stress reduction factors and for the fatigue behaviour
of the reinforcements.
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7.5.1 Influence of the reinforcement thickness

For the bonded steel plates reinforcement, the influence of the second steel plate
thickness was investigated. The adhesive thickness was kept 2 mm, since this is the
nominal value to be applied in actual reinforcements. The thickness of the second
steel plate was varied between 6 mm and 12 mm.

For the sandwich steel plates reinforcement, the influence of the thickness of the core
and of the second steel plate were investigated. The thickness of the core was varied
between 15 mm and 30 mm. The thickness of the second steel plate was varied
between 5 mm and 8 mm.

The reinforcement weight was used to compare the two types of reinforcement.
The combination of thicknesses was chosen to investigate solutions with compa-
rable weights. For all cases studied, the thickness of the existing deck plate is 12
mm.

Tables 7.11 and 7.12 show the studied bonded steel plates reinforcement solutions
and the studied sandwich steel plates reinforcement solutions, respectively.

Table 7.11: Bonded steel plates reinforcements.

Reinforcement Deck plate Adhesive 2nd steel plate Weight
B1226 12 mm 2 mm 6 mm 49.4 kg/m2

B1228 12 mm 2 mm 8 mm 65.1 kg/m2

B12210 12 mm 2 mm 10 mm 80.8 kg/m2

B12212 12 mm 2 mm 12 mm 96.5 kg/m2

Table 7.12: Sandwich steel plates reinforcements.

Reinforcement Deck plate Core 2nd steel plate Weight
S12155 12 mm 15 mm 5 mm 56.5 kg/m2

S12205 12 mm 20 mm 5 mm 62.3 kg/m2

S12255 12 mm 25 mm 5 mm 68.0 kg/m2

S12305 12 mm 30 mm 5 mm 73.8 kg/m2

S12158 12 mm 15 mm 8 mm 80.1 kg/m2

S12306 12 mm 30 mm 6 mm 81.6 kg/m2

S12308 12 mm 30 mm 8 mm 97.3 kg/m2

Stress reduction factor

The stress reduction factor (SRF) is one of the most important parameter to evaluate
the performance of the reinforcements. The SRFs can be used in the SN curves of
the fatigue sensitive details to determine how much the fatigue life of the welds will
be extended.
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The SRF was determined using equation 7.6. The SRF was determined at the four
deck locations – see Figure 7.39. The values were determined at the crossbeam
location and at midspan between crossbeams.

SRF = 1− σReinforced deck

σUnreinforced deck
(7.6)

Figure 7.39: Deck locations: stiffener and close to the deck-plate-to-stiffener welds.

Table 7.13 shows the stress reduction factor (SRF) at the crossbeam location of the
bonded steel plates solutions. The equivalent values for the sandwich steel plates
solutions are shown in Table 7.14. Figure 7.40 plots the relationship between the
weight of different reinforcements and their SRF at the crossbeam location.

Table 7.15 shows the stress reduction factor (SRF) at midspan between crossbeams
of the bonded steel plates solutions. The equivalent values for the sandwich steel
plates solutions are shown in Table 7.16. Figure 7.41 plots the relationship between
the weight of different reinforcements and their SRF at midspan between crossbeams.

SRFs higher than 100% occur when the stress value changes the signal from negative
to positive, or the other way around, after the reinforcement – see Equation 7.6.

The SRF of details I, II and III gives an indication of the reinforcement performance
at the transverse stresses due to local bending of the deck plate. Concerning these
details both at the crossbeam and at midspan between the crossbeam, the results
show that: increasing the thickness of the second steel plate of the bonded steel
plates reinforcement by 2 mm adds on average 6% to the SRFs; each increase of 5
mm of core thickness of the sandwich steel plates adds on average 3% to the SRFs.
Increasing the thickness of the second steel plate of the sandwich steel plates from
5 mm to 8 mm adds 7% to the SRFs.
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Table 7.13: SRF at the crossbeam of the bonded steel plates solutions (W – weight).

SRF (%) B1226 B1228 B12210 B12212
I 54% 61% 67% 71%
II 53% 61% 67% 73%
III 60% 68% 75% 80%

W (kg/m2) 49.4 65.1 80.8 96.5

Table 7.14: SRF at the crossbeam of the sandwich steel plates solutions (W – weight).

SRF (%) S12155 S12205 S12255 S12305 S12158 S12306 S12308
I 45% 49% 52% 55% 53% 56% 60%
II 43% 46% 50% 52% 52% 54% 59%
III 45% 48% 51% 53% 53% 55% 58%

W (kg/m2) 56.5 62.3 68.0 73.8 80.1 81.6 97.3

Table 7.15: SRF at midspan between crossbeams of the bonded steel plates solutions (W
– weight).

SRF (%) B1226 B1228 B12210 B12212
I 53% 60% 65% 69%
II 67% 76% 82% 87%
III 88% 98% 105% 111%
IV 19% 23% 27% 30%

W (kg/m2) 49.4 65.1 80.8 96.5

Table 7.16: SRF at midspan between crossbeams of the sandwich steel plates solutions (W
– weight).

SRF (%) S12155 S12205 S12255 S12305 S12158 S12306 S12308
I 51% 55% 58% 61% 58% 62% 65%
II 53% 56% 59% 62% 63% 64% 69%
III 58% 60% 62% 63% 71% 66% 72%
IV 27% 30% 32% 34% 31% 35% 37%

W (kg/m2) 56.5 62.3 68.0 73.8 80.1 81.6 97.3
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Figure 7.40: Relationship between the weight of different reinforcements and their stress
reduction factor (SRF) at the crossbeam location.
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(b) sandwich steel plates

Figure 7.41: Relationship between the weight of different reinforcements and their stress
reduction factor (SRF) at midspan between crossbeams.

Comparing two systems with the same weight, for details I, II and III at the cross-
beam location, the SRFs are higher when using the bonded steel plates than when
using the sandwich steel plates. The sandwich steel plates system can achieve on
SRF similar to the ones of the bonded steel plates system but needs double the
weight. At midspan between crossbeams, the SRF of details II and III increases
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significantly when compared to the ones at the crossbeam location, especially that
of detail III of the bonded steel plates. Also at midspan between crossbeams when
comparing two systems with the same weight, details II and III have higher SRF in
the bonded steel plates system than in the sandwich steel plates system. The SRF
of detail I are similar in the sandwich steel plates reinforcement and in the bonded
steel plates systems.

For detail IV, the sandwich steel plates system performs better than the bonded steel
plates system. This detail gives an indication of the global effect of the reinforcement
(longitudinal stress due to global bending of the OBD).

Figure 7.41(b) shows that the SRF of the solution S12158 (80.1 kg/m2) at midspan
between crossbeams is slightly out of the tendency. The overall tendency of the
graph gives an idea of the effect of the core thickness, while the S12158 gives an
indication of the effect of the second steel plate thickness. The results indicate that
this effect is positive for detail III and negative for details I and IV.

Overall, the bonded steel plates reinforcement has a good performance in reinforcing
the structure locally, as close to the deck-plate-to-stiffener welds. The sandwich
steel plates reinforcement is more a global reinforcement. It affects not only the
local stresses, but also the global stresses. The sandwich steel plates reinforcement
improves its performance, when the existing steel deck becomes flexible (less stiff),
and the bending of the deck becomes stronger. This is the case in detail I and detail
IV at midspan between crossbeams.

In general, the SRFs obtained from the bending static tests performed on reinforced
beams (described in Chapter 4 and 5) are lower than the ones at the OBD details.
This difference is higher for the sandwich reinforcement than for the bonded rein-
forcement. As mentioned before, this is related to the fact that the stiffness of the
existing deck plate amplifies the ‘zig-zag’ effect of the sandwich steel plates. The
existing deck plate is stiffened by the longitudinal stiffeners and by the transverse
crossbeams. At beam specimens, the lower steel plate is only a steel plate without
any stiffeners.

However, the effect of the reinforcement thickness can be predicted by the beam
specimens. Adding 2 mm of second steel plate thickness of the bonded steel plates
added 7% to the SRF, which is very close to the effect predicted in the actual OBD.
The difference between the SRF of the S12155 and S12305 solutions is also similar
between the OBD and beam specimens, approximately 8%.

Fatigue life of the reinforcement

Besides extending the fatigue life of the welds, the reinforcements should not give
rise to new fatigue problems. Therefore it is important to evaluate their fatigue life.

In Section 7.4, the full-scale fatigue tests showed no fatigue damage in the rein-
forcement. Moreover, this behaviour could have been predicted based on the SN
diagrams of each reinforcement obtained from the fatigue tests on reinforced beams.
The maximum shear stresses in the adhesive layer and in the core present during the
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fatigue tests were below the fatigue thresholds of those SN diagrams. In general, in
order to predict the fatigue behaviour of different reinforcements, one only needs to
evaluate the shear stress field in the interface layers, adhesive or core, and compare
it with the corresponding fatigue threshold.

Table 7.17 shows the maximum equivalent shear stress τyeq at the adhesive layer
obtained from the FEA of the bonded steel plates reinforcements. The values cor-
respond with a 100 kN wheel load type C aligned with the stiffener either at the
crossbeam location or at midspan between crossbeams. The maximum shear stresses
at the steel-core interface of the sandwich steel plates reinforcements are shown in
Table 7.18.

Table 7.17: Maximum equivalent shear stress τyeq at the adhesive layer of the bonded steel
plates reinforcement (100 kN load, wheel type C).

τyeq Crossbeam Midspan
(MPa) location between crossbeams
B1226 7.95 6.95
B1228 7.63 6.66
B12210 7.14 6.18
B12212 6.61 5.64

Table 7.18: Maximum equivalent shear stress τyeq at the steel-core interface of the sandwich
steel plates reinforcement (100 kN load, wheel type C).

τyeq Crossbeam Midspan
(MPa) location between crossbeams
S12155 2.35 2.18
S12158 2.23 1.97
S12205 2.06 1.92
S12255 1.88 1.74
S12305 1.74 1.59
S12306 1.69 1.55
S12308 1.57 1.43

The reinforcement solutions tested on the full-scale fatigue tests, B1226 and S12155
for the bonded and sandwich respectively, have the highest values of shear stress.
Therefore, if no fatigue damage was observed during the fatigue tests performed
on those reinforcement solutions, no fatigue damage is expected to occur on all the
other reinforcements with lower shear stresses.
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7.5.2 Temperature effect

The temperature effect was studied by changing the Young’s modulus of the adhesive
or of the core materials to the corresponding values at -10 ◦C, room temperature
(RT) and +50 ◦C. The Young’s modulus are based on the tensile testing performed
on the adhesive and core materials. These tests are described in Chapters 4 and 5 for
the adhesive and for the core, respectively. Table 7.19 shows the Young’s modulus
of both materials at the three temperatures.

The study was performed on three reinforced decks: B1226, S12155 and S12305.
The SRFs at the three temperatures were determined for each reinforcement. The
SRF was determined at the same deck details I, II, III and IV, as shown in Figure
7.39. The results are shown in Figure 7.42 for the crossbeam location and in Figure
7.43 for midspan between crossbeams location.

Table 7.19: Young’s modulus E of the adhesive (B1226) and core (S12155 and S12305)
materials.

E (MPa) -10 ◦C RT +50 ◦C
Adhesive 3378 2929 2451
Core 1049 721 471

The results show that both at the crossbeam and at midspan between crossbeams,
the temperature effect is negligible in all details of the B1226 reinforced deck. These
results are in accordance with the ones obtained from the beam specimens described
in Chapter 4. In these tests, the temperature did not have any influence on the
bending stiffness of the bonded steel plates reinforced beams.

The Young’s modulus of the core material of the sandwich steel plates reinforcement
has a significant effect on the SRF of details I, II and III. Both at the crossbeam
and at midspan between crossbeams, the SRF of these details varies approximately
10% when varying the Young’s modulus. In the beam tests described in Chapter
5, the effect of -10 ◦C was lower (around 2%) and the effect of +50 ◦C was higher,
especially for the S12155 solution (around 15%), when compared to RT.

For detail IV the SRF is less affected by the temperature since the detail is farther
away from the temperature-dependent materials.

The temperature effect on the fatigue behaviour of the reinforcements cannot be
evaluated. The fatigue tests were all performed at RT and therefore the SN diagrams
of the reinforcements are only available at this temperature.
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Figure 7.42: Stress reduction factor of details at the crossbeams of B1226, S12155 and
S12305 reinforcements at -10 ◦C, room temperature (RT) and +50 ◦C.
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Figure 7.43: Stress reduction factor of details at midspan between crossbeams of B1226,
S12155 and S12305 reinforcements at -10 ◦C, room temperature (RT) and
+50 ◦C.
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7.6 Conclusions

The aim of this part of the thesis was to study the effect and the behaviour of the
bonded and sandwich steel plates reinforcement systems when applied to the actual
geometry of an OBD. The bonded steel plates system consisted of bonding a 6 mm
thick second steel plate using a 2 mm thick adhesive layer. The sandwich steel
plates system consisted of adding a 5 mm thick second steel using a 15 mm thick
polyurethane core. Full-scale tests were performed on both reinforced decks using
wheel loads to simulate the heavy traffic loading on a reinforced OBD with a deck
plate thickness of 12 mm. The FEA described in Chapter 6 were validated using the
experimental data and used to perform a parametric study on the influence of the
reinforcement geometry and of the environmental temperature on the reinforcements
performance.

The results from the full-scale static tests on the bonded steel plates reinforcement
system showed a significant reduction of the transverse stresses at the deck plate close
to the deck-plate-to-stiffener welds. The stresses at this deck location were reduced
by 50% to 60% at the crossbeam and by 60% to 80% at midspan between crossbeams,
after the reinforcement. The longitudinal stresses at the bottom of the stiffener at
midspan between crossbeams were reduced by 20% after the reinforcement. During
the full-scale fatigue tests, no delamination occurred in the adhesive layer when
the reinforced deck was subjected to fatigue wheel loads at the crossbeam and at
midspan between crossbeams.

The results from parametric study showed that increasing the thickness of the second
steel plate of the bonded steel plates reinforcement by 2 mm adds on average 6%
to the SRFs close to the deck-plate-to-stiffener welds. The SRF of the transverse
and longitudinal stresses is not expected to be significantly affected by temperatures
between -10 ◦C and +50 ◦C. Moreover, it also showed that if a second steel plate
thickness between 6 mm and 12 mm is used, no delamination is expected to occur
in the adhesive layer due to wheel loads.

The results from the full-scale static tests on the sandwich steel plates reinforcement
system also showed a significant reduction of the transverse stresses at the deck plate
close to the deck-plate-to-stiffener welds. The stresses at this location were reduced
by 45% at the crossbeam location and by 55% at midspan between crossbeams, after
the reinforcement. The longitudinal stresses at the bottom of the stiffener at midspan
between crossbeams were reduced by 30% after the reinforcement. During the full-
scale fatigue tests, no delamination occurred between the core and the steel plates
when the reinforced deck was subjected to fatigue wheel loads at the crossbeam and
at midspan between crossbeams.

The results from parametric study showed that increasing the thickness of core of
the sandwich steel plates reinforcement by 5 mm adds on average 3% to the SRF
close to the deck-plate-to-stiffener welds. Increasing the second steel plate thickness
from 5 mm to 8 mm adds on average 7% to the same SRF. The SRF of the transverse
stresses at the deck plate is expected to be affected by temperature between -10 ◦C
and +50 ◦C. Those values are expected to increase on average 9% at -10 ◦C and
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decrease on average 10% at +50 ◦C when compared with RT. The temperature
effect is lower at the SRF of the longitudinal stresses at the bottom of the stiffener
(3%). The parametric study also showed that, if sandwich steel plates solutions
with up to 30 mm core thickness and 8 mm second steel plate thickness are used,
no delamination is expected to occur between the core and the steel plates due to
wheel loads.

Considering reinforcement solutions with approximately the same weight: the bon-
ded steel plates solutions reduce the local stresses close to the welds more than the
sandwich steel plates solutions; the sandwich steel plates reinforcement reduces the
global stresses more than the bonded steel plates reinforcement. The sandwich steel
plates can be considered as a global reinforcement, while the bonded steel plates is
more a local reinforcement.

The SRFs of the reinforced OBD are lower than the ones obtained from the beams
specimens, especially for the sandwich steel plates reinforcement. This is caused
by the amplification of the ‘zig-zag’ effect due to the high stiffness of the existing
deck in comparison with an unstiffened steel plate. Nevertheless, the influence of
the reinforcement geometry and temperature effect can be predicted by the beam
specimens.

The increase of the fatigue life of the welds can be predicted by determining the
SRF at the welds and using it on the SN curves of the same weld detail. The fatigue
behaviour of the reinforcements can be predicted by determining the shear stress
at the interface layers, adhesive or core, and comparing it with the correspondent
fatigue threshold. This value is determined from the beam specimens fatigue tests.





Chapter 8

French five-point bending

tests on sandwich steel plates

reinforcement

8.1 Introduction

In this Chapter, French five-point bending tests (5pbt) performed on sandwich steel
plates reinforcement are described. The aim was to understand if this type of tests
can be directly used to evaluate the performance of reinforcement systems for OBD.
If that is the case, the French 5pbt can be used for characterizing and optimi-
zing reinforcement systems, avoiding the time and cost of a full-scale experimental
program. A trial experimental program was performed on a sandwich steel plates
reinforcement solution to assess the viability of performing these tests on other type
of reinforcements. A sandwich steel plates solution with 30 mm core thickness and
5 mm second steel plate thickness was used.

The French five-point bending test was developed by the ‘Laboratoire Central de
Ponts et Chaussées’ in the early 80’s (Hameau et al., 1981). The aim was to perform
a laboratory scale test that would allow studying the fatigue resistance of surfacing
layers on orthotropic bridge decks. Hameau et al. (1981) report that the most
severe load case for surfacing layers of OBD is when they are subjected to negative
moments. This occurs at the alignment of the stiffener web when each of the wheel of
a double-tyre is positioned at each side of the web. In the French five-point bending
tests, this ‘worst-case scenario’ is simulated by a small test set-up which includes
one ‘deck-plate-to-stiffener’ weld and therefore, the high stress concentration at this
deck location due to the transverse moments caused by wheel loads. Recently, this
methodology became a French standard test method (NF-P98-286, 2006). The five-
point bending test has been used in several studies. It was recently used for the
design of the asphalt surfacing of the OBD of the Millau Viaduct in France (Pouget
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et al., 2010). Arnaud et al. (2009) also used French 5pbt to evaluate the resistance
of concrete overlays as reinforcement techniques for orthotropic steel bridge decks.

8.2 Specimens

The specimens consisted of 12 mm thick steel plates, reinforced with sandwich steel
plates of 30 mm thick core and 5 mm thick second steel plate (S12305). The sandwich
beam is stiffened at the centre by a T-stiffener, connected to the bottom surface of
the sandwich by two fillet welds. The specimens are 100 mm wide and 850 mm
long. Figure 8.1 shows a drawing with the specimens’ dimensions including a detail
close to the stiffener. The geometry of the specimens is very similar to the one
recommended by the French standard NF-P98-286 (2006). The main differences is
the width of the specimens. In this study, the specimens are 100 mm wide and in
the standard 200 mm is recommended.

Figure 8.1: Geometry of the specimens (dimensions in mm).

8.3 Experimental procedure

Fatigue tests were carried out on four specimens. According to NF-P98-286 (2006),
the fatigue tests should run a minimum of 2 million cycles and, if no fatigue damage
occurs, the overlay is suitable to be applied in real orthotropic bride decks.

Figure 8.2 shows a drawing and a photograph of the test set-up. The specimens are
clamped at the centre at the bottom of the T-stiffener flange, and simply supported
at 270 mm distance from the stiffener. This distance is simulating the distance
between stiffeners webs in the actual geometry of an OBD. Two equal pressure loads
are applied on each side of the stiffener. Steel plates and rubber layers are used to
distribute the load on the top of the specimen. These shoe prints are simulating the
double-tyre wheel load.

According to the French standard, the maximum load of the fatigue test should be
the one that would cause approximately ε = 625µ on the top side of the steel plate
at the alignment of the stiffener of a specimen without any overlay. For a 12 mm
thick steel plate, this corresponds with a pressure load of 0.72 MPa (Pouget et al.,
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(a)

(b)

Figure 8.2: Five-point bending test set-up (dimensions in mm).
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2010). In the standard test set-up, the load is applied by two shoe prints, with a
length of 130 mm and a width of 200 mm.

In this experimental program, the specimens were 100 mm wide and therefore each
shoe print was 130 mm long and 100 mm wide. The pressure load used on these shoe
prints was 0.77 MPa, which is slightly higher than recommended by the standard.
This pressure load corresponds with 10 kN on each shoe (0.77 MPa x 130 mm x 100
mm), which means a total of 20 kN (Pmax = 20 kN). If the same pressure load of
0.77 MPa is applied on a wheel print type B (double tyre 220 mm by 320 mm), it
corresponds with 108 kN wheel load.

All four fatigue tests were performed at the same load level (Pmax = 20 kN). The
fatigue tests were carried out in load control with a constant applied load ratio of
R = 0.1 (R = Pmin/Pmax). The wave form was sinusoidal with a frequency of 2 Hz.
The fatigue tests were performed at room temperature. Prior to the fatigue tests,
static tests were performed until a maximum load of 20 kN. The static tests were
carried out under load control and with a speed of 0.3 kN/s.

The instrumentation consisted mainly of strain gauges applied to the specimens.
The aim was to monitor the strain ranges during the fatigue tests and to validate
the numerical simulations using experimental results. A detail of the strain gauges
close to the stiffener is shown in Figure 8.3. Temperature sensors were applied to the
surface of the polyurethane core to monitor the temperature of this material during
testing.

(a) (b)

Figure 8.3: Detail of strain gauges in alignment of the stiffener (dimensions in mm).
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8.4 Finite element analysis

A finite element analysis (FEA) was made in order to better understand the fatigue
results and describe the stress distribution in the specimens.

The analysis simulates the elastic behaviour of the five point bending tests when
subjected to static loads. The ABAQUS finite element code was used.

The Young’s modulus and Poisson’s ratio of all the steel parts are the ones recom-
mended by EN1993-1-1 (2006), Esteel = 210 GPa and ν = 0.3. The core material
properties were defined by the tensile Young’s modulus obtained from the material
tests at room temperature (Ecore = 721 MPa – see Table 5.3) and by the Poisson’s
ratio given by the manufacturer (ν = 0.36 – see Table 5.2).

The steel plates, the stiffener and the core were modelled using continuum 20-nodes
brick (solid) elements, quadratic (second-order) with reduced integration. These
elements are available in the ABAQUS library as C3D20R. Quadratic elements were
used in order to avoid problems of shear locking. Shear locking affects the per-
formance of linear elements subjected to bending loads (ABAQUS, 2008). The
elements simulating the welds are 15-nodes triangular prism elements, quadratic
(second-order) with full integration. These elements are available in the ABAQUS
library as C3D15. Full integration is recommended in limited areas of the model
where high stress concentration is expected, as is the case for the welds (ABAQUS,
2008).

Figure 8.4 shows the 3D FE-model of the five point bending tests and the mesh
zones used in the model. A mesh convergency study was carried out following the
same methodology as previously described in Chapter 6. The mesh was refined
until the difference in stresses between two refined meshes in the pertinent areas was
insignificant (less than 0.5%). Table 8.1 gives the element dimensions (length and
thickness) in the several zones of the FE-mesh. The element width is 5 mm for all
zones (20 elements per specimen width). The element length was varied according to
the expected stress pattern along the length, smaller elements close to the stiffener
than at locations far from the pertinent areas. The mesh has 186433 nodes and
42120 elements (41800 C3D20R and 320 C3D15). The maximum aspect ratio of the
elements is 5, which is enough to avoid errors due to artificial stiffening.
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Figure 8.4: Finite element model of the five point bending tests.

Table 8.1: Dimension of the elements in the mesh zones.

length(x)× thickness(y) (mm) Zone 1 Zone 2 Zone 3
bottom steel plate 2.5× 2 5× 2 10× 2
core 2.5× 6 5× 6 10× 6
top steel plate 2.5× 2.5 5× 2.5 10× 2.5

length(x)× thickness(y) (mm) Zone 4 Zone 5 Zone 6
web 2.5× 2.5 2.5× 5 –
flange – 2.5× 5 5× 5

length(x)× thickness(y) (mm) W
welds 2.5× 2.5
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8.5 Experimental and numerical results

In this section the FEA is compared with the results from the static tests (static
behaviour) and fatigue tests’ results are presented (fatigue behaviour).

8.5.1 Static behaviour

The static tests were performed before the fatigue tests until a maximum total load
of 20 kN. The strains recorded by the strain gauges during the static tests can be
compared with the strain predictions from the FEA.

Figure 8.5 shows the longitudinal strains εxx along the sandwich thickness obtained
from the FEA and recorded during static tests (Exp). Figure 8.5(a) shows the
strains on the alignment of the stiffener web. Figure 8.5(b) shows the strains on the
alignment of the weld toe. The FEA strain distribution is in agreement with the
strain values given by the strain gauges during tests.

In both locations, the strains present a ‘zig-zag’ shape. This is the same effect that
was observed in the sandwich beams loaded in short spans (see Figure 5.8, page 74)
and in the full scale tests close to the welds between the deck plate and the stiffener
(see Figure 7.19, page 135).
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Figure 8.5: Longitudinal strains εxx along the sandwich thickness (a) on the alignment of
the stiffener web (x = 0 mm) and (b) on the alignment of the weld toe (x = 10
mm).

Figure 8.6 shows the longitudinal strains εxx along the specimen length close to the
stiffener, 1.25 mm from the top side of the 5 mm thick steel plate (top plate) and
1.25 mm from the top side of the 12 mm thick steel plate (bottom plate). The strains
are plotted at the locations of the strain gauges – see Figure 8.3(b).
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The FEA predicts the strain pattern close to the welded stiffener. The FEA predic-
tions are closer to the experimental values in the 5 mm thick steel plate than in the
12 mm thick steel plate. This difference is not so significant if looking to the strain
distribution along the thickness in Figure 8.5. Due to the high strain gradient, this
difference is amplified when plotting the strain along the length in Figure 8.6. In
the 12 mm thick steel plate, the maximum strain occurs close to the weld toe, and
the strain values decrease by almost 50% in the vicinity of the stifferner. A similar
strain pattern was observed by Hameau et al. (1981) at five-point bending tests of 10
mm thick steel plates without any reinforcement. The maximum strains were also
observed close to the weld toe and the strains rapidly decreased close to the stiffener.
This strain pattern is not present in the 5 mm thick steel plate. The strains at this
plate are much lower than in the 12 mm steel plate and the maximum occurs in the
alignment of the stiffener.
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Figure 8.6: Longitudinal strains εxx close to the stiffener 1.25 mm from the top side of the
5 mm thick steel plate (top plate, y = 45.75 mm) and 1.25 mm from the top
side of the 12 mm thick steel plate (bottom plate, y = 10.75 mm).
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8.5.2 Fatigue behaviour

Four fatigue tests were performed, all at the same load level. Fatigue failure did
not occur in any of the the fatigue tests. The four fatigue tests were stopped af-
ter approximately 3 million cycles. The strain values of the strain gauges were
continuously recorded during the fatigue tests. Figure 8.7 shows one example of
the displacement and strain ranges measured during one of the fatigue tests. The
strains were measured by a strain gauge positioned 1.25 mm from the top side of
the 12 mm steel plate, close to the weld toe (y = 10.75 mm – see Figure 8.3(b)). In
order to monitor the damage of the specimen, the displacement of the piston of the
hydraulic jack was also controlled δpiston.
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Figure 8.7: Displacement and strain range recorded during the fatigue test of specimen
number 2.

There are no significant changes during the entire fatigue test. Also the tempera-
ture of the core did not show any significant change during testing. The same was
observed in all four fatigue tests that were performed. No visual fatigue damage
was observed in any of the four specimens after the fatigue tests. No cracks grew at
the welds between the steel plate and the stiffener. No delamination was observed
between the core and the steel plates. Table 8.2 summarizes the results of the four
fatigue tests performed.

As no fatigue damage occurred in any of the tests, according to the French standard
NF-P98-286 (2006) the sandwich overlay is suitable to be applied in real orthotropic
bridge decks.
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Table 8.2: Results of the five point bending tests.

Specimen Pmax Fatigue life (cycles)
1 20 kN >3047260 run out
2 20 kN >3604610 run out
3 20 kN >3085659 run out
4 20 kN >3130531 run out

8.6 Discussion

In the previous section, the FEA was validated using experimental data of the static
tests. The FEA can now be used to better understand the fatigue results. In this
section, the fatigue results are discussed by evaluating the shear stress distribution in
the core during the 5pbt and comparing it with the SN diagrams of the reinforcement
presented in Chapter 5 and with the full-scale deck panels.

8.6.1 Shear stress distribution in the core

The fatigue analysis presented in Chapter 5 showed that the fatigue failure mode of
the sandwich beams starts by delamination at interfaces between the core and the
steel plates. Therefore, the fatigue evaluation of the sandwich steel plates reinforce-
ment should use the shear stress at these interfaces.

Figure 8.8 shows the shear stresses distribution in the core during the five-point
bending tests given by the FEA. The absolute shear stress distribution τxy at the
core of the sandwich at 20 kN static load is given (by equilibrium τyx=τxy). The
maximum shear stress is at the interface between the core and the 12 mm thick steel
plate, in the area between the support and the load. The maximum shear stress is
approximately 0.74 MPa, for a 20 kN load.

8.6.2 Comparison with SN diagrams

In order to better understand the fatigue results of the 5pbt, the shear stress range
at the interface during the fatigue 5pbt should be compared with the SN diagram of
the sandwich steel plates reinforcement presented in Chapter 5. This SN diagram
was obtained from 4pbt performed on sandwich beams at several stress levels.

In the French 5pbt, the maximum fatigue load was 20 kN (Pmax) with a load ratio of
R = 0.1 (R = Pmin/Pmax), therefore the shear stress range at the interface during
the fatigue tests was ∆τcore = 0.74 · 0.9 = 0.666 MPa (∆P = 0.9 ·Pmax). Figure 8.9
plots the results from the fatigue five-point bending tests in the SN digram obtained
from the beam tests in Chapter 5. The shear stress range at the interface during
the fatigue 5pbt is below the fatigue threshold of 4 MPa, obtained from the fatigue
tests on the sandwich beams. This is the reason why no delamination was observed
at the interface during the fatigue five-point bending tests.
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Figure 8.8: Shear stress at the core of the sandwich close at 20 kN static load.
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8.6.3 Comparison with full-scale tests

The five-point bending test has been developed to simulate the fatigue loading of an
orthotropic bridge deck (OBD). The load case used is wheel type B (double-tyre)
positioned at midspan between crossbeams with one load at each side of the stiffener
web. In order to understand if this simulation is successful, the stress patterns of the
orthotropic deck at this load case need to be compared with the five point bending
tests.

As mentioned before, the 20 kN maximum load of the five point bending tests is
equivalent to a pressure load of 0.77 MPa (shoe prints: 2 x 130 mm x 100 mm). In
order to obtain the same pressure load with an actual wheel print type B (double-
tyre: 2 x 220 mm x 320 mm), we have to apply approximately 108 kN wheel load.
This is the starting point for comparison between the 5pbt and the full-scale tests.

Figure 8.10 shows the result of the shear stress τxy at the core of the S12305 sandwich
steel plates reinforced deck at midspan between crossbeams when loaded with 108
kN wheel type B at midspan. These stress fields were determined using the FEA
described in Chapter 6.

If the stresses at the core of the OBD shown in Figure 8.10 are compared with the
same stresses at the core of the five-point bending tests shown in Figure 8.8, it can
be observed that they are in reasonable agreement. Their shear stress distribution is
similar. In both cases, the maximum shear stress occurs at the interface between the
core and the 12 mm thick steel plate. This maximum value occurs between the wheel
loads and the supports. However, the maximum shear stress at the core of the OBD

Figure 8.10: Shear stress τxy at the core of the S12305 sandwich steel plates reinforced
deck at midspan between crossbeams when loaded by 108 kN wheel type B at
midspan.
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is 1.01 MPa and at the five point bending tests is 0.74 MPa (see maximum values of
τxy in Figures 8.10 and 8.8, respectively). Therefore, the shear stress level is lower
at the five point than at the OBD, with comparable pressure load levels of wheel
prints. This might be related to the fact that the distance between the supports
and the edge of the wheel loads is higher on the five-point than on the real load
situation. On the five point this distance is 70 mm (270 mm support span for 130
mm load) and in the OBD it is approximately 40 mm (300 mm support span for 220
mm load). Overall, the 5pbt gives a good indication of the stress pattern of an OBD
loaded at midspan between crossbeams using a wheel print type B (double-tyre).

This is the worst load case for surfacing layers of OBD (Hameau et al., 1981).
However, this is not the case for the reinforcement systems studied in this thesis.
Figures 7.21 (page 138) and 7.22 (page 139) showed that for both bonded and
sandwich steel plates systems, the wheel print type C causes higher shear stresses at
the interface layer than the wheel print type B. Moreover, this shear stress is higher
if the OBD is loaded at the crossbeam location than if it is loaded at midspan
between crossbeams. Hence, the five point bending tests do not simulate the worst
load case for the fatigue damage of the interface layer, neither for the bonded nor
for the sandwich steel plates systems.

8.7 Conclusions

Five-point bending static and fatigue tests were performed according to the French
standard NF-P98-286 (2006) on S12305 sandwich steel plates reinforcement (12 mm
steel plate + 30 mm PU core + 5 mm steel plate). The static strain distribution
along the sandwich thickness close to the welded stiffener presents the same ‘zig-zag’
shape as observed in the sandwich beams and in the full-scale deck panels close to
the deck-plate-to-stiffener weld. The peak of maximum strain on the 12 mm steel
plate occurs close to the weld toe and decreases significantly in the vicinity of the
stiffener web. During the four fatigue tests performed, no visual fatigue damage was
observed. According to the French standard, this result indicates that the sandwich
overlay is suitable to be applied in real orthotropic bride decks.

The five-point bending fatigue tests give a good indication of the shear stress distri-
bution at the interface layer when the OBD is loaded at midspan between crossbeams
by a wheel print type B (double-tyre). This is important taking into account that
it is a promising test set-up to replace the fatigue full-scale tests, which are costly,
limited and time consuming.

The five-point bending test simulates only one load case, the wheel print type B
at midspan between crossbeams. However, this is not the worst load case for the
fatigue damage of the interface layers of bonded and sandwich steel plates systems.
For these reinforcements, the worst load case occurs when the OBD is loaded at the
crossbeam with wheel print type C (super-single).

Therefore, the five-point bending test, as it is defined in the French standard NF-
P98-286 (2006), should not be used to evaluate the fatigue behaviour neither of the
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sandwich nor of the bonded steel plates systems.

Future works should improve the test set-up to obtain better agreement with the
actual structure and to be able to simulate not only one but also alternative load
cases that can lead to more severe fatigue damage in the reinforcement systems.
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Chapter 9

Structural monitoring of the

reinforced Scharsterrijn

bridge ∗

9.1 Introduction

This chapter presents the results of the structural monitoring performed during
the renovation of the Scharsterrijn bridge. The renovation consisted of repairing
the existing fatigue cracks and strengthening the movable orthotropic steel deck
using the bonded steel plates reinforcement system. This was the first time that
this reinforcement was applied on a real bridge. Structural monitoring was carried
out in order to evaluate the short- and long-term performance of the strengthening
system on a real application.

9.2 Structural monitoring

Structural monitoring is essential in the assessment of the actual structural condition
and performance of a fatigue cracked steel bridge. Through the strain data obtai-
ned from bridge monitoring, one can better understand the actual behaviour of the
bridge, the actual stresses and stress distribution during normal traffic conditions
(DeWolf et al., 2002; Farhey, 2005). The real input, obtained from structural mo-
nitoring, has been used for several applications, such as validation of bridge design
models (Leander et al., 2010) or predicting the fatigue life of steel bridges based on
their real strain history (Guo et al., 2008; Li et al., 2003).

∗This chapter is based on Teixeira de Freitas et al. (2012b).

187



188 9 Structural monitoring of the reinforced Scharsterrijn bridge

Structural monitoring is also very important to decide whether or not renovations
are required (Cardini and DeWolf, 2009; Sartor et al., 1999) and, if so, to evaluate
their performance, as it has been done in the present study (Guo and Chen, 2011; Lee
et al., 2007). Long-term continuous health monitoring gives the possibility to predict
when, where and how the failure might occur. Due to the high instrumentation costs,
the decision for long-term monitoring is only justified for bridges with significant
interest to research the performance of innovative technologies, such as this new
type of strengthening system (Farhey, 2005).

In the present study, the monitoring consisted of two stages, a short-term measure-
ments campaign, immediately before and after applying the reinforcement, and a
long-term measurements campaign, during the year after the reinforcement. Strain
data at the deck plate was recorded during controlled load tests and during normal
traffic conditions. The aim was to determine the reinforcement effect on reducing
the strains at the bridge deck and to detect changes in the strain data due to de-
gradation of the strengthening system. The goal was to evaluate the short and long
performance of the reinforcement system and to decide about further applications.

The monitoring was carried out by the Stevin Laboratory of the Faculty of Civil
Engineering and Geosciences at the Delft University of Technology by order of Takke
LSBV Brugdekken VOF. Takke LSBV Brugdekken VOF was commissioned by the
Ministry of Transport and Public Works in the Netherlands to carry out the complete
renovation of the orthotropic deck of the movable bridge Scharsterrijn.

9.3 Description of Scharsterrijn bridge and reno-

vation technique

The Scharsterrijn bridge is located in Friesland, a northern province of the Nether-
lands. The bridge was built in 1970. After periodical inspections, fatigue cracks were
observed around the year 2000. The decision of renovating the movable orthotropic
deck of the bridge was taken in 2008 and the renovation took place in March 2009.

The bridge is composed of two independent bridges (one per traffic direction) and
each one with a fixed and a movable part. Figure 9.1 shows a picture of the movable
part of Scharsterrijn bridge that was repaired (open position). Figure 9.2 shows a
drawing of the typical cross-section of the movable orthotropic steel deck. The main
girders of the movable bridge have a total span of 8300 mm. The bridge deck consists
of an orthotropic steel plate of 12 mm thickness, stiffened by ‘U-shape’ longitudinal
stiffeners of 6 mm thickness and 4 transverse crossbeams distanced 2530 mm.

The strengthening system consisted in bonding a second steel plate on the heavy
traffic lane of the movable bridge with the North traffic direction (Lemmer to Joure).
Figure 9.3 shows a schematic plan view of the movable Scharsterrijn bridge including
the second steel plate position. The second steel plate was 6 mm thick, 4200 mm
wide and 8200 mm long. The bonding layer was 2 mm thick and made of Epikote
resin EPR 04908 with hardener Epikure curing agent EPH 04908.



9.3 Description of Scharsterrijn bridge and renovation technique 189

Figure 9.1: Picture of the movable deck of Scharsterrijn Brigde.

Figure 9.2: Cross-section of the movable orthotropic deck (dimensions in mm).

Figure 9.3: Plan view of the movable orthotropic deck and new plate position (dimensions
in mm).
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The reinforcement procedure was very similar to what has been described up to now
for the bonded steel plates reinforcement. The renovation consisted of the following
chronological steps: (1) remove the existing wearing course; (2) examine the bridge
deck for existing cracks; (3) repair cracks if needed; (4) grit blast the steel top
surface of the existing deck plate (Sa 2 1/2 – ISO-8501 (2007)) followed by primer
application; (5) glue steel spacers of 2 mm thickness to the deck plate; (6) place
the new steel plate in the correct position above the steel spacers; (7) prepare the
cavity between steel plates to create vacuum; (8) vacuum inject the adhesive into
the cavity; (9) cure during 16 hours between 40 ◦C to 50 ◦C temperature; (10) place
the new wearing surface on top of the new steel plate.

9.4 Monitoring plan

Amonitoring plan was carried out on the movable orthotropic bridge deck to evaluate
the performance of the strengthened deck. The monitoring plan included short-term
and long-term measurements.

The short-term measurements were carried out immediately before and after the
renovation. Strain values were recorded from controlled static load tests and strain
history measurements were recorded from the normal traffic running on the bridge.
The goal is to evaluate the short-term structural performance of the renovation.

The long-term measurements were carried out during one year, starting immediately
after the renovation. Controlled dynamic load tests were carried out once every
month and strain history measurements were recorded continuously. The goal is to
evaluate the durability of the renovation.

9.4.1 Instrumentation

The instrumentation consisted of applying strain gauges to the orthotropic bridge
deck. Strain gauges were applied to three transversal cross-sections of the movable
deck, one at the middle of the deck, referred to as the Middle-span cross-section
(Figure 9.3 - cut 1-1’), one at the beginning of the deck, referred to as the Lemmer
cross-section (Figure 9.3 - cut 3-3’) and finally one at the end of the deck, referred
to as the Joure cross-section (Figure 9.3 - cut 2-2’). The short-term monitoring was
carried out at the Middle-span cross-section. The long-term monitoring was carried
out at all three cross-sections.

Two strain gauges were placed unattached to the bridge deck and they were used
as witness strain gauges. Their strain data is used as reference to compare with the
strain data from the deck plate. The witness strain gauges record strain variation
due to temperature effects caused by thermal cycles. They also record irregular
occasional peaks caused by external interference. The strain data from the deck
plate was corrected based on these witness measurements (peaks and temperature
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effects are removed). This procedure has proven to be extremely important for long-
term monitoring in order to better understand changes in continuous data (Farhey,
2006).

Middle-span cross-section

Sixteen strain gauges were applied to the middle-span cross-section. They were
applied close to the right wheel track (traffic direction) and to different deck details
in order to determine the stress reduction at different orthotropic deck details. The
positions of the 16 strain gauges are shown in Figure 9.4. The strain gauges close
to the deck-plate-to-stiffener welds (2, 3, 5, 6, 8, 9, 11 and 12) measured transverse
strains 15 mm from the weld toe – Figure 9.5. The strain gauges 1, 7 and 13
measured transverse strains at middle span between stiffener webs. Strain gauges 43
and 44 are at the same position as 1 and 7, respectively, but measuring longitudinal
strains. Strain gauges 4, 10 and 14 measured longitudinal strains at the bottom of
the stiffeners.

The strain data from the middle-span cross-section was used to determine the stress
reduction immediately after the deck’s strengthening.

Figure 9.4: Middle-span cross-section: plan view and transverse cut of strain gauges posi-
tions 1 to 14, 43 and 44 (dimensions in mm).

Figure 9.5: Strain gauges positions close to the deck-plate-to-stiffener welds.
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Joure and Lemmer cross-sections

In the long-term, the critical points of the strengthening system are at the longi-
tudinal edges of the new steel plate, at the beginning and at the end of the deck.
High stress levels at the adhesive layer are expected where the end of the second
steel plate meets the crossbeam location (stiffer deck plate). If degradation of the
strengthening system due to delamination of the adhesive layer occurs it will most
probably start there. Therefore, for the long-term monitoring, strain gauges were ap-
plied at the beginning (Lemmer cross-section) and at the end (Joure cross-section)
of the strengthened deck. They measured only strains at the deck plate because
these were expected to be the most sensitive to the strengthening performance. The
strain gauges were positioned at the normal traffic wheel track, both left and right,
where high strains are expected due to the wheel loads.

Figure 9.6(a) shows the 15 strain gauges that were applied on the Joure cross-section.
The strain gauges close to the deck-plate-to-stiffener welds (16, 18, 19, 21, 22, 24, 25
and 27) measured transverse strains 15 mm from the weld toe, as shown in Figure
9.5. Strain gauges 17, 20, 23 and 26 measured transverse strains at the midspan
between stiffener webs. Strain gauges 15 and 28 measured transverse strains 50 mm
from the end of the new plate. Strain gauge 45 is at the same position as strain
gauge 17 but measuring longitudinal strains. All 15 strain gauges were distanced
100 mm from crossbeam 1 (see Figure 9.3).

Figure 9.6(b) shows the 16 strain gauges which were applied on the Lemmer cross-
section. The strain gauges positions are very similar to those in the Joure cross-
section. The strain gauges close to the deck-plate-to-stiffener welds (30, 32, 33, 35,
36, 38, 39, and 41) measured transverse strains 15 mm from the weld toe. Strain
gauges 31, 34, 37, and 40 measured transverse strains at the midspan between stif-
fener webs. The strain gauges 29 and 42 measured transverse strains 50 mm from
the end of the new plate. Strain gauges 47 and 48 are at the same position as strain
gauges 31 and 34, but measuring longitudinal strains. Overall, the strain gauges
were distanced 100 mm from crossbeam 4, except 39, 40 and 41, which were 200 mm
and 33, 34, 35 and 48, which were between the crossbeam 4 and the free edge of the
bridge.
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(a) Joure cross-section (strain gauges 15 to 28 and 45)

(b) Lemmer cross-section (strain gauges 29 to 42, 47 and 48)

Figure 9.6: Plan view and transverse cut of strain gauges positions at Joure and Lemmer
cross-sections (dimensions in mm).



194 9 Structural monitoring of the reinforced Scharsterrijn bridge

9.4.2 Controlled load tests

Static and dynamic load tests were performed during the structural monitoring. The
tests were carried out using a calibrated truck.

Static loads

Static strains were recorded when the calibrated truck was positioned at stationary
load configurations. The tests were carried out at the Middle-span cross-section,
immediately before and after the renovation. No traffic was running on the bridge
during the tests.

The truck was placed on 15 different positions along the same cross-section of the
deck. The positions were distanced 150 mm, hence a total length of 2100 mm was
covered during testing. Figure 9.7 shows the 15 positions of the truck. The positions
refer to the left wheels of the truck axles. The wheel positions were controlled by
visual observation and using laser equipment. The x-axis measured the distance
from the beginning of the traffic line to the reference point of the wheel loads, which
is is the middle of the single-tyre and the middle of the left double-tyre (see Figure
9.7).

The calibrated truck was a four axle lorry, with one axle at the front with single-tyres
and three axles at the rear with double-tyres. Figure 9.8 shows a truck silhouette
pointing out the front and rear axles used for the static tests and respective axle
loads (axle loads=2·wheel loads). The front axle was used to perform the single-tyre
load case and the heaviest rear axle was used to perform the double-tyre load case.
At each deck condition (renovated and non-renovated) four static tests were carried
out, two tests using the single-tyre and two tests using the double-tyre. Exactly the
same tests (same positions and same calibrated truck) were performed before and
after the renovation, hence eight tests in total were performed, four tests before the
renovation plus four tests after the renovation. The wheel loads and wheel prints
used in each test are shown in Table 9.1.

The wheel loads can be compared with the set of standard lorries defined at the
Fatigue Load Model 4 of Eurocode 1 (EN1991-2, 2003) used for the fatigue calcula-
tions of bridges. The single-tyre wheel load, 37.75 kN on average, is slightly heavier
than the 35 kN standard (70 kN front axle load). The double-tyre wheel load, 37.5
kN on average, is lighter than the minimum standard, 45 kN (90 kN rear axle load).
The single-tyre and the double-tyre have approximately the same load.

The wheel prints are the load area of the wheel (contact area of the wheel with the
deck plate). The area of the wheel prints is 864 cm2 for the single-tyre and 972
cm2 for the double-tyre. These wheel prints are in accordance with the classification
given by the same Fatigue Load Model 4. The single-tyre is comparable with the
wheel print type C (270 mm width and 320 mm length) and the double-tyre is
comparable with the wheel print type B (540 mm width and 320 mm length). The
axle spacing and the transverse distance between wheels are in accordance with the
values of the same standard load model.
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Figure 9.7: Fifteen truck positions at the Middle-span cross-section and the reference x-axis
(dimensions in mm).

Figure 9.8: Axle loads of the calibrated truck used for the static test before and after the
renovation (axle loads=2·wheel loads).

Load case
Wheel Loads Wheel Prints Distance between

Before After Width Length Wheels Axles
Single-tyre 37 kN 38.5 kN

270 mm 320 mm 2155 mm
5320 mm

(Front axle) (Tests 1 and 2) (Tests 5 and 6)
Double-tyre 38.5 kN 36.5 kN

620 mm 180 mm 1830 mm
(Rear axle) (Tests 3 and 4) (Tests 7 and 8)

Table 9.1: Calibrated truck used in the static tests.
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Dynamic loads

Controlled dynamic load tests were carried out once every month over a period
of one year, starting immediately after the renovation. Dynamic strain values were
triggered when the calibrated truck crossed the movable bridge. On each ‘test-day’ of
the month, eight tests were performed. Up to September 2009, the tests were carried
out at the same transverse position. After analysing the data, this truck position
showed to be outside the relevant measuring area of the deck, causing insignificant
strain values at the strain gauges positions. Therefore the results up to September
2009 are not presented. After September 2009, the tests were performed varying
the transverse position of the calibrated truck. This procedure allowed covering
different deck details and determining the dynamic stress influence lines of the deck
plate. The calibrated truck transverse position was recorded using laser equipment
positioned at the side of the bridge. The speed of the calibrated truck was, in all
cases, approximately 80 km/h. The calibrated truck was a four axle lorry similar to
the one shown in Figure 9.8, with an extra coupled three axle trailer. Table 9.2 lists
the wheel loads. The deviation between wheel loads, in the different dynamic tests,
is less than 5%.

Dynamic Tests Wheel Loads (kN)
Truck Trailer

number Month
Front Wheel Rear Wheels Rear Wheels
(single-tyre) (double-tyre) (double-tyre)

7 Sept 2009 38.0 19.5 33.5 20.5 51.0 52.5 53.5
8 Oct 2009 37.0 19.5 34.0 20.0 49.0 53.0 57.0
9 Nov 2009 37.0 20.0 34.0 20.5 51.0 53.5 58.0
10 Dec 2009 38.0 20.5 35.0 20.5 49.0 50.5 58.5
11 Feb 2010 38.5 20.5 32.5 20.0 47.5 53.5 57.0
12 Mar 2010 38.5 20.5 33.0 20.0 49.5 54.5 58.5
13 April 2010 36.5 19.0 34.0 20.0 53.0 55.0 57.0

Table 9.2: Calibrated truck used in the dynamic tests.

9.4.3 Strain history measurements

Strain history measurements were recorded continuously under normal traffic con-
ditions at all strain gauges applied to the bridge deck. The strain values recorded
correspond with the successive maximum and minimum values caused by each axle
load crossing the bridge. From these measurements, stress spectra for each strain
gauge can be derived using cycle counting methods.

Strain history measurements were used on the short-term monitoring for compa-
rison of the stress spectrum before and after the renovation and on the long-term
monitoring for detecting changes in the stress spectrum over the period of one year.
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9.5 Results and analysis

The results and analysis of the strain data were gathered in five main groups, each
group represents a typical detail of an orthotropic steel bridge deck. Figure 9.9
shows a drawing where the four groups are defined. Table 9.3 gives the list of strain
gauges included in each group of results, at the three cross-sections, Middle-span,
Joure and Lemmer (see Figure 9.4, page 191 and Figure 9.6, page 193).

Group I gathers the results from the transverse strains at the deck plate between
stiffeners webs. Group II gathers the results from the transverse strains close to
the deck-plate-to-stiffener weld toe at the deck plate side. Group III gathers the
results from the transverse strains close to the deck-plate-to-stiffener weld toe at the
stiffeners side. This group contains only strain gauges from the Middle-span cross-
section. Group VI gathers the results from the longitudinal strains at the bottom
of the stiffener. Also this group contains only strain gauges from the Middle-span
cross-section. Finally Group V gathers the results from the longitudinal strains at
the same position as Group I, such as for example strain gauges 43 and 44 at the
Middle-span cross-section.

Figure 9.9: Groups of strain gauges according to the deck detail.

Table 9.3: Strain gauges’ groups.

Group Middle-span Joure Lemmer
I 1, 7, 13 17, 20, 23, 26 31, 34, 37, 40
II 2, 6, 8, 12 16, 18, 19, 21, 22, 24, 25, 27 30, 32, 33, 35, 36, 38, 39, 41
III 3, 5, 9, 11 — —
IV 4, 10, 14 — —
V 43, 44 45 47, 48
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9.5.1 Short-term monitoring

On the short-term monitoring, static influence lines and stress spectra were deter-
mined to evaluate the immediate performance of the strengthening system. The
measurements were recorded for the strain gauges applied at the Middle-span cross-
section (see Figure 9.4).

Static Influence lines

Strain data from the controlled static load tests was used to determine static influ-
ence lines due to wheel loads.

Figure 9.10 shows one example of the strain influence lines that can be determined
from one strain gauge. Figure 9.10(a) shows the results of the single-tyre load case
(Tests 1 and 2 of Table 9.1) and Figure 9.10(b) of the double-tyre load case (Tests
3 and 4 of Table 9.1). The results shown are from strain gauge number 7 and were
measured before the renovation.

The results of the single-tyre load case are less scatter than of the double-tyre. This
might be related to the fact that the exact position of the rear axle (double-tyre)
is more difficult to control than that of the front axle (single-tyre). Deviations of
few millimetres from the intended tyre positions can lead to significant differences
in strain values. This indicates that transverse strains at the deck plate are mainly
caused by local loads (wheels) rather than global loads (truck).
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Figure 9.10: Strain influence lines of strain gauge number 7 before the renovation, for re-
peated tests using (a) single-tyre and (b) double-tyre.
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Figure 9.11 compares, for each group, the strain influence lines due to single-tyre
and due to double-tyre. Each graph shows the results of one representative strain
gauge of the group.

There are two main differences between the two load cases, firstly the wheel prints,
which are bigger on the double-tyre than on the single-tyre, and secondly the load
configuration, which is one single load on the single-tyre and two loads side by side
on the double-tyre. The wheel loads between the two load cases are comparable (37
kN and 38.5 kN).

Figure 9.11(a) shows the results of Group I (transverse strains at midspan between
stiffeners), represented by strain gauge number 7 (see Figure 9.7). In the single-
tyre load case, the maximum strain is reached when the load is aligned with the
strain gauge (x = 900 mm). The results from the double-tyre load case show two
peaks, the first (x ≈ 500 mm) when the right double-tyre is approximately aligned
with the strain gauge and the second (x ≈ 1000 mm) when the left double-tyre is
approximately aligned with the strain gauge. Note that the reference point for the
double-tyre load case is the middle of the left tyre (see Figure 9.7). The strains are
considerably lower when using the double-tyre than when using the single-tyre. This
has to do with the fact that the individual tyre load is higher on the single-tyre than
on each of the two double-tyres.

Figure 9.11(b) shows the results of Group II (transverse strains close to the deck-
plate-to-stiffener weld toe at the deck plate side), represented by strain gauge number
8 (see Figure 9.7). The single-tyre load case presents two peaks of compressive strain,
one before and one after the strain gauge (x ≈ 800 mm and x ≈ 1250 mm). The
double-tyre load case presents three peaks, first (x ≈ 500 mm) when the right double-
tyre is before the strain gauge, second (x ≈ 800 mm) when the strain gauge is just
in between the tyres and finally a third when the left tyre is after the strain gauge
(x ≈ 1250 mm). For x ≈ 800 mm the double-tyre leads to higher strains than the
single-tyre because of its load configuration, with one load on each side of the weld.
For x ≈ 1250 mm the single-tyre leads to higher strains because, at this location,
the left double-tyre is the only one affecting the strain and it has considerably less
load than the single-tyre.

Figure 9.11(c) shows the results of Group III (transverse strains close to the deck-
plate-to-stiffener weld toe at the stiffener side), represented by strain gauge number
9 (see Figure 9.7). Both load cases have a minimum peak and a maximum peak.
The minimum strain occurs when the single-tyre is at midspan between different
stiffeners (load ‘outside’ the stiffeners) and the maximum strain occurs when the
single-tyre is at midspan between the same stiffener web (load ‘inside’ the stiffener).
The strain for double-tyre load case is minimum when the right double-tyre is at
the position ‘outside’-midspan between stiffeners. The strain approaches zero when
the web is just between the double-tyre (no bending of the web) and the strain
is maximum when the left double-tyre is at the position ‘inside’-midspan between
stiffener. As the load is higher for the individual single-tyre than for each double-
tyre, the strains are higher for the single-tyre load case than for the double-tyre load
case.
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−300 0 300 600 900 1200 1500 1800 2100
0

20

40

60

80

100

120

140

160

180

x (mm)

S
tr

ai
n 

(µ
)

 

 
Single
Double

(d) Strain gauge 10 (Group IV)

Figure 9.11: Strain influence lines at different load cases (single-tyre - 37 kN and double-
tyre - 38.5 kN).

Figure 9.11(d) shows the results of Group IV (longitudinal strains at the bottom of
the stiffener), represented by strain gauge number 10 (see Figure 9.7). As expected,
the longitudinal strains at the bottom of the stiffener are less load case dependent
than the previous results. The strain at this location is more dependent on the total
load than on the load configuration. Therefore, the single and double-tyre load cases
present similar results.

Strain gauges from Group V present results that are very similar to the strain gauges
from Group I as they are at the same position but measuring in the longitudinal
rather than in the transverse direction. The main difference is on the magnitude of
the strain values, which is less on the longitudinal direction than on the transverse
direction.
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Figure 9.12 compares the strain gauges’ stress influence lines before and after the
renovation. Each graph shows the results of two representative strain gauges of one
group. The results are from the single-tyre load case. For the majority of the strain
gauges this is the most severe load case and it is also the most reliable test concerning
the wheel load position. The latter is especially important when tests before and
after the renovation need to be compared. In order to compare strains within the
same load level, the strain values measured before the renovation were corrected
to a wheel load of 38.5 kN. The stress values were determined using the simplified
Hooke’s Law σ = E · ε using a Young’s modulus for the steel 210 GPa recommended
in Eurocode 3 (EN1993-1-1, 2006). These stress values are an approximation of the
actual stresses on the deck, since the Hooke’s law for plates takes also into account
the strain in the perpendicular direction, which was not measured.

Figure 9.12(a) shows the results of strain gauges 1 and 7 which represent Group I.
The pattern of the influence line is the same for the two strain gauges. The maximum
strain depends on the strain gauge position (strain gauge 1, maximum at x ≈ 300 mm
and strain gauge 7, maximum at x ≈ 900 mm). As the geometry of the deck plate is
repeated along the transverse direction, the pattern of the influence line is repeated
for the same deck details. Strain gauges 43 and 44 (Figure 9.12(b)) measured strains
at the same location as strain gauges 1 and 7, but in the longitudinal direction. The
stress influence lines of 43 and 44 are very similar to the ones from 1 and 7, but with
approximately half the stress magnitude.

Figure 9.12(c) shows the results of strain gauges 2 and 12, which represent Group II.
These strain gauges measured transverse strains close to the deck-plate-to-stiffener
weld toe of the deck-plate side. Figure 9.12(d) shows the results of strain gauges 3
and 5 which measured the transverse strains close to the the deck-plate-to-stiffener
weld toe of the stiffener side – Group III. It can be observed that the stress values
are considerably higher on the weld toe of the stiffener side than on the weld toe of
the deck-plate side, Group III and II, respectively. This can be explained by the fact
that, the thickness of the stiffener is 6 mm and the thickness of the deck plate is 12
mm. Due to the stiffener’s geometric symmetry, the stress influence lines of strain
gauges 3 and 5 are symmetric (same stiffener, left and right web). Figure 9.12(e)
shows the results of strain gauges 4 and 10 which measured longitudinal stresses
on the bottom of the stiffener (Group IV). The two stress influence lines are very
similar. The results show that the wheel load is totally carried by one stiffener if the
load is positioned just above the stiffener and when the load is between stiffeners
50% is carried by one stiffener and 50% by the other stiffener.

Significant stress reduction can be observed for all deck details after the renovation.
The reduction is higher at the deck-plate details, as Groups I and II, than at the
stiffeners details as Group III and Group IV.
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(b) Group V
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(c) Group II

−300 0 300 600 900 1200 1500 1800 2100
−80

−60

−40

−20

0

20

40

x (mm)

S
tr

es
s 

(M
P

a)

 

 

SG3 before renov.

SG3 after renov.

 

 

SG5 before renov.

SG5  after renov.

(d) Group III
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Figure 9.12: Strain gauges’ stress influence lines before and after the renovation.
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Strain history measurements

Strains were continuously recorded at all strain gauges applied to the bridge deck.
The measurements started one week before the renovation and continued for one
year after the renovation. The results of the strain gauges applied at the middle
span cross-section were analysed for the short-term monitoring.

Figure 9.13 shows one example of the strain history measurements recorded during
one day. The x-axis corresponds with 24 hours plotted in seconds, starting at mid-
night. The data shows the successive maximum and minimum values caused by
each axle load running on the bridge. The data was previously corrected to take the
temperature effects into account. The results are from strain gauge number 7 and
were recorded before the renovation.

The stress spectrum of each strain gauge is obtained after subjecting the strain
history measurements to cycle counting. In this study, the Range-Pair counting
method was used for the cycle counting (ASTM-E1049, 2005).

The week stress spectrum is determined gathering the stress history of the 7 days of
the week. Figure 9.14 shows the week stress spectra of all strain gauges at Middle-
span cross-section gathered in the five main groups. The stress spectrum of the week
before the renovation is compared with the stress spectrum of the week after the
renovation.

For all groups, the maximum stress ranges obtained from the history measurements
are considerably higher than those produced by the controlled static load tests.

As observed in the controlled load tests, the transverse stresses are the principal
stresses on the deck plate (Figure 9.14(a) Group I vs. Figure 9.14(b) Group V) and
the stresses close to the deck-plate-to-stiffener weld are higher at the weld toe of the
stiffener side than at the weld toe of the deck plate side, Figure 9.14(d) and 9.14(c)
respectively.
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Figure 9.13: Strain history measurements of one day from strain gauge number 7.
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Figure 9.14: Strain gauges week stress spectra ‘before’ and ‘after’ the renovation.
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Results show that there is a significant stress range reduction after the renovation
for Groups I, II and III. The results from Group IV do not show significant changes
after the renovation – see Figure 9.14(e). These results are in accordance with the
static influence lines.

Stress reduction factor

One way to quantify the performance of the strengthening system is to determine
the stress reduction factor. These values can be determined for each strain gauge i
by Equation (9.1).

SRFi = 1− σAfter
i

σBefore
i

(9.1)

The stress reduction factor was determined using the maximum values obtained from
the controlled static load test (see Figure 9.12) and using the stress ranges at 10,
100 and 1000 cycles from the stress spectra (see Figure 9.14). Table 9.4 presents the
results of the sixteen strain gauges belonging to the five main group locations.

Group Strain gauge
SRFi(%)

SRFGroupControlled Strain history
tests n=10 n=100 n=1000 ave± std (%)

I

1 55 56 56 61

50±6
7 38 52 53 54
13 45 52 52 48

ave± std 46±7 54±3

II

2 63 53 55 58

56±3
6 53 54 54 55
8 59 57 56 54
12 57 53 52 52

ave± std 58± 4 54±2

III

3 37 39 36 30

35±5
5 37 38 37 35
9 35 36 34 30
11 39 32 24 23

ave± std 37±1 33±5

IV

4 18 11 13 13

11±6
10 14 15 16 10
14 7 4 2 0

ave± std 13±5 9±5

V

43 57 53 55 54
52±444 47 44 51 51

ave± std 52±5 51±3

Table 9.4: Stress reduction factors.
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Controlled load tests and strain history measurements give approximately the same
results in terms of stress reduction factor. The highest stress reduction is at the deck
plate (Groups I, II and V) varying from 45% to 55%, approximately. The transverse
stress on the stiffeners web is reduced by approximately 35% (Group III). The lowest
reduction is at the longitudinal stresses at the bottom of the stiffener, Group IV.
This reduction decreases in the direction of the midspan between main girders.

The stress reduction is higher at the deck plate details (Groups I and II) than at
the stiffeners details (Groups III and IV). The stress reduction decreases as we get
farther away from the strengthening (deck plate level).

The aim of the reinforcement is to extend the fatigue life of the bridge. This fatigue
life is limited by the fatigue cracks that grow at the deck-plate-to-stiffener welds.
Therefore the most important stress reduction factors for the fatigue life of the bridge
are from Group II and Group III, which represent strain gauges measuring strains
close to these welds at the deck plate side and at the stiffener side, respectively (see
Figure 9.5). Table 9.4 shows that the stress ranges close to the deck-plate-to-stiffener
weld are reduced by 55% at the deck plate side and by 35% at the stiffener web side.

According to Eurocode 3: Part 1-9 Fatigue (EN1993-1-9, 2005), the fatigue strength
curve of these welds is defined by the following Equation 9.2:

∆σ = k · n−1/3
f (9.2)

∆σ is the stress range, nf is the fatigue life and K is a parameter which depends on
the detail of the welds. Taking into account the stress reduction factor SRF close to
the welds and rewriting Equation 9.2, one can determine how much is the increase
of the fatigue life of the welds by Equation 9.3:

∆σAfter

∆σBefore
=

k

k
·
(

nAfter
f

nBefore
f

)−1/3

⇐⇒ nAfter
f =

nBefore
f

(1− SRF )3
(9.3)

Due to the reinforcement, the fatigue life of the deck-plate-to-stiffener welds is ex-
pected to increase 11.9 times at the deck-plate side (SRFII = 56%; nAfter

f =

11.9 · nBefore
f ) and 3.6 times at the stiffener web side (SRFIII = 35%; nAfter

f =

3.6 ·nBefore
f ). These results were determined for welds at midspan between crossbe-

ams.

The stress reduction factors can be compared with the values determined from the
full-scale tests described in Chapter 7. One of the deck-panels used in the full-scale
tests was reinforced with the same system: bonded steel plates with a 6 mm thick
second steel plate and a 2 mm thick adhesive layer. Table 9.5 presents the stress
reduction factors for both studies. The full-scale test results are taken from Table 7.5
on page 134, using the strain reduction factors of experiments carried out with wheel
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Group Scharsterrijn Full scale deck panels (EXP1) Deck detail
I* 50±6 50±3 transverse stress at midspan bet-

ween stiffener webs
II 56±3 66±3 transverse stress close to the

weld toe at the deck plate side
IV 11±6 18±5 longitudinal stress at the bottom

of the stiffener

Table 9.5: Stress reduction factors (%) determined from the monitoring program and from
the full-scale tests (Chapter 7, Table 7.5 on page 134); * similar deck details: for
the Scharsterrijn bridge is outside the stiffener and for the full-scale deck panel
is inside the stiffener.

loads at the midspan between crossbeams, as is the case on the Scharsterrijn bridge
(middle-span cross-section and measured values before and after the renovation).

The reduction factors obtained from both studies are in reasonable agreement. The
deck detail of Group I has the same reduction on real-scale and deck-scale, even if
the detail is not exactly the same (for the Scharsterrijn bridge is outside the stiffener
and for the full-scale deck-panels is inside the stiffener). The reduction close to the
deck-plate-to-stiffener welds is higher on the deck-scale than on the real-scale. The
same can be said for the reduction at the bottom of the stiffeners.

Similar structural monitoring was performed on bridges which were reinforced with
Reinforced High Performance Concrete (RHPC). Jong and Kolstein (2004) report
the renovation of the fixed orthotropic steel deck of Caland bridge (the Netherlands).
The results show significant stress reduction after replacing the 50 mm thick surfa-
cing of mastic asphalt (MA) by 60 mm thick layer of RHPC. The same type of
reinforcement was applied in another fixed orthotropic deck in the Netherlands on
the Moerdijk bridge (Kolstein and Sliedrecht, 2008). In this case, the 60 mm thick
surfacing system of mastic asphalt was replaced by an RHPC overlay with 47 mm
to 100 mm thickness. Kolstein and Sliedrecht (2008) report also significant stress
reduction on the orthotropic deck after renovation. Table 9.6 compares the stress
reduction factors reported in these studies with the ones determined on Scharsterrijn.

SRF Scharsterrijn Moerdijk Caland
Group I 50% 91% —
Group II 56% 86% 80%
Group III 35% 79% 64%
Group IV 11% 51% —
Before renovation 7 mm MA 60 mm MA 50 mm MA
After renovation B1226 50-100 mm RHPC 60 mm RHPC
Reinforcement weight (kg/m2) 49 188 150

Table 9.6: Stress reduction factors, deck status before and after the renovation and reinfor-
cement weight of three bridge renovations: Scharsterrijn, Moerdijk and Caland
bridges.
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The reinforcement systems of the fixed bridges Moerdijk and Caland are 3 to 4 times
heavier than that of the movable deck of Scharsterrijn. The heavy solutions of RHPC
lead to higher stress reduction factors than the lightweight solution of bonded steel
plates reinforcement. On one hand they are comparable since all reinforcements
are applied to extend the fatigue life of the orthotropic decks. On the other hand,
reinforcements with such weight differences should not be compared since they are
not applied in the same type of bridge. RHPC overlay with 50 to 100 mm thickness
is not a possible reinforcement system for movable bridges.

9.5.2 Long-term monitoring

Long-term monitoring was performed during one year starting immediately after the
renovation. The goal was to evaluate the performance of the strengthening system
during a certain period of time. The measurements were recorded for all strain
gauges, applied at the three longitudinal sections of the deck, Middle-span cross-
section, Joure cross-section and Lemmer cross-section (see Figures 9.4 and 9.6) .

However, a certain percentage of strain gauges failed before the long-term monitoring
ended. From the 47 strain gauges applied to the bridge deck, 5 failed after six months
(10%) and 5 more after 10 months. Hence, in total 20% of the instrumentation was
lost before the end of the monitoring, caused by failure of the strain gauges.

The long-term measurement results of the strain gauges are gathered in the same
five main groups, representing five deck details, as presented for the short-term
monitoring.

Dynamic influence lines

Strain data from the controlled dynamic load tests was used to determine dynamic
stress influence lines caused by the passage of the calibrated truck over the movable
bridge deck.

Figure 9.15 shows the results of Group I, which is represented by strain gauges 1,
17 and 34. These strain gauges measured the transverse strains at the deck plate
between stiffener webs. The three strain gauges are at exactly the same transverse
position of the deck but at different cross-sections: strain gauge 1 is at the middle
of the deck, strain gauge 17 is at the end of the deck and strain gauge 34 is at the
beginning of the deck.

Figure 9.15(b) shows two strain signals, triggered by strain gauge number 1, when
the calibrated truck crossed the movable deck at two different positions. The position
is based on the distance measured by the laser (‘x-axis’ shown in Figure 9.7). The
reference of the wheel position is the same as for the static load tests, i.e. the centre
of the single-tyre (front axle) and the centre of the outside/left double-tyre (rear
axles) – see Figure 9.7. From both signals shown in Figure 9.15(b), one can easily
identify each axle of the calibrated truck: one front axle and three rear axles from
the main truck, and three rear axles from the trailer.
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Figure 9.15: Dynamic strains measured on the deck plate at midspan between stiffeners
(Group I): (a) Dynamic influence lines (m - mean) and (b) Strain gauge 1’s
triggered strains when the calibrated truck crossed the movable deck.

From each truck passage, the maximum strain value recorded was used to determine
the dynamic stress influence line of each strain gauge. The results are shown in
Figure 9.15(a) for strain gauges 1, 17 and 34. The points on the graph represent the
maximum strain absolute values registered at the strain gauges during one dynamic
test at the ‘x-axis’ calibrated truck position. The mean dynamic stress influence line
was determined for each strain gauge (referred to as ‘m’ in Figure 9.15(a)) using all
the results from one year.

Looking at the three dynamic influence lines, one can recognize a similar pattern,
first peak at approximately x ≈ 150 mm and the second peak at approximately
x ≈ 300 mm. In Figure 9.15(a) these peaks are highlighted for strain gauge number
1 (SG1). In order to better understand these maximum values, we need to look at the
triggered strains recorded for each truck position in Figure 9.15(b). The triggered
strains are plotted for the two peak truck positions of strain gauge 1 (highest values).
At x ≈ 150 mm, the maximum value is caused by the heaviest rear axle, i.e., by the
double-tyre load case (see Figure 9.15(b), series ‘x ≈ 150 mm’). This maximum value
occurs when the inside tyre of the truck is approximately aligned with the strain
gauge. At x ≈ 300 mm, the maximum value is caused by the front axle, i.e. by the
single-tyre load case (see Figure 9.15(b), series ‘x ≈ 300 mm’). This maximum value
occurs when the single-tyre is aligned with the strain gauge. The single-tyre load
case causes higher stresses than the double-tyre because the individual load tyre is
higher on the single-tyre (appr. 38 kN) than on each of the two double-tyres (appr.
29 kN = 58/2 kN). These results are in accordance with the static influence lines
determined for the same group of strain gauges (see Figure 9.11(a)).

Taking into account the dynamic stress peak of strain gauge 1 caused by single-tyre
(approximately 38 kN, x ≈ 300 mm) and comparing it with the static stress peak
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caused also by single-tyre at the same strain gauge (38.5 kN, x ≈ 300 mm, see
Figure 9.12(a), series ‘SG1 after renov.’), we can observe that there is no signifi-
cant difference between static and dynamic stresses (approximately 35 to 40 MPa).
Therefore, we can conclude that the dynamic factors are low at the middle of the
deck.

Although one can identify a similar pattern between the three dynamic influence
lines, there is a significant difference in the absolute values of the three strain gauges.
The strain values of strain gauge 1 are significantly higher than those of grain gauges
17 and 34. The transverse stresses between the stiffener webs are higher at midspan
between crossbeams (strain gauge 1) than close to the crossbeams (strain gauges 17
and 34).

Figure 9.16 shows the corresponding results for Group II, which is represented by
strain gauges 2, 18 and 32. These strain gauges measured transverse strains close to
the deck-plate-to-stiffener welds toe at the deck plate side. The three strain gauges
are exactly at the same transverse position of the deck, but at different cross-sections:
strain gauge 2 is at the middle of the deck, strain gauge 18 is at the end of the deck
and strain gauge 32 is at the beginning of the deck.

Figure 9.16(a) shows the mean dynamic stress influence lines of the three strain
gauges and Figure 9.16(b) plots two strain signals triggered by strain gauge 18 at
two truck positions.

−150 0 150 300 450 600 750 900
−40

−35

−30

−25

−20

−15

−10

−5

0

x (mm)

S
tr

es
s 

(M
P

a)

 

 

SG2
m SG2
SG18
m SG18
SG32
m SG32

(a) Group II

0 0.5 1 1.5 2
−200

−150

−100

−50

0

50

Time (sec)

S
tr

ai
n 

(µ
)

−42

−31.5

−21

−10.5

0

10.5

 

S
tr

es
s 

(M
P

a)

 

 

x ≈ 360 mm
x ≈ 600 mm

(b) Strain gauge 18

Figure 9.16: Dynamic strains measured on the deck plate close to the welds (Group II):
(a) Dynamic influence lines (m - mean) and (b) Strain gauge 18’s triggered
strains when the calibrated truck crossed the movable deck.
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Also in this group, there is a similar pattern between the three dynamic influence
lines, first minimum peak between x ≈ 350 mm and x ≈ 400 mm and second
minimum peak at approximately x ≈ 600 mm. These peaks are highlighted for
strain gauge 18 in Figure 9.16(a). In Figure 9.16(b), the triggered strains are plotted
for the two peak truck positions, x ≈ 360 mm and x ≈ 600 mm. At x ≈ 360 mm,
the minimum value is caused by the rear axles of the trailer, i.e. by the double-tyre
load case (see Figure 9.16(b), series ‘x ≈ 360 mm’). This minimum value occurs
when the strain gauge is just in between the two double-tyres. At x ≈ 600 mm,
the minimum value is caused by the front axle, i.e. by the single-tyre load case (see
Figure 9.16(b), series ‘x ≈ 600 mm’). This minimum value occurs when the single-
tyre is aligned with the stiffener. The double-tyre load case causes higher stresses
than the single-tyre load case, with approximately 50 kN and 38 kN wheel loads,
respectively. This is in accordance with the static influence lines of the same group
of strain gauges (see Figure 9.11(b)).

Taking into account the dynamic stress peak of strain gauge 2 caused by single-tyre
(approximately 38 kN, x ≈ 600 mm) and comparing it with the static stress peak
caused also by single-tyre (38.5 kN, x ≈ 600 mm, see Figure 9.12(c), series ‘SG2
after renov.’), we can observe that there is no significant difference between static
and dynamic stresses (approximately 10 to 15 MPa). Therefore, we can conclude
once more that at the middle of the deck the dynamic factors are low.

The difference between the stresses at the three longitudinal sections Joure, Lemmer
and middle-span is less significant for Group II than for Group I. Nevertheless, strain
gauges 18 and 32, which are close to crossbeams (Lemmer and Joure), have higher
stress values than strain gauge 2, which is at midspan between crossbeams.

Concerning the strengthening performance during the year of monitoring, the re-
sults show that there is no significant scatter between all the points of each strain
gauge collected over the year of monitoring. This indicates that the stresses at the
deck plate remain approximately the same during the monitoring period. This was
observed also for the rest of the strain gauges still functioning during the entire
monitoring period.

Strain history measurements

The strain history was continuously recorded during the year after the renovation.
The aim was to evaluate the performance of the strengthening system during a
certain period of time. The measurements started in April 2009 and ended in April
2010. There was an interruption in the recording during the entire month of July
2009 due to power failure of the measuring equipment.

The strain history measurements were used to determine the week stress spectrum
of each strain gauge. Figures 9.17 and 9.18 show typical results of strain gauges
from Group I and Group II, respectively.

Figure 9.17(a) shows one-week stress spectra of strain gauges 1, 17 and 34 (Group I).
The results are from the third week of September 2009 because it is the one with the
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highest stresses observed for these strain gauges during monitoring. Figure 9.17(b)
shows the evolution of the stress range at 100 cycles from April 2009 to April 2010,
for the same strain gauges. No significant changes can be observed on the 100 cycles
stress range and corresponding stress spectra, during the year of monitoring.
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Figure 9.17: Typical results of Group I (a) Week stress spectra of week 38 (third week of
September 2009) and (b) Stress range at 100 cycles of the week stress spectra
from April 2009 to April 2010.

As observed for the dynamic load tests, there is a significant difference between
longitudinal sections. The transverse stresses between stiffeners webs (Group I)
are higher at midspan between crossbeams (SG 1) than close to the crossbeams
(SG12 and 34). However, the maximum strains measured during normal traffic
are considerably higher than those measured during the controlled dynamic load
tests. The maximum dynamic stresses induced by the calibrated truck correspond
approximately with the stress ranges at 1000 cycles per week. The maximum stress
ranges registered during normal traffic are 1.6, 1.9 and 2.6 times higher than the
maximum stresses measured during the dynamic tests, for strain gauges 1, 17 and
34 respectively.

Figure 9.18(a) shows one-week stress spectra of strain gauges 2, 18 and 32 (Group
II). The results are also from the second week of September 2009 because it is the
one with the highest stresses observed for these strain gauges during monitoring.
Figure 9.18(b) shows the evolution of the stress range at 100 cycles from April 2009
to April 2010, for the same strain gauges. As for Group I, no significant changes can
be observed on the stress range and corresponding stress spectra, during the year of
monitoring.

Comparing the stress ranges of the three strain gauges, the highest was measured
by strain gauge 18. This is in accordance with what was observed in the dynamic
influence lines, although strain gauge 2 has closer values to strain gauge 18 than
those measured from the dynamic tests (see Figure 9.16(a)) and it has higher values
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Figure 9.18: Typical results of Group II (a) Week stress spectra of week 37 (second week of
September 2009) and (b) Stress range at 100 cycles of the week stress spectra
from April 2009 to April 2010.

than strain gauge 32. This is contrary to what was expected for this detail, which
measured transverse stress close to the deck-plate-to-stiffener weld and, therefore,
stresses were expected to be higher close to the crossbeams than at midspan between
crossbeams.

As for Group I, the maximum strains measured, for strain gauges 2, 18 and 32,
during normal traffic are considerably higher than those measured during the con-
trolled dynamic load tests. The minimum stresses induced by the calibrated truck
correspond approximately with the stress ranges at 1000 cycles per week. The maxi-
mum stress ranges registered during normal traffic are 2.3, 1.4 and 1.3 times higher
than the minimum stresses measured during the dynamic tests, for strain gauges 2,
18 and 32 respectively.

Overall, there are no significant changes on the stress field of the deck plate during
the year of monitoring. This indicates that the strengthening performance did not
change during this period.

9.6 Conclusions

The orthotropic deck of the movable bridge Scharsterrijn was strengthened by bon-
ding a second steel plate of 6 mm thickness to the existing 12 mm thick deck-plate.
The results presented in this Chapter are part of the short and long-term monitoring
plan carried out before and after the renovation. From these results, the following
conclusions can be drawn.

The local transverse strains at the deck plate are mainly caused by individual wheel
loads.
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Overall, the single-tyre load case is worse than the double-tyre load case for the
deck-plate details studied, except for the transverse strains close to the deck-plate-
to-stiffener weld.

There is hardly any difference between comparable static and dynamic stresses at
middle cross-section of the orthotropic deck.

The maximum strains measured under normal traffic conditions are considerably
higher than those measured during the controlled dynamic load tests. The maximum
stresses caused by the used calibrated truck correspond approximately with the stress
ranges of 1000 cycles per week.

The short-term measurements reveal that after applying the reinforcement, the
strains close to the deck-plate-to-stiffener weld toe, at midspan between crossbe-
ams, are reduced by 56% at the deck plate side and by 35% at the stiffener side.
Due to the reinforcement, the fatigue life of these welds is expected to increase 11.9
times at the deck plate side and 3.6 times at the stiffener side. The reinforcement
is more efficient for details at the deck plate than at the stiffener web. The streng-
thening performance is lower for details away from the deck plate and influenced by
the global behaviour of the structure. Overall, the short-term structural behaviour
was within the expected performance of the strengthening system.

The long-term measurements do not show significant changes in the stress level of
the bridge deck during the monitoring period. This indicates that there was no
degradation of the strengthening system during the year after the renovation.

Based on this, the strengthening system has demonstrated good performance relia-
bility to prolong the life span of movable orthotropic bridges and therefore can be
considered satisfactory.



Chapter 10

Conclusions and

Recommendations

The purpose of this research is to extend the fatigue life of orthotropic bridge decks
(OBD) using lightweight reinforcements (50 to 80 kg/m2), which are of special im-
portance for application on movable bridges. The aim of applying the reinforcement
is to stiffen the existing deck plate, in order to reduce the stress ranges at the welds
to extend their fatigue life.

The reinforcement systems consist of adding a second steel plate to the existing
steel deck. Two systems have been studied: bonded steel plates and sandwich
steel plates. In the bonded steel plates system, the existing OBD is reinforced by
adding the second steel plate using a thin epoxy adhesive layer (approximately 2
mm thick). In the sandwich steel plates system, the existing deck is reinforced by
adding a sandwich overlay which is composed by a polyurethane core (PU-core, from
15 mm to 30 mm thick) and the second steel plate.

The research strategy used in this thesis was based on a multi-scale approach, in
which the reinforcement behaviour was investigated on three structure-scales: (i)
plate-scale, (ii) deck-scale and (iii) bridge-scale. The research was therefore divided
into three main parts: Part I (plate-scale), Part II (deck-scale) and Part III (bridge-
scale). In the following section the main outcome of each part of the research is
presented and a design approach to evaluate the performance of OBD reinforcements
is suggested. In the final section, recommendations are drawn for the future work
on this research field.
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10.1 Conclusions

Behaviour of reinforced steel plates – Part I

The main goal of this part of the research was to better understand the mechanical
behaviour of the reinforcement systems. The static and fatigue behaviour of bonded
and sandwich reinforced beams was investigated. The optimization of the systems
was investigated using analytical studies. This optimization is based on maximizing
the system stiffness by using a reinforcement with minimum weight. Stiffer solutions
lead to more stress reduction at the deck which results in longer fatigue lives for
the OBD. Bending tests were carried out under static and fatigue loading on both
systems. Finite element analyses were performed in order to better understand the
obtained experimental results.

For the bonded steel plates reinforcement system the following conclusions can be
drawn. The optimization of the system can only be achieved by maximizing the
second steel plate thickness. The actual application of the system restricts the
adhesive nominal thickness to 2 mm. The maximum thickness of the second steel
plate is related to the limit of weight of the reinforcement. For example, for a
maximum reinforcement weight of 70 kg/m2, the maximum stiffness is achieved using
8 mm thick second steel plate. Material testing show that the mechanical properties
of the adhesive layer are temperature dependent. The material is brittle at -10 ◦C
and ductile at +50 ◦C. At room temperature (RT), the material behaviour is closer
to that at -10 ◦C than at +50 ◦C, which means that it is more brittle than ductile.
However, since only 2 mm of adhesive thickness is used on the bonded system, the
temperature effect has hardly any influence on the bending stiffness of the bonded
steel plates reinforced beams. The static failure mode of the bonded steel plates
reinforced beams occurs by yielding of the steel plates followed by shear failure of
the adhesive layer. The major fatigue failure mode is shear failure of the adhesive
layer and there is no significant stiffness degradation during the whole fatigue life
until failure. The fatigue life of adhesive layers within the studied thickness between
1 mm and 3.5 mm is the same. The fatigue behaviour is determined by the shear
stress at the adhesive layer, ∆τad. Considering this parameter, the fatigue threshold
appeared to be approximately ∆τ thad = 8 MPa.

For the sandwich steel plates reinforcement system the following conclusions can
be drawn. The analytical studies showed that the optimization of the system can
be achieved by maximizing the core thickness until a certain maximum value. For
cores thicker than the maximum value, the increase of shear displacement of the core
counterbalances the increase of the moment of inertia of the sandwich section. The
sandwich steel plates reinforcement decreases its performance as the shear increases
its role on the flexural behaviour of the reinforced structure. The maximum core
thickness is dependent on the maximum allowed weight of the reinforcement, the
mechanical properties of the core material and the load conditions. For example, for
the core material used in the sandwich steel plates system and for a maximum weight
of 70 kg/m2, the maximum core thickness is 30 mm when using a 5 mm thick second
steel plate. This latter thickness is the minimum value allowed for real application
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of the reinforcements. Material testing showed that the mechanical properties of
the core material (polyurethane) are temperature dependent. The polyurethane
stiffness (Young’s modulus) decreases with increasing temperature. The bending
stiffness of the sandwich beams is significantly affected by temperatures between
10 ◦C and +50 ◦C, since the thickness of PU-core is significant on the total thickness
of the sandwich (core thickness between 15 mm to 30 mm). When compared to RT,
the bending stiffness of the sandwich beams increases on average 20% at -10 ◦C and
decreases on average 50% at +50 ◦C. The static failure mode of the sandwich beams
starts by yielding of the steel plates and near yielding of the PU-core, subsequently
by delamination of the faces-to-core interfaces and, finally by shear failure of the
core. The fatigue failure mode of the sandwich beams has three damage events.
It starts by delamination of the interface between the core and the steel faces. In
the second phase, the delamination crack progresses through the core thickness and
in the last stage the crack crosses the complete core thickness (shear failure of the
core). The stiffness degradation starts with the delamination event. For specimens
with a fatigue life lower than 1 million cycles, the delamination occurs quite early,
approximately 50% to 70% of the fatigue life. For specimens with longer lives, the
delamination occurs mainly after 80% of the fatigue life. The fatigue life of sandwich
beams with either 15 mm or 30 mm is the same. The fatigue behaviour is determined
by the shear stress at the faces-to-core interface ∆τc. Considering this parameter,
the fatigue threshold appeared to be approximately ∆τ thc = 4 MPa.

Behaviour of reinforced full-scale deck panels – Part II

The main goal of this part of the research was to study the behaviour and the effect
of the reinforcement when applied to orthotropic bridge deck panels. The effect
of the high stress concentrations at the welds of an OBD, on the reinforcement
behaviour was investigated. The reinforcement of the deck panel using the bonded
steel plates system consisted of bonding a 6 mm thick second steel plate using a 2
mm thick adhesive layer. The reinforcement of the deck panel using the sandwich
steel plates system consisted of adding a 5 mm thick second steel using a 15 mm thick
polyurethane core. Full-scale tests were performed on both reinforced deck panels
using wheel loads to simulate the heavy traffic loading on a reinforced OBD with a
deck plate thickness of 12 mm. Finite element analyses were performed in order to
better understand the obtained experimental results. The FEA was validated using
the experimental data and used to perform a parametric study on the influence of the
reinforcement geometry and of the environmental temperature on the reinforcements
performance.

The results from the full-scale static tests on the bonded steel plates reinforcement
system showed a significant reduction of the transverse stresses at the deck plate close
to the deck-plate-to-stiffener welds. The stresses at this deck location were reduced
by 50% to 60% at the crossbeam and by 60% to 80% at midspan between crossbeams,
after applying the reinforcement. The longitudinal stresses at the bottom of the
stiffener at midspan between crossbeams were reduced by 20% after applying the
reinforcement. During the full-scale fatigue tests, no delamination occurred in the
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adhesive layer when the reinforced deck was subjected to fatigue wheel loads at the
crossbeam and at midspan between crossbeams (wheel type C with maximum load
of 160 kN).

The results from the parametric study showed that increasing the thickness of the
second steel plate of the bonded steel plates reinforcement by 2 mm adds an average
of 6% to the stress recution factors (SRF) close to the deck-plate-to-stiffener welds.
The SRF of the transverse and longitudinal stresses is not expected to be significantly
affected by temperatures between -10 ◦C and +50 ◦C. Moreover, it also showed that
if a second steel plate thickness between 6 mm and 12 mm is used, no delamination
is expected to occur in the adhesive layer due to the traffic loads on the bridge.

The results from the full-scale static tests on the sandwich steel plates reinforcement
system also showed a significant reduction of the transverse stresses at the deck plate
close to the deck-plate-to-stiffener welds. The stresses at this location were reduced
by 45% at the crossbeam location and by 55% at midspan between crossbeams,
after applying the reinforcement. The longitudinal stresses at the bottom of the
stiffener at midspan between crossbeams were reduced by 30% after applying the
reinforcement. During the full-scale fatigue tests, no delamination occurred between
the core and the steel plates when the reinforced deck was subjected to fatigue
wheel loads at the crossbeam and at midspan between crossbeams (wheel type C
with maximum load of 160 kN and 110 kN, respectively).

The results from the parametric study showed that increasing the thickness of the
core of the sandwich steel plates reinforcement by 5 mm adds an average of 3% to
the SRF close to the deck-plate-to-stiffener welds. Increasing the second steel plate
thickness from 5 mm to 8 mm adds on average 7% to the same SRF. The SRF of
the transverse stresses at the deck plate is expected to be affected by temperature
between -10 ◦C and +50 ◦C. Those values are expected to increase on average 9%
at -10 ◦C and decrease on average 10% at +50 ◦C when compared with RT. The
temperature effect is lower for the SRF of the longitudinal stresses at the bottom of
the stiffener (3%). The parametric study also showed that, if sandwich steel plates
solutions with up to 30 mm core thickness and 8 mm second steel plate thickness
are used, no delamination is expected to occur between the core and the steel plates
due to the traffic loads on the bridge.

Considering reinforcement solutions with approximately the same weight, the bon-
ded steel plates solutions reduce the local stresses close to the welds more than the
sandwich steel plates solutions and the sandwich steel plates reinforcement reduces
the global stresses more than the bonded steel plates reinforcement.

At the end of this part of the research, the French five-point bending test carried
out on a sandwich steel plates solution was described. The initial questions were:
How well does it simulate the fatigue load on an OBD? Is it possible to use French
5pbt to evaluate the performance of OBD reinforcements?

It was concluded that, stress patterns in the reinforcement at the five point bending
tests (5pbt) are similar to the ones at the full-scale deck panels when this is loaded
at midspan between crossbeams by a wheel print type B (double-tyre). However for



10.1 Conclusions 219

the fatigue damage of the bonded and sandwich steel plates reinforcement, the worst
load case occurs when the OBD is loaded at the crossbeam location by a wheel print
type C (super single). Thus, the five point bending tests does not simulate the worst
load case for these two types of reinforcements.

Therefore, the French five-point bending test, as it is defined in the French standard
NF-P98-286 (2006) should not be used for evaluating the fatigue behaviour neither
of the sandwich nor of the bonded steel plates reinforcement.

Monitoring of a reinforced bridge – Part III

In the last part of the research, a real case study of reinforcing an orthotropic bridge
deck is described. The behaviour of the bonded steel plates reinforcement was evalu-
ated on a real application. A movable orthotropic bridge deck in the Netherlands was
strengthened using the bonded steel plates reinforcement. The solution consisted of
bonding a 6 mm thick second steel plate to the existing deck with an adhesive layer
of 2 mm nominal thickness. A monitoring campaign was performed on the bridge in
order to evaluate the reinforcement performance. The monitoring consisted of two
stages, a short-term measurement campaign, immediately before and after applying
the reinforcement, and a long-term measurement campaign during the year after
the reinforcement. Strain data at the deck plate was recorded during controlled load
tests and during normal traffic conditions.

At midspan between crossbeams close to the deck-plate-to-stiffener weld, the strains
after the reinforcement are reduced by 56% at weld toe on the deck plate side and
by 35% at weld toe on the stiffener side. Due to the reinforcement, the fatigue life
of these welds is expected to increase 11.9 times at the deck-plate side and 3.6 times
at the stiffener-web side (proportional to a power 3 of the SN curve of the weld).
The reinforcement is more efficient for fatigue cracks initiating at the deck plate
than at the stiffener web. The SRF determined for the bridge are in agreement
with the ones determined for the same reinforcement solution in the full-scale tests
considering the same deck detail. In the bridge the strains are reduced by 56% and
in the deck-specimens by 60%.

The strain data recorded during the year after the reinforcement does not show sig-
nificant changes. This indicates that there was no degradation of the reinforcement
system during the year after the renovation. This is also in agreement with the
full-scale tests in which no delamination was found due to wheel loads.
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Design approach to evaluate the performance of OBD reinforcements

In this section a new design approach is introduced to evaluate the performance of
all kinds of reinforcement systems for OBD.

The performance evaluation of a reinforcement system should answer the following
main questions: How much is the fatigue life of the orthotropic bridge deck increased
after the reinforcement? Is the fatigue strength of the reinforcement high enough to
survive the heavy traffic loading?

Determining the stress reduction factor (SRF) at the fatigue sensitive details of an
OBD answers the first question. The increase of the fatigue life of the welds can
be predicted by determining their SRF and using the SN curve of the relevant weld
detail. The SRF is related to the weld detail and to the relevant starting point of
the fatigue crack (weld toe, welt root, etc.). It is a misleading idea to think that
reinforcement techniques on the deck plate will improve the detail category of the
welded joints. The welds remain the same, the difference lies in the stress range at the
welds, which depends on the reinforcement stress reduction factor. Implementing
reinforcement on the deck plate is like walking through an SN curve of a welded
joint. Higher stress reduction will lie at the high cycle fatigue life and lower stress
reduction will lie at the low cycle fatigue life. Based on the research presented in this
thesis, the SRFs can only be determined using the full-scale geometry of an OBD.
The SRFs determined on reinforced beams at the plate-scale are higher than those
at the fatigue sensitive details of an OBD, especially for the sandwich steel plates
reinforcement. This is caused by the amplification of the ‘zig-zag’ effect, typical of
sandwich structures, due to the high stiffness of the existing deck in comparison with
an unstiffened steel plate. Nevertheless, the plate-scale studies can be used to predict
the influence of the reinforcement geometry and of environmental temperature on
the SRF.

The second question is related to the fatigue strength of the reinforcement. Fatigue
tests on reinforced beams at the plate-scale showed that the fatigue life of the reinfor-
cements is predicted by determining the shear stress at the interface layers, adhesive
or core, and using the relevant fatigue threshold. This value can be determined by
performing beam fatigue tests. The shear stress fields in the interface layers can
be predicted by accurate finite element models of the reinforced OBD subjected to
heavy wheel loads.
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10.2 Recommendations for future work

The present thesis has contributed to the research of strengthening existing orthotro-
pic bridge decks using lightweight solutions. The thesis establishes a design approach
based on extensive experimental and numerical studies. Moreover, the outcome of
the research on the behaviour of the steel plate reinforcement, as an autonomous
structure, can be applied in several different applications beyond orthotropic bridge
decks. Nevertheless, there are some aspects that can be further investigated.

An important issue is the influence of air voids and steel spacers on the fatigue
resistance of the bonded steel plates reinforcement. The fatigue life of the bonded
steel plates reinforcement is sensitive to the manufacturing quality of the adhesive
layer. The presence of air flaws or steel spacers in the adhesive layer can decrease
the fatigue life of the reinforcement, especially at stress levels higher than the fatigue
threshold. Fatigue tests with several artificial void diameters should be performed
and maximum design tolerances should be suggested for real applications.

The core material of the sandwich steel plates reinforcement system can be improved
in order to obtain higher SRFs. Either stiffening the polyurethane material itself or
adding reinforcements into the core, such as fibres, could improve the performance
of the sandwich steel plates reinforcement.

Non-destructive testing techniques to monitor the quality of the sandwich steel plates
reinforcement is another important aspect to be investigated. Major importance
should be drawn to the interface quality between the core and the steel plates, since
this is a fatigue sensitive area of these sandwich structures.

For the sandwich steel plates, the environmental temperature showed to be a relevant
parameter on the static flexural behaviour. Temperature can also have a major
influence on the fatigue resistance of the reinforcement. Fatigue tests at different
environmental temperatures would clarify this effect. Another important factor
is temperature gradients. They can induce stress patterns that can influence the
flexural strength of the reinforcements.

Always an important issue on large-scale applications is how to connect different
parts of the reinforcement. Joint details should be investigated to couple parts of
the reinforcements. Attention should be paid to their effect on the fatigue life of the
reinforcement systems.

Future works on the five-point bending test as it is defined in the French standard
NF-P98-286 (2006) should improve the test set-up to get it closer to the actual
structure and to be able to simulate not only one but also alternative load cases
that can be more severe to the fatigue damage.
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Appendix A

Mesh convergency study

The convergency study analyses the mesh dependency of three geometrical parame-
ters of the OBD-FEA: (i) crossbeam web and trough thickness, (ii) reinforcement
thickness (bonded and sandwich steel plates overlay) and (iii) steel deck plate thick-
ness. These are the parameters which influence the most the stress field of the deck
plate close to the welds and the stress field of the reinforcement. Table A.1 shows
the characteristics of the meshes studied. The standard mesh is the one described
in Chapter 6 and used in the current thesis. Meshes 1 to 4 are refinements of the
standard mesh. In each refined mesh, one parameter is studied.

Figures A.1 and A.2 show the meshes refinements close to the deck-plate-to-stiffener
weld.

Table A.1: Mesh parameters values – elements per thickness.

Mesh
Crossbeam Reinforcement

Deck Plate
& Trough Bonded Sandwich

Standard 2 4 core 1 adhesive 2
2 new plate 2 new plate

Mesh 1 4 4 core 1 adhesive 2
2 new plate 2 new plate

Mesh 2 2 6 core 2 adhesive 2
2 new plate 2 new plate

Mesh 3 2 4 core 1 adhesive 4

2 new plate 2 new plate
Mesh 4 2 4 core 1 adhesive > 4

2 new plate 2 new plate
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Figure A.1: Mesh refinement of the bonded steel plates reinforcement model.
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Figure A.2: Mesh refinement of the sandwich steel plates reinforcement model.

The load cases used for the mesh convergency study are shown in Figures A.3 and
A.4 for the Crossbeam-FE model and for the Midspan-FE model, respectively. The
results are presented to 100 kN wheel-loads.

In the Crossbeam-FE model, wheel type C (WC) is the worse load case and therefore
it was selected for the convergency study. The stresses obtained for the several
meshes are shown in Figures A.5 and A.6 for the sandwich and bonded steel plates
reinforced deck-panels, respectively. In all cases the results of the standard mesh
coincide with the four refined meshes, except for the point of stress concentration
at the welds (see Figure A.5(a) and A.6(a) for the sandwich and bonded FE model,
respectively). The transverse stresses at the deck-plate-to-stiffener welds at the
crossbeam’s web is an unstable point and does not converge even if the mesh is
very fine (Mesh 3 and Mesh 4). Moreover, this unstable point is very local, if one
takes the point 5 mm from the peak point, the stresses are stable and coincide for
the various meshes. Therefore this point was not taken as a reference point for the
convergency of the mesh, but 5 mm next to it.
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The results of the Midspan-FE model are shown in Figures A.7 to A.10. Wheel type
B (WB) is the worse load case for the welds, however wheel type C (WC) is the worse
for the shear stresses at the reinforcement interface layer (core for the sandwich and
adhesive for the bonded, see Figures A.7(e), A.8(e), A.9(e) and A.9(e)). Therefore,
both load cases were analysed. In all cases the results of the standard mesh coincide
with the three refined meshes (Mesh 1, 2 and 3), which proves the mesh independency
of the analysis. In this case, it was not necessary to run models with Mesh 4, since
the results from Mesh 3 are already coincident with the standard mesh results.

(a) longitudinal view (b) transverse view

Figure A.3: Crossbeam’s load case used for the mesh convergency study.

(a) longitudinal view (b) transverse view

Figure A.4: Midspan’s load cases used for the mesh convergency study.
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Figure A.5: Stresses from the Crossbeam-FE model of the sandwich steel plates reinforced
deck-panel loaded by WC (100 kN), along the crossbeam width close to the
middle trough (x-axis) and along the model length close to the crossbeam
(z=1500).
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Figure A.6: Stresses from the Crossbeam-FE model of the bonded steel plates reinforced
deck-panel loaded by WC (100 kN), along the crossbeam width close to the
middle trough (x-axis) and along the model length close to the crossbeam
(z=1500).
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Figure A.7: Stresses from the Midspan-FE model of the sandwich steel plates reinforced
deck-panel loaded by WC (100 kN), along midspan width close to the middle
trough (x-axis) and along the model length between midspan (z=0) and cross-
beam (z=1500).
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Figure A.8: Stresses from the Midspan-FE model of the sandwich steel plates reinforced
deck-panel loaded by WB (100 kN), along midspan width close to the middle
trough (x-axis) and along the model length between midspan (z=0) and cross-
beam (z=1500).
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Figure A.9: Stresses from the Midspan-FE model of the bonded steel plates reinforced deck-
panel loaded by WC (100 kN), along midspan width close to the middle trough
(x-axis) and along the model length between midspan (z=0) and crossbeam
(z=1500).
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Figure A.10: Stresses from the Midspan-FE model of the bonded steel plates reinforced
deck-panel loaded by WB (100 kN), along midspan width close to the middle
trough (x-axis) and along the model length between midspan (z=0) and cross-
beam (z=1500).





Appendix B

Static full-scale tests

B.1 Pressure sensitive paper

Table B.1 shows photos of five typical pressure sensitive papers obtained during the
full-scale static tests. For each type, a load distribution was determined. Table B.2
shows the load distribution corresponding to each load case and deck states. These
loads distributions were used in the corresponding numerical simulations.

B.2 Static test results and numerical validation

Figures B.1 and B.2 show the results of the bonded steel plates reinforced deck when
it is loaded at the crossbeam. The wheel load is 100 kN and it is aligned with the
troughs 1 and 3, respectively. The wheel print is type C. The results are comparable
with the ones obtained when the load is aligned with the middle trough (see Figure
7.13, page 126). The main difference is the location of the stress area, which in all
cases is aligned with the loaded trough. The numerical prediction fits well with the
experimental values, n/e = 0.95±0.10 for trough 1 and n/e = 0.94±0.08 for trough
3.

Figures B.3 and B.4 show the corresponding results for the sandwich steel plates
reinforced deck (100 kN load wheel type C aligned with troughs 1 and 3). The
results are once again comparable with ones obtained when the load is aligned with
the middle trough (see Figure 7.15, page 128), only shifted to the correspondent
loaded trough (troughs 1 and 3). The numerical prediction fits less good with the
experimental values than for the bonded reinforcement. Nevertheless the deviation
is still acceptable , n/e = 1.07± 0.17 for trough 1 and n/e = 1.10± 0.12 for trough
3.
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Table B.1: Pressure sensitive paper tests: photos and load distribution for 100 kN.

Wheel type Photo print Load distribution

Wheel C
Uniform

pCuniform = 1.15741 MPa

Wheel B
Uniform

pBuniform = 0.71023 MPa

Wheel C a

pC1a =
0.89 MPa
pC2a =

1.7925 MPa

Wheel B a

pC1a =
0.5195 MPa

pC2a =
1.044 MPa

Wheel C b

pC1b =
0.62 MPa
pC2b =

1.23 MPa
pC3b =

1.8436 MPa
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Table B.2: Wheel load distribution at each load case and corresponding FEA of the bridge
deck specimens.

Location Unreinforced Bonded Sandwich

Midspan
Wheel C a Wheel C a Wheel C Uniform
Wheel B a Wheel B a Wheel B Uniform

Crossbeam Wheel C a Wheel C a
Wheel C Uniform
Wheel C b
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Figure B.1: Transverse strains εxx at the bottom side of the bonded steel plates reinforced
deck plate along the specimen width recorded during testing (Exp) and pre-
dicted by the FEA (100 kN wheel load type C aligned with trough 1 at the
crossbeam – n/e = 0.95± 0.10).
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Figure B.2: Transverse strains εxx at the bottom side of the bonded steel plates reinforced
deck plate along the specimen width recorded during testing (Exp) and pre-
dicted by the FEA (100 kN wheel load type C aligned with trough 3 at the
crossbeam – n/e = 0.94± 0.08).
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Figure B.3: Transverse strains εxx at the bottom side of the sandwich steel plates reinfor-
ced deck plate along the specimen width recorded during testing (Exp) and
predicted by the FEA (100 kN wheel load type C aligned with trough 1 at the
crossbeam – n/e = 1.07± 0.17).
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Figure B.4: Transverse strains εxx at the bottom side of the sandwich steel plates reinfor-
ced deck plate along the specimen width recorded during testing (Exp) and
predicted by the FEA (100 kN wheel load type C aligned with trough 3 at the
crossbeam – n/e = 1.10± 0.12).
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