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JOHANNA LINDQVIST

ALEXANDER SVENSSON
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Abstract

Evolving technologies in the field of welding enable the use of Steel Sandwich Panels
(SSP) for bridge deck applications. These panels consist of two steel plates, sepa-
rated by a lightweight core, acquiring a high stiffness-to-weight ratio and increased
bending stiffness compared to a conventional Orthotropic Steel Deck (OSD). Laser
welding enables one-sided welding and high precision, which is vital for the man-
ufacturing of SSPs. Previous studies have mainly focused on the applicability of
steel sandwich panels for road bridges, which has shown great potential to become
the next generation of steel bridge decks. Increased steel prices and environmental
demands are a driving force for the development and optimization of these panels.

To find an optimal deck design for a pedestrian bridge, this thesis aims to evaluate
the structural response of a bridge deck exposed to the loads prevailing in a design
situation. The effects of changing the bridge deck’s stiffness parameters, the com-
posite action between the deck and the surrounding structure, and the impact of
locally applied wheel pressure are all being investigated. An OSD and a SSP are
compared, with the production feasibility, material consumption, and cost being the
main areas of comparison. Additionally, a study on pedestrian bridges in Sweden is
being carried out to serve as a benchmark for this and future studies in the field.

The structural analyses’ findings led to the conclusion that changing the axial, bend-
ing, and shear stiffness of the bridge deck had a negligible impact on the forces
acting on the structure. Forces in the lower chord were significantly affected by the
composite action between the bridge deck and truss girders. Additionally, it was
demonstrated that the design of the bridge deck was determined by the wheel pres-
sures from the service vehicle. In terms of production, it was determined that for
the studied case, the SSP’s welding time was 70 to 80 percent faster than an OSD’s.

Keywords: Bridge decks, pedestrian bridge, steel sandwich panel, truss girders, laser
welding, finite element analysis.






Lasersvetsade sandwichelement i stal for gang-och cykelbroar
JOHANNA LINDQVIST
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Sammanfattning

Standig teknikutveckling inom svetsning mojliggér anvindningen av sandwichele-
ment i stal for brodacksapplikationer. Dessa brodack bestar av tva stalplatar, at-
skilda av en latt kérna, som far en hog styvhet i relation till dess vikt och en 6kad
bojstyvhet jamfort med en konventionell ortotrop brobaneplatta. Lasersvetsning
mojliggor ensidig svetsning och hog precision, vilket ar avgérande for tillverknin-
gen av dessa sandwichelement. Tidigare studier har framst fokuserat pa anvind-
barheten av sandwichpaneler av stal for vagbroar, vilket har visat stor potential att
bli niista generations brodick. Okade stalpriser och hégre miljokrav dr en drivkraft
for utveckling och optimering av brodéck av denna typ.

For att hitta en optimal design pa brodacket for gang-och cykelbro syftar detta
arbete till att utvirdera den strukturella responsen av ett broddck som utsatts
for de laster som rader vid dimensionering. Effekterna av att dndra brodéckets
styvhetsparametrar, interaktionen mellan décket och den omgivande strukturen och
paverkan av lokalt applicerat hjultryck undersoks. En ortotrop brobaneplatta och en
brobaneplatta av sandwichpaneler i stal jamfors, med produktionsgenomfoérbarhet,
materialférbrukning och kostnad som de huvudsakliga jamforelseomradena. Dessu-
tom genomfors en studie av existerande gang-och cykelbroar i Sverige for att fungera
som riktmérke for detta och framtida arbeten inom omrédet.

Resultatet av de strukturella analysernas ledde till slutsatsen att foréndring av
brodéackets axielstyvhet, bojstyvhet och skjuvstyvhet hade en férsumbar inverkan
pa de krafter som verkar pa strukturen. Krafterna i den nedre underramstangen
paverkades signifikant av interaktionen mellan brodécket och fackverksbalkarna.
Dessutom kunde det péavisas att brodackets utformning styrs av hjultrycken fran
servicefordonet. Nér det géller produktionen faststéalldes det att for det studerade
fallet var sandwichelementets svetstid 70 till 80 procent snabbare dn svetstiden for
en ortotrop platta.

Nyckelord: Brodéck, gang-och cykelbroar, sandwichelement, fackverksbalkar, lasersvet-
sning, finit element analys.
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1

Introduction

1.1 Background

According to a report by McKinsey & Company (2020), the construction industry
is undergoing fundamental change. The industry is currently suffering from a low
degree of digitalization, and annual growth over the last 20 years has been one-third
of that of average economic growth. Because each project is unique, standardization
is difficult. However, parallels can be drawn to other industries with unique and
large projects, such as the shipbuilding industry, which has forgone industrialization,
globalization, and digitalization in order to become more profitable.

The concrete deck is the most commonly used bridge deck, with its main advantages
being the availability of materials, well-known long-time behavior, and vast work ex-
perience (Chen & Duan, 2014). The structure is, however, rather heavy. Steel bridge
decking has traditionally been considered a last resort, used only when structural
weight is essential. The conventional way of constructing such a deck is by connecting
longitudinal or transversal stiffeners to a plate. These decks are called Orthotropic
Steel Decks (OSD) and have been used since 1970s (Bright & Smith, 2007). However,
OSD requires a lot of complex and time-consuming welding being labor-intensive,
and are potentially exposed to extensive damage and high maintenance costs.

The development of Steel Sandwich Panels (SSPs) has mainly focused on marine and
aerospace applications, but has shown great potential to become the next generation
of steel bridge panels. A SSP consists of two steel plates separated by a lightweight
core, resulting in an increased second moment of area and thus increased bend-
ing stiffness compared to a conventional OSD (Davies, 1993; Sandcore, n.d.). Case
studies regarding Corrugated Core Steel Sandwich Panels (CCSSP) have been the
subject of several theses over the years. For instance, Beneus and Koc (2014) focused
on an existing orthotropic bridge deck, Dackman and Ek (2015) on medium-span
road bridges, Arvanitis and Papadopoulos (2016) on long-span bridge applications,
and Libell and Lassing (2020) on short-span road bridges.

The SSP can be built up by several different core configurations. The most effective
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design is governed by the boundary conditions and loading (Nilsson Strand, 2020).
Furthermore, Nilsson (2017) claims that SSPs are weight-efficient compared to con-
ventional steel decks, with material savings of up to 50% possible. Laser welding is
a welding technique that allows for one-sided welding and high precision, both of
which are required for the manufacture of these panels. Steel sandwich panels for
road bridge’s have commonly been the subject of research. However, the use of laser
welded SSPs for pedestrian bridge applications has been modestly investigated and
are thereby the topic of this master’s thesis.

1.2 Aim and Objective

The aim of this thesis is to examine the structural response of a pedestrian bridge,
consisting of a steel sandwich panel connected to truss girders, and its feasibility
regarding production. This will be done through a case study with the following
objectives:

i. Find an appropriate core configuration regarding production and structural
aspects through evaluation of a large number of core configurations.

ii. Study the impact of altering the stiffness parameters of the bridge deck and
investigate the composite action between the bridge deck and the surrounding
structure through a Finite Element Analysis (FEA), by modeling the bridge
deck as an Equivalent Single Layer (ESL).

iii. Study the impact of locally applied load by modeling parts of the deck as a
three-dimensional (3D) structure through a FEA and studying the stresses in
the constituent parts of the deck.

iv. Perform a comparative study between the automized production of a SSP and
the conventional production of an OSD regarding time and costs.

1.3 Methodology

The thesis is divided into five main parts, which consist of a literature review, an
evaluation phase of possible laser-welded steel sandwich configurations and bridges,
an analysis of the global effects, an analysis of the local effects, and a comparative
study between an OSD and a SSP regarding production and costs. In the literature
review, the aim was to gather knowledge and explore previous studies on the subject.
It is done by covering the historical use of SSPs for other applications as well as
the current practice of SSPs for bridges. Production, welding techniques, stiffness
constants, and load-carrying behavior are also treated in the literature review.

Secondly, a pedestrian bridge research involving 57 Swedish pedestrian bridges was
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carried out to serve as a benchmark for this and future studies. Regarding possible
core configurations, a large number of geometrical concepts were generated using
the acquired knowledge from the literature review. They were later evaluated in a
workshop focusing on feasibility and structural capacity, yielding three core config-
urations that were best suited to the application at hand.

Thirdly, two models were created using the finite element software ABAQUS/CAE.
The first model included truss girders as well as a deck with homogenized stiffness
properties, subjected to a uniformly distributed load. The second model only had
one truss girder and was subjected to a line load, representing half the load acting
on the bridge deck. These models were used to evaluate the effect of the bridge’s
composite action in linear elastic and linear buckling analyses. The response due to
varying stiffness parameters of the bridge deck was also studied in the analyses.

Fourthly, the bridge model’s middle section was remodelled from a homogenized
layer to a section with 3D shell elements. This was done to investigate the effects
of locally applied load on the stress distribution in the deck and its constituent
members as well as the degree of constraint of the connection between the panel
and the lower chord.

Finally, the cost and production time of an OSD and a SSP were compared.

1.4 Limitations

The following limitations and simplifications have been applied on the project:
o The core configurations were only examined through a qualitative assessment.
o Only linear static and linear buckling analyses have been performed.
o Only two load types have been examined.

e The welds are modeled with kinematic couplings and no contact condition is
applied between the core and face plates.

e The cost of the SSP has been limited to material costs and the time has been
limited to the welding procedure only.

e The deck’s orientation is perpendicular to the bridge’s longitudinal direction.

1.5 Outline

The report is divided into the following chapters:

Chapter 1 introduces the topic, provides background on the problem to be studied,
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and describes how the project is carried out.

Chapter 2 contains the literature review where the relevant theory for the project is
presented.

Chapter 3 includes the pedestrian bridge study, and the evaluation of geometrical
concepts.

Chapter 4 presents the model used in the global analysis as well as the results
obtained.

Chapter 5 presents the model used in the local analysis as well as the results ob-
tained.

Chapter 6 compares the cost and production aspects of the conventional and steel
sandwich bridge deck.

Chapter 7 contains a discussion regarding the work and results presented in the
thesis.

Chapter 8 provides conclusions and recommendations for further research.



2

Literature Review

2.1 Pedestrian Bridges

Bridges are important components in the transportation network and their main
function is to enable transportation over or past an obstacle (Lin & Yoda, 2017).
Further, it should provide structural safety and comfort for the bridge users, i.e.,
transfer the loads to the foundations without excessive deformations or vibrations
(Chen & Duan, 2014; Lin & Yoda, 2017). Since bridges are exposed structures the
need to experience safety crossing the bridge from one side to another is important.
Slip resistances and guard rails are therefore necessary to ensure the experienced
safety (Keil, 2013). Pedestrian bridges are advantageously manufactured in steel to
reduce construction time on site. This is possible as the entire bridge or large parts
of the bridge can be manufactured in a workshop and then transported and lifted
on site.

2.2 Bridge Decks

Bridges are typically made up of a superstructure, bearings, a substructure, and ac-
cessories (Lin & Yoda, 2017). The bridge deck belongs to the superstructure which is
the part of the bridge that is located above the bearings, which is illustrated in Fig-
ure 2.1. Except from acting as the pedestrian walkway, various structural demands
are placed on the bridge deck in terms of load-bearing function (Nilsson Strand,
2020). It should be able to locally carry loads from wheel pressures, distribute the
loads to the supporting structure through plate action, and, possibly, act as a flange
to the main girders to increase the global stiffness.

Bridge decks can be composed of a variety of materials and geometries where con-
crete, steel, and timber are the most frequently used. The usage of structural steel
increases the strength in both tension and compression compared to concrete and
can benefit from high ductility, rapid erection time, and easy fabrication (Lin &
Yoda, 2017).

The pavement is an important part of a bridge deck as it provides comfortable
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walkway conditions, spreads the concentrated loads, prevents direct contact between
vehicle and bridge deck, and protects the deck from meteorological conditions, mini-
mizing corrosion and preventing mechanical damage (Keil, 2013; Lin & Yoda, 2017).

Figure 2.1: Superstructure of pedestrian bridge

2.2.1 Conventional Orthotropic Steel Decks

Conventional OSDs consist of a top steel plate and longitudinal stiffeners and have
been widely used in bridge applications where the structural weight is of high impor-
tance. An important characteristic of an OSD is the high level of orthotropy due to
its high longitudinal stiffness compared to its transversal stiffness. The first OSD for
bridge application was introduced in 1936 and consisted of open stiffeners (Kolstein,
2007). In 1954, closed stiffeners were introduced for the first time, which resulted in
improved torsional rigidity. The development has then been kept rather unchanged
despite numerous problems regarding cost and durability (Bright & Smith, 2007).

cor”

(a) Open stiffeners. (b) Closed stiffeners.

Figure 2.2: Orthotropic steel decks with different stiffeners.

The most significant constraints regarding the use of OSD are related to economics
and fatigue-deterioration. Typically, the fabrication of OSD requires a large amount
of effort associated with welding complex details, the deck-to-cross girder connection
is one example, resulting in high costs (Bright & Smith, 2007).

6
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The complexity of the welds between longitudinal stiffeners and top plate and deck-
to-cross girder connections gives rise to high stress concentrations, mainly due to the
effect of local loads such as wheel pressure, resulting in premature fatigue cracking
(Kolstein, 2007). For that reason, conventional welding techniques are dependent
on good accessibility for the welding equipment, and fillet welds or partial penetra-
tion welds have for that reason been used between the top plate and longitudinal
stiffeners, resulting in reduced fatigue life (Bright & Smith, 2007).

2.2.2 Steel Sandwich panels

The development of sandwich panels was initiated in several branches as early as
the 1950s and was further developed during the 1980s and 1990s, mainly for marine
and aerospace purposes (Kujala & Klanac, 2005).

Sandwich panels can be made from composite or metallic components, with FRP
or PU foam being common composite materials. A Steel sandwich panel is an or-
thotropic deck with a lightweight metal core that separates a top and bottom metal
plate.

Figure 2.3: Steel sandwich panel with I-beams.

The separation of the plates and the downward shifting of the neutral layer com-
pared to an OSD increases the second moment of area and thus the bending stiffness
with only a small increase in weight (Bright & Smith, 2007; Sandcore, n.d.). Other
advantages of laser-welded SSPs over conventional stiffened plates, include increased
transverse bending stiffness, less distinct shear lag effect, good stiffness to weight
ratio, and high manufacturing accuracy (Nilsson Strand, 2020; Kujala & Klanac,
2005). For the use of SSPs in marine applications, increased unsupported spans, re-
duced constructional height, and reduced assembly times were also stated (Sandcore,

n.d.).

In a case study of an existing OSD and a SSP, it was shown that that the area per
unit width of the cross-section, and thus the total weight, could be reduced by 23%
in the SSP while maintaining its structural capacity (Beneus & Koc, 2014). If the
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cross-sectional area instead was kept constant between the cases, the same study
showed an stiffness increase of 82% in the direction of the corrugation.

2.3 Deck Orientation and Notations

The geometry of the SSP considered in this thesis is assumed to be rectangular with
a three-dimensional coordinate system. Figure 2.4 presents the length of the panel,
L, the width of the panel, W, and the height of the panel, h, with its corresponding
global coordinate system. The global coordinate system is denoted with letters (x,

Y, 7).

Figure 2.4: Global coordinate system.

The stiffeners can be oriented parallel or orthogonal to the length of the bridge.
When the stiffeners are placed parallel to the length of the bridge (x-direction), it is
called parallel deck orientation, and when the stiffeners are placed orthogonal to the
length of the bridge (z-direction), it is called orthogonal deck orientation (Nilsson
& Al-Emrani, 2016). The top plate is assumed to be the plate where the load is
applied and has a negative sign in the downward direction (y-direction).

2.4 Welding

In the conventional way of producing a steel structure, welding plays an important
part not only in its mechanical and practical properties but also in its manufacturing
time. Badly welded details can result in reworks because of heat distortion or short-
ened lifetime (Roland, Manzon, Kujala, Brede, & Weltzenbock, 2004). To increase
productivity and ensure higher quality welds, more efficient welding techniques and
systems are needed. Standardized welds can be obtained by implementing an au-
tomated production method. The following sections describe techniques commonly
used in laser-welded steel sandwich panels.
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2.4.1 Laser Welding

The laser welding technique is what’s enabling the modern SSP because it can reli-
ably and efficiently access a joint between two steel plates from the outside. The weld
is called a stake weld and is an essential component in the production of a SSP. In
the bridge industry, the technique is relatively unestablished, but pilot projects have
been launched in several countries and the technique is more established in indus-
tries once similar to the bridge industry with unique projects and large investments,
such as the transportation industry.

Laser welding has several advantages over conventional welding, such as a reduced
amount of heat distortion and residual stresses because of the low heat input, provid-
ing the section with a smaller heat affected zone (Bright & Smith, 2007). If a stake
weld is used instead of a butt weld to assemble a core and a plate, filler material can
be saved for the former since the laser melts the adjacent steel. Economic savings
can also be obtained due to the process being up to 10 times faster compared to
conventional welding methods, and the process can be automated, leading to high
precision (Abbott, Caccese, Thompson, Blomquist, & Hansen, 2007). Furthermore,
the technique simplifies welding and cuts preparation time on cross girders. Cut
outs in the cross girders are required in conventional steel decks to allow for stiffener
continuity, which is not required in a SSP (Nilsson Strand, 2020).

Even though laser welding comes with a lot of advantages it also has some draw-
backs and considerations. The transition from production of conventional welding to
laser welding comes with an initial cost of equipment and demands on experienced
personnel (Wouters, 2005; Roland et al., 2004). Another consideration is that the
laser’s focus diameter is small, thus not a suitable welding technique to use when
joining two parallel plates, for instance the connection between the lower chord and
the bridge deck in a pedestrian bridge (Wouters, 2005).

2.4.2 Gas Metal-Arc Welding (GMAW)

The concept of Gas Metal-Arc Welding (GMAW) has been known since the 1920s
(Wahab, 2014). An electrode wire is continuously fed into an electric arc by an
automatic wire feeder in the GMAW process. This creates enough heat to melt
metals together. This process is controlled and protected by a shielding gas.

The GMAW process provides a continuous weld with high quality at a low cost
with no slag products (Dinbandhu et al., 2021). It also has a wide tolerance of the
conditions on the surface, such as impurities and joint gaps. Another advantage
of the GMAW is that it can be used in situations where the weld head for the
hybrid laser-arc welding is too large, which can be advantageous for certain designs.
However, the equipment is cumbersome, comes with a high initial cost, is quite
immobile, and welding distortions are a bigger problem in comparison to the pure
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laser welding and hybrid laser-arc welding processes.

2.4.3 Hybrid Laser-Arc Welding (HLAW)

Hybrid Laser Arc Welding (HLAW) is obtained by integrating gas metal-arc welding
with laser welding. The technique was introduced in the late 1970s and great promise
was shown with it (Steen, Eboo. M, & Clarke, 1978). However, further development
was halted because of a lack of high-power lasers. The availability of high-power
lasers and increased knowledge today have made the technique a viable option.

The concept of HLAW is to combine the strengths of the two welding techniques,
laser welding and GMAW, to obtain a technique that has increased welding speed,
penetration depth, and gap bridging ability. Because of its versatility, it can be used
in many applications regarding the SSP, such as panel to panel connections and
in core cycle to core cycle connections for convenience in testing (Defalco, 2007;
Nilsson, Hedegard, Al-Emrani, & Atashipour, 2019).

Despite the advantages with HLAW | there are some drawbacks concerning a higher
initial cost, more thorough safety measures, demands on accurate positioning and
control of a large number of process parameters (Acherjee, 2018).

2.4.4 Dual Weld Lines

Nilsson, Al-Emrani, and Atashipour (2017a) investigated the effect of dual weld
lines between a face plate and a core in a case study of a beam with a corrugated
core. The result of the study was that dual weld lines increased the transverse shear
stiffness in comparison to single weld lines. This comes as a consequence of the force
couple created by the dual weld lines. The effect of the force couple was enhanced if
the distance between the welds increased because of increased interaction between
the adjacent plates. As a result of this increased interaction, the stresses in both the
core and welds decreased while the normal stress in the top plate increased. Dual
weld lines between the core and face plate are shown in Figure 2.5.

2.4.5 Contact

When welding cores with flanges to the face plates with a pure laser weld, a distance
between the plates is created, denoted hgy, seen in Figure 2.5. How this distance
affected the stresses for a CCSSP with dual weld lines has been studied by (Nilsson
et al., 2019). In the study, it could be seen that the stresses decreased in the weld
and its constituent members if contact occurred between core and face plate as it
was subjected to a directly applied load (DAL). It was shown in the same report
that if a distance >50um was used, no contact was achieved between the plates
during deformation and thus the stresses increased. Since the study is conducted on
a CCSSP theses results cannot be directly translated to other core configuration. To

10
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the authors’ knowledge, similar studies for other core configurations do not exist. To
verify contact for other core configurations, both FEAs and production experiments
should be conducted on the specific core configuration.

—

o \ / \ /
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Figure 2.5: Dual weld lines between face plate and core.

2.5 Load and Actions on Pedestrian Bridges

Load models and representative values in accordance with SS-EN 1991-2 (2003)
must be used when designing a pedestrian bridge in Sweden. The load models do
not describe actual loads but represent the effect of traffic and should be used for
serviceability and ultimate limit state calculations.

This section covers loads and actions that are used for the design and verification
of pedestrian bridges. The relevant standards used within this master’s thesis are
presented in Table 2.1.

Table 2.1: Eurocodes used within this master’s thesis.

Eurocode Title Part

SS-EN 1990 Eurocode:
Basis of structural design

SS-EN 1991-2 Eurocode 1: Part 2:

Actions on structures Traffic loads on bridges
SS-EN 1993-1-1 Eurocode 3: Part 1-1:

Design of steel structures General rules and rules for buildings
SS-EN 1993-2 Eurocode 3: Part 2:

Design of steel structures Steel bridges

Three static models for vertical loads due to traffic load should be taken into account;
a uniformly distributed load gy, a concentrated load @ s, and loads representing a
service vehicle Qe (SS-EN 1991-2, 2003).

11
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2.5.1 Uniformly Distributed Load

The uniformly distributed load gy, should only be defined and applied in the unfavor-
able parts of the influence surface for a specific load effect. The uniformly distributed
load may be specified to cover the effect of a continuous dense crowd where such a
risk exists, where the recommended value for gy, is defined by Equation 2.1.

120
25< g =20+—" <50 [kN/m? 2.1
< qfk +(L+30)_ [kN/m~] (2.1)

Where L is the loaded length in [m].

2.5.2 Concentrated Load

The concentrated load @ f,1 should be taken as 10 kN acting on a square surface
of 0.10 x 0.10 m. If a service vehicle is allowed to drive on the pedestrian bridge, a
load corresponding to a service vehicle (4., should be used instead. Thus, a service
vehicle load Qgery and a concentrated load @ g, should not be considered at the
same time.

2.5.3 Service Vehicle

If service vehicles are allowed to be carried on a pedestrian bridge in Sweden, it will
in most cases be the determining load. The service vehicle consists of a two-axle load
group of 80 kN and 40 kN, as shown in Figure 2.6. The distance between the axles is
3 m, and the width of the track, wheel-centre to wheel-centre, is 1.3 m. The contact
area for each wheel of such a load model is 0.20 x 0.2 m, acting at the coating level.
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Figure 2.6: Service vehicle with a two axle load group.

2.5.4 Groups of Traffic Load

The traffic load can be divided into two groups, group 1 consisting of the uniformly
distributed load g, and the braking force @)y, and group 2 consisting of the ser-

12
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vice vehicle load Qgery and Q. The two groups are treated separately, and both
combinations are presented in Table 2.2.

Table 2.2: Definition of groups.

Load type Vertical forces Horizontal forces

Load system Uniformly distributed load Service vehicle
Groups grl g 0 Q ik
of load gI‘Q 0 Qserv Qflk

2.5.5 Load Combination

The bridge should be designed so that it fulfils the requirements of various design
situations, in which the persistent design situation, the condition of normal use, is
the situation considered in this thesis. Ultimate limit states is the state prior to
a structural collapse, which concern the safety of people and/or the safety of the
structure itself. Serviceability limit states concern the functioning of the structure
under normal use and the comfort of people.

For serviceability state verification, the frequent load combinations defined in Equa-
tion 2.2 is used with the partial coefficients presented in Table 2.3 (SS-EN 1990,
2002). However, permanent loads are excluded when calculating the deflection since
that is handled through an initial elevation of the structure.

> Grj+U11Qura + Y 2 Qu (2.2)

i>1 1>1

Table 2.3: Recommended values of 1 factors for footbridges (SS-EN 1990 Annex
A2, 2004).

Action Symbol ¢y 1

Traffic load gr 1 0.40 0.40 O
wak 0 0 0
gr 2 0 0 0

For ultimate limit state verification, the less favorable of Equations 2.3 and 2.4
should be used to verify that internal failure or excessive deformations of the struc-
ture or structural members do not occur (SS-EN 1990, 2002). For ultimate limit
states, the strength of the construction materials is governed. Partial factors ac-
cording to Table 2.4 should be used.

13
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> 16iGhj +70%01Qk1 + 70 D Y0 Qs (2.3)
i1 1>1
> eiv6,iGry +70,Qr1 T Q0 Y Y0,iQk.i (2.4)
i1 1>1

Table 2.4: Design values of actions (SS-EN 1990, 2002).

Design Permanent action Leading Accompanying
situation variable action variable action
Unfavourable Favourable Action Main Others
Equation 2.3 1-35Gk,j IOGk,J 1.51!)0’1Qk’1 1.5’(&0@@&1
Equation 2.4 1.15Gk7j 1.0Gk}j 1.5@/%1 1-5¢0,iQk,i

2.6 Material Coefficients

The design values of material coefficients to be used for the calculation of structural
steel components are presented in Table 2.5 (SS-EN 1993-1-1, 2005).

Table 2.5: The design values of material coefficients.

Material coefficient Description Value Unit
E Young’s modulus of elasticity 210 000 N/mm?
G Shear modulus 81 000 N/mm?
v Poisson’s ratio 0.3 -

2.7 Structural Behavior

Fung and Tan (1998) mention three different ways to study the structural behavior
of sandwich panels, namely; (1) the finite element method, (2) the grillage analogy,
and (3) the thick plate analogy. The first method entails modeling the sandwich
structure, consisting of face plates and core stiffeners, as an assembly of thin plates,
resulting in a three-dimensional model. This is a computationally intensive method.

The grillage analogy is an approximate analysis consisting of a two-dimensional gril-
lage of an orthogonal system of beam elements oriented along the x-and y-directions
(Tan & Montague, 1991). The panel to be analyzed is first simplified from a three-
dimensional structure to a two-dimensional orthotropic continuum according to the
theory of Libove and Batdorf (1948). The continuum is then discretized into a gril-
lage of beam elements, rigidly connected together, with stiffness properties given

14
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by the continuum in terms of bending, shear, and torsion. The beam elements are
subjected to out-of-plane bending and twisting about the local beam axes. In terms
of reliability, the grillage analysis showed similar and converging results as the finite
element analysis and is specifically suitable if a medium-sized penetration in the
sandwich panel is to be modelled.

In the thick plate analogy, the plate can be analyzed by closed form solutions or
finite element analysis. Tan, Fung, and Lok (1993) presented a simplified thick plate
analogy for the analysis of all-steel sandwich panels, where the SSP is simplified into
a two-dimensional continuum with the equivalent stiffness constants for bending and
shear. The continuum is then discretized into an assembly of plate elements with the
abovementioned stiffness properties. In analogy with the sandwich plate theory, the
following assumptions are adapted: the deflections in z-direction are small, planes
originally normal to the mid plane are assumed to remain straight but not necessarily
normal to the mid plane after deformation, and in-plane deflections are negligible.

2.8 Homogenization

According to Marek and Garbowski (2015), homogenization is a technique in which
a heterogeneous body is replaced by an idealized homogeneous material of equivalent
stiffness. Libove and Hubka (1951) presented design formulations of elastic constants
required to simplify the three dimensional structure into a two-dimensional (2D)
ESL. The simplification results in a great reduction of elements and degrees of
freedom, and thus less computational efforts are needed. This is specifically beneficial
for design and optimization situations where a great number of iterations are needed.
An illustration of a homogenization procedure can be seen in Figure 2.7.

D,
Dx(\Dux y ‘eiy

Figure 2.7: 3D V-core transformed into a 2D homogenized layer.

A disadvantage with the homogenization method occurs when it is subjected to
large magnitudes of directly applied load, such as pressures from wheels (Nilsson,
2017). This is because the output from an analysis with homogenization is the
average global deflection and not specific stresses and deflections in the constituent
members. This means that local failures due to local loads are not considered and a
separate analysis must be conducted.
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2.9 Elastic Stiffness Constants

The characteristics of a steel sandwich panel, two faces separated by a lightweight
core, provides high flexural rigidity in the two principal directions (Fung & Tan,
1998). Shear rigidity is high in the direction of the core stiffeners due to continuous
interaction between core and face plates and low in the transverse direction due
to discrete interaction between core and face plates (Nilsson, 2017). In order to
simplify a 3D SSP to a 2D plate, saving computational time and effort, the stiffness
properties of the panel need to be evaluated.

The elastic constants required to capture the behavior of SSPs with continuous
corrugated cores were investigated and derived by Libove and Hubka (1951). These
constants are required to be accurately derived for each geometry to predict accurate
stresses in the constituent members, and the elastic constants used are important
factors regarding the success of the transformation from a SSP to an equivalent thick
plate (Nilsson, 2017; Fung & Tan, 1998).

The elastic stiffness constants derived by Libove and Hubka (1951) are valid for
symmetrical sandwich panels and the stiffness properties may be considered to vary
symmetrically with respect to the middle surface. In the case of non-symmetrical
panel geometries, the idealized-plate material’s properties must be considered to
vary non-symmetrically with respect to the middle surface, and thus, additional
elastic constants need to be developed.

Blaauwendraad (2010) uses the term shape-orthotropy to describe the replacement
of a three-dimensional structure, a real shape, to a flat plate with orthotropic proper-
ties. The rigidities have to be determined on the basis of the geometry, cross section,
and properties of the material used. This procedure is applicable if the spacing of
the stiffeners is regularly arranged and there is repetition of the components.

The material used in the transformation of a 3D SSP to a ESL is assumed to be
linear-elastic with Young’s modulus £ and Possion’s ratio v.

2.9.1 Membrane Stiffness

The constitutive relationship between normal forces and normal strains for mem-
brane plates is defined by Equation 2.5 (Blaauwendraad, 2010). The homogeneous
isotropic plate is the general case of such a plate, but an orthotropic membrane plate
may be the result of an isotropic top plate with added stiffeners.

n$$ dxx dq) O €$$
Nyy| = | dv dyy 0| feyy (2.5)
Ny 0 0 dmy Vay
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The membrane forces n,,, n,, and n,, (N/m) are related to the membrane rigidities
dye, dyy and d,, and in-plane shear rigidity n,,,.

2.9.2 Bending Stiffness

The constitutive relationship between bending moments and curvature for the gen-
eral case of an orthotropic plate are defined by Equation 2.6 (Blaauwendraad, 2010).

mmz DIZ D7J O K:$$
My D, Dy, 0 | |Kyy (2.6)
mxy 0 0 Dav pxy

The bending moments m,, and m,, are defined per unit length (Nm/m) and are
related to the bending rigidities D,, and D,, in x-and y-direction, respectively. The
off-diagonal term D, is due to Poisson’s ratios v.

The twisting moments m,, and m,, are also defined per unit length but do not
necessarily need to be equal for a structure with orthotropic properties, and the
torsion rigidity Dy, is therefore related to the average moment mg, of the two
twisting moments.

2.9.3 Shear Stiffness

In thick plates, the transverse shear deformations are taken into account, in contrast
to thin plates. The constitutive relationship between shear forces and shear angles
of an orthotropic plate are defined by Equation 2.7 (Blaauwendraad, 2010).

D
-1 o e
Uy 0 Dsy| |y
The shear forces v, and v, are defined per unit length (N/m) and are related to the
shear rigidities Dy, and D,, in the x- and y-direction, respectively.

2.9.4 General Stiffness Matrix

By combining the membrane stiffness and bending stiffness in the constitutive re-
lationships defined in Equation 2.5 and 2.6, the section stiffness matrix defined in
Equation 2.8 is obtained. The stiffness matrix is used as a section property of the
shell elements in the finite element model to transform the three-dimensional struc-
ture into an equivalent single layer as described in Section 2.7.
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Mgz dpe dy 0 0 0 0 [
Ny dy dy, 0 0 0 0 Eyy
Ny 0 0 dyy O 0 0 Yoy
v | _ : ! 2.
Mgz o 0 o0 Dy, D, 0 Kaoa (28)
My 0 0 0 Dy, Dy 0| |Ky
| Moy | 0 0 O 0 0 Dav| |Pay]

The shear stiffness in the constitutive relationship defined in Equation 2.7 is used
separately as a section property of the shell element in the finite element model.

2.9.5 Weld Stiffness

To obtain a model that reflects the behavior of a real SSP, the stiffness of the welds
can be a relevant parameter. Libove and Hubka (1951) assumed that a single line
weld would reflect a rotationally rigid behavior. Nilsson and Al-Emrani (2016) stud-
ied the effect of rotational stiffness of the weld region and its impact on the transverse
shear stiffness. They concluded that an assumption of a rigid connection resulted in
an overestimation of the transverse shear stiffness and that the real behavior rather
corresponds to something in-between a rigid connection and a hinge. Nilsson, Al-
Emrani, and Atashipour (2017b) also concluded that the rotational stiffness of the
weld region in a CCSSP has a negligible impact on the shear stiffness in the case
of dual weld lines but is substantial in the case of a single weld line. However, the
rotational weld stiffness is important when determining the stresses in the weld for
both cases.

2.9.6 Plate Theory

Libove and Batdorf (1948) developed a small-deflection theory for flat orthotropic
plates that is suitable for sandwich plates. The ordinary plate theory, based on
the assumption that the plate is isotropic and the deflections due to shear may
be neglected, cannot be used for the sandwich plates because of the orthotropic
behavior in their flexural properties and the relatively low stiffness of the core,
resulting in significant shear deformations. The first-order shear deformation theory
(FSDT), which is commonly referred to as the Reissner-Mindlin theory, is the basis
for the small-deflection theory by Libove and Batdorf (1948) where such effects
are taken into account. The first-order shear deformation theory yields a constant
shear strain through the plate thickness due to a linear distribution of in-plane
deformations (Chiriac & Vrabie, 2016). Planes originally normal to the mid plane
are assumed to remain straight but not necessarily normal to the mid plane after
deformation (Libove & Hubka, 1951). For the analysis of an ESL, various plate
theories can be used, but the first-order shear deformation theory has been shown
to be sufficiently accurate considering global deformations, for example, in the design
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of bridge structures (Nilsson et al., 2017b). However, local stresses in the constituent
members of the bridge deck can not be treated by an ESL.

2.9.7 Shear Lag

Kollar and Tarjan (2021) explains shear lag by investigating the stress distribution
in a flange of an I-beam when it is subjected to a transverse load for two different
cases. The first case is a beam that is based on the Euler-Bernouli theory where
plane sections remain plane. The second case does not have this boundary and
deformations due to shear are therefore included. Figure 2.8 illustrates the stress
distribution in the two cases. In Figure 2.8(a), the stresses are evenly distributed,
while in Figure 2.8(b), the stresses are non-linearly distributed with the peak stress
adjacent to the web. This effect is called shear lag and can be explained by the
shear strain in the flanges causing higher deformations adjacent to the web and
analogously higher longitudinal stresses. This corresponds better with a real beam,
and the effect of shear lag increases with increased flange width since only a part of
the flange will be used.
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(a) Stress distribution with the (b) Stress distribution with shear
Euler-Bernouli assumption. deformations included.

Figure 2.8: Stress distribution in an I-beam subjected to transverse load.

To account for shear lag in a beam with an analytical method the effective width
method can be used. In this method the maximum stress is estimated to act on a part
of the flange. This method is difficult to apply since the stress distribution over the
flange is required to calculate the effective width. Tenchev (1996) compared several
analysis methods to establish a convenient diagram to be used in the calculation of
the effective width where the ratio of width over length and shear stiffness over axial
stiffness is used, as shown in Figure 2.9. Previous studies of shear lag have shown that
these parameters, along with loading and support conditions, affect shear stiffness
(Reissner, 1941; Moffatt & Dowling, 1975).
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The relation between plate thickness ¢y and the overall thickness of longitudinal
stiffeners t,, was also investigated in (Tenchev, 1996) . It could be seen that small
differences in this ratio did not affect the shear lag, but with a difference of 0.05
> t¢/t, < 5, a variation of 30% was obtained.
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Figure 2.9: Shear lag coefficient (Tenchev, 1996).

2.10 Failure Modes

A structure’s ultimate strength is determined by its failure modes. For a SSP, the
failures can be divided into two categories: global collapse of the panel and local
collapse of the steel face plate or core (Romanoff & Kujala, 2002). The geometry
of the SSP and the load conditions determine which failure modes the structure
is sensitive to. Zenkert (1997) summarizes different failure modes for a corrugated
core, and these are reproduced in Figure 2.10.
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Figure 2.10: Failure modes: plate yielding and/or plate fracture, core shear failure,
2x face wrinkling, general buckling, shear crimping, face dimpling and local inden-
tation. Created by authors, inspired by Zenkert (1997).
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2.10.1 Global Collapse

According to Sandcore (n.d.), the most common reason for global collapse in a panel
is a result of a local collapse in the plate and/or in the core. If this is not what initiates
the collapse, the second most common cause is plastic buckling, which in turn can
lead to plastic hinges in sensitive areas, around welds or in the span’s middle.

2.10.1.1 Buckling of the Panel

A panel can buckle as a column if either the boundary and load conditions are
fulfilled or if the plate has a high slenderness ratio, meaning that the plate has a
high thickness-to-length ratio. For the former to be true, the panel must be supported
on two edges and subjected to a load acting on its entire width (Romanoff & Kujala,
2002). The critical buckling stress is based on the Euler theory with a modification
to account for a wider width in comparison to "real" columns. If the critical buckling
stress is reached, the panel will collapse because there is no post-critical strength in
a column (Al-Emrani & Akesson, 2020).
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Figure 2.11: Column buckling behavior.

For every other case that is not described in the previous section, the panel will
buckle as a plate (Romanoff & Kujala, 2002). If characterized by its slenderness
ratio, it has a low value, and the difference for the panel to behave as a plate is
that the slenderness ratio is compared to its width instead of length (Al-Emrani
& Akesson, 2020). Also, in contrast to the column behavior, the plate behavior is
characterized by its post-critical reserve strength.
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Figure 2.12: Plate buckling behavior.

This reserve strength comes from a redistribution of stresses that occur following
buckling. The stiffer parts of the panel that have not buckled attract the compression
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load while a transverse membrane in tension is formed in the buckled area, providing
the plate with additional strength. The last difference between the two can be seen
in the expression for the critical strength of plate buckling, and that is the buckling
factor k that describes the loading conditions.

2.10.1.2 Plastic Hinges

Studies to calculate the plastic hinge mechanism in SSP were conducted in (Chen
& Han, 1987). In the report, an upper and lower bound solution were presented.
The applicability of the methods is, however, limited due to the complex input
parameters. To use the methods, the plastic moment is needed as well as the deciding
failure mode.

2.10.2 Local Collapse Face Plate

Failure of the face plate can be divided into three failure mechanisms: buckling,
denting, or yielding (Romanoff & Kujala, 2002). However, for the specific case only
buckling and yielding are relevant.

2.10.2.1 Buckling

Local buckling failure in the face plate is assumed to occur due to shear stresses
and/or axial compressive stresses acting parallel or perpendicular to the stiffeners. If
a combination of the above stresses occurs, it is called a biaxial stress. The occurrence
of these stresses is common, and interaction formulas are applied to obtain accurate
answers (Romanoff & Kujala, 2002).
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Figure 2.13: Loads in top plate.

2.10.2.2 Yielding

If the maximum allowed stress exceeds the maximum principal stress in the plate,
yielding or fracturing of the steel component will occur (Zenkert, 1997). To calculate
the maximum stress in a SSP, the von Mises yield criterion is used. For SSPs with
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thick plates yielding will be the determining failure mode (Romanoff & Kujala,
2002).

2.10.3 Local Collapse Core

The core is subjected to loads parallel to the stiffener in the form of bending and
compression as well as in-plane shear load. These loads can be, as in the face plate,
treated separately or combined. The loading situation makes the core prone to buck-
ling and yielding. Plastic collapse can also occur due to high local loads from wheels.

2.10.4 Failure Modes in a Steel Sandwich Panel

A summary of the failure modes in a SSP are as follows:

e Yielding most likely caused by local loads, but can theoretically occur from
global loads.

o Buckling of the face plate in the weak direction.

o Buckling of the core due to locally applied wheel pressure.
o Buckling of the entire panel.

 Failure of the welds.

o Fatigue failure in the weld region.
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3

Current Practice of Pedestrian
Bridge decks and Core
Configurations

3.1 Current Practice of Pedestrian Bridge Decks

in Sweden

To understand the state of pedestrian bridges in Sweden, a review of 57 pedes-
trian bridges with conventional orthotropic steel decks is conducted on bridges built
between 1970 and 2015. From the review, four different bridge decks can be dis-
tinguished. The first, second, and third deck types consist of a top steel plate with
transversal stiffeners welded to it. The load is transferred directly to the main gird-
ers. The fourth deck type has transversal stiffeners, similar to the first deck type,
but with the addition of longitudinal stiffeners between the plate and the transversal
ones. In the majority of cases, the main girders of the bridges are made as trusses.
The different deck types are presented in Table 3.1 and illustrations can be seen
in Figure 3.1. The deck types are presented in plan, elevation and sectional view,
showing the various cross-section of the orthotropic steel decks in front of the lower
chord.

Table 3.1: Deck type information and mean weight per unit area.

Deck Type of Number of Mean weight per
type stiffeners bridges unit area [kg/m?]
1 Transversal I-beam stiffeners 17 114.8
2 Transversal rectangular stiffeners 21 100.4
3 Transversal trapezoidal stiffeners 6 108.0
4 Longitudinal stiffeners 13 123.3
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(a) Deck type 1. (b) Deck type 2.
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(c) Deck type 3. (d) Deck type 4.

Figure 3.1: Plan, elevation and sectional view for the different deck types.

The review of existing pedestrian bridges and the material consumption of their
orthotropic steel bridge decks will serve as a benchmark for studies with more eco-
nomical and sustainable bridges with lower material consumption. The amount of
material in the bridge decks is presented as weight per unit area of the deck. From
Table 3.1, it can be noted that the deck with transversal rectangular stiffeners has
the lowest mean weight per unit area. This deck type has been used throughout the
years but was most frequently used from the 1970s until the 1990s. The crossbeams
have historically been mechanically fastened to the face plate, yielding a sensitive
and corrosion-exposed connection. The bridge deck with both transversal and lon-
gitudinal stiffeners has the highest weight per unit area.

Figure 3.2 shows the material usage in weight per unit area over time for each deck
type. The dashed line indicates the trend line for each deck type. In general, most
of the bridge decks with a high weight per unit area have a thicker steel plate,
often 10-12 mm, and most of the bridges that have a low weight per unit area have
a thinner top plate, often 6-8 mm. However, the distribution of weight between
the top plate and core is not significantly changed but follows the distribution in
Table 3.4. It can, however, be noted that between 1970 and 1980, the top plate had
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commonly a thickness of 8 mm, and after 1980, it was increased to a thickness of
10 or 12 mm. Annex C of SS-EN 1993-2 (2006) states that the deck plate thickness,
t, should be greater than or equal to 10 mm (¢ > 10 mm) and the free distance
between the stiffeners, e, should be equal to or less than 40 times the plate thickness
(e < 40t).
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Figure 3.2: Material usage, weight per unit area over time.

The weight presented in Table 3.1 and Figure 3.2 shows the weight per unit area
of each deck type. Instead, Table 3.2 displays the weight per unit area divided into
decades. It can be noted that the weight was relatively low between 1970 and 1979,
which can be explained by previous reasoning of plate thickness. After 1980, the
mean weight per unit area has been rather unchanged, however, with large variations
between the maximum and minimum weights of each decade.

Table 3.2: Weight per unit area divided on decades.

1970 - 1979 1980 - 1989 1990 - 1999 2000 - 2009 2010 -

[kg/m?] [kg/m?] [kg/m?] [kg/m?] [kg/m?]
Max  116.1 168.2 155.4 137.5 155.1
Min  72.5 76.5 96.1 98.8 89.2
Mean 88.8 114.5 119.1 111.4 113.7

27



Chapter 3. Current Practice of Pedestrian Bridge decks and Core Configurations

Table 3.3 shows the plate thicknesses, center-to-center distances, widths, and lengths
for the bridge decks studied. The median thickness for all bridge decks is 10 mm,
and the largest thickness for all deck types is 12 mm. The thicknesses have no clear
correlation to the widths and lengths of the bridges. The commonly used width for
a pedestrian bridge is distinguished as being around 3 m, which applies to all bridge
types. Maximum and minimum values can be noted to be around 2 m and 4 m. The
mean center-to-center distance between the stiffeners is almost the same for all deck
types. However, the maximum and minimum values slightly differ, where deck type
1 has the maximum value and deck type 2 has the minimum value.

Table 3.3: Plate thickness, distance between stiffeners, width and length of each
deck type.

Deck Plate Distance between Width [m] Length [m]

type thickness [mm]| stiffeners [m]

1 Max 12 1.03 4.2 31.9
Min 8 0.49 2.5 6.0
Mean 104 0.72 3.3 18.5
Median 10 0.73 3.2 174

2 Max 12 0.90 4.0 45.1
Min 8 0.30 1.8 6.0
Mean 9.3 0.70 2.7 18.7
Median 10 0.73 3.0 16.0

3 Max 12 0.78 3.6 41.0
Min 8 0.60 3.0 17.0
Mean 9.7 0.71 3.3 26.4
Median 10 0.72 3.3 27.0

4 Max 12 0.82 4.1 394
Min 6 0.62 2.2 9.9
Mean 9.5 0.72 2.9 24.6
Median 10 0.71 3.0 26.6

In Table 3.4 it can be seen how much the plate and the core make up of the total
amount of steel in the bridge deck. In three out of four deck types, the face plates
make up for approximately 70% of the steel usage. For deck type 4, it can be noted
that the percentage of the core has increased since stiffeners in both transversal and
longitudinal directions are used, thus increasing the weight.
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Table 3.4: Proportion of plate and stiffener material.

Deck Plate weight per  [%] Stiffeners weight per [%]

type unit area [kg/m?] unit area [kg/m?|

1 79.6 71 332 29
2 73.3 71 29.6 29
3 76.1 71 31.8 29
4 75.5 59  51.5 41

The conventional way of connecting the crossbeams to the steel plate for bridge
type one can be seen in Figure 3.3. In the rectangular cross-section, the connection is
welded to the core and to the face plate, while for the I-beam it is bolted. Connections
conducted in this way exposes the structure to deterioration.

L 1 ]
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Figure 3.3: Plate connections for different for deck type 1 and 2.

A detailed summary of the collected data for each bridge is presented in Appendix
A.

3.2 Core Configurations

Different core configurations are possible for a SSP, in which the most significant
difference between them is the material consumption, production aspects, and the
shear stiffness in the direction orthogonal to the core (Nilsson Strand, 2020). The
following sections will describe the main characteristics of the most common core
configurations that can be used in SSPs.

3.2.1 Straight Webs

The elastic stiffness constants of a SSP with straight webs were first derived by
Holmberg (1950). The web-core sandwich panel is the most plain layout and is
symmetrical over two axes. Following that, elastic stiffness constants for various
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layouts of straight webs were derived, covering unsymmetrical sections over one axis
with a C-core (Fung, Tan, & Lok, 1993, 1996) and over two axes with a Z-core (Fung,
Tan, & Lok, 1994; Fung & Tan, 1998). The influence of patch load has been studied
by Naar (1997) and secondary bending stresses by Romanoff (2007). An illustration
of different core configurations for straight webs is shown in Figure 3.4. Straight
webs are a suitable option if an orthotropic behavior is desired.

RN

1 2 3

Figure 3.4: Core configurations with straight webs; (1) Web-core, (2) C-core, (3)
L-Core, and (4) Z-core.

3.2.1.1 Web-core and L-core

The web-core and L-core have similar layouts and can be material-efficient from a
theoretical point of view because of their plain layout. The possibility of optimizing
the cross-section have no restrictions regarding cutting and bending of the core
profiles, but may be restricted by welding difficulties and limitations regarding the
minimum distances between the stiffeners.

The web-core configuration are made with a full penetration weld between the core
and top face plate, and one stake weld between the core and bottom face plate.
However, difficulties regarding the accuracy of the stake weld with respect to the
web often makes it necessary to increase the web thickness, yielding an inefficient
design with regard to material consumption.

The addition of flanges in the L-core configuration enables the laser-welding tech-
nique to be used and allows for dual weld lines between the core and top face plate.
Thus, two stake welds between the core and top face plate, and one stake weld
between the core and bottom face plate, per core profile, are required. The stake
weld between the core and bottom face plate thus faces the same problem as the
web-core.

Depending on the desired distance between the stiffeners, the production can be
done in two ways. Either by placing all the core profiles in the right positions and
using spot welding and a jigg to keep them in place, or by placing and connecting
the core profiles one by one.

The layouts have a low transverse shear stiffness. If there are large distances between
the stiffeners, it may be vulnerable to local deformations caused by wheel pressures.
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3.2.1.2 C-core and Z-core

The C-and Z-core configuration have similar properties as the web-core and L-core,
with the addition of flanges in the bottom part of the core profile. Thus, laser-
welding and dual weld lines between the core and top face plate, and between the
core and bottom face plate are possible. What distinguishes the Z-core from the
C-core is the accessibility of the welding equipment, which yields a straightforward
welding procedure from directly above. The space required to fit the weld head
used for laser-welding of the C-core needs a certain height and distance between the
stiffeners.

3.2.2 Corrugated Core

The elastic stiffness constants of SSP with a corrugated webs with a trapezoidal
shape, namely a CCSSP, were first derived by Libove and Hubka (1951). Since then,
Nordstrand, Carlsson, and Allen (1994) and Nilsson et al. (2017a) have studied the
transverse shear stiffness of such a panel, and Nilsson et al. (2019) have studied the
influence of production parameters in a CCSSP. Design formulations for the truss-
core have been developed by Lok and Cheng (2000) and material formulations for
sinusoidal corrugated cores by Bartolozzi, Pierini, Orrenius, and Baldanzini (2013).
An illustration of different core configurations for corrugated webs is shown in Figure

7
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Figure 3.5: Core configurations with corrugated cores; (1) Trapezoidal-core, (2)
Truss-core, and (3) Sinusoidal-Core.

3.2.2.1 Truss, Trapezoidal and Sinusoidal Core

The increased shear stiffness seen in all three cross-sections is beneficial if less or-
thotropic behavior is desired. Both the truss-core and sinusoidal core have a small
contact point with the facing plates, which is favorable with respect to local mo-
ments and shear forces in the connection compared to the trapezoidal shaped core
(Alwan & Jérve, 2012). However, the small contact area restricts the truss-and sinu-
soidal core to having dual weld lines and is generally more difficult to produce. The
disadvantages of corrugated cores are that they are material-intensive and constitute
a large portion of the cross-sectional area of the panel.

In terms of manufacturing, all three cores can be created by folding a plain plate.
The critical part of the truss core and sinusoidal core is the process of welding the
core to the facing plates. Because of the small contact area, the accuracy of the stake
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welds are important, meaning that the welds needs to be applied in the exact right
spot from a perspective that hides the connection.

3.2.3 Hot-Rolled Cores

The elastic stiffness constants of a SSP with rectangular hollow sections (RHS) were
first derived by Romanoff and Kujala (2002). Further on, Bright and Smith (2007)
conducted fatigue tests on cores with two and four stake welds in each connection.
Hot-rolled sections have been proposed as a cost-effective solution because the core
is complete and requires no further preparation and is considered stable during
construction. An illustration of the different core configurations with hot-rolled cores
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is shown in Figure 3.6.

Figure 3.6: Core configurations with hot rolled cores; (1) I-core/IPE, and (2) O-
core/RHS.

3.2.3.1 Rectangular Hollow Section core and I-core

Hot rolled sections are available in a limited number of layouts and geometric profiles.
Because the process of folding and cutting sheets is eliminated, this is advantageous
for the production of a SSP. I-sections and rectangular hollow sections are examples
of geometric profiles that is suitable for this application and dual weld lines are
possible to obtain.

The limitation of the supply of hot rolled sections reduces the optimization from con-
tinuous to discrete variables in terms of height and width. Rectangular hollow sec-
tions are material-intensive and constitutes a large proportion of the cross-sectional
area, making it inefficient in terms of material usage. Additionally, hot-rolled sec-
tions have larger initial imperfections than folded profiles made by modern folding
techniques, which results in challenges in automized production.

The process of making a SSP out of I-beams is straight forward. However, due to
accessibility for the weld head to fit between, the height and the distance between
the I-beams can be a limiting factor. A SSP with a RHS-core can be manufactured
in one of two ways: first, by using stake welds from the outside to connect the core
and face plates. In order to complete both sides, the SSP must be rotated. Second,
in the corners of the O-core, the core can be welded to the face plate. The section
can then be enclosed with a second face plate, and stake welds can be done from
the outside.
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3.2.4 Multi-Supporting Cores

Romanoff and Kujala (2002) derived elastic stiffness constants for V-core. St-Pierre,
Deshpande, and Fleck (2015) studied the low velocity impact response and the
dynamic indentation response of a SSP consisting of Y-core. An illustration of the
different core configurations for multi-supporting cores is shown in Figure 3.7.

Y Y N7

Figure 3.7: Core configurations with multiple supports to the top plate; (1) Y-core,
(2) Y-core with flanges, (3) V-Core, and (4) V-core with flanges.

3.2.4.1 V-core and Y-core

The top plate is supported in two positions by both cores, and the loads are trans-
ferred to the bottom plate at a single point. This is advantageous in terms of local
loads caused by wheel pressure. Flanges can be used to enable dual weld lines in all
positions. Additional benefits include the ability to optimize geometric properties
due to the ease of producing cores and the accessibility of the welds. The Y-core
has the disadvantage of requiring two cold-formed profiles to be welded together to
complete the cross-section, causing distortions in the element prior to attachment to
the face plate. The V-core has the disadvantage of consuming a significant amount
of space.

Depending on the layout of the cross section, there are two ways of producing a
V-core. Six stake welds are required in each horizontal part if flanges are used. If
flanges are not used, full penetration welds between the top face plate and the core
can be used instead, with stake welds connecting the bottom face plate to the core. It
is possible to produce a Y-core, but is inefficient due to the previous stated reasons.

3.2.5 Multilayerd Cores

Studies covering multilayered trapezoidal shaped corrugated cores have been con-
ducted by Hou et al. (2015). The study focuses on both numerical and analytical
methods for stacked cores.

Multilayered core enables the creation of layers with different properties, such as a
first layer with closely spaced stiffeners to withstand local loads and a second layer
that is less dense because the load is spread over a larger area, thus reducing the effect
of local loads. Having layers in different directions improves the two-way bending
behavior. The disadvantages of the profiles include the need for more material since a
third horizontal plate is required, the fact that more material in the neutral axis does
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not always imply improved structural properties, and the fact that a multilayered
core requires greater height. The production of the various layers and the assembly
of the final panel both necessitate additional steps. Figure 3.8 illustrates different
ways of stacking corrugated cores.

Figure 3.8: Core configurations with multilayered cores; (1) Regularly arranged,

(2) Stagger arranged, and (3) First layer with closely spaced stiffeners and second
layer with sparsely spaced stiffeners.

3.3 Discussion

Conventional orthotropic steel decks have large weight variations but a relatively
high weight per unit area, implying that using SSPs could save weight. As a first
assumption, limiting the weight to approximately 100 kg/m? would make the SSP
competitive with the majority of OSDs.

Plate thickness must be at least 10 mm according to orthotropic steel deck require-
ments, which means that the steel sandwich panel’s two plates must not exceed 10
mm in total in order to save weight. The core stiffeners must also be arranged more
densely to resist the locally applied wheel load because the top plate thickness is
reduced. The height of the orthotropic plate stiffeners is important for the deck’s
bending stiffness in the strong direction, but it is not as important in the SSP design
because the addition of a bottom plate will contribute. In addition, the thickness of
the core stiffeners for a SSP may be reduced when compared to an OSD.

Several of the cross-sections presented have advantages such as increased stiffness
and good load-spreading properties, but have been deemed inapplicable due to pro-
duction constraints and weight consumption without further evaluation.

3.4 Conclusion

The aim of this study was to evaluate a set of existing bridges in terms of weight
and geometrical properties so that they could be used as a benchmark for further
analysis of a pedestrian bridge with a steel sandwich bridge deck. Furthermore,
the aim was to examine possible core configurations. The study has provided mean
weight per unit area values by year or bridge type, and the examination of core
configurations yielded three configurations that were suitable for the application at
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hand. The following conclusions can be drawn from the findings presented in this
section:

o If a SSP for pedestrian bridge application should be competitive against a
OSD, the weight per unit area should be limited to approximately 100 kg/m?,
with a certain variation due to the width of the bridge.

e The L-core, V-core and Z-core have the greatest potential in an optimized SSP
regarding production and weight consumption.

e The V-core and Z-core, both with flanges at the top, are beneficial in terms of
production aspects, as there are practically no restrictions on how tightly the
stiffeners can be placed.

e The L-core and Z-core are expected to have a similar structural behavior.
However, the Z-core will have a contribution from the additional flange, which
increases the weight but is advantageous from a production point of view.
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4

Global Analysis

4.1 Introduction

The aim of the global analysis is to study how the deck stiffness affects the bridge
response and to study the composite action between the deck and truss girders. In
the global analysis, the 3D structure of the bridge deck will be transformed into
an ESL by homogenization, which allows for multiple analyses in a short period of
time.

The modeled bridge is an existing bridge, originally with a conventional orthotropic
bridge deck. The software that have been used for the analyses is ABAQUS/CAE.

4.2 Geometry

The bridge to be studied is a pedestrian bridge consisting of a steel sandwich panel
connected to two longitudinal truss girders. An illustration of the bridge is shown
in Figure 4.1 with dimensions according to Figure 4.2.

Figure 4.1: Pedestrian bridge used in the case study.

37



Chapter 4. Global Analysis

e~

-

i
4370

/L 30000 /L

3750 37150, 310, 3750, 3150 3150 3750 3750
1 1 1 1 1

1885
T 1
wes |

1875L 3750 L 3750 3750 L 3750 L 3750 L 3750 L 3750 Lms

o - g i A o o+

30000

A-A

Figure 4.2: Geometry of the bridge panel and truss system.

The truss system illustrated in Figure 4.2 consists of hot-formed rectangular struc-
tural hollow sections with cross-sectional dimensions according to Table 4.1 and with
steel quality S355.

Table 4.1: Cross-sectional profiles used in the model.

Type Profiles Description

1 VKR 150x100x6.3 Diagonal chord

2 VKR 150x100x8 Horizontal end chord
3 VKR 150x100x10  Vertical end chord

4 VKR 180x180x10  Upper chord

5 VKR 250x150x6.3 Lower chord

The bridge deck used for this case study is made out of a steel sandwich panel with a
L-core configuration. An illustration of the panel can be seen in Figure 4.3 where all
the necessary notations are shown. The dimensions used in this study are presented
in Table 4.2.
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Figure 4.3: Cross-section of the steel sandwich panel used in the study.
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Table 4.2: Cross-sectional dimensions for the steel sandwich panel used in the
study.

Notation Description Value
hqg Cross-sectional height 100 mm
dg.c Spacing between the stiffeners 140 mm
da.f Width of the flange 50 mm
taty Thickness of the top plate 6 mm
tar Thickness of the web plate 4 mm
taiy Thickness of the bottom plate 4 mm
Ay wd Distance between the welds 20 mm
Adg.we Distance between the web and first weld 18 mm

4.3 Stiffness and Material Properties

The truss girders are modeled with beam elements. The elastic material model is
used in the truss system with Young’s modulus of elasticity set to 210 GPa and
Poisson‘s ratio set to 0.3.

Because the SSP is modeled as an ESL, the material parameters used to calculate
the stiffness parameters are inserted into the analysis using the general shell stiffness
model, as described in Section 2.9 where the full stiffness matrix is defined. The
calculation of the elastic stiffness constants can be seen in Appendix B.

4.4 Boundary Conditions and Constraints

The boundary conditions applied in the FE analysis are made to reflect a simply
supported behavior where the translation in y-direction is prevented in all four posi-
tions, the translation in x-direction is prevented on one side, and the translation in
z-direction is restricted in two positions to prevent rigid body motion. The boundary
conditions are set at the bottom of the vertical end beams.

AT TA

X

~<

A-A
(a) Boundary conditions in the (b) Boundary conditions in the
xz-plane. xy-plane.

Figure 4.4: Boundary conditions used in the model with ABAQUS notations.
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To model the composite action between the bridge deck and the truss system, kine-
matic couplings have been used. That means that the elements of the bottom chord
and the deck edges shear degrees of freedom are fused together with no relative mo-
tion between them. This is used to mimic the real behavior of a welded connection.

4.5 Mesh

The mesh used in the analysis consists of 3-node shear deformable beam elements
with second-order shape functions and 8-node shear-deformable shell elements with
second order shape functions.

e

Figure 4.5: Mesh distribution in bridge deck.

To know if the mesh size selected in the model had any effect on the results, a
convergence study was conducted. Where the results of the deflection and membrane
forces in the deck have been compared for different mesh sizes. The result of the
study can be seen in Table 4.3. The size of the mesh had no significant effect on the
result, as can be seen in the table. Each edge was divided into 30 elements, which was
found to be sufficient for a computationally efficient analysis with accurate results.

Table 4.3: Convergence study.

Edge division Max displacement [m] % Max membrane force [N] %

300 0.06505 0 342142 0
30 0.06505 0 342134 0

4.6 Locations of Interest

In order to study the behavior of the bridge deck and the influence of the stiffness
parameters, several locations of interest have been determined. These locations are
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illustrated in Figure 4.6 and created as paths in the FE-program in which load effects
can be extracted.

The locations of interest are divided into four sections in the transversal direction of
the bridge, where each section consists of four paths. These locations are specifically
selected to investigate the distribution of forces near the connection between the
diagonals in the truss system and the bridge deck.

Since the bridge is symmetric, only one side of the bridge deck is investigated. Section
1, consisting of paths 1-1, 1-2, 1-3, and 1-4, is located at the outmost part of the
bridge, followed by Section 2, Section 3, and Section 4, each section labeled with the
same systematics.

In the truss system, however, paths have been created in the longitudinal direction
of the bridge in the upper chord and the lower chord, respectively, also illustrated
in Figure 4.6.

Beam elements
used in analysis

Section &

Figure 4.6: Locations of interest.

4.7 Verification of the Model

To verify the model, the bridge has been subjected to a uniformly distributed load
corresponding to one of the three static models for vertical load according to Sec-
tion 2.5. The uniformly distributed load has a magnitude of 5 kN/m? and the load
combination used for the verification of deflections is the frequent combination of ac-
tions. According to SS-EN 1990 Annex A2 (2004), the partial coefficient for frequent
combination, 11, is set to 0.4.

The biggest difference can be noticed in the longitudinal direction, where a difference
of approximately 30% between them can be seen. This can be explained by the fact
that the Euler-Bernoulli theory is used in the analytical calculation, as explained
in section 4.8.3. In the transversal direction, a smaller difference can be noted,
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approximately 6%. However, in this case, the analytical solution presents a higher
value. The difference between them could be due to the boundary condition used in
the analysis, preventing translation in the y-direction for the girders.

Table 4.4: Verification of the model in terms of deflection.

Model Direction FEA [mm] Analytical [mm] Difference [%]

Global Longitudinal 14.4 11.3 27.4
Transversal 1.7 1.8 -5.5

4.8 Results from Global Analysis

The results of the global analysis, which included a linear static and linear buckling
analysis, will be presented in this section. The results are divided into four parts; the
first illustrates the force distribution in the deck, the second examines the bridge’s
response when stiffness parameters are changed, the third examines the impact of
shear lag on this bridge, and the fourth examines the composite action between the
bridge deck and truss girders.

4.8.1 Membrane Force Distribution

Figure 4.7 illustrates the membrane force distribution in the longitudinal direction
of the deck. Membrane forces have been studied due to the discrete nature of the
truss, where local effects are expected to arise near the truss joints.

SF, SF1

(Avg: 75%)
+3.991e+05
+3.525e+05
+3.059e+05
+2.593e+05
+2.127e+05
+1.660e+05
+1.194e+05
+7.281e+04 z
+2.620e+04

-2.041e+04
-6.7032+04
-1.136e+05
-1.603e+05 X

Figure 4.7: Membrane forces in the bridge deck.

Figure 4.8 shows the distribution of membrane forces in the bridge longitudinal
direction across the bridge deck according to the sections of interest presented in
Section 4.6. The membrane forces are largest in the mid section, furthest from the
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support, and decreases for each section closer to the support. The distribution of
membrane forces thus follows the global bending moment.

Compressive and tensile forces arise in the constituent parts of the truss in order
to achieve equilibrium. These forces are transmitted to the bridge deck, resulting in
local effects in the bridge deck’s outer areas, as shown for Sections 1, 2, and 3 of
Figure 4.8.

In Section 4 of Figure 4.8, however, no significant impact of the force transmittance
at discrete points can be noted which is reasonable since the shear force in mid span
is zero and therefore the diagonals contribution is limited. Furthermore, the effect
of shear lag may be present, as indicated by the graphs, and will be further treated
in Section 4.8.3.
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Figure 4.8: Membrane forces in sections across the bridge.

4.8.2 Altering Stiffness Properties

The relationship between the input and output variables of the model, i.e., the input
parameters in the general stiffness matrix and the resulting normal stresses, will be
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covered in this section.

Each variable will be altered from its initial value, by +20%, -20%, +40%, and -40%,
respectively. The initial stiffness parameters for the deck can be seen in Appendix
B and are in accordance with the layout presented in Table 4.2.

4.8.2.1 Upper Chord

Figure 4.9 and 4.10 shows the distribution of normal forces in the upper chord when
the axial stiffness, in-plane shear stiffness and bending stiffness in the longitudinal
direction are altered. When the parameters have been altered, no notable difference
can be seen in the figures. The maximum compressive stresses obtained from the
study are shown in Table 4.5, with just a slight difference between the cases.

The underlying idea of altering those parameters is for the load to transfer from
the strong direction to the weak direction when the stiffness in increased and the
opposite is expected when its decreased.

Table 4.5: Comparison of the normal forces in the upper chord when the axial
stiffness, in-plane shear stiffness, and bending stiffness are changed.

Stiffness parameter d,, dys D« Unit

Initial -144.6 -144.6 -144.6 MPa
Increased by 20%  -144.6 -144.6 -144.6 MPa
Decreased by 20%  -144.7 -144.6 -144.8 MPa

50

— Initial
— — Axial stiffness dxx increased by 20%
-..... In-plane shear stiffness dxz increased by 20%
ol —-—-Bending stiffness D, increased by 20%
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x-coordinate along the bridge [m]

Figure 4.9: Normal stress distribution in the upper chord when the axial stiffness,
in-plane shear stiffness, and bending stiffness are increased.
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Figure 4.10: Normal stress distribution in the upper chord when the axial stiffness,
in-plane shear stiffness, and bending stiffness are decreased.

4.8.2.2 Bridge Deck

Figures 4.11, 4.12, 4.13, and 4.14 show the normal stress distribution across the
bridge deck, extracted from Section 4-4. The general trend for all cases is that the
normal stresses decreases as the stiffness increases, and correspondingly, the normal
stress increases as the stiffness decreases. The effect, however, is marginal in most of
the cases. The axial stiffness of the trusses seems to have the largest impact of the
normal stress distribution. The normal stress distribution when the in-plane shear
stiffness is altered shows a deviant behavior in the bridge deck’s middle, where the
normal stresses decreases as the in-plane shear stiffness decreases.
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Figure 4.11: Normal stress distribution in the bridge deck when the axial stiffness

is altered.

In Figure 4.12 the effect of altering the bridge decks shear stiffness is shown. It can
be seen that a difference of 80% results in a modest change in normal stress and
that the curve straightens when the shear stiffness is increased.
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Figure 4.12: Normal stress distribution in the bridge deck when the in-plane shear

stiflness is altered.
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Figure 4.13: Normal stress distribution in the bridge deck when the bending stiff-

ness is altered.
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Figure 4.14: Normal stress distribution in the bridge deck when the axial stiffness
in the trusses is increased.

4.8.3 Shear Lag

Shear lag causes an uneven normal stress distribution in flanges, which is generally
less of a concern in bridges with a SSP because the in-plane shear stiffness is higher.
An OSD with an approximate equivalent area has been modeled for comparison to
see if the designed bridge deck tends to suffer from shear lag. The stiffness parameters
of the OSD can be seen in Appendix C.

Figure 4.15 shows the normal stress distribution across the bridge deck, extracted
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from Sections 1-2, 2-2, 3-2, and 4-2, for the sandwich deck and orthotropic deck,
respectively. There is a modest difference between the normal stress distribution of
each section and as expected the shear lag effect is increasing closer to the support.
However, the shear-lag effects are modest and the difference between the two decks
is also modest. According to Figure 2.9, a bridge with a low ratio of W/L and E/G,
should have negligible shear lag effect.

60 60
— —— Sandwich deck with L-core — —— Sandwich deck with L-core
E — — Conventional orthotropic deck ,5_“ — — Conventional orthotropic deck
= =
% 40 % 40
[%] [%]
< 4
? ®
© © - =
£ 20 £ 20
S S
z z
0 - - - 0 - - -
0 1 2 3 4 0 1 2 3 4
z-coordinate across the bridge [m] z-coordinate across the bridge [m]
(a) Section 1-2. (b) Section 2-2.
60 60
—_ — Sandwich deck with L-core —_ —— Sandwich deck with L-core
g — — Conventional orthotropic deck § — — Conventional orthotropic deck
% 40 % 40
%] 7 S N —
< S S U Qo
@ ®
© ©
£ 20 £ 20
S ]
=z =z
0 - - - 0 - - -
0 1 2 3 4 0 1 2 3 4
z-coordinate across the bridge [m] z-coordinate across the bridge [m]
(c) Section 3-2. (d) Section 4-2.

Figure 4.15: Shear lag effect in sections across the bridge, full bridge length.

The studied bridge is modeled with half of its length to demonstrate how length
affects the shear lag effect. The sections of interest are Sections 1-2 and 2-2; which
corresponds to 1/4 and 1/2 of the full length span, respectively. The results are
shown in Figure 4.16, and it can be seen that a shorter span length results in a
increased shear lag effect, although, the effect is modest.
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Figure 4.16: Shear lag effect in sections across the bridge, half bridge length.

4.8.4 Composite Action Between the Truss System and
Bridge Deck

A comparative study was carried out to examine the impact of including the com-
posite action between the bridge deck and truss system. In the case of including
composite action, kinematic couplings as described in Section 4.4 are used. In the
opposite case, that means excluding the composite action between the bridge deck
and truss system; only the truss system is modeled and the uniformly distributed
load is transformed into a line load applied to the lower chord of each truss. Figure
4.17 shows the difference between the two models.

(a) Composite action included. (b) Composite action excluded.

Figure 4.17: Models to examine the composite action between truss system and

bridge deck.

4.8.4.1 Deflection

Figure 4.18 shows the deflection when composite action is included and excluded,
respectively. In both models, the deflection are obtained along the lower chord.
Because the load is applied over the length of the bridge, the lines are not smooth
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but vary locally along the x-axis. A significant difference can be seen between them,
with the greatest difference occurring in the middle of the bridge, which is reasonable
given that the deck provides additional bending stiffness to the structure.
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Figure 4.18: Deflection with and without composite action between the bridge
deck and truss system.

4.8.4.2 Normal Stresses in Upper Chord

Figure 4.19 shows the normal stresses in the upper chord, including composite action
and excluding composite action, over the beam length. In the case of composite
action, there is a slight increase in normal stress which is insignificant.

—— Composite action included
20 - — — Composite action excluded
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Figure 4.19: Normal stresses in upper chord with and without composite action
between the bridge deck and truss system.
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4.8.4.3 Normal Stresses in Lower Chord

Figure 4.20 shows the normal stresses in the lower chord, including composite action
and excluding composite action, over the bridge length. The normal stress originates
from the axial force in the chord. The model excluding composite action has the
distribution of normal stresses as the upper chord in Figure 4.19, which is to be
expected given normal force the load transfers in discrete points.

However, a different shape can be seen in the model which includes composite action.
Instead, the force is distributed along the bridge deck, giving the curved distribution
between the truss joints.
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Figure 4.20: Normal stresses in lower chord with and without composite action
between the bridge deck and truss system.

4.8.5 Buckling Analysis

The determining failure mode in the design of a pedestrian bridge truss girder is
buckling out of the plane of the upper chord. The buckling sensitivity is dependent
on the decks stiffness. Three different analyses were carried out, with the following
constraints and prerequisites:

1. The lower chord is prevented to translate in the z-direction but free to rotate
about the x-axis, shown in Figure 4.21. Half of the uniformly distributed load
acts on the lower chord as a line load. This serve as a lower bound.

2. The deck is modeled with composite action between the bridge deck and truss
system, with the transversal bending stiffness being the governing factor for
how the lower chord behaves in terms of translation and rotation, shown in
Figure 4.22. The load is a uniformly distributed load acting on the bridge deck,
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described in section 2.5.

3. The lower chord is prevented to both translate in the z-direction and rotate
about the x-axis, shown in Figure 4.23. Half of the uniformly distributed load
acts on the lower chord as a line load. This serve as a upper bound.

Y

A

z X

Figure 4.21: Boundary condition and buckling mode for Case 1. Eigenvalue = 3.58.

Figure 4.22: Boundary condition and buckling mode for Case 2. Eigenvalue = 4.49.

z X

Figure 4.23: Boundary condition and buckling mode for Case 3. Eigenvalue = 4.89.

With the normal force in the upper chord given and the eigenvalues obtained from
the linear static and linear buckling analyses, the reduction factors x are obtained.
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Table 4.6 summarizes the final results, where Case 2 is close to the upper bound
solution.

Table 4.6: Reduction factor.

Case Description Eigenvalue A X

1 Composite action excluded, UR1 free 3.58 1.091 60.2%
2 Composite action included 4.49 0.966 68.9%
3 Composite action excluded, UR1 prevented 4.89 0.933 71.2%

The bending stiffness in the strong direction is the most important parameter in
the deck with regard to buckling in the upper chord. For further study, a deck with
approximately twice the bending stiffness of the SSP was modeled to see the effect of
that parameter. The buckling mode and eigenvalue of that simulation are shown in
Figure 4.24. Thus, a major increase in bending stiffness only gives a modest further
increase in normal force capacity of the upper chord.

U, Magnitude
+1.000e+00
+9.167e-01
+8.333e-01
+7.500e-01
+6.667e-01
+5.833e-01
+5.000e-01
+4.167e-01
+3.333e-01
+2.500e-01
+1.667e-01
+8.333e-02
+0.000e+00

Figure 4.24: Buckling mode when the bending stiffness in transverse direction is
increased. Eigenvalue = 4.66.

4.9 Discussion

The purpose of the global analysis was to investigate the structural behavior of the
bridge. This was done by changing the stiffness parameters in the deck and studying
normal stresses in the bridge deck and longitudinal chords of the truss, and results
between a model with and without composite action was compared. Since only the
global load effects was studied the bridge could be modeled as an ESL.

The results from the global analysis showed the normal stresses in the deck induced
by the loading were low and that altering the bending and shear stiffness had an
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insignificant effect on the normal stresses. However, an effect could be seen when the
axial stiffness in the longitudinal direction was altered. The modeling of different
core configurations was not done in the global analysis. This was justified because
of the limited effect altering the stiffness parameters had.

The codependency of the parameters is not taken into account, which means that
results that are dependent on the change of two or more parameters will be missed
because one parameter is changed at a time and then reverted to the initial condition
before changing the next.

Modeling the bridge deck as a two-dimensional equivalent single layer with stiffness
parameters as an input to the model gives the ability to easily change the parameters
given the geometry. This approach can be beneficial at an early stage and give
indications for design improvements. However, the global analysis does not show
the effects of locally applied load, i.e., a service vehicle, and thus a local analysis is
required to further investigate that behavior.

4.10 Conclusion

To obtain the bridge’s structural response subjected to a uniformly distributed load,
it was modeled in the finite element program ABAQUS/CAE. To illustrate its com-
posite action as well as showing the influence of altered stiffness parameters and
shear lag, two models where established. One that includes the bridge deck and one
that excludes the deck and is subjected to half the load. From the results of the
studied bridge the following can be concluded:

o The global analysis indicates that altering of bending and shear stiffness in the
deck did not have a significant impact on the distribution of normal stresses in
the bridge deck. However, a considerable effect could be seen when the axial
stiffness in the bridge deck was altered.

o The effect of shear lag was marginal for both a bridge with a SSP and an OSD.

o A study of the composite action between bridge deck and girder indicated
that its important to consider composite action, it reduces the stresses and
the deflection.

» Composite action gives normal stresses in the deck in the bridge’s longitudinal
direction, however only of a modest magnitude. Furthermore, in the deck sides,
at truss joints, composite action gives rise to additional local forces in the deck
that need to be considered.

o Including composite action has no effect on the normal force in the upper

chord.
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o In the buckling analysis, the degree of rotation of the lower chord was shown
to be close to fully fixed for the analysis including interaction.
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D

Local Analysis

5.1 Introduction

In the global analysis, the bridge deck was modeled as a shell with elastic stiffness
constants. That is a good way to model if the load is distributed and global defor-
mations are to be predicted, but it lacks the ability to predict the stress distribution
in the constituent plates of the deck. If the load to be applied is due to local wheel
pressure, the correct response is not obtained due to the discrete nature of the steel
sandwich panel.

The aim of the local analysis is to examine the local effects due to wheel pressure
from a service vehicle. The geometry and cross-sectional parameters are the same
as in the global analysis. However, in the local analysis, a part of the bridge deck is
modeled as a 3D structure while the rest of the bridge deck is maintained as in the
global analysis, which can be seen in Figure 5.1. This approach makes it possible to
interpret local stress distributions in the constituent plates of the deck.

Section remodeled in
local analysis

Figure 5.1: Model used in local analysis.
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5.2 Load Position

In order to study the effects due to locally applied loads, one of the three static
models for vertical loads due to traffic, as described in Section 2.5, is used. The load
representing a service vehicle, Qgery, consists of a load axle pair of 80 kN and 40 kN
each with a contact area of 0.2 x 0.2 m.

Two load positions have been determined. For both placements in the transverse
direction, one of the wheels in the pair is placed in the middle, that is, W/2. The
longitudinal placement of the axle loads is thereby separated by the two cases:

(a) The heaviest axle load is placed at a truss joint, which is the connection be-
tween the diagonals in the truss system and the bridge deck.

(b) The heaviest axle load is placed in between two truss joints.

The two load positions are illustrated in Figure 5.2 and 5.3, respectively.

L/2 L/2

Local part

Figure 5.2: The heaviest axle load is placed at a truss joint, load position (a).

L/2 L/2

Local part

Figure 5.3: The heaviest axle load is placed between two truss joints, load position

(b).

5.3 Mesh

The element type used in the local analysis is the same as in the global analysis,
which is quadratic elements with quadratic shape functions. To avoid singularities,
obtain accurate results, and have a computationally efficient simulation, a denser
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mesh was chosen in the parts adjacent to the load, which declined towards the deck
with general shell stiffness. Edge divisions on the previously mentioned partitions
were made to obtain such a mesh. The chosen mesh sizes can be seen in Table 5.1.

Table 5.1: Mesh size in the constituent members of the bridge.

Element Edge Description Size [mm]
Top plate X Mesh size between cores 10
Top plate X Mesh size between weld lines )
Top plate X Mesh size on load application area 10
Top/bottom plate  Z Mesh size in the deck 43
Core

Top/bottom plate  Z Mesh size on load application area 30
Core

Bottom plate X Mesh size in bottom plate 10
Truss (ESL) X Mesh size in truss 50
Truss (3D) X Mesh size in truss 5
Bridge deck (ESL) X Mesh size in global bridge deck 43
Bridge deck (ESL) 7Z Mesh size in global bridge deck 50

All parts of the system are set up separately and then connected with kinematic
couplings.

5.4 Verification of The Model

To verify the model, a convergence study and a comparison of the deflections are
performed. The convergence study is performed with respect to the von Mises stress
distribution, and the deflections are compared with the results from the global anal-
ysis and analytical calculations.

5.4.1 Convergence Study

A convergence study was carried out with regard to the von Mises stress distribution.
The convergence study covers the top plate, core, and bottom plate, and the von
Mises stresses are obtained from a path directly under the axle loads. The result of
the convergence study can be seen in Figure 5.4 where the error from a converged
solution is plotted against the total number of elements in the top plate, core, and
bottom plate, respectively. The circles represent the chosen mesh size and give an
error of less than 1%.
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Figure 5.4: Convergence study. The circles are representing the chosen mesh size.

5.4.2 Deflection

Figure 5.5 shows the deformed shape and deflection obtained from the finite element
analysis, and Table 5.2 presents the maximum values. The biggest difference can be
noticed in the longitudinal direction for both the numerical and analytical solutions.
A difference between them is expected since the analytical calculation is based on

the Euler-Bernoulli theory and, therefore, shear deformations in the truss are not
considered.
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Figure 5.5: Deformed shape and deflection in transversal and longitudinal direction
of the bridge.

Table 5.2: Comparison of the analytical and numerical solution.

Model Direction Analytical Numerical L/400 Difference

[mm] [mm] [mm]  [%]
Global Longitudinal 11.3 14.4 75 27.4
Transversal 1.8 1.7 11 -5.5
Local Longitudinal 11.3 14.5 75 28.3
Transversal 1.8 1.8 11 0

5.5 Result from Local Analysis

The results from a linear static analysis of the local model will be presented in
this section. The results are presented for the top plate, bottom plate, and core
separately. The stresses in the constituent plates of the deck, in the vicinity of
the connection between the bridge deck and lower chord, are also investigated and
compared to a rotationally constrained condition. Figure 5.6 shows the von Mises
stress distribution on the deformed shape of the model, showing the effect of the
locally applied wheel pressure.
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Figure 5.6: Von Mises stress distribution on deformed shape, whole bridge deck
modeled in 3D. Scale factor 50.

5.5.1 Stress Distribution in the Top Plate

Figure 5.7 and 5.8 shows the von Mises stress distribution in the top plate plate for
load position (a) and (b), respectively, in Pa. The stresses are obtained by extracting
the stresses from the top surface of the top plate. The distribution of stresses in the
top plate shows high local stress maximums directly under the heaviest axle load.
The Von Mises stresses obtained for the top plate can be compared against the yield
stress of the material.
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Figure 5.7: Von Mises stress distribution in the top plate for load position (a).
Units in Pa.
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Figure 5.8: Von Mises stress distribution in the top plate for load position (b).
Units in Pa.

Figure 5.9 and 5.10 show the normal stress distribution in a longitudinal and transver-
sal direction in the top plate, respectively, caused by local bending. The stresses are
extracted from the top surface of the top plate. The distribution of normal stresses
in the longitudinal direction is shown in figures 5.9(a) and 5.10(a), where the max-
imum compressive stresses in the plate arise between the core stiffeners and the
maximum tensile stresses arise in the adjacent area of the core-to-face joint. Figures
5.9(b) and 5.10(b) show the distribution of normal stresses in the transverse direc-
tion, where the maximum compressive stresses occur, but with a slightly smaller
magnitude, in the above-mentioned location. The tensile stresses in the adjacent
area of the core-to-face joint, however, are negligible. Instead, the maximum tensile
stresses in the transverse direction arise at the edges of the bridge deck, where the
deck is connected to the lower chord acting as support.

However, the distribution of normal stresses varies depending on whether the wheel is
placed directly above a core stiffener or in between the core stiffeners. In the studied
case, the maximum compressive stress in the longitudinal direction was found when
the center line of the heaviest axle load was placed in between two core stiffeners, as
seen in Figure 5.9. Similarly, the maximum tensile stress in the longitudinal direction
was found when the center line of the heaviest axle load was placed directly above
a core stiffener, as seen in 5.10.
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Figure 5.9: Normal stress distribution in the top plate, heaviest axle load placed
between the core stiffeners.
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Figure 5.10: Normal stress distribution in the top plate, heaviest axle load placed
directly above a core stiffener.

Figure 5.11 shows the distribution of normal stresses in the longitudinal direction
of the top plate, directly above a core stiffener, corresponding to the two wheel
placements previously described. The tensile stresses in the adjacent area of the
core-to-face joint, shown as the red area in Figures 5.9 and 5.10, can be seen as the
peak value in the figure. The zero point refers to the center line of the core and the
core-to-face connections seen to the left refer to the two weld lines.
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Figure 5.11: Normal stress distribution in the top plate, directly above the core
stiffener.

Figure 5.12 shows the distribution of normal stresses in the longitudinal direction of
the top plate over several core stiffeners when the wheel is placed in between the core
stiffeners and when the wheel is placed directly above a core stiffener, respectively.
The solid lines represent when both the displacement and rotational degrees of free-
dom in the kinematic coupling between the core and facing plates are constrained,
corresponding to a fully rigid weld region, and the dashed lines represent when only
the displacement degrees of freedom in the kinematic coupling are constrained, cor-
responding to a hinged connection. The actual behavior is somewhere in between a
rigid and hinged connection.

As previously mentioned, the tensile stresses in the top fiber of the top plate in the
adjacent area of the core-to-face joint, shown as the red area in 5.9 and 5.10, can be
seen as the local maximums in Figure 5.12. The compressive stresses in the top fiber
of the top plate can be seen as the local minimums, seen as the blue area in Figure 5.9
and 5.10. The compressive stresses are slightly larger when the wheel load is placed
in between the core stiffeners, but the tensile stresses are almost the same regardless
of how the load is related to the core stiffeners. The difference between constraining
the rotational degrees of freedom or not does not have a significant impact on the
normal stress distribution in the top plate. However, the weld stiffness is likely to
have an impact on the stress in the weld itself, if this is to be predicted.
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Figure 5.12: Normal stress distribution in the top plate, over several stiffeners.

5.5.2 Stress Distribution in the Bottom Plate

Figure 5.13 and 5.14 shows the von Mises stress distribution in the bottom plate for
load position (a) and (b), respectively, in Pa. The stresses are obtained by extracting
the stresses from the bottom surface of the bottom plate. The distribution of stresses
in the bottom plate shows high local stress maximums directly under the heaviest
axle load, but not as significant or high as the stresses obtained for the top plate
as they are transferred through the core and distributed over a larger area. The
maximum von Mises stresses are obtained at the edges of the bridge deck, where
the deck is connected to the lower chord. The von Mises stresses obtained for the
bottom plate can be compared against the yield stress of the material.
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Figure 5.14: Von Mises stress distribution in the bottom plate for load position

(b). U

nits in Pa.

5.5.3 Stress Distribution in the Core

Figure 5.15 shows the von Mises stress distribution on the deformed shape of the
model. High local bending stresses caused by the wheel loads can be observed mainly
in the longitudinal direction of the core. The stresses in the core are significantly
higher than those in the facing plates.
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Figure 5.15: Von Mises stress distribution on deformed shape, local deformation
under wheel pressure. Units in Pa.

Figures 5.16 and 5.17 show the distribution of normal stresses in longitudinal and
transversal directions, respectively, where the locally applied wheel load is shown.
Exceptional high compressive stresses in the longitudinal direction can be seen in
the flanges of the core adjacent to the core-to-face connection, directly under the
wheel load. Similarly, high tensile stresses can be seen in the same region but in the
vertical part of the core. Except in the area in which the wheel loads are applied,
the stresses in the core are low.
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(a) Stress distribution and position (b) Stress distribution in the deck at
of axle loads. the heaviest wheel axle load.

Figure 5.16: Distribution of normal stresses in longitudinal direction.

68



Chapter 5. Local Analysis

s, 522
SNEG, (fraction = -1.0)

/ SHES, (1o
+3.845e+08
+2.802e+08
+1.759e+08
+7.157e+07
-3.273e+07
-1.370e+08
-2.413e+08
-3.457e+08

A -4.500e+08

-5.543e+08
-6.586e+08
I -7.629e+08

-8.672e+08

Y

z X

(a) Stress distribution and position (b) Stress distribution in the deck at
of axle loads. the heaviest wheel axle load.

Figure 5.17: Distribution of normal stresses in transverse direction.

The model that is used in the analysis does not consider contact between the core
and facing plates, and thus, a significant positive influence of the stresses that arise
from the locally applied wheel pressure and the lever arm between the vertical plates
and welds is excluded. However, the analysis indicates that contact between the core
and facing plates and vast modeling of the welding region is of great importance for
the stress magnitudes in the constituent plates of the deck, especially in the core.

5.5.4 Degree of Constraint

In order to show the degree of constraint the bottom chord puts on the bridge deck,
a section adjacent to the truss girder in the 3D part of the SSP in the model has
been analyzed. Figure 5.18 shows the location of interest, a path in the longitudinal
direction of the bridge adjacent to the lower chord, where membrane forces have
been extracted.

Section used in
analysis

Figure 5.18: Section used to analyze the degree of constraint.

Figure 5.19 shows the stress distribution in the top and bottom plates along the
previously described path. The highest magnitude is due to the heaviest axle load
of 80 kN, and the lower peak is due to the lower axle load of 40 kN. The load is
placed according to load position (a).

It can be noted that the compressive stresses in the transversal direction in the
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bottom plate are slightly higher than the tensile stresses in the transversal direction
in the top plate due to the distance from the neutral axis and the thickness of the
plate. The solid lines represent the real case when the plate is attached to the lower
chord. The lower chord is here free to rotate about its own axis. The dashed lines
represent a case when the lower chord is prevented from rotating about its own axis
and thus captures a rotational constraint behavior. The maximum compressive and
tensile stresses for load position (a) are presented in Table 5.3.

Table 5.3: Stresses in top and bottom plate for load position (a).

Load position Part Lower chord Stress [MPa]

(a) Top plate Free to rotate 62.4
Prevented to rotate 89.4

(a) Bottom plate Free to rotate -94.5

Prevented to rotate -140.4

200 100
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(a) Tensile stresses in top plate. (b) Compressive stresses in bottom
plate.

Figure 5.19: Stresses in top and bottom plate, load position (a).

Figure 5.20 shows the stress distribution in the top and bottom plates along the
path described in Figure 5.18. The peak is due to the heaviest axle load of 80 kN
and the other axle load is outside the limits of the plate modeled in 3D. The load is

placed according to load position (b).

The maximum compressive and tensile stresses for load position (b) are presented
in Table 5.4. The stresses obtained from placing the load according to load position
(b) give slightly lower results than for load position (a). Since the axle load is placed
close to a truss joint in load position (a), this gives a higher degree of constraint.
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Table 5.4: Stresses in top and bottom plate for load position (b).

Load position Part Lower chord Stress [MPa]

(b) Top plate Free to rotate 53.2
Prevented to rotate 85.5

(b) Bottom plate Free to rotate -83.8

Prevented to rotate -135.6
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Figure 5.20: Stresses in top and bottom plate, load position (b).

The degree of fixation can thus be obtained by the ratio between the free and fixed
conditions and is presented in Table 5.5 in terms of bending moment. The highest
degree of fixation is obtained for load position (a) at 70% and the lowest is obtained

for load position (b) at 62%.

Table 5.5: Bending moments and degree of contraint in the deck edge for load

position (a) and (b).

Load position Lower chord Bending moment Degree of
(in bridge deck) [kNm/m] constraint [%]
(a) Free to rotate 38.4 69.8
Prevented to rotate 55.1
(b) Free to rotate 32.8 62.2

Prevented to rotate 52.7

There is a noticeable difference between the maximum stress level for load positions
(a) and (b). In general, higher stresses occur when the load is placed in position (a).
The truss joints are stiffening the lower chord in that region and thus attract more

load, resulting in higher stresses.
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5.6 Discussion

The purpose of the local analysis was to investigate the response of the bridge deck
due to the effects of locally applied load. In order to keep the analysis time short,
only parts of the bridge deck were modeled as a 3D shell structure, while the rest
was kept as an ESL. The deflection verification and comparisons to the previously
developed ESL model validated this model.

The local analysis showed local stress maximums in the core, especially in the ad-
jacent area of the core-to-face connection. High stresses were also observed in the
top plate, directly under the applied wheel load. The local bending stresses in the
longitudinal direction of the core were remarkably high as a result of not including
contact between the core and top plate in the analysis. The stress is thought to
decrease when contact is included. In general, including contact in the analysis is
considered favorable but needs to be verified to account for it.

When both the displacement and rotational degrees of freedom in the kinematic
coupling are constrained, the behavior corresponds to a fully rigid weld region. In
the other case, if only the displacement degrees of freedom in the kinematic coupling
are constrained, the behavior corresponds to a hinged connection. When the SSP
deforms due to the directly applied load, the rotational angles between the facing and
core plates will diverge, which means that the weld region is not rigid. To capture
the real behavior, a rotational spring that accounts for the weld region rotational
stiffness should have been used instead.

The location of the wheel loads is important to consider for further analysis, and
a more thorough investigation of the worst load case is necessary by taking into
account the most unfavorable load case by examining the longitudinal and transverse
position of the wheel loads. A study example demonstrated that wheel placement
in relation to the core stiffeners is also an important factor to consider.

However, the stress magnitudes indicate that the effects due to local action are more
critical than global action. Except for the locally concentrated stresses, the analysis
showed that the degree of utilization in the remaining parts is relatively low.

Plate buckling in the lower plate between the stiffeners in the transversal direction
can be determining in the design. However, in this specific case, part of the plate was
in cross-section class three and no further studies have been conducted regarding
buckling.

The results are based on the geometry of an existing bridge with one core configura-
tion. In order to get a more comprehensive view of different core configurations and
geometries and their impact on the bridge response, several configurations and dif-
ferent geometries could have been modeled. However, this study was a starting point,
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which gives indications and a direction for further improvement and optimization.

5.7 Conclusion

To investigate the bridge’s structural response subjected to locally applied wheel
pressure, it was modeled in the finite element program ABAQUS/CAE. To show
the stresses in the constituent plates of the bridge deck, the middle section was
remodeled from an ESL to a 3D structure with shell elements. From the results of
the studied bridge, the following can be concluded:

o The stress magnitudes from the locally applied wheel pressure are significantly
larger than the stress magnitudes from a distributed load, especially in the core
and top plate.

e The degree of rotation neither corresponded to a simply supported or fixed
condition, where the first is used to calculate maximum deflections in the
transversal direction and the latter is used to calculate stresses at the bound-
aries, respectively. The degree of constraint rather corresponded to a value
between the extremes, approximately 60-70%.

o The weld rotational stiffness does not have a significant impact on the stress
magnitudes in the bridge deck and its constituent plates.
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Production and material

In the previous chapters, the structural respone of a bridge with a sandwich panel has
been studied. This chapter will focus on the SSPs feasibility regarding production
and investment economies. The result of this will be compared to a conventional
deck.

6.1 Steel Sandwich Panel with V-Core

The V-core with flanges is determined to be the most interesting core configuration
for further investigation regarding production and material due to the possibility of
optimizing the design with little restriction in production.

6.1.1 Design

The design of the studied V-core is illustrated in Figure 6.1. Since the structural
response of the V-core has not been investigated, emphasis has been put on obtaining
a design similar to the L-core. Due to the additional contact point in each unit of
the V-core, the number of stiffeners is halved in comparison to the L-core.

200

L0, 60, 60, L0, 40

1

Y

| |

Figure 6.1: Design of the V-core used in the sandwich panel. Dimensions in mm

90

An illustration of the comparison between a V-and L-core can be seen in Figure
6.2 where the height and plate thickness are kept the same and thus the resulting
cross-sectional areas are comparable.
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B

Figure 6.2: Comparison between a L-and V-core configuration.

6.1.2 Production

In the assembly of the bridge deck, the core is welded to the face plates. This is

preferably done with stake welds since the accessibility is not restricted. Two weld

lines are advantageous at each contact point to get a sufficiently strong connection,

which results in six weld lines for each core unit. A reasonable production sequence
for a SSP with a V-core can be seen in Figure 6.3 and are summarized as follows:

1.
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The face plates and the core profiles are purchased by an external manufacturer
and delivered to the workshop in the correct lengths, widths, and profiles.
Alternatively, this step can be performed directly in the workshop.

The top plate is placed in the manufacturing area and the core profiles are
placed upside-down at the right positions using robotics, i.e., the side with the
two flanges is turned downwards.

A proper clamping system is used to ensure contact between the core profiles
and the top plate and to avoid weld distortions, and spot welding is performed
to keep the components in place.

. Laser welding with two stake welds at each contact point is performed, i.e.,

four weld lines per core unit. The laser welds are performed in a continuous
manner from one side of the panel to another.

The bottom plate is placed on the assembled parts in the right position using
robotics.

Laser welding is performed from the outer surface of the bottom plate with
two stake welds per core unit.
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Figure 6.3: Production procedure for the sandwich panel with V-core. Spot welding
and joint between core and lower chord is excluded.

The connection between the lower chord and the bridge deck is preferably performed
with hybrid laser arc welding at the workshop. The connection is illustrated in Figure
6.4 and shows the weld between the core and lower chord and the longitudinal
weld between the upper face plates and lower chord, respectively. The weld between
the lower plate and the lower chord is not illustrated but will be the same as the
weld between the upper plate and the lower chord. If accessibility is restricted, gas
metal arc welding might be needed between the core and lower chord. If there are
restrictions on the width of the completed bridge deck with regard to transportation,
the connection between the SSP and lower chord may need to be welded on the
construction site.

Lower chord

V-Core

A Weld befween core and lower chord
=5
Weld fo lower chord ]
T
A
= Upper fate plate

Figure 6.4: Weld required for the connection between the lower chord and bridge
deck.
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6.1.3 Material

In Table 6.1 the amount of material required for the bridge can be seen. The deck’s
dimensions are the same as those used in the structural analysis, with a length of
30 m and a width of 4.37 m. It can be noted that the weight per unit area for the
V-core is approximately the same as for bridge type 3, as seen in Table 3.1.

Table 6.1: Material consumption for the V-core.

Length [m] Width [m] Total weight [ton] Weight per unit area [kg/m?]
30 4.37 14.8 108.7

6.1.4 Welding

As the bridge is 30 m long, it can be manufactured in one piece, which is ad-
vantageous as several SSPs do not have to be welded together longitudinally with
connecting elements. This means that only stake welds are needed to connect the
core to the face plates. The resulting time can be obtained by multiplying the total
weld line length with the welding speed from the laser. In conversation with a man-
ufacturer, a welding speed of 3.5-4 m/min can be assumed for stake welds through a
4 mm plate. According to the manufacturer, active welding accounts for 40-50% of
total production time. With these parameters, the extremes of the total production
time can be estimated, which is presented in Table 6.2.

Table 6.2: Production time for the V-core.

Weld line Stake weld Assembly, spot  Total

C Nr. weld li

ase r. weld lines fm] time [h] weld and etc [h] time [h]
(1) 3.5 m/mlp, 648 2831.8 13.48 20.23 33.7
40% production

50% production

6.2 Conventional Orthotropic Steel Deck

As shown in Chapter 3, an OSD with trapezoidal stiffeners in the transversal direc-

tion is common for pedestrian bridge applications and will serve as a comparison to
the SSP with a V-core.
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6.2.1 Production

An OSD is manufactured by welding the stiffeners to the deck plate. To obtain a
sufficiently strong connection, several weld passes may be needed. Since gas metal
arc welding is used to connect the stiffeners, the stiffeners must be at a certain
distance to fit the welding head. Because of the length of the bridge, several OSDs
must be connected to obtain the complete deck. This can be done with a v-joint
between the plates. After assembling the plate, it is connected to the lower chord
by welding around the stiffeners and between the plate and the lower chord.

6.2.2 Design

The design of the studied bridge deck is illustrated in Figure 6.5 and has been used
for the evaluation in this section. In comparison to the SSP, the stiffeners of the OSD
are placed at a larger center-to-center distance, and in order to manage the locally
applied load from a service vehicle, a significantly thicker face plate is required.
The cross-sectional height is also greater in order to get a sufficiently high bending
stiffness in the transverse direction.

. 71k
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[ 75 |, 150 |75
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160

Figure 6.5: Design of the orthotropic steel deck. Dimensions in mm.

6.2.3 Material

In Table 6.3 the amount of material required for the bridge deck can be seen. It can
be noted that the weight per unit area for the OSD is significantly larger than the
mean value for the deck type 3, Table 3.1.

Table 6.3: Material consumption for the orthotropic steel deck.

Length [m] Width [m] Total weight [ton] Weight per unit area [kg/m?]
30 4.37 16.9 127.1

6.2.4 Welding

The welding required for the previously described deck can be seen in Table 6.4.
Both welding between the core and face plate as well as longitudinally between the
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panels is accounted for.

Table 6.4: Time for the welding procedure in the orthotropic steel deck.

Nr. Weld Single weld Weld Assembly Total

joints length [m] line [m] time [h] [h] time [h]
Butt weld 10 44 352 6 20 26
Edge 10 44 22 22
Preparation
Weld 86 378 1514 25 43 68
stiffeners

116

6.3 Prerequisites

Since the production of a SSP is relatively new, production lines as in conventional
production do not exist. Prototypes have been built, but the cost of production
exceeds that of conventional decks because production equipment, such as clamping
systems, must be purchased. This complicates a cost comparison between the decks
since the initial cost of equipment is not distributed over many sandwich panels. To
allow for a comparison of the decks, the following prerequisites are assumed:

1. Welds to the lower chord are neglected.
2. A steel price of 20 kr/kg and a coating cost of 900 kr/m? is assumed.

3. The rest scrap from deck production is set at 10% for both designs.

6.4 Comparison

The aim of this comparison is to compare material cost, coating cost, and time dur-
ing welding to highlight the potential of the SSP. In Table 6.5 the time needed to
manufacture a conventional deck is shown. It can be seen that it takes 200 hours to
complete and that production, edge preparation, and welding make up for approxi-
mately 40-60% of the time, respectively.
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Table 6.5: Cost and time calculation for the orthotropic steel deck.

Time [h] Time [%]

Production
Cutting 57.3 28.3
Folding 28.8 14.2

Edge preparation and welding

Butt weld face plate (V-joint) 25.9 12.8
Edge preparation 22 10.9
Weld trapezoidal stiffener 68.2 33.7
Total 202.2

In Table 6.6 the total time required to weld and assemble the designed SSP and
OSD is summarized. It can be seen that the difference between the weld speeds
for the SSP is significant, with approximately 10 hours between the optimum and
conservative situation. The largest difference is, however, seen between the OSD and
the SSP, where the time can be reduced by 70-80% if the welding procedure for the
SSP is used. The cost of the welding procedure in a conventional OSD has been
calculated to 64 KSEK. The hourly cost for the OSD during welding could then
be approximated at 550 SEK/h. If the time of welding in the OSD were replaced
with the SSPs time, the hourly cost would be 1892 SEK /hour for case (1) and 2703
SEK /hour for case (2).

Table 6.6: Comparison of time for the welding procedure.

Deck Sandwich deck (1) Sandwich deck (2) Orthotropic steel deck
Time [b] 33.7 23.6 116.1

The material required for the SSP and OSD can be seen in Tables 6.7 and 6.8,
respectively. It can be seen in the OSD that both the material used in the face plate
as well as in the core is larger than in the SSP. It can also be noted that a smaller
portion of the steel is in the core for the OSD, which is reasonable due to the thick
face plate. Because of the design of the V-core, it can be seen that material savings
of approximately 56 KSEK can be made.
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Table 6.7: Cost calculation for the material in the sandwich panel.

Construction Nominal amount Factor rest Rest products Mass

element [ton] products [ton] [ton] 7]
Upper face plate 6.2 1.1 0.6 6.8 41.6
Lower face plate 4.1 1.1 0.4 4.5 27.8
Core 4.5 1.1 0.5 5.0 30.6
Total 1.5 16.3
Cost 326.4 KSEK
Table 6.8: Cost calculation for the material in the orthotropic steel deck.
Construction Nominal amount Factor rest Rest products Mass %]
element [ton] products [ton] [ton] !
Face plate 12.4 1.1 1.2 13.7 71.7
Core 4.5 1.1 0.9 5.4 28.3
Total 2.1 19.1
Cost 382.0 KSEK

The parts exposed to air in a bridge must have a treated surface. For a steel bridge
deck, this only involves the underside surface as the top face plate is covered by
pavement and the sides are covered by the lower chord. Table 6.9 shows the area
needed for each case as well as the resulting cost. It can be seen that the cost will
be higher for the OSD than for the SSP. This is reasonable since the underside of
the SSP is a flat surface in comparison to the uneven surface of the OSD due to the
stiffeners, resulting in a larger area.

Table 6.9: Coating area and cost for the sandwich panel with V-core and the
orthotropic steel deck.

Deck Orthotropic  Steel sandwich with V-core
Area [m?| 166 131
Cost [KSEK] 150 118

6.5 Discussion

The results from the comparison showed that significant material savings could be
made. However, only one deck design was investigated for each case, and the weight
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per unit area of the OSD was high in comparison to other bridges in the study. Also,
the structural response of the SSP with a V-core was not investigated.

In Table 6.5, it can be seen that the time spent on manufacturing an OSD is divided
into the manufacture of the parts (43%) and assembly (57%). In the comparison,
it was shown that time could be saved in the welding procedure if it was fully
automated as for SSPs. The reduction in time due to automation was 71-80% and
probably a similar comparison could have been made for the manufacturing of parts
in the production if it was also automated. But this was not addressed in this
comparison.

6.6 Conclusion

The aim regarding production was to conduct a comparative study between an SSP
and an OSD in terms of cost and time. This has been done by establishing a realistic
design on both decks and comparing their material consumption, production time
during welding, and coating cost. From the results, the following can be concluded:

o Large time savings in production can be made due to automated processes in
the welding and assembly procedures of a bridge deck in steel.
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Discussion

The investigations in this thesis show the structural response of a pedestrian bridge
with truss girders and a SSP subjected to a uniformly distributed load and wheel
pressure from a service vehicle. The results have been compared against a conven-
tional OSD to illustrate the difference between the two cases. Furthermore, upper
and lower bounds have been modeled to evaluate to which extent it is consistent.
Additionally, the production chapter demonstrated potential, which when combined
with the structural analysis demonstrates the SSP’s viability as a pedestrian bridge
option.

Shear lag has been examined in this thesis for the full and half length of the studied
bridge and the intention of this was to examine the impact of the W/L ratio and
the relationship between E/G and W/L, seen in Figure 2.9. The findings of the
examined bridges could demonstrate that the aforementioned conditions had only a
minor effect on the bridge with half its length and no observable effect on the bridge
with its entire length.

If the correlation is correct, it is interesting to consider the small effect of shear
lag for future work regarding pedestrian bridges even though the range of cases
examined is too small to draw any general conclusions. If the E/G ratio is also low,
as it was in the study’s case and is shown in Table 7.1, where the W/L ratio is shown
for the mean values of each bridge type, shear lag might not be a determining factor
in the design of a pedestrian bridge.

Table 7.1: Mean widths and lengths for the different bridge types.

Bridge type 1 2 3 4

Width [m] 3.3 27 33 29
Length [m] 185 187 264  24.6
W/L [] 0.18 0.14 0.125 0.118

It should be noted that the structural analysis and the production comparison in
the report used two different cross-sections for the bridge deck. This happened be-

85



Chapter 7. Discussion

cause the L-core was not examined as a completed design but rather only in theory
during the evaluation of core configurations. As a result, the potential for producing
the desired L-core was overestimated. This was discovered following the structural
analysis in a discussion with an SSP manufacturer. This was not deemed to be an
appropriate design to demonstrate the potential of SSPs in the production com-
parison. The V-core was utilized instead, which did not have the same limitations.
However, the use of two different cross-sections is not thought to be a significant
issue in the overall analysis because it showed little impact on altering deck stiffness.
However, additional research is required to validate the design for the local analysis.

If the weight of the V-core from Chapter 6 is compared against the mean values of
the different bridge types in Table 3.1, it can be seen that the weight is less than
or equal to the weight of the V-core in 3 out of 4 cases. This is intriguing because
the cross section can be improved, allowing weight savings. However, it must be
remembered that the results are presented as a whole and do not account for the
weight’s dependence on width.

This might not matter if more bridges are researched and presented with a similar
width. According to Nilsson (2017), using an SSP rather than a conventional solution
can result in weight savings of between 10 and 50 percent for the entire bridge. These
findings are corroborated by Dackman and Ek (2015) who found that using an SSP
could result in material savings in the crossbeams. Figure 4.20 shows normal stresses
for the lower chord with and without the composite action. It is clear that the stresses
are significantly reduced if the composite action is taken into account, which is an
indication of such material savings for pedestrian bridges. Therefore, a lower chord
with less material might be reasonable.
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Conclusion

The aim of this thesis was to compare the production aspects of an OSD and a SSP,
as well as to investigate the structural response of a pedestrian bridge deck with truss
girders. Through an evaluation of a large number of core configurations, two were
selected to proceed with the structural analysis and production comparison. A finite
element model was established to examine the behavior of the bridge as a result of
the selected core and how it was impacted by modified stiffness parameters in the
deck. The composite action’s impact on the stresses and deflection in the lower chord
as well as how it affected the stresses and instability of the upper chord were then
studied using a model without a deck. In order to investigate the stress distribution
under directly applied wheel pressure, the previous model was additionally modified.
A production comparison between an OSD and an SSP was also done. The following
can be concluded from the findings in this report:

o Among the evaluated core configurations, the L-core, V-core, and Z-core dis-
played the greatest potential in terms of structural response and manufacturing
aspects.

o Altering the bending and shear stiffness of the deck did not have a significant
impact on the distribution of normal stresses in the bridge deck. However, a
considerable effect is seen when the axial stiffness of the bridge deck is altered.

e Including composite action reduces stresses in the lower chord significantly.
However, including composite action yields local forces in the deck at the
position of diagonal-to-bottom chord joints that need to be treated.

o Including composite action has no effect on the normal force in the upper
chord.

o Composite action was shown to have a considerable impact on the deflection
of the lower chord, excluding it yielded an increase in deflection.

o Shear lag had a negligible impact on both a bridge with a SSP and an OSD.

o In the buckling analysis the degree of rotation of the lower chord was shown
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to be close to fully fixed for the analysis including interaction.

o Local stresses arising in the deck due to locally applied wheel pressure are
significantly larger than the maximum stresses arising from the global bending
action.

e The degree of rotation neither corresponded to a simply supported or fixed
condition, where the first is used to calculate maximum deflections in the
transversal direction and the latter is used to calculate stresses at the bound-
aries, respectively. The degree of constraint rather corresponded to a value
between the extremes, approximately 60-70%.

o The weld rotational stiffness does not have a significant impact on the stress
magnitudes in the bridge deck and its constituent plates.

o Large savings in production time can be achieved if the welding process is
automated and stake welds are used.

A final remark is that the results of this study are based on a structural analysis
and cost comparison for a specific bridge, so no generalizations can be made.

8.1 Future Studies

A suggestion for future studies is to compare the performance of an optimized steel
sandwich panel and a conventional orthotropic steel deck, both in terms of the
full life cycle’s economic and environmental sustainability. To further establish the
SSP and demonstrate its potential, a more thorough investigation of the production
would be necessary.

Furthermore, it would have been interesting to look into how the design of vari-
ous truss girders influences the bridge’s response and to conduct a more thorough
investigation that takes the contribution of the diagonals into account.

When contact between the top face plate and core was ignored, this study brought to
light significant stress concentrations in the core under directly applied wheel pres-
sure. Future studies would also benefit from an in-depth investigation of including
contact in the analysis for various core configurations.
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Pedestrian Bridge Study

Table A.1: Collected bridge data for deck type 1 from BaTMan.

Bridge Span length Total Width Thickness Steel Deck Core
Year Span

type [m] length [m] [m]  [m] lkg/m3] %]  [%]
2015 11 31.50 315 3.00 0.010 107.0 71 29
2014 1 4 30, 30, 30, 30 120.0 3.58 0.010 107.4 70 30
2012 11 17.00 17.0 3.00 0.008 89.2 68 32
2006 11 19.50 19.5 3.00 0.010 113.5 66 34
2003 1 3 9.9,25,99 448 3.50 0.010 102.4 73 27
2002 1 4 113, 18’1;88; 40.6 3.50 0.010 119.1 64 36
2000 1 2 17.40 174 3.00 0.010 98.8 76 24
2000 11 30.00 30.0 2.50 0.010 104.0 72 28
1999 1 6 16, 16, 16  48.0 3.50 0.012 133.8 70 30
1998 11 31.90 31.9 3.00 0.012 123.6 73 27

8, 11.5, 6, 19.8,

1998 1 8 75.7. 15,5, 10 85.3 3.00 0.012 128.1 74 26
1994 1 4 15, 25, 25, 15 80.0 4.20 0.010 155.4 51 49
1993 1 3 12.7, 26, 15.7 54.4 3.50 0.012 118.5 7 23
1993 1 3 20.5, 14.5, 20.5 55.5 3.14 0.012 127.3 74 26
1983 1 3 14.8,19.2, 11.8 45.8 3.18 0.010 114.9 70 30
1979 1 3 23,27.2,23 732 4.00 0.010 116.1 68 32
1970 11 18.00 18.0 4.00 0.008 92.4 68 32
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Table A.2: Collected bridge data for deck type 2 from BaTMan.

Bridge Span length Total Width Thickness Steel Deck Core
Year Spar

type [m] length [m] [m)] [m] kg/m3] [%]  [%]
2014 2 2 31.5,31.5 63.0 3.50 0.012 155.1 58 42
2011 2 2 24.9,25.3 50.2 2.00 0.010 105.5 69 31
2005 2 1 11.30 11.3 3.05 0.012 138.2 69 31
1999 2 1 34.00 34.0 2.05 0.010 137.5 55 45
1996 2 4 10, 23'5’1§227 70.8 3.00 0.010 102.0 74 26
1996 2 1 25.50 23.5 2.14 0.008 110.8 54 46
1993 2 1 45.10 45.1 2.62 0.010 101.1 78 22

14.2, 15, 18
1991 2 o . 2. .01 2 22
99 6 157, 15.7, 9.7 88.3 95 0.010 97 78
1986 2 3 15, 26, 26 67.0 4.00 0.010 108.8 70 30
1981 2 3 11.6, 16, 11.1  38.7 3.00 0.010 104.7 75 25
1980 2 3 11, 20, 10  41.0 1.82 0.008 76.5 83 17
1980 2 4 14, 20, 20, 10  64.0 1.82 0.008 81.2 78 22
1980 2 1 20.80 20.8 3.20 0.010 111.5 72 28
1979 2 4 105, 24’13452 69.0 2.76 0.010 102.3 75 25
1978 21 28.00 28.0 3.02 0.008 81.6 74 26
1976 2 1 26.50 26.5 2.50 0.008 79.8 75 25
|4
1975 2 5 18,255, 12, 3087 93.5 3.00 0.008 83.5 72 28
1975 2 1 28.00 28.0 2.50 0.010 97.3 76 24
1973 2 3 12, 28,16 56.0 3.00 0.008 72.5 82 18
15, 15, 6, 15

1972 2 o T 108. . .008 86.8 72 28
97 8 18, 9. 15, 15 08.0 3.00 0.00
1972 2 2 17.8,17.8 35.6 2.79 0.008 75.5 86 14
Table A.3: Collected bridge data for deck type 3 from BaTMan.

Bridge Span length Total Width Thickness Steel Deck Core
Year Span

type (m] length [m]  [m] [m] [kg/m3] [%]  [%]
2015 31 27.00 27.0 3.45 0.008 91.2 69 31
2015 31 27.60 27.6 3.16 0.012 128.7 73 27
2014 31 27.50 27.5 3.16 0.010 111.6 70 30

=4

2014 3 4 17, 255, 25'155 87.0 3.63 0.010 103.3 76 24
2010 31 27.50 27.5 3.00 0.008 109.3 59 41
2005 3 1 41.00 41.0 3.36 0.010 103.8 76 24

II



Appendix A. Pedestrian Bridge Study

Table A.4: Collected bridge data for deck type 4 from BaTMan.

Year Bridge Sp Span length ~ Total Width Thickness Steel Deck Core
type [m] length [m]  [m] [m] lkg/m3] [%]  [%]
2014 4 1 24.50 24.5 2.37 0.010 105.4 71 29
2013 4 1 20.00 20.0 2.40 0.010 123.6 66 34
2012 4 1 9.90 9.9 2.59 0.010 140.5 56 44
2009 4 1 39.40 394 2.54 0.008 111.8 58 42
1994 4 1 27.00 27.0 3.00 0.008 150.9 38 62
1993 4 1 28.50 28.5 2.20 0.006 96.1 51 49
1992 4 3 22.8,17,26.1 65.9 2.50 0.008 103.8 58 42
1989 4 1 30.00 30.0 3.09 0.012 126.3 75 25
1985 4 2 13.3,23.3 36.6 3.15 0.010 119.1 67 33
1984 4 1 28.10 28.1 3.00 0.010 121.9 62 38
1984 4 1 2780 27.8 3.00 0.010 121.9 62 38
1982 4 1 29.30 29.3 3.63 0.012 168.2 56 44
1980 4 1 27.00 27.0 4.10 0.010 113.1 70 30
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Appendix B. L-Core

VI

L-Core

Calculate the elastic stiffness constants of the L-core

Stiffness constants in the strong direction is done for the L-core and for the weak direction its made
for the I-core according to Romanoff J. & Kujala P. (2002) Formulation for the strength analysis of
all steel sandwich panels. The calculations are done per meter width.

By: Alexander Svensson & Johanna Lindqvist

Geometries

ty:=6 mm

ty =4 mm

ty:=4 mm

h:=100 mm
dyyi=h—tyy—tsx=0.09m
dys:=50 mm

dg.c:=20 mm

dgygi=18 mm

dgi= 140 mm

General shell stiffness
E:=210 GPa

v:i=03

G=—F __81GPa
2.(1+v)

ddc
=——=0.07m
R

d:=0.5. (tyg+tay) +dg,, =0.095 m

Top face plate thickness

Core thickness

Bottom face plate thickness

Panel height

Core height

Core flange width

Distance between welds

Distance between first weld line and web of the core

Center to center distance between L-cores

Young's modulus

Poissons ratio

Shear modulus

One pitch length
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Axial stiffness

As=tys+t34=001m

taL
Aci=dgy-—2£ 20,003 m
dgc
Ec=E-(A+A)=(264.10°) XL
mm
E-.
B TN _(2139.10%) K
P P e
EX
Vi=v=03
Vyi=vy e —L=0.243
;
E
A= = (2.848.10%)
1=V mm
E
=2 —(2308.10°) XN
T—vyevy mm
=B 54308 KN
T—vyevy
ta” 3y kN
=G- 2L G.A=(131.10%) KN
Gy X O ( )

da3:=Gyy

Flange area per unit width

Core area per unit width

Axial stiffness in stiff direction per unit width

Axial stiffness in weak direction per unit width

Horizontal shear stiffness per unit width
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Bending stiffness

3 3 2
[ t‘:—;+ ""1—'; +A [%) =(2259.10°%) m* Moment of intertia of the face plates

d 3
loi= ‘1; -%:(14736-10 % m? Moment of intertia of the core
dc

Dy:=E- (k+15)=(5.108-10°) kN-m Bending stiffness in the stiff direction per unit width

|
Dy=E.—— " _{(4774.10°) kN.m Bending stiffness in the weak direction per unit width

G2

dygi=—= =(5577-10") kN.m
—V,*V,

LS

D
dssi=——=(52121.10°) kN-m
T—veevy

D,
dys = vx.—y

=(1564.10%) kN-m
1—v,evy

e = 2 =59 mm

kd (G typ+G-tuy)

[(h—%)'e'tmﬁ’ L1 <Gty

D,yzzg-td_r(3~h~(h—2~e,y—tdv,,)+t¢,f’ +3-e,° +3-ew-t¢&)+%~gj~(3-ew’ -3«exy~tdv,,+t¢,,’)

Dyy={1.751.10°)} kN-m Torsional stiffness per unit width

dgg:=0.5-D,,=875.673 kN-m
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Appendix B. L-Core

Transverse shear stiffness

Doy =G ty4+ G- LT g, +G-tyx={1.015.10°) M Transverse shear stiffness parallel to the corrugation
2-p - per unit width

Kt = Do

((ptsr® +3-d-ty’) -tax’) -0.463
(6-d-tys” tar’ +p-tar’ - (tax” +tax’))

Zii=

2 2
I o .[L+L =(9.803-10%) ':N_'“

L S T T
1-v? r p* p mm
Yyi=4- (1-z)) - —+(2-3.2y)-d- ——|=1313 —
E \ tay” ta’ ) kN
Dqy:= L (7.609-10%) N Transverse shear stiffness perpendicular to the
YutYy m corrugation per unit width
kg2 :=Dqy
dpd, 0 0 0 O
0 dy 0 0 0 0
0 0dy O 0 O s
= Secti
D | 0 0 0 dgd O | on stiffness
0 0 0 0 dy O
l 00 0 0 O doe]
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Appendix C. Orthotropic

Orthotropic

Calculate the elastic stiffness constants of the orthotropic deck

Stiffness constants calculated according to Blauuwendraad. J. (2010): Plates and FEM. Dordrecht:

Springer.

By: Alexander Svensson & Johanna Lindqvist

Material
E:=210 GPa

v:i=03
E

Giz=———=81GPa
2-(1+v)

Geometries
ty:=10 mm

ty:=6 mm
biop :=300 mm
bpot := 150 mm
b, :=160 mm
l,:=176.7 mm

b:=0.75m

1,=(3237.10%) m*

Young's modulus
Poissons ratio

Shear modulus

Face plate thickness

Thickness of stiffener

Distance between inclined legs at the top plate
Distance between inclined legs at the stiffeners
bottom

Height of stiffener

Length of inclined leg

Center to center distance between stiffeners

Moment of intertia of one stiffener including

top face plate
topi=ta Top face equals the thickness of the face plate
thor:=tst Bot and web equals the thickness of the stiffener
o=ty
A,:=2.t,-b,+1,,b,,=0.003 m* One stiffeners cross-sectional area

A==—b‘°";b"°‘ -b,=0.036 m?

XII

One stiffeners cross-sectional area including the
empty space



Appendix C. Orthotropic

General shell stiffness

3
i,(y==t'°TP=(1_se7-10 ) m?

2
f=o—2A (4785107 m*
b by b
[_‘W+2._W+_]
tiop by oo

1 (I Llop oDt by 24t by

- . &5
e L 3 }_(6.401-10 Y m

im:=%i=(3_209-10 % m?

dy=E" e B (3007.100) KN
1-v? b mm
o

dg=- My 69> 308 1.
(1-v?) T

= (2.308.10%) KL
1-v? mm

=B 1=V _g57600 1N
fyd 2 mm
E-l, 3

dugi=— =(9.063-10°) kN-m

E-t5’°

= 19231 kN-m

12.(1-v?)

dagi=V+ds5=5.769 kN-m

dw::%:(tzss.w’) kN-m

_
Q

N

N
Qo
=08
(S
o o o

a
o
a
£
3
offooco

oo oo
o oo
oo oo o

oo
a
3

Torsional rigidity

Polar moment of inertia

Torsional rigidity

Torsional moment of inertia

Section stiffness
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Appendix D. Global verification

Global verification

Global verification of the model

Calculate the defection of the bridge with distributed load with hand calculations and compare it
with the result from the FEa.

By: Alexander Svensson & Johanna Lindqvist

Material
E:=210 GPa Young's modulus

Control of the plates deflection between girders

Geometrie Deck

tyy:=6 mm Thickness top face plate

ty =4 mm Thickness core

ty:=4 mm Thickness bottom face plate
h:=100 mm Height of panel

dg:=50 mm Length of horizontal part of the core
dge :=140 mm Distance between stiffeners
dgy:=h—t35—t3,=0.09 m Height of core

Ay :=dg, —t, =0.086 m Height of vertical part of the core
d:=05- (tyy+tys) +dgy=0.095m Distance between center of top

plate and center of bottom plate
L:=30m Length of deck

W:=437m Width of deck
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Appendix D. Global verification

Neutral axis and moment of inertia

d,
| rd,.f-d«-[1"2’1)+t¢.n~dx-(h—%i)+d¢w~m-[td,ﬁ+—;i]+d«-t¢,v[t¢,«+i"2i

Zpat =39.469 mm
tysr* Do+t dac+ J ta + g tar
dotar’  dortar’ tar) tar)
|,::"°1—2~"+“°1—2-'+td_‘,.ddc.(zm_7-‘f +'¢_n-dac-[h—lm—7'"] =(3.039-10°%) m*

2

3 3 2
e Sttt (B et [t ) <6262010)

12
hi=l+1,=(3.567-10°%) m* Moment of inertia for stiffener including face plates
Load
=04 Factor for variable action in the frequent load combination
q:=5 kN Distributed load
m2

kN
Qa1=Y-q-dy=0.28 —
m

Deflection
4
= M =1.8 mm Deflection hand calculations
384.E-|,
Upga:=1.7 mm Deflection FEa
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Appendix D. Global verification

XVIII

Control of the girders deflection

Upper Chord

hye:=180 mm W= 180 mm tye:=10 mm

Auei=hye Wye— (e —2 te) (Wee—2 t,0)) =(6.8-10%) mm?

3|

Wut:'hu::3 ) (wuc_z tm:) (huc_2 fe

he=—= 1'2 ) (3.287-107) mm*
Lower Chord
h.:=250 mm W := 150 mm t.:=6.3 mm

Agi=hg W= ((he—2 t) (W —2 1)) =(4.881.10°) mm’

3
3
. weohe®  (we—2 te) - (he—21t) —(42116.107) mm"*
12 12
Upper face plate
tys:=6 mm wy:=437Tm

Agi=ty-wy=(2622.10*) mm*

3
L=l (7 866.10) mm*
12
Lower face plate
ty:=4 mm wi:=437m

Agi=tg-wy={1.748.10*) mm?

3
1,,:%:(2,331 -10%) mm*

Dimensions of upper chord

Area of upper chord

Moment of inertia upper chord

Dimensions of lower chord

Area of lower chord

Moment of inertia lower chord

Dimensions of upper face plate

Area of upper face plate

Moment of inertia of upper face
plate

Dimensions of lower face plate

Area of lower face plate

Moment of inertia of lower face
plate



Appendix D. Global verification

Neutral axis

2.A+ hzuc +2~A4c.[h7"°+1.885 m]+A‘,.(hT"°+1.885m—zn,+%)+A,.(hT"°+1_885 m+606 mm—%
S TATIA AR
Z,,=15%4 m

Moment of inertia
2 2

h h
'c==|m+lk+Am-{Zm—T"°) +A1c-(Z,,.—(T“°+1.885 m]) =(1.616-10") mm*

2 2
I,:=Iw+l,,+Alﬂ.(Zm—[%+1.885 m-395 mm+%“'J) +A"'(Zm—(%+1885 m+60.6 mm—%))

Ii=(6.498.10°) mm*

=2 lo+1=(3.882.10") mm*

Load o
Quu=y-q-W=874 —
m
Deflection
4
U= M =113 mm Deflection hand calculations
384.E-l,
Uy reai=14.4 mm Deflection FEa
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Appendix E. Buckling

XXII

.
v

Buckling

Buckling of the upper chord

Calculate the reduction factor due to buckling for the bridge model including / excluding

interaction

By: Alexander Svensson & Johanna Lindqvist

Material
E:=210 GPa

f,:=420 MPa

Sectional constants
A:=6690 mm*

1,:=3.19.10" mm*

Eigenvalues from the finite element analysis

3.5808
4.8986

eigen:= [ 44875

Young's modulus

Yield stress

Cross-sectional area of the upper chord

Moment of inertia of the upper chord

0: Model excluding interaction with rotation
around longitudinal axis allowed

1: Model including interaction

2:Model excluding interaction with rotation
around longitudinal axis restricted



Appendix E. Buckling

Normal force in the model including interaction

Element Ney

(N)

201 —239554

202 —618279

203 —863793

204 —983527

205 —978257

206 —849950

207 —601887

208 —230282
Ny average = —670691 N=—6.707-10° N
Ny = [Ny average] - €igen, = (3.01-10%) kN Critical normal force

Normal force in the model excluding interaction

Element  Ngyg

201 —237258

202 —607928

203 —847638

204 —964651

205 —959562

206 —834273

207 —592099

208 —228433
Ny average :=—658980 N
Neyerrai= |Nxvm,,ge| -eigen = (236-10%) kN Critical normal force, rotation allowed
Ney£1RR = Ny average] * eigen2 =(3.228.10°) kN Critical normal force, rotation restricted
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Appendix E. Buckling

Neyeira] [236-10°
Ng:=| Ny, |=]301.10° [N
Neyeirr| [3.228-10° ]
E.l [5.29
lg=me{/—2L =1469!m
Ne |453]
1.091
/A-f
Ai= V:[o.eee
Nee 10933
_f021]
“=[0.49]
: e o 2y _[1.189]
®,:=05 (1+u (Ao 0.2)+A0 )‘l1.314J

=|1.155]

‘Dz==0.5-(1 +u.(A‘_0_2)+)“2) [1.047]

ozz=o_5.(1 +u-()\2-0-2)+)‘22)=[1:(1)11§

Reduction factor

1 il 60.2%]

Xj=——=
O+ ’0‘2 _Aaz 48.9%

1 [68.9%]1

XZ=:—=
Oy4[0,7 A Lss%
1

[712%]1

1
aa g+ @y A7 58%
2

XXIV

Critical length

0: Buckling curve a
1: Buckling curve ¢

0: Model excluding interaction with rotation
around longitudinal axis allowed

1: Model including interaction

2:Model excluding interaction with rotation
around longitudinal axis restricted
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