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ABSTRACT

This thesis presents an innovative conceptual desiggteel sandwich panels for the
application in bridge decks with short and interragzlspan lengths.

Nowadays, a critical and increasing concern inathége engineering is the condition
of existing conventional steel bridge decks, th¢omig of which are deteriorated and
experience extensive fatigue cracking in weldednelgs. The insufficient structural
behaviour of conventional decks has raised a neethé development of a new deck
design, which would have high structural perforneggrend present an economically
feasible alternative to conventional decks. A nunmddeconcepts have been proposed
in this field. One relatively new and promising cept that requires thorough
research with regard to design and applicatiohdssteel sandwich deck.

A steel sandwich panel (SSP) is a light-weightcttree, consisting of thin face sheets
and a corrugated core in-between. The significaature of this panel design is its
high strength to weight ratio. The panel is notyanhovative for its design but also
for the technology used in manufacturing these Isar®SP is produced using an
innovative laser welding technique, which is a fastd energy efficient welding
procedure. Laser welding also ensures enhancegdtésm performance, rapid pre-
fabrication and on-site installation. The fatigesistance of laser welds is proved to
be equal to or better than that of conventionatiimgl processes.

In this thesis the design of SSP bridge decksripred in three steps. First, a finite
element study on SSP is conducted to examine thetstal performance of panels
with various core configurations. The study intechthat a sandwich plate with V-
core performs better compared to other studied tgres, and is therefore further
analysed. The effects of geometric parameters enptinel are investigated and
optimum properties for the sandwich panel with VYecare selected. Finally, two
bridge concepts with the optimised design of S&Fsardied.

The deck design resulted in a light-weight congiomg which has high strength and
stiffness to weight ratios as well as good fatiggeformance. The SSP is proven to
have a great potential, and to be a competitiverradtive to other bridge deck
systems.

Key words: Laser welded steel sandwich panelsgbritecks
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SAMMANFATTNING

Arbetet i detta examensarbete behandlar ett nytiviativ koncept for brodack i stal
tillverkade som sandwich paneler.

Dacket ar — i allmanhet — den mest utsatta delam ibro, sa val tillfolid av

trafikbelastning och darav kommande lasteffektemn smed avseende pa yttre
klimatpaverkan. Dessa effekter tillsammans orsakétast en nedbrytning av
brodacken langt innan brons dimensionerande ligsldr uppnadd.

Brodack i stal anvands endast i en begransad cisiri idag. De vanligaste
exemplen hittas i rérliga broar och i h&dng- ochd&adelbroar med stora spannvidder,
dar fordelarna med staldackets hoga styvhet ocfornd@ga i forhallande till vikt
overvager nackdelarna med denna typ av konstrutidBtaldack utfors idag som
svetsade ortotropplattor. Dessa ar mycket kostsamma att tillverka onderhalla
och har — i manga fall — visat stora problem vadlegabestandighet och
utmattningslivslangd.

Erfarenheterna fran ortotrogadldéack (och till en viss del betongdack) har @dase

ar motiverat omfattande forskning inom omradetdibritta battre alternativ till dessa
konstruktioner. Ett koncept som pa senare ar hrefid del uppmarksamhet ar
sandwich stal panel, som kan med en viss modifiegirsatta traditionella ortotropa
plattor. Ett sadant dack kan tillverkas av tvamgitor som svetsas till en korrugerad
karna i stdl. Med en sadan konstruktion kan madlertslutna dack som ger okad
bestandighet, battre lastfordelningsegenskapefdbkittrad utmattningshallfasthet.

Tillverkningen av sandwich dack gor dessa komparedven mer intressanta for
tilampning i brokonstruktioner. Sandwich panelelank sammanstéllas med
lasersvetsning, en teknik som & mycket snabbare komventionella
svetsningsmetoder och som kan ge betydligt batte¢skvalité, och darmed battre
utmattningshallfasthet. Fortillverkade dack ellesnipletta bromoduler efterfragas
ocksa idag av brobestallaren da de underlattamdaaistriellt brobyggande.

Arbetet i detta exjobb borjade med en omfattanderditurstudie for att samla in de
kunskapar och erfarenheter som finns inom omrdgkttantal koncept for brodack

med olika konfigurationer och dimensioner studesastlan bade analytiskt och med
FEM. Resultaten visar att en V-formad korrugerach&@r effektivast ur bade styvhet
och barférmaga synpunkt. Tva alternativa desigretsiiktes i en fallstudie pa en fritt

upplagd vagbro. Bade koncepten visade mycket eistallande egenskaper.
Konceptet bedoéms darfor ha stor potential att mfrden ersatta konventionella

brodack.

Nyckelord: Laser svetsad sandwich panel, brodack
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Notations

Roman upper case letters

Ac
DX) DZ

sz
DQX) DQz

Exx Eyy, Ez
E. Ex

Gzx G‘yz, ny
L

S

Qi
Qi

Corrugation cross-sectional area per unit width

Bending stiffnesses of a beam, per unit width, eissed with bending
caused around x-, or z-axes, respectively

Twisting stiffness of unit-width and unit-lengthreetent cut from a plate,
with edges parallel to z-, and x-axes

Transverse shear stiffness, per unit width, of anbeut from plate in
the x-, and z-directions, respectively

Axial stiffness in x-, y, and z-directions, respeely

Elastic modulus in x-, and z-directions, respedyive

Shear modulus in x-, y-, and z-directions, respebfi

Length

Non-dimensional coefficient in formula f@rgy

Magnitude of characteristic axle load (Load Modgloh notional lane
numberi (i = 1, 2...) of a road bridge

Magnitude of the characteristic longitudinal forcébraking and
acceleration forces) on a road bridge

Roman lower case letters

2p
2f
h

he

lc

tCs tf

ik

Corrugation pitch

Length of corrugation flat segment

Distance between middle surfaces of face sheets

Depth of corrugation measured from center lines
Length of one corrugation leg measured along théredine
Thickness of core and face sheets, respectively
Displacement

Magnitude of the characteristic vertical distriitead (Load Model 1)
on notional lane numbexi = 1, 2...) of a road bridge

Greek lower case letters

Q q

cr

CHALMERS, Civil and Environmental Engineerindlaster’s Thesis 2012:110

Corrugation angle
Adjustment factors of some load models on lanes

Poisson’s ratios associated with bending causedndrx-, or z-axes,
respectively

Eigenvalue
Elastic critical plate buckling stress



Abbreviations

SPS
SSP
LBW
L/IGMAW
PC/IQA

10

Sandwich Plate System

Steel Sandwich Panel

Laser Beam Welding

Hybrid Laser Gas-metal Arc-welding
Process Control and Quality Assurance
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1 Introduction
1.1 Background

For the past 40 years, the design of steel decksalmaost remained unchanged and
mainly decks consisting of a top deck plate sumgablily longitudinal stiffeners and
transversal crossbeams has been used (1). Thesalle- orthotropic decks
experience fatigue cracking in different weldednedats, mainly because of the
fatigue critical details, and constantly raisingffic loads. Concrete decks in
composite bridges are also very critical elemeriticivare subjected to direct load
effects and harsh environmental conditions. In fracthese decks are renovated or
in some extreme cases totally replaced in peri6@9-30 years.

In general, total replacement of a whole bridge tlueleck degradation is neither
needed nor an economically feasible solution. TRerfoad-carrying elements in the
bridge are usually in good condition. Bridge reideg is therefore the solution often
adopted. There is a clear need for new bridge denkepts, which are cost-effective
and at the same time provide high structural peréorce. These concepts should also
preferably be manufactured with a high degree efgtricationto provide rapid on-
site installation process.

Many different bridge deck concepts have been dsatl and investigated over the
years. One relatively new and promising conceptrguires thorough research with
regard to manufacturing, design and applicaticiméssandwich steel deck system. A
sandwich system is a light-weight prefabricatednelet consisting of two steel face
plates and a core in-between. The core can haveugamaterials and geometrical
configurations. One of the possible designs isstliedwich plate system (SPS) that
has an injected elastomer as a core. Another salugi the automated laser welded
all-steel sandwich panel (SSP) that has a steelaorarious types.

The development of SPS started in 1997 by the caynfdelligent Engineering (IE).
The primary application of these sandwich plates inahe ship industry. Advantages
of SPS in ship construction industry encouraged use in civil engineering
applications, for example in bridges decks. Theeottoncept, the SSP, has been
investigated less than SPS mainly due to manufagtussues. SSP requires special
fabrication because traditional welding techniquas;h as arc welding cannot be
applied on the thin plates, which are usually usdtie core. Today, the most suitable
welding technique to produce sandwich plates isrlaglding. However, since laser
welding technology was not properly developed umttlently, the utilisation of laser
welding was limited. This in turn prevented and pathold further advances of all-
steel sandwich panels for years. The recent breakghs in laser welding, and
particularly in hybrid-laser welding technology leawpened new possibility to
develop and further investigate the application sieel sandwich plates in
construction.

1.2 Project Aim

The aim of this thesis is to investigate the pabséds offered by the light weight and
high stiffness of sandwich plate panels for theliappon in bridge structures.

CHALMERS, Civil and Environmental Engineerindlaster’s Thesis 2012:110 11



1.3 Method

The work in this thesis started with a thoroughrature study on both concepts, the
SSP and the SPS panel. Based on the outcome ditg¢heture study, the most
promising design concepts are selected for a nmar@agh analysis.

Numerical analyses with the finite element methed performed to obtain an
overview of the structural behaviour and the loadyeng capacity of sandwich steel
panels. Also, a parametric study is performed usiugilable analytical solutions
(Reissner-Mindlin plate theory) to determine thestrefficient design of the element.
The finite element modelling is conducted with AbsCAE software.

1.4 Outline of Thesis

Chapter 1 gives introduction to the thesis, anaess the purpose of this work.

Chapter 2 is a detailed literature study of twods@nh systems: sandwich plate
system (SPS) and steel sandwich panels (SSP).hEpger starts with a short history
of sandwich plates, describes previously conductsgarches, then continues to
present the advantages of each panel, and finafigribes the production process. In
the end, the most promising concept of the sandsyskem to be further investigated
is chosen.

Chapter 3 continues with a study of different comafigurations, where various steel
sandwich panels are assessed in terms of thdimedt, and finally the core with best
structural properties is chosen.

Chapter 4 presents a more detailed investigatiotherbehaviour of the chosen core
design. Parametric study is conducted to choosbdbkegeometric parameters for the
core.

Chapter 5 is a finite element analysis on a bridigle a sandwich panel deck.

Finally, conclusions and recommendations for futuesearch are presented in
Chapter 6.

1.5 Limitations

The work performed in this thesis is of a more &ptoal nature, even though
detailed analytical and numerical studies have besmied out. All the chosen
geometries are preliminary, no detailed design afnections is performed, and
several simplifications in bridge structures arelmauch as the effect of edge beams
on the response of the bridge deck is neglected.rm&in emphasis in the work was
devoted to the bridge deck, and therefore othepatimg structures, for instance
main girders or stiffeners are not thoroughly inigeged.

12 CHALMERS, Civil and Environmental Engineerindlaster’s Thesis 2012:110



2 Literature Study

2.1 Sandwich plate system

2.1.1 History

Initially sandwich plate system (SPS) was develofmedeplace traditional stiffened

steel plates in offshore structures subjected swhéoads in Canadian Beufourt Sea.
Since 1997, the company Intelligent Engineering) (lias been driving the

development of SPS panels, and IE is known as thm mmanufacturer of SPS,

especially for ship reparations. The benefits oSSR ship construction industry

encouraged its use in civil engineering applicajdor example in bridge decks and
floors (2).

According to Momilovi (2009) sandwich plate system is recognized as a
lightweight material due to the low density of ttwe (=1,1g/cmj. SPS consists of
two steel plates, which work as a flange, and getiad elastomer core that functions
as a web (see Figure 1- 1). The elastomer corsfenanshear between two face plates
dissipating strain energy over a big area, whicsulte in the reduction of load
concentrations, and therefore leads to smaller aeemt deformations (3). SPS has
very high flexural stiffness and strength to weigdito. The elastomer core provides a
continuous support for the panel, therefore thenmeoi requirement for having closely
spaced longitudinal stiffeners as conventional artipic plates (see Figure 1- 1 (b)).
Due to the continuous support provided by the docal buckling of steel plates is
prevented (2).

& Steel plate
<— Polyurethane core
¥ Steel plate

B e
L BAREES

@ ()

Figure 1- 1(a) bridge deck with SPS structure,ddfventional orthotropic steel deck
with longitudinal stiffeners (3)

Intelligent Engineering carried out three statist$eon a 5-40-5 mm SPS bridge deck
in Ludwigshafen, Germany, where SPS was used eglacement of the traditionally
stiffened bridge deck plate . The dimensions 5-40r were the thickness of the top
steel plate, the elastomer core and the bottonl ptate, respectively. The results
showed that the load carrying capacity of the sacldwplate was 1.29 times the
design load applied at the maximum eccentricityigoa test revealed that sandwich
plate panel subjected to 5 million load cycles eigmeed no development of cracks.

CHALMERS, Civil and Environmental Engineerind/laster’s Thesis 2012:110 13



Also, finite element analyses were carried out INSX¥S software. The estimated
deflection showed a difference of 7% between thmegrental and estimated values.
Strain results were acceptable, without any sigaift differences between the
experimental and the analytical model, and no cnweap observed during on-site
tests. IE concluded that 5-40-5 sandwich plateesystan be considered as an
acceptable design and it achieves better propecbespared to the stiffened steel
plate deck (4).

An example where the sandwich plate system pargebban applied is the Shenley
Bridge in Ontario, Canada. SPS with dimensions38-4.4 mm was placed on three
steel plate girders as shown in Figure 1- 2. Theneotion between SPS panels was
made by first bolting the webs of transverse anglesach other with ASTM A325
(see Figure 1- 2). Secondly, the longitudinal amgiere bolted to the top flange of
the support girder (see Figure 1- 3), and theroavgr weld was carried out along the
top of the adjacent transversal joint to ensure pieta connection between panels
(see Figure 1- 3 (3)).

] . expanded
\\‘ steel plate
/“
/ /
~_
M20 ASTM A325M bolt

Figure 1- 2 Shenley bridge in Ontario (7)

%

Figure 1- 3 Shenley bridge in Ontario (7)
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2.1.2 Production of sandwich panels
2.1.2.1 SPS panels

The first step is the preparation of panels, wimsiolves cutting the face plates to the
required dimensions, cleaning the surface to aeh#éekequired surface roughness and
cleanliness, placing iron perimeter bars on totheflower plate, and finally welding
the bars along the corners (see Figure 1- 4). Asstomer locks have to be fastened
on the lower panel — they keep the elastomer ioepl&econd step is to assemble the
lower and upper plate either by hydro welding amwantional welding. Third step is
the injection of elastomer core through pre-drillefction holes on one side of the
panel. To control the amount of elastomer, overflooles on the opposite side are
used (Figure 1- 5 (b)). To avoid distortion or defation of plates during the
hardening process of elastomer, heavy load is glanehe face plate; see Figure 1- 5
(a). Elastomer is hardened in five hours afteratigam is completed (3). Final step of
production is to drill holes inside the panel fature installation purposes. After this,
the injection holes are sealed by welding, as shiovwigure 1- 6.

(@) ’ ® |

Figure 1- 5 (a) heavy load place on the panel,glastomer flows out from overflow
hole (3)
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Figure 1- 6 Overflow holes and injection holes sedby welding (3)

2.1.3 Application of SPS
2.1.3.1 Bridge deck replacement

The light weight of SPS helps to reduce the dead laf bridge decks by with up to
70% compared to a concrete deck — this benefitR$ &llows bridges to carry a
greater live load without a need for additionaldgins. When the deck of existing
bridges is replaced with SPS deck, load restristicain be removed and extra lanes
added to increase traffic capacity. Replacementhef deck can be achieved by
connecting SPS panels with existing steel or cdecgixders on site, or if rapid
replacement is a critical factor, then the wholeckdecan be replaced with
preassembled longitudinal deck-girder units. Th@agements process takes a very
short time due to the simplicity of the process aady-installation features of SPS
panels, therefore bridges can be partially usethguhe maintenance, which leads to
minimal distribution of traffic (3).

An example of simple and fast installation of SRfgls is the Dawson Bridge in
Edmonton, Canada. It was a 100 year-old and a B-dpsss bridge with a

combination of concrete and timber deck. The bridigs not able to carry the design
load anymore, and therefore the deck was replasedySPS construction, which
increased the life-span of the bridge for anotl@€ years (3).

2.1.3.2 Bridge strengthening with SPS Overlay

SPS Overlay is used to strengthen steel bridgesdddie first strengthening with SPS
Overlay method was performed on vehicle decks opssh.ater it was developed
further to strengthen bridges. A degraded steelgerideck is strengthened by adding
an overlay of a stiff SPS plate without the needeshoving the existing structure.
SPS Overlay uses the existing deck as a bottormpoplate, depending on which part
of the deck has to be strengthened. The elastoonerand the new steel plate will be
then added to form a new SPS deck.

The deck with SPS Overlay reduces concentratiowldel loads, improves fatigue
resistance, and increases the service life ofdgbr(3). Also, the cost of construction
is reduced, because as mention previously, theimxisleck is kept in place. In
addition to this, the bridge can be operationaduighout the construction period (3).
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2.1.3.3 SPS Overlay

SPS Overlay application consists of four main s{@psThe first step is removing the
existing wearing surface and clearing the wholekdacmeans of grit blasting so that
in the end only the surface of steel plate is \&sibee Figure 1-8 (a). The second step
is to connect perimeter bars to the existing bridgek by means of welding. A
special elastomer lock is placed on the clean sertd the deck. Then, a new top
plate is placed and welded or adhered to perinteies to ensure airtight cavities —
this avoids leakage of elastomer. Third step isitiection of elastomer into the
cavities. During injection, a restrained beam isduas shown in Figure 1- 7 (c) to
avoid possible deformations of the new plate durthg hardening process of
elastomer. Final step is to add a new wearing serfa the repaired bridge deck, see
Figure 1- 7 (d).

@ (%) © @

Figure 1- 7 SPS Overlay production: (a) cleaningtloé existing steel bridge, (b)
welding of the new plate to parameter bars, (cgdtipn of elastomer,
(d) final result (11)

When using SPS Overlay, the distribution of whealk is much better, resulting in a
better fatigue life, because critical stressesd@me&eased. As shown in the report of
Intelligent Engineering, the stresses in the weldtg are reduced from 42 MPa to 16
MPa, see Figure 1- 8 (3).

Figure 1- 8 Comparison of stresses in a joint ofleck with SPS Overlay and an
existing steel deck with through stiffeners (3)
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An example of SPS Overlay application is the Maf&mnglge in China (1984), built
of a bolted and welded box girder superstructute withotropic deck, which consists
of two lanes that are 920 m in length and 9 m idtki It was required to strengthen
the bridge without closing the traffic and keepithg deck weight to a minimum,
therefore SPS was the best choice to strengthsmottiiotropic bridge deck. Another
use of SPS Overlay was the Schonwasserpark Bridg&armany (1972) with
orthotropic bridge steel deck that carried veryybostorway over a rail line. SPS
Overlay was used as a strengthening method fode¢kk when bridge showed signs
of fatigue. The SPS Overlay project was completetlh days (3).

The Huskisson Canada Passage Bridge, 50m longransiide, in Liverpool UK was
also strengthened using SPS Overlay in year 2006.dEsign load of the bridge had
to be increased to carry heavy loads of excavatiodsa 93 tonne face shovel. A new
8mm thick steel plate, 20 mm elastomer and thetiagisteel plate were used in the
SPS Overlay process. During 9 days, 300afthe bridge deck were strengthened.
The bridge was partially used during the work psscét was only closed completely
for two hours per day (3) (5).

2.1.4 Advantages of SPS
2.1.4.1 Simplicity

Elastomer core provides a continuous support toptates, therefore the need for
transversal stiffeners in the bridge deck is reducsaving significantly on the
material cost, and decreasing the amount of welddumstruction time is simplified,
because the SPS panels are prefabricated and rddliva site. When the SPS
Overlay system (see Chapter 2.1.3.2) is used, ikere need to remove the existing
deck — this saves time on construcion and instatigb).

2.1.4.2 Performance

Elastomer core spreads strain energy over a laege and therefore decreases load
concentrations. This results in the reduction ofodwations, and avoids crack
formations. Another important advantage is the Weig SPS is considered a
lightweight material; it gives 50% weight reductitor bridge decks enabling longer
spans in bridges. Compared to conventional stitfeslates, the fatigue and corrosion
resistance of a bridge deck with SPS panels isenigkcause of the reduced amount
of welds (6).

2.1.4.3 Safety

SPS has a very high resistance to fire. It hasil&kibuire protection, and does not

need any additional insulation, which is normalig requirement in steel structures.
The reason for this is the elastomer core, whicanieffective insulator against heat
(7). SPS structure has a smaller amount of seastitmnection details, resists crack
propagation, and absorbs high loads — this leadantancreasing resistance to
accidental loads (6).
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2.1.4.4 Cost

The advantages of SPS, such as simplicity of ilagiah, the reduced number of
secondary stiffeners and connection details, is&®@afatigue and corrosion
resistance, reduction in construction time, andc Hige resistance result in a lower
construction cost. Moreover, the maintenance of SR8nple and fast, therefore the
cost reduces even more in the long run (6).

2.2 Steel sandwich panel

2.2.1 History

History of sandwich-like panels dates back to 185QGvhen first proposals for
construction of such elements were made (8). Howefabrication of all-steel
sandwich panels was not feasible, because lasdingdlechnology suitable for panel
production was not yet well-established and the obkigh-power laser sources was
very expensive. Therefore, other types of sandwpahels, for example sandwich-
plate-system products or fibre reinforced polymemposite sandwich panels were
being developed and applied in structures inst8ad (

The increased use of all-steel sandwich panels/il) mechanical and other industrial
sectors has started approximately 20 years agomiie application of panels back
in the time was in shipbuilding industry. In théeld980’s, U.S. Navy developed the
first all-steel sandwich element consisting of twwetal sheets laser fused to a
corrugated metal core for application in marineggort. In 1994 this concept was
first implemented on the ship USS Mt. Whitney (1®8anels showed excellent
structural behaviour, and the installation savedo4ih weight compared to
conventional stiffened plate structures. Howevée tesearch and application of
panels was abandoned as no manufacturing procatssdahld produce panels with a
reasonable price was yet available (11).

The behaviour and production analysis of panelsehbgen performed also in
countries like Great Britain, Germany and FinlakRdr example, German shipyard
Meyer Werft has conducted research on sandwichpéels. Other institution to be
mentioned is the Ship Laboratory of Helsinki TecahiUniversity that initiated a
research in 1988 with regard to the applicatiosarfdwich panels in shell structures
of an icebreaker (8). As stated in the report offatt (2008), a panel design aimed
for the use in double hull structure of intercohsaakers was tested and the results
showed a 73% higher crash resistance, at the sameewhen the hull depth was
decreased by 2/3. Other researchers have reportegight saving of 30-50%
compared to conventional panels when used in hgled vessels (11).

Prior to the use of steel sandwich panels in stipetsires it should be possible to
estimate the structural performance of such elesndmth, analytically and

numerically. For estimating structural responsdaser-welded sandwich plates the
most reasonable approach is sandwich plate thedrgre the plate is homogenized
with respect to stiffness. Other methods, which arsedealised mathematical model
of the structure become too time-consuming, wheiowua design alternatives have to
be analysed (12). First structural analyses ofgtreeral concept of sandwich panels
with various materials were conducted 70 years atp@n panels were aimed for the
use in aeronautical industry. Theoretical foundetiovere described in literature more
explicitly starting from the 1970’s (13). After thaumerous authors have formulated
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theories for the calculation and analysis of sasbwstructures. The most recent
works to be mentioned are the five papers by Rofatal. (see: (14), (15), (16),
(17), (18)), where the authors carried out theoattbasis for sandwich plates with
respect to bending response, patch loading andtiffieess of welded T-joints. Also
commercial softwares are available for the analgs design procedures of different
core type metal sandwich panels, one of them beB®Comp software developed by
a Finnish company Componeering Inc. (www.compomgecom). Many of this
existing engineering data and design proceduredbeamplemented in the design of
all-steel laser welded sandwich panels.

2.2.2 Types

Sandwich panels function similarly as an I-beamwch plates resist bending and
the core resists shear forces. Also, the geomédttlieocore determines the level of
isotropy of a panel. Therefore, cross-section ef ¢hre is an essential element in a
panel and for that reason has to be designed pyopearious configurations of cores
are available and are illustrated in Figure 1- @ Bigure 1- 10.

P S

Figure 1- 9 Sandwich panel types depending on vargore shapes (19)

T-joint

N

'\ N 1 » I. i
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Figure 1- 10 Sandwich panel types (13)

-core

Many authors have described the advantages of or@her core geometry. The
simplest core is a flat core, which consists oefatates and a perpendicular flat web
plate (18), see Figure 1- 11. Connection betweerplhtes is laser-based and denoted
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as T-joint. Distance between the web-plates is llysa8-100 times the thickness of
face plates. This type of panel is highly orthotcopince the stiffness of the panel
varies in different directions.

According to Caccese & Yorulmaz (2009) prismaticesoare preferred in SSP as
they are easy to fabricate and possess high lahgél stiffness. Some core
geometries, however, have other advantages, fongheaX-core, which has a bigger
capacity to absorb energy. Telford (2006) statemt tiniangulated web profiles
improve the transverse stiffness considerably. $2ar& Salminen (2004) conducted
quality and cost analysis of laser welded O-coré ¥rcore sandwich panels. The
results showed that O-type sandwich structures alobend as much as V-cores
during welding and they also have a high nomindiinsss, therefore it is easier to
perform welding. However, O-type panels weigh mddeffart & Hansen (2008)
have written that the most common core is a cotagystructure.

Telford (2006) suggests that hot-rolled I-sectiseg( Figure 1- 11) is a cost-effective
solution for a core profile because of its stapitiiring assembly. Compared to fully
triangulated profile, I-section requires almost preparation before fabrication, this
making it more economic to produce.

Deck Plate

Continuous
Laser Welds

o II Il II Il 11 11 Il

Hot-Rolled
[-Section

Figure 1- 11 SSP panel with I-section (1)

2.2.3 Advantages

Conventional steel decks with closed-through si#fs are highly orthotropic, this
leading to possible load concentrations withingtiéeners and furthermore to fatigue
damages. A more even distribution of loads andrsiderable increase of transversal
stiffness could be achieved by adding a lower platéhe construction, and this is
exactly what a steel sandwich panel design includssSSP consist of upper and
lower plates, the neutral axis is situated in the-depth of the panel. This results in a
much better structural efficiency, since both atee at maximum distances and are
fully stressed (20).

Telford (2006) presents a comparison between aergional 3.6m span deck and a
4.5m span sandwich panel deck. The analyses aseresl in Table 1- 1, from

which it can be denoted that longitudinal benditrgsses are significantly smaller in
the sandwich plate, because of its higher sectimdulus and a better load

distribution in transversal direction, see Figurel2, where longitudinal stresses for
the symmetric bridge panels under centred wheal kba presented. As seen from
Table 1- 1, sandwich panels are slightly heaviantkequivalent conventional steel
decks. However, as SSP can span longer distantesdditional mass could be

decreased by the reduction of required cross girdhin the bridge structure, or by
omitting them at all. On average cross-girders %e35% additional mass to a
closed through orthotropic stesgck (20).
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Table 1- 1 Comparison of structural performance (1)

Deck type Closed through Sandwich
orthotropic deck panel

Longitudinal span 36000m 4500mm
Second moment of area (per m width) 1.1x108mm* m 4.3x108

mm* m
Mass/im® (average) 150 kg m? 290kg m?
Max displacement under 2x28N wheel| 1.60mm 0.75mm
loads
Span: displacement ratio 2250:1 6000:1
Max longitudinal bending stress:
a) in deck plate —33N mn? - 25N mn?
b) in lower flange/trough +55N mn? +15 N mm?
Max web bending stress +34 N mn? + 25

N mnv
Max transverse bending stress:
a) hogging stress in deck plate + 100N mn? +75 N mn?
b) sagging stress in deck plate _59N mn? 50N mn?

(a) Conventional deck (b) SSP
-24.5
-16.3

40 43

126 454

Figure 1- 12 Comparison of mid-span longitudinaesses (N/mfyjywhen wheel-load
is in the middle for (a) conventional deck, and$9P of I-sections (1)

Another major advantage of sandwich-constructiensgheir production. Panels are
factory made and delivered on site, also the asgenfbpanels is fast and easy,
therefore disruption of road or railroad trafficnche prevented. According to the

SANDWICH (2000) project, erection time is reducgd30% (21).

22
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Fatigue performance of steel sandwich structuresigsificantly better than of
conventional bridge decks, where extensive fatigaeking can occur in the deck-to-
cross girder joins, web-to-deck joints and in thefacing of the decks (20). These
types of fatigue damages can be prevent with telaser welding technology used
for the production of sandwich panels.

2.2.4 Production process

Sandwich steel plates comprise of thin componahtsefore conventional welding
techniques for panel fabrication cannot be appleterwise this can lead to heat
distortions, which in turn cause fatigue problerk)(

A manufacturing technology, which is suitable fa8FS fabrication is laser beam
welding (LBW) that has been developed already ftbm 1960’s. Nevertheless, the
use of lasers was possible starting from the 199@en advances in laser technology
emerged (22), such as greater power, better beafitygudevelopment of real-time
closed-loop process control and automated qualigur@nce system, weld
monitoring, and control of all critical welding @aneters (9). Comparison and
advantages of laser welding with competing techesqwere presented by Miller
(1980) and are summarised in Table 1- 2.

Table 1- 2 Advantages of laser welding (23)

Competing Process Advantages of Laser Welding

Faster welding rates; low distortion; ho

Gas Metal Arc filler metal required

Faster welding rates; low distortion; no
flux or filler needed

No need to be performed in a vacuum; jon-
line processing; shorter cycles and higher
uptimes; does not require radiation
shielding

Submerged Arc

Electron Beam

Although laser welding offers many advantages aa@mventional welding, some
disadvantages also exist, for instance becauskeo$mall focus-diameter of lasers,
the weld gap bridgeability is very limited. A sahurt to overcome possible drawbacks
in LBW would be the combination of the new lasechteology and the well-
established arc welding — this combination of tetbgies is called hybrid laser gas-
metal arc-welding (L/GMAW). Merging of laser prosewith other welding types
could also be possible, however these combinahame not been actively researched
nor utilised yet. A major recognition of laser-higbwelding technology dates back to
2000, when Meyer Werft opened a new panel linetfa welding of deck and
bulkhead panels using GQasers (22). By exploiting the advantages of both
technologies a much better weld joint is achievéthe comparison of main
characteristics of the two processes separatelycantbined are shown in Figure 1-
13.
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Figure 1- 13 Principle comparison of welding meth@ohd their characteristics (11).

L/GMAW is proved to be three to ten times fasteartlconventional welding (24).
High welding speed not only saves time and monayalso leads to less heat input
resulting in a small heat affected zone. This mm gorovides less weld distortion and
the fatigue life of a welded joint is therefore iraped. For even a more efficient and
feasible manufacturing of structures a welding pssccontrol denoted as Process
Control and Quality Assurance (PC/QA) system wagelbped in the year 2000.
With PC/QA the welding process is monitored in f@le and all possible defects are
being identified and repaired. The difference ofdaguality with closed-loop control
and without is presented in Figure 1- 14. This tetbgical innovation eliminates the
need for human visual inspection and makes L/GMAWel@able, accurate and cost-
effective manufacturing technology (10).

With No Control

" |

0.000 Gap 0.030 Gap

With Closed-Loop Controls

Figure 1- 14 Welded T-joint with Gap Variations (9)

The process through which SSP components are jaowther is referred to as the
keyholetechnique; it creates deep penetrations comparecbmventional welding
type (see Figure 1- 15), even though laser hasinectcaccess to the web material.
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Flange to web connection in SSP is performed sheh the heat of laser beam
penetrates through the full-section of the uppatepbnd into the underlying inner
core, after which plates become rigidly joined hesgaof the immediate cooling of the
weld (1). A schematic illustration of the LIGMAW qaress is presented in Figure 1-
16.

Figure 1- 15 Difference between Gas Metal Arc WegJdGMAW), Laser and Hybrid
Laser Welding welds(25)

Laser beam GMAW torch

Deposited
thickness

Figure 1- 16 Hybrid laser welding process (22)

2.2.4.1 Fatigue performance of laser welds

Fatigue resistance of laser welds is proved to dpgaleto or better that that of
conventional welding processes (10). Multiple téstse been carried out by various
researches on the fatigue performance of weldedsjoi

One important factor influencing fatigue life ofethvelds is their geometry. Caccese
et al. (2006) described the results of fatigue issidwhich were performed to
investigate the influence of geometry on fatigde bf laser-welded T-joints. With
hybrid laser welding it was possible to manufackmeoth, nearly circular geometric
profiles, which resulted in fatigue life higher théhat of traditional welds. A set of
tests was performed on a cruciform hybrid-laserdee|specimen equipped with a
real-time feedback control of the weld process. Thsults were compared to
historical data provided by Munse et al. (1983)l&ser welded T-joints, and by Kihl
(2002) for conventional welded steel cruciformshwithe same material. The results
showed a much higher fatigue life for hybrid-lasesided details (see Figure 1- 17)
and also improved geometric profiles that were alneorcular.
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Figure 1- 17 Fatigue test results (10)

The above mentioned tests reflected the local datigesponse only. To provide a
more realistic assessment of fatigue performanckas®r-welded sandwich panels,
Bright and Smith (2004) conducted tests on lasddeek bridge deck components
with an I-core geometry. First test was a web begdest, which represented bending
that might occur under offset wheel loads. Secamglwas a deck bending fatigue test
under direct wheel loads, see Figure 1- 18.

Cyclic Load

Test Spescimen 0_1125 kN

Loading Points

g Deck Plate
Knuckle Joint ‘ % % ‘
mm mm

Cyclic Tension/
Compression In
Hydraulic Ram

Figure 1- 18 Fatigues tests, on the left — web bentest; on the right— deck bending
test (1).

During the web bending test no weld failures webseoved, all fatigue failures

occurred in the parent metal of the web, thus S&gd offers outstanding fatigue

durability when subjected to web bending stres3é® second test, where shear
stresses taken by the weld are the most signifioaas showed satisfactory results.
Eventually shear stresses can cause fatigue fajlilvewever a much better weld
performance was noticed than that of a similarsttageld joint used in conventional

steel decks (1).
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2.2.5 The chosen concept

After thorough literature study, it was decidecctmtinue with a detailed research of
the all-steel sandwich panel. Reasons for thisaghare as follows:

the durability of the elastomer core material imdoterm performance is
questionable;

steel sandwich panel has a much higher strength aardmktter structural

performance than the sandwich plate system, féameg, connection between
steel plates and the core for sandwich plate systemmade through bonding,
which has much less strength than a welded cormmecti

there is lack of existing data about the behavafuhe steel sandwich panels
on bridges.
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3 Study of different core configurations

3.1 Introduction

The method used in this chapter is finite elememdeling (FEM), which is
performed in the software Abaqus/CAE. The ainCbiapter 3 is to study sandwich
plates with various core geometries, and to chtlesenost promising concept, which
could be further analysed and optimised for theimisebridge deck.

The structural behaviour of a sandwich plate iatesl to its stiffness, since the load
carrying capacity of the plate increases as iffne8s increases. The sandwich plate
analysed in this thesis is represented in FigurE914t consists of two face sheets and
a core in betweerlhis type of plate exhibits different behaviourtire transversal
and longitudinal directions. In the direction oétborrugation, the core contributes to
resisting shear forces and bending moments, aneftiie the stiffness in the z-
direction is much higher than that in the x-directiThus, the right choice of the core
configuration is important for the overall panehbeiour.

-

y

Figure 1- 19 Steel sandwich plate

Figure 1- 20presents ten different core configurations thatensudied in terms of
their axial, shear and bending stiffnesses in »d afirections using Abaqus/CAE
S8R shell elements. The amount of core materiebich panel was kept constant, in
this way the results were comparable to each other.
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Figure 1- 20 Analysed corrugated core types

3.2 Axial stiffness

For axial stiffness along the x-axis, horizontasp#acement of 1 mm in the x-
direction was applied on one of the side plateshasvn in Figure 1- 21. The second
side plate was restrained in x-direction, and thigeoon edges of both side plates were

28 CHALMERS, Civil and Environmental Engineerind/laster’s Thesis 2012:110



prevented from movement along the y-axis. Plateenm®nt was also prevented in z-
direction.
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+0.000e+00

¥
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Figure 1- 21 Displacement in x-direction

To obtain the axial stiffness in the direction pargicular to the corrugation, a
vertical displacement of 1 mm in the y-directionswapplied on the top plate. The
bottom plate was restrained from movement in thdirgetion, and the edges of
bottom and top plates were restrained in x-direc{see Figure 1- 22).
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Figure 1- 22 Displacement in y-direction

To obtain axial stiffness in the z-direction, desgment of 1 mm in the z-direction
was applied on one side of xy-plane, which was piswented from movement along
the y-axis. Other side was restrained in z- andrgetons, and the plate was
restrained in x-direction (see Figure 1- 23).
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Figure 1- 23 Displacement in z-direction

With a prescribed displacementand the reaction force obtained from FE analysis,
axial stiffness can be calculated from the following equation:

E=— 1)

3.3 Shear stiffness

The shear stiffness in x-direction was calculatgdsbbjecting the top plate of the
panel to surface traction of 1 N/mimn x-direction. The bottom plate was restrained in
x-directions, the edges of top and bottom platesewestrained along the y-axis, and
the side plates were restrained in z-direction 8gare 1- 24).
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Figure 1- 24 Displacement in x-direction

Similarly, for shear stiffness along the z-axisface traction of 1 N/mfAwas applied

in the direction of z-axis. The bottom plate wastr@ned along the z-axis, the edges
of top and bottom plates were prevented from moveraong the y-axis, and side
plates were restrained from movement in x-direc{gee Figure 1- 25).
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Figure 1- 25 Displacement in z-direction

With a prescribed surface tractionthe panel heiglit, and the displacement obtained
from FE analysis, shear stiffneGscan be calculated as follows:

=L @)
u

3.4 Bending stiffness

Bending stiffness of the panel was calculated ftbenfollowing equation:

_ 5qL°
384y

whereL is the panel lengthgis the load, andi is the displacement obtained from FE
analysis. The panel was subjected to a distribldad of 1 MPa, and the boundary
conditions were simply supported. Deflections cdusg moments around the x- and
z-axis were obtained from FE analysis, and bendiiffnesses for both cases were
calculated according to Equation (3). Representatib results obtained from FE

analysis is irFigure 1- 26and Figure 1- 27.

3)

+0.000e+00
-2.5618e-01
-5.237e-01
-7.855e-01
-1.047e+00
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-1.571e+00
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-2.085e+00
-2.357e+00
-2.618e+00
-2.880e+00
-3.142e+00

¥

A

Z X

Figure 1- 26 Deflection caused by the moment arouadis
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-3.238e+01

Z X

Figure 1- 27 Deflection caused by the moment ara:adis

3.5 Results

The results obtained from finite element analygespaesented in Table 1- 3. When
comparing axial stiffness,, in x-direction, the difference between core typss i

small. This is due to the negligible contributidrtlee core to the stiffness along the x-
axis. However, a drastic difference can be obsefwethe stiffnessE,, in y-direction,

where not only plates contribute to resisting tbadsk, but also the core has a
significant impact on the stiffness. The shearfres along the corrugation is much
higher than that in the transversal direction. Tikialso represented with the results,
where the difference betweeB,, and G, is at least 23% for the truss, and in the

other cases more than 90%. Similarly, the contidoubf the core to the bending
caused by the moment around x-axis is higher, tiaguh a high bending stiffness.

Interesting observation is between the truss cacethe V-core. Both cores have a
similar triangular configuration; the only differemis the flat segment of corrugation
(see Figure 1- 28). Even though this differencenisill, it does have a great influence
on the shear stiffness. This can be explainedlbmws, the forces in V are transferred
mainly through the webs by truss action, wherenbbs of one unit are in tension and
compression. This results in a force couple, wincturn creates local moments, and
high shear forces in the flanges. Such force coigpl®ot present in the truss core,
which makes its behaviour in shear action muchebe&s seen in Figure 1- 29 and
Figure 1- 30, the local moment in the upper andeloflanges of the V core causes
very high deflections compared to the truss. Frbis observation, it is clear that the
length of the horizontal part of the corrugatiors t@ be as small as possible. Truss
core cannot be chosen as a concept because athieation issues, therefore the best
core would be V with a minimum horizontal part, ainionly has to fulfil the length
requirements necessary for laser welding (min 10 max 20 mm). From the results
presented in this chapter, it was decided thatribet promising core concept is V,
which will be subsequently analysed in more details
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compressio tensior

Figure 1- 28 Transfer of forces in the truss coneldhe V-core

U, U1
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Figure 1- 29 V-core in shear action
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Figure 1- 30 Truss core in shear action
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Table 1- 3 Results

Axial stiffness Shear stiffness Displacement Bendinstiffness
Core type
o [EI\)I(}(mm] [ENyymm] [El\ﬁmm] EIB\Iy/XmmZ] EIB\Iy/meZ] Fr;m] Fr)r(wm] D [Nmm] | D [Nmm]

Vv 5.00E+06 | 8.06E+07 | 7.62E+06| 56.66 1.84E+0B 53.9 002.|1.54E+09 | 4.17E+10
V-2 4.82E+06 | 9.07E+07 | 7.59E+06| 93.70 2.46E+03  30.91.80 2.69E+09 | 4.62E+10
Sine 4.42E+06 | 3.74E+07| 7.62E+06 140.29 1.30E+03 9 14./3.58 5.59E+09 | 2.32E+10
Sine -2 4.39E+06 | 4.39E+07| 7.62E+04 151.11 1.78E+0B1.6 2.76 7.17E+09 | 3.02E+10
Circular 4.33E+06 | 2.87E+07| 7.63E+04 10.07 5.87E+Q209.0 | 28.0 7.66E+08 | 2.97E+09
Hat 5.20E+06 | 9.67E+07 | 7.62E+06| 6.98 2.06E+Q03 163.0.87 5.11E+08 | 4.45E+10
Hat - continuous| 5.19E+06| 1.00E+08 7.62E+0p 5.72 402+03 | 190.0 | 1.80 4.37E+08| 4.62E+1(
Double V 4.89E+06 | 4.49E+07| 7.62E+04 15.60 1.34E+083.8 2.87 9.93E+08 | 2.90E+10
Z 5.11E+06 | 1.00E+08 | 7.64E+06| 7.45 2.31E+0B8 154|080 1.{5.41E+08 | 4.62E+10
Truss 4.00E+06 | 9.90E+07| 7.62E+04 2000.00 2.60E+DB.70 1.63 4.90E+10 | 5.11E+10
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4 Optimization and analysis of V-core
configuration

4.1 Introduction

In this chapter optimisation study for the V-corenfiguration is performed to
investigate the effect of the geometric paramedershe stiffness of the panel. From
obtained results an optimum design for the V catiog is chosen. Optimisation is
carried out by homogenising the sandwich struciutie respect to its stiffness into an
equivalent 2-D plate. This procedure prevents estgesomputational time compared
to when idealised mathematical model of the stmacia used. The 2-D model is
validated through finite element analyses by comngathe bending response of a
complete 3-D SSP model and the equivalent 2-D model

4.2 Equivalent 2-D plate

Stiffness of the sandwich structure depends org#duoenetric parameters presented in
Figure 1- 31. These relevant parameters affectiegbehaviour of the panel are as
follows:

2p - corrugation pitch
a - corrugation angle
t. t; - thickness of core and face sheets, respectively
h - distance between the face sheets from centreline

h, - depth of the core

2f -length of corrugation flat segment

N3/ \/

|
|
2f t

Figure 1- 31 Parameters of a V-core sandwich panel

One possibility to study the effects when varyirgpse parameters is to create
multiple 3-D finite element models. However, thi®gedure is time consuming, and
therefore another method is applied, namely the Babel will be reduced to an
equivalent homogenous 2-D continuum by applying Beissner-Mindlin plate
theory. To further simplify the calculations onlyait width of a panel is studied with
a corrugation pitcl2p, see Figure 1- 32 (djor this type of conversion seven physical
constants, which would represent a 2-D model ageired. These constants include
the bending stiffness,and D, a twisting stiffness P, the transverse shear stiffness
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Dox and Dy, and the Poisson ratiog and ; (see Figure 1- 32 (b). By calculating
elastic constants for varying geometric paramebersaviour of the SSP can be
studied. The elastic constants representing a ®Mirmuum have been derived by
Libove and Hubka (26), and the derivation of thesestants is discussed in Chapter
4.3.

Y Dy

(a) (b)
Figure 1- 32 (a) dimensions of a unit, (b) equivélelastic constants of a 2-D plate

This approach for analysing steel sandwich panagsbeen previously used by many
authors, and has also been experimentally verifiétang et al(27) studied the
bending behaviour of corrugated-core sandwich platdere the 3-D sandwich panel
was reduced to an equivalent 2-D thick plate. Tlastie constants were computed
using the expressions from Libove and HuljR&). The bending behaviour obtained
from the analytical solution was compared to expernital testing and a complete 3-D
model of the sandwich plate with same dimensiorszrileed in the report of Tan et
al. (28). The deflection obtained by Chang et al. agreedeaty with the deflections
reported by Tan et al.

Zangani et al.(29) evaluated the stiffness for Z-cored sandwich mEaneith a
polymeric foam in-between. The elastic constanteeveemputed by transforming the
panel into an equivalent 2-D plate. Lok e{20) introduced a sandwich panel with a
truss core and studied its elastic stiffness usimggequations fronf26). The only
difference between the truss core and the corrdgatee is that the truss core has two
inclined plates in a panel unit, whereas the cated core is continuous through the
whole length. The accuracy of the method when faamsng a 3-D model into a 2-D
model has been reported in previous works on sadwianels, therefore this
approach will also be applied in this thesis.

4.3 Elastic constants

4.3.1 Bending and twisting stiffness

The bending stiffnes®, and Dy, and twisting stiffnesd,, are obtained from
following expressions:

D,=El +I, 4)
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D, = (5)

D,, =2GlI, (6)
where:
I, - moment of inertia, per unit width, of corrugatioross-sectional area’m

|, - moment of inertia, per unit width, of face shestss-sectional area,’m

n - Poisson’s ratio of face sheet material

4.3.2 Transverse shear stiffness
The transverse shear stiffness in planes parallilet corrugation can be expressed as:
_Gth’
opl,

(7)

Qz

where:
_ Lt
A
A, - corrugation cross-sectional area per unit width,
|. - length of one corrugation leg measured alongémdre line
The transverse shear stiffness in planes perpdadituthe corrugation axis can be
obtained as:

3

E ot
1-n%2 h. ®)

where:

S - non-dimensional coefficient depending upon theeshape and is obtained from
Equation (9). The major simplification in calcutati of Goy is that the radius between
the contact area of face sheets and the core isnasksto be zero, this simplifies
Equation (9), for detailed calculations refer toFFENDIX A.

6" BB, + P
S= : i : 3 ©)
12- -2 k']o BZ+T1° 6B,(B,B, - B,?)+ k']o B, +:£Bl
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4.3.3 Verification

Verification is performed in Abaqus/CAE on V-coree sandwich panel of width
a =1590mm, and lengthb =1590mm. This panel will be modelled as a complete 3-D
sandwich panel, and an equivalent 2-D orthotropickt plate. The V-core unit has
following dimensionsp = 265mm, f =825mm, d = 250mm, t, =10mm,t_, = 8mm.

First step was to create a complete 3-D model ®fsdindwich structure by inserting
material properties presentedTable 1- 4. This sandwich panel was modelled with
simply supported boundary conditions on four eddesniformly distributed load of

g =20N/mnt was applied. Subsequently, deflection in the ottd the flange was
obtained.

Second step was to calculate elastic constantthéoequivalent plate according to
equations in Chapter 4.3; detailed calculationspaesented in APPENDIX A. These
elastic constants will be converted into orthotcopiaterial properties using following
expressions (31):

where:

12D 12D,
Ez = d3z < = d3 (10)
6sz — DQX
sz d3 Gyz ny - d (11)
n,=n, BX (12)

k- is the shear correction factor, taken as 5/6

This conversion is necessary for assigning matgniaperties to the 2-D plate in
Abaqus/CAE. Afterwards, the orthotropic plate wasedelled as a 1590mm wide,
1590mm long plate, and meshed with SHELL elemehtdickness 250mm. Plate
was modelled with the same loading and boundarylitons as the complete 3-D
panel, but with the equivalent material proper{eeTable 1- 4).

Table 1- 4 Material properties and elastic constant

3-D FE model. Equivalent elastic| 2-D FE model.
Original material | constants Equivalent material
properties properties

E =210MPa D, =1.0140" N >mm E, =62740*N mn¥
n=03 D, =7.7240° N>mm E,=48140°N mn?

D, =580x10°N xmm
Do, =40340°N mm

Dox =43710°N mm Gox =120KN >m
n =03 n,=03
n,=023 n,=025

G, =181x40*N mn?
G,, =18340°N mn?

Deflections were obtained and compared with thasgiiged from 3-D finite element
model. Deflections from 3-D and 2-D FE analysis &%2 mm and 32.6 mm,
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respectively. The results show very good agreentstrepancy between the results
is 1.8%. Representation of models is presentedguré 1- 33.

(@) (b)

Figure 1- 33 (a) deflection results for complete B&nel, (b) deflection results for
complete equivalent 2D plate

4.3.4 Results

Results obtained from the parametric study aregmtesl in Table 1- 9 in APPENDIX
B. In this study core height., flange thicknesg,, and the amount of core material

was kept constant. The corrugation angle variethfb0° to 85°. Main observation
from the results was that with an increasing rafi@ore height divided by the core

. h . .
thickness —= the stiffness of the panel decreases. This is usecdahe core plate

c

becomes thinner, and therefore the stiffness op#mel decreases as well. Also, when

increasing the ratio of the corrugation pitch deddoy core heigh{hE the stiffness of

the panel decreases due to a decreasing amourdrmfgations for a given plate
width, this making the structure less stiff. Figalit was observed that the change in
angle has a very high effect on the shear stiffnédgen increasing the angle, bending
stiffnessDy and D, change only marginally, as can be seen in Tabl@ However
there is a significant drop in shear stiffnesse= §gure 1- 34and Figure 1- 39,
especially for the shear stiffneBgy between angle 50° and 60°.

Conclusions made after the parametric study are f?eﬁl, the angle has to be

between 50...60 degrees, and from Chapter 3 it weislele that horizontal part of the
corrugation has to be as small as possible.
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Figure 1- 35 Shear stiffnesspbin the direction of corrugation
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5 Bridge FE analysis

5.1 Introduction

In this chapter two concepts of a bridge deck aysed. The different concepts are
presented ifrigure 1- 36. Concept | consists of an I-beam gjrded a complete steel
sandwich panel (SPS) deck. In Concept Il the uflaege of the I-beam, and the
bottom plate of the SPS deck are omitted. The stracbehaviour of the bridge was
studied by conducting finite element analysis inagbs/CAE. Global and local
deflection, stresses, buckling and fatigue stremgtte analysed.

Wi wm"‘m"“v‘v

‘.“|’II|‘|"'| )

".'r\'t'l'A'l'l'l'l'l’l'l \\ ‘ ‘ ‘ A ‘ A A

(@) (b)
Figure 1- 36 (a) Concept I, (b) Concept I

5.2 Applied loads

5.2.1 Vertical loads

The bridge concepts were analysed for bridge l@&dsrding to Eurocode 1: Actions
on structures — Part 2: Traffic loads on bridgehl (991-2: 2003). Load Model 1

(LM1) was used that consists of two load systenaibte-axle concentrated loads,
and uniformly distributed loads. The characteristitdues were taken according to
Table 1- 5. Dimensions of the bridge and the apgl@ds are presented in Figure 1-
37.The bridge has 2 lanes, and according to Eurocadk kane is 3 m wide, with a

remaining area of 1 m. For both load systems adiest factorsa, and a, have to

be considered. According to the National Annex faetors are 0.9 and 0.7,
respectively for Lane 1, and for Lane 2 the valaes0.9 and 1, respectively.
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Table 1- 5 Load model (32)

Location Tandem system UDL system
Axle loadsQjy [kN] | qi [kN/m?]
Lane number 1 300 9
Lane number 2 200 2.5
Remaining area 0 2.5
Lane 1 : Lane 2
300 kN 300 kN : 200 kN 200 kN
l 9.0 kN/mt’ l ! l 25 KN l
H—I_I'N l l l l L 1 1 l 1 ”HHIHHHIl.llll{??lllllllllllllll
| | ] i | i [ i
] 1.0m | 20m 1.0m i 1.0m
1.6m 3.8m 1.6m

Figure 1- 37 Load Model 1

5.2.2 Horizontal loads

Horizontal forces that were considered in the asedyare the breaking and
acceleration forces, and lateral forces. A brakkorge Q, is acting on the surface of

one lane, and is calculated as follows (32):
Qy = 06ay (2Q,) + 010a 0, W L

The acceleration force is of the same magnituderalsng forces, but in the opposite
direction. Lateral forces are equal to 25% of thregitudinal breaking or acceleration
force Q, . For load calculations refer to APPENDIX C.

(13)

5.2.3 Fatigue loads

In fatigue analyses Load Model 3 (32) was appliedhe bridge. This model consists
of four axles, the weight of each axle is equal20 kN. General model for the wheel
position and the wheel contact areas is presemtdeégure 1- 38, wherav, is lane
width.
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Figure 1- 38 Fatigue Load Model 3 (unit: m) (1)

5.3 Bridge dimensions

5.3.1 Concept |

The bridge dimensions including the length, widtld ahe girders were chosen from
an existing bridge in Northern Sweden. Accordindlyidge length is 12 m, and it
consists of two I-girders with the dimensions preed in Figure 1- 39. The bridge
has two lanes, both 3.5 meters wide. To add laterdltorsional stability, the bridge
is provided with three transversal beams HEA300.

|

134
17
782

|
134
]

300

Figure 1- 39 Steel girder dimensions (unit: mm)

The deck of the bridge is a laser-welded steel wanid panel. To start with the
analysis initial parameters for the deck had todbtermined. The initial design of
core configuration shown in Figure 1- 40 (a) wassgn according to the parametric
study presented in Chapter IB. this study it was observed that the best strattu
performance of a steel sandwich panel is attainiga avtruss-like core configuration
having an angle between 50 and 60 degrees. Dueatnifacturing limitations a
minimum horizontal part for welding had to be calesed, and was initially chosen to
be 27 mm. However, after static analyses the reshidwed very high local bending
stresses under concentrate wheel load in the tate,pherefore the core parameters
had to be changed. The only possibility to decrdasgth of the corrugation pitch,
and at the same time to keep the angle betweem®®@ degrees, was to lower the
overall height of the deck. New dimensions for tloee are presented in Figure 1- 40
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(b). For a more detailed discussion about the effééocal bending stresses refer to
Chapter 5.4.3.

27 500

T | |

(a) 50 230
N VAVAVAVAVERL
} 206 |

|
T

19

Figure 1- 40 (a) initial core design for Concept(l) final core design for Concept |
(unit: mm)

Also, starting values for the deck thicknessestbdak chosen. According to common
practice, the minimum required thickness for platesuld be 8 mm. The thickness of
the core was determined according to the elasticarplate buckling stress equation
for equivalent orthotropic plates, see Equation) thét was obtained from EN 1993-
1-1: 2005 (33). The critical stress, was taken as 355 MPa, which is the yielding

stress chosen for the steel in this bridge; foaitkd calculations refer to APPENDIX
C. Calculations resulted in the core thickness 3, but it was decided to use 4
mm as the starting value.

- 2 2
tcore = Scrlz(]I;pZLIE)bcore (14)

5.3.2 Concept

From the obtained results for Concept | it was obsi that the main stress
concentration, yielding and buckling occur either the top plate or the core.
Consequently, it was decided to improve the desifyiConcept | by omitting the
bottom plate. This not only reduces the amountexdlsn the deck, but also decreases
the amount of welding, thus the concept should leneconomical. The core
configuration was the same as for Concept |, aedlthirder is of same height but
with a shape presentedfigure 1- 41.
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Figure 1- 41 Concept Il — assembly of the I-girded the core

5.4 Bending stresses

5.4.1 Global bending stresses

Global bending stresses were obtained in the méah-3f the bridge, where is the
maximum bending moment. The tensile stresses vedentin the bottom flange of
the girder, and the compressive stresses in therygpte of the deck (see Figure 1-
42).

obtained
stresses

Figure 1- 42 Bending stresses in the girder anddéek

The bending behaviour and the stress distributibthe deck for both concepts is
presented in Figure 1- 43 and in Figure 1- 44. (Bimsile stress in the mid-span of the
bridge for Concept | is 283 MPa, and compressivesst-90 MPa. The neutral axis
for Concept | is situated at a distance of 681 momfthe bottom flange of the girder,
whereas Concept Il has a downward shift in neatxéd, resulting in 555 mm. This is
due to a decrease in the amount of material, aatefibre an increase in stresses.
Tensile and compressive stresses for Concept 113@ MPa and -123 MPa,
respectively. From the obtained stress distribytibncan be also concluded that
composite action between the girder and the deakhgeved.
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Figure 1- 43 Concept | — stress distribution in tméd-span of the bridge, and the
position of neutral axis
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Figure 1- 44 Concept Il — stress distribution iretmid-span of the bridge, and the
position of neutral axis

5.4.2 Effective width

The effective deck width for both bridge conceptsswalculated to account for shear
lag in the deck. First, neutral axis was obtairmrednffinite element analyses, and then
effective width was computed from the equationicstfmoment of inertia. Core of
the panel was omitted from calculations, and ohly top plates were considered.
Obtained effective widths are 2145 mm for Concep@nid 3020 mm for Concept II.
Full material utilisation is achieved, when the \hdeck is working compositely. It
is the distance between girders divided by two, jplng the overhand, which in total
is 3500 mm for one girder. For these two cases, &4é686% of the deck is working,
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which are very good results. Especially in Condéghe deck is utilised in a very
good way. Detailed calculations and derivationspaesented in APPENDIX C.

5.4.3 Local bending stresses

Bending stresses were obtained in the Ultimate t_Btate by applying Load Model
1. As mentioned previously, it was observed that/wagh local bending stresses
caused by the wheel load are present in the decthéoinitial core configuration in

Concept I. As shown in Figure 1- 45 (a) the cortiggapitch 2pis equal to 500 mm,

which is higher than the contact area of the wH@®Ex400 mm. With a decreasing
pitch length, as shown in Figure 1- 45 (b), an addal support for the wheel contact
area is created — this reduces local bending ssesgnificantly, from initial bending

stress 470 MPa to 323 MPa in the final core comfigan (see Figure 1- 46).

Figure 1- 45 (a) first core configuration, (b) sewbcore configuration

(b)

Figure 1- 46 Local bending stresses for (a) inittalre configuration, (b) final core
configuration for Concept |

Concept Il (see Figure 1- 47) with the final chosleicknesses, where core is 8 mm
and top plate is 9 mm, has very high local bendingsses in the top plate (400 MPa).
One possibility is to increase the core thicknes mm, and the plate thickness to 10
mm. Consequently, bending stress would decrease dovd04 MPa. However, in
this case increase in steel material would be 8%maoke economical solution would
be to keep the initial thicknesses, and to addaemtaterial to the areas with high
stresses in the mid-span of the bridge.
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Figure 1- 47 Local bending stresses for Concept Il

After local bending analyses it was observed tloatGoncept | the yielding takes
place in the top plate under the wheel load. Howelee Concept Il, yielding in the
connection of the core and the girder was dete@sdseen in Figure 1- 48, there is
very high load concentration along the girder, whig due to the transfer of forces.
This phenomenon is not observed for Concept I. dselup of the connection is
represented in Figure 1- 48r deck with a core and plate thickness 5 mm ahdhin,
respectively. Due to the yielding, flange and ctreknesses had to be changed.
When increasing flange thickness 16% the effecthenyielding stress is very small,
it decreases only 2.8%. When increasing core tleis&knl16%, yielding stress is
decreasing 11.3% (sdable 1- §. Thus, it is more reasonable to change the thekne
of the core in order to obtain satisfactory stredstween connections.

Figure 1- 48 Concept Il —high stress concentratinorthe connection between core
and girder

Figure 1- 49 Concept Il — Yielding at stress 355aMP the connection between
girder and the core
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Table 1- 6 Yielding stress for various core andidja thicknesses (Concept Il)

Yielding stress Core thickness Plate thickness
te [mm] s [mm]

530 5 10

515 5 12

470 6 10

415 7 9

350 8 9

5.4.4 Shear stress

Maximum shear stresses between the girder anddble are studied. The bridge is
subjected to breaking and lateral load as showfigare 1- 50. In Abaqus/CAE it is
not possible to create a line load for shell eleinetiherefore horizontal forces were
applied as distributed traction forces on the av€al0x3000 mm. Shear stresses
caused from breaking load are negligible and arehrhelow the allowable limit

f
—~L = 205MPa, see Table 1- 7. As lateral load is 25% of theakireg load, shear

NG

stresses caused by lateral forces are even smalidrtherefore the values are not
presented here.

Figure 1- 50 Breaking and lateral loads
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Table 1- 7 Shear stresses from breaking load

Concept Connection [MPa] | Deck [MPa]
I 1.6 9.2
[l 7.6 6.1

5.5 Buckling analysis

5.5.1 Vertical loads

Linear buckling analyses were conducted to detegrthie critical buckling modes and
load factor/ referred to as eigenvalue.

The first buckle could be observed in the deck;efgenvalue obtained from the finite

element analyses is 4.33 for Concept | and 3.6&trcept Il. It can be observed that
there is a slight difference in buckling load fastbetween both concepts — Concept |
has a higher value, and therefore is stiffer. Néndess, the obtained buckling factors
have very high values, which refer to very higlffiséiss of the bridge elements.

For a detailed buckling assessment geometricalimzani analyses should also be
carried out, where geometrical imperfections of strecture and nonlinear behaviour
of the material are taken into account. Howeves,ttho bridge concepts presented in
this thesis had no buckling problems in the lineaalyses stage, and the buckling
load factors were much above 1. Therefore, theineatity was not accounted for in
this thesis.

Figure 1- 51 Concept | — second buckle in the deck
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Figure 1- 52 Concept Il — second buckle in the deck

5.5.2 Horizontal loads

The buckling factors that occur when applying bregkoad on the structure were
considered in the thesis as well. The first bugklimode appears in the deck;
eigenvalue for Concept | and Concept Il is 53.7 &id), respectivelylt can be
concluded that when applying horizontal loads am $tructure, no buckling risk is
present. Representation of buckling shapes is shiowigure 1- 53 and Figure 1- 54

Figure 1- 53 Concept | — buckling from braking load
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Figure 1- 54 Concept Il — buckling from braking tba

5.6 Fatigue strength

Fatigue assessment was carried out by applying Madkel 3 according to EN 1993-
1-9. To find the load position for a maximum momseveral cases were considered.
The results showed that the maximum moment is ebthwhen concentrated loads
are placed as shown igure 1- 55.

Figure 1- 55 Wheel load positions causing maximuwment in the girder

In this thesis the emphasis is on Concept II, whleeegirder is directly connected to
the core using butt weld. In Eurocode there is et@iticategory for such connections,
and therefore no fatigue strength for nominal strasige is given. The purpose was to
give an indication of stresses by evaluating thegmtade of maximum in-plane
stresses. Maximum stress in the connection is 54,MP shown in Figure 1- 56; it is
a reasonable stress if compared to existing dedégigories presented in Eurocode, for
instance detail 71 for toe cracking.
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54 MPa

Figure 1- 56 Obtained max stress in the connection

5.7 Deflection in SLS

Assessment of the bridge deflection in servicegblimit state is made. Graphical
representation of deflections for both bridge catges depicted in Figure 1- 57 and
Figure 1- 58. Maximum deflection in the girder andhe deck is obtained in the mid-
span of the bridge, and the values are presentédbte 1- 8. Deflection for Concept
I is lower than for Concept I, this is due to taeditional flange and bottom plate

thickness. However, the deflection criteri%rilgE is satisfied in both cases.

Table 1- 8 Results for deflection for Concept | &uhcept Il

Concept | Deflection in the | Deflection in the
girder [mm] deck [mm]

I 19.1 0.5

Il 28.0 4
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Figure 1- 57 Concept | — maximum deflection indkek and in the girder

Figure 1- 58 Concept Il — maximum deflection in deek and in the girder

54 CHALMERS, Civil and Environmental Engineerindlaster’s Thesis 2012:



6 Conclusions and future research

6.1 Conclusions

In this work, a conceptual design of a possibleslseandwich bridge deck was
established. Two bridge concepts were studied aaimgtric parameters for steel
sandwich panels were chosen, which would satisfycttral requirements according
to Eurocode.

From this thesis it was concluded, that:

When choosing core configuration the flat segmdmtoorugation, angle, and
pitch to core height ratio are important geomgtacameters to consider.
The study indicated that a sandwich plate with Yec@erforms better
compared to other studied core types.
In the bridge design, local bending stresses urdacentrated wheel loads
govern the design of the deck. Further optimizatoérthe core shape and
dimensions might lead to a more efficient and ecooalesign.
Two deck concepts with the same core configuratiod dimensions were
thoroughly studied. In the first concept the stk is composed of two (top
and bottom) deck plates, while in Concept Il, tldtdim plate is omitted. Both
deck concepts:

- exhibit very stiff behaviour in bending,

- have very low shear stresses,

- have very good structural behaviour.
Even though a thorough fatigue analysis was notopeed, the values of
stresses obtained from the FE-analysis are - ftr deck concepts — so low,
that fatigue should not govern the design of thoeseks.

6.2 Future research

In future research detailed analysis for the cohoes should be performed. Also, the
production technology should be investigated afetdycle cost analysis should be
made to have an overview of the cost of this intigeadeck in comparison to other
decks.

The concept of sandwich steel decks in this thesis only considered for simply-
supported road bridges. Additional benefits maybtined if the concept is used in
other bridge types. In particular for continuougl@es, where cracking of concrete
decks reduces their contribution to the structayatem, sandwich steel decks should
provide a valuable alternative.

Another bridge type for which the economic and ctital feasibility of sandwich
steel decks should be considered is movable bridg@sventional orthotropic bridge
decks have until now been used in this kind of geglwhere weight reduction brings
many benefits.

Finally, it should be mentioned that the work instlthesis was meant as a path
definer. Further, and more accurate analysis oiouarpossible configurations and
structural solutions should be studied in ordéfirtd optimized solutions for different
bridge applications.
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APPENDIX A
Calculation of elastic constants for a V-corrugatio

V4
A
~ 3
e e e e
) : )
/) A\ y
Y &= ¥ /
Initial data:
n = 0.2
G = _E = 80769<l
2X1+n) mm2
tf = 10mn
tC = 10mn
hc = 250mn
p = 250nn
a = 50de(
f=p- = 40.225mn
tan(a)

IWidth = 2p = 500mm
f
3ottom = P - E = 229.88mir

h = h:+tf+tC:270>mrr

X = hc = 209.775mn
tan(a)

S = — = 326.352mn
sin(a)
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Bending stiffness:

2

h _
p =2 2px- =1822 10 “m’
| = 2xft.x 2 + 2>{C>S3>sir( )2 = 4657 16 °mi’

= — a) = 4.
¢ ¢ 2 12
2%+ 2>s% N
EA, = 2(B) + Bx———— = 7279 10%—
2p mm

D, = B+ If) = 4.805 10N

1 ,
D, = D7y = 9.61 1dN>m

2%
N
EA, = 2Bt + —E =4538 16x—
2p mm
EXq
Dyy = =3.899 10nont
, X
1-n" 1- —
DZZ
1
Dy = Dy %= = 7.797  1dNom

2p

Twisting stiffness:

D,, = G- = 5.888 10Nm
2p

Transverse shear stiffness in the direction of cotgations:

|l. = s+ f =366.57&mm

Cc
X
Age = —— = 14.663mm
p
G G |, 2
DQZ: = X —
Pl Acc P
2
Gt
N
Doz = N ars 16N
P m

CHALMERS, Civil and Environmental Engineerinlaster’s Thesis 2012:



Transverse shear stiffness:
kle kyzl Rclzo
al = h_C = 125¥mm

2

]1 = al = 1254mm

S
dl = — =163.176<mm
2
¢ 3
DQX:S>hx E X—C
1-nC hC
dyxcoga) < d 3 dyxoga)
| _2. 1 wt, 21,0 14 - 0.111
Y3 he he 38 he he
j1 dqxoga) d 2 dqixodqa)
Kix S L R =0.128
Y 3h h h 24 R he
.2
J d
DL SR
3 he R 4h
_ dy 2 _
K x = — +2%=xo09a) =07
dq

Kny = 2><E>sir(a)>cos(a) = 0.643

dg 5
KLy = 2x—x%ina)” = 0.766
e
2
B = K +i E K =0.111
177y 7 4o he Ly = %
2
82 = ley' 1—2 E >Kny =0.128
2
3= |X+1_2 E >KLX = 0.149
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_p2 t
B4: 1 ﬂzx_f =1
1-n te
2
6>&>Bl>54+ %
p
S = 2 hC 3
h
12-2 2 Byt = 6ByxBBg- ByY + - By +--xB
h he he e
t 3
Doy = Shx——— x-°  =3002 10%
1-n2 e m
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APPENDIX B

Results from optimization study
Table 1- 9 Results from optimization study

P et | | v | g | O (N |02 N0 85y |
30.7 8.5 85 8.4E+07 1.2E+08%.3E+07| 2.0E+06 4.8E+(
29.4 89 |80 8.4E+07 1.2E+08.3E+07| 3.2E+06 5.3E+(
28.2 9.2 |75 8.4E+07 1.2E+08.3E+07| 5.3E+06 5.7E+(
27.1 9.6 70 8.4E+07 1.2E+08%.3E+07| 9.5E+06 6.2E+(

0.90 260 | 10 . .

26.0 10.0 | 65 8.4E+07 1.1E+08&.3E+07| 1.9E+07 6.8E+(
25.0 10.4 | 60 8.5E+07 1.1E+0%.4E+07| 4.5E+07 7.4E+(
24.0 10.8 | 55 8.5E+07 1.1E+0%.4E+07| 1.7E+08 8.0E+(
23.1 11.3 | 50 8.5E+07 1.1E+0%.4E+07| 9.7E+08 8.7E+(
324 8.0 |85 8.3E+07 1.2E+08.2E+07| 1.4E+06 3.9E+(
31.1 8.4 |80 8.4E+07 1.2E+08.3E+07| 2.2E+06 4.2E+(
29.9 8.7 75 8.4E+07 1.1E+08%.3E+07| 3.5E+06 4.6E+(
28.7 91 |70 8.4E+07 1.1E+08.3E+07| 5.7E+06 5.0E+(
1.00 260 | 10 - .
27.7 94 |65 8.4E+07 1.1E+08%.3E+07| 1.0E+07 5.4E+(
26.7 9.8 60 8.4E+07 1.1E+08.3E+07| 2.1E+07 5.8E+(
25.7 10.1 | 55 8.4E+07 1.1E+0%.3E+07| 5.8E+07 6.2E+(
24.8 10.5 | 50 8.4E+07 1.0E+0%.4E+07| 3.1E+08 6.7E+(
34.1 76 |85 8.3E+07 1.1E+08.2E+07| 1.1E+06 3.2E+(
32.8 79 |80 8.3E+07 1.1E+08%.2E+07| 1.6E+06 3.4E+(
31.6 82 |75 8.3E+07 1.1E+08.3E+07| 2.4E+06 3.7E+(

110 30.4 260 | 10 86 |70 8.3E+07 1.1E+08.3E+07| 3.7E+06 4.0E+(
29.3 89 |65 8.4E+07 1.1E+08%.3E+07| 6.2E+06 4.3E+(
28.4 9.2 |60 8.4E+07 1.1E+08.3E+07| 1.1E+07 4.6E+(
27.4 9.5 55 8.4E+07 1.1E+08.3E+07| 2.6E+07 5.0E+(
26.5 9.8 |50 8.4E+07 1.0E+08.3E+07| 8.6E+07 5.3E+(
35.8 7.3 85 8.3E+07 1.1E+08.2E+07| 7.9E+05 2.6E+(
34.5 75 |80 8.3E+07 1.1E+08.2E+07| 1.1E+06 2.8E+(
33.2 78 |75 8.3E+07 1.1E+08%.2E+07| 1.7E+06 3.1E+(

1.20 321 260 | 10 81 |70 8.3E+07 1.1E+08.2E+07| 2.5E+06 3.3E+(
31.1 84 |65 8.3E+07 1.1E+08.3E+07| 4.0E+06 3.5E+(
30.0 8.7 60 8.3E+07 1.1E+08%.3E+07| 6.8E+06 3.8E+(
29.1 89 |55 8.3E+07 1.1E+08.3E+07| 1.3E+07 4.0E+(
28.2 9.2 |50 8.3E+07 1.0E+08%.3E+07| 3.4E+07 4.3E+(
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APPENDIX C
Bridge FE calculations

Determination of minimum core thickness

Elastic critical plate buckling stress of a plate:

Critical stress is set equal to the yielding stfgsshich is 355 MPa.

i - 2042

Scr~

1241~ n?) 2
fyg = 355MP
sor = fyg = 355MPe
k =4
n = 0.2
be = 146.49nn
E = 210GP¢

0.5

s Cr>§.2>(1 -n 2) >b02

tc = = 3.168mn

kaE

Load calculations

Braking load:

Lspan= 11907

a = 40nn
b = 3000mn
w = 5.5m

Ap = ba =12 10mnf

Qqk = 300kN
kN
Gk = 9,
m
aQ = 0.¢
aql = 0.7

66

CHALMERS, Civil and Environmental Engineerind/laster’'s Thesis 2012:



Bload = 0-68 0{2:Qq)) + 0.108 4y Wk gpan = 365.258KN

Bload N
QBload = = 3.044«
Ab mm2
Lateral load:
_ _ N
Qjat = 0-25Qx)paq = 0-76* 2
mm

Calculation of effective width

Concept |
Deck:

ty = 9mn top plate

t; = 8mm  bottom plate

hc = 120mn
Girder:
tW = 17/mn
t\N = 782mn
tf = 34dmn
bf = 300mn
yNAl = 68Immn
S
YNALI = A

1= befpty + tyy + (%) 2 + befrts ¥NaLl

t t

1 hy f

S (beff*l)xl'\NJ’EJ’ZIf X +(tf’bf)>‘§---
1 ki

+Defptpx Ry + 24 + R + 1+ (tpbg) x Ry + i +
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t

-t (B2 Shaa o et (i)
+(tf>bf)xhw+tf+t—;

betf.| = 4 .

WINAL Y RINAL T Ry T 2k - xRy 2k g

= 2.15m

Concept Il
ttop = 9mmr

YNA.II = 999mm

Syt = (Pefrtiop™ twFw * Bt %) YnaLl
t Ry i
So1 = (Pefitiop) X M * %) o (tf’bf)>§

( + + x&V+t +(t xti
twh + D) A+t , T (f’bf)2

beff.il =
Ytop
topINA.IL ~ Top* P * - i

= 3020 mm

68 CHALMERS, Civil and Environmental Engineerind/laster’'s Thesis 2012:



