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ABSTRACT

Post-tensioned concrete slab bridges are a comniaigeltype for short spans. In such
a bridge, there are three-dimensional effectsarbtidge slab, partly because of a slabs
ability to distribute load in both the longitudireahd the transverse direction and partly
because the prestressing induces stresses in bettiahs of the slab. When such
bridge is to be designed, these effects need teberibed correctly using numerical
models. The aim of this study was to investigagaiiiuence of the prestressing on the
structural behavior in the bridge slab, and hoved#nt modelling techniques describe
the behavior. Further, since the post-tensioningdes are placed in the longitudinal
direction only and therefore cannot prevent cragkimthe transverse direction, the
behavior of the bridge slab due to cracking has leestigated.

In this project, the FE software SAP2000 has beseal uwhere mainly two types of FE
models have been analyzed: a beam grillage modklaashell model. Moment
distributions in the slab in these models have lenpared to investigate how they
describe the behavior of the slab caused by thenessing load. Further, the response
due to cracking has been investigated in the shetlel by modifying the Poisson’s
ratio and the transverse stiffness of the slab.

The produced results have shown that the Poissatits had great influence on the
transverse moment distribution in the shell mo8eice the beam grillage model, for
natural reasons, cannot describe transverse ctotraihe results from the shell model
and beam grillage model were different when the$twi's ratio in the shell model was
set to 0.2, which correspond to uncracked conckeeiever, when the Poisson’s ratio
was set to zero, the results from the models wieendas. Reducing the transverse
stiffness, due to cracking, had little influencetba moment distribution in the bridge
slab.

A requirement in Eurocode turned out to be problaniar this type of post-tensioned
bridge. The requirement concerns stresses in there® around the prestressing
tendons and a clarification of how the requirensdduld be interpreted is needed.

Key words: FEM, slab bridge, prestressing, possitening, beam elements, shell
elements, cracking, Poisson’s ratio, transver$mesis
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SAMMANFATTNING

Efterspanda betongplattbroar ar en vanlig brotypkfirta spannvidder. | en sadan
brotyp finns tredimensionella effekter i broplattatels pa grund av att lasten kan
spridas i bade langd- och tvarriktningen och deisgound av att férspanningen
framkallar spanningar i plattans bada riktningaid ¥fimensionering av en sadan bro
behdver dessa effekter beskrivas korrekt med jlpumeriska modeller. Detta arbete
syftar till att undersoka hur forspanningen paveskerkningssattet i broplattan, samt
hur olika modelleringstekniker beskriver detta. evligare har verkningssattet i
broplattan till foljd av uppsprickning undersokBetta eftersom att forspanningen
endast ar placerad i langdriktningen och darfée ik&n férhindra sprickbildning i
plattans tvarriktning.

| detta arbete har FE-programmet SAP2000 anvamts llévudsak tva typer av FE-
modeller har analyserats, vilka ar balkrost- ochlmslodell. Momentférdelningar i
plattan i dessa modeller har jamforts for att uadka hur de beskriver verkningssattet
i broplattan orsakad av forspanningslasten. Vidaes responsen till foljd av
sprickbildning undersokts for skalmodellen genotnabdifiera tvarkontraktionstalet
och styvheten i tvarled for plattan.

Framtagna resultat har visat att tvarkontraktidesténade stor betydelse for
momentfordelningen i tvarled i skalmodellen. Efters att balkrostmodellen, av
naturliga skal, inte kan ta hansyn till tvarkontrak medforde detta att skal- och
balkrostmodellen gav olika resultat nar tvarkonticstalet i skalmodellen var satt till
0,2, vilket motsvarar osprucken betong. Daremottvénkontraktionstalet var satt till
noll, vilket motsvarar sprucken betong, var regatiafér modellerna enhetliga. Att
reducera styvheten i tvarriktningen, till foljd ayppsprickning, visade sig ha liten
inverkan pa momentférdelningen i broplattan.

Ett krav | Eurokod visade sig vara problematisktdén har typen av efterspand bro.
Kravet géller spanningar i betongen kring spannamngen och ett fortydligande av hur
detta krav ska tolkas behovs.

Nyckelord: FEM, plattrambro, efterspanning, forspég, balkelement, skalelement,
bdjmoment, sprickning, tvarkontraktion, Poissonsdvhet i tvarled
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Notations

Roman upper case letters

Ap Cross section area of prestressing tendons
E Young’s modulus

G Shear modulus

Gk Self-weight and permanent load

Moment of inertia

I

K Torsional stiffness

M Bending moment

Mi Bending moment in a beam element about the loaxzis-
Mii Bending and twisting moment in a shell elementimlbcal ii-direction
P Prestressing force

Q« Live load

Ri Rotational degree of freedom about the local saxi

T Torsional moment

Ui Translational degree of freedom in the local isaxi

Vi Shear force in a beam element in the local 1-iglan

Roman lower case letters

e Eccentricity

fox Characteristic concrete strength

fpo,1k Nominal yield strength of prestressing tendons
fok Nominal tensile strength of prestressing tendons
k Wobble coefficient

m Bending moment per unit length in i-direction

Mt Design moment for reinforcement in i-direction

q Distributed load

tx Torsional moment used to calculate the design moifoemeinforcement
w Crack width

X x-coordinate

y y-coordinate

z z-coordinate

Greek letters

Change of slope of the tendon profile
i Partial factor for load i

S Anchorage set slip
Strain
Coefficient of friction
1, 2 Factors used to calculate the design moment fioforeement

Poisson’s ratio
Reduction factor for unfavourable permanent loads
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Stress

allowed Maximum allowed tension stress in prestressingdasad
i Normal stress in i direction
p Tendon stress
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1 Introduction
1.1 Background

Concrete bridges are a common solution for shodt @nd-range span bridges in
Sweden. A big advantage with concrete is that m@dable, i.e. it can be shaped in
many ways for different applications. Common cotetaidge types are portal frame
and slab bridges (short spans), beam-and-slabdwi@gmall-mid range span) and box
girder bridges (midrange/larger spans).

In concrete bridges, it is common to use presteessaforcement. An advantage with
prestressed reinforcement is that it allows fotdvetisage of the material per meter
length, thus making possible bridging larger spdiise prestressed concrete is also
designed to be uncracked during its servicealaéife, which significantly increases
the durability of the concrete structure.

The prestressed reinforcement is naturally pla¢eagathe main bearing direction of
the bridge structure, i.e. the longitudinal direnti For a typical beam-type structure
this becomes also the main reinforcement and ubimdpeam theory for section force
distribution gives a rather straight forward metblody for analysis and design. The
structural response of a slab bridge, on the dtaed, is more complex since e.g. loads,
stresses and stiffness not only distributes inladhgitudinal direction, but also in the
transverse direction. For such cases, it is noaydvwpossible to describe the behavior
using a 2D beam model. To be able to correctlyesgmt the complex response of a
slab structure, a common solution is to use thieefelement method (FEM).

Mainly three types of elements are commonly useBEranalysis. Those are beam,
shell and solid elements. These elements are Iselited for different applications and
should be chosen depending on the objective ofatieysis. A FE model is an
approximation and is not able to capture everycetteat exist in reality. Furthermore,
a very detailed model (e.g. solid elements), camXieemely impractical to use for
design purposes. It is therefore not obvious intwwey a concrete slab bridge should
be modelled — how to represent the concrete steidgteelf or how to apply the
prestressing. It is equally important to choose eflody technique that would be
practical so that the current requirements and eghnutput by the design codes are
satisfied.

There are naturally regulations regarding conagtectures that must be fulfilled. The
Eurocode does for example specify limits for sieessuch as maximum allowable
tensile stress in certain regions. This makes theice of modelling technique
important, since it should be able to describesthesses in those regions. However, at
the same time the regulations can in some appitatbe rather vague and hard to
interpret.

CHALMERS Civil and Environmental Engineeriniylaster's Thesis BOMX02-17-31 1



1.2 Problem description

In order to illustrate the problem at hand, a tgpost-tensioned concrete slab bridge
is chosen, see Figure 1.1. The chosen bridge hes-thimensional behavior due to the
nature of a slab, which distributes load in both tbngitudinal and the transverse
direction. The columns will also give rise to Iadidtribution in the transverse direction.
The prestressing adds further complexity to thecstire as it induces stresses to the
whole structure, not only parallel to the tendonsdiso perpendicular to the tendons.
It is not obvious what effects the prestressingeh@srpendicular to the tendons for this
type of bridge.

The process of bridge design is tightly connecteckgulations that must be followed
and requirements in the code that must be fulfilldte accurate representation of the
structural behavior under the relevant loads ism&s to that process. Thus, the three-
dimensional behavior in the slab and the effectsed by the prestressing have to be
described in a correct way. To achieve this, nucaémodels that can produce sectional
forces and stresses, for which the code sets egaints, are needed.

There are several alternatives for the implemeotatif numerical models with the
finite element method by the means of element typa of them stand out as viable
practical choices: a model based on shell elen@msa model using beam elements.
However, it is not obvious if both of these modate able to describe the three-
dimensional effects from the prestressing in aexirway.

The prestressing tendons are placed in the lorigabdirection of the bridge to control

or prevent cracking. However, the prestressing cfrprevent cracking in the

transverse direction. Thus, it may be reasonabklssnme that the slab will crack in
the transverse direction. Cracking affects thdnsgs distribution and therefore also
the response of the slab. The numerical model fesible to correctly reflect this

behavior.

Figure 1.1 Schematic illustration of a post-tem&d concrete slab bridge.

2 CHALMERS, Civil and Environmental Engineerindlaster’s Thesis BOMX02-17-31



1.3 Aim and objective

The aim of this master thesis was to look into andluate modelling techniques for
post-tensioned concrete slab bridges, and thewaltp questions were identified for
the evaluation:

How should a post-tensioned concrete slab bridgenbdelled in 3D FEM
concerning:

Choice of element types?

Application of the prestressing?
If the slab cracks in the transverse direction, hei it affect the overall
behavior of the structure?
How should the requirements in the Eurocode beprééed for this type of
structure?

1.4 Limitations

One specific bridge geometry was considered forahalyses. The geometry was
chosen so that a clear two-way behavior was oldaane to describe the effect of the
post-tensioning. It was also made as simple aslpess.g. no curved slab or changed
dimensions of sections, to eliminate effects thabmplicated geometry might cause.
Further, support conditions, number of spans antedsions were not changed as this
study mainly focused on the influence of post-tenisig and modelling techniques.

The analysis in this project was limited to numarienodels with linear elastic
response. Only moment distributions in both thegitudinal and the transverse
direction have been investigated.

Besides the prestressing load, the bridge has begn subjected to a uniformly
distributed external load. Since the influencet® post-tensioning was the focus in
this study, the effects from e.g. variable posgimf the traffic load were not of
interest.

1.5 Method

A literature study was performed to gain knowledythe following subjects:
- Concrete slab bridges, in particular their thremeahsional structural behavior
Post-tensioning in general and how to implememt the FE software
FE modelling, including element types, implememtatdf post-tensioning and
modelling of slabs
Regulations concerning slab bridges and post-tamgjo

The FE modelling in the study has been carriedusuig the FE software SAP2000
(CSI, 2016). Mainly two techniques have been usettd¢ate the FE models. The first
is a shell model which mostly consist of shell eéeris and the second is a beam grillage
model which only consist of beam elements. In SA®2Ghere are two different
methods to define the prestressing load and botl been used in order to investigate
its influence on the response in the slab.

CHALMERS Civil and Environmental Engineerin§ylaster’'s Thesis BOMX02-17-31 3



To be able to investigate the influence of crackmthe slab, the Poisson’s ratio and
the Young’s modulus have been modified to representacked concrete slab. In
reality, it is the moment of inertia that changeewha section cracks and not the
Young’s modulus. However, in FE modelling it is yas change Young's modulus

and by doing so, the stiffness is reduced.

The results for the bridge slab is presented as enbuistributions in predetermined

sections for chosen loads. The output from SAP2tbeen exported to Excel for

post-processing and plotting of moment diagramse Tésults of the analysis are

checked against the regulations to see whetheetherements can be met and equally
important — where the regulations are straightfedraand where certain interpretations
are needed in the design of this particular typstiafcture.

1.6 Outline of the report

Chapter 2: This chapter contain theories concerning posiitered concrete slab
bridges and FEM. Further, applications used in SXR2are presented and
described.

Chapter 3:Description of the FEM modelling. In this chaptgeometries, materials,
static system, boundary conditions and loads asemted and how these
are implemented in the models in SAP2000.

Chapter 4:Presentation of the results from the different eafaibns.

Chapter 5: Discussion of the results from the FE-analyskse Thapter also includes a
discussion of the modelling.

Chapter 6:This chapter present the conclusions drawn in thissis and also
suggestions for further studies.

Chapter 7:References

4 CHALMERS, Civil and Environmental Engineerindlaster’s Thesis BOMX02-17-31



2 Theoretical background
2.1 Bridges

Many types of concrete bridges exist with a vardtgesign and span lengths. Bridges
can be shaped in many different ways and the delgands on e.g. the environmental
conditions at the location. Examples of bridge sypee girder, cantilever, suspension,
arch, cable-stayed, box-girder, slab and slab-giodelge. The different bridge types
are suitable for different span lengths.

Concrete bridges may be prestressed to increashuthbility. The bridges mentioned
above can all be prestressed. However, the prestgetendons can be arranged in
various ways for different types of bridges. In.@girder bridge the tendons are placed
in the girder, in a slab bridge the tendons areqaan the slab, but in a box-girder
bridge the tendons can be placed either in the wetiee box or placed externally; i.e.
not embedded in the concrete.

A common bridge type for short spans is the slatger, which can have one or multiple
spans. The slab may be simply supported at the endsnnected to the supports,
allowing moment to be transferred, and intermedsateports may consist of either
columns or walls. When the slab is fully connedtedupporting walls at the ends it is
called a portal frame bridge.

Slab bridges can be used for many different pupo®e example as railway, road,
pedestrian and bicycle bridges and wildlife crogsinThis bridge type can be very
wide, which may be advantageous, e.g. if the brglggl have several traffic lanes.
Such a bridge type is also advantageous if thgbrsthould serve as a wildlife crossing,
which need to be wide in relation to its lengthk@la & Adelskold, 2012).

2.2 Load distribution in concrete slabs

A slab is a structural member that allows load éodistributed in more than one
direction. How the load is distributed in a slalyaerned by its boundary conditions
and stiffness distribution.

Boundary conditions for a slab could for examplesiveply supported or fixed along

the edges. Since a fixed edge provides more stéfrmaore load will be attracted to that
edge. Figure 2.1 shows how the load distributioty aiéfer in a slab, subjected to a
uniformly distributed load, with different boundacgnditions. In the figure, it can be

seen how the degree of fixation affect the loadrithstion and that a stiffer support

attracts more load.

CHALMERS Civil and Environmental Engineerin§ylaster’'s Thesis BOMX02-17-31 5
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Figure 2.1 Load distribution in a slab, subjecteduniformly distributed load, with
different degree of fixation on the right bound@éngstrom, 2014).

To further describe the structural response inat,slhe moment distributions for
different cases of support conditions are illugidain Figure 2.2 to Figure 2.4. The
illustrations are made by Hallbjorn (2015).

In Figure 2.2, the moment distribution for a slam@y supported along two edges
loaded with a point load is shown. It is clear thedstly positive moment, i.e. tensile
stresses on the bottom face, develop in the lodigial direction. However, close to the
supports, the moments change direction and smagltive moments, i.e. tensile
stresses on the top face, develop. This suggestshi load is distributed not only in
the longitudinal direction, but also in the transeedirection.

et o Pt R T T R LT D T 6 Ol

Figure 2.2 Moment distribution for a slab, sim@ypported along the two short
edges, loaded by a point load (the square), acogrth Hallbjorn (2015).

In Figure 2.3, the slab is instead simply suppodiedg all its edges. Most of the load
will be distributed in the transverse directioncgnoad will mainly be carried the
shortest distance (Engstrom, 2014). This can gldslseen in the figure where the
largest moments develop in the transverse direction

6 CHALMERS, Civil and Environmental Engineerindlaster’s Thesis BOMX02-17-31
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Figure 2.3 Moment distribution for a slab, simglypported along all edges, loaded
by a point load (the square), according to Halllljd2015).

In Figure 2.4, the slab is fixed along one edgelavtie other edges are free. In
similarity to a beam, large negative moments dgvalong the fixed support. However,
at the point load, positive moments develop, mastthe longitudinal direction, which
is different from a beam.

.

Figure 2.4 Moment distribution for a slab, fixebbag one edge, loaded by a point
load (the square), according to Hallbjorn (2015).

Based on these figures, it is clear that the bogyndanditions affect the moment

distribution of a slab and that the moment distelsun more than one direction. It is
important that a model is able to capture thesectffcorrectly and that the boundary
conditions are carefully considered.

The load distribution does not only depend on logdind boundary conditions, but
also on the stiffness distribution. In a crackedarete slab the stiffness depends on the
reinforcement. Since a slab is statically indeteate, it can have any load distribution,
as long as equilibrium is fulfilled, and hence ttesigner can influence the load
distribution in a slab by choosing reinforcemerstalution.

CHALMERS Civil and Environmental Engineeriniylaster's Thesis BOMX02-17-31 7



2.3 Concrete

Concrete is strong in compression but weak in tanise. the part of a concrete member
that is in tension will crack and cause failureha section at an early stage, beein
Figure 2.5a. To increase the capacity of a menfitgeconcrete need to be reinforced in
the zones where tensile stresses appear.

There are different methods for reinforcing conerefhe most common is to use
regular steel reinforcement placed in the tengleez This kind of reinforcement will
however not prevent cracking, but keep the equuirbrin a section when the concrete
cracks. This will allow a concrete member to takarenload, since the reinforcement
will now transfer the tensile stresses when thecasie cracks. A consequence of
cracking is decreased flexural stiffness of the ipemand is visualized as a decreased
slope in Figure 2.5b.

In order to maintain an uncracked concrete seetnohutilize the full stiffness, cracking
in all sections should be avoided. By prestresiiegelement with a compressive force
before the external load is applied, a higher lsacequired before cracks develop.
Thus, the moment required for cracks to develg, will increase and the response
will maintain the steeper slope (state 1) for higheads. This implies that a higher
stiffness can be utilized in the service state. Wtie prestressed concrete member
cracks, the response become more complex than feintorced concrete member.
However, the ultimate strength is not significaraffected by the prestressing.

Momen Momen
State
State |
MCI’ MCI’
Curvature Curvature
(@) (b)
Figure 2.5 Schematic response of a concrete sealiglain concrete b) reinforced
concrete

In a structural analysis of a concrete member kingmneeds to be considered since the
stiffness of the member is affected by crackinghdf tensile stresses in a section does
not exceed the tensile strength of the concregesdction can be assumed uncracked.
In an analysis of an uncracked section the wholeciate section can be utilized
including the reinforcement, see Figure 2.6a. Thisalled state |.

If the stresses instead do exceed the tensilegskrasf concrete, the section can be
assumed cracked. In such sections, the part afdherete that is in tension cannot be
utilized and only the reinforcement can transfesiie stresses, see Figure 2.6b. Since
parts of the cross section cannot be utilizedptbment of inertia will decrease, leading
to a loss in stiffness. This is called state II.
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In both state | and Il the response of the secisohnear elastic. However, if the
response in either the concrete or the reinforceéregins to behave in a non-linear
way, the section is in state Il (Al-Emrani, et @&011), see Figure 2.6c.

State
(a)
]
Ocrfer
State |
Occ
- ] ;'\"’ oc=FEc &
(b) -
As
I G—
F ,Y;US As
State Il 0s=Es &
Oc¢
Occ
I 2
(C) €
As Os
= S
Fs\zo's As -

Figure 2.6 Different states for reinforced conered) Uncracked state. b) Cracked
state, linear response. c) Cracked state, non-limeaponse.

2.4 The Poisson effect

The Poisson effect describes the phenomena thatrso@e a material when it is
compressed or stretched. When the material is tbadeill expand or contract in the
direction perpendicular to the load, see Figure Zhis effect is measured by the
Poisson’s ratio, which is the ratio between thaist perpendicular and parallel to the
loading. In design, the value of the Poisson’soraichosen. For a concrete slab, the
Poisson'’s ratio should be set to 0.2 when theislassumed uncracked and zero when
the slab is assumed cracked, according to Eurocode.
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(a) (b)
Figure 2.7 lllustration of the Poisson effect. &ansverse expansion due to
longitudinal compression. b) transverse contractdwe to longitudinal
elongation.

2.5 Orthotropic material

Unlike an isotropic material where the materialgadies are the same in all directions,
the properties in an orthotropic material vary acte direction. When it comes to a
reinforced concrete slab, it can be assumed isictrap long as it is uncracked.

However, when the concrete slab cracks in one tirecdhe stiffness is reduced in the
cracked direction; i.e. the slab becomes orthotrophis lead to a redistribution of

loads, where more load is taken in the stifferatios.

2.6 Prestressing
2.6.1 Prestressing techniques

The prestressing of a concrete member is in masisodone by pre- or post-tensioning.

The distinctive difference between the methodshsetiver the concrete is cast before

or after the tension force is applied to the stexetlons. The prestressing steel, referred
here as tendons, can be individual strands, melspiands, wires or bars — almost

always certified for a specific type of prestregsinethod.

The pre-tensioning method is more or less resttitdeprefabricated elements and is
not relevant for the current project.

Prestressing by post-tensioning is done by tensgptiie tendons after the concrete is
cast and has gained strength. The tendons aredplacducts either before or after
casting. The ducts are always placed in the mdioréeasting. When the concrete has
hardened, the tendons are tensioned by a hydrgdi;c from one or both ends,
introducing compressive stresses to the concrefeer Ahe tendons have been
tensioned, the ducts are grouted protecting theotes from corrosion, see Figure 2.8.
The grout also creates a bond between the conaretehe tendons and is usually
cement based (Hewson, 2003).
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Grout

Duct

Strand

Figure 2.8 Cross section of grouted duct with npldtistrands.

An advantage with post-tensioning is that the dumds be placed in a shape
corresponding to the moment curve. This allowsptestressing to more effectively
counteract the moment caused by external loadidgogrthat, eliminate or decrease
the tensile stresses.

A two-span beam, subjected to an evenly distriblwad, will naturally get positive
moment in the fields and negative moment at the sajport. Hence the tendons in
Figure 2.9 are placed so that the prestressing aailinteract these moments and
therefore be favorable in both spans and at tlegiortsupport.

Centerlint

Hydraulic jack
Tendor
Figure 2.9 Schematic tendon profile for a two-spaam.

2.6.2 Primary and restraining effects

The prestressing forcP, and its eccentricityg, from the center of gravity of the cross
section, give rise to a moment . This moment is called “Primary moment” and since
it depends on the eccentricity it will vary as teadon profile varies. For the case with
the beam in Figure 2.9, the resulting primary moinvesuld be positive over the mid
support and negative in the spans, see Figure 2.10.

The prestressing in the span in the beam in Figuewants to deform the beam
upwards and the prestressing over the mid-suppamtwo deform the beam

downwards. This deformation is caused by the pynmaoment. However, the mid-

support will prevent the beam from vertical disglaent, causing a restraining force.
This restraining force give rise to a restraint neom see Figure 2.10. In a statically
determinate structure, there is nothing that carseahis kind of restraining force,

hence restraint moments will only occur in staticaldeterminate structures.

The resultant moment caused by the prestressingonkist of the combined effect
from the primary moment and the restraint momesw, Bigure 2.10. For a statically
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determinate structure, the resultant moment wikgeal to the primary moment since
no restraint moments appear in such structures.

Primary moment
M=Pe

Restraint mome|

Resultant mome

Figure 2.10 Schematic moment distributions formany moment, restraint moment
and resultant moment caused by the prestressing

2.6.3 Immediate prestress losses

There are mainly three immediate losses that octurs post-tensioned concrete
member: frictional loss, anchor slip and elastiergming.

Friction occurs between the prestressing steelthedducts because of intended or
unintended curvature of the tendon profile. Dudriitional losses, the prestressing
force, P, will decrease along the length of the tendon. Timtional loss due to
unintended curvature is referred to as “wobbleibit’ and is always present, even in
straight profiles.

For curved profiles, the rate of frictional losspdads on the curvature i.e. greater
curvature result in larger friction and thus larlpess. Since the frictional loss increases
along the length, the loss can be quite substaattihle far end of the tendon. However,
if the tendon is instead tensioned from both etiaslosses are more evenly distributed
along the member (Collins & Mitchell, 1991), segle 2.11.
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Figure 2.11 Schematic illustration of how the pressing force varies along the
length of a post-tensioned beam, tensioned fronh l@oids, due to
frictional loss and anchor slip. The vertical asisows percentage of the
ultimate capacity of the tendon. The thick linevefidhe tendon force
before anchorage. The dashed line shows how thstrpesing force
would vary if only tensioned from end A.

In most anchoring systems, the tendons will slip the ducts, causing a decrease of
strain and therefore decreased prestressing fotbe &nds. However, the anchor slip
is counteracted by friction in the ducts and atrain distancess, from the anchor, the
prestressing is assumed to be unaffected by tHeoastp, see Figure 2.11.

When a member has multiple tendons, elastic shagemill occur during tensioning.
As one tendon is tensioned the concrete will shoeading to decreased strain in all
previously tensioned tendons. This decrease ahdiad to a decreased prestressing
force.

2.6.4 Long-term prestress losses

In addition to the immediate losses, there arergghenomena decreasing the effect of
the prestressing during long time. The most dontireme shrinkage, creep and
relaxation.

Concrete will naturally shrink due to drying ande tlthemical reaction during
hardening. This is a slow process and will contidueng the entire lifetime of the
concrete. Since the shrinkage give rise to sharteof the concrete the strain will also
decrease in the tendons leading to a decreasedugsssg force.

When concrete is loaded, the deformation can bé&etivinto instant and time
dependent. The instant deformation is elastic hadiine dependent is called creep and
will increase over time. The creep deformationtiess dependent and proportional to
the concrete stress. The creep caused by the cesmmefrom the prestressing will
cause shortening of the concrete. Also, this leadktreased strain of the tendons and
decreased prestressing force.
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The force needed to keep a steel tendon at a credtengated strain will decrease over
time. This phenomenon is called relaxation. Thisatfhas substantial influence when
the steel is subjected to large strains, whiclnésdase for prestressed steel. This will
lead to decreased prestressing force over time.

2.7 FEM-theory
2.7.1 Orientation

The finite element method is a numerical method amapproximation which can be

used to describe the behavior of a structure.Fii anodel the structure is discretized
into a finite number of elements. These elemenmsesof different types such as beam,
shell and solid elements. The choice of elemenlisaffect the result of the analysis

and it is important to choose elements that effettican describe what should be
investigated. This section will introduce importaoincepts in FEM. Also, the beam

and shell elements will be described and how threyimplemented in the software

SAP2000 (CSl, 2016).

2.7.2 Discretization

A structural element, e.g. a beam, can be analjtickescribed using differential
equations. These equations describe the behavieweny section of the structural
element. However, these equations can be rathepleanand difficult to solve. In
FEM, the structural element is discretized intnéd number of smaller elements, see
Figure 2.12. These elements are simpler and e&sidescribe than the complex
structural element. The finite elements are coreteot nodes where translations and
rotations are described. From these, the stressesextional forces can be calculated
and approximated over the element.

(@)

(b)

Figure 2.12 Examples of discretization of continsigystems a) A beam divided into
four beam elements. b) A slab divided into 32 dielhents.

2.7.3 Beam
2.7.3.1 Beam theory

A beam is characterized by its extension in thegikoilinal direction relative to its
height and width is large. The member is loadedtsntransversal direction and
distributes the load in its longitudinal direction.
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There are mainly two theories describing the bedravi a beam which are the Euler-
Bernoulli and the Timoshenko beam theories. Esaslefitr both theories are the
assumption that plane sections remain plane dudefprmation. A significant
difference for the theories are that the Euler-Balntheory also assumes that plane
sections remain normal to the beam axis, but Tirokb allows for the sections to
rotate. The Timoshenko beam theory is more sudgeddams with great height relative
to its width (Ottosen & Petersson, 1992).

2.7.3.2 Beam element

A beam is in reality a three-dimensional object, igiaxial extension dominates the
structural response. This allows the beam to belgied, through some assumptions
in FEM, into a linear element. A beam element isficeed by two nodes. Every node
has a number of degrees of freedom that descnibeslation and rotation. From the
degrees of freedom, quantities such as momentsteggkes can be calculated.

2.7.3.3 Beam element in SAP2000

In SAP2000, a beam or column can be described dry Galled “frame object”. This
object is drawn in the interface of SAP2000 andeiBned between two points. To this
object, different cross-sectional properties aradifoare assigned, which can vary over
the length. When an analysis is run in SAP2000,fthme objects is automatically
converted into frame elements (CSI, 2016).

A frame element is confined by two nodes, in sintyao the beam element, and each
node has six degrees of freedom. These descrihgdt®mn along the local 1, 2 and 3
axis, and rotation around the local 1, 2 and 3,aeg Figure 2.13a. This allows the
frame element to describe biaxial bending, torsimal deformation and biaxial shear
deformation. The internal forces shown in Figuré3b. can be found at any section
along the element, and are calculated by integydlia stresses over the cross section
(CSl, 2016).

(a) (b)
Figure 2.13 a) Degrees of freedom for a frame el@nm SAP2000. b) Internal forces
and the local coordinate system for a frame elenmreStAP2000.

CHALMERS Civil and Environmental Engineerin§ylaster’'s Thesis BOMX02-17-31 15



If the Self-Weight Load is activated in SAP200@ Helf-weight of the frame object is
automatically calculated. The load will be a dlmited load along the length of the
frame and is calculated by multiplying the densityhe applied material with the area
of the cross section. The self-weight load always & the global negative z-direction.
Distributed loads can be applied in a specifie@aion as “Distributed Span Loads”
with the unit N/m. Hereafter, the “frame object’IMde referred to as “beam element”.

2.7.4 Plate
2.7.4.1 Plate theory

A plate can generally be described as a structutte avrelatively small thickness

compared to its dimensions in the plane and isddad the normal direction to the

plane. In similarity to the beam theories, the gltteory is based on a number of
assumptions linked to the characteristics of tlaepl

The two most common theories when it comes to plate the Kirchhoff and the
Mindlin-Reissner plate theories. Similar to thedtuBernoulli beam theory, Kirchhoff
assumes that plane sections normal to the mid-plamain plane and normal to the
mid-plane during loading. Also, the assumption tbhear stresses are present in
absence of shear strain is included in Kirchhdff&ory. This means that Kirchhoff's
theory is most suitable for thin plates where tiees strains are small. For thick plates,
shear strains may be of greater magnitude and ithennot clear if Kirchhoff's
assumptions hold. To consider shear strains ieplie Mindlin-Reissner plate theory
is more suitable (Ottosen & Petersson, 1992).

2.7.4.2 Plate elements

In FE modelling the most simple type of plate Hasé or four nodes where each node
has three degrees of freedom that describes ttemsfeormal to the plane and rotation
about the axes of the plane, see Figure 2.14a.€lémsent can therefore only manage
out of plane loading i.e. membrane action cannotdéscribed since no in plane
translational degrees of freedom are present.

To describe membrane action, a different type afepelement is used. Each node in
this element has two degrees of freedom that oedcribes in plane translation, see
Figure 2.14b. This only allows in plane loadingloé element.

Plate and membrane elements can be combined tbl&eocadescribe both plate and
membrane behavior. This type of element is callesll £lement and has accordingly
translational degrees of freedom in all directiamsl rotational degrees of freedom
about the axes of the plane in every node, seerd-igui4c. This enables the shell
element to manage both in and out of plane loading.
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(@) (b) (©)

Figure 2.14 Degrees of freedom and the local coat# system for a) a plate element,
b) a membrane element, c) a shell element.

2.7.4.3 Shell element in SAP2000

In SAP200, a shell element is divided into foufatiént types: Membrane, Plate, Shell
and Layered. The type Membrane correspond to thebrene element described
above with the additional ability to describe “ting moment”, see Figure 2.15b. This
moment is caused by rotation about the out of pgati® The type Plate correspond to
the plate element described above, see Figure.Zlhgaype Shell is a combination of
the Membrane and the Plate and can describe ttimsia all directions and rotation
about all axes, see Figure 2.15c. The local axasd12 are always in the plane of the
element, and axis 3 is always normal to the pl@#,(2016).

(@) (b) (©)

Figure 2.15 Degrees of freedom and the local coat# system for a) the Plate, b)
the Membrane, c) the Shell element, in SAP2000.

Internal forces and moments are calculated autcaibtiin SAP2000 by integrating
the corresponding stresses over the thickness eofetbment. Moments and their
notation in a shell element in SAP2000 are defimeHigure 2.16. The moments are
given per unit length.
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Figure 2.16 Definition of internal moments relatito its local axes for an arbitrary
shell element enclosed by the nodes j1-j4 in SAB.200

The Shell element can be defined as thick or thiere a thick element is described by
the Mindlin-Reissner theory and the thin by theckhoff theory. The three types of

elements, Membrane, Plate and Shell, only alloweali elastic response and
homogenous material.

The fourth type of shell element is called Layer€his type of element has multiple
layers where each layer can have different materigberties and thicknesses etc. It
also allows for non-linear response of the matgrial

If the Self-Weight Load is activated in SAP2000e tkelf-weight is automatically
applied in the negative z-direction to all eleméantthe model. In the shell elements,
the self-weight is evenly distributed over the edetrand are equal to the density of the
applied material times the thickness of the element

Uniform load can be applied in a specified directiwhich applies the distributed load
with the unit N/n% to the mid-surface of the element. The distributed is multiplied
by the mid-surface area and is apportioned to tlies of the element.

2.7.5 The tendon object

The tendon object in SAP2000 is a special typebpéat used to model prestressing
and post-tensioning and is not an ordinary finieereent. The object is drawn as a line
and the program automatically connects the tendhpecbto the nodes in the elements
which it passes through. The tendon object camfigedded in beams, shells, planes,
asolids and solids.

When a line has been drawn, the tendon profilebeadefined. The profile can be e.g.
straight or parabolic between the defined pointsoAnaterials and section need to be
assigned to the tendon object. The program wibh@atically discretize the object into
smaller objects, and the length of the objectsbmanhosen. Each joint has six degrees
of freedom. However, no additional degrees of fomedare introduced to the model
since the tendon object is constrained by the aei¢me@asses through, i.e. the load in
the tendon is transferred to the nodes of the eleme

The prestressing load can be defined either asca {tN] or as a stress [Pa], which

requires the correct cross-sectional area of theadie to be specified, and corresponds
to the tension in the tendon before losses. Alsereitthe load is applied need to be
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specified i.e. if the tendon is tensioned from onboth ends. The losses due to friction
and anchor slip is automatically calculated by S@MR2 This requires the change of
slope of the tendon profile betwerand the jacking end,, coefficient of friction,u,

the wobble coefficienk, and the anchorage set sli, to be specified. SAP2000 use
Equation 2.1 to calculate the frictional loss foe fprestressing load along the tendon
(Kalny, 2013).

(2.1)
where
(2.2)

Note that Equation 2.1 is slightly different thaguation 2.3 which is given in
Eurocode 2.

(2.3)

These equations are basically the same. The diierss how the wobble coefficient,

k, is defined. In addition to these losses elastiortening, creep, shrinkage and
relaxation need to be specified. These additiaysslds are given as a loss in stress [Pa]
and have to be calculated by hand.

There are two ways to define the prestressing ilo&RP2000. The first is to define it
as a load and the other is to define it as an eleme

2.7.5.1 Tendon as load

When the prestressing load is defined as loag, ainly considered as a load that act
upon the element in which it is placed, and naraactual object in the model. Losses,
such as shrinkage, creep and elastic shorteningt bauspecified manually as stress
losses and cannot be calculated by the programe Nwt the self-weight and
contribution to stiffness of the tendon is not adaeed, since the tendon is only
considered as a load.

2.7.5.2 Tendon as element

When the prestressing load is defined as eleméndstendon is represented by
independent elements. For linear elastic analifseslosses due to shrinkage, creep and
relaxation need to be specified manually as stessses. However, the losses due to
elastic shortening is automatically calculated BP3000. If a non-linear analysis is
carried out, the prestressing load must be defasedlements. SAP2000 can in this
case, i.e. in a non-linear analysis, calculate ldsses due to long term effects
automatically. Since the tendon is represented Ibynents, their self-weight and
stiffness will automatically be considered.

CHALMERS Civil and Environmental Engineerin§ylaster’'s Thesis BOMX02-17-31 19



2.8 Modelling of a slab in FEM
2.8.1 Modelling using shell elements

A slab can be modelled using shell elements. A sth&inent extends in the plane in a
similar way as a slab does. This allow a shell rmumldescribe the geometry of a slab
very well. A shell element can describe load disttion in all directions, which is
necessary to describe its behavior. Also, an adgenivith shell elements is that the
applied load can be defined as an area load oel¢neent.

2.8.1.1 Problem with singularities

When modelling a slab supported by a column, timmeotion is usually modelled in a
single point. This will cause a singularity in thE solution. That means that the results
in that point will be incorrect and should not lsed in design. According to Pacoste
(2012) there are two methods to handle such singat The first is to model the
column in a way so that the singularity does ngieap.

The other method is to disregard the results irpthiet where the singularities appear;
instead the results are evaluated in adjacent ndtiesnodes of interest depend on the
support condition. If the slab and column are mibhichlly connected, the interesting
section will be at the edge of the column. If iastéhe slab is simply supported, the
interesting section depend on the contact surfseefFigure 2.17. If the surface consists
of a very stiff bearing plate, the interesting sactivill appear at the edge of the plate,
as indicated in Figure 2.17a. If instead the bepplate is flexible, the interesting
section will appear between the edge of the platethe center of the support, see
Figure 2.17b.

Section of
interes -\ a/d

: — \’ :
tp <+ _i tp

T 1. A

Flexible steel
plate

Figur 2.17 Location of the section of interestanslab, at a column support,
depending on the stiffness of the contact surf@gstiff bearing plate, b)
flexible bearing plate, according to Pacoste (2012)

To be able to get results in the interesting sastidthere need to be nodes in those
sections and hence may require the mesh arourmbltvn to be refined.
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2.8.1.2 Mesh refinements

If the mesh is refined in a limited area, therel Wwé sections at which the mesh size
change, see Figure 2.18. The smaller elementsanedes along the edges of the larger
elements. But these nodes are not automaticallyemiad to the larger elements.

Figure 2.18 Area where elements of different nsizsth meet.

To get the transition between mesh sizes to warkesmeasures need to be taken. One
measure is to use distorted elements, whose shauhusted to connect the elements
of different size. Examples of this can be seéigure 2.19.

Figure 2.19 Two examples of transition betweefedifit mesh sizes using distorted
elements.

Another measure to solve the transition betweemtégh sizes in SAP2000 is to use
“edge constraints”. This means that the nodesateabn the edges of a larger element
will be connected to the corner nodes of the lasdement. This allows the mesh to
remain the same. The deformation of the nodes enetiiges is determined by
interpolating the deformation of the corner nodes.

According to CSI (2016), using “edge constraintsstead of distorted elements could
give more accurate results. Regardless of whidmigae is used, the accuracy of the
results at the transition is governed by the laed@ment. For this reason, the transition
sections should be avoided in sections where actgaults are wanted.

2.8.1.3 Combined effect of bending and torsional moment

According to Hallbjorn (2015), the reinforcementigoncrete slab should be designed
with regard to the combined effect of bending amdibnal moment. The reinforcement
that should take positive moments should be dedijoethe moments according to
Equation 2.4 and 2.5.
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(2.4)
_ (2.5)

The reinforcement that should take negative momehtaild be designed for the
moments according to Equation 2.6 and 2.7.

(2.6)

_ (2.7)

where

my andmy are the bending moments in x- and y- directiod eorresponds to the
moments M11 and M22 in Figure 2.16
and are factors chosen with respect to practical@speften close to 1
tx is the corresponding torsional moment and cormedpdo the moment
M12 in Figure 2.16

As shown in Figure 2.16, SAP2000 outputs the bendind torsional moments
separately. These moments need to be combined tainuhe post-processing of the
results.

2.8.1.4 Property modifiers

In SAP2000 it is possible to modify sectional pndigs by scale factors. This means
that e.g. the bending stiffness corresponding td MM22 and M12 may be changed
by assigning scale factors in SAP2000 named prpmeaodifier. This can be used to
describe orthotropic behavior in a structural membleich arise e.g. when cracking
occurs. The property modifiers are given as inputtfie analysis. However, it is not
clear in the software manual how the property medfactors affect the analysis.

2.8.2 Modelling using a grillage
2.8.2.1 Geometry

A slab can also be modelled using a grillage, ctimgj of beam elements which are
evenly placed in both the longitudinal and transakrdirection. Hewson (2003)
suggests that the ratio between the spacing dbtggtudinal and the transversal beam
elements should be between 1:1 and 1:2 to accyicpture the structural response of
the slab.

A beam element extends in one dimension betweenntwdes. The element cross
section is assigned by defining the height and widhe height corresponds to the
height of the slab and the width correspond tosftecing between the elements.

How the beam elements should be placed is not abyiespecially concerning the

beams along the edge of the slab. Since the askigiakh of the cross section extend
on both sides of the element, the placement oélgmment need to be considered. If the
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outermost beam element is placed on the edge dSléhe the width of that element
need to be half the spacing to match the total af¢he slab. A consequence of this
placement is that half of the cross section wilbbéside of the real slab area, see Figure
2.20a. There will also be a gap between the cressoss of the two outermost beam
elements. This means that the real geometry ddldieis not perfectly reflected in the
model.

If instead the outermost beam is placed away froeneidge of the slab according to
Figure 2.20b, all beam elements can have the saidfth,vand the total area will
correspond to the real area of the slab. Howeveisadvantage for not placing the
outermost beam element on the edge is that themlkaat of the transversal beams is
not obvious. If the transversal beams are modelati¢ centerline of the outermost
longitudinal beam, the stiffness of the slab willt ibe correctly reflected. That is
because the transverse beams will not reach the @fdidne real slab i.e. parts of the
slab in the transverse direction is missing.

If instead the transverse beams are modeled tedhge of the real slab, the parts
extending beyond the outermost longitudinal beath v short consoles. This will

cause a negative moment in the transverse direotren the outermost longitudinal

beam. Neithers a correct reflection of reality.

(b)

Figure 2.20 Placement of longitudinal beams irridagge model. The thick line shows
the real geometry of the slab. a) The outermostrbel@ment is placed on
the edge of the slab area. b) The outermost beamegit is placed a bit
away from the edge of the slab area.

2.8.2.2 Loads

The loads need to be adjusted in a grillage maxdeétable to reflect the real slab. The
beam element can only describe a distributed |salime load, which implies that the

area load need to be converted into a line loads iBhdone by multiplying the area

load with the cross-sectional width of the beam.
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Line loads can be applied in different ways. Oneg wgato apply all the load to the
longitudinal beams, i.e. no load on the transvdssams. This may be reasonable if the
load is mainly carried in the longitudinal directidcHowever, if the structural response
in the transverse direction is of interest, aldoaay be applied on the transverse beams
instead. For example, if the moment distributiothmtransverse direction is of interest,
the load could advantageously be placed only ornrémsverse beams to get a smooth
moment curve. If the load, in this case, would peliad only on the longitudinal
beams, they would act as point loads on the trassu®eams causing a jagged moment
curve. A third option is to apply half the load the longitudinal beams and half the
load on the transverse beams.

Since the cross sections of the longitudinal aadsversal beams are overlapping, the
self-weight will be doubled if no measures are ke self-weight can, in similarity
to the distributed load, be applied either onlgha longitudinal direction, only in the
transversal direction or half in each directionisTban be done by modifying the
density assigned to the beams.

2.8.2.3 Additional considerations concerning modelling of ayrillage

To reflect the behavior of an isotropic elastidslidne torsional stiffness of the beams
in the grillage need to be adjusted. According &ison (2003), the torsional stiffness
for both the longitudinal and transversal beamsikhbe set equal to twice the moment
of inertia of the longitudinal beams i.e.

(2.8)
where

K is the torsional stiffness in a beam
I is the moment of inertia of a longitudinal beam

Another important aspect that need to be considehesh using a grillage model is that
the effect of the Poisson’s ratio cannot be inctlohesuch a model. This is important
to keep in mind, especially for prestressed strestuwhere this effect may have
considerable influence.

2.9 Decompression limit in Eurocode

Eurocode sets requirements for concrete structlifese are specific requirements for
post-tensioned structural members that need toubidleld. Such a requirement
concerning crack widths is presented in Table &.post-tensioned concrete bridge
need to fulfill the requirement of decompressiodemthe frequent load combination.
This means that the concrete, up to 100 mm fronteth@on, should be in compression.
However, the code does not distinguish stress taien. The Swedish road
administration states that this requirement shoeléulfilled.
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Table 2.1 Recommended values of crack widtlsamd relevant combination rules
according to EN 1992-2:2005. Note that the requizats for the crack
widths are different in Sweden, but the decompoassquirement still

applies.

In Norway, on the other hand, the requirement afodgression is more detailed.
According to a calculation guide issued by the Negian public roads administration,
the decompression requirement only applies in dngitudinal direction of a bridge

(Johansen, 2017). This implies that tensile steease allowed to occur perpendicular

to the tendons.
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3 Description of FE-analysis

3.1 Geometry

3.1.1 Bridge geometry

The geometry of the bridge has been inspired Bakbridge, specifically a wildlife
crossing, but with simplified dimensions. This ustfied since the aim is to evaluate
the effect of the prestressing on such a bridge aamore complex geometry would not
affect the outcome of interest. This allows the déaensions to be somewhat adjusted
for sake of simplicity.

The bridge is a two-span concrete frame bridge ceg by walls at the ends and
concrete columns in the middle. The walls are om¢emthick and the columns are
circular with a diameter of one meter, and thelth&ght of the bridge is 7.5 meters.
The slab is one meter thick and is post-tensionéld longitudinal direction. A section
of the bridge with relevant dimensions can be sadfigure 3.1 and a plan view in
Figure 3.2.

Figure 3.1 Section in the longitudinal directiohtbe bridge.
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Figure 3.2 Plan view of the portal frame bridge.

3.1.2 Tendon geometry

The prestressing tendons consist of 19 strandb, wil an area of 140 minwhich
correspond to a tendon area of 2660%xife tendons are assumed to have parabolic
shape and are placed every 500 mm along the brittgasverse direction. The
maximum eccentricities of the tendon, from the iseetl centroid,e and es are
340 mm, see Figure 3.3. The tendon is placed d$dhbaccentricity is zero where the
centroids of the slab and outer walls meet. A sd@tenilustration of the tendon profile
can be seen in Figure 3.3, and the profile is $ipean Appendix A.

99 .
€. centerline

22 r 22

A-A

Figure 3.3 Section A-A, showing a cross sectiothélongitudinal direction with a
schematic tendon profile. Scale in height and wislthot the same.
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3.2 Materials
3.2.1 Concrete

The materials have been chosen the same or sitoiltue real bridge. The slab, the
walls and the columns consist of concrete C45/%Bn&of the material data for the
concrete is presented in Table 3.1. More mate&td & found in Appendix B.

Table 3.1 Material data for concrete C45/55.

Concrete C45/5%
Characteristic strength fec  [MPa] 45
Young's modulus Ecm [GPa] 36
3.2.2 Steel

The tendons consist of steel strands that are gliaceorrugated steel ducts. The steel
is of grade Y1860S7 and are of type VSL 6-19. Sofrtbe material data for the steel
is presented in Table 3.2. More material propeffiteshe materials and coefficients
concerning frictional losses of tendon force in thteel ducts are specified in
Appendix B.

Table 3.2 Material data for steel Y1860S7.

Steel Y1860S7
Nominal yield strengt foor  [MPa] 163¢
Nominal tensile streng fok [MPa] 186(
Young's modulu Ep [GPa 19t

3.3 Loads and load combinations

3.3.1 Introduction

In addition to the prestressing load, the bridgmiy subjected to uniformly distributed
loads, including self-weight, permanent load ané lioad. This is a simplification
which is justified since the aim is to evaluate dffilects of the prestressing.

3.3.2 Permanent loads
3.3.2.1 Self-weight

The self-weight of the structure is automaticalycalated in SAP2000 and depends
on the densities and volumes of the materials.

3.3.2.2 Other permanent loads

Since the real bridge is a “wildlife crossing”, @bstantial part of the permanent load
consists of earth fill. Underneath the earth fiétte is a layer of cellular plastic, and
closest to the concrete there is a waterproofiggrl@onsisting of asphalt. The total
load of the earth fill is approximated to
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Operm = 20 kN/rT?

3.3.2.3 Prestressing load

The bridge slab is also subjected to a prestredsady This load will vary along the

tendon, as explained in Section 2.6.3. The ten@oagensioned from both ends. In
reality, every other post-tensioning tendon is itemsd from each side; i.e. the first
tendon is tensioned from the left side and thersg@émm the right side etc. However,
in SAP2000, it is possible to tension each tendomfboth sides simultaneously. For
practical reasons, the prestressing load has hgdred at both ends of the tendon in
the models. This is further described for each rhoepectively later in this chapter.

Itis desired to achieve as high stress as podgsitibe tendon after anchorage. However,
due to anchor slip, the maximum tendon stressnwillappear at the end of the tendon,
see Section 2.6.3. Hence, a higher stress is ssjdirring pretensioning, to make sure
that the tendons are fully utilized.

Eurocode 2 states limits to the highest allowaliess in a tendon. In this case, the
highest allowable stress after anchorage is cdakaiia Appendix C to

allowed = 1391 MPa

To be able to reachuioweq the required tensioning stress before anchosagalculated
in Appendix C to

p = 1436 MPa
Due to elastic shortening and long term effectexadained in Section 2.6.4, the tendon
stress will decrease. In SAP2000, in linear analye losses are specified manually
by the user as reductions in stress. The lossesodelastic shortening and long term-
effects are calculated in Appendix C and are pttesein Table 3.3.

Table 3.3 Stress losses due to elastic shortemddang-term effects.

Stress loss

Effects IMPal
Immediate

Elastic shortenin 39.2
Long-term

Creej 45.1

Shrinkag: 41.5

Relaxatiol 67.C
Total 19z

3.3.3 Live load

The live load is applied in both spans and is axpnated to

Qive = 10 kN/n?
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3.3.4 Load combinations

Five load combinations according to Eurocode wél dvaluated. Two of the load
combinations are for ultimate limit state and thmee for serviceability limit state. The
load combinations are presented in Table 3.4. Tigg® will be subjected to the
following loads.

Gk — self-weight and permanent load
P — Prestressing load
Q« — Live load

The partial coefficients and reduction factors hbeen chosen in accordance with a
bike and pedestrian bridge, since no informatioprasided for a “wildlife crossing”

in Eurocode. However, these factors are not oftgneaortance in this study, since the
aim is to evaluate the effects of the prestressing.

Table 3.4 Load combinations

Load combination Design value of load effe
ULS
6.10a RS o BH g e
6.10b ) " OHHS o HHC (K
SLS

Characteristic tHHE GH (S
Frequent "HHT $H#HC (K
Quasi-permanent "HRHH GH# (K

Where

, =1.35
% = 1.0
& = 1.5

' o = 0.4

) =0.85

© =04

! =0

In addition to these load combinations, the bridgk be analyzed for each load
separately.

SAP2000 will generate resultant moments causetidpost-tensioning. The restraint
moments have been generated separately by analgzwyperstatic load case of the
prestressing load. The primary moment is not autmal®y generated in SAP2000 and
need to be produced manually in post-processinghefresults. This is done by
subtracting the restraint moment from the resultaotent in Excel.

3.4 Static systems

In Figure 3.4, the static model can be seen. Egelymn is pinned at the bottom and
has a pinned connection to the slab in the top.fidrae walls are pinned along the
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bottom edge, but moment can be transferred betweerslab and the walls. Post-
tensioning tendons are placed in the longitudiivalotion every half meter. The load
is an evenly distributed area load consisting ¢hfzolive load and a permanent load.

SRR AR A SRR R R RN R R

Figure 3.4 Static model of the bridge. The sec#ibthe top shows the cross section
in the longitudinal direction. The section at thetiom shows the cross
section in the transversal direction at the columns

3.5 FE models

3.5.1 Shell model
3.5.1.1 Geometry

In the shell model the slab has been modeled vh#tl lements of the type "thin”
(Kirchhoff formulation). This is justified since ¢hthick formulation is only necessary
if the thickness is larger than one tenth to offil fof the span (CSI, 2016). The
dimension of each element is one by one meter lamdhickness is one meter. The
walls are also modeled with shell elements andth@same dimensions as the slab
elements. The columns are modeled as beam elerietaalls are pinned in all nodes
along its bottom edge and connected to the slabeinop. The columns are pinned at
the bottom and the moment between the column andl#b is released in SAP2000.
Figure 3.5 shows the shell model with its elemanis$ boundary conditions.
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Figure 3.5 The heII model in SAP2000.

The same tendon profile has been used in both moteé tendons in the shell model
are placed one meter apart. Since the tendon®iretdl bridge are placed every half
meter, the area of the tendons in the model nebd toodified. The area of the tendon
in the model is calculated using Equation 3.1. dttea of the outermost tendons, which
are placed on the edges, is half the area of tier t&ndons.

. . 010-04 $56/ 7
+,-/01 +.2031 5031$ 04/.4$8+3964:

(3.1)

where

*eoo1 $ is the area of a tendon in the model
* 420319 is the area of a real tendon

In this case, the tendon area of one tendon imibel, except the outermost tendons,
Is two times the area of the real tendon i.e.

A, = 5320 mm
The outermost tendons have an area of
Ap,outer: 2660 mm

The tendons are modelled in two different wayghinfirst case as an element and in
the second as a load. These two ways of modeliegtehdons are described in
Section 2.7.5.

3.5.1.2 Mesh

As described in Section 2.8.1.1, the results inslhb at connection with the column
will not be relevant due to singularities in theNFESolution. Since the connection
between the slab and column is hinged, the reslilbevreliable halfway between the
edge and the center of the column. This appliegjf@dratic cross sections, which

32 CHALMERS, Civil and Environmental Engineerindlaster’s Thesis BOMX02-17-31



means that circular cross sections should be wamsfd into equivalent quadratic cross
sections. To find the section of interest, the owolg are assumed, for simplicity, to be
1 x 1 m, which means that the section of intee8t25 m from the center of the column.
To get results in these sections, the elementsdrthe columns have been meshed to
an element size of 0.25 x 0.25 m to make surettiee are nodes in the section of
interest, see Figure 3.6. Since the structural \aehaf the slab in the transverse
direction over the columns is of interest, the renng elements between the columns
have been meshed to an element size of 0.5 x Gobget more accurate results.

Figure 3.6 Mesh refinement around the columns. Tingles represent the real
columns.

In post-processing of the results in Excel, the mot®in the nodes, where the columns
connect to the slab, has been removed. This méatshie moments in the nodes
0.25 m from the center of the columns will be tealpmoments over the columns, see

Figure 3.7.
-1800

-1600 N
-1400 P

g -1200 ro
\
-1000 .
2 "e00 /_\ - - = Unadjusted
£ -600 .
400 —— Adjusted
-200
0
20 21 22 23 24
x [m]

Figure 3.7 lllustration of adjusted moment curmethe slab over a column in order
to avoid the effect of singularity.

Since the mesh is refined within limited areasrehill be sections at which the mesh
change size. To get the transition between therdifit mesh sizes to function, “edge
constraints” have been assigned to the elementheatransition sections. “Edge
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constraints” were used since, as mentioned in @e@i8.1.2, it could give more
accurate results than by using distorted elements.

3.5.1.3 Loads

Permanent load and live load are applied in thetmeg) z-direction as uniform load on
the shell elements. The self-weight is automatycatiplied in the negative z-direction
to all elements in the model.

The prestressing load is assigned by defining titess which is applied at both ends.
This is a simplification, but it is justified siname tendon in the model represents two
tendons in the real bridge. The assigned stress is

» = 1436 MPa

as described in Section 3.3.2.3. It is convenedefine the prestressing load as a stress
since it is independent of the tendon area. Theegpresented in Table 3.3 have been
used as input for the prestressing load in SAP2000.

3.5.1.4 Cracked slab

To evaluate the influence of cracking in the tramse direction, an orthotropic material
has been used in some of the shell models. Whemahsgverse section is assumed to
be cracked, the transverse stiffndss,is reduced by a factor of 0.5 or 0.1; i.e.

E>=05Ek
and
E>=0.1F

The factor 0.5 is assumed to correspond to a cdesliad section and the factor 0.1 has
been used to highlight what influence a reducetstrarse stiffness have on the overall
structural behavior of the bridge. Also the Poissaatio, 12, has been set to zero, in
accordance with Eurocode, when the transverseosestassumed to be cracked; i.e.

12=0
The shear modules are affected when either Young@ulus or the Poisson’s ratio is
modified. The shear modules are not calculatednaatically in SAP2000 and need to
be given as input, and can be found in Appendix D.
Also the method of using property modifiers, seeti®a 2.8.1.4, has been used to take
cracking into account. In this model, an isotropmaterial has been used with
unmodified Young’s modules and only the Poissoat®r , has been modified to

=0
Instead of modifying the Young’s modulus in thenwg@erse direction, the bending

stiffness corresponding to M22 and M12 has beeniffreddvith a factor of 0.1. This
has been done to evaluate how well this methodrnisistent with the above-mentioned
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method for defining an orthotropic material andif isotropic material can describe
the behavior of a cracked slab.

3.5.2 Grillage model
3.5.2.1 Geometry

The slab consists of several beam elements inthetlongitudinal and the transversal
direction, see Figure 3.8. The beam elements inaihgitudinal direction are placed
one meter apart. The spacing of the transverse leé@ments is chosen to one meter
which will give an even spacing. According to Hewg@003), the ratio between the
spacing of the longitudinal and transversal beaamehts should be between 1:1 and
1:2 to get reasonable structural behaviour in tilage model. The chosen spacing is
within these ratios.

Both the longitudinal and transversal beam elemamsssigned cross sections with a
thickness of one meter and widths equal to theacsy, i.e. one meter. However, the

width of the outermost beam elements has been dhadvenatch the real area of 44 x

36 m in accordance with Figure 2.20a.

The walls also consist of beam elements in botticarand transversal direction. The
vertical beam elements of the wall are identicalhi® longitudinal beam elements of
the slab concerning spacing and assigned crosers®cThe vertical beam elements
are pinned at the bottom and connected to thetiatigal beam elements of the slab at
the top.

The transversal beam elements of the walls aree@lagth an even spacing of one
meter. The ratio between the spacing of the véréicd transversal beam elements of
the walls also fulfill Hewson’s suggestion.

As mentioned in Section 2.8.2.3, the torsionalfratds of the beams need to be
modified, according to Hewson (2003). In SAP200@, torsional stiffness is modified
by assigning a so called “property modifier”, seetn 2.8.1.4, which is a factor that
scales the stiffness. This factor has been cabkxliat Appendix E.

The columns are modeled with beam elements angiareed at the bottom. The

connection between the column and the slab doesraagfer any moment i.e. the
moments M2 and M3, defined in Figure 2.13, arcassd.
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Figure 3.8 The grillage model in SAP2000.

One tendon has been placed in each longitudinainbel@ment i.e. every meter.
Equation 3.1 gives the area of the tendon in thdehand is two times the area of the
real tendon i.e.

A, = 5320 mm
The tendons in the outermost beams have an area of
Ap,outer: 2660 mmM

The tendons are modelled in two different wayshinfirst case as an element and in
the second as a load. These two ways of modeliegtehdons are described in
Section 2.7.5.

3.5.2.2 Load

Permanent and live loads are applied in the negatigirection as “Distributed Span
Loads” with the unit N/m. The applied load on a rbealement is calculated by
multiplying the width of its cross section with theea load to get a line load. The self-
weight is automatically applied in the negativeirection to all elements in the model.

As mentioned in Section 2.8.2.2, the load can Ipdiegbin different ways; i.e. only on

the longitudinal beams, only on the transversalnsear half of the load in each
direction. Since it is not obvious which approach most reasonable, all three
approaches have been evaluated.

When the load is applied only in the longitudinatite transversal direction, the applied
loads on the respective beam elements are

36 CHALMERS, Civil and Environmental Engineerindlaster’s Thesis BOMX02-17-31



qperm: 20 kN/m
and
Qiive = 10 kN/m

When half the load is applied in each directioe, dpplied loads on the beam elements
are

Operm = 10 kN/m
and
Qive =5 KN/m

Since the cross sections of the longitudinal/vattend transversal beam elements
overlap, the densities of the materials assignethéobeam elements need to be
adjusted, otherwise the self-weight of the strueetuould be doubled. When all load is

applied on the longitudinal beams, the density g material assigned to the

transversal beams are set to zero. In a similay thaydensity of the material assigned
to the longitudinal beams are set to zero whetoide is applied only to the transversal

beams. When the load is applied in both directitresdensity of the material assigned
to both the longitudinal and transversal beamsaheed.

The prestressing load is assigned by definingtilesswhich is applied at both ends of
the tendons. This is a simplification, but it istified since one tendon in the model
represents two tendons in the real bridge. Thgasdistress is

» = 1436 MPa

as described in Section 3.3.2.3. It is convenedefine the prestressing load as a stress
since it is independent of the tendon area. Theegpresented in Table 3.3 have been
used as input for the prestressing load in SAP2000.

3.5.3 2D model
3.5.3.1 Geometry
A 2D model has been created for comparison withDan3odel. The 2D model
represents a one meter strip of the bridge indhgitudinal direction over a column.

The model consists of beam elements, see FigurdBeObeam that represent the slab
and the columns at the ends, that represent thg,Wakle a cross section of 1x1 m. The
column in the middle is modelled in the same wathagprevious models.

£ 3

Figure 3.9 The 2D model in SAP2000. The tendorsible.
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One tendon has been placed in the longitudinal belment and is modeled as
element. Equation 3.1 gives the area of the temddhe model and is two times the
area of the real tendon i.e.

Ap = 5320 mm

3.5.3.2 Load

Permanent and live loads are applied in the negatigirection as “Distributed Span

Loads” with the unit N/m. The applied load on a rbealement is calculated by

multiplying the width of its cross section with theea load to get a line load. The self-
weight is automatically applied in the negativeirection to all elements in the model.

The applied loads on the longitudinal beam elemards

Operm = 20 kN/m
and
Qive = 10 KN/m

The tendons load is assigned by defining the stwbgsh is applied at the ends. This is
a simplification, but it is justified since one tem in the model represents two tendons
in the real bridge. The assigned stress is

» = 1436 MPa

as described in Section 3.3.2.3. The losses pregéemtTable 3.3 have been used as
input for the prestressing load in SAP2000.

3.6 Verification of models

The shell and grillage models with tendons modelisdioad or element has been
verified by comparing the reaction forces provitbgdSAP2000 to the hand calculated
self-weight of the bridge and the external load.other models are variants of the
verified models with modifications that does ndeaf the load on the structure.

As mentioned in Section 2.7.5, the self-weighth&f tendons is only considered if the
tendons are modelled as element. Therefore, thelsadhere the tendons are modelled
as element or load has been compared to hand atdad with or without the self-
weight of the tendons.

The largest deviation between the hand calculattal toad and the reactions from
SAP2000 is 0.01 %, see Appendix F.

3.7 Sensitivity analysis

As discussed in Section 2.8.1.2, results extrafrtad transition sections may not be

accurate. In the analysis, results have been é&ttan two sections which coincide

with transition sections, see Figure 3.10a. To enthat the results in these sections
are reliable, a sensitivity analysis has been peréa.
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The sensitivity analysis consists of a comparisbthe moment distributions in the
sections shown in Figure 3.10, for two shell moaeth different meshes. Figure 3.10a
show the original mesh used in all shell modekh@analyses. Figure 3.10b shows the
mesh modified to avoid transition sections whegellts are extracted.

(@) (b)

Figure 3.10 Meshes used in the sensitivity anglgsd the sections from which results
are extracted. a) Original mesh used in all shaddels. b) Modified mesh
to avoid transition sections in sections where lissare extracted.

This analysis show that the results seem reliainleesthe moment distributions are
similar and in the same order of magnitude. An gdarnof the results can be seen in
Figure 3.11. All other results from the sensitivatyalysis can be found in Appendix G.
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Figure 3.11 Resultant moment distributiop caused by prestressing load for a shell
model with different mesh. The left diagram sholWwe mMmoment
distribution along the section L2 and the rightgliam shows a zoomed

part of the moment distribution.
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4 Results of the FE-analysis
4.1 Definition of sections and points

In this thesis, moment distributions for the loadhbinations presented in Section 3.3.4
have been chosen to be presented in the sectiomssh Figure 4.1.

L3
L1

T3 T2T1
z X

Figure 4.1 Output sections.

The sections L1, L2 and L3 extends in the longitatdirection. L1 is located over a
mid-column, L2 is offset by one meter from L1 arRlik located between the two mid-
columns. The sections T1, T2 and T3 extends itrédresversal direction. T1 is located
over the columns, T2 is offset by one meter fromaimd T3 is located in the middle of
the left span. In Table 4.1, the coordinates ferdéctions are specified.

Table 4.1  Coordinates for the output sections.

Section | x [m] y [m]
L1 0-44 15
L2 0-44 14
L3 0-44 18
T1 22 0-36
T2 21 0-36
T3 11 0-36

To be able to compare the results from differentel® more precise, certain points
have been chosen in which the magnitudes of theantsrare specified. The moments
in these points and the deviation for each evalnadre compiled in tables which can
be found in Appendix H. For the sections L1, L2 48] the points are located at
x = 22, where the row of columns is located, antheaxspan between the columns and
the end wall. The point in the span is located wllee maximum moment appear which
can either be in the span or at the end supparthécssections T1 and T2 the points are
located aly = 15, over a column, and yat 18 which is between two columns. For the
section T3, the point is locatedyat 18; i.e. in the middle of the section. The points
which results have been specified are presenté&dlte 4.2.
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Table 4.2 Points in the sections at which momeane lbeen specified.

Section | Point ] Point 2

L1 x = 22 (over a column)| Span / outer support
L2 X=22 Span / outer support
L3 X =2z Span / outer suppt
T1 y =15 (over a column)|y =18

T2 y=15 y=18

T3 y=1€&

4.2 Bending moment convention

To be able to compare the results from the modetsmmon notation for moments is
needed. In this study, the moments are defined rggpect to the global coordinate
system according to Figure 4.2. The monmagis the moment that the reinforcement
in the x-direction should be designed for. In tlaene way, the momenty is the
moment that the reinforcement in the y-directioawti be designed for.

Figure 4.2 Definition of glbal bending and torsa moments relative to the global
coordinate system of the bridge.

All shell elements in the shell models used in thissis are oriented so that the local
axis 1 coincide with the globataxis, the local axis 2 coincide with the glolgadxis
and the local axis 3 coincide with the glolkalxis. As mentioned in Section 2.8.1.3,
the bending and torsional moments need to be cadbiihis implies that M11
combined with M12, defined in Section 2.7.4.3, espond tany and M22 combined
with M12 correspond to,.

As shown in Figure 2.13, the local coordinate syster a beam element depend on the
orientation of the element. The beam elementsarsthb, in the grillage models used
in this thesis, are oriented so that the local 2xkvays coincide with the globabxis.
This implies that the moment M3, also defined igufe 2.13, will correspond tmy
andmy, depending on the global orientation of the beaameht. M3 corresponds

if the beam element is oriented in the global »eclion andry, if the beam element is
oriented in the global y-direction. Note that tipasng between the beam elements is
one meter which means that M3 will correspond mecanent per unit width.
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4.3 Application of loads on a grillage model

As discussed in Section 3.5.2.2, three differenysm@ apply the load on the beam
grillage have been compared to investigate if ftuences the results. Moment
distributions in two sections are presented in f@gd.3. All results from this
comparison are presented in Appendix H.1.

a) b)
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Legend:

——All load in the longitudinal direction
------- All load in the transversal direction

............. Half the load in each direction

Figure 4.3 Moment distributions caused by permafmad. a) Section L1. b) Section
T1.

From this, it is clear that the direction in whittte load is applied has little influence
on the moment distributions in the grillage mod&sce the direction in which the
load is applied have little influence, only modeisth the load applied in the
longitudinal direction has been used in further pansons.

4.4  Defining the prestressing load either as load or ement

As mentioned in Section 2.7.5, the prestressing tn be defined either as load or
element in SAP2000. The difference between defithiegorestressing either as load or
element have been evaluated for both a beam griltaafel and a shell model. Moment
distributions along section L1 in the two models presented in Figure 4.4. All results
are presented in Appendix H.2.
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Figure 4.4 Moment distributionymalong section L1. a) Resultant moment in the shell
model. b) Restraint moment in the shell model esuRant moment in the
beam grillage model. d) Restraint moment in thetbgallage model.

From this, it is clear that the way of defining {r@stressing load has little influence
on the moment distributions in both the grillagel ahell models. The difference is, in
a majority of the cases, less than 5 %. In a fesegahe deviation is greater in the shell
model. However, this occur at the connection betweeeolumn and the slab where
there is problem with singularity. Even though silagities have been accounted for,
the effect is not completely excluded. Of natuealsons, greater percentage deviations
also appear where the magnitudes of the momentelatevely small.

However, since the difference between the waysefihohg the prestressing load is
small, it has only been defined as elements iméurcomparisons.

4.5 Comparison of 2D and 3D models

The 2D model was created for comparison with a dehto see how well their results
coincide. The moment distribution for the 2D motiels been compared with the
moment distributions along L1 and L3 for a shelld®lo Moment distributions in two
sections are presented in Figure 4.5. All reswlinfithis comparison is presented in
Appendix H.3.
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Figure 4.5 Moment distributions in the longitudirirection for the 2D model and
a shell model in section L1 and L3. a) Moment dhstion caused by the
permanent load, b) resultant moment caused by risessing load.

The moment distribution for the 2D model is similarthe distributions for the shell

model. However, there is a difference at the middieport where the moment in the
2D model is in between the moments for the sectionthe shell model, which is

expected.

4.6 Comparison between shell and grillage models

One of the main objectives with this thesis isneistigate how the choice of elements
in FEM affect the results in the bridge slab. lis tomparison, a shell model has been
compared with a beam grillage model. In both mqdéls prestressing load has been
defined as elements and the distributed load has lag@plied in the longitudinal
direction only on the beam grillage model. All loe@mbinations have been analyzed
for this comparison and the results are presemtégppendix H.4.

Figure 4.6 and Figure 4.7 shows results alongebgas L1 and T1, respectively. The
moments caused only by permanent or prestressau) doe presented for both the
longitudinal directionmy, and the transverse directiany. Figure 4.8 and Figure 4.9
shows the deformation imandy direction, respectively, caused by the prestrgdsiad
only, as contour plots generated in SAP2000.
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Figure 4.6 Moment distributions along the sectioh for a grillage and a shell
model. The left column shows the momeramd the right column shows
the moment g a) and b) shows the moment caused by the permanen
load. c) and d) is the resultant moment causedhbytestressing load. e)
and f) is the restraint moment caused by the pesstng load.
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Figure 4.7 Moment distributions along the sectibh for a grillage and a shell
model. The left column shows the momeramd the right column shows
the moment a) and b) shows the moment caused by the permanen
load. c) and d) is the resultant moment causedhbytestressing load. e)
and f) is the restraint moment caused by the pesstng load.
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Figure 4.8 Contour plot of the deformation in mmthe x direction. The to plot
represents the grillage model and the bottom pégiresents the shell
model.
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Figure 4.9 Contour plot of the deformation in mmthe y direction. The top plot
represents the grillage model and the bottom pégiresents the shell
model
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In Figure 4.6 and Figure 4.7, it is clear thattement distributions in the longitudinal
direction, my, for the grillage and shell models are similar.wéwer, the moment
distributions in the transverse direction diffetvioeen the models. The same tendency
occurs in all evaluated sections.

Note that the moments in the longitudinal directadrthe supports in Figure 4.6 differ
between the models. It is at the column suppodsttie singularity appears in the shell
model. The moment distributions in the other regiare similar.

In Figure 4.8, itis clear that the deformatiomhax-direction caused by the prestressing
load is similar for the grillage and the shell misdeFigure 4.9 show that the
deformation in thg-direction of the models is different and that dleéormation in the
grillage model is small. This implies that the kgigle model cannot describe the
transverse expansion, as mentioned in Section.2.8.2

4.7 Influence of transverse contraction

When a concrete slab is assumed cracked, the Eleatmws the Poisson’s ratio to
be set to zero, as mentioned in Section 2.4. kerdason, a grillage model has been
compared to a shell model with orthotropic matenktere the Poisson’s ratio was set
to zero; i.e.

12=0

As mentioned in Section 2.8.2.3, a grillage modehrot describe transverse
contraction/expansion that are caused by an as#&l hnd therefore no adjustments
were needed. All results from this comparison aesgnted in Appendix H.5.

Figure 4.10 and Figure 4.11 shows results alongdieéons L1 and T1, respectively.
The moments caused only by permanent or prestoeksd are presented for both the
longitudinal direction,my, and the transverse directiom,. Figure 4.12 shows the
deformation iny-direction, caused by the prestressing load ordyaacontour plot
generated in SAP2000.
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Figure 4.10 Moment distributions along the sectidrfor a grillage and a shell model
where the Poisson’s ratio is set to 0. The lefunot shows the moment
my and the right column shows the moment & and b) shows the
moment caused by the permanent load. ¢) and dgisesultant moment
caused by the prestressing load. e) and f) is dis¢raint moment caused
by the prestressing load.
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Figure 4.11 Moment distributions along the secfidrfor a grillage and a shell model
where the Poisson’s ratio is set to 0. The lefunot shows the moment
myx and the right column shows the moment a) and b) shows the
moment caused by the permanent load. c) and dgisesultant moment
caused by the prestressing load. e) and f) is éls¢raint moment caused
by the prestressing load.
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Figure 4.12 Contour plot of the deformation in nmmthe y direction. The top plot
represents the grillage model and the bottom pégiresents the shell
model where the Poisson’s ratio is set to zero
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From Figure 4.10 and Figure 4.11, it is clear thatmoment distributions in both the
longitudinal and transverse direction for the ggk and shell models are similar. The
same tendency occurs in all evaluated sections.

In a majority of the cases, the deviation of theuhss between the models is less than
1 %. The moments at the columns and the transwepsgent distribution in section T1
deviates substantially between the models. Howewer,tendency of the moment
distribution is similar.

Figure 4.12 shows that the shell model with Poissaatio set to zero has negligible
deformation in the y-direction caused by the pessting; i.e. in similarity to the grillage
model.

4.8 Influence of reduced stiffness in the transverse
direction

4.8.1 Introduction

In this section, models with different transvers#ress have been compared. This has
been done to investigate how changed stiffness,tauweacking, affects the overall
behavior of the bridge. The changed stiffness leas ldefined using different methods.

4.8.2 Reduction with a factor of 0.5

In this comparison, two shell models with orthotcomaterial is treated. In both
models, the Poisson’s ratio is set to zero, butrdnesverse stiffnesgp, is reduced by
a factor of 0.5 in one of the models; i.e.

E>=0.5
Figure 4.13 shows some results along the sectionTm@ moments caused by only
permanent or prestressing load are presented tbrthe longitudinal directionn,,

and the transverse directiom,. All results from this comparison are presented in
Appendix H.6.1.
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Figure 4.13 Moment distributions along the sectibh for two shell models with
different transverse stiffness,.Hhe left column shows the momert m
and the right column shows the momentah and b) shows the moment
caused by the permanent load. c) and d) is theltemgumoment caused
by the prestressing load. e) and f) is the restramoment caused by the
prestressing load.

The influence of reduced transverse stiffnessaarty visible in the section T1 over
the columns. In the model where the stiffnessdsiced, the moment curve fok has
been stretched vertically so that the differencsvben the maximum and minimum
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moment has increased. In a similar way, the mommanve form, has been compressed
vertically so that the difference between the maximand minimum moment has
decreased.

In Table 4.3, the moments at a support and a spathé graphs in Figure 4.13 are
presented. In the model with reduced stiffnessibenent in the transverse direction,
my, has decreased approximately 10-15% in the ewyadints. The moment in the
longitudinal directionjry, has changed up to 5% in the evaluated pointthdrspan

between the columns and the wall, the influenceedticed stiffness has little effect

and the deviation is less than 0.5%.

Table 4.3 Moments in KNm/m at certain points enghaphs shown in Figure 4.13
and the deviation between the models.
Moment my [KNm/m]
Figure 4.13| a) C) e)
Stiffness Suppony =15 Suppory =15 Suppory = 15
Reduced -1323 1594 -480
Regular -1281 1617 -463
Deviation [%] 3.3 -14 3.6
Spany = 18 Spary = 18 Spary = 18
Reduced -686 1800 -233
Regular -719 1785 -246
Deviation [%] -4.6 0.8 -5.2
Moment my [KNm/m]
Figure 4.13| b) d) f)
Stiffness Suppony =15 Suppory =15 Suppory = 15
Reduced -262 -106 -102
Regular -303 -123 -117
Deviation [%] -13.3 -13.6 -13.3
Spany = 18 Spary = 18 Spary = 18

Reduced 135 70 52
Regular 159 81 62
Deviation [%] -14.9 -13.5 -14.9

4.8.3 Reduction with a factor of 0.1

To highlight the influence of reduced stiffnesshe transverse direction, an additional
comparison has been made. In this comparison, tvedl mmodels with orthotropic
material is treated. In both models, the Poissmatis is set to zero, but the transverse
stiffness,E», is reduced by a factor of 0.1 in one of the medel

E,=0.1E;

Moment distributions along section T1 in the twodels are presented in Figure 4.14.
All results from this comparison are presented ppéndix H.6.2.
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Figure 4.14 Resultant moment distributions alorgdkction T1 for two shell models
with different transverse stiffness. B) m. b) m.

Similar to the comparison in Section 4.8.2, theeeffof reduced stiffness is most
prominent in section T1. In the model with reduciifness, the moment in the
transverse directiom, has decreased approximately 34-40% in the eadyaaints.
The moment in the longitudinal directiam,, has changed up to 25% in the evaluated
points. In the span between the columns and thie thalinfluence of reduced stiffness
has little effect and the deviation is less th&?a.

4.8.4 Reduction using property modifiers

As mentioned in Section 2.8.1.4, the stiffnesstmamodified by “property modifiers”
in SAP2000. It can, for practical reasons, be carerd to use isotropic material in FE
modelling. For that reason, this method of modiystiffness has been compared with
the method of using an orthotropic material.

In this comparison, shell models with orthotropradasotropic material have been
compared. In the models, the Poisson’s ratio idseero but the stiffness has been
modified in different ways. In the model with orth@pic material, the transverse
stiffness, E2, is reduced by a factor of 0.1; i.e.

E>=0.1E;
In the models with isotropic material, property ri@ds have been used to reduce the
bending stiffness, corresponding to moment M22Maa, by a factor of 0.1. Moment

distributions along section T1 in the two modebsaresented in Figure 4.15. All results
from this comparison are presented in Appendix3.6.
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Figure 4.15 Restraint moment distributions along tection T1 for the two shell
models. a) and b) Only bending stiffness correspanit M22 is reduced.
c) and d) Bending stiffness corresponding to both2Mand M12 is
reduced.

When both the bending stiffness, corresponding &2 Mnd M12, was reduced, the
model gave similar results as the model with orthmt material. However, when only
the bending stiffness corresponding to M22 waseedythe results did not match well.
This indicates that it is not enough to only redtlee bending stiffness corresponding
to M22.

4.9 Tensile stresses

As mentioned in Section 2.9, Eurocode requirextimerete close to the tendons to be
compressed under the frequent load combinationthabreason, the stress distribution
in the slab has been studied for that load comioindab examine the stresses close to
the tendons. A shell model, that was assumed ukedac.e. = 0.2, was used in this
study.

In Figure 4.16 and Figure 4.17, the stress digtiobg in the longitudinal directiony,
are shown for the top and bottom face of the dkaure 4.18 and Figure 4.19 shows
the stress distribution in the transverse directignfor the top and bottom face of the
slab.
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Figure 4.16 Tensile stresses in the longitudinegation x [MPa] on the top face of
the slab under frequent load combination. Note thatscale is adjusted
so that all compressive stresses are shown in gray.

Figure 4.17 Tensile stresses in the longitudinegation x [MPa] on the bottom face
of the slab under frequent load combination. Ndtat tthe scale is
adjusted so that all compressive stresses are slogray.
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Figure 4.18 Tensile stresses in the transversection y [MPa] on the top face of the
slab under frequent load combination. Note thatdbale is adjusted so
that all compressive stresses are shown in gray.

Figure 4.19 Tensile stresses in the transversection y [MPa] on the bottom face
of the slab under frequent load combination. Ndtat tthe scale is
adjusted so that all compressive stresses are slogray.
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Figure 4.16 and Figure 4.17 clearly show that thele slab is in compression in the
longitudinal direction for this load combinationoté that the tensile stresses that can
be seen in Figure 4.16 appear in at the locatiogrgvthe columns connect to the slab.

Figure 4.18 and Figure 4.19 clearly show that tersresses appear on both the top
and bottom face. Figure 4.20 shows a zoomed regfiarcolumn from Figure 4.18 and
Figure 4.19. The values shown are in MPa and &ent@.25 m from the center of the
column.

9.4¢

-9.4¢

Figure 4.20 The stress in a point close to a coluithe upper plot show the stresses
on the top face and the lower plot show the steessethe bottom face of
the slab.

The stresses in the slab at the column is 9.45 &iRbe top-face and -9.43 MPa on the
bottom face. This implies, by means of linear disttion, that the top half of the cross
section is in tension. Note that the tendons acatéml close to the top face at the
columns.
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5 Discussion about the FE-analysis

5.1 Practical experience of the FE modelling

A large part of this thesis was the modelling iInF2A00 and the following post-
processing in Excel. There have been significaffiér@inces in how the models have
been built. In this Section, the practical experesrelated to the modeling is discussed.

The shell models were relatively simple to creatSAP2000. Both the walls and the
slab were created as separate shell elements whidd easily be divided into the

desired element size. It is intuitive to represestab with shell elements due to their
shape and the possibility to apply area loads thiren the elements. A complication

with shell models is the singularity that appearmpaint supports, as mentioned in
Section 2.8.1.1. This required the mesh to be &sljusround the columns and it also
led to extra work in the post-processing.

The beam grillage models required more attentiodetail in SAP2000. The spacing
between the beam elements had great influence wrthe model should be built. It
determined the cross section of each beam elearehilso the magnitude of the loads
to be applied. During the course of work, differspacings of the beam elements have
been tried, but in the end a spacing of one me#arahosen to match the element size
of the shell models. A change of the spacing inghkage model led to extra work,
since basically the whole model had to be rematis. heans that the element mesh is
not easily adjusted. Another complication when gsirbeam grillage is to decide how
to represent the geometry of the slab in a good amgiscussed in Section 2.8.2.1. An
advantage with the beam grillage model is thatimgudarities appear at point supports.
This made the post-processing easier comparec tehgll model.

Since a beam element cannot be subjected to anleada the load had to be
transformed into several line loads. These loageidg on the element spacing and had
to be recalculated and reapplied when the elemeshmas changed. As discussed in
Section 2.8.2.2, also the self-weight had to beifrembisince the cross sections of the
longitudinal and transversal beams overlapped.

The easiest model to create was the 2D modellytammsists of a few elements in two
dimensions and no special considerations had tahen. The beam grillage model
required more work than the shell model, especialign the mesh had to be adjusted.
This extra work could be avoided if the desiredreat mesh is known from the
beginning; i.e. no extensive adjustments of theehack needed.

The post-tensioning tendons were easy to modelAiR2B00. The tendons could be
modelled in the same way in all models using tleadbn object”. In this study, it was
convenient to be able to define the prestressiag b5 a stress since the tendon area
was changed during the course of the work. HowedterJong-term effects had to be
calculated manually and was input as stresses P2880.

The most time-consuming part of this project wagpdst process the results from

SAP2000 in Excel. Data management is a big patiefFE modeling in SAP2000 for
this type of analysis and a well-structured datadtiag system is therefore important.
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5.2 Evaluation of results

This study has shown that the choice of Poiss@tie may have significant influence

on the structural response in a slab. Accordirffuimcode 2, the Poisson’s ratio should
be set to 0.2 for an uncracked concrete slab armlwken cracked. When a beam
grillage model was compared to shell models, witisgon’s ratio set to 0.2 and 0,
respectively, the results in the longitudinal difee matched for both cases. However,
when the Poisson’s ratio was 0.2 in the shell mothed results in the transverse
direction were significantly different. In many eas the grillage model completely
missed moments that developed in the transverstdin. However, when the

Poisson’s ratio was set to zero in the shell mdtlelyesults from the two models were
very similar in the transverse direction as wehisTwas expected since the grillage
model is unable to describe transverse contraetpahnsion in a slab. It can be
concluded that the influence of the Poisson effiexg greater than expected.

How the prestressing load is defined in SAP2000rmasignificant influence on the
results in this thesis. As mentioned in Section3} fhe prestressing load can be defined
either as load or element. However, when the mssing load is defined as element,
the self-weight and stiffness is considered. Thay fme important to consider for other
geometries.

It has been shown that reduced stiffness in thesterse direction has little influence
on the moment distribution in the slab. The momentshe mid-span are mostly
unaffected by the reduced stiffness, but a notiesi@ndency could be observed at the
columns. In this region, the moment in the transeeafirectionm,, decreased and the
moment in the longitudinal directiomy, increased. This implies that some of the
moment is redistributed from the transverse toltimgitudinal direction, which was
expected. The results in Section 4.8.4 impliesithatpossible to describe orthotropic
behavior in an isotropic material by using “progertodifiers” in SAP2000. However,
only moment distributions have been compared argdgossible that using “property
modifiers” may have consequences not detectedsratialysis.

Tensile stresses were detected in the concrete tdohe tendons under the frequent
load combination. This is problematic since the déode 2, as mentioned in
Section 2.9, states a decompression requiremetd. Wi be discussed further in
Section 5.3. The tensile stresses appeared imahsvierse direction over the columns
and were large enough to cause cracking. In thgitladinal direction, the concrete was
solely compressed.

In all shell models, the problem with singularigsibeen accounted for as explained in
Section 3.5.1.2. In many cases where the momeritibdiSons showed good
conformity in general, a difference could still lobserved at the columns. The
difference probably depends on that the singuladgspite the taken measures, still
somewhat influence the results in the region ardbhedolumns.

5.3 Evaluation of decompression requirement

The decompression requirement, presented in Se@t@®nstates that the concrete
100 mm from the tendon should be in compressioreufrdquent load combination.
However, the code does not distinguish the stresstation for the decompression
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requirement. This is problematic for the studiedtidp type, since this analysis has
shown that tensile stresses develop perpendiculiiettendons. These tensile stresses
are difficult to avoid since more prestressinghe longitudinal direction will not help.

This problem has been treated in a Norwegian caticul guide (Johansen, 2017).
According to this, the decompression requiremeny applies in the longitudinal
direction. This implies that tensile stresses pedprilar to the tendons are allowed.
However, no such recommendations are given by wexSh road administration.

The interpretation by Johansen give rise to questmpncerning the purpose of the
requirement. If the requirement concerns durabilig; the concrete should protect the
tendons from the environment, it could be arguatirib cracks should be allowed since
it does not matter in which direction a crack appea

From a modeling perspective, it is also necessarknow if the decompression
requirement applies in all directions or only pkaato the tendon. Depending on
whether the concrete is cracked or not decide wietvalue for the Poisson’s ratio
should be. In this study, the Poisson’s ratio re$dreat influence on the results.
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6 Conclusion and suggestions for further studies
6.1 Conclusions

For a frame portal bridge, with intermediate colsmend post-tensioning
tendons in the longitudinal direction, tensile ss&s in the transverse direction
cannot be controlled by the post-tensioning. In sihedied bridge, tensile
stresses in the transverse direction appearee icatficrete close to the tendons.
This means that the decompression requirement tidutfdled. There is a
clarification from the Norwegian road administratioconcerning this
requirement that states that the decompressionreagent only applies in the
longitudinal direction. No such recommendation exis Sweden and a similar
clarification of how to interpret this requiremestherefore needed.

The shell and beam grillage models resulted inifsogmtly different moment
distributions in the transverse direction whenRleésson'’s ratio, in shell model,
was set to 0.2, which correspond to an uncrackedrete section. However,
when the Poisson’s ratio was set to zero, whiclespond to a cracked concrete
section, the difference between the moment digiobs in the two models were
small.

In this project, the simulation of reduced transeestiffness had little influence
on the moment distributions in most parts of ttesMoment redistributions
could be observed in the region around the colutnritis region, the moment
in the longitudinal direction increased slightly ilehthe transverse moment
decreased slightly.

There was no difference in the results dependingam the prestressing load
was defined in SAP2000. In this project, both mdthavailable in SAP2000 of

defining the prestressing load, either as loadl@ment, have been evaluated
for both beam grillage and shell models.

In this thesis, it did not matter in what directithre load was applied on the
beam grillage model. Three different ways of apmglyan evenly distributed

load on the modelled slab has been evaluated.rithiead on the longitudinal

beam elements, all load on the transverse beaneatsrar half the load in each
direction.
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6.2 Suggestions for further studies

66

In this project, only one set of boundary condisidar the bridge have been
used. Other boundary conditions could be investijaespecially for the
connection between the slab and columns. For exanfiphis connection could
also transfer moments, it would be interestingval@ate if this would give rise
to higher restraining forces due to the prestrgssin

Since only one type of bridge has been evaluatedisnstudy, it would be of
interest to evaluate other post-tensioned bridgedy s the decompression
requirement problematic for other bridge types alav

How is the decompression requirement in Eurocoderpreted in other
European countries, except for Sweden and Norway® thAere similar
requirements in other regulations, for exampleAheerican code?

It may be favorable to use isotropic materials Enrodelling. In this project,
it has been shown that in SAP2000 orthotropic bienaan be described using
an isotropic material modified by “property modiB& for moment
distributions. However, further studies are neettemhvestigate if this also is
possible when other sectional forces or stressesfanterest, for example shear
force and normal force.

In practice, it is favorable to use beam grillagedeis, since these often are less
complicated than for example shell models. It hesnlshown that the Poisson
effect has had great influence on the responseimethmodel in this project. A
beam grillage model cannot describe this effedt.gessible to modify a beam
grillage model so that it can account for the Rmssffect?
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Appendix A Tendon geometry

The eccentricity of the tendon is measured fromcaitroid of the slab. The points
along the slab, where eccentricities are speciieglmeasured from the centroid of the
wall, seex in Figure 3.3. The highlighted eccentricities iable A.1 were chosen as
input in SAP2000, the other was automatically dal@d by the program.

Table A.1 Tendon profile
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Appendix B Material properties

Material properties for concrete class C45/55 esented in Table B.1 according to

Eurocode 2.

Table B.1 Material properties for concrete classH(&b.

Concrete C45/55
Characteristic strength fok [MPa] 45
Mean strength fem [MPa] 53
Mean tensile strength faom  [MPa] 3,8
Young’s modulus Ecm [GPa] 36
Poisson’s ratio 0.2/0
Density [kg/m?] 2500

The material properties for the tendons is preskeimeélable B.2, and are taken from

the manufacturer of VSL post-tension systems.

Table B.2 Material properties for the strands.
Strand prEN ::(0118?%8083 (2009
Nominal diameter d [mm] 15.c
Nominal cross sectic Ap [mn] 14C
Nominal mas M [kg/m] 1.09:¢
Nominal yield strengt foo,1r [MPa] 163¢
Nominal tensile streng fox  [MPa] 18€0
Specif./min. breaking lot Fpk  [KN] 260.4
Young’'s modulu E, [GPa approx. 19
Eril:la())(?)(}?p kaf'[er 1000 h at 20 °C (%] max. 2.5

Coefficients concerning frictional losses of tendiorte in the steel ducts are specified

in Table B.3.

Table B.3 Coefficient concerning frictional losses.

Internal bonded tendon with corrugated steel ducRecommended
(bare strand) value
O smel vme o™ " g | oas

_ k [rad/ m] 0.005
Wobble factor per unit length < [1/m] 9 x 10°
Anchor set s [m] 0.006
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Appendix C Prestressing load

Concrete class: C45/55
fck = 45MPa
fcm = ka + 8MPa = 53MP¢

Ec = 36 GPa

Ag = 0.5mam = 0.5m

Steel A 416 G270

Young's modulu: E, = 195GPa
Tendon are: A, = 19d40mnf =2.66 10 >’
Relaxation facto C1000:= 2.5%
Yield strengtl: fpo.1k = 1636 MPa
Tensile strengt: fok = 1860 MPa

.. . n = 0.18
Friction coefficient curve

k = 0.00%%
Wobble factot T m
. Ds = ém

Anchor slip S T

-
Z

Relaxation clas

Cross sectional constant

.

a.=— =5417

2
A=A+ (a- 1)>9°\p =0.512m

Assumptions

Assume outdoor conditions for the RH => RH=¢
RH := 80%

Assumed age of concrete when load is ap

tg = 28
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Prestressing force/stres

Maximum allowed tendon stress after ancho
Siallowed := Min(0.85 $0.1k,0.75 fpk) = 1392 MPa

Pi allowed = Si.allowed’Ap = 3699kN

Maximum allowed tendon stress after ancige
Si.allowed.before = min(0.9fp0_1k,0.8fpk) = 1472 MPa

We want to know the tendon force at the active whith result in the allowed tendon for
Pi allowed at % We guess jPto be able to calculatesxWhen xis found the tendon force

that point can be calculated and should not exBggflowec:

Guess
P,
PI = 3820 kN => Si = A_ = 1436xMPa Si < Si.allowed.before: 1 ok!
p
d is the equation of the tendon profile, m@ed from the top of the cross section. This eqonat
found by using trendline of the tendon profile @31x<18,7n
| |

d = - 0.0048¢ + 0.0833x+ 0.4766
d'(x) = - 0.0096% + 0.0833
d" = - 0.0096

Assume linear decrease of tendon force in thedggiment, see ure

Length of segment

Xsegmentl = 9-9m

Change of slope within the first segm:

] 1 1 —
agjope = d'(0) - d Segment1” = 0.095
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This formula is used in SAP2000 to calculate thelte force at a distance x from the active
NOTE: Eurocode 2 suggests a slightly different folan

Pi.segment1= Pexp - rTcurve’(aslope + k’xsegment]) = 3722kN

p is the change in foecper unit length, calculated from a tendon forigihm, assuming line
variation of the tendon force within the segm

P. -

i - P

i.segmentl kN

Dp = = 9.909«—
m

Xsegmentl

The anchor set can then be calcul

| Ds xAp>Ep

= =17.722 m

The tendon force at that point
Pi max:= Pyexp - ”curve’(aslope + k"set) = 3696KkN

Pi.max~ R.allowed
The tendon force whicshould be applied at the active en:

P = 3820 kN
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Shrinkage

i [ ]
€cs = €cd t €ca

Drying shrinkag
__ \ \ | |
€cdy = kn’PRHEcd
- 3
ecgj = 0.23510 Assume cement clas:

bRH = 0.75(

Perimeter of Cross section \ _ 551, Assume no drying upwards
exposed to dryin:

Since I > 500mm  => kp = 07

ecd_¥ = kh>bRH><%d| =1.244 10 4
Autogenous shrinkay

. - 3
ecqy = 0.0875¢10
Total shrinkage strai

o _ - 4
€cs = €cdy t €cay = 2.119 10

Stress loss due to shrinka

Sshrinkage.loss= Ep’€cs = 41.313MP¢
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Creep

. I . . [ |
I =1 rRHPfemPto

fem > 35 MPa =>

1 n n H
he = hod 000 =27 10° Removes" the unit
w10 m
. 1- RH 35MPa 0.7 35MPa 0.2
] RH =1+ X : X " =1.14

0_1)(3 ho cm cm
brem = 231

1

byg = ———— =0.437

0.2

0.1+ f

j ::j RH)bem)th =1.152

Loss due to cret

Pl.allowed
5o = =20 = 7 208MP

Al
S
. 2c _ .4
Screep™= | ><—EC =2312 10

Screep.loss= Ep’€creep ™ 4°-088MPe

CHALMERS Civil and Environmental Engineerin§ylaster’'s Thesis BOMX02-17-31 C-5



Relaxation

Relaxation class 2 =
S.
M= i.allowed — 0.748
fpk

We are looking for the final value of the relaxat®>  t := 500000[hours]

0.75( 1-m 3
X0 ~ =0.048

c; :=0.66¢c X[ 9.1r) X
t 10008XH 9.17) 1000

Srelaxation.loss™= Ct’Si.allowed = 67-026 MPa

Elastic shortening

S

. _C_ . 4
€c.shortening= = =2:008 10

Selastic.sh.loss™ €c.shorteningFp = 39-153VPe

Total stress los

Sloss = Sshrinkage.loss™ Screep.losst Srelaxation.loss™ Selastic.sh.loss™ 192.57MPe

Slo
S - 13.849%%

Sj.allowed
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Appendix D Shear modulus

Orthotropic material with Eo=0.5E1 and 12=0

Eq = 36GP: E, := 18GP: Eg = 36GP: Young's modulus
nip =0 niz =02 Nog:= 0.2 Poisson's ratio

ErE Shear modulus
Glz = = 12GP«

(Ey + By + 2n1 )

EqE

173
Gi3:= = 15GP:

Exs
Gyg:= = 10.588GP:

Orthotropic material with E»o=0.1E1 and 12=0

Eq := 36GP: E, := 3.6GP: E3 := 36GP: Young's modulus
nip =0 ny3:= 0. Nog = 0.2 Poisson's ratio
Er&
Gygp = = 3.273GP: Shear modulus
(B + By + 201 2F)
Eq &
1753
613 = = 15GPi
(B, + B3+ 2n126)
EyE3
Gyg:= = 3.158GP:
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Appendix E Stiffness modifier for torsional stiffness

Longitudinal beam:

h im

b :=1m

The torsional stiffness should be equal tbf@r the longitudinal beam elements. In
SAP2000, the torsional stiffness can be modifieé&signing a property modifier. To
find the property modifier factor, k, the followiregjuation can be used:

where | is the moment of inertia of the longitudibeam and K is the torsional stiffness
of the beam to be modified.
Moment of inertia of the longitudinal beam:

3

b 4
||0ng = ? = 0.083 m

The torsional constant given by SAP2000 for thegitdinal beam elements:

o 4
Klong = 0.1408m

The torsional constant given by SAP2000 for thedvarsal beam elements:

_ 4
Kians = 0.1408 m

The torsional constants are the same for the lodigial and transversal beams
The stiffness modifier, k, can then be calculated.

_ 2>"Iong

k: =1.184

KIong
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Appendix F Verification of models

Table F.1 Hand calculation of the total load of thriedge and external loads

Self-weight of concrete 24.9%KN/m3
Self-weight of steel 76.97KN/m?3
Slab

Area 1584 | m?
Thickness 1m
Volume 1584| m®
Total dead load 39584kN
Column

Diameter 1m
Height 7|1 m
Number of columns 6

Total volume of columns 3pm?
Total dead load 824kN
Wall

Area of both walls 504 m
Thickness 1m
Total volume walls 504 m®
Total dead load 12595kN
Tendons

Length of one tendon 44m
Area of one tendon 5320mnvY
Number of tendons 36

Total volume of tendons Bm°
Total dead load 650kN
Total dead load 53653| kN
Permanent load 20kN/m?
Live load 10 | KN/m?
Area of slab 1584 | m?
Total external load 47520| kN
Total load including self-weight of tendons 1011738kN
Total load excluding self-weight of tendons 100523kN
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Table F.2  Total reaction forces from the SAP-medehe reactions from the models
with tendons modelled as element are compared thightotal load
including self-weight of tendons. The models wathdbns modelled as
load are compared with the total load excluding-setight of tendons.

Total reactions in Deviation from

Model SAP2000 [kN] total load
Shell model
Tendon as eleme 101175 0.00%
Tendon as loe 100529 -0.01%

Grillage model
Tendon as eleme

All load in longitudinal directio 101175 -0.002%

All load in transverse directit 101175 -0.002%

Half the load in each directi 101175 -0.002%
Tendon as loe

All load in longitudinal directiol 100529 -0.01%

All load in transverse directit 100529 -0.01%

Half the load in each directi 100529 -0.01%
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Appendix G Sensitivity analysis

a) b)
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‘é -g -800
Z 0 2 -700
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Legend: —Original mesh  ------- Modified mesh

Figure G.1 Moment distributions along the secti@for a shell model with different
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mesh. The left column shows the momeramd the right column shows
a zoomed part of the moment distribution. a) andghmws the moment

caused by the permanent load.

by the prestressing load. e) and f) is the restramoment caused by the

prestressing load

c) and d) is thelteetumoment caused
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Legend:

——Original mesh ~ ------- Modified mesh

Figure G.2 Moment distributions along the secti@for a shell model with different
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mesh. The left column shows the momerdnd the right column shows
a zoomed part of the moment distribution. a) andghmws the moment
caused by the permanent load. c) and d) is theltesgumoment caused
by the prestressing load. e) and f) is the restramoment caused by the
prestressing load
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Figure G.3 Moment distributions along the secfié@for a shell model with different
mesh. The left column shows the momerdnd the right column shows
a zoomed part of the moment distribution. a) anghmws the moment
caused by the permanent load. ¢) and d) is theltemgumoment caused
by the prestressing load. e) and f) is the restraoment caused by the
prestressing load
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Figure G.4 Moment distributions along the secfié@for a shell model with different

mesh. The left column shows the momegrand the right column shows
a zoomed part of the moment distribution. a) anghmws the moment
caused by the permanent load. ¢) and d) is theltemgumoment caused
by the prestressing load. e) and f) is the restramoment caused by the
prestressing load
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Appendix H Results

Figure H.1 Output sections.
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H.1 Application of loads on a grillage model

a) b)
-1500 -1000
= 1000 T -500
€ -500 =
Z Z 0
= 0 X,
£ 500 £ 500
1000 1000
0 10 20 30 40 0 10 20 30 40 50
x[m] x [m]
C) d)
-800 -800
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'E -400 B
-400
E -200 E
Z 2 -200
= 0 =,
& 200 e 0
400 200
600 400
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x [m] y [m]

All load in the longitudinal direction
--------- All load in the transversal direction

----------------- Half the load in each direction

Figure H.2 Moment caused by the permanent loadertien a) L1, b) L2, c) L3,
d) T1, e) T3.
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Table H.1  Comparison of the moments [KNm/m] iruFegH.2 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momentswieload has been
applied in different ways. All load applied in tloegitudinal direction is
used as reference.

Section Loaded Moment | Deviation Moment | Deviation
direction [KNm/m] [%0] [KNmM/m] [%0]
Longitudinal | & -122¢ - c 457

o | Transversa % N | -122¢ 0.1 S 45¢ -0.4
- . 1
Half in each 2 > | 1576 01 | © 457 0.2
directior
Longitudinal 15 -897 - c 457 -
~ |Transversa | o % -89¢€ 0.2 g A5¢ -0.4
| .
Half in each) 3 < | gg7 01 |© 458 0.2
directior
Longitudinal =g -572 - c 18t -
— Transversa | o < -574 -0.3 Q 184 0.S
= Half in each| 5 ! @
o n > -573 -0.2 e 184 0.5
directior
Longitudinal £ -71¢€ - c o 45¢€ -
™ Transversa | & < -714 0.2 g 45¢ -0.4
= Half in each| 5! @
o n > -715 0.1 ~ 457 -0.2
directior
Longitudinal © 0.2 - - -
™ Transversa | © :' -1.4 - - -
Half in each - 12 i i i
directior
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H.2 Defining the prestressing load either as load or ement

H.2.1 Grillage
a) b)
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= 0 =
£ oo £ 1000

1000 2000
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E E .
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1500 2000
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0 10 20 30 40 50 0 10 20 30 40 50
x [m] X [m]

Legend:——Tendon as load ------- Tendon as element

Figure H.3 Results along the section L1. a) Montantsed by the permanent load,
b) resultant moment, c) restraint moment, d) priynaoment

Table H.2 Comparison of the moments [KNm/m] iruFégH.3 at certain points. If
no coordinate is specified, the given value igtbak value in that region.

Deviation is the difference between the momentswine prestressing

load is defined as either load or element.

a b o d
Tendon modeled ¢ | Support x=2 | Support x=2 | Support x=2 | Support x=2
Load -125° 163€ -44: 207¢
Element -122¢ 159¢ -424 201¢
Deviation [%] 2.1¢ 2.5¢€ 4.5 2.97
Spat Spat Left suppor | Spatr
Load 47C -1371 167¢ -208¢
Element 457 -1321 165t -2022
Deviation [%] 3.01 3.81 1.2C 3.3(C

H-4
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a) b)
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Legend:——Tendon as load ------- Tendon as element

Figure H.4 Results along the section T1. a) Monoanised by the permanent load,

b) resultant moment, c) restraint moment, d) priynaoment

Table H.3

Comparison of the moments [kNm/m] iruFegH.4 at certain points. If

no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momentswine prestressing
load is defined as either load or element.

a b C
Tendon modeled ¢ | Support y=1. | Support y=1 | Support y=1
Load -572 -22( -22(
Element -572 -217 -217
Deviation [%] -0.0€ 1.45 1.45

Span y=1 Span y=1 Span y=1
Load 18t 71 71
Element 18¢ 70 70
Deviation [%] 0.07 1.5¢€ 1.5¢

CHALMERS Civil and Environmental Engineeriniylaster's Thesis BOMX02-17-31

H-5



-1000 -2000
= -500 "= -1000
€ €
= 0 Z 0
X, X,
£ 500 £ 1000

1000 2000

0 10 20 30 40 50 0 10 20 30 40 50
x[m] x[m]

C) d)

-500 -3000
— 0 __-2000

€ € .1000

T 500 €

2 g 0

ElOOO = 1000

1500 2000

2000 3000

0 10 20 30 40 50 0 10 20 30 40 50
x[m] X [m]

Legend:——Tendon as load ------- Tendon as element

Figure H.5 Results along the section L2. a) Montantsed by the permanent load,
b) resultant moment, c) restraint moment, d) priynaoment

Table H4 Comparison of the moments [KNm/m] iruFégH.5 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momentswine prestressing
load is defined as either load or element.

a b C d
Tendon modeled ¢ | Support x=2 | Support x=2 | Support x=2 | Support x=2
Load -92% 176: -31¢€ 207¢
Element -897 172C -29¢ 201¢
Deviation [%] 2.8€ 2.5C 5.69 2.917
Spat Spat Left suppor | Spat
Load 471 -1371 167¢ -208¢
Element 457 -1321 165¢ -2022
Deviation [%] 3.01 3.81 1.2C 3.3C
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Figure H.6 Results along the section L3. a) Moneanised by the permanent load,
b) resultant moment, c) restraint moment, d) priyna@oment

Table H.5 Comparison of the moments [KNm/m] iruFégH.6 at certain points. If
no coordinate is specified, the given value igtbak value in that region.

Deviation is the difference between the momentswine prestressing

load is defined as either load or element.

a b o d
Tendon modeled ¢ | Support x=2 | Support x:22 | Support x=2 | Support x=2
Load -74C 183: -24¢ 207¢
Element -71¢ 178¢ -23C 201¢
Deviation [%] 3.3¢ 2.4¢ 6.71 2.97
Spar Spat Left suppor | Spar
Load 47C -1371 167¢ -208¢
Element 45€ -1321 165¢ -202z
Deviation [%] 3.01 3.81 1.2C 3.3(C
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Figure H.7 Results along the section T3. a) Monuawised by the permanent load,
b) resultant moment, c) restraint moment, d) priyn@oment

Comparison of the moments [kNm/m] iruFeégH.7 at certain points. If

no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the moments e prestressing
load is defined as either load or element.

Table H.6

a b C d
Tendon modeled ¢ | Mid y=18 Mid y=18 Mid y=18 Mid y=18
Load 0.2 0.2 0.1 0.1
Element 0.2 0.1 0.1 0.C
Deviation [%)] -6.9(C 52.72 -14.3: -1682.6:
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H.2.2 Shell
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Figure H.8 Results along the section L1. a) Montentsed by the permanent load,
b) resultant moment, c) restraint moment, d) priyna@oment

Table H.7 Comparison of the moments [KNm/m] iruFégH.8 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the moments e prestressing
load is defined as either load or element.

a b o d
Tendon modeled ¢ | Support x=2 | Support x=2 | Support x=2 | Support x=2
Load -106: 172¢ -394 2127
Element -103¢ 166¢ -377 204=
Deviation [%] 2.3z 3.6z 4.47 3.71
Spar Spat Left suppor | Spar
Load 46¢ -1357 171¢ -208¢
Element 45¢ -1317 1701 -201¢
Deviation [%] 2.87 3.0¢ 1.0¢ 3.2¢
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Figure H.9 Results along the section L1. a) Montentsed by the permanent load,

b) resultant moment, c) restraint moment, d) priyn@oment

Table H.8

Comparison of the moments [kNm/m] iruFegH.9 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momentswine prestressing

load is defined as either load or element.

a b C d
Tendon modeled ¢ | Support x=2 | Support x=2 | Support x=2 | Support x=2
Load -78€ 17¢€ -344 52C
Element -78% 15¢ -33¢ 49t
Deviation [%] 0.6% 11.0¢ 2.3¢ 5.17
Spar Spat Left suppor | Spar
Load 93 -27C 367 -41(
Element 91 -261 36< -397
Deviation [%] 2.7¢ 3.17 1.0z 3.21

H-1C
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Figure H.10 Results along the section T1. a) Mdncansed by the permanent load,
b) resultant moment, c) restraint moment, d) priyna@oment

Table H.9

Comparison of the moments [kNm/m] iruFegH.10 at certain points. If

no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momentswine prestressing
load is defined as either load or element.

a b C d
Tendon modeled ¢ | Support y=1 | Support y=1 | Support y=1 | Support y=1
Load -132¢ 1631 -50C 2132
Element -130z 158t -482 2067
Deviation [%] 1.84 2.9¢ 3.7¢ 3.1t
Span y=1. Span y=1 Span y=1 Span y=1
Load -70¢ 183¢ -25¢ 209(
Element -68¢€ 1797 -23¢ 203t
Deviation [%] 3.32 2.2F 6.0< 2.7C
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Figure H.11 Results along the section T1. a) Mdncansed by the permanent load,

b) resultant moment, c) restraint moment, d) priynaoment

Table H.10 Comparison of the moments [KNm/m] guFe H.11 at certain points. If

no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momentswine prestressing
load is defined as either load or element.

a b o d
Tendon modeled ¢ | Support y=1 | Support y=1 | Support y=1 | Support y=1
Load -52¢ 267 -23¢ 50&
Element -52% 24¢ -232 47¢
Deviation [%] 0.94 7.8z 2.71 5.3¢

Span y=1. Span y=1 Span y=1 Span y=1
Load 1C 44C -21 461
Element 15 43¢ -17 45¢€
Deviation [%] -34.1¢ 0.2¢ 20.0¢ 1.04
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Legend:——Tendon as load ------- Tendon as element

Figure H.12 Results along the section L3. a) Moncanted by the permanent load, b)
resultant moment, c) restraint moment, d) primapnmant

Table H.11 Comparison of the moments [KNm/m] guFe H.12 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momentswine prestressing
load is defined as either load or element.

a b o d
Tendon moded as | Support x=2 | Support x=2 | Support x=2 | Support x=2
Load -70¢ 183¢ -25¢ 209(
Element -68¢ 179 -23¢ 203t
Deviation [%] 3.3z 2.2¢F 6.0% 2.7C

Spat Spat Left suppor | Spat
Load 46¢ -1357 171z -207¢
Element 45¢ -131¢ 1694 -201:
Deviation [%] 2.8¢ 3.1C 1.05 3.3(C
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Figure H.13 Results along the section L3. a) Moncantsed by the permanent load, b)
resultant moment, c) restraint moment, d) primapnmant

Table H.12 Comparison of the moments [KNm/m] guFe H.13 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momentswine prestressing
load is defined as either load or element.

a b o d
Tendon modeled ¢ | Support x=2 | Support x=2 | Support x=2 | Support x=2
Load 1C 44C -21 461
Element 15 43¢ -17 45€
Deviation [%] -34.14 0.2¢ 20.0¢ 1.04
Spar Spat Left suppor | Spar
Load 94 -27C 35E -407
Element 92 -262 352 -394
Deviation [%] 2.71 3.1¢ 1.0 3.22
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Figure H.14 Results along the section T3. a) Moncansed by the permanent load, b)
resultant moment, c) restraint moment, d) primapnmant

Table H.13 Comparison of the moments [KNm/m] guFe H.14 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momentswine prestressing
load is defined as either load or element.

a b C d
Tendon modeled & Midy=18 |Midy=18 |Midy=18 |Midy=18
Load 465 -1357 68: -2041
Element 451 -131% 654 -1971
Deviation [%] 2.6( 3.1C 4.45 3.5¢4
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Figure H.15 Results along the section T3. a) Moncansed by the permanent load, b)
resultant moment, c) restraint moment, d) primapnmant

Table H.14 Comparison of the moments [KNm/m] guFe H.15 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momentswine prestressing
load is defined as either load or element.

a b o d
Tendon modeled ¢ Midy=18 |Midy=18 |Midy=18 |Midy=18
Load 93 -27C 12¢ -39¢
Element 91 -262 11¢ -38¢
Deviation [%] 2.5C 3.1¢ 7.5t 3.4¢
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H.3 Comparison of 2D and 3D model
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Figure H.16 Moment distributions in the longitudimirection for the 2D model and a
shell model in section L1 and L3. a) Moment distiitn caused by the
permanent load, b) resultant moment, c) restraioimant, d) primary
moment
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H.4 Comparison between shell and grillage models
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Figure H.17 Results along the section L1. a) Moncanted by the permanent load, b)
resultant moment, c) restraint moment, d) primapnmant

Table H.15 Comparison of the moments [KNm/m] guFe H.17 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momenthe deam grillage
model and shell model.

a b C d
Model Support x=2 | Support x=2 | Support x=2 | Support x=2
Grillage model -122¢ 159¢ -424 201¢
Shell model -103¢ 166¢ -377 204¢
Deviation [%] 18.0¢ -4.31 12.3¢ -1.2€

Spal Spal Left suppor Spal
Grillage model 457 -1321 165¢ -2022
Shell model 45¢ -1317 1701 -201¢
Deviation [%] 0.44 0.3¢ -2.7C 0.1
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Figure H.18 Results along the section L1. a) Manoawised by the permanent load,

b) resultant moment, c) restraint moment, d) priyna@oment

Table H.16 Comparison of the moments [KNm/m] guFe H.18 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momenhe lieam grillage
model and shell model

a b C d
Model Support x=2 | Support x=2 | Support x=2 | Support x=2
Grillage model -572 -217 -217 -
Shell model -78¢ 15¢ -33€ 49t
Deviation [%] -26.8¢ -236.4¢ -35.47 -

Spat Spat Left suppor | Spar
Grillage model - - - -
Shell model 91 -261 363 -397
Deviation [%] - - - -
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Figure H.19 Results along the section T1. a) Mornsansed by the permanent load, b)
resultant moment, c) restraint moment, d) primapnmant

Table H.17 Comparison of the moments [KNm/m] guFe H.19 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momenheé lieam grillage
model and shell model.

a b C d
Model Support y=1 | Support y=1 | Support y=1 | Support y=1.
Grillage model -122¢ 159¢ -424 201¢
Shell model -130z 158¢ -482 2067
Deviation [%] -5.8( 0.6¢ -12.1¢ -2.31

Span y=1 Span y=1. Span y=1. Span y=1
Grillage model -71¢€ 178¢ -23C 201¢
Shell model -68¢ 179 -23¢€ 203¢
Deviation [%] 4.34 -0.4¢€ -3.4z -0.81
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Figure H.20 Results along the section T1. a) Moncansed by the permanent load, b)
resultant moment, c) restraint moment, d) primapnmant

Table H.18 Comparison of the moments [KNm/m] guFe H.20 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momenthe deam grillage
model and shell model.

a b C d
Model Support y=1 | Support y=1 | Support y=1 | Support y=1
Grillage model -572 -217 -217 0
Shell model -52¢ 24¢ -232 47¢
Deviation [%] 9.5(C - -6.5( -

Span y=1 Span y=1. Span y=1. Span y:18
Grillage model 18t 7C 7C 0
Shell model 15 43¢ -17 45¢€
Deviation [%] - - - -
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Figure H.21 Results along the section L3. a) Moncanted by the permanent load, b)
resultant moment, c) restraint moment, d) primapnmant

Table H.19 Comparison of the moments [KNm/m] guFe H.21 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momenthe deam grillage
model and shell model.

a b C d
Model Support x=2 | Support x=2 | Support x=2 | Support x=2
Grillage model -71€ 178¢ -23C 201¢
Shell model -68¢€ 1797 -23€ 203¢
Deviation [%] 4.34 -0.4¢€ -3.4z -0.81

Spal Spal Left suppor Spal
Grillage model 45€ -1321 165¢ -2022
Shell model 458 -131¢€ 1694 -201%
Deviation [%] 0.41 0.3 -2.2€ 0.44
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Figure H.22 Results along the section L3. a) Moncanted by the permanent load, b)
resultant moment, c) restraint moment, d) primapnmant

Table H.20 Comparison of the moments [KNm/m] guFe H.22 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momenthe deam grillage
model and shell model.

a b C d
Model Support x=2 | Support x=2 | Support x=2 | Support x=2
Grillage model 18t 7C 7C 0
Shell model 15 43¢ -17 45¢€
Deviation [%] 1152.7¢ -84.02 -507.0¢ -

Spal Spal Left suppor Spal
Grillage model - - - 0
Shell model 92 -262 352 -394
Deviation [%] - - - -

CHALMERS Civil and Environmental Engineerin§ylaster’'s Thesis BOMX02-17-31 H-23



a) b)
-1000 -1500
-1000
g -500 € -500
E o £ o
< <, 500
£ 500 & 1000
1500
1000 2000
0O 10 20 30 40 50 0O 10 20 30 40 50
x [m] X [m]
c) d)
-500 -3000
z O - -2000
£ 500 £ -1000
g g 0
E 1000 E 1000
1500 2000
2000 3000
0O 10 20 30 40 50 0O 10 20 30 40 50
X [m] x [m]
Legend: = — Crillage model ~ ------ Shell model

Figure H.23 Results along the section L2. a) Moncanted by the permanent load, b)
resultant moment, c) restraint moment, d) primapnmant

Table H.21 Comparison of the moments [KNm/m] guFe H.23 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momenthe deam grillage
model and shell model.

a b C d
Model Support x=2 | Support x=2 | Support x=2 | Support x=2
Grillage model -897 172( -29¢ 201¢
Shell model -894 172¢ -31¢€ 204¢
Deviation [%] 0.3t -0.47 -5.8¢€ -1.31

Spal Spal Left suppor Spar
Grillage model 457 -1321 165¢ -2022
Shell model 45% -131% 1704 -202(
Deviation [%] 0.4¢ 0.3 -2.81 0.07
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Figure H.24 Results along the section L2. a) Moncanted by the permanent load, b)
resultant moment, c) restraint moment, d) primapnmant

Table H.22 Comparison of the moments [KNm/m] guFe H.24 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momenthe deam grillage
model and shell model.

a b C d
Model Support x=2 | Support x=2 | Support x=2 | Support x=2
Grillage model 10¢ 41 41 0
Shell model -207 37¢% -10€ 47¢
Deviation [%] -152.4¢ -88.9¢ -139.0: -

Spal Spal Left suppor Spal
Grillage model - - - 0
Shell model 90 -26( 367 -397
Deviation [%] - - - -
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Figure H.25 Results along the section T3. a) Monsansed by the permanent load, b)

resultant moment, c) restraint moment

, d) primapnmant

Table H.23 Comparison of the moments [KNm/m] guFe H.25 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momenthe deam grillage

model and shell model.

a b o d
Model Mid y=18 Mid y=18 Mid y=18 Mid y=18
Grillage model 452 -1321 64¢ -197(
Shell model 451 -1317 654 -1971
Deviation [%] 0.1¢ 0.3t -0.8C -0.0%
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Figure H.26 Results along the section T3. a) Moncansed by the permanent load, b)
resultant moment, c) restraint moment, d) primapnmant

Table H.24 Comparison of the moments [KNm/m] iruFegH.26 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momenthe heam grillage
model and shell model.

a b o d
Model Mid y=18 Mid y=18 Mid y=18 Mid y=18
Grillage model - - - 0
Shell model 91 -262 11¢ -38¢
Deviation [%] - - - -
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Figure H.27 Results along the section T2. a) Monsansed by the permanent load, b)

resultant moment, c) restraint moment, d) primapnmant

Table H.25 Comparison of the moments [KNm/m] guFe H.27 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momenthe deam grillage

model and shell model.

a b C d
Model Supporty=1 | Mid y =18 Supporty=1 | Midy =18
Grillage model -59E 173¢ -15% 192(
Shell model -70€ 170¢ -241 194¢
Deviation [%] -15.8¢ 1.84 -36.5¢ -1.4¢€

Span y=1 Span y=1. Span y=1. Span y=1
Grillage model -65% - -20% -
Shell model -627 - -211 -
Deviation [%] 4.1¢ - -3.9¢ -
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Figure H.28 Results along the section T2. a) Moncansed by the permanent load, b)
resultant moment, c) restraint moment, d) primapnmant

Table H.26 Comparison of the moments [kKNm/m] iruFegH.28 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momenthe heam grillage
model and shell model.

a b C d
Model Support y=1 | Support y:15 | Support y=1 | Support y=1
Grillage model =245 -92 -92 0
Shell model -374 274 -171 44%

Deviation [%] - - - -
Span y=1 Span y=1. Span y=1. Span y=1
Grillage model 14E 55 55 0
Shell model 7 407 -23 43C
Deviation [%] - - - -
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H.5 Influence of transverse contraction
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Figure H.29 Results along the section L1. a) Moncantsed by the permanent load, b)
resultant moment, c) restraint moment, d) primapnmant

Table H.27 Comparison of the moments [KNm/m] guFe H.29 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momenthe deam grillage
model and shell model.

a b C d
Models Support x=2 | Support x=2 | Support x=2 | Support x=2
Grillage -122¢ 159¢ -424 201¢
Shell, =0 -95( 172(C -33¢ 205¢
Deviation [%] 29.117 -7.24 26.4¢ -1.78

Spat Spat Left suppor | Spar
Grillage 457 -1321 165 -202z2
Shell, =0 45¢€ -132( 168( -202z2
Deviation [%] 0.2: 0.04 -1.47 -0.0z
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Figure H.30 Results along the section L1. a) Moncanted by the permanent load, b)
resultant moment, c) restraint moment, d) primapnmant

Table H.28 Comparison of the moments [KNm/m] guFe H.30 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momenthe deam grillage
model and shell model.

a b C d
Models Support x=2 | Support x=2 | Support x=2 | Support x=2
Grillage -572 -217 -217 0
Shell, =0 -631 -23C -24E 15
Deviation [%] -9.32 -5.82 -11.44 -

Spal Spal Spal Spal
Grillage 0 0 0 0
Shell, =0 - - - -
Deviation [%] - - - -
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Figure H.31 Results along the section T1. a) Mornsansed by the permanent load, b)
resultant moment, c) restraint moment, d) primapnmant

Table H.29 Comparison of the moments [KNm/m] guFe H.31 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momenheé lieam grillage
model and shell model.

a b C d
Models Support y=1 | Stpport y=1° | Support x=2 | Support y=1.
Grillage -122¢ 159¢ -424 201¢
Shell, =0 -1281 1617 -465 208(
Deviation [%] -4.28 -1.3¢ -8.6( -2.9%

Span y=1 Span y=1. Span y=1. Span y=1
Grillage -71€ 178¢ -23C 201¢
Shell, =0 -71¢ 178¢ -24¢€ 2031
Deviation [%] -0.4¢ 0.21 -6.3¢ -0.5¢
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Figure H.32 Results along the section T1. a) Monsansed by the permanent load, b)
resultant moment, c) restraint moment, d) primapnmant

Table H.30 Comparison of the moments [KNm/m] guFe H.32 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momenthe deam grillage
model and shell model.

a b C d
Models Support y=1 | Support y=1 | Support x=2 | Support y=1
Grillage -572 -217 -217 0
Shell, =0 -30< -12¢ -117 -6
Deviation [%] 89.27 76.1( 84.7¢ -

Spany=18 Span y=1. Span y=1. Span y=1
Grillage 18t 7C 7C 0
Shell, =0 15¢ 81 62 20
Deviation [%] 16.7: -13.7¢ 14.01] -
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Figure H.33 Results along the section L3. a) Moncantsed by the permanent load, b)
resultant moment, c) restraint moment, d) primapnmant

Table H.31 Comparison of the moments [KNm/m] guFe H.33 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momenheé lieam grillage
model and shell model.

a b C d
Models Support x=2 | Support x=2 | Support x=2 | Support x=2
Grillage -71€ 178¢ -23C 201¢
Shell, =0 -71¢ 178¢ -24¢€ 2031
Deviation [%] -0.4¢ 0.21 -6.3¢ -0.5¢

Spatr Spat Left suppor | Spar
Grillage 45¢€ -1321 165 -202z2
Shell, =0 45¢ -132( 168( -202z2
Deviation [%0] 0.31 0.0¢ -1.4¢ -0.01
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Figure H.34 Results along the section L3. a) Moncantsed by the permanent load, b)
resultant moment, c) restraint moment, d) primapnmant

Table H.32 Comparison of the moments [KNm/m] guFe H.34 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momenheé lieam grillage
model and shell model.

a b C d
Models Support x=2 | Support x=2 | Support x=2 | Support x=2
Grillage 18¢ 7C 7C 0
Shell, =0 15¢ 81 62 20
Deviation [%] 16.7: -13.7¢ 14.01] -

Spat Spat Left suppor | Spar
Grillage 0 0 0 0
Shell, =0 - - - -
Deviation [%] - - - -
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Figure H.35 Results along the section L2. a) Moncantsed by the permanent load, b)
resultant moment, c) restraint moment, d) primapnmant

Table H.33 Comparison of the moments [KNm/m] guFe H.35 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momenheé lieam grillage
model and shell model.

a b C d
Models Support x=2 | Support x=2 | Support x=2 | Support x=2
Grillage -897 172( -29¢ 201¢
Shell, =0 -897 173( -31% 2044
Deviation [%] 0.0C -0.5¢ -5.0¢ -1.24

Spat Spat Left suppor | Spar
Grillage 457 -1321 165 -202z2
Shell, =0 45¢€ -132( 168( -202z2
Deviation [%0] 0.21 0.0< -1.4¢ -0.0z
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Figure H.36 Results along the section T3. a) Mornsansed by the permanent load, b)
resultant moment, c) restraint moment, d) primapnmant

Table H.34 Comparison of the moments [KNm/m] guFe H.36 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momenheé lieam grillage
model and shell model.

a b o d
Models Mid y=18 Mid y=18 Mid y=18 Mid y=18
Grillage 452 -1321 64¢ -197(
Shell, =0 45% -132( 65€ -1977
Deviation [%] -0.0¢€ 0.0¢ -1.12 -0.34
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Figure H.37 Results along the section T3. a) Mornsansed by the permanent load, b)
resultant moment, c) restraint moment, d) primapnmant

Table H.35 Comparison of the moments [KNm/m] guFe H.37 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momenheé lieam grillage
model and shell model.

a b o d
Models Mid y=18 Mid y=18 Mid y=18 Mid y=18
Grillage 0.0C 0.0C 0.1 0.0C
Shell, =0 0.0C 0.0C 0.€ -0.01
Deviation [%] 0.0C 0.0cC - -
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H.6

H.6.1 Reduction with a factor of 0.5

Influence of reduced stiffness in the transverse kction
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Figure H.38 Results along the section L1. a) Manoawised by the permanent load,
b) resultant moment, c) restraint moment, d) priyn@oment

Table H.36 Comparison of the moments [KNm/m] guFe H.38 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momentsan the models with
different stiffness.

a b o d
Stiffnes: Support x=2 | Support ;=22 | Support x=2 | Support x=2
Reduced -1004 169¢ -35¢€ 2052
Regular -95( 172( -33¢ 205t
Deviation [%] 5.6¢ -1.37 6.2¢€ -0.1¢

Spar Spat Left suppor | Spar
Reduced 45¢ -132( 167¢ -2022
Regular 45¢€ -132( 168( -2022
Deviation [%] -0.07 -0.01 -0.04 0.0c
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Figure H.39 Results along the section L1. a) Monoanised by the permanent load,
b) resultant moment, c) restraint moment, d) priynaoment

Table H.37 Comparison of the moments [KNm/m] guFe H.39 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momentsenn the models with
different stiffness.

a b o d
Stiffnes Support x=2 | Support x=2 | Support x=2 | Support x=2
Reduced -59z2 -214 -22¢ 16
Regular -631 -23C -24E 15
Deviation [%] -6.22 -7.1¢ -6.2¢ 8.4(
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Figure H.40 Results along the section T1. a) Mdneansed by the permanent load,
b) resultant moment, c) restraint moment, d) priynaoment

Table H.38 Comparison of the moments [KNm/m] guFe H.40 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momentsen the models with
different stiffness.

a b C d
Stiffnes:t Supporty=1' | Supporty=1' | Supporty=1! | Supporty=1!
Reduced -132¢ 1594 -48C 203:
Regular -1281 1617 -465 2031
Deviation [%] 3.3(C -1.44 3.5¢ 0.0¢

Span y=1 Span y=1 Span y=1. Span y=1.
Reduced -68¢ 180( -23¢ -
Regular -71¢ 178t -24¢€ -
Deviation [%] -4.5¢ 0.82 -5.1¢ -
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Figure H.41 Results along the section T1. a) Mdneansed by the permanent load,

b) resultant moment, c) restraint moment, d) priynaoment

Table H.39 Comparison of the moments [KNm/m] guFe H.41 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momentseinn the models with

different stiffness.

a b C d
Stiffnes Supporty=1! | Supporty=1' | Supporty=1' | Supporty=1!
Reduced -262 -10€ -10z 18
Regular -30% -12¢ -117 2C
Deviation [%] -13.3( -13.6¢4 -13.31 -9.07

Span y=1 Span y=1. Span y=1. Span y=1.
Reduced 13¢ 7C 52 -
Regular 15¢ 81 62 -
Deviation [%] -14.8¢ -13.4¢ -14.9:2 -
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Figure H.42 Results along the section L3. a) Manoanised by the permanent load,
b) resultant moment, c) restraint moment, d) priynaoment

Table H.40 Comparison of the moments [KNm/m] guFe H.42 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momentseinn the models with
different stiffness.

a b C d
Stiffnes Support x=2 | Support x=2 | Support x=2 | Support x=2
Reduced -68¢€ 180( -23¢ 203¢
Regular -71¢ 178¢ -24¢ 2031
Deviation [%] -4.5¢ 0.8 -5.1¢€ 0.0¢
Spat Spat Left suppor | Spat
Reduced 45¢ -132( 167¢ -2022
Regular 45¢ -132( 168( -2022
Deviation [%] -0.0¢ -0.01 -0.04 0.0C
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Figure H.43 Results along the section L3. a) Manoanised by the permanent load,
b) resultant moment, c) restraint moment, d) priynaoment

Table H.41 Comparison of the moments [KNm/m] guFe H.43 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momentseinn the models with

different stiffness.

a b o d
Stiffnes Support x=2 | Support x=2 | Support x=2 | Support x=2
Reduced 13E 70 52 18
Regular 15¢ 81 62 20
Deviation [%] -14.8¢ -13.4¢ -14.92 -9.07
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Figure H.44 Results along the section L2. a) Manoanised by the permanent load,
b) resultant moment, c) restraint moment, d) priynaoment

Table H.42 Comparison of the moments [KNm/m] guFe H.44 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momentseinn the models with
different stiffness.

a b C d
Stiffnes Support x=2 | Support x=2 | Support x=2 | Support x=2
Reduced -89C 173z -31z 204
Regular -897 173(C -31¢ 204
Deviation [%] -0.77 0.14 -0.81 -0.01

Spat Spat Left suppor | Spat
Reduced 45¢ -132( 167¢ -202:
Regular 45€ -132( 168( -202z2
Deviation [%] -0.0¢ 0.0C -0.04 0.01
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Figure H.45 Results along the section T3. a) Mdneansed by the permanent load,
b) resultant moment, c) restraint moment, d) priynaoment

Table H.43 Comparison of the moments [KNm/m] guFe H.45 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momentseinn the models with
different stiffness.

a b o d
Stiffnes Mid y=18 Mid y=18 Mid y=18 Mid y=18
Reduced 452 -132( 657 -1977
Regular 45¢ -132( 65€ -1977
Deviation [%] -0.0¢ -0.01 0.02 0.0C
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Figure H.46 Results along the section T3. a) Mdneansed by the permanent load,
b) resultant moment, c) restraint moment, d) priynaoment

Table H.44 Comparison of the moments [KNm/m] guFe H.46 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momentsenn the models with
different stiffness.

a b o d
Stiffnes Mid y=18 Mid y=18 Mid y=18 Mid y=18
Reduced 1.C 0.t 0.t 0.C
Regular 0.t 0.€ 0.€ 0.C
Deviation [%] - - - -
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H.6.2 Reduction with a factor of 0.1
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Figure H.47 Results along the section L1. a) Manoanised by the permanent load,
b) resultant moment, c) restraint moment, d) priynaoment

Table H.45 Comparison of the moments [KNm/m] guFe H.47 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momentsenn the models with
different stiffness.

a b C d
Stiffnes:t Support x=2 | Support x=2 | Support x=2 | Support x=2
Reduced -1272 156¢ -46( 2027
Regular -95( 172(C -33¢ 205¢
Deviation [%] 33.8¢ -8.8¢ 37.2¢ -1.34

Spat Spat Left suppor | Spat
Reduced 45¢€ -131¢ 167¢ -202z2
Regular 45€ -132( 168( -202z2
Deviation [%] 0.0¢ -0.11 -0.2¢ -0.0z
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Figure H.48 Results along the section L1. a) Montentsed by the permanent load,
b) resultant moment, c) restraint moment, d) priyna@oment

Table H.46 Comparison of the moments [KNm/m] guFe H.48 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momentsan the models with

different stiffness.

CHALMERS Civil and Environmental Engineeriniylaster's Thesis BOMX02-17-31

a b o d
Stiffnes:t Support x=2 | Support x=2 | Support x=2 | Support x=2
Reduced -49¢ -17¢ -191 16
Regular -631 -23C -24E 15
Deviation [%] -21.87 -23.8¢ -21.9¢ 8.6(
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Figure H.49 Results along the section T1. a) Mdneansed by the permanent load,
b) resultant moment, c) restraint moment, d) priynaoment

Table H.47 Comparison of the moments [KNm/m] guFe H.49 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momentseinn the models with
different stiffness.

a b C d
Stiffnes:t Support y=1 | Support y=1 | Support y=1. | Support y=1.
Reduced -144¢ 151« -527 204(
Regular -1281 1617 -465 2031
Deviation [%] 12.8- -6.4C 13.7: 0.4t
Span y=1. Span y=1 Span y=1 -
Reduced -557 1857 -18¢ -
Regular -71¢ 178t -24¢€ -
Deviation [%] -22.5¢ 4.0¢ -25.5¢ -
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Figure H.50 Results along the section T1. a) Moncansed by the permanent load, b)
resultant moment, c) restraint moment, d) primapnmant

Table H.48 Comparison of the moments [kKNm/m] guFe H.50 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momentsenn the models with

different stiffness.

a b C d
Stiffnes:t Support y=1 | Support y=1 | Support y=1. | Support y=1.
Reduced -18E -75 -72 15
Regular -30% -12¢ -117 20
Deviation [%] -38.9¢ -38.7¢ -38.9¢ -26.31
Span y=1. Span y=1 Span y=1 -
Reduced 10C 53 39 -
Regular 15¢ 81 62 -
Deviation [%] -36.9¢ -34.4¢ -37.0¢ -
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Figure H.51 Results along the section L3. a) Moncanted by the permanent load, b)

resultant moment, c) restraint moment, d) primapnmant

Table H.49 Comparison of the moments [KNm/m] guFe H.51 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momentseinn the models with

different stiffness.

a b C d
Stiffnes:t Support x=2 | Support x=2 | Support x=2 | Support x=2
Reduced -557 1857 -18¢ 204(
Regular -71¢ 178¢ -24¢ 2031
Deviation [%] -22.5¢ 4.0 -25.5¢ 0.4t

Spat Spat Left suppor | Spat
Reduced 45¢€ -132( 167¢ -202z2
Regular 45F -132( 168( -202z2
Deviation [%] 0.22 -0.0¢ -0.3C 0.0C
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Legend:

Figure H.52 Results along the section L3. a) Moncanted by the permanent load, b)
resultant moment, c) restraint moment, d) primapnmant

Table H.50 Comparison of the moments [KNm/m] guFe H.52 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momentsenn the models with

different stiffness.

a b C d
Stiffnes Support x=2 | Support x=2 | Support x=2 | Support x=2
Reduced 10C 53 39 15
Regular 15¢ 81 62 20
Deviation [%] -36.9¢ -34.4¢ -37.0¢ -26.3]
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Figure H.53 Results along the section L2. a) Moncantsed by the permanent load, b)
resultant moment, c) restraint moment, d) primapnmant

Table H.51 Comparison of the moments [KNm/m] guFe H.53 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momentsen the models with
different stiffness.

a b o d
Stiffnes Support x=2 | Support x=2 | Support x=2 | Support x=2
Reduced -86¢ 1744 -304 2047
Regular -897 173(C -31¢ 2044
Deviation [%] -3.31 0.83 -3.5¢ 0.1¢

Spar Spat Left suppor | Spar
Reduced 45F -132( 167¢ -202z
Regular 45¢€ -132( 168( -202z2
Deviation [%] -0.1¢ -0.07 -0.2¢ -0.01
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Figure H.54 Results along the section T3. a) Mdncansed by the permanent load,
b) resultant moment, c) restraint moment, d) priyn@oment

Table H.52 Comparison of the moments [KNm/m] iruFegH.54 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momentsen the models with
different stiffness.

a b o d
Stiffnes:t Mid y=18 Mid y=18 Mid y=18 Mid y=18
Reduced 45k -132( 65¢ -1977
Regular 45% -132( 65€ -1977
Deviation [%)] 0.52 -0.0¢€ 0.17 -0.01
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Figure H.55 Results along the section T3. a) Mdnecansed by the permanent load,
b) resultant moment, c) restraint moment, d) priyna@oment

Table H.53 Comparison of the moments [KNm/m] guFe H.55 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momentsan the models with
different stiffness.

a b o d
Stiffnes:t Mid y=18 Mid y=18 Mid y=18 Mid y=18
Reduced 0.€ -0.1 -0.1 0.C
Regular 0.t 0.6 0.€ 0.C
Deviation [%] - - - -
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H.6.3 Reduction using property modifiers
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Figure H.56 Results along the section L1. a) Manoawised by the permanent load,
b) resultant moment, c) restraint moment, d) priyna@oment

Table H.54 Comparison of the moments [KNm/m] guFe H.56 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momenther rhodels using
orthotropic or isotropic material.

a b o d
Materia Support x=2 | Support x=2 | Support x=2 | Support x=2
Orthotropic -1272 156¢ -46( 2027
Isotropic -112¢ 171¢ -391 210¢
Deviation [%] 12.6¢ -8.5¢ 17.4: -3.72

Spar Spat Left suppor | Spar
Orthotropic 45¢€ -131¢ 167¢ -202z2
Isotropic 465 -132¢ 165¢ -202¢
Deviation [%] -1.9¢ -0.44 1.0 -0.14
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Figure H.57 Results along the section L1. a) Moncantsed by the permanent load, b)

resultant moment, c) restraint moment, d) primapnmant

Table H.55 Comparison of the moments [KNm/m] guFe H.57 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momenthe) rhodels using

orthotropic or isotropic material.

a b o d
Materia Support x=2 | Support x=2 | Support x=2 | Support x=2
Orthotropic -49% -17¢ -191 16
Isotropic -44¢ -151 -171 20
Deviation [%] 9.8¢ 16.2¢ 11.8¢ -21.07
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Figure H.58 Results along the section T1. a) Mdnecansed by the permanent load,
b) resultant moment, c) restraint moment, d) priyn@oment

Table H.56 Comparison of the moments [KNm/m] guFe H.58 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momenthen rhodels using

orthotropic or isotropic material.

a b o d
Material Support y=1 | Support y=1 | Support y=1. | Support y=1.
Orthotropic -144~ 151« -527 204(
Isotropic -136¢ 1624 -48% 2034
Deviation [%] 5.65 -6.82 9.2C 0.2¢

Span y=1. Span y=1 Span y=1 -
Orthotropic -557 1857 -18¢ -
Isotropic -682 181z -22z -
Deviation [%] -18.3¢ 2.4t -17.4¢ -
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Figure H.59 Results along the section T1. a) Mornsansed by the permanent load, b)
resultant moment, c) restraint moment, d) primapnmant

Table H.57 Comparison of the moments [KNm/m] guFe H.59 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momenther rhodels using
orthotropic or isotropic material.

a b o d
Materia Support y=1 | Support y=1 | Support y=1. | Support y=1.
Orthotropic -18¢ -75 -72 15
Isotropic -21% -79 -81 15
Deviation [%] -13.1¢ -4.9t -11.5¢ -1.57

Span y=1. Span y=1 Span y=1 -
Orthotropic 10C 53 39 -
Isotropic 62 39 24 -
Deviation [%] 60.4< 38.2¢ 63.12 -
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Figure H.60 Results along the section L3. a) Manoawised by the permanent load,
b) resultant moment, c) restraint moment, d) priyn@oment

Table H.58 Comparison of the moments [KNm/m] guFe H.60 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momenthen rhodels using
orthotropic or isotropic material.

a b o d
Materia Support x=2 | Support x=2 | Support x=2 | Support =22
Orthotropic -557 1857 -18< 204(
Isotropic -682 181~ -22z 203¢
Deviation [%] -18.3¢ 2.4t -17.4¢ 0.2¢

Spar Spat Left suppor | Spar
Orthotropic 45¢€ -132( 167¢ -2022
Isotropic 45¢ -132¢ 1657 -202¢
Deviation [%] -0.5C -0.61 1.1C -0.1¢
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Figure H.61 Results along the section L3. a) Manoanised by the permanent load,
b) resultant moment, c) restraint moment, d) priynaoment

Table H.59 Comparison of the moments [KNm/m] guFe H.61 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momenther rhodels using
orthotropic or isotropic material.

a b o d
Materia Support x=2 | Support x=2 | Support x=2 | Support x=2
Orthotropic 10C 53 39 15
Isotropic 62 39 24 15
Deviation [%] 60.4< 38.2¢ 63.12 -1.57
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Figure H.62 Results along the section L2. a) Manoawised by the permanent load,
b) resultant moment, c) restraint moment, d) priyn@oment

Table H.60 Comparison of the moments [KNm/m] guFe H.62 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momenthen rhodels using
orthotropic or isotropic material.

a b o d
Materia Support x=2 | Support x=2 | Support x=2 | Support x=2
Orthotropic -86¢ 174¢ -304 204
Isotropic -89¢ 174¢ -304 205(
Deviation [%] -3.45 -0.11 -0.2C -0.12

Spar Spat Left suppor | Spar
Orthotropic 45¢ -132( 167¢ -2022
Isotropic 47¢ -1331 165¢ -203Z
Deviation [%] -4.14 -0.8¢ 1.05 -0.5C
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Figure H.63 Results along the section T3. a) Mornsansed by the permanent load, b)
resultant moment, c) restraint moment, d) primapnmant

Table H.61 Comparison of the moments [KNm/m] guFe H.63 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momenthe) rhodels using
orthotropic or isotropic material.

a b o d
Materia Mid y=18 Mid y=18 Mid y=18 Mid y=18
Orthotropic 45E -132( 65¢ -1977
Isotropic 47¢ -1332 65¢ -199(
Deviation [%] -4.1¢ -0.92 -0.2¢ -0.67

H-64 CHALMERS, Civil and Environmental Engineerindlaster’'s Thesis BOMX02-17-31



£ .
|
Pz
X,
e
0 10 20 30 40 40
y[m]
C) d)
-1
= = -05
E £
Z 2 [
= £
£ £ 05
1
40 0 10 20 30 40
y [m] y[m]
Legend: —— Orthotropic ------- Isotropic

Figure H.64 Results along the section T3. a) Mornsansed by the permanent load, b)
resultant moment, c) restraint moment, d) primapnmant

Table H.62 Comparison of the moments [KNm/m] guFe H.64 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momenthe) rhodels using
orthotropic or isotropic material.

a b o d
Materia Mid y=18 Mid y=18 Mid y=18 Mid y=18
Orthotropic 0.€ -0.1 -0.1 0.C
Isotropic 21.1 8.C 8.C 0.C
Deviation [%] - - - -
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Figure H.65 Results along the section L1. a) Moncantsed by the permanent load, b)
resultant moment, c) restraint moment, d) primapnmant

Table H.63 Comparison of the moments [KNm/m] guFe H.65at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momenther rhodels using
orthotropic or isotropic material.

a b o d
Materia Support x=2 | Support x=2 | Support x=2 | Support x=2
Orthotropic -1272 156¢ -46( 2027
Isotropic -1321 1544 -465 200¢
Deviation [%] -3.71 1.5¢ -1.0¢ 0.94

Spat Spat Left suppor | Spatr
Orthotropic 45€ -131¢ 167¢ -202z2
Isotropic 45€ -132¢ 165¢ -202z
Deviation [%] -0.11 -0.4% 1.21 0.0C
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Figure H.66 Results along the section L1. a) Manoawised by the permanent load,
b) resultant moment, c) restraint moment, d) priyn@oment

Table H.64 Comparison of the moments [KNm/m] guFe H.66 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momenthen rhodels using
orthotropic or isotropic material.

a b o d
Materia Support x=2 | Support x=2 | Support x=2 | Support x=2
Orthotropic -49% -17¢ -191 16
Isotropic -50¢ -177 -19z 14
Deviation [%] -2.2¢€ -1.3C -0.51 9.217
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Figure H.67 Results along the section T1. a) Mdnecansed by the permanent load,
b) resultant moment, c) restraint moment, d) priyn@oment

Table H.65 Comparison of the moments [KNm/m] guFe H.67 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momenthen rhodels using
orthotropic or isotropic material.

a b o d
Materia Support y=1 | Support y=1 | Support y=1. | Support y=1.
Orthotropic -144~ 151« -527 204(
Isotropic -146¢ 1504 -51¢ 204z
Deviation [%] -1.32 0.65 1.4¢ -0.0¢

Span y=1. Span y=1 Span y=1 -
Orthotropic -557 1857 -18¢ -
Isotropic -53C 187¢ -164 -
Deviation [%0] 5.0¢ -1.11 11.67 -
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Figure H.68 Results along the section T1. a) Mdnecansed by the permanent load,
b) resultant moment, c) restraint moment, d) priyna@oment

Table H.66 Comparison of the moments [KNm/m] guFe H.68 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momenthen rhodels using
orthotropic or isotropic material.

a b o d
Materia Support y=1 | Support y=1 | Support y=1. | Support y=1.
Orthotropic -18¢ -75 -72 15
Isotropic -18C -73 -68 14
Deviation [%] 2.84 2.5¢€ 4.6¢ 1.27

Span y=1. Span y=1 Span y=1 Span y=1
Orthotropic 10C 53 39 -
Isotropic 11C 56 42 -
Deviation [%] -8.72 -4.9¢ -7.14 -
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Legend: —— Orthotropic ------- Isotropic

Figure H.69 Results along the section L3. a) Manoawised by the permanent load,
b) resultant moment, c) restraint moment, d) priyn@oment

Table H.67 Comparison of the moments [KNm/m] guFe H.69 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momenthen rhodels using
orthotropic or isotropic material.

a b o d
Materia Support x=2 | Supportx=22 | Support x=2 | Support x=2
Orthotropic -557 1857 -18< 204(
Isotropic -53C 187¢ -164 204z
Deviation [%] 5.0¢ -1.11 11.6i -0.0¢

Spar Spat Left suppor | Spar
Orthotropic 45€ -132( 167¢ -202z
Isotropic 46C -132¢ 1654 -2022
Deviation [%] -0.9¢ -0.31 1.2t 0.0C
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Figure H.70 Results along the section L3. a) Manoanised by the permanent load,
b) resultant moment, c) restraint moment, d) priynaoment

Table H.68 Comparison of the moments [KNm/m] guFe H.70 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momenther rhodels using
orthotropic or isotropic material.

a b o d
Materia Support x=2 | Support x=2 | Support x=2 | Support x=2
Orthotropic 10C 53 39 15
Isotropic 11C 56 42 14
Deviation [%] -8.72 -4.9¢ -7.14 1.27
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Figure H.71 Results along the section L2. a) Manoawised by the permanent load,
b) resultant moment, c) restraint moment, d) priyn@oment

Table H.69 Comparison of the moments [KNm/m] guFe H.71 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momenther rhodels using
orthotropic or isotropic material.

a b o d
Materia Support x=2 | Support x=2 | Support x=2 | Support x=2
Orthotropic -86¢ 174¢ -304 204
Isotropic -86¢€ 175¢€ -29z2 2047
Deviation [%] 0.1¢ -0.67 4.01 0.0C

Spar Spat Left suppor | Spar
Orthotropic 45F -132( 167¢ -202z
Isotropic 45€ -132¢ 165¢ -202z
Deviation [%] -0.2¢ -0.4< 1.21 -0.01
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Figure H.72 Results along the section T3. a) Mdncansed by the permanent load,
b) resultant moment, c) restraint moment, d) priyn@oment

Table H.70 Comparison of the moments [KNm/m] guFe H.72 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momenthen rhodels using
orthotropic or isotropic material.

a b o d
Materia Mid y=18 Mid y=18 Mid y=18 Mid y=18
Orthotropic 45E -132( 65¢ -1977
Isotropic 45¢ -132¢ 65¢ -1977
Deviation [%] -0.7C -0.3¢ 0.6¢ -0.0z
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Figure H.73 Results along the section T3. a) Mdncansed by the permanent load,
b) resultant moment, c) restraint moment, d) priyn@oment

Table H.71 Comparison of the moments [KNm/m] guFe H.73 at certain points. If
no coordinate is specified, the given value igtbak value in that region.
Deviation is the difference between the momenthen rhodels using

orthotropic or isotropic material.

a b o d
Materia Mid y=18 Mid y=18 Mid y=18 Mid y=18
Orthotropic 0.€ -0.1 -0.1 0.C
Isotropic -0.8 -0.2 -0.2 0.C
Deviation [%] - - - -
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