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ABSTRACT

The aim of this thesis is to gain a broader understanding of bridge construction methods and to
analyse a bridge constructed in stages. To do so, a model is created for analyses in the frame

software NovaFrame.

The bridge which is to be analysed in this thesis is Bagn bridge, a three-span bridge which is
already constructed using the movable scaffolding system. In cooperation with the Norwegian
public road administration, the bridge is to be analysed by using the incremental launching
method (ILM).

First, a literature review is performed to collect relevant information about the project, relevant

regulations, materials, construction method and methods for analysis.

When using ILM, the bridge is casted in segments in a casting yard at one end of the bridge and
is launched after the concrete has reached satisfying strength. Due to the fact that the casting is
done in a casting yard and that the bridge is launched over pre-casted piers, this method has
little effect on the surrounding environments. This makes this method highly efficient when

casting over for example highways and railroads.

One of the mayor parts of this thesis was to create analytical models in NovaFrame. The models
were based on detail drawings handed out by the Norwegian Public Road Administration (SVV)
but were adjusted to be suitable for ILM. Two models were made, one model for the bridge
during launching and one model for the final bridge construction. The reason for this is to have
full control of loads and load combinations, as the launching stages requires many load-cases.

22 centric pre-stressing tendons were used during launching, whereas 14 were placed in the top
flange of the box girder and 8 were placed in the bottom. Two pre-stressing tendons were placed

in each web to be post-tensioned after the final launch.

Capacity controls were performed at ultimate limit state (ULS) and serviceability limit state
(SLS) for both the launching stages and the final construction. Simplified load combinations
were used for the launching stages, as most of the variable loads were neglected due to the fact

that most of the variable loads would have small effects on the structure.

Results from calculations at ULS for the launching stages showed that the predefined number
of prestressing tendons were sufficient with additional reinforcement over supports. Additional
shear reinforcement was also necessary. At SLS, the section was found to be uncracked. Stress

limitations were neglected for the launching stages. The stress limitations are performed to at



construction stages to limit cracks and large deformations due to creep. As the stress limitations
are valid for cracks which are smaller than the allowable cracks during constriction, they are

not considered relevant during launching.

For the final construction, more load cases were introduced. Variable loads such as wind, traffic
and creep were included in this analysis. For ULS, calculations showed that excessive
reinforcement was needed in span. From shear calculations, additional shear reinforcement was
required. A more excessive control at SLS were performed, and in addition to the crack control,
decompression, stress limitation and deflection control were done. The analysis of cracked
section proved that the section was to be considered as uncracked. Therefore, stresses taken
directly from NovaFrame were sufficient for further analysis. Decompressions gave satisfying
results, but for the stress limitations for quasi permanent load combination showed that extra

reinforcement over support 2 were necessary.

Resulting additional reinforcement from calculations ULS for both launching stages and the
final construction is represented in Table 0. As one can see from Table 0, the reinforcement

needed for the final construction is sufficient for the launching stages as well.

Table 0 Results - Reinforcement

Launching stages

Span Support
Longitudinal reinforcement 15@25¢330 -
Shear reinforcement 8@12c250
Final construction
Longitudinal reinforcement 33255150 -
Shear reinforcement 12(312c220
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1 INTRODUCTION

1.1 BACKGROUND

This thesis aims to gain a broader understanding of bridge construction methods and to analyse
a bridge which is constructed in stages. All humans depend on roads to be able to move around,
and bridges are an important part of this. As more and more bridges are built, the need for quick,

economical and safe solutions are crucial.

To optimize the construction of the bridge, the right construction method has to be selected.
The incremental launching method (ILM) is a construction method that is more and more used
around the world for multi-span bridges. Due to the rapid increase of this method being used,

it is important to gain as much information and understanding of the method.

This thesis was formulated in cooperation with the Norwegian Public Road Administration
(SVV). As ILM is a method that have been used relatively little in Norway, the need for research
is crucial to make good decisions. This thesis is written as a cooperation with SVV to gain more
knowledge about the method, and to provide analyses and calculations that may prove useful

in later projects.

The analysis in this thesis is done for Bagn bridge, a bridge which is already built using the
movable scaffolding system. The reason why this bridge is used is that even though these two
construction methods are different, they cover the same span lengths. Therefore, this analysis
may be used in the future to compare with the already built bridge in regard to the amount of
concrete that is used, the amount of reinforcement and to compare construction costs. In reality,
Bagn bridge is not really suitable for ILM as the total length is only 138 meters. As will be
explained later in this thesis, the recommended lengths for using ILM are 200 to 1000 meters.

This is due to economic reasons, as this method requires expensive equipment.



1.2 AIM AND SCOPE

During design and analysis process of bridges, initially the bridges are designed to carry all
external loads. When the construction method is chosen for a bridge, it is important to carry out
an analysis to determine necessity of extra reinforcement or pre-stressing tendons. The aim of
this thesis is to determine the required prestressing when using ILM. Due to the launching of
the bridge, excessive prestressing is required. A detailed model of the chosen bridge is created
which is too be analysed and results are to be controlled for ULS and SLS to determine the

required prestressing in both launching stages and in the final bridge construction.

1.3 LIMITATIONS

Bagn bridge has, as shown in Appendix A, a curvature with a radius of 750 meters. XX states
that bridges which has a central angle smaller than or equal to 12 degrees may be designed as

a straight bridge. Further, the limit in equation 1.1 is given [1].

L 1.1
—<

R 0,2

With the largest span being 57 meters long, L/R = 0,076 and the bridge may therefore be

considered as a straight bridge.

Bagn bridge, as illustrated in Appendix A, designed with a sloped top flange in the box-girder.
As this is not relevant for the analysis of ILM, the cross-section is simplified by using a

horizontal top flange.

For ILM, one has to consider the friction forces caused when the superstructure is launched
over the piers. To counteract this force, bracings are used. The forces caused by the launching
to the columns are not relevant for this thesis, as the focus is on the prestressing of the
superstructure and are not taken into account in further calculations. All analysis of columns

are neglected.



14 BRIEF OVERVIEW OF THE PROJECT

Bagn-Bjargo is a sub-project in the development of the new E16 going through Valdres. This
road is a part of the stretch between Bergen and Oslo, and the aim is to improve the traffic

safety. The development of this road includes four bridges, among them Bagn bridge [1].

The existing bridge over the river Begna, including piers and foundations, is to be demolished
and replaced by a new bridge. The new bridge will be 138 meters long. The piers are placed on
land to minimize the effect on the structure from the river water, yet close to the river to

decrease the span length. As shown in Figure 1.1, the bridge continues into a tunnel [1].

Figure 1.1 3D-illustration of bridge over Begna [1]



2 LITERATURE REVIEW

2.1 REGULATIONS

All construction work will in some way influence the communities and is because of this
regulated by laws and public regulations. The main regulating law is The Planning and Building
Act which is followed by the regulations on technical requirements for construction/building

works.

When it comes to the construction itself, this should be done according to Norwegian Standard
(NS). This includes standards for products, design and execution. For concrete bridges, EC2
and EC2-2 is used [2].

N400 is used when constructing bridges, ferry piers and other load bearing structures to
supplement the Eurocode with provisions for calculations and design. This manual consists of
requirements for reliability and strength, durability, traffic safety, navigability and efficient

maintenance [3].

2.2 PARTS OF BRIDGES

When defining the geometry of bridges, one differs between substructure and superstructure.

2.2.1 SUBSTRUCTURE

The substructure is the parts of the bridge below the bearing and includes piers, bearings,
abutments, caps, wing walls and foundation structures. The usage of the substructure is to
support the superstructure and transfer loads from the structure to the foundation [4].

For Bagn bridge, the substructure consists of 2 piers, as shown in Figure 2.1. Each pier is placed
on land to avoid effect from the river, and the free height is circa 5 m [1]. The total length of
the bridge is 138 meter and it is divided into three spans. Lengths of the spans and pier axes are

also shown in Figure 2.1.

@ @ @ 2

| 42.0 | S/.0 | 39.0

Figure 2.1 Illustration of Bagn bridge substructure (dimensions in meters)
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2.2.2 SUPERSTRUCTURE

The superstructure of a bridge represents the parts of the bridge above the bearings, and includes
deck, girder, truss, etc. Each part of the superstructure has a function in the final product, the
bridge. The deck is the part that directly carries the traffic while other parts transmits passing

loads to the substructure.

Superstructure may have different geometries, as shown in Figure 2.2. A box girder system, as
shown in Figure 2.3, is used for Bagn bridge. A box girder bridge is defined as when the main

load bearing system is formed as one or multiple box cross-sections.
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Figure 2.2 Different geometries of bridge superstructure [5]



Box-girder sections, as shown in Figure 2.3 usually consists of top deck, vertical web and
bottom slab. Both top and bottom flanges are able to resist stress, which means that this cross-
section can sustain positive and negative bending moments. Because of its relatively large
rigidity in both bending and torsion, this box section is widely used for continuous and

cantilever bridges [4].
Top flange \
web / \[\4

Bottom flange .

/

Wall /

Figure 2.3 Typical box-girder cross-section [5]

2.3 INCREMENTAL LAUNCHING METHOD (ILM)

ILM has been used for many years to construct multi-span bridges. As is shown in Figure 2.4,
this method was first used in the 1960°s and has since then been used on approximately 1000
bridges around the world. ILM is most suited for bridges with box girder sections. Also, it is
required that the bridge is either straight or with constant curvature. The smallest radius which
ILM is suitable for is set to R=300m.

2.3.1 GENERAL PRINCIPLES

Figure 2.5 shows the general arrangement of the method. At one side of the bridge, the casting
yard is placed. It is here that the bridge segments are casted. Each segment is casted against the
former segment, and this way creates a monolithic superstructure. As each segment is casted

and connected to the former, they are launched forward using hydraulic jacks [6].

Gohler and Pearson states that the aim of ILM is to finish each segment within one week, the
so-called weekly cycle, adopting as large segment length as possible. According to Gohler and
Pearson, lengths up to 30 m is preferred. Segments often have a length of half of the span length.
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This way, the same routines repeats themselves each week, and the production becomes a habit.
The hardening of the concrete happens during the weekend and is therefore included in the
weekly cycle [6]. From experience this seems to be a bit short of time, according to SVV, as
the box-girder is casted in two sections; bottom flange and webs at first, then the top flange
later. The concrete should stay in the scaffolding up to three days for satisfying curing

conditions. The strength of the concrete shall also reach satisfying value before the prestressing.

1977

*First

Therefore, a two-week cycle is set to be more realistic.

1950-1955 1959 tQSO's ‘

*Rapid *Segnemtal *Modern

development of construction apporach to incrementally
prestressed method were launching launched bridge
concrete applied for concrete in USA,
bridges in bridge bridges launched ober
Germany construction ©1963: First Wabash River in
*Continuous over the river concrete bridge Indiana.
bridges with Ager in Austria launched over
ultiple span * Designed by River Varoni in
were built Leonhardt and Venezuela
Baur
1985 1987 < 1996 tp til now
* The Ramsund * Four large ILM » Ca 100 bridges * About 1000
bridge. bridges built in built using bridges
« First Norwegian Turkey incremental constructed using
bridge using ILM « Constructed using launching method ILM
« Length: 240 meter the detailed design by Géhler and « Mainly in Europe,
of the firm Person. but some in other
Leonhardt, Andra parts of the world
and Partner.

Figure 2.4 Evolution of ILM

2.3.1.1Launching nose

A launching nose is attached in front of the first segment to reduce the high moments caused
by the fact that the superstructure is a cantilever during the launching of the bridge, as shown
in Figure 2.5 [6]. When considering the economical aspect of the project, the launching nose is
considered as one of the largest investments besides the launching equipment and the
establishment of the casting yard. Therefore, the design should allow for it to be reused without

too much conversion cost [6].

For the length of the nose to be optimised, it is set to be 60% of the decisive span [6]. For Bagn
bridge, this will result in a launching nose of L = 57m * 0,6 = 34,2 m. As a simplification, the
launching nose used in the model is taken from another project from SVV with L=33m.



ting Bed
o r'.‘3 ¢ Direction of Launch ——»

Vertical Reaction Beams

Monolithic or Stressed Connection

Shifting Jack ta 1st Segment

Launching Nose
Launching Bearings

N\

Lateral Restraint

Scaffolding for Accesss

Figure 2.5 General arrangement of ILM [7]

2.3.1.2Hydraulic device

The hydraulic device, as shown in Figure 2.6, is used to launch the bridge and consists of two
launching devices which are placed below the web of the superstructure. The lifting jack raises
the superstructure above the brake, as the shifting jack moves the superstructure forward. Then
the lifting jack lowers the superstructure on the brake, and the shifting jacks retract to their

starting position. This process is repeated till the entire bridge segment is launched. (R.SVV).

LAUNCHING DIRECTION
-

LIFT & PUSH EQUIPMENT

FRONT BRAKE

Figure 2.6 Lifting jack

2.3.2 ADVANTAGES AND INCONVENIENCES OF ILM

There are many advantages with the use of ILM. The most obvious one is the economic aspect.
For bridges with lengths from 200 m to about 1000 m, this method is considered to be a good
economical alternative. Another important factor when deciding between construction

methods, are the effect on the surrounding environment. When using ILM, the launching can



be done over trafficked roads, railway lines, rivers and streets without interference whereas

other construction methods would require traffic to stop [6].

When all the piers are constructed, there is no activity outside the casting yard. If the casting

yard is located far from sensitive areas, it is possible to minimize the impact on the environment
[6].
Other advantages are:

- Reinforcement- and casting work is performed in a temporary building, on land, which
reduces the impact of varying weather conditions

- Secure progress, regardless of time of year

- Simpler logistics

- Positive repetition effect, the construction becomes a habit

- No traffic on the bridge during construction

- Good control of the geometry and position of the bridge during construction

- Limited construction time

There are also some disadvantages with using ILM. When casting, accuracy is crucial, and
small errors in the construction of the factory will have severe consequences. Also, the bridge
needs a certain size for this method to be economical advantageous. The launching nose is an
expensive part and represents a significant cost which needs to be considered. By designing the
nose such that it may be reused without too much conversion costs, one may look at the costs
as an investment. But mostly, it is the extra reinforcement needed when launching the bridge
that represents the highest costs. A 30% increase in the amount of prestressing reinforcement
is required in MN, which is chargeable [9].



2.4 PRE-STRESSING CONCRETE

Since the end of the nineteenth century, reinforced concrete has been used as structural material.
As concrete is a material which is low in tensile strength, steel bars are used to improve this
characteristic by embedding them in the concrete. The steel bars will carry the internal tensile

forces in the concrete.

One type of reinforced concrete is the so-called prestressed concrete, where there is an initial
compressive load applied to the structure that to some extent will counteract the external loads
[10]. This compressive load will help control or eliminate cracking by reducing and eliminating

the internal tensile forces.

There are different methods of prestressing. For in-situ prestressed concrete constructions, post-
tensioning is mostly used [11]. As Bagn bridge is to be constructed with ILM, which is an in-

situ construction method, the focus in this thesis will be on post-tensioning.

2.4.1 POST-TENSIONED CONCRETE

When post-tensioning concrete members, steel tendons are tensioned after casting. When the
formwork is in place, casting can begin. The concrete is casted around hollow ducts as shown
in Figure 2.7(a). The steel ducts are fixed to the desired profile and are in most cases in place

(unstressed) but can also be threaded through the duct at a later time [11].

The tendons are tensioned when the concrete is strong enough. This is done by jacking at one
or both ends of the member. The stressed ends of the members are then anchored as shown in
Figure 2.7(b)]. After anchoring the tendons, the ducts are injected with grout under pressure as
Figure 2.7(c) shows [11].
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2.4.1.1Bonded and unbonded post-tensioned concrete

There are two ways of doing post-tensioned concrete, bonded or unbonded. As bonded post-
tensioned concrete is mostly used for in-situ casted concrete bridges [10], this will be the focus
in this thesis.

Bonded post-tensioned concrete is shown in Figure 2.7(c). Here there is a perfect bond between
the concrete and the tendon. Bonded post-tensioned concrete is filled with grout while the
tendon is under pressure. By establishing this bond, the changes in strain in both the tendons
and the concrete at the same level in the cross-section will be the same. This way the post
tensioned concrete will act as a pretensioned construction with the same difference in strain

between concrete and reinforcement [11].

When tendons are bonded to the concrete, they will be able to control cracks and increase
ultimate strength. The tendons will also withstand corrosion better than unbonded structures
would [11].

Hollow duct

i
% /

A 2.
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*&*'bii**%ﬁ
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L

lc)

Figure 2.7 Post-tensioning procedure [11]
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2.4.2 LOAD BALANCING

Load balancing method is a method which was introduced as a concept for design and analysis
of prestressed concrete structures such as flat slabs and grid systems. This method looks at
prestressing as a way to balance the loads acting on the structure. In other words, the
prestressing in the steel balances or carries the loads in the concrete and the transverse loads

that the structure carries are only subjected to axial stresses as shown in Figure 2.8 [12].

Load balancing is often used for post-tensioned beam design and has advantages such as being
sufficient for statically in-determent structures, which the other two concepts are not [12].

LOAD w
F by b g
# . . _cge. g Fr
E ‘tlJ~j__Tt_;_h_f__i_..t——/!’ Fh= Fcos®
a V4

| I I
“~CONCRETE BEAM PRESTRESSING
l COMPONENT

TENDON

FOR PARABOLIC CABLE WITH SMALL SAG h ,SPAN L,LOAD w

2
F'Fh::%-

Figure 2.8 Load balancing design of prestressed concrete [12]
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2.4.2.1Equivalent loads along the prestressing steel

When using the load balancing method, the concept of equivalent loads is used. Non-linear
prestressed steel in post-tensioned concrete will lead to a distributed load on the concrete, called

equivalent loads. This is shown in Figure 2.9 [10].

By using equivalent loads, one considers the forces from the prestressing tendons to be
externally applied loads [11]. Calculation of the equivalent load g is shown below, where y

describes the prestressing profile.

y=fx) 2.1
d .
0(x) = tanf(x) = cd 21
dx
q=qx) 2.2
q(x)dx =~ Fdf 2.3

do d%y 2.4
q(x) = Fa = FW

For Figure 2.9, the total force will be
qxL=Fx0 2.5
where

2e*2=8_e 2.6

=2t
This gives the formula for the equivalent force, q:

8Fe 2.8
q=—5

Figure 2.9 Equivalent loads from pre-stressing [10]
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2.4.2.2 Equivalent loads due to end forces

In addition to the equivalent forces acting along the prestressed steel, there are concentrated
loads at the anchoring. These forces are called end forces [10]. As shown in Figure 2.10, one
can imagine the prestressing force F being decomposed to a horizontal and vertical component,
viz. Fn and Fv, which is acting at the c.0.g. with an eccentricity moment Mr. As the span of the
reinforcement often is large compared with the height of the structural element, the angle 0 is

considered to be very small. Hence,
sind = 6
cosf = 1

where 0 is in radians [10]. Further, the equivalent forces can be simplified:

F, = Fcosf = F 2.7
FE, =Fsin =F 0 2.8
Mp = Fcos@ xe =F xe 2.9

\\\ F Fsin®

Fcos6 :

€9

a) End forces b) Equivalent loads due to end forces
Figure 2.10 Anchoring of prestressing steel [10]

2.4.2.3Statically indeterminate system

Moments due to prestressing are, as explained in the former chapters, by multiplying the
prestressing force by the eccentricity for each section for structures that are statically
determinate. For statically indeterminate systems, a secondary moment is to be calculated.
Figure 2.11a) shows a beam with straight prestressing at an eccentricity e. To calculate the
moments due to prestressing, the method for statically indeterminate systems is to imagine

removing a support to such that the beam becomes a statically determinate system.

The moment due to the eccentricity is then found as the sum of the primary moment Mo and
the secondary moment M1.Moments and deflections are calculated after premeditated rules

given in “Stalkonstruksjoner” [11].

14



F A" """" 3 B e e e :'
'A JaY A
L2 L2
< >E >
] Fe
M, Fe
4/””— I&) “\‘\\
Fay a3
P
M,
PL 3
e ¢
2
Jrm— : ———
Fe
My
Fe/2

Figure 2.11 Determination of secondary moment

15

a)

b)

¢)

d)

]

()



2.4.3 TENDON PROFILE

By using post-tensioning, it is possible to adjust the tendon profile to the load curve applied. A
curved profile is used for continuous beams through the construction to fit the pre-tensioning
with the moments from external loads [10]. For continuous beams, the moment diagram will

sag in the spans and hog over the supports], so will the ducts.

For ILM, two tendon profiles are used. To withstand moments during the launching, each
segment is post-tensioned with centric prestressing cables. The centric prestressing consists of
the total number of straight aligned prestressing tendons necessary for the launching stages.

This prestressing, along with extra reinforcement, must be sufficient during launching.

After the bridge is launched to the final position, it is post-tensioned with parabolic tendons.
These tendons are placed to fit the moment diagram, as explained above. Typical tendon profile
for ILM is shown in Figure 2.12, with straight tendons in top and bottom flange, and parabolic

tendons in webs.

,

I LI ]
\\ I/ Launching
= & & = s s | 5 (@]
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Figure 2.12 Tendon profile for both launching and final state
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2.5 LOSS OF PRESTRESSING FORCE

According to EC2, the force which is applied to the steel tendon should not exceed the

following:
Prax = ApOpmax 2.12
where
Ap is the cross-sectional area of the tendon
opmax 1S the maximum stress applied to the tendon = min {Kafpk ; k2fpo 1k}
k1 Is a constant with value 0,8
k2 Is a constant with value 0,9
Tk is the characteristic tensile strength of prestressing steel

fooak is the 0,1% proof-stress of prestressing steel

Due to different reasons such as friction, anchoring and elastic deformation, the prestressing
force will be reduced. When considering these losses of prestress in tendons one differs between

immediate losses and time-dependent losses, as illustrated in Figure 2.13.

2.5.1 INTERMEDIATE LOSS OF PRESTRESS

The intermediate loss of prestress is defined as the difference between the imposed force on the
tendon by the hydraulic prestressing jack, Pmax, and the force in the tendon which appears
immediately after transfer at x distance for the tendon, Pmo(X) as shown in equation 2.13 [11].

Immediate loss = Py gy — Pno(x) 2.13

where Pmo(X) is the initial prestressing force, given as following
Piro(x) = Ap0pmo () 2.14
and opmo(X) is the stress in the tendon immediately after tensioning

Upmo(x) = min{k7fpk ) ksfpo,lk} 2.15

Values for k7 and ks is given in EC2, and recommended values are 0,75 and 0,85

respectively.

Immediate losses appear due to different phenomena, and the total immediate loss is the sum
of the losses resulting from these phenomena.
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2.5.1.1Elastic deformation losses

The elastic deformation of concrete for post-tensioned members occurs before the tendons are
anchored, during the stressing operation. This can be members with one tendon, or members
with multiple tendons that are stressed simultaneously. At this point, the losses are equal to
zero. The elastic shortening losses are caused by the stressing of members containing more than
one tendon, where the tendons are stressed sequentially. This way, the stressing of tendons will
cause elastic shortenings in all of the previously stressed and anchored tendons. As a result,
the first tendon that is stressed will suffer the largest elastic shortening loss and the last tendon
will not suffer any elastic shortening loss. This type of loss may be reduced by re-stressing the
tendons [11].

The loss, APel, is determined after EC2 as following [13]

jAo.(t) 2.16
AP, = ALE, Z 0

where
Acel is the variation of stress at the center of gravity of the tendons applied at a time t
J is a coefficient equal to

(n-1)/2n where n is the number of identical tendons successively prestressed. As

an approximation j may be taken as %2
1 for the variations due to permanent actions applied after prestressing
Ep is the design value of modulus of elasticity of prestressing steel

Ecm(t) is the elastic modulus of concrete

Immediate Time-dependent
losses losses
b
P max - I m( - P m,t
Jacking Prestressing force Final or effective
force immediately after prestressing
transfer force

Figure 2.13 Losses of prestress in the tendons [11]
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2.5.1.2 Losses due to friction

Friction losses in post-tensioned members occurs during the stressing operation along the
tendon. It is caused by friction between the duct and the tendon, which causes a gradual
reduction in prestress with the distance x along the tendon [11]. Losses due to friction is

determined in EC2 as following [13]:

AP, (x) = Ppgx(1 — e #0+k0) 2.17
where
0 is the sum of angular displacements over a distance x
1) is the coefficient of friction between the tendon and its duct
Kk Is an unintentional angular displacement for internal tendons
X is the distance along the tendon from the point where the prestressing force is equal to
Prmax

For Bagn bridge, the friction factor p is set to 0,2

2.5.1.3Losses at anchorage
There may occur an additional loss of prestress caused by a slip or draw-in as the prestressing
force is transferred to the anchorage from the jack. Losses due to anchorage loss, APs, is

determined by equation 2.18 and equation 2.19.

AP, = 2BL, 2.18
L [y 219
B
where
Ld is the draw-in length
B is the slope of the friction loss line
As is the anchorage slip
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2.5.2 TIME-DEPENDENT LOSSES

By considering creep and shrinkage in the concrete or the relaxation in the steel, one can
calculate the time dependent losses. The time dependent losses may be determined by a
simplified method, given by equation 2.20 [13].

E 2.20
Ecs * Ep + 0,8 x Ad,, + E—p * @(t,ty) * 0cop
AP sr(x) = Ap <
1+ Ep >1<A—p>k(1+'i>kz2 )[1+O8*q0(t to)]
Ecm AC IC p ’ ’o

where
AGp,c+s+r is the absolute value of the variation of stress in the tendons due to creep,

shrinkage and relaxation at location x, at time t
€cs is the estimated shrinkage strain
Ep is the modulus of elasticity for the prestressing steel
Ecm is the modulus of elasticity for the concrete
Acpr is the absolute value of the variation of stress in the tendons at location X, at time

t, due to the relaxation of the prestressing stress.
o(t,to) is the creep coefficient at a time t and load application at time to
Oc,QP is the stress in the concrete adjacent to the tendons, due to self-weight and initial

prestress and other quasi-permanent actions where relevant
Ap is the area of all the prestressing tendons at location x
Ac is the area of the concrete section
e is the second moment of area of the concrete section
Zep is the distance between the centre of gravity of the concrete section and the

tendons [13]
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2.6 LOAD COMBINATIONS

According to ECO one shall differ between two limit states: ultimate limit state and
serviceability limit state. Design for the limit states shall be based on the use of load models
and models for KONSTRUKSJONSBEREGNING for the relevant limit states [14].

2.6.1 ULTIMATE LIMIT STATE

The ultimate limit state (ULS) are the limit states that is of importance for the safety of people
and/or the safety of the construction. ULS has sets a requirement that structures are able to resist
the maximum loads that are likely to act with a safety margin. This limit state is generally used
for design of reinforced concrete structures, but these structures should also behave

satisfactorily at serviceability limit state [15].

Equation 6.10a and 6.10b in ECO gives formulas for load combinations, whereas the least

favourable is to be used [14].

Z Y6,jGr,j + VpP +v01¥010k1 + Z Y0,i%0,i Qi 2.21
j=1 i>1
Z $ive,jGrj +vpP + 7010k + Z Y0,i%0,iQk.i 2.22
j=1 i>1

where

YG, is the partial factor of a permanent action j

Gkj is the characteristic value of permanent action j

YP is the partial factor of the prestressing forces

P is the representative value of a prestressing action

Wo,i is a factor for combination value of a variable action i

Qi is the characteristic value of a variable action i

YQi is the partial factor of a variable action i

& is a reduction factor of a variable action j

21



ECO states that the following ULS shall be detected where applicable:

EQU

STR

GEO

FAT
UPL

HYD

Loss of static equilibrium for a construction or structural parts,

Fracture or too large deformations in the structure or structural parts, including
foundations, piles, walls etc., where the strength of the structural materials are
of importance.

Fracture of too large deformations in the ground, where the strength in the soil
or rock are of importance to ensure capacity.

Fracture due to fatigue in the structure or the structural parts.

Loss of equilibrium in the structure or in the ground caused by uplift due to water
pressure or other vertical loadings.

Hydraulic fracture in the ground, inner erosion and duct formation in the ground
caused by hydraulic gradients [14].

The part relevant for this thesis will only be STR. For further reference, the following
abbreviations are used:

G
PS
CSR
TR
TE

Self-weight
Prestressing
Creep/shrinkage/relaxation
Traffic load

Temperature load

W/W-TR Wind load on the bridge without traffic load / with traffic load

Load combinations for Bagn bridge are found by using table NA.A2.4(B) in ECO, and are
represented in Table 2.1.

Table 2.1 Load combinations at ULS (STR)

ULS - Characteristic

Load combination G PS CSR | TR TE |W W-TR
1 |(2.21), with TR 1,35 (09/11 |0,0/1,0{0945 |0,84 |- 1,12

2 | (2.21), without TR 1,35 |0,9/1,1 |0,0/1,0 |- 084 |112 |-

3 | (2.22), TR dom. 1,20 |09/1,1 |0,0/1,0|1,35 084 |- 1,12

4 | (2.22) TE dom. 1,20 |{09/11 |0,0/1,0|0945 |1,20 |- 1,12

5 | (2.22) W-TR dom. 1,20 |09/1,1 |0,0/1,0|0945 |084 |- 1,6

6 | (2.22) W dom. 1,20 {09/11 |0,0/1,0]- 084 |16 -
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2.6.2 SERVICEABILITY LIMIT STATE

The serviceability limit state (SLS) has significant meaning for the functionality of the
structure, human comfort and the appearance of the structure. SLS requires that structures with
working loading shall be able to withstand loads without excessive deflection, unpleasant
vibrations, unacceptable crack widths, etc. Pre-stressed concrete members are usually designed
to satisfy the requirements for SLS and are then controlled for adequate safety at the ULS. The
reason for this is that the SLS conditions are more critical for prestressed concrete structures
than the ULS conditions [15].

When checking for SLS, ECO states that the following limit is to be proven

Eq <Cq4 2.23

where Cq is the design limit value for the current serviceability criteria and Eq is the design

value for the load effect for the current serviceability criteria [14].

Load combinations for SLS are defined and categorized in ECO by three different categories;
characteristic combination, frequent combination and quasi-permanent combination as
described in equation 2.24, 2.25 and 2.26 [14].

Characteristic combination:

n n n n n n 2.24
D G P Q" ) Wi
j=1 i>1
Frequent combination
n n n n " " 2.25
ZGk,j +"P"+" W10k, "t Z“pz,iQk,i
j=1 i>1

Quasi-permanent combination

D G+ P Y W0 2:26

j=1 i1
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Load combinations for Bagn bridge is given in Table 2.2, according to ECO NA.A2.4.1(1).

Table 2.2 Load combinations in SLS

SLS — Characteristic combination

Load combination G PS CSR | TR |TE | W W-TR
1 |2.24, TR dom. 1,0 1,0 1,0 1,0 0,7 - 0,7

2 |2.24, TE dom. 1,0 1,0 1,0 0,7 1,0 - 0,7

3 | 2.24, W dom. 1,0 1,0 1,0 - 0,7 1,0 -

4 | 224, W-TR dom. 1,0 1,0 1,0 0,7 0,7 - 1,0
SLS - Frequent combination

Load combination G PS CSR | TR |TE |W W-TR
1 |2.25 TR dom. 1,0 1,0 1,0 0,7 - - -

2 | 2.25, TE dom. 1,0 1,0 1,0 0,2 0,7 - -

3 |2.25, Wdom. 1,0 1,0 1,0 - - 0,7 -

4 | 2.25, W-TR dom. 1,0 1,0 1,0 0,7 0,2 - 0,7
SLS — Quasi-permanent combination

Load combination G PS CSR | TR TE W W-TR
1 |2.26, TR dom. 10 |10 |10 |05 |- - -

2 | 2.26, TE dom. 1,0 1,0 1,0 0,2 0,5 - -

3 |2.26, W dom. 1,0 1,0 1,0 - - 0,5 -

4 |2.26, W-TR dom. 1,0 1,0 1,0 0,7 - - 0,5
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3 MATERIAL PROPERTIES

3.1 CONCRETE

When casting prestressed structures, it is normal to use concrete with higher strength than what
is used in regular reinforced structures. A reason for this is that the relatively large forces acting
on the prestressed concrete section demands large dimensions to withstand the pressure. A high
strength makes it possible to minimize the dimensions, and thereof minimize the self-weight.
The high strength also keeps the structure from having large deformations. Concrete classes

B35 — B55 are mostly used, but in some cases higher strength is needed [11] [10].

To achieve a concrete which provides as little creep and losses as possible, special mix design
and composition are chosen. By avoiding large creep and losses, it is possible to reduce the loss
of effective prestressing.

By using a firm concrete with low water-to-cement-relation, corrosion in the prestressing

tendons is avoided.

3.1.1 COMPRESSIVE STRENGTH

To describe the compressive strength of concrete, the characteristic cylinder strength fek at 28
days is used. EC2 states that this compressive strength is taken as the strength where there is a
95% or more of which test results do not fail. Corresponding mechanical properties are given
in EC2 [13] [15].

If it is necessary, the compressive strength at a specific time t different from 28 can be found

as following [13]:

fex () = fom(t) —8(MPa) for3 <t < 28days 3.1

fee@) = for fort = 28days 3.2
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According to EC2 one can determine the mean compressive strength of concrete fem(t) at age t
from the mean strength fem at age 28 days as shown in equation 3.3. This value depends on type

of cement, temperature and curing conditions [13].

fem(€) = Bec (O fem 3.3

where

Bec(t) = exp {s [1 — <?)0’Sl} 3.4

The factor s depends on the cement strength class, and t is given in days.

To determine the value for the design compressive strength fcd, the characteristic cylinder

strength is divided with a safety factor, as following

— accfck 3.5
cd Ye

where yc is the partial safety factor for concrete set to 1,5, and awc is a coefficient which takes

the long-term effects on the compressive strength into account. a.cc is normally set to 0,85 [13].

For concrete class B45 the design compressive strength is equal to f.; = @z
25,5MPa. From this, stress-strain relation can be used to design the cross-section.

e \" 3.6

o, =fcd[1—(1——c> ] for0<e <e.,
Ec2
0. = fea fOreqm <& < Ecuz 3.7

where
n is the exponent according to table 4.1 in EC2

€c2 is the strain reaching the maximum strength, = 2.0*1073 according to Figure 3.1

g2 is the ultimate strain, = 3.5*107 according to Figure 3.1
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3.1.2 TENSILE STRENGTH

EC2 states that the axial tensile strength fct is the highest stress the concrete can withstand when
subjected to centric tensile loading [13]. As testing for uniaxial tensile strength are difficult to
perform, a splitting tensile strength fctsp is found by testing to determine an approximate value
[11]. This approximate value is found by equation 3.8.

fet = Ozgfct,sp 3.8
The tensile strength fcm(t) develops with time and depends on highly on the curing and drying

conditions and the dimension of the structure, and is assumed equal to:

fctm(t) = (,Bcc(t))afctm 3.9

where
fam IS the mean tensile strength of the concrete, found in Figure 3.1

Bec(t) follows from equation 3.4
o =1fort<28

=2/3 fort>28

Strength class ~ CI2/15 CI6/20 C20/25 C25/30 C30/37 C35/45 C40/50 C45/55 C50/60 C55/67 C60/75 C70/85 C80/95 (C90/105

f, (MPa) 12 16 20 25 30 35 40 45 50 55 60 70 80 90
fuccute (MP2) 15 20 25 30 37 45 50 55 60 67 75 85 95 105
fum (MPa) 20 24 28 33 38 I 48 53 58 63 68 78 88 98
fun (MPa) 16 19 22 26 29 32 35 38 4l 42 44 46 48 50
frxoos (MPa) ] 13 15 1.8 20 22 25 27 29 30 31 32 34 35
frxoss (MPa) 2 25 29 33 38 42 46 29 53 55 57 60 63 66
E.. (GPa) 27 29 30 31 33 34 35 36 37 38 39 41 42 44
£ (x107) 18 19 20 21 22 225 23 24 245 25 26 27 28 28
Eq (X107) 35 32 30 28 28 28
£q (x107) 20 22 23 24 25 26
£ (X107 35 3.1 29 27 26 26
n 20 1.75 1.6 .45 1.4 1.4
£ (%107 1.75 I8 1.9 20 22 23
£qa (%107%) 3.5 3.1 29 27 26 2.6

Figure 3.1 Strength and deformation characteristics for concrete [11]
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3.1.3 DEFORMATIONAL PROPERTIES

When looking at the deformational properties, the once of most interest are the elastic moduli,

creep and shrinkage deformation.
3.1.3.1Elastic moduli

The elastic modulus is a value which tells us something about the stiffness of the concrete. With
higher elastic modulus, the stiffness increases. Deformations due to elasticity are highly

dependent on the composition of the concrete, especially the aggregates.

The secant modulus, also called modulus of elasticity or Young’s modulus, are shown in Figure
3.2 as Ecmand is defined as the ratio between the applied stress and the corresponding strain
which occurs within the elastic limit. Values for Ecm between oc.=0 and oc=0,4fcm are given in
Figure 3.1 for concrete with quartzite aggregates. For concrete with aggregates such as
limestone and sandstone, the value of Ecm are to be reduced by 10% and 30% respectively. The

value is to be reduced by 20% when using basalt aggregates [13] [16].

[]‘]lfl m
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:\ :
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Figure 3.2 Idealised stress-strain relationship for concrete in uniaxial compression [11]

28



3.1.3.2Creep coefficient

Deformation due to creep occurs after a load is applied to the structure. With time the
deformation of the concrete gradually increases, an may reach a value as high as three to four
times the immediate elastic deformation. P. Bhatt states that “creep is defined as the increase

of strain with time when the stress is held constant” [15].

The total creep deformation of concrete ecc(o0,to) due to constant compressive stress cc applied

at time to is calculated as in equation 3.10 [13].

g,
<c:cc(oo; to) = (P(OO, to) E_C 3.10

Cc

Where

¢(o0,10) is the creep coefficient. This value is related to the tangent modulus Ec that can be taken
as 1.05 Ecm. If the compressive stresses which are subjected to the concrete are less than

0,45fc«(to) at an age to, the tangent modulus can be taken from Figure 3.2 [13].
3.1.3.3Shrinkage

The shrinkage of concrete is affected by the same parameters as the creep coefficient, such as
the ambient humidity, compressive strength, element dimensions and composition of concrete.
The total shrinkage strain ecs is made up by two components, the plastic shrinkage strain and
the drying shrinkage strain. The plastic shrinkage appears during the hardening of the concrete,
whereas the drying shrinkage develops slowly due to loss of water in the concrete [13] [15].
The total shrinkage strain is found as following:

Ecs = Ecq T Eca 3.11
where
€c is the drying shrinkage strain
€c is the autogenous shrinkage strain (plastic strain)
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3.1.3.4Thermal stress

Changes in temperature may have consequences for exposed structures, as large internal forces
occur if the deformations are prevented. Heating or cooling of parts of a structure creates
thermal gradients that induces stresses. For a structure of length L that rests on a frictionless
surface, the raise in temperature AT gives an increase in length of AL=ar*AT*L. This gives the

corresponding thermal strain er:
Er = QAT * AT 312

where o is the coefficient of thermal expansion which from EC2 is set to 10%10%/°C. If the

deformations are prevented, a compressional stress of o = E * e occurs [2][11] [13].

3.1.4 MATERIAL PARAMETERS

Material properties for Bagn bridge are given in Table 3.1.

Table 3.1 Material properties for concrete

Concrete B45

Characteristic compressive strength fek 45 MPa
Mean axial tensile strength feem | 3.8 MPa
Mean elastic modulus Ecm | 36 GPa
Characteristic cylinder strength after 28 days feek | 36 MPa
Coefficient oce | 0.85

Partial factor of safety Ve 1.5

Weight of unreinforced concrete W | 2400 kg/m?®

30



3.2 PRESTRESSING STEEL

Prestressing steel are used as a way to increase the tensile strength in concrete. The most
commonly used prestressing steel are cold-drawn high tensile steel wires or alloy steel bars. A
common cross-section of a standard and drawn strand is shown in Figure 3.3 and consists of 7
wire strands, whereas six of them are spun around the central wire. The overall nominal
diameter may vary from 12.5 mm to 18 mm. The overall diameter for drawn cables is slightly

smaller as they are compressed into trapezoidal shapes [15].

To achieve full prestressing of a structure, it is necessary to use steel with high strength. As
concrete gets shortened by creep and shrinkage, so does the prestressing steel that are attached
to the concrete by bonding. This results in a loss in stress in the steel. By using steel tendons
with high strength, it is capable to carry higher initial stress. This way the loss of prestresses
will be significantly smaller than the initial prestressing force. The typical tensile strength in
prestressing steel is normally between 1000 and 1900 MPa [10], [11].

For Bagn bridge, the prestressing steel of type CONA CMI 1506-140-1860 is used with an
outer radius of 80mm. The prestressing system consists of 15 strands with a nominal diameter
of 15,3 mm.

Figure 3.3 Cross-section of a standard and drawn strand [15]
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3.2.1 STRENGTH AND DUCTILITY

Figure 3.4 shows a typical stress-strain curve for the characteristic tensile strength fpk and the
yield stress fpo,1k is taken as the 0,1% proof stress. The stress is calculated as normal, where the
characteristic maximum load in axial tension and the characteristic value of the 0,1% proof load
is divided by the nominal cross-sectional area. The elongation at maximum load eu is the

corresponding strain to fpk [13], [15].

To ensure adequate ductility of prestressing steel in tension, the expression in equation 3.13 is
used.

pr,lk

where k is a value normally set to 1,1. The design value for the prestressing steel strength fpq is

taken as fpo,1k/ys according to EC2.

Figure 3.4 Stress-strain curve for prestressing steel [13]
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3.2.2 ELASTIC MODULUS

As for the concrete, stiffness is described by the modulus of elasticity. To find the modulus of
elasticity Ep, a direct tension test is done where the elongation of the test tendons is measured.
Otherwise, values may be found in tables in Eurocodes. Normal value for steel strands is given
as [13], [15]:

E, =195 GPa 3.14

3.2.3 STEEL RELAXATION

The relaxation of steel is defined as the ratio between the variation of the prestressing stress
and the initial prestressing stress in percent and is determined in as in equation. The steel
relaxation of steel is divided into three classes according to EC2. Class 1 and 2 is for wires and
strands with ordinary and low relaxation for class 1 and 2 respectively. Class 3 is for hot-rolled

and prestressed bars [13].

Ao t \0750-m 3.13
Class 1 U”_T = 5,39 p1o00e®7H (1000) 1075
pi
Ao 0.75(1~H) 3.14
Class 2 apf = 0,66 pyggoe”tH ( 00 0) 1075
bl
Acy, o E \Y7PATH 3.15
Class 3 = 1,98 p1gpoe° (W) 10
pi

where
Aopr IS the absolute value of the relaxation losses of the prestress
Opi is the absolute value of the initial prestress opi = opmo

t is the time after tensioning in hours

p1ooo IS the value of relaxation loss in percent, at 1000 hours after tensioning and at mean

temperature of 20°C
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3.2.4 MATERIAL PROPERTIES

The material properties for the prestressing steel is shown in Table 3.2.

Table 3.2 Material properties for prestressing steel

/000 \
- 2 I 7 Oj Q
Prestressing steel — 15 strand tendon (140mm?<) f 09@5@ II
\ 000 /
Area of single tendon Ap 2100 mm?
Diameter of duct dp2 80 mm
Nominal strength fok 1860 MPa
Nominal yield strength fpo,1k 1640 MPa
Mean elastic modulus Ep 195 GPa
Flytekraft Fpo,1k 4672 kN
Kabelkraft etter forankring Fpmo 3973 kN
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3.3 STEEL REINFORCEMENT

Steel reinforcement are used in concrete for several reasons. In prestressed structures,
reinforcement is added to give the structure more tensile strength and ductility where the
prestressing steel is not sufficient. Steel reinforcement is also added to prestressed concrete to
provide crack control, reduce long-term deflection/shortening due to shrinkage and creep and

to provide more resistance to transverse tension in anchorage zones [11].

3.3.1 STRENGTH AND DUCTILITY

For Bagn bridge, reinforcement of quality BSOONC is used. This describes both the strength
and the ductility of the steel. The characteristic yield strength of the steel fyk is described as the
characteristic value of the yield load divided by the nominal cross-sectional area of the steel
bar, and for BSOONC it is given as 500 MPa. The characteristic tensile strength fw is described
by the maximum direct axial load divided by the nominal cross-sectional area [8].

EC2 states that the reinforcement steel is to have adequate ductility defined by the ratio
k = fix/fyx and the elongation at maximum force eu. Values for k and euk are given in EC2

and are based on the ductility classes. According to EC2-2, the reinforcement used in bridges
shall have high ductility corresponding to class C [13] [15].

3.3.2 ELASTIC MODULUS
For steel reinforcement, the elastic modulus is set to be 200 GPa [11].
o | o |
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a) Hot rolled steel b) Cold worked steel

Figure 3.5 Stress-strain diagrams for typical reinforcing steel [11]
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3.3.3 MATERIAL PROPERTIES

Material properties for the steel reinforcement is given in Table 3.3.

Table 3.3 Material properties for reinforcement

Reinforcement BSOONC

Characteristic strength fyk 500 MPa
Mean elastic modulus Es 200 GPa
Partial safety factor Ys 1.15
Diameter of longitudinal reinforcement AL @25
Diameter of transverse reinforcement Bs @12

SVV states that for the construction measurement of steel reinforcement, the diameters given
in Table 3.4 are to be used [3]:

Table 3.4 Construction measurements for steel reinforcement

Diameter D12 @25

Construction measurement 15 mm 30 mm
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3.4 DURABILITY AND COVER TO REINFORCEMENT

Bridges are designed for 100 year working life, sometimes even longer. For a structure to be
durable, it should meet the requirements of strength, serviceability and stability for its entire
design working life. This should happen without need for excessive maintenance or loss of

utility to keep repair costs as small as possible [3] [11].

The environment affects structures in form of chemical and physical conditions. To classify the
environmental conditions, one uses exposure classes defined in EC2. The exposure classes are
shown in Table 3.5 [13].

Table 3.5 Exposure classes [13]

Exposure class Description of the environment

X0 No risk of corrosion or attack

XC1, XC2, XC3, XC4 Corrosion induced by carbonisation

XD1, XD2, XD3 Corrosion induced by chlorides

XS1, XS2, XS3 Corrosion induced by chlorides from sea water
XF1, XF2, XF3, XF4 Freeze/thaw attack

XAL, XA2, XA3 Chemical attack

A minimum distance between concrete surface and reinforcement is to be provided to make
sure that there is a safe transmission of bond forces, there is an adequate fire resistance and to
protect the steel against corrosion. The latter is especially important when considering the
durability of the structure [13].

Cmin = max{cmin,b; Cmindur + Acdur,y - Acdur,st - ACdur,add; lomm} 3.16
where
Cmin,b is the minimum cover due to bond requirement
Cmin,dur is the minimum cover due to environmental conditions
ACdury is the additive safety element
ACdur,st is the reduction of minimum cover for use of stainless steel
ACdur,add is the reduction of minimum cover for use of additional protection
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Gohler and Pearson states that when using ILM a minimum cover to reinforcement of 150 mm
to ensure capacity in the flanges [6]. Appendix B shows calculations of cover to reinforcement
according to EC2. As the results from this calculation is smaller than the limit given in [6], a
cover to reinforcement of 150mm is chosen. Exposure classes and covers are given in Table

3.6. In this thesis, the top and bottom deck is the relevant parts.

Table 3.6 Chosen exposure classes and corresponding cover values

Surface Durability class Exposure class Cover [mm]
Top deck XD3, XF3, XF4 150

MF40
Bottom box girder XD3, XC4 150

Minimum spacing between ducts are calculated after EC2-2, here represented in Figure 3.6.

From Appendix B, the horizontal and vertical spacing is found to be the following:
ap = max(dy ; Bayer ; 40mm) = @ e = 80mm 3.17

a, = max(d, + 5mm; @y ; 50mm) = By = 80mm 3.20

>

>40 mm
. . —¥:=d,
: __ y=40 mm

Note: Where ¢ is the diameter of post-tension duct and dy is the maximum size of aggregate.

Figure 3.6 Minimum clear spacing between ducts
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4 MODELLING IN NOVAFRAME

In this thesis, NovaFrame is used to analyse the bridge. Novaframe is a frame analysis software
based on beam element theory. This software is a part of NovaProg, a program developed by
Aas-Jakobsen and is used for static and dynamic analyses. Besides NovaFrame, NovaProg also

consists of NovaDesign.

The input in NovaFrame can either be done directly in the program, or by using ASCII input
files. The input file may be edited in a normal text editor program. The ability to edit and copy
makes this very efficient. Also, the fact that models are made in text editor programs makes it
possible to work on models on any computer, even those without Novaprog installed. For this
thesis, most of the input has been done through ASCII files [16].

This chapter will show and explain different factors which are relevant when modelling in

NovaFrame.

4.1  COORDINATE SYSTEM

There are two sets of coordinate systems that are used in NovaFrame, local and global. The
global coordinate system is the XYZ-system, and the local is the LMN-system as shown in
Figure 4.1. The global system is used for nodes and boundary conditions, and the local system
is used for geometric sections [16].

N

M

Figure 4.1 Local and global coordinate system in NovaFrame
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4.2 REFERENCE LINES AND CROSS-SECTION
Reference lines are used in NovaFrame to keep control of cross-sections. In the model for Bagn

bridge, only reference line no 0 is used. This reference line is not really a line, but a collection

of cross-sections by their numbers [16].

The cross-section is defined in the cross-section input dialog. For Bagn Bridge, a massive cross-
section is used. The dimensions of the cross-section are defined in an ACSII file by coordinates.
The cross-section used in the NovaFrame model is shown in Figure 4.2. Cross-sections for the
launching nose are also defined. As a simplification, the information input for the launching
nose are provided by SVV from a different project.

11225

l

3500

| 4950 J

Figure 4.2 Cross-section in NovaFrame (dimensions are given in mm)

4.3 NODES AND ELEMENTS AND BOUNDARY CONDITIONS

When modelling a frame, nodes and elements has to be introduced. For Bagn bridge nodes are
defined for each meter and the elements are defined as a straight line between the nodes. The
boundary conditions are defined in the Boundaries input dialog. Initial boundary conditions are
defined as following:

Node 1: fixed in X, Y and Z direction and fixed for rotation about Y axis.
Remaining nodes: fixed in X and Z direction and fixed for rotation about Y axis [16].
The boundary conditions will then change for the different models, as explained in CH4.4.

Figure 4.3 shows nodes and boundary conditions for the bridge after the final launch, where

nodes are shown on the top side and boundary conditions are shown on the bottom side.

Figure 4.3 Nodes and boundary conditions for the final bridge model in NovaFrame
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4.4 MODELS

When modelling for ILM it is necessary to create models and run multiple analyses. Different
analytical models are defined in the Models input dialog [16]. For Bagn bridge, 137 models are
created. Model 1 illustrates when the launching has reached 39 meters from support 1. This is
shown in Figure 4.4. The following models represent the launching of the bridge of one meter
from the previous models, i.e. each model is the launch of one meter.

As shown in Figure 4.4, a bridge superstructure of 140 meters is modelled with temporary
supports prior to support 1. The nodes from number 141 to the end represents the launching
nose. For every model, the boundary conditions are moved one element backwards. When the
launching nose reaches a new support, a new boundary condition is introduced. The bridge deck
is connected to the final support when support 1 reaches node no 3. Node 1 and 2 are then
deleted.

ok Pl o o P P8 fad PSS STy

i bal yai o ol b i,
Support 1

B%Nndc 1 andc 141

Figure 4.4 Bridge model 1

4.5 LoADS

4.5.1 PERMANENT LOADS
Loads are added manually in NovaFrame. The self-weight is modelled by using the input for
self-weight, where the density of the concrete is given for the relevant elements. When using

ILM, the self-weight input is used for both the box girder and the launching nose.

Four walls are placed in the box-girder and are places such that each will land on top of columns
in the final construction. These are to ensure stiffness over the columns and are modelled as
point-loads in the load input. All the permanent loads are used for both the launching stages
and for the final bridge analysis and are given below. The point loads are defined below.

Calculations of the self-weights are found in Appendix C-1.

Pwall.l = 480 kN 41
Pyaiz = Pyaus = 450 kN 4.2
Pwall.4 = 600 kN 43

41



4.5.2 VARIABLE LOADS

The same variable loads are not used for both launching and for the final stage. For launching,
the only variable load that are considered are the thermal impact. This will be explained in
chapter 5. For the final construction, the following variable loads are included: thermal impact,

wind- and traffic loads.

4.5.2.1Traffic

Traffic loads has to be defined in NovaFrame. Parameters and loads due to traffic are defined
in the Traffic load input card, where minimum and maximum eccentricities, distributed load or
point load and distances between point loads are defined. Calculations are done after EC1-2
and are shown in Appendix C-2. As a simplification, horizontal loads due to traffic are

neglected in this thesis. Results from Appendix C-2 are given in Table 4.1.

Table 4.1 Traffic loads in NovaFrame

LM1 LM2
Qik [KN] Qak [KN]

Lane 1 300

Lane 2 200 400

Lane 3 100

4.5.2.2Wind load
Wind loads are defined in the Load input card as distributed loads given in KN/m. From N400,

the following wind classes are found:
Wind class I: Bridges with insignificant dynamic effect from wind
Wind class I1: Bridges with dynamic effect from wind which is non-neglectable
Wind class I11: Bridges with severe dynamic effect from wind

Full calculations are found in Appendix C-3. Results from the calculations are given in Table
4.2.

Table 4.2 Wind loads

Wind load Fwx [KN/m] Fwy [KN/m] Fwz [KN/m]
WITHOUT traffic 4,01997 1,00499 5,89602
WITH traffic 2,8889 0,72223 2,32953
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4.5.2.3Thermal load

Thermal loads are defined in the Loads input card. The thermal load is given differently for the
launching model and the final construction model. This is because of simplicity when analysing
all of the launching stages. The thermal load for launching is given by a temperature gradient
N, which is calculated in Appendix C-4. In the input, the thermal coefficient a=10"° m/°C is

used for both launching and final stage.

This thermal load for the final construction gives an increase in temperature in degrees and
temperature gradient for local axes L and N. For the whole bridge, from element 3 to element
140, a temperature increase and temperature coefficient of 1,0 is added. The different
temperature loads are added under Load combinations, where load combinations after EC1-1-
5 are determined. The different load combinations are given in Table 4.3, and full calculations
are found in Appendix C-4. From the command Sortcomb, the worst temperature load is found.

Table 4.3 Temperature loads in NovaFrame

Launching stages

ATyneat [°Cl | ATycoor [°Cl | Temp. gradient over positive | Temp. gradient over negative

10 5 2.85 [°C/m] 1.43 [°C/m]

Final construction

Load- ATyneat [°Cl | ATycoor [°Cl | ATnexo [°C] | ATw.con [°C] Result [°C]
combination

1 10 - 0.35*%21.525 - 17.534
2 10 - - 0.35%(-42.681) -4.938
3 - 5 0.35*%21.525 - 12.534
4 - 5 - 0.35*(-42.681) -9.938
5 0.75*10 - 21.525 - 29.025
6 0.75*110 - - -42.681 -35.181
7 - 0.75*5 21.525 - 25.275
8 - 0.75*5 - -42.681 -38.931
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4.5.3 CREEP

Loads due to creep are defined under the Creep Load input card. Before the creep loads are
defined, the creep combination must be established. For Bagn bridge, there are only defined
creep loads and combinations for the final bridge. As the effect of creep will be minimal and
because of the large number of models during launching, a simplification is done to neglect the

effect of creep during launching.

Two creep combinations are defined, one for 28 days after the final construction is done and
one for 100 years. Both creep combinations are used for the same loadings: total self-weight

and full prestressing. Factors used in creep combinations are set to 1,0.

Two creep load cases are defined — one for 28 days after final launch and one for when the
bridge is 100 years old. Both load cases are set to act on the whole bridge, from element 3 to
element 140. The creep factor is calculated by hand after Annex B in EC2, and full calculations

are found in Appendix C-5. Results from calculations are given below.
¢(t =28,t,) =0,4732 4.4
¢(t = 36500,t,) = 1,5679 45

A simplification is made, where the fact that each segment has different age is neglected.

4.5.4 SHRINKAGE
Load due to shrinkage are defined under the Loads input card. Load type number 12 defines
shrinkage, with a shrinkage strain in %o.. As for the creep loads, the shrinkage is defined for the

whole bridge from element 3 to element 140.

The shrinkage strain is calculated after Annex B in EC2, and the calculations are done for 100

years. Full calculations are shown in Appendix C-6, which gave the following result:

A‘E‘p.shrinkage = —0.2172%o 4.6
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4.6 PRESTRESSING

There are some parameters that need to be determined before the model in NovaFrame can be
made. Among these are the area of prestressing tendons, tendon profile and loss of prestressing.

In this chapter, parameters that need to be defined in NovaFrame are determined.

4.6.1 PRESTRESSING DURING LAUNCHING

For the launching stages, straight prestressing tendons are used. As a simplification in the
model, the tendons are modelled as centric prestressing cables located a small eccentricity from
the centre of gravity. For ILM, it is important that the centric prestressing tendons are placed
as close to the CoG as possible to avoid undesirable deformations during launching. 26 tendons
are used, with a duct diameter of 80 mm. The tendons consist of 12 strands, each with an area
of 140mm?,

The centric prestressing the resultant of the prestressing tendons placed at top and bottom flange
of the box-girder. The realistic prestressing tendons are shown in Figure 4.5, where the

eccentricities are found as following:

@ 4.7
e =H—cog — chom — dzu“ = 1.06m
@ 4.8
€, = C0g — Cnom — dZuCt = 2.06m
where
H is the height of the cross-section = 3500mm

CoG s the distance from the bottom to CoG = 2250,8mm
Cmin IS the cover to the duct, found in Chapter 3.4 to be 150 mm for top and bottom
@auct IS the outer diameter of the duct, found in Chapter 3.2.4 to be 80mm

VSL Systems [17] states that for ILM, ez should be two times e1. This is because the negative
bending stresses for the most parts are twice the size of the positive bending stresses. Therefore,
a cross-section with twice as big bottom modulus than top modulus is recommended. As seen
from the equations above, this requirement is almost met. The centre of gravity should be
moved up a little bit for better accuracy, but for simplicity this cross-section is used and
assumed sufficient. The eccentricities are illustrated in Figure 4.5.
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The placement of the centric prestressing is found by finding the resultant from the 14 pre-
stressing tendons at top at distance e1 and the 12 pre-stressing tendons at the bottom at distance

e2. By taking the moment about the CoG, the distance is found as following:
—144,0p maxe1 + 80pmaxez = 1.644,0, max 49
1.644,0p max = 22 * X * Ay0pmax = x = 0.0745m 4.10

Figure 4.5 shows the arrangement of pre-stressing tendons during launching. The centric pre-

stressing is illustrated at eccentricity x.
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Figure 4.5 Arrangement of pre-stressing tendons during launching (Dimensions given in mm)

4.6.1.1Prestressing force
The maximum prestressing force Pmax and the initial prestressing force Pmo are calculated as

explained in Chapter 2.5 and Chapter 2.5.1, and is found to be

Prax = Apo-p,max = 68191.2 kN 411
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4.6.2 PRESTRESSING FOR FINAL CONSTRUCTION

As explained in Chapter 2.4.3 additional prestressing tendons are needed for the final
construction. An idealized prestressing profile is used to determine the tendon sag in each span.
This profile is usually not used for post-tensioning, as the sharp cups over the supports do not
appear in the tendons. These are adjusted to avoid the kinking, and the profile is fitted to a

continuous curve with gradient continuity throughout.

Load balancing, as explained in Chapter 2.4.2 are used to define the prestressing forces. The
eccentricities e1 and ez are necessary to compute the equivalent loads. By using an idealized
tendon profile, as shown in Figure 4.7, the eccentricities are found. The same values are used

here as in equation 4.7 and 4.8. The arrangement of tendons is shown in Figure 4.6

e, =1.06m 4.13
e, =2.06m 4.14
6x250 6x250

° o
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pre-stressing
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o000 o000
3x230 3x230

Figure 4.6 Arrangement of tendons for the final construction (Dimensions given in mm)

To make the idealized tendon profile as shown in Figure 4.6 such that it is a parabolic curve
with gradient continuity, the sharp cups over the supports has to be made as continuous
parabolas. NovaFrame requires distances in X and Y-direction for the tendon profile. These are

found by looking at each span separately.
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Figure 4.7 Idealized tendon profile for Bagn bridge
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4.6.2.1Prestressing profile for span 1-2
The actual cable profile is given in Figure 4.7 for span 1-2. Properties of parabolic tendon
profile has been calculated. To find the distance a, one has to look at each curve separately.

Curve ABC is formed by the following equation.
Yapc = —€, + Ay (a — x)? 411
By examining the given heights in Figure 4.7, one may see that when x=0, y is also equal to

zero. By adding this to the curve equation, Az is found as following:

_& 4.12
Al - ?
It is also found that for x=a, y=-e2. The second curve, CD, is given by the formula.

Yep = €1 + Az (L — x)? 4.13

As they shall form a curve with gradient continuity, equation 4.11 should be equal to equation
4.13 for x=La-b. From Sgrensen [8] it is known that b=0,1L1=4,2m. The gradient should also
be ensured at the connecting point, which is done by setting the derivative with respect to x=L1-
b of equation 4.11 and equation 4.13. When these two requirements are ensured, the constants

A1 and Az are found to be the following:

A = — e;t+e; 4.14
! (a—L+b)(L—a)
4o _ & +e; 4.15
2 (L —a)b

Further, the distance a is determined by setting equation 4.12 equal to equation 4.14. This gives:
a=17,842m 4.16
and the height of the curve at x=L-b is found to be:

Veer—p = 0,5176m 4.17

5500

i@m

Figure 4.8 Realistic tendon profile for span 1-2
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4.6.2.2 Tendon profile for span 2-3
Because of symmetry, a, b and c are found by looking at Figure 4.8. Distance a and c are
calculated the same way as for span 1-2, whereas they are considered to be 0,1*the length of

the span. The distance b is found to be half of the span length.
a=c=0,1L =5"7m 418

L
b= 4.19

E = 28,5m

The heights at point B and D are found by looking at the curve formulas.

Curve AB: O<x<a

Yap = €1 + Arx? 4.20
Curve BCD: a<x<L-c
Ypcp = —€3 + Ay (b — x)? 4.21
Curve DE: L-c<x<L
Ype = €1 + Az(L — x)? 4.22

As all three curves shall form one curve with gradient continuity, equation 4.20 should be equal

to equation 4.21 for x=a and the derivative with respect to x=a of the same equations should

also be equal.
61 + A1a2 = _ez + Az(b —_ a)z 423
dysg  dygcp 4.24
= 24,a = —24,(b —

By solving these two, one will get the following formulas for A1 and Az:

Lo ate 4.25
27 b(b —a)
e; t+ e 4.26
A =—
1 ab

The gradient continuity shall also be ensured at the connecting point D. This is done by setting
equation 4.21 equal to equation 4.22 for x=L-c and the derivative with respect to x=L-should

also be equal for the same equations.

49



—ey + Ay(b— (L — ¢))? = e, + As(L — (L — ¢))? 4.27

dYpcp dypg 4.28
- —24,(b—L+c)? = —24
dl-0 dl-o  —2b-L+o 3¢

From Equation 4.27. and 4.28, A2 and As may be calculated, and are found to be

A = e;t+e; 4.29
2T bh-L)(b-L+c)
A, = e te; 4.30
37 c(b-1)

From this, the heights at point B and D may be found as following:
yAB,xza =€ + A1a2 = 0,4‘36m 4.31
Ypex=i—c = €1 + Az(L — (L — ¢))* = 0.436m 4.32

Equation 4.31 and 4.32 both give the same height, which proves that the curved profile shown

in Figure 4.9 is symmetric.

A

COQ

Figure 4.9 Realistic tendon profile for span 2-3
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4.6.2.3Tendon profile for span 3-4
Calculations for span 3-4 are identical to the calculations for 1-2, except the span length is 39

meters. This gives the following:

yDCB = _ez + Al(a - x)z 433
YBA = 6’1 + Az(L - .X)z 434
A = — e;+ e _ & 4.35
" (a=L+b)(L-a) a?
A = — e, +e;3 4.36
z (L —a)b

Further, the distance a is determined by setting equation 4.33 equal to equation 4.34. This gives
a=16,5677m 437
and the height of the curve at x=b is found to be:

Ve=p = 0,5175m 4.38

3200
/

39m

Figure 4.10 Realistic tendon profile for span 3-4
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4.6.2.4Summary — tendon profile

The placement of the tendons in L-direction is not of any importance when it comes to the

analysis. Therefore, as a simplification, all prestressing tendons are placed in CoG in L-

direction. The placements in N-direction is given in Table 4.4.

Table 4.4 Tendon geometry in N-direction

Tendon Element start | Element end | Curve type Offset A Offset B
2-5 3 20 1 0.00 -2.06
2-5 20 40 2 -2.06 0.5176
2-5 40 45 2 0.5176 1.06
2-5 45 49 1 1.06 0.436
2-5 49 72 3 0.436 -2.06
2-5 72 95 2 -2.06 0.436
2-5 95 102 2 0.436 1.06
2-5 102 106 1 1.06 0.5175
2-5 106 127 3 0.5175 -2.06
2-5 127 140 1 -2.06 0.00

Explanations for the different curve types are given in Figure 4.10.

Type Curve segments Properties
Type 1 Length=L
Typically left end of Y (0)=0
tendon Y'(L)=0
Type 2 Length=L
S-curve Y (0)=0
Y'(L)=0
Y(L/2)=0
Type 3 Length=L
Typically right end of Y (0)=0
tendon Y(@L)=0

Figure 4.11 Explanation of tendon curve types in NovaFrame [16]
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4.6.2.5Prestressing force

The maximum prestressing force Pmax and the initial prestressing force Pmo are calculated as

explained in Chapter 2.5 and Chapter 2.5.1, and is found to be
Prax = ApOpmax = 12 398.4 kN 4.39

Prmo = ApGpmmo = 11709.6 kN 4.40

4.6.3 LOSS OF PRESTRESSES

There will be a loss of the measured jacking force in the prestressing steel. This loss occurs due
to different reasons, such as loss of strain-difference, creep and shrinkage in the concrete and
relaxation in the prestressing steel [8].

4.6.3.1Loss of pre-stress due to friction
Friction forces will occur in the ducts in the superstructure as the prestressing steel is post-

tensioned. These friction forces will counteract the sliding between the steel and the duct.

For the straight centric prestressing tendons, the duct is fixed at certain points in the box-girder.
Therefore, the duct will never be perfectly straight. This will lead to friction during post-

tensioning.

NovaFrame requires input of the factors for friction and wobble effect to calculate the losses.
The coefficient of friction x are given in [16] for 12 strand wires as 0,18 rad. The wobble

factor is given as 0,005 rad/m.

4.6.3.2Creep

Loss of prestress due to creep is to be calculated before inserting values in NovaFrame.

Loss of prestressing force is calculated for both the launching stages and for the final
construction. For the launching stages creep is calculated at time t=28 days and for the final

construction, creep is calculated for time t=100years.

Full calculations are found in Appendix D-1 and D-2 for launching stages and the final bridge

construction. The results are represented in Table 4.5 and 4.6.

Table 4.5 Loss of prestress due to creep — FINAL CONSTRUCTION

Mt span [kNm] Oc [MPa] Agp Acp=Aep*Ep [MP&]
Long-term - 117 977 -5,522 -3,939*10* -76,803
Short-term - 125 745 -8,455 -2,349*10* -45,799
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Table 4.6 Loss of prestress due to creep — LAUNCHING STAGES

Mit.span [kNm] Oc [MPa] Agp Acp=Agp*Ep [I\/IPa]
Short-term - 78 268 -3,386 -9,405*10° -18,339

4.6.3.3Shrinkage

Loss of prestress due to shrinkage is determined to be included in the model. As in Chapter
4.5.4, shrinkage is determined with a simplified method according to EC2. The loss of
prestressing due to shrinkage is calculated after formulas given in [8]. Total calculations are
found in Appendix D-1 and D-2 for the final construction and the launching stages, which gave

the following result:

Final: losSjong—term = 2,192% 4.41
Final: lossgport—term = 0,933% 4.42
Launch: loSSghort—term = 0,906% 4.42

4.6.3.4Relaxation
NovaFrame requires input when it comes to the relaxation of the prestressing steel. The
following values are to be defined:

S1 Relaxation, stress with no losses [%]
S2 Relaxation, stress with losses [%]
T2 Relaxation, loss at stress S2 [%]

These three values are given as a percentage of fpo,ik. For Class 2: wire or strand with low
relaxation, the value for T2 is given as 2,5%. This value is determined by tests which are
conducted for 1000 hours, with an initial stress of 70% of the tensile strength fpk [13]. It is also
normal to use calculations with 4,5% relaxation at 0,8fpk. From extrapolation, S1 is found to be

at 0.575fpk. This gives the following:

0,575 4.43
S1 = 0575k 100% = 65%
pr,lk
0,70 4.44
1= Jok 100% = 79%
fpo,lk
T2 = 2,5% 4.45
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4.7 VERIFICATION OF MODEL IN NOVAFRAME
Manual calculation is performed to ensure that the output from NovaFrame are within
reasonable values. There are a lot of input to the NovaFrame model, and errors may occur.

Verifications are done for the final construction stage.

4.7.1 CONTROL OF CROSS-SECTIONAL PARAMETERS

A control is performed to check that the cross-sectional parameters in NovaFrame are correct.
To do this, a simplified cross-section is used. The simplified cross-section has the same flange
width as the model in NovaFrame but is rectangular. The simplified cross-section is illustrated

in Figure 4.11.

Complete calculations are found in Appendix E-1 and are represented in Table 4.6. From the

table one can see that there is little deviation between the two cross-sections.

Table 4.7 Verification of cross-sectional parameters in NovaFrame

NovaFrame Simplified cross-section | Deviation[%]
Area 8,82 m? 9,03 m? 2.3
Ix 14,92 m* 16,72 m* 10
ly 70,72 m* 70,83 m* 0
112295
-
) I |
ﬁ_
X
400
-
I o
ﬁ_
09950

Figure 4.12 Simplified cross-section (Dimensions given in mm)
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4.7.2 CONTROL OF SELF-WEIGHT

For Bagn bridge, the prestressed concrete has a self-weight of 26kN/m?®. From Table 4.6, the
area of the cross-section is found to be 8,82m?. This gives the evenly distributed load gsw, as
shown in equation 4.46.

kN 4.46
Gsw = 26—+ 8,82 m? = 22932 kN/m

This load is used to calculate the moments due to self-weight. Full calculations are shown in
Appendix E-2. The load is applied as illustrated in Figure 4.12. The model in NovaFrame is
simplified, as explained in Chapter 1.3, and does not include the columns of the bridge. These

will not be included in further calculations either.

LI PPl

| 42.0 | o/.0 | 39.0

Figure 4.13 Static model of Bagn bridge (Dimensions given in m)

As Figure 4.12 illustrates, the bridge consists of four supports: one which is pinned and three
which are roller supports. This gives the total of five reaction forces, NF. The number of
equations, NE, used to solve the system is three. The degree of indeterminacy, or the reduntants,
is given by the following equation:

R=NF—-NV=5-3=2 4.47
As the degree of indeterminacy is higher than one, the moment distribution method is used. The
results are represented in Table 4.7.

Table 4.8 Verification of moments in NovaFrame

Span 1-2 | Support 2 | Span 2-3 | Support 3 | Span 3-4
Calculations by hand [kKNm] | 25330 -59 099 35 854 -55 465 20 267
NovaFrame [kNm] 25 328 -59 108 35852 -55 463 20 268
Deviation [%] 0 0 0 0 0
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4.7.3 SUMMARY

The results from the verification calculations shows that there are small deviations from the
model in NovaFrame in regard to moments due to self-weight and the cross-sectional

parameters, and it is considered safe to assume that result from NovaFrame are correct.

S7



5 ANALYSIS OF STAGE CONSTRUCTION

When analysing the bridge, there are different stages which are crucial for the design. In this
analysis, 136 stages of the bridge are modelled, and some stages are shown in Figure 5.1. As
the bridge acts as a cantilever during the launching, the bending moments will be high. Centric

prestressing is used to withstand these moments.

Only permanent loads and loads due to temperature is included in the analysis. Traffic loads
will not act on the bridge before after the final launch and is therefore irrelevant for this analysis.
Also, effects due to creep are not considered. This is simply because it would be very time
consuming to add creep to all 136 models compared to how little effect it would give. Wind
load is also neglected in the analysis for the launching of the bridge. Calculations are done by
hand in Appendix C-3 shows that the loads due to wind are very small. It is the piers that would
be affected the most due to wind. As these are neglected (ref. chapter 1.3), a simplification is

therefore made to exclude the effect due to wind in the launching stages.

MODB-1,,

33m
Nose
Segment 1 | —
asting yar
’77.
Support 1 Support 2 Support 3 Support 4
MODE‘ 50 30m 30m 33m

[ Segment 2 [ Segment 1 |~——————__NQ§§__ﬁ
?Costhg yard

Support 1 Support 2 Support 3 Support 4
MODBE-102
30m 30m 30m 30m 33m
Nose
[ Segment 4 | Segment 3 [ Segment 2 [ Segment 1 [ —  —————
%osﬁng yard ,,,,,a
Support 1 Support 2 Support 3 Support 4

Figure 5.1 Illustration of selected models

Figure 5.2 shows the variation of bending moments at span 1-2 and 2-3 and at support 2 and 3.
The x-axis is given as the position in meters of the launching nose at distance x from support 1.
From analysis of the models in NovaFrame, it is found that the worst-case loadings which gave
the highest moments at support and span were found in model 62 and model 92 respectively.

Design at ULS for these two models are performed.
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Moment [kNm]

Distance from Launching nose to Support 1 [m]

s S0AN 12 s Span 2-3  ss"Support 2"  ———"Support 3"

Figure 5.2 Variation of moments for all 136 models at distance x [m] from support 1
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51 ULS

Even though bridges are usually performed in SLS, it is important to control that the structure
has sufficient capacity at ULS. During launching, most of the variable loads are neglected. The
load cases used in the design at ULS are self-weight, prestressing and thermal load. At ULS, it
is controlled that the design values for shear and moment are within the limits of the capacity.
Simplified load combinations after Table 2.1 is created for the analysis of launching. Load

combinations during launching at ULS is shown in Table 5.1.

Table 5.1 ULS load combinations - during launching

ULS - Characteristic

Load combination G PS TE
1 (2.21) 1,35 0,9/1,1 0,84
2 (2.22) 1,20 0,9/1,1 1,20
3 (2.22) 1,20 0,9/1,1 0,84

5.1.1 ULTIMATE MOMENT CAPACITY

Complete calculations are found in Appendix F-1.

Figure 5.2 shows a rectangular cross-section with prestressed steel, Ap, in the tensile zone. From

this figure, the ultimate moment capacity, Mrqd, can be found as following:
Mpq = Tcz 5.1

Where Tcis the resultant force of the compressive zone of the concrete and z is the inner leaver

arm.
Ec = Ecu . f‘ud

l
d
———| s 00

1
f}\p b
1%

Strain distribution Stress distribution
Figure 5.3 Cross-section with prestressing steel in tensile zone [10]
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The height of the tensile zone, ad, is determined by axial equilibrium, as shown in equation
5.2.
T, = Sp 5.2
Where Tcis calculated as following:
T, = 0.8f.qabd 5.3

The force in the prestressed steel, Sp, depends on whether the total strain for the prestressed

foz

foz 1\,
> 02
steel g, > B, (vield) or g, < .

(elastic). This is determined by defining a “balanced” cross-

section for prestressed steel, when the steel reaches yield at the same time as the concrete

reaches compressional fracture strain [10]. This is shown in Figure 5.3 where as is found as

following:
_ €cu _ €cu 5.4
% = Ae, + €.,
oo pd_ o pe,
14
where
Ecu is the compressive strain in the concrete
€ p0 is the effective strain difference
£po is the initial strain difference
Opmo is the stress in the tendon immediately after tensioning

When inserting values in equation 5.4, the compression-zone height factor is found to be
a, = 0,739 5.5

Equation 5.2 and 5.3 gives the following expression, where Sp is taken as fodApb

0,8fcdabbd = fpdApb 5.6
With the current effective difference in strain, the balanced prestressing steel area, Apb:
5.7
App = 0,8 Jea a,bd
fpd
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€c = €cu

ASP = fOZ/Esk N 8’p0

(1-ap)d
Ag, €'p0

|
|
fo2/Esk |
|

Figure 5.4 Strains at fracture for balanced prestressed cross-section [10]

5.1.1.1Design for maximum moment at support

When finding the prestressing in the top of the superstructure, the minimum moment from the
envelope is used. From analysing the model, it is found that this moment corresponds to the
moments in model 62, at support 2. This model is the model right before the launching nose
reaches the third support. Moment diagram is shown in Figure 5.4.

Upper pre-ctressing tendons

(A) € V7777777777777

Launching nose

Ay
Support 1 Support 2

Lower pre-stressing tendonsg

145 993 kNm
(B ) Wﬁlm ‘H‘I’I‘FFH H_TH@?HﬂFBﬁHﬁﬁTWﬁ aaaaaaaaaaaaaaaaaaaaaa SR

Figure 5.5 (A) Tendon layout and (B) moment diagram for model 62
Mgy = 145993 kNm 5.8

When using the moment at supports, EC2 states that the design moment shall be set equal to
the moment at the edge of the support. However, the reduced design moment may also be taken
as a 10% reduction of the design moment [13] [18]. For Bagn bridge, the reduces design

moment is found as following:
Mggreqa = 090 * Mgy = 131394 kNm 59

When considering the moment at support, the top flange of the box-girder will be in tension.
Therefore, the effective width at supports are found as the bottom width of the cross-section:

bpottom = 4.95 m. The effective depth at the support is found to be dsyppere = 3.31 m.

From equation 5,7, the balanced prestressed steel area is found to be the following.
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Apy = 0,17 m2 > A, = 0,017 m? 5.10

For prestressed steel with Ap < Apb the section has to little reinforcement, and the force in the

prestressed steel Sp may be found as fpaAp. From equation 5.6, o can now be determined.

A .
o= Jrate 43 >
0,8f.qbd

The internal leaver arm, z, is found as in equation 5.12, but shall not be smaller than 0,9d
z=(1-04a)d =3,14m > 0,9d = 2,979 OK! 5.12
Further, the ultimate moment capacity is calculated
Mgy = T.z = 131394 kNm 5.13

A control of the ultimate moment to check if it is more than or equal to the design moment is
then performed.

Mpra > Mg reaq 5.14

Moment capacity is sufficient to withstand the design moment.

63



5.1.1.2Control of moments in span
When finding prestressing in the bottom of the superstructure, the maximum moment in the
moment envelope is used. This moment is found in model 92, in span 2-3. Moment diagram is

shown in Figure 5.5.

Upper pre-stressing tendons

Launching nose
(A) € ]

= -y
Support 1 Support 2 J Support 3

Lower pre-stressing tendon

-06 520 kNm

{B:@'ﬂli.ﬂn;ﬁ-fwﬁﬁjmf;ﬂ-]145‘[’IUL‘EH?-H:I,TQEH{H;HH A j“:ng,.of_.\;,.'......‘....... v
i 92561 kNm

Figure 5.6 (A) Tendon layout and (B) Moment diagram for model 92
Mgg = 92561 kNm 5.15

When considering the moment in span, the bottom flange of the box-girder will be in tension.
Therefore, the effective width at supports are found as the width of the top flange of the cross-
section: b,, = 11 225 m. The effective depth over the support is found to be dgppere =

3.31m.

When inserting values into equation 5,7, the balanced prestressing steel area is found to be
App = 0,393 m? > A, = 0,0202 m? 5.16

From equation 2.16, o can now be determined. As Ap < Apb the section has to little
reinforcement, and one can use Sp as fpaAp. This gives
A 5.17
o= Jotte__ 03
0,8f.4bd
The internal leaver arm, z, is calculated and found in equation 5.18.

z=(1-04a)d =3,27m > 2979 OK! 5.18
Further, the ultimate moment capacity is calculated

Mgy = T,z = 78 299 kNm 5.19

A control of the ultimate moment to check if it is more than or equal to the design moment is
then performed.

Mga < Mgqrea 5.20

Moment capacity is NOT sufficient to withstand the design moment. Additional
reinforcement of 15@25¢330 is required.
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5.1.2 SHEAR RESISTANCE

Full calculations are found in Appendix F-2.

When structures are subjected to shear forces, cracks may occur. Determination of the shear
resistance and the required shear reinforcement is necessary to minimize these cracks. Shear
calculations are done after EC2 Clause 6.2.2. The maximum shear force is found in the analysis
of the model in NovaFrame and are shown in Figure 5.6. This maximum shear force

corresponds to model 93, at support 2. This is the shear force that are controlled.

-8137.80 kNm

[
6150.11 kNm

Figure 5.7 Shear force for model 93
Vgq = 8138 kN 5.21
Equal to the reduced moment at support, the shear force is reduced by 10%:
Vedrea = 0.9 % Vgg = 7324 kNm 5.22

EC2 states different verification procedures which are to be used when checking for shear
resistance. These are shear capacity without shear reinforcement, shear capacity with shear

reinforcement and the design value of the maximum shear force.

The cross-section is assumed to be uncracked and a control is performed to check if there is, on
the basis of design calculations, a need for shear reinforcement. To check for this, the following

requirement has to be met:
Vea < Vra,c 5.23
VR, IS found by the following formula
Via,e = max{[Crak(100p; f )13 + klocp]bwd ; (Winin + k10cp)byd } 5.24

where

k is a factor found by the formula 1 + /? = 1,25 < 2,0 for d=3310mm

p1 is found by the formula bA_Zd = 0,01
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bw

k1
Crd,c
k2
Gcp

Ps
Ac
Vmin

Ap

is the width of the web. For box-girders this corresponds to 2*web width = 900mm

is a factor of value 0,15 when in compression
is given as following: % = 0,12

is a factor of value 0,18

is given as: g, = “24 = == = 5,06 kN < 0,2f,q = 5,1MPa OK!

is the axial force from the prestressing tendons, equal to 44 634 kN
is the concrete cross-sectional area = 8,82m?

. 1/2

is found by the formula 0,035k3/2f,/* = 0,324

is the total area of the prestressing tendons, and is equal to 33 600mm?

This gives the following design shear capacity:

As Ved > capacity Vrd., it is required to calculate the design shear reinforcement.

Veac = 3998,3 kN

5.1.2.1Shear capacity with shear reinforcement

5.25

EC2 states that structures with vertical shear reinforcement, the shear capacity is found as

5.26

following:
Vndmax = —ow2i)ea
cotf + tan6
where
ocw IS a coefficient taking the state of the stress in the compression chord into account

bw

V1

— Ocp
=14+-2=1.2
+fcd ’

is the width of the web. For box-girders this corresponds to 2*web width = 900mm

is the inner leaver arm = 0,9d = 2,979m

is a strength reduction factor for the concrete cracked in shear = 0,6
is an angle determined by the national annex in EC2

Omax = 45 degrees

Omax = 38,66 degrees
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This gives
Veamax = 21 831 kN 5.27

As Vramaxis larger than Veq, the shear reinforcement may be calculated. By assuming 8 bars of
diameter @12, the spacing is calculated by equation 5.28. VEd.red IS used in this formula, as this

will provide the exact required reinforcement.

A,z cotf 5.28
s=—2 nyd = 250 mm

VEd.red

Thus, 8125250 is the required shear reinforcement.
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5.2 SLS

Prestressed structures are usually designed at SLS. For the launching stages, only crack
limitations are performed. The decompressions are only considered a requirement for the
durability to protect the reinforcement from the loads when traffic is considered. As there are
no traffic load during launching, the decompression is neglected. The stress limitations are
performed to limit cracks and large deformations due to creep. The allowable crack width is
0.6mm during launching [3]. The stress limitations will apply for smaller cracks than what is

allowable during the launching process and are therefore not relevant.

Load combinations at SLS is defined in Table 2.2. As many of the loads are neglected during
launching, simplified load combinations are created for the launching stages at SLS. These are

given in Table 5.2,

Table 5.2 Load combination at SLS - Launching stages

SLS — Characteristic combination

Load combination G PS TE
1.1 2.24 1,0 1,0 1,0
1.2 2.24 1,0 1,0 0,7

SLS - Frequent combination

Load combination G PS TE
2.1 2.25 1,0 1,0 0,7
2.2 2.25 1,0 1,0 0,2

SLS — Quasi-permanent combination

Load combination G PS TE

il 2.26 1,0 1,0 0,5
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5.2.1 CRACK CONTROL

According to EC2, cracks are to be limited so that the function or durability of the structure are
not damaged or gives it an unacceptable appearance. Cracks occurs when the structure is
subjected to bending, shear, torsion, tension or plastic shrinkage, but as long as the cracks don’t
affect the structures, they are acceptable [13]. EC2 gives recommended values for crack width,

as shown in Figure 5.7. The value k. takes the effect of a cover which are greater than the

required cmindur INto account, and are given by the following formula:

k.=

CTI.OTYI. <

Cminmdur

1,3

5.22

Exposure Class

Reinforced members and
prestressed members with

Prestressed members with bonded

3)
unbonded tendons tendons
Load combination Limiting value Load combination Limiting value
X0 Quasi-permanent 0,40 " Frequent 0,30 k;
XC1, XC2, XC3, XC4 Quasi-permanent 0,30 ke Frequent 0,20 ke
Frequent 0,20 ke

XD1, XD2, XS1, XS2 Quasi-permanent 0,30 kc . -

Quasi-permanent Decompression 2
XD3, XS3 Frequent 0,30 ke Frequent Decompression 2
XSA Given special consideration 4 Given special consideration 4

"' For the X0 exposure class, crack width has no influence on durability, and this limit is set to guarantee acceptable
appearance. In the absence of appearance conditions, this limit may be relaxed.

21 Where verification that decompression does not occur is required, the whole section of pre-stressing steel and where
relevant the duct for post-tensioned tendons, should lie at least Acgey within the compression zone.

% Where the pre-stressing steel lies within a layer of ordinary reinforcement, the calculated crack width must meet the
requirements for both ordinary reinforcement and pre-stressing steel. For verification against the requirement for prestressing
steel the frequent load combinations are used, the calculated crack width may be adjusted with the formula wax = Wy (€52 / £51),
where &g is the tensile strain in the reinforcement on the side with greatest strain, €<z is the tensile strain at the level of the
prestressing steel and wy is an adjusted calculated crack width that is compared with the limiting values in the table.

4 A total assessment is necessary in these cases in order to arrive at an appropriate combination of structural detailing,
material composition, cover, limitation of crack width and other protective measures.

Figure 5.8 Limiting values of Wmax(mm) [13]

5.2.1.1 Analysis of cracked section

Full calculations are found in Appendix F-3. A control is performed to establish if the cross-
section is to be considered as cracked or uncracked. A section is considered as cracked if the
tensile stress exceeds the allowable tensile stress fem [13]. For negative values of stresses, the
section is considered in compression. For this case, the stresses should not exceed the following:

Oallow < _0'6ka = —27MPa 5.23
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A transformed cross-section is necessary to determine the stresses. The transformed cross-
section is found by the following formula
A=A+ (n, — 14, 5.24

E.
where 1, = =%

Figure 5.8 shows a concrete cross-section with centre of gravity CoG. The

Ecm .
centre of gravity for the transformed cross-section is found by looking at the moment of the
areas around the CoG. This way, the distance y: between the CoG and the transformed CoG is

determined as following:

(np — 1)Ap * e 5.25
A,

Ve =

Further, the second moment of area for the transformed section is determined

I =1+ (n, — 1)A, * (e — y,)? 5.26
h/2 M
h
N _CG o | d el oG e
h_"__CP_GQLﬂ.“_SfPLFEd _. — @ — . —._ |CoG(transformed) N_ N_ _|_ _ _ _ _
y e
Ap
. . . ‘= S ————
\% FPU

Figure 5.9 Cross-section with moment and axial force [8]

The stresses in top and bottom of the box-girder for both span and support are calculated to
check if the cross-section should be considered as cracked or uncracked. Two cases are
considered when calculating the stresses; maximum moment at support and maximum moment
in span. For calculations of stresses at support, model 62 is used as this gave the highest
moments. This model is considered as statically determinate, and equation 5.27 and 5.28 are

used for stresses in top and bottom respectively.

P Ple—=y)y, M 5.27
Uc.tenson=_A_+ I +W3fctm=3-8MPa
t t t
P Ple—yy:; M 5.28
Oc.comp = _A_t - —It - Wt < 0,6f, = —27 MPa
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Results for stresses at support are calculated in Appendix F-3 and are given in Table 5.3.

When checking the stresses in the span, model 92 is used as the highest moment for span were
found in this model. The system is statically indeterminate for model 92, and it is necessary to
determine the secondary moment as explained in Chapter 2.4.2.3. Figure 5.10 shows an
illustration of the total moment My=Mo+M1, where Mo is the primary moment and Mz is the

secondary moment.
The deflection due to the primary moment Mo=Pe is determined by equation 5.29.

_ Pe L? 5.29
O EI8
The secondary moment M is determined by equation 5.30. This formula is taken from the book
“Stélkonstruksjoner”. The corresponding deflection is also found from “Stalkonstruksjoner”

and is given in equation 5.31 [19].

FL,L, 266 5.30
M=—7=mr

5 =gk 4<L1)2 — 19553,625m3 — >3t

1T a8 EI\"L L))~ DET

where L=L1+L2, and El is constant for the whole section.

CoG
P ]
S |
/! 4Pm o/m /! 29m /!
: M=Pe i

| AN |
: Primary BMD : | |
"
ESecondory BMD | | |
. M=Pe 5 . M=Pe :

\\\\\i////,,,

Total BMD M=Pe-M,

Figure 5.10 Total moment due to prestress for model 92
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The deflection from the primary moment over length L=L1+L2 should be equal to the deflection
due to the secondary moment to ensure no deflection at the point where the support is removed.

From this, the force F is determined.

s —s o F Pe (L +L,)? 5.32
= e = —
o= 8 19553,625 m3

Further, the secondary moment is found to be the following:
M; = 1,515Pe¢ 5.33

Thus, the stresses are determined as in equation 5.34 and 5.35.

o = _5 P(e_y)yt_1'515P(e_y)yt_Mspan 5.34
c.tenson At It It pan

0, __P _Ple—y)y. 1515P(e =)y  Mspan 5.35
ceome A¢ Iy I; Wspan

Table 5.3 shows that all ¢ < g, the section is therefore to be considered as uncracked.

Table 5.3 Stresses - control of cracked section

o [MPa] Gallow [MPa]
Support — top -4,451 -27 OK
Model 62
Support — bottom | -13,323 -27 OK
Span — top -18,219 -27 OK
Model 92
Span — bottom -1,404 -27 OK
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6 ANALYSIS OF FINAL CONSTRUCTION

The final construction will have to carry more load than previous stages, because it has to carry
traffic as well as the other loads. Therefore, there is a need for extra prestressing at the final

stage.

Load combinations for the final construction at ULS and SLS are found in Table 2.1 and 2.2.

6.1 ULS

6.1.1 DESIGN FORCES IN ULS

The following diagrams were found for Bagn bridge under ULS for moment and shear force.
Each model represents the envelop curve for the ULS and may be given by different load
combinations. This is illustrated in Table 6.1, where the maximum and minimum moments for

ULS is found for each span and support.

=132 303 kNm

148 654 kKNm

Figure 6.1 Moment diagram for ULS

-14 053 kN
117

13 595 kN
Figure 6.2 Shear force diagram for ULS

Table 6.1 Moments in ULS

Span Element Moment [kKNm] Support Moment [kKNm]
1-2 23 76510 1 -

2-3 74 148 654 2 132 303

3-4 121 67 739 3 127 829
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6.1.2 ULTIMATE MOMENT CAPACITY
6.1.2.1 Moment capacity at support

Complete calculations are found in Appendix G-1.

The maximum support moment is found in Table 6.1 at support 2, with a value of 132 303 kNm.
Similar to the design for moment at support for the launching stages, the moment is to be

reduced by 10%. For Bagn bridge, the reduced design moment is found as following:
Mggreq = 0.90 * Mgy = 119 073kNm 6.1

When considering the moment over support, the top flange of the box-girder will be in tension.
Therefore, the effective width at supports are found as the bottom width of the cross-section:

bpottom = 4.95 m. The effective depth over the support is found to be dg,pp0re = 3.31 m.
When inserting values into equation 5,7, the balanced prestressing steel area is found to be
Ay = 0,173 m? > A, = 0,038 m? 6.2

From equation 5.6, a. can now be determined. As Ap < Apb the section has to little reinforcement,

and one can use Sp as fpaAp. This gives

a= =0,1613

" 08feabd
The internal leaver arm, z, is found in equations 6.4, but shall not be smaller than 0,9d=2,979m
z=(1-04a)d =3,096m > 0,9d OK! 6.4
Further, the ultimate moment capacity is calculated
Mgy =T.z =166 918 kNm 6.5

A control of the ultimate moment to check if it is more than or equal to the design moment is

then performed.
MRd > MEd.red 6.6

From equation 6.6 it is found that the moment capacity is sufficient to withstand the design

moment.
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6.1.2.2 Moment capacity at span

Complete calculations are found in Appendix G-1. The maximum moment in span occurs at

span 2-3 at a distance of 71 meters from support 1, and is found in Table 6.1 to be
Mg, = 148 654 kNm 6.7

When considering the moment at span, the bottom of the box-girder will be in tension.
Therefore, the effective width at supports are found as the width of the top flange of the cross-

section: b, = 11.225 m. The effective depth over the support is found to be dq,, = 3.31 m.
When inserting values into equation 5,7, the balanced prestressing steel area is found to be
A,y = 0,393 m? > A, = 0,025 m? 6.8

From equation 5.6, a. can now be determined. As Ap< Apb the section has to little reinforcement,

and one can use Sp as fpaAp. This gives

fpdAp 6.9
= PP __0.04
a 0.8f4bd 0.047

The internal leaver arm, z, is found in equations 6.10.
z=(1-04a)d =3.25m > 09d = 2979 OK! 6.10
Further, the ultimate moment capacity is calculated
Mgy = T,z = 116 697 kNm 6.11

A control of the ultimate moment to check if it is more than or equal to the design moment is

then performed.
Mg < Mggred 6.12

From equation 6.12 it is found that the moment capacity is not sufficient to withstand the design

moment, and it is therefore necessary to use more reinforcement at span.

Additional reinforcement of 33@25c¢150 is required to ensure adequate capacity at span.
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6.1.3 SHEAR RESISTANCE
Full calculations are found in Appendix G-2. From Figure 6.2, the design shear force is found

over support 2 to be:
Vgg = 14 053 kN 6.13
Equal to the reduced moment at support, the shear force is reduced by 10%:
Vidgreqa = 0.9 * Vyy = 12 648 kNm 6.14

EC2 states different verification procedures which are to be used when checking for shear
resistance. These are shear capacity without shear reinforcement, shear capacity with shear

reinforcement and the design value of the maximum shear force.

The cross-section is assumed to be uncracked and a control is performed to check if there is, on
the basis of design calculations, a need for shear reinforcement. To check for this, the following

requirement has to be met:
Vea < VRac 6.15
VR, IS found by the following formula
VRae = max{[CRd,ck(looplfck)l/s + k10cp]bwd ; Wmin + k10cp)by,d } 6.16

where

K is a factor found by the formula 1 + Zdﬂ = 1,246 < 2,0 for d=3,31m

p1 is found by the formula lf—i’d =7931x10"*

bw is the width of the web. For box-girders this corresponds to 2*web width = 800mm

K1 is a factor of value 0,15 when in compression

Crdc IS given as following: % =0,12

ko is a factor of value 0,18

oep  Is given by the following formula: o, = A;Ed =5 = 6,853 kN

c c

Ps is the axial force from the prestressing tendons, equal to 60 442 kN
Ac is the concrete cross-sectional area = 8,82m?

vmin s found by the formula 0,035k3/2f./% = 0,324
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Ap is the total area of the prestressing tendons, and is equal to 47 040 mm?
This gives the following design shear capacity:

Vrac = 3586,5 kN 6.17
As Ved > capacity Vrd., it is required to calculate the design shear reinforcement.

6.1.3.1Shear capacity with shear reinforcement
EC2 states that structures with vertical shear reinforcement, the shear capacity is found as

following:

Vv _ O(cwbwzvlfcd 6.18
Rd.max = cot0 + tanb

where

ocw IS a coefficient taking the state of the stress in the compression chord into account

:1+%=1,269

cd

bw is the width of the web. For box-girders this corresponds to 2*web width = 800mm

z is the inner leaver arm = 0,9d = 2,979m
Vi is a strength reduction factor for the concrete cracked in shear = 0,6
0 is an angle determined by the national annex in EC2

Omax = 45 degrees
Omax = 38,66 degrees
This gives
Veamax = 22 567 kN 6.19

As Vramax s larger than Veq, the shear reinforcement may be calculated. By assuming 8 bars of
diameter @12, the spacing is calculated by equation 6.20. Ved.red IS used in this formula, as this

will provide the exact required reinforcement.

Aoz cotf 6.20
s =2 nyd =217 mm

VEd.red

Thus, 12125220 is the required shear reinforcement.
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6.2 SLS

6.2.1 DESIGN MOMENTS IN SLS
The design moments in SLS are shown in Figure 6.3. The corresponding load combination is
the characteristic combination. The design moments occur in span 2-3 at a distance of 71 meters

from support 1 and at support 2 with values as shown in Figure 6.3.

-101 595 kNm

109 538 kNm

Figure 6.3 Moment diagram for SLS
Results from all load combinations are shown in Table 6.2

Table 6.2 Maximum moments for load combinations at SLS

Moments for characteristic load combination [KNm]

1-2 55 096
Span 2-3 109 538

3-4 47 546

2 101 595
Support

3 98 384

Max moments for

frequent load combination

1-2 36 272
Span 2-3 87 790
3-4 30561
2 83119
Support 3 80 002

Max moments for

quasi permanent load combination

1-2 47 816
Span 2-3 80 376

3-4 40 844

2 92 453
Support

3 87 783
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The stresses used in controls at SLS for the final construction are taken from NovaFrame. By
using the command SECTFACE, the upper and lower face of the cross-section is found. By
defining these, NovaFrame can calculate the stresses at the top and bottom of the box-girder.

Appendix G-3 to G-5 shows the stresses which are relevant for the different controls at SLS.

6.2.2 CRACK CONTROL

6.2.2.1 Analysis of cracked section

Analysis of cracked section is performed as for the launching stages, except that the stresses
are taken directly from NovaFrame. For control of cracked section, stresses due to prestressing
and self-weight are used. Appendix G-3 shows values for stresses in top and bottom for the
whole bridge. Worst-case stresses for all three spans and for support 1 and 2 are given in Table
6.3. Table 6.3 shows that all stresses are smaller than the allowable stresses, and the section

may therefore be considered as uncracked.

Table 6.3 Stresses - control of cracked section

c [MPa] Gallow [MPa]
Top Bottom | Top Bottom

1-2 -7.338 -10.148

Span 2-3 -6.695 -1.26 -27 -27 OK
3-4 -6.032 -10.344
2 -1.979 -14.263

Support -27 -27 OK
3 -2.417 -13.999
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6.2.2.2Decompressions
Note 2 in Figure 5.7 states that for sections where it is required to verify that decompression
does not occur, the prestressing steel and post-tensioned duct shall lie at least ACgev Within the

compression zone [11]. For Bagn bridge, ACgev is found as 15mm.

The control of decompressions simply means that a control is performed to check if there are
compressional strains. For most bridges, Bagn bridge included, the superstructure has the
largest support-moment in the column-axes, with tension in the top of the cross-section.
Practically, this means that there should be compressional strains in the whole cross-section in
the superstructure at supports for the quasi permanent load combination. SVV states that, by
experience, this in most cases is considered as the design values for the required prestressing
[16].

New section parameters are determined from this new cross-section, such as area, second
moment of area and the centre of gravity. Just as for the control of cracks, a transformed cross-
section is found to be used when determining the stresses. The following formula for the

stresses is used:

M 6.28
I

where N is the axial force provided by the prestressing force, and M is the moment due to

prestressing and due to external loading.

SVV states that for decompressions, the moments due to the quasi permanent load case is to be
used [16]. From analysis of the model in NovaFrame, the stresses in top and bottom for support
2 and support 3 are found. The results are represented in Table 6.4, found from Appendix G-5.
As the stresses at support 2 and 3, both in top and in bottom, gives compressional strain, it is

safe to assume that the calculated amount of prestressing is sufficient.

Table 6.4 Results from decompression

c [MPa] Gallow [MPa]
Control
Top Bottom | Top Bottom
Support 2 -4.556 -20.499
-27 -27 OK
S 5035 | -19.895
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6.2.3 STRESS LIMITATIONS
The compressive stresses in the concrete should be limited to avoid longitudinal cracks, micro
cracks or large creep deformations if it can cause unacceptable effects of the structures function.

Longitudinal cracks can occur if the stress level for the characteristic load combination exceeds
a critical value. As these cracks effects the durability of the structures, measures have to be
done. One option to increase the cover to reinforcement. If this for some reason is not done, the
compressive stresses should be limited to a value of kifck in the exposed areas. According to
EC2, the recommended value for ki is 0,6 [13]. This gives limitations under characteristic load

combination as shown in equation 6.23, where fck is 45MPa as given in Table 3.1.
Occhar < 0.6fo = 27MPa 6.23

To ensure linear creep, stress in the concrete under quasi-permanent loads should be less than
kofck. If the stress exceeds this limitation, non-linear creep should be considered. Recommended
value for k2 is set to 0,45 in EC2 [13], which gives the following limit:

Ocquasi < 045f 4 = 20,25MPa 6.24

To avoid inelastic strain, unacceptable cracking or deformation a limit is set to the tensile
stresses in the reinforcement. The tensile stresses are set to be less than ksfy, where the value

for ks is 0,8. This gives the following limit, where fyk is given in Table 3.3 as 500MPa.
as,reinf < O.Sfyk = 400MPa 6.25

The tensile stresses shall not exceed a limit of kafyk where the tensile stresses are caused by
imposed deformation. As for the prestressing tendons, the mean value of the stress should not
exceed ksfok. Values for ks and ks are 1 and 0,75 respectively. These forms the limits

O imposed < fyx = S500MPa 6.26

Oy preser < 0.75f, = 1395 MPa 6.27
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6.2.3.1Stress limitations at transfer
For the stress limitation at transfer, stresses due to self-weight and prestressing are used. These
are the same stresses as found in Table 6.4 for crack control of the bridge. In this table, all

stresses were found to be compressive and smaller than the limit given in equation 6.28.
Oc.attow < —0,6f. = —27 MPa for compression 6.28
Ot.attow < fetm = 3,8 MPa for tension 6.29

Table 6.4 shows that the stresses satisfy the limits from equation 6.28 and 6.29. No extra

reinforcement is needed, as there is compressional strain over the whole bridge length.

6.27.1.1 Stress limitations at service
At service, there are two load cases that are to be controlled: characteristic load combination
and quasi permanent load combination. Moment diagrams for the two load combinations are

given in Figure 6.4 and Figure 6.5 respectively.

-101 595 kNm

109 538 kNm

Figure 6.4 Moment diagram for characteristic load combination

-92 453.24 kNm

80376 KNm

Figure 6.5 Moment diagram for quasi-permanent load combination

Appendix G-4 and G-5 shows the resulting stresses from NovaFrame for both the characteristic
load combination and for the quasi-permanent load case respectively. At service, the stresses

shall not exceed the following:

Oc.aliow.quasi = —0,45fc = —20.25 MPa for compression 6.30

Ot atlow.quasi < feem = 3,8 MPa for tension 6.31
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For characteristic load combination, equation 6.28 and equation 6.29 are controlled. Results

from NovaFrame for selected sections are given in Table 6.5 and Table 6.6.

Table 6.5 Stresses in the cross-section - Characteristic

otop [MPa] Ghottom [MPa] Control
Span 1-2 -12.776 -15.543 OK
Span 2-3 -12.617 -6.548 OK
Span 3-4 -11.563 -16.201 OK
Support 2 -7.368 -19.756 OK
Support 3 -7.728 -19.644 OK

Table 6.6 Stresses in the cross-section - Quasi permanent

otop [MPa] Ghottom [MPa] Control
Span 1-2 -11.854 -10.166 OK
Span 2-3 -11.798 -5.186 OK
Span 3-4 -11.333 -11.182 OK
Support 2 -4.556 -20.499 NOT OK
et 5035 -19.895 OK

Table 6.5 shows that the stresses at characteristic load combination satisfy the limits from
equations 6.28 and 6.29. As there are compressional strains at all points = no extra
reinforcement needed. For the quasi-permanent load combination, the stresses at support 2

exceeds the limit given in equation 6.30. Therefore, extra reinforcement is required.
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6.27.2 DEFLECTION CONTROL

According to EC2, a member or structure should not be subjected to deformation that affects it
function or appearance. EC2 states that deflections should not exceed the limit given in equation
6.32. This check will in most cases be adequate to avoid deflection problems [13]. N40O0 has a

different requirement for deflections, which is given in equation 6.33.

6.12
<
0= 250

6.33
< —
0= 350

Where L is the span length.

There are two ways to check the limit state of deformations; either by limiting the span/depth
ratio as shown in Clause 7.4.2 in EC2, or by comparing a calculated deflection with a limit
value according to Clause 7.4.3 in EC2 [13]. Clause 7.4.2 is usually not used for pre-stressed

members.

N400 states that for calculation of deflection of bridges due to permanent loads including long-
term effects are to be compensated with pre-camber. This pre-camber is calculated in SLS with

quasi permanent load combination. The combination factor y, is set to zero for variable loads

[3]. Deflections due to self-weight, quasi-permanent load combination and full prestressing are
given in Table 6.7, where positive direction is set as positive z-direction. Deflection due to
traffic load is also calculated, as it is not possible to find in NovaFrame. Calculations done by
hand are found in Appendix G-6.

Table 6.7 Deflections

Oec2 [mm] | Snaoo [mMm] | dsw [mm] | Sps [Mm] | Str+sw [mmM]

Span 1-2 | 168 120 -6.845 3.908 Smaller than span 2-3
Span 2-3 | 228 163 -18.784 0.767 -67.096<6<-13.621
Span 3-4 | 156 111 -4.239 3.477 Smaller than span 2-3

All deflections are below the limit given in EC2 and N400 and are therefore considered safe.
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7/ DISCUSSION AND CONCLUSION

Bagn bridge is a bridge of 138 meters that is built over Begna in Valdres. The bridge consists
of four axes and three spans of 42m, 57m and 39m. Some limitations were made in this thesis,
as it is the construction method that is in focus and not the geometry of the planned bridge. The
bridge, which has a horizontal curvature with a radius of 750m, was considered straight. This
is possible as the curvature was less than 12 degrees. The cross-section was originally designed
with a 7.8-degree slope in the top flange. As the main focus of this thesis is analysis of the
construction method ILM, this slope is not considered to have large impact on results.

Therefore, the bridge is designed as a box girder with straight top flange.

As explained in Chapter 2.3, ILM requires expensive equipment and is not considered as a good
construction method for bridges with total length smaller than 200m when looking at the
economical aspect. Therefore, it is not recommended to use this construction method for bridges
with length of 138 meters, such as for Bagn bridge. This thesis is simply to be used for

comparison with other similar construction methods.

Concrete of class B45 is used for the entire superstructure, as this class has high strength and is

recommended to use for prestressed concrete bridges.

The prestressing system BBR VT CONA CMI 1506-140-1860 is used. The cables have an outer
diameter of 80mm and consists of 15 strands with diameter of 140mm?. Thus, the total tendon

area = 2100 mm?.

Due to the launching, two types of cable profiles were used. For the launching of the bridge, a
centric prestressing cable consisting of 22 cables was used. Four parabolic prestressing tendons
were introduced after the final launch, so the bridge can withstand traffic loads. These are
placed in 2x2 groups, one in each web. The tendon profile for this was decided by looking at
the demands for prestressing bridges. For ILM, it is required to use a minimum cover of 150mm.

This cover is used for tendons in both upper and lower flange.

The bridge was modelled in NovaFrame and consists of 136 different models defining the

launch of one meter, starting from the launch of 39 meters from axis 1.

Two analyses were performed in this thesis, one for the construction stages and one for the final
construction. For The launching stages, control calculations for both ULS and SLS were
performed. For the final construction, control calculations were performed for ULS and controls

of output from NovaFrame were performed for SLS.
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For the launching stages, results from calculations for ULS and SLS are given in Table 7.1 and
7.2 respectively. Only self-weight, prestressing and thermal loads are included in these
calculations. This is because that the impact of other loads is considered to be very small
compared to the. For ULS, control of ultimate moment capacity and shear resistance is
completed. Worst case scenario of moment distributions is used for the top and bottom of the
cross-sections, which were found in NovaFrame to be in model 62 and model 92, for max to

identify maximum moment in support and span.

Calculations show that the amount of prestressing used in the launching stages, consisting of
22 tendons, was sufficient to carry the maximum moment over the support. The moment over
support due to self-weight, prestressing and temperature load was higher than the capacity at
the span, and additional longitudinal reinforcement was required. Calculations for model 92
show that 15@25¢330 is sufficient at span 2-3. The moment in each element during launching
will change depending on the launching stage. As a consequence, a conservative choice is made,
and the reinforcement is placed over the whole bridge length to ensure a sufficient moment

capacity to resist these moments.

Results shows that the calculated shear capacity is not sufficient to withstand the design shear
force. According to EC2, shear resistance with shear reinforcement is calculated. Calculations
show that the shear resistance with shear reinforcement is sufficient to withstand the design

shear force. Required shear reinforcement is given in Table 7.1

Table 7.1 Results — ULS — Launching stages

ULS - LAUNCHING STAGES

Imposed force Capacity Control
Span moment 92 561 kNm 78299 kNm | NOT OK
Support moment (reduced) 131 394 KNm 131815 kNm | OK
Shear force (reduced) 7 324 kN 3998 kN NOT OK
Shear resistance w/reinforcement 21831 kN OK
Reinforcements and spacing
Longitudinal reinforcement span 15@25¢330
Longitudinal reinforcement support -
Minimum shear reinforcement 80125250
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A simplified control of SLS is done for the construction stages. A control of cracked sections
is applied to check if it is necessary to calculate crack widths. Results given in Table 7.2 show
that all of the stresses in the crack control is within the limits, and the cross-section may

therefore be considered as uncracked.

Table 7.2 Results — SLS — Constriction stages

SLS — CONSTRUCTION STAGES
Stress [MPa] Capacity [MPa]
Control of cracks Control
Top Bottom Top Bottom
Support 2 -4.451 | -13.323 -27 -27 OK
Span 2-3 -18.219 | -1.404 -27 -27 OK

For the final construction a more thorough control is performed for both ULS and SLS, as loads
such as wind, creep, shrinkage and traffic are included. Load combinations are determined in
Table 2.1. Results from the ULS calculations are given in Table 7.3. Calculations show that the
moment capacity at both span and at support is insufficient, and additional reinforcement is
required. The amount of longitudinal reinforcement at support is found to be the same as for
launching stages. As a conclusion, the additional reinforcement placed for launching stages is

sufficient for the final construction.

Longitudinal reinforcement at span is found to be 33@25s150. Additional shear reinforcement
is also required, as the shear capacity is smaller than the imposed shear force. It is found that

shear reinforcement of 126312s200 is sufficient.

Table 7.3 Results — ULS — Final construction

ULS - FINAL CONSTRUCTION

Imposed force Capacity Control
Span moment 148 654 kNm 116 697 kNm | NOT OK
Support moment (reduced) 119 073 kNm 166 918 kNm | OK
Shear force (reduced) 12 648 kN 3586 kN NOT OK
Shear resistance w/reinforcement 22 567 kN OK
Reinforcement and spacing
Longitudinal reinforcement span 330255150
Longitudinal reinforcement support -
Minimum shear reinforcement 1203125220
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For SLS, load combinations are determined in Table 2.2. The results given in table 7.4 are based
on the analysis of the model in NovaFrame. Results show that stresses from the crack control
are smaller than the allowable limit, and the cross-section may therefore be considered as
uncracked. From decompressions at support 2 and 3 it is found that there are compressive strains

over the whole cross-section.

Stress limitations are done for two different cases: at transfer and at service. At transfer, only
moments due to self-weight and full prestressing is used. At service, both moments due to the
characteristic load combination and the quasi permanent load combination is controlled. From
stress limitation calculations, it is found that the prestressing at support 2 for quasi permanent
load combination is not sufficient, and extra reinforcement will be required. For all other values,

the prestressing is sufficient.

The control of deflection at SLS gave satisfying values, as none of the deflections exceeded

limitations given from EC2 and N400.

For further work, a more excessive analysis for launching stages, especially in regard to effects
due to creep are recommended. It is also recommended to do calculations at SLS for the final
construction by hand to prove that results from NovaFrame are correct. As results at SLS shows

that the capacity is not sufficient and calculations of extra reinforcement is required.
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Table 7.4 Results — SLS — Final construction

SLS - FINAL CONSTRUCTION

Stress [MPa] Capacity [MPa]
Control of cracks Control
Top Bottom Top Bottom
1-2 -7.338 -10.148
Span 2-3 -6.695 -1.26 -27 -27 OK
3-4 -6.032 -10.344
2 -1.979 -14.263
Support -27 -27 OK
3 -2.417 -13.999
Stress [MPa] )
Decompression Capacity [MPa] Control
Top Bottom
Support 2 -4.556 -20.499 -27 OK
Support 3 -5.035 -19.895 -21 OK
Stress at transfer [MPa] Capacity [MPa]
Stress limitations Control
Top Bottom Top Bottom
Span 1-2 | -7.338 -10.148 -27 -27
Span 2-3 | -6.695 -1.26 -27 -27
Transfer Span 3-4 | -6.032 -10.344 -27 -27 OK
Support2 | -1.979 -14.263 -27 -27
Support3 | -2.417 -13.999 -27 -27
Span1-2 | -12.776 -15.543 -27 -27
Span 2-3 | -12.617 -6.548 -27 -27
Service Span3-4 |-11563 | -16.201 27 |27 OK
Characteristic
Support2 | -7.368 -19.756 -27 -27
Support3 | .7.728 -19.644 -21 -27
Span 1-2 | -11.854 -10.166 -20.25 | -20.25
Span2-3 | -11.798 -5.186 -20.25 | -20.25 OK
Service Span34 |-11.333 | -11.182 2025 | -20.25
uasi
Q Support 2 | -4.556 -20.499 -20.25 | -20.25 NOT OK
Support3 | .5.035 -19.895 -20.25 | -20.25 OK
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9 APPENDIX

Appendix A — Detail drawing of Bagn bridge
Appendix B — Concrete cover

Appendix C — Load calculations

Appendix D — Loss of prestressing force

Appendix E — Verification of results form NovaFrame
Appendix F — Design of launching stages

Appendix G — Design of final construction
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Appendix A

Detail drawings

The detail drawings of Bagn bridge is provided by SVV and is used as a basis for the model in
NovaFrame. As the detail drawings are for the bridge constructed with the movable scaffolding

system, the cross-section is changed to fit for ILM.
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Appendix B

Concrete cover

Calculations of concrete cover after EC2



Attachment

B COVER TO REINFORCEMENT

Assuming @25 for longitudinal steel and @12 for strands. Structural dimensions are
given below:

d;:=30 mm ODg:=15 mm
The ducts are assumed with outer diameter of 100mm

d,:=100 mm

Clear spacing between ducts are found as in Chapter 3.4 according to EC2

dg =32 mm

a=max (d,,d,,40 mm)=100.00 mm Horizontal distance
a,=max (d,+5 mm,d,,50 mm)=100.00 mm Vertical distance
Cover

The minimum cover is set to: Crin.p=min (0,80 mm)=0.08 m

Cover to upprt flange

Cmin.durUF =60 mm
Cmin.UF i=max <Cmin.b ’ Cmin.durUF) =80 mm
ACdev.UF:: 15 mm

Cromur=Cminvr+ AC jop yr=95 mm Nomnal cover for upper flanger

Cover to lower flange

Cmin.durLF =50 mm
C1min.LF =max (Cmin.b ’ Cmin.durLF) =80 mm
ACdev.LF:: 15 mm

Criom.ir=Cuinrr+ AC jep..r=95 mm Nomnal cover for lower flanger



Appendix C

Load calculations

Calculations of loads used in NovaFrame

This appendix is divided into the following parts:
C-1: Self-weight

C-2: Traffic load

C-3: Wind load

C-4: Thermal load

C-5: Creep

C-6: Shrinkage



Attachment

C-1 Self-weight

Self-weight of 26 kN/m~ 3 is used for prestressed concrete.

kN

3
m

Q5w = 26

In the box-girder there are placed four walls that will fit over the supports after finl
launching. These walls are added as point loads in NovaFrame, and are found as
following:

N .
Pei=22 : Density of concrete of walls
m3
Apneri=13.656262 m? Area of inner box-girder

twar1:=1.6 m Thickness of wall 1

twall.Q =1.5m

twall.3 = twall.Q

twall.4 =2.0 m

P,

w

P,

w

Pwall.3 ::Pwall.Z

P,

w

Thickness of wall 2

Thickness of wall 3

Thickness of wall 4

all.1 ::Ainner ® pc b twall.l = 480.7 kN

all.2 ::Ainner *Pe* twall.Q =450.657 kNN

all.4 ::Ainner *Petyana= 600.876 kNN

Point load - wall 1

Point load - wall 2

Point load - wall 3

Point load - wall 4



Attachment

C-2 Traffic load

w:=11m Available width

n,:=3 for 9m<w<12m Number of lanes, EC1-2 Cl. 4.2.3
w—3m.n;=2m Remaining width

Vertical loading is defined for Load Model 1 and 2.

For load model 1, the distributed loads for each lane is defined in Table 42 in EC 1-2
as shown below.

Location Tandem system T'S UDL system
Axle loads @, (kN) gy (or g, ) (KN/m’)
Lane Number 1 300 9
Lane Number 2 200 25
Lane Number 3 100 25
Other lanes 0 25
Remaining area (g, ) 0 25

For load model 2, the distributed load is given in EC1-2 CI. 4.3.3, and is set to be:

Q=400 kN

As a simplification, horozontal forces due to traffic is neglected



Attachment

C-3 Wind load

Wind load calculations are done after EC1-1-4

L:=57Tm Largest span

Vp =22 il Referance wind speed for Sgr-Aurdal in Oppand EC1-1-4 NA.4(901.1)
S

cagiri=1.0 EC1-1-4 NA.4.2(2)

Cseason = 1.0 EC1-1-4 NA.4.2(2)

H,:=900 m EC-1-1-4 NA.4(901.2)

H:=227Tm Kote height for Bagn bridge

H,>H ->  ci=1.0 EC1-1-4 NA.4.2(2)

Cp,,.ob = 1.0

_ _ m
Uy *=Cyir * Cseason * Cprob * Vp.0 = 22 s

co.i=1.0 EC1-1-4 Cl. 4.3.1(1)

FROM EC1-1-4 Table NA.4.1 -> for terrain roughness category II

k,:=0.19 Terrain roughness factor EC1-1-4 Table NA.4.1
29:=0.05 m Roughness length EC1-1-4 Table NA.4.1
Zmini=4 M Minimum height EC1-1-4 Table NA.4.1
z:=5m Height from superstructure to ground below
Zaw =200 M EC1-1-4 Cl. 4.3.2(1)
¢,,=k.+In (i) =0.875 for  z,in<z2<Zmas Roughness factor Cl. 4.3.2(1)
&)
m
Uz i=Cp,*Co o+ Vp=19.25 — EC1-1-4 Cl. 4.3.1(1)



Attachment

C-3 Wind load
k;:=1.0 Turbulens factor EC1-1-4 NA.4.4
ky . [
I, ,=———=0.217 forz,,;, <z<z,. lurbulens intensity EC1-1-4 Cl.4.4(1)
Cp.+In (i)
20
p:=1.25 LA Air density
m3
k,:=3.5 Factor EC1-1-4 NA.4.5(1)
Qp,=0.5pv,,. "« (1+2 k,-I,,) =583.619 Pa EC1-1-4 NA.4.5(1)

a ::% pev,’ =302.5 Pa EC1-1-4 NA.4.5(1)



Attachment

C-3

Wind - WITHOUT traffic

tht = 11.225 m
d:=3.5m

dtOt::d+0'6 m:4.1 m

2
m

Aref = dtOt L/ L = 4:. 1

m

Gy

ot =1.929
dp

C

b
ol _9.738

tot

Cpro=1.68  for

cf.x = cfa:.O

C:i=c, ,-cp,=3.241

e.z

F

w.r

Cf.z :=0.9

Ci=c,,c;,=1.736

Ai=byy L=11.225m

F

w.z ref.z

1 2
i=—epev; o C.A
5 PV

b
e:=—2"—9.806 m
4

N
F,,=0.25-F, =1004.993 —
m

1 N
i pevy” +C A, ;=4019.971 —

=5896.016 E

Wind load

Unit length

Bridge width

Bridge depth

Heigth after EC1-1-4 Table 8.1

Reference area EC1-1-4 CI.8.3.1(3)

Exposure factor, EC1-1-4 Cl.4.5(1)

Force facor, EC1-1-4 Figure 8.3

Vind load factor, Cl 8.3.2(1)

Wind in x-direction
m

Force factor Cl.8.3.3(1)

Vind load factor, Cl 8.3.2(1)

Wind in z-direction
m

Eccentricity for F(wz) CL 8.3.3(5)

Wind in y-direction



Attachment

C-3 Wind load

Wind - WITH traffic

v,:=35 i Wind at highest point of the roadHB N400 5.4.3.3
S

1
Qs ::5~p-’vp2 =765.625 Pa

2

m
Aot pti=0ior s+ L=5.5 m
Cet.nt= o= _ 762
Qp.t

b
Cppr=1.89  for ot —2.041 Force facor, EC1-1-4 Figure 8.3
tot.t

cfa:.O = c:c.f.t
1 2 N = L . -
Fovt =t pevy +C-A. ;. =2888.916 — Wind in x-direction
m
Cr1,=0.9 Force factor CI.8.3.3(1)
Cy=c.i,*Cs,=0.686 Vind load factor, Cl 8.3.2(1)
Apepoyi=bip s L=11.225m
1 2 N <L . .
Fo . ::E-p-vb *CyoApef, 1 =2329.528 — Wind in z-direction
m
N e i .
Fyy=0.25-F,  ,=722.229 — Wind in y-direction

m



Attachment

C-4 Determination of thermal load
Iculation n rEC1-1-

Launching stages:

ATy rheat =10 Table NA.6.1 + Table NA.6.2

AT v eoor =5 Table NA.6.1 + Table NA.6.2

Input in NovaFrame: dT/N-width

Nyighi=3.5m Height of boc girder (N-direction)
ATMheat 1 . ol
N pver.poss = —= =2.86 — Temperature gradient (over=positive)
Noyidtn m
ATMcool 1 . .
N, T =1.43 Temperature gradient (over=negative)

over.neg =
Nyiatn m

Final construction
T, ozt =36 Max temp in degrees(celcius) NA.Al

T

min.1*—

—40

EC1-1-5 NA.A.1(1): Values for Tmax and Tmin are to be adjusted for the structures height
over the ocean by subtracting 0.3 degrees (celcius) pr. 100 meters height for minimum
temp, and 0.65 degrees (celcius) for determination of maximum air temp.

H:=22Tm Bridge - m.o.h
=L 907
100 m
7y ani=0.65
5Tmm::0'3
Tma:z = Tmax.l —d- 6Tma:v =34.525
Tmin = Tmin.l =0 6Tmin =—-40.681
T, aw=Tmax—3=31.525 Figure NA.6.1
Temin=Tin+8=—32.681 Figure NA.6.1

TO = ]_0



Attachment ] ]
C-4 Determination of thermal load

ATN.e:Bp =T

e.maxr

—T,=21.525

ATN.con = Te.min = To =—42.681

LOADCOMBINATIONS:

wyi=0.35

wyi=0.75

LCy = AT yppeay + Wy » ATy cqp = 17.534
LCy = ATy phont + Wn* AT con = —4.938
LCy:= AT oo+ Wy ATy gp=12.534
LC, = ATy oot + W * AT con =—9.938
LCy:=wyy» ATy pheqs + ATy epp=29.025
LCs:=wyr* ATy pneat + AT con=—35.181
LC5=wyy» ATy jepor + ATy ep=25.275

LC5 =Wy ATMcool + ATN.con =-—38.931



Attachment

C-5 Calculation of creep factor

RH:=0.8
A,.:=8.82 m’
u:=27839.199 mm
fem =53 MPa
ty:="7

t100:= 100 - 365 = 36500

2.4,
hg:= —633.639
umm
MPa)
35
=222 0,748
Sem
MPa\
35
ayi=| 2 .92
fem
MPa\ "
35
0= 701 =0.813
fem

Relative humidity
Cross-sectional area

Free circumference of the cross-section

Age of the concrete at loading (in days)
Age of concrete at 100 years (in days)
Age of concrete after 28 days

The notional size of the member in mm

Coefficients to consider the
influence of the concrete
strength

18
By:i=1.5 (1 +(0.012-RH) ) «hy+250-03=1153.617 Coefficient depending on the

1—RH
Sp=| 14—
0.1-\/h,
16.
ﬁfcm::&:zsos
cm
MPa
1

tozzmmzo.ﬁ%

relative humidity and hO

-al) -, =1.081 Factor to allow for the effect of humidity

on the notional creep coefficient

Factor to allow for the effect of concrete
strength on the notional creep coefficient

Factor to allow for the effect of concrete
strength

Notional creep coefficient

Qo= ¢RH'chm *Byp=1.583

Creep factor after 100 years

0.3
<t100 - to)

Be.100.t0 = ) =0.991
B+ ti00—to

¢t.t0 = ¢0 '/60.100.150 =1.5679

Creep factor after 28 days

<t28 = to)
Buttis—1

Be.2s.10:= ( ) =0.299

Pa8.10°= Po * Be.28.10 = 0.4732



Attachment

C-5

Creep strain
E., =36 GPa

C

E m
—  =14019.466 MPa
1+ 440

A, §=22-2100 mm® =46200 mm”

Ec.eff::

A, =4-2100 mm® =8400 mm?

fp:=1860 MPa

fp0.1%:=1640 MPa,

T pmaw =11 (0.8 f1,0.9 fp4,) = 1476 MPa

P,

m

ar = Ap 0 T mag = 68191.2 kN
Prori=(Ap s+ Ap) * Tpman=80589.6 kN
A,.:=8.82 m’

I, ,:=14.92 m*

Yeog = 2250.8 mm

H:=3.5m

Yp=H -y, =1.249 m

Yp*=Ycog
e;:=1.06 m

€y:=2.06 m

DURING LAUNCHING:
Over support:

M pport npi= 109039 kN -m

Calculation of creep factor

Secant modulus of elasticity of concrete
Effective modulus

Total tendon area - FLANGE

Total tendon area - WEB

Characteristic tensile strength

Characteristic 0.1% proof-stress

Max prestressing force - DURING LAUNCH
Max prestressing force - DURING FINAL
Total concrete area

Second moment of area about x-axis
Height from bottom to CoG

Height of box-girder

Height from top to CoG

Height from bottom to CoG

Eccentricities

Moment due to self-weight

M gpport = —Pmaz £+ €1+ Mgypport np=36756.328 KN -m  Moment due to self-weight +PS
P M 3
gcc,support — mazx.f + support Y —_4.66- 10_4
Ec.eff'Ac Ecm'Ic.a:
Span:

Mspan.NF :=59030 kN m

Mspan = max.f'@Q +MspanNF:_81443'872 kN'm

Moment due to self-weight

Moment due to self-weight +PS



Attachment

C-5

—P

mazx.f

Mspan Yy -

=-8.928.107*
I

Cc.T

E =
cc.span Ec,eff . AC E

.
cm

Mean value

8cc.support + Ecc.span

2
FINAL CONSTRUCTION:
Over support:

€ =—6.794.-107"

cc.mean "~

M

support.NF=959744 kKN -m

M

support =

=P 00 €1+ Mgyport ng=—25680.976 kN -m
P M,

maz support * Yt N

=-7.115.107"
E, oAy Byl

C.T

1>

cc.support =
cm®

Span:

M o npi= 36662 kN -m

My i=—Prne €3+ Mo np=—129352.576 kN -m
_Pmaw Mspan *Us -3
Ererpan = =-1.194.10
Ec.eff'Ac Ecm°Ic.x
Mean value
[ +£
Ecc.mean = cc puppor? e —-9.526-107"

2

Calculation of creep factor

Moment due to self-weight

Moment due to self-weight +PS

Moment due to self-weight

Moment due to self-weight +PS



Attachment _ _
C-6 General calculation of shrincage

CALCULATIONS DONE AFTER ANNEX B IN EUROCODE 2

RH:=0.8 Relative humidity

A,.:=8.82 m? Cross-sectional area

©:=27839.199 mm Free circumference of the cross-section
fer:=45 MPa, Characteristic compressive strength

fem =53 MPa Mean value of concrete compressive strength
t:=28 Age of the concrete at loading (in days)

t,:=100+365=3.65-10" Age of concrete at calculation (in days)

2.-A
hg = ¢ =633.6389 Notonal size of the member in mm
Umm

Brir=1.55 (1—RH") =0.7564

ASSUMING CEMENT CLASS N

Qg =4 Coefficient, depending on cement class
Qg =0.12
€cd0=0.85 | (2204110 ayy) -exp | —a -ﬂ— +107%. By =2.2465-10""
cd.0 dsl ds2 10 MPa RH
B bt 1.0178 100
ds.t.ts*= =1 Years
(t—t,)+0.04-1/hy®
Boyessi= Ll =0 28 days
ds.t.t*— -
(t—t,)+0.04-1/hy’
k;,:=0.70 EC2 Table 3.3 --> for h0>500
it =Buastis* kn* Eego=1.6005-10"" Drying shrinkage strain after 100years
€edt:=Lastt* Kn*€cdgo=0 Drying shrinkage strain after 28 days

Bas.ti=1—exp <—02 . t0'5> =0.653

£

o i=2.5 ok —10{-107°=8.75-10""
‘ MPa
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C-6 General calculation of shrincage

Ecat ::Bas.t *Cra.c0— 5.7134.107°

4
€¢s.100=Ecd.ts t+ Ecar=2.1719+10

€528 =Ecqt T Ecat= 5.7134- 10_5

Autogenous shrinkage strain (100 years)

Total shrinkage strain after 100 years

Total shrinkage strain after 28 days

Calculation of total shrinkage strain after reinforcement is bonded

Gy.10:=1.568
E,:=195 GPa
A,:=(4+22)-1680 mm’ =43680 mm”

N, =€ g100* B+ A,=1849.9133 kN

I,,:=14.92 m*

e,;:=1.06 m e,:=2.06 m
E,. =36 GPa
E
E =—" =(1.4019-10") MPa
cl.100year 1+¢t.t0 ( >
Ep

1, =——0F —=13.91

Ecl.lOOyeaT

Ay=A.+(n,—1)-A,=9.3839 m’

y . (np_l) Ayee
t.support At
—1)A, e
Yy span = (p=1) Ay-es —123.7919 mm

t

Elastic modulus for prestressing steel

Total prestressing area

Second moment of area

Eccentricities

Secant modulus of elasticity of concrete

Transformed cross-secttional area

! —63.6988 mm Distance from transformed CoG to regular CoG

Distance from transformed CoG to regular CoG

It.support = Ic.:L' + <77p = 1> 'Ap * <el - yt.support> = <1'548 -10 13) mm4

2
It.span ::Ic.w+ <np_ 1) 'Ap * <e2 = yt.span> = (17034 = 1013) mm4

It =min <It.support ’It.span> = <1548 -10 13) mm4

N

s 4 Ng- <61 I yt.support)

Support --> use el

2

=2.3971.107*

A‘gp.shrinkage =Ecs.100t

cl.100year * At Ecl.lOOyear -1y



Appendix D

Loss of time-dependent prestressing force

Calculation of loss of prestressing force after EC2
This appendix is divided into the following parts:
D-1: Time-dependent losses for final construction
D-2: Time-dependent losses for launching stages

D-3: Overall effect



Attachment

D-1 Loss of prestressing force
E,,:=36 GPa Secant modulus of elasticity of concrete
®y.40:=1.5679 Creep 100 years

E
E, o= 17’” =14.019 GPa
t.t0

A.:=8.82 m? Concrete area
I,:=14.92 m* Second moment of area
Yeog=2250.8 mm Distance from bottom to CoG
E,=195 GPa Elastic modulus for prestressing steel
A,:=2100 mm” Area pr tendon
n:=26 Total nr of tendons
Aypr=n+A,=54600 mm® Total tendon area

EP
Nshort ‘:E—Cm: 5.417

EP
Miomg = ———=13.909

c.eff

Area of transformed section
At.short ::Ac + <T’short - 1) Atot = (9061 * 106) mm2
At.long ::Ac+ <T’long_ 1> Atot: <9525 7 106> mm2

Eccentricities
e;:==1.06 m €y:=2.06 m

The distance from CoG of the transformed section to CoG of the normal concrete section
is calculated:

Short-term:
—1).A4, ,-€
Yi.5.span = <n$hort > fot 2 54.824 mm

At.short

1 <n8h,o7't_ 1> *Agor* €

yt.s.support =

=28.21 mm
At.short

2
Is.span =T, +A.+ yt.s.span2 + <nshort = 1> R <62 - yt.s.span> =15.916 m’

2
Is.support = Ix +Ac * yt.s.support2 + <775hort — 1) 'Atot ° <€1 = yt.s.support> =15.184 m4



Attachment )
D-1 Loss of prestressing force

Long-term:

<77long i 1) *Agor* €

yt.l.span:: A =152.444 mm

t.long

a <nlong - 1) 'Atot €

1
yt.l.support = A =178.442 mm

t.long

2
Il.span ::Iw +Ac ° yt.l.span2 + <77long = 1) 'Atot ° <€2 = yt.l.span) =17.69 m4

2
4
Il.support ::Ix +Ac = yt.l.support2 + <77long + 1> 'Atot = <€1 = yt.l.support) =15.653 m



Attachment )
D-1 Loss of prestressing force

Creep - FINAL

Moments due to self-weight from NovaFrame:

M

support.NF:: 59108.36 kN'm M

L)

pannFi=35851.8 KN «m
fpr=1860 MPa

fp0.15:= 1640 MPa

O pmaz =11 (0.8 f,0.9 fp014) = (1.476-10°) MPa,

P =Ap* Oy maw=3099.6 kN

p.max

N;:=—P,,,.+n=—80589.6 kN

M, =N+ ey=—166014.576 kN -m

span *

M ppor =N, + €, = —85424.976 kN -m,
Long-term:
Mt.l.span ::Mspan _Nt *Yt.i.span +Mspan.NF =—117877.4 kN -m
o= Ny n Mt.l.span ! <ycog B yt.l.span) —_5.522 MPa
At.long Il.span
g
Ae,=—= =_3.939.10™*
Ec.eff

A(Tpl = Agpl 'Ep: —76.803 MPa

Short-term:

Mt.s.span ::Mspan _Nt * yt.s.span +Mspan.NF =—125744.527 kN -m

N. M . —
ol t + t.s.span <ycog yt.s.span) —_8.455 MPa

c.s
At.short Is.span

g,
Ag,i=—2=-2.349.10""
E

cm

Ao = A€, + E,=-45.799 MPa

ps



Attachment

D-1 Loss of prestressing force
bs (A
M- 100=3.103 Loss due to creep (short term) in %
Up.maw

Total loss due to creep:

Aoy = Aoy + Ao, =—122.602 MPa

abs (Ad,.) .
loss,:=————+100=28.306 Total loss due to creep in %
O-p.mam
Shrinkage

€esr00'=—2.1719.107"

N,:=abs (€45.100) + Agor * B =2312.422 kN

2

N, 4 Ng- <e2 I~ yt.l.span>

A€y shrinkage = Ecs.100 =-1.659-107""
i 9 Ec.eff 'At.long Ec.eff * Il.span
Ao-p.shrink:age = Agp.shrink:age . Ep =—32.359 MPa
abs <Aap shm’nkage> . .
loss;:= ' +100=2.192 Shrinkage loss in %
O p.maz
Relaxation
P1000+=0.025

T pmo=min (0.75 f,;,,0.85 f,0.1;) =1394 MPa

abs (V)
O pii=————==1476 MPa
tot
O’ .
pi=—"=0.794
fpk

Long term: final construction

t100:=100+365:24=8.76-10" 100 years in hours

Ao

a-pi

t100 0.75- (1 —p)

pr -5

= 0.66 « eexp (9.1t «107°|=0.017
P1000 p( % (1000) )



Attachment )
D- 1 Loss of prestressing force

Ao,:=0.017-0,,=25.092 MPa

ag
P .100=1.8 Loss in percentage from force in
I pmo prestressing tendons in %

EC2 states that for relaxation, a reduction factor of 0,8 is to be used

Ao, :
loss,:=—2".100-0.8=1.44 Adjusted loss, EC2 5.10.6(1)
g

pm0



Attachment .

D-2 Loss of prestressing force

Creep - Launching

npi=22 Total nr of tendons - flanges
A, r=npA,=0.046 m? Total tendon area - flanges
Area of transformed section

At‘short.l ::Ac + <778h0rt — 1> Ap.f: (9024 = 106) mm2

At.long.l ::Ac + <77long - 1) Ap.f: <9416 : 106) mm2

Eccentricities
e;:==1.06 m €y:=2.06 m

The distance from CoG of the transformed section to CoG of the normal concrete section
is calculated:

_ <77$hort_ 1> 'Ap.f' e

2
yt.s.span.l = =46.58 mm
At.short.l
Nshort — 1) *Ap pe €y
Yi.s.support.l = < > OTA > P =23.969 mm
t.short.l

2

Is.span.l ::Iw +Ac 9 yt.s.span.l2 + <nshort - 1) 'Ap.f' <€2 - yt.s.span.l) =15.766 m4

2
Is.support.l ::Iw +Ac S yt.s.support.l2 + <nshort = 1> S Ap.f . <61 o yt.s.support.l> =15.144 m4

Moments due to self-weight from NovaFrame:

M =109039 kN -m M g npi=59030 kN -m

support.NF :

Prige'=Ap 0 mae=3099.6 kN

Nt::_P

.
max

ny=—68191.2 kN

M :=N;+e,=—140473.872 kN -m

span *

M

s

upport ::Nt LA 61 = _72282-672 kN m

Mt.s.span ::Mspan _Nt * Yt.s.span.l +Mspan.NF =—78267.505 kN -m

N M . =
ol = t + t.s.span <ycog yt.s.span.l> —_3.386 MPa

c.s
At.short.l Is.span.l

Oc.s -5
Ae, = =-9.405-10

ps

cm



Attachment )
D-2 Loss of prestressing force

Ao = A€+ E,=-18.339 MPa

abs <A0p8>

Up.ma;v

<100=1.242 Loss due to creep (short term) in %

Shrinkage

€psog=D.7134.107°

N, :=abs (€598) *Ap g+ E,=514.72 kN

2
N, n Ng- <62 T yt.l.sp(m)

Ag shrink =& .28+ :6.854'10_5
P i Ec.eff * At.long Ec.eff ¥ Il.span
Aa-p.shrinkage = Agp.shrinkage = Ep =13.365 MPa
abs (Ao -
loss, ;= (Ay strinkage) -100=0.906 Shrinkage loss in %
O'p.max
Relaxation
19g:=28:24 =672 28 days in hours
Ao 0.75- (1 —p)
P = 0.66+py00+€XP|9.1e e | —2 .107°|=0.017
T 1000
Ao ,:=0.017 0, =25.092 MPa
Aoy, . .
.100=1.8 Loss in percentage from force in
T pmo prestressing tendons in %

EC2 states that for relaxation, a reduction factor of 0,8 is to be used

A
loss, = —P".100+0.8 = 1.44 Adjusted loss, EC2 5.10.6(1)

Ume



Attachment .

D-3 Loss of prestressing force
Overall effect from creep, shrinkage and relaxation:
loss, ;. :=loss,.+loss, ;+loss,=10.652 Loss in %

Simplified method for determination of loss of prestress:

o " Ny n Mt.l.span 1 <62 - yt.l.span>
c.QP*—
At.long Il.span

=—19.87 MPa

Ep
€¢s5.100 * Ep +0.8 Ao-pr + E— ° ¢t.t0 -abs (O-C.QP>

ATy osri= i =115.772 MPa EC2 5.10.6(2)
14 Fo A () A (1408 ¢,.4)
] Ac Iw 2 . t.t0
AJP.C.S.T 1
— " .100=28.305 Total loss due to creep, shrinkage and
9 pmo relaxation in %

As the difference between the simplified method and the calculation of the
time-dependent losses is so small, the losses for creep, shrinkage and
relaxation from the time dependent losses are used in the model in NovaFrame.



Appendix E

Verification of model in NovaFrame

Verification calculations are done to ensure correct results from NovaFrame.
This appendix is divided into the following parts:
E-1: Verification of cross-sectional parameters

E-2: Verification of moments due to self-weight



Attachment L
E -1 Verification of results from NovaFrame

Cross-sectional properties (dimmensions from Figure 4.12)

H:=3500 mm

b,:=11225 mm t,:=400 mm A, :=b,-t,=4.49 m’
b,:=5950 mm t,:=400 mm Ay:=b,+t,=2.38 m?
h,:=2700 mm ty:=400 mm Ay:=hy+t;=1.08 m’
hy:=h, t,=t, A i=hy-t,=1.08 m’

A::Al +A2 +A3 +A4:9-03 m2

yAI::H—%:Z’).B m Tyy:=0
ty
yAQ’:?ZO.Q m Ty9:=0
h, by t3
yA3::t2+?:1.75 m wA3==7—?=2-775 m
Yaa:=Ya3 Lag4'=Ta3

((Al . ?JA1> + (Az ’ yAz) + <A3 ’ yA3> + (A4 t ?JA4>>
A

Tepg=5612.5 mm Symmetric cross-section in x-direction

=2.1122 m

ycog =

Moment of inertia about x-axis:

by+t.> 2
I{rA1::<11—21>+A1' <yA1_ycog> =6.3949 m'

2

ImAQ::T+A2' Yeog——| =8.734Lm

t3'h13 2
ImA3::%+A3' <ycog_yA3> =0.7978 m*
IwA4::IwA3

I=T g+ Tpo+ T+ T4, =16.7245 m*



Attachment L
E-1 Verification of results from NovaFrame

Moment of inertia about y-axis:

t,+b,"
I ::%:47.1452 m*

ty+ by’
IyAz::%:mzw m*

2
<h1't33> b2 ts 4
I jqi=m——— L 4+ A,.| ———| =8.3311m
u43 12 Pl 2

IyA4 = IyAB

Ly=I 0+ p0+T 05+1,,,="70.8289 m'



Attachment L
E-2 Verification of results from NovaFrame

Moments from self-weight:

q.:=26 fnjj Concrete self-weight
A.:=8.82 m? Area of concrete cross-section
q:=q.*A.=229.32 %V Distributed load

L:=138 m Total length of bridge
L:=42m Length of span 1

Ly,:=5Tm Length of span 2

L;:=39m Length of span 3

When calculating the moments due to self-weight on the bridge, the moment-distribution
method was used. This is because of the fact that the bridge is statically indeterment

The distribution factor is found by using the stiffness of the bridge.

Distribution factor

Joint Member k 3k DF=k/5k
3Bl 1
g
2-1 L, 14 113 0.504
2 EL_ 4 Zog &1
2-3 L, 57 0.496
4E] 4
— =—EI
3-2 Ly, 57 109 0.477
3 3EI_3 7a1 Bt
3-4 Ly 39 0.523

Fixed-end moments are calculated to be distributed:

2

L

FEM, 5:=—2"1 = _33710.04 kN-m FEM, ,:=—FEM, ,
q-Ly’

FEM, 3= —————=—62088.39 kN -m FEM, ,:=—FEM, ,
q-Ls’

FEMj =~ =-29066.31 kN -m FEM, ,:=—FEM,,




Attachment L
E-2 Verification of results from NovaFrame

The distribution of moments are done in Excel, and are shown in the table below:

SUPPORT 1 2 ]

Distribution factor 0.504 0.496 0.477 0,523
FEM -33710 33710 -G20BE B2088 -29066
Release+canmy ower 33710 16855 -14533
Internal moments 0 50565 -G2088 62038 -43599
Distribution 5807.592 5715408 -B819.253 -96659. 747
Internal moments -4409,.6265 2857.704

Distribution 222245176 2187.17474 " -1363.1248) -1484.5792
Internal moments -HE1. 5624 1093 58737

Distribution 343.507452] 338054552 " 52164118 -571.9452
Internal moments -260.82059 169027476

Distribution 131.453576] 129.367012 " 50626106 -88.40137
Internal moments -40.313053 B4.6835059

Distribution 20.31.’-’??&?r 199952743 i -30. 834032 -33.829474
Internal moments -15.427016 9.99763716

Distribution 777521614 7.65180001 " .4.7688729| -5.2287642
Internal moments 0 -2,3844365 382550001

Distribution 120175558 1.18268049 -1.8249543| -2.0009457
TOTAL 1] 5'!0!9.2'!‘!-5[ -59099.3 55464 7329| -55464.733
M,:=0 kN-m M, 5:=—59099.3 kN -m M, ,:=—55464.7 kN -m
M, :=59099.3 kN -m M 5:=55464.7 kN -m M,:=0

Reactions forces are calculated to find the maximum moments in span:

The reaction forces are found by looking at each fied element seperately

Span 1-2:
By taking the moment about support 1, the formula for R(2-1) is found:
L2
M, + chint
Ry i=—————=6222.8462 kN
1

Sum of all forces=0 gives:

Rl =q- L1 _R2.1 = 3408-5938 kN

Span 2-3:
By taking the moment about support 1, the formula for R(2-1) is found:
L2
—My  + M55+ 7 22
Ry, = =6471.8551 kN
L2

Sum of all forces=0 gives:

R2‘2 =q- L2 _R3.l =6599.3849 kN



Attachment

E -2 Verification of results from NovaFrame
Span 3-4:
By taking the moment about support 1, the formula for R(2-1) is found:
o L.2
_M3.2+q_3_
R,:= =3049.5682 kN
L3

Sum of all forces=0 gives:

Ry,:=q-L;—R,=5893.9118 kN

Total reactions:

R,:=R,=3408593.8095 N Ry:=R;,+R;,=12365.7669 kN
R,:=R, ,+R,,=12822.2311 kN R,:=R,=3049568.2051 N
Control to check that reactions are correct: R=g*L?

R,+R,+Rs+R,=31646.16 kN = q-L=31646.16 kN OK!

Moments in span

Max moment are found in the following distances (from support 1)
Ti9:=10m

Ty3:=7T1 M

T3 4:=125 M

<q . C191.22 )
M, 5:= s +R, -1, 5,=25330.4071 kN-m

+R; 2y 3+ Ry« (T 3—L;) =35853.8025 kN -m

2
M, = (q' (L_2933.4> ) +R,+ (L—3,)=20266.8467 kN -m



Appendix F

Design for launching stages

This appendix is divided into the following parts:
F-1: ULS — Ultimate moment capacity
F-2: ULS — Shear resistance

F-3: SLS — Analysis of cracked section



Attachment

F-1

Design for ULS - Construction stages

Cross-sectional properties

11225

h:=3500 mm
heog=2250.8 mm
bop:=11225 mm
tyop =400 mm

byottom :=4950 mm

0.9m-0.45m+0.25 m-

900 ,, 1032
| - 230 4950 ]

Height of box-girder
Distance from bottom to CoG
Width of top flange
Thickness of top flange

Width of bottom flange

0.45 m—0.28 m
2

+1.032 m-0.28 m

Lyottom =
tbottom =327.78 mm
t’web =400 mm

Concrete properties
fck = 45 MPa

0 i=0.85

v.:=1.5

&:25.5 MPa

c

fcd =t
fetm=3.8 MPa

Steel properties

0.9m+0.25m+1.032m

Average thickness of bottom flange

Thickness of web

Characteristic compressive strength
Factor

Safety factor

Design value of compressive strength

Mean value of axial tensile strength

fyx:=500 MPa Characteristic yield strength
v,:=1.15 Safety factor

fyk kg . .
fyai="2"=434782608.7 Design yield strength

Vs m-s



Attachment

F-1 Design for ULS - Construction stages

Prestressing tendon
A, :=2100 mm®

A op=14-A,=0.0294 m*

p.top :

Ap bottom = 8+A,=0.0168 m?

for 1= 1860 MPa
Foo1x:= 1640 MPa

E,:=195 GPa

Fro.
Fra=" = 1426.09 MPa

S

Setk.0.05=2.7T MPa,

@duct =80 mm

Capacity pr cable:

trp=T00 — T —796.56 mm
cos (15.54 deg)

@ duct

dgyer ' =h—150 mm — =331m

Area pr tendon

Total area of tendons in bottom flange
Total area of tendons in top flange
Characteristic tensile strength
Characteristic 0.1% proof-stress

Elastic modulus

Outer diameter of duct

Horizontal measurement of flange

Distance from top/bottom to center duct



Attachment ] .
F- 1 Design for ULS - Construction stages

ULTIMATE MOMENT CAPACITY

€qy1=0.0035 Ultimate compressive strain

T pmo=min, (0.85 f;.,0.85 f,0 ;) = 1394000000 g - Stress in tendon immediately after post-
mis tensioning
The following values are represented in Figure 5.4

g
e =" _0.01
E

Jpa
Ae =" g =0
4 Ep p0
€
Qpi=—— 2 =0.74
Ae, +e,,

Moment capacity at support

A,p=0.8- Jaa 0 * byoriom * uer = 0.17 m* A,<A,, ->under-reinforced

pd

f pd * Ap.top

o= =0.13
0.8 fcd ° bbottom ! dduct

Mg qupport i=0-8+ fug® @+ byppion + (1= 0.4 - ) - dyg,,.,> =131814.99 kN -m Moment capacity

Largest moment is found in support 2
My, =145993 kN -m
Mg red support = 0.9+ My =131393.7 kN -m

Checking if:
Mg support <M reasuppore. OK! There is no need for extra reinforcement
Moment capacity at mid-span

fad

pd

Appi=0.8-—= by dyyy =0.393 m? A,<A, ->under-reinforced

fpd ° Ap.bottom

= =0.03
0.8 fcd ¢ btop ? dduct

Mpg pan =08+ fog= 0+ by s (1= 0.4 ) - dgy,” =78299.18 kN -m Moment capacity

Largest moment is found in span2-3
Mg span*=92561 kN +m

Mpg pan <Mpq Not OK! There is a need for extra reinforcement



Attachment .
F-1 Design for ULS - Construction stages

Reinforcement at span

Cnom.LF =150 mm

_ MEd.span T MRd.span

= =10380.44 mm?
fyd r <dduct — Cnom.LF)

st

Using @25 for reinforcement

30 mm

Agos ::71'-( ) =706.86 mm”®

A,
=14.69
Apgs

n:=

n:=15
bbottom

Spacing :=——— =330 mm
n

A’ =T« Ayys =4948.01 mm”®



Attachment

F-2 Design for ULS - Construction stages
SHEAR RESISTANCE

Vg i=8138 kN Design shear forcce
Vgdred:=0.9+Vyy=7324.2 kN Reduced design shear force

A, =22+ A,=46200 mm’ Total tendon area

A,=8.82m’ Concrete area

Determination of design shear capacity

2
k::lﬂlmzl.% k<20 OK!
dduct

b,=2-1 800 mm

web —

A
pyi= bif': 0.02

w * Cduct

k;:=0.15
k,:=0.18

ks
Chrge=—-=0.12

c

T pmaz =M (0.8 fi, 0.9 fi011) = 1476 MPa

Praai=Ap* O p an =68191.2 kN
P:=P,,. +0.75=51143.4 kN
acp:zA—S:as MPa 0.,<02f, =5.1MPa OK!

C

Umin *

i 0.5
:0.035-k[2]-(]\;;§ ) —0.33
a

0

Je
- *MPa + kl = o-cp < bw < dduct ’ <vmin +MPa + kl - o-cp> * bw = dduct

Veic.i=max ||Cry.k+|100 p; -+
Rd.c Rd.c ( P1 MPa

Vo= 3998.3 kN
VEd > VRd.C -> NOT OK!

It is required to calculate the required design shear reinforcement



Attachment

F-2

Design for ULS - Construction stages

Determination of shear force capacity

g
P —1.23
fcd

acw::1+

During launching there are no ducts in the web of the cross-section, and therefore

bw.nom = tweb and bnom = bw

0,i=0,,=5.8 MPa
fetk.0.0s=2.7 MPa

EC2 NAG6.2.3 states that for o,> f.;10.05
1<cotf<1.25 Thus,
0,100 =45 deg

6,in i=38.66 deg

2:=0.9 dy=2.98 m

EC2 Cl. 6.2.3(6)

cote is found to be within the following interval

Inner leaver arm, EC2 CI.6.2.3(1)

v,:=0.6 EC2 (6.10.aN)
b ezev..
Vit i nom 20 et o3 EC2 Cl. 6.2.3(3)
tan <9maz> +cot <9maz>
b ol
V i ma 25 1= — e 2 Jea__51831.47 kN
tan <9mm> + cot (9m,;n>

ASV,., ... IS larger than the design
shear force, the required shear
reinforcement may be calculated

VRd‘maw =min (VRd‘maw‘l ’ VRd"’n(L.’L‘.l.?S) =21831.47 kN

Determination of shear reinforcement

fyk

S

Fywa=—L-=434.78 MPa

Using @12 for shear reinforcement

Oy

2
D5:=15 mm Agip=Tre (_2_) =176.71 mm*®

Using 8*@12 bars:

n:=8 Ay, =neAy,=1413.72 mm”®
Asw *Z 'fywd - cot <9maz>
S§:i= : =250 mm
VEd.red

80125250 is the required shear reinforcement



Attachment Design for SLS - Construction stages

F-3

Cross-sectional properties
H:=3.5m

Peog:=2.2508 m

A.:=8.82 m?

I,,:=14.92 m"

Concrete properties
feri=45 MPa

fetm:=3.8 MPa

E_, =36 GPa
Prestressing tendon
A,:=22-2100 mm® =0.046 m’
D guet =80 mm

Jpi:=1860 MPa
Jpo.1r=1640 MPa
E,:=195 GPa

Up.maa: °

Height of box-girder
Height from bottom of cross-section to CoG
Concrete area of box-girder

Second moment of area about x-axis

Characteristic strength of concrete

Mean value of axial tensile strength of concrete

Secant modulus of elasticity of concrete

Total tendon area (top and bottom)

Outer diameter of duct

Char. tensile strength of prestressing steel
0.1% proof-stress of prestressing steel

Modulus of elasticity for prestressing steel

=min (0.8 fi, 0.9 fp.1,) = 1476 MPa

T pmo=min (0.75 f,;.,0.85 f,0.1;) =1394 MPa

Prestressing force
Praei=A, 0 man =68191.2 kN

p.max

0.95+« fp0.15 A, =71979.6 kN

P,:=P

maxr

-0.75=51143.4 kN

P,

m

0::Ap-apm0:64402.8 kN
P:=P,,

PO ::Pmaa:



Attachment

F-3

ANALYSIS OF CRACKED SECTION

Yb.cogi=2250.8 mm

yt.cog i=H — yb‘cog =1249.2 mm

I .
Zy=—"2 =(1.194-10") mm?
yt.cog

I
Zy=—"2 = (6.629-10°) mm®

yb.cog
e;:=1.06 m
€y:=2.06 m

Transformed cross-section

E
M,=—2=5.417
E

cm

Ay=A+ (n,—1) A,=9.024 m’

= (Up—1> Ap-ea =46.58 mm

yspan:_
t
n T 1 A * 61
ysupport = < £ ) P =23.969 mm
t
yt.span.cog = yt.cog + yspan =1295.78 mm
=2204.22 mm

yb.span.cog = yb.cog — yspan
yt.support.cog = yt.cog

yb.suppcn“t.cog = yb.cog

Design for SLS - Construction stages

Distance from bottom to cog
Distance from top to cog

Resistance-moment in top

Resistance moment in bottom
Distance from upper prestress to CoG

Distance from lower prestress to CoG

Modular ratio of prestressing steel
Transformed cross-section

Distance from transformed CoG to regular CoG

Distance from transformed CoG to regular CoG

Distance from top to transformed CoG (Span)

Distance from bottom to transformed CoG (Span)
— Ysupport = 1225.231 marDistance from top to transformed CoG (Sup.)

+ Ysupport = 2274.769 mmbistance from bottom to transformed CoG (Sup.)

2
It.span::Ic.m+Ac 3 yspan2 + <77p = 1> Ap . (62 — ysp,m> =15.766 m4

2
2 4
It.support i= Ic.:z +Ac * ysupport + <77p T= 1> Ap * <€1 i ysupport> =15.144 m

I
| t.span 3
Wi pan = =12.167 m
t.span.cog
I
L t.span 3
W span = " _—7.153m
b.span.cog
a It.support -12.36 3
Wt.support =T =12.36 m
yt.support.cog
W, A It.support —6.657 3
b.support == m

b.support.cog



Attachment

F-3

Design for SLS - Construction stages

Allowable stresses

O o t.aliow =S etm Allowable stress in tension zone
Te.c.atiow'=—(0-6 fo)=—27 MPa Allowable stress in compression zone
Bending stresses at support at transfer (Model 62)

(Statically determinate)

My support:=109039 kN -m Moment due to self-weight

PO PO 1 <61 ) ysupport> ) yt.support.cog + MO.support O

Otot =—4.451 MPa < -27 MPa --> OK!
: A,

I t.support Wt.support

Ty 0= ZO + PO' <61 _ysupport> 'yb.support.cog _ MO.support —_13.323 MPa< -27 MPa --> OK!
t

I t.support Wb‘support

Bending stresses at mid-span at transfer (Model 92):
(Statically indeterminate)
M span=59030 kN -m Moment due to self-weight

Finding moment-diagram for statically indeterminate system:
The secondary moment is found as following. Formulas from "Stdlkonstruksjoner"[19] are
used to determine the deflections and moments. In the calculations L is set as following:

Ll ::42 m
Ly:=57Tm
L:=L,+L,
M, = Pe Primary moment
5 Pel?® Deflection due to primary moment
" Els

As illustrated in Figure 5.10, one support is removed, and an imaginary force F is placed at
the point of the support that will create a negative deflection.

FLiL; 266 Secondary moment
1= =——m=F
L 11
1 PL{ Ly Lq z F Deflection due to the secondary
§y=——|3—-4 (—) = 19553,625m? —
48 EI L L El moment

This deflection should be equal to the deflection from the primary moment to ensure no
deflection at the point of the removed support. From setting these deflections equal to each
other, the magnitude of the force F is found.



Attachment

F-3

Design for SLS - Construction stages

F Pel”
§; = 8 = 19553,625m° — = ——
EI EI8
Pe (Ly+Ly)* Imposed imaginary force
8 19553,635m°

By inserting this in the formula for M, the secondary moment is found expressed by Pe.

266 Pe (L;+ L;)* Secondary moment
My = —m*—(‘—z}f 1,515Pe
11 & 19553,635m

The total moment is found by subtracting the secondary moment from the primary
moment.

Thus, the stresses are determined as following:

_PO n PO it <e2 . yspan> * Yt.span.cog | 1.515 PO * (62 - yspan> * Yt .span.cog . MO.span

Ot0'=
A,

It‘span It.span Wt.span

o,,=—18.219 MPa < -27 MPa --> OK

_PO . PO T <e2 1 yspan) * Yb.span.cog 4 1.515 PO Y <62 - yspan) * Yt.span.cog n MO.span

Op.0'= A
t

It.span It.span Wb.span
op0=—1.404 MPa < -27 MPa --> OK!

The stresses due to prestressing do not exceed the allowable stresses, and the
cross-section can therefore be considered un-cracked.



Appendix G

Design of final construction

This appendix is divided into the following parts:

G-1: ULS — Ultimate moment capacity

G2: ULS — Shear resistance

G-3: SLS — Stresses at transfer

G-4: SLS — Stresses due to characteristic load combination
G-5: SLS — Stresses due to quasi-permanent load combination

G-6: SLS — Deflection control



Attachment ] _ _
G-1 Design for ULS - Final construction

Cross-sectional properties

11225

L — —
l J_L\r_u_é-_:t_A_C_li__.

4950 J
h:= 3500 mm Height of box-girder
Repgi=2250.8 mm Distance from bottom to CoG
biop=11225 mm Width of top flange
top =400 mm Thickness of top flange
bottom = 4950 mm Width of bottom flange

0.45 m—0.28 m
2

0.9m-0.45m+0.25 m- +1.032 m-0.28 m

t =

boysom 0.9m+0.25 m+1.032 m

thottom = 327.777 mm Average thickness of bottom flange
t ey =400 mm Thickness of web

Concrete properties

fue:=45 MPa, Characteristic compressive strength
0, =0.85 Factor

Y.:=1.5 Safety factor

feai= acc-&:25.5 MPa Design value of compressive strength
Fotm=3.8 MPa Mean value of axial tensile strength

Steel properties

fyx:=500 MPa Characteristic yield strength
v,:=1.15 Safety factor
Frat= Tk _ (4.348-10%) Pa Design vyield strength

Vs



Attachment

G-1 Design for ULS - Final construction

Prestressing tendon
A, :=2100 mm®

Ap bottom = 8+A4,=0.0168 m?

A, op=14-A,=0.0294 m*

Ay epi=4+A,=0.008 m*
fox:=1860 MPa
fp0.1%= 1640 MPa,

E,=195 GPa

pr‘lk

fpai= =(1.426-10%) MPa

S

fetk.0.05=2.T MPa

D guer =80 mm

C’nom.UF =150 mm

Cnom.LF = Cnom.UF

dduct ::h_Cnom.UF_ 5 —=3.31m

Area pr tendon

Total area of tendons in bottom flange
Total area of tendons in top flange
Total area of tendons in web
Characteristic tensile strength
Characteristic 0.1% proof-stress

Elastic modulus

Outer diameter of duct
Nomial cover upper flange
Nomial cover lower flange

Distance from top/bottom to center duct



Attachment ] _ _
G-1 Design for ULS - Final construction

ULTIMATE MOMENT CAPACITY
€,,:=0.0035

T o= min. (0.85 1., 0.85 f,015) = (1.394+10°) Pa
loss;5:=0.15

£

g,
pm0
=———=0.007
PO E

p

A€ 55, :=0.15 €, =0.00107

€ 0= Epp — A&}y =0.006

f
Ae,=" e 1=0.001
p
&
Qyi=—— =0.739
Ae, +e,,

Moment capacity at mid-span

fad L
A,p=0.8- n A+ byop* Ay =0.393 m* A, <A, under-reinforced
pd

* A 0 om+A we
o= fpd ( p-bott L b) =0.047

0.8 fcd * btop ¢ dduct
Mpg pan=0.8+fogs 0+ by + (1= 0.4 )« dy,.;” =116696.778 kN -m.
Largest moment is found in span2-3
Mg span = 148654 kN +m
My span <Mpd.span NOT OK! There is a need for extra reinforcement in span

Reinforcement at span

Cnom.LF =95 mm

M, S un_M span
A =20 fdspan_ _ (2.286-10") mm?

i fyd r (dduct — CnomLF)

Using @25 for reinforcement

2
30
Agys =1 (%) =706.858 mm

S

n:= =32.343
25
n:=33
. bbottom
Spacing := =150 mm

A =T+ Agy; = (4.948.10°) mm?



Attachment ) ] _
G-1 Design for ULS - Final construction

Moment capacity at support

Ayy=0.8- Jea A * boottom * Aguet = 0.173 m? A, <A, under-reinforced
pd
(A top+ A we
_ Fo Apiopt Apwr) 16

0.8- fcd ° bbottom ! dduct

Mg cupport = 0.8+ fug 0+ bygtiom + (1= 0.4+ @) « dgey” = 166918.487 kN -m

Largest moment is found at support 2

A, =0.0294 m>

p.top

MEd.suppOTt :=132303 kKN -m
MEd'TEd~3uPp0Tt ::MEd.SuppO'rt «0.9=119072.7 kN -m,
Checking if:

Mg support > Mg red support OK! No need for extra reinforcement



Attachment ) ] _
G-2 Design for ULS - Final construction

SHEAR RESISTANCE
V= 14053 kN
Vidredi= 0.9V, =12647.7 kN

A =22.A,=(4.62-10") mm’ Total tendon are (top and bottom flange)

p.flange *

Ay ey =4+A,=(8.4-10°) mm?

p.wel

A=A + A, e = 54600 mm®

p.flange

A.=8.82m’

Determination of design shear capacity

2
kel 200™mM o6 k<20 OK!

duct

by =21, =800 mm

web —
A
pi=——2 =7.931.10""
bw ° dduﬁt

k,:=0.15
ky:=0.18

ks
Craei=—=0.12

c

T pmaz =m0 (0.8 fy.,0.9 fho.11,) = 1476 MPa

P,

= A e0 = 80589.6 kKN

p.tot * Y p.max

095+ f 0.1 * Ap 1oy = 85066.8 kN

P,;:=P,,,.-0.75=60442.2 kN

ST maxr

S

P
T, i= =6.853 MPa
A

cp
c

3

=0.035- k[;] . (]vﬁja )0‘5 =0.326

Umin

5

k
. ) 'MPa+kl'Jcp by At » <Umin°MPa’+kl 'O-cp> by diyer

f
Viegei=max||Cpry.+k+|100 p; -
Rd.c Rd.c ( P1 MPa

V .. = 3586.466 kN

Vea>Veae -> NOT OK! Itis required to calculate the required design shear
reinforcement



Attachment

G-2

Design for ULS - Final construction

Determination of shear force capacity

Tep

Qo =14+ =1.269

cd

During launching there are no ducts in the web of the cross-section, and therefore

tweb and bnom = bw

buy.nom =
oy=0,,=6.853 MPa

Jetk.0.05=2.7T MPa

EC2 NA6.2.3 states that for o,> f..0.05
1<cotf<1.25 Thus,
0nae =45 deg 0,,in = 38.66 deg

2:=0.9 dyy; =2.979 m

v,:=0.6

acw'bnmn'z'vl'fcd

VRd.mam.l =

Ay bnom'z° U1 'fcd

tan (Qmm> +cot (gmin>

VRd‘maw‘l.ZS =

VRdJnaw =man (VRd‘ma:z‘l ’ VRdJnaz,l.25> =22566.862 kN

Determination of shear reinforcement

Toe _ 434.783 MPa,

S

fywd i=

Using @12 for shear reinforcement

d,,:=15mm B

Using 12*@12 bars:

n:=12

gom A2 Fywa® €08 (Ounas) _ 217.162 mm

VEd.red

=23130.999 kN

EC2 Cl. 6.2.3(6)

cote is found to be within the following interval

Inner leaver arm, EC2 CI.6.2.3(1)

EC2 (6.10.aN)

EC2 Cl. 6.2.3(3)

=22566.862 kN

As VRd,maw
shear force, the required shear
reinforcement may be calculated

Q 2
Agiap=Tre (_2—) =176.715 mm”

Agy=neAg,=(2.121-10%) mm?

120125220 is the required shear reinforcement

is larger than the design



G-3

Stresses in top and bottom for TRANSFER

STRESSES DUE TO PRESTRESS AND SELF-WEIGHT

Description:

This listing consists of calculated elastic stresses for the upper face

and the lower face of the cross-section associatied with the selected elements.
Upper and lower face are defined by using the SECTFACE command.

Sort. Element X/L: Upper Lower
Line No: No:
300 3 0 -6.944 -8.769
300 3 1 -7.089 -8.669
300 4 0 -7.089 -8.669
300 4 1 -7.213 -8.615
300 5 0 -7.213 -8.615
300 5 1 -7.315 -8.604
300 6 0 -7.315 -8.605
300 6 1 -7.399 -8.635
300 7 0 -7.399 -8.635
300 7 1 -7.464 -8.704
300 8 0 -7.464 -8.705
300 8 1 -7.514 -8.809
300 9 0 -7.514 -8.81
300 9 1 -7.548 -8.947
300 10 0 -7.548 -8.948
300 10 1 -7.57 -9.115
300 11 0 -7.57 -9.116
300 11 1 -7.58 -9.31
300 12 0 -7.58 -9.311
300 12 1 -7.581 -9.529
300 13 0 -7.581 -9.53
300 13 1 -7.574 -9.769
300 14 0 -7.574 -9.769
300 14 1 -7.566 -9.97
300 15 0 -7.566 -9.971
300 15 1 -7.562 -10.121
300 16 0 -7.562 -10.121
300 16 1 -7.455 -10.144
300 17 0 -7.455 -10.145
300 17 1 -7.338 -10.148
300 18 0 -7.338 -10.148
300 18 1 -7.226 -10.143
300 19 0 -7.226 -10.144
300 19 1 -7.119 -10.127
300 20 0 -7.104 -10.155
300 20 1 -7.036 -10.049
300 21 0 -7.036 -10.049
300 21 1 -6.968 -9.964
300 22 0 -6.968 -9.964
300 22 1 -6.901 -9.878
300 23 0 -6.901 -9.878


228221
Utheving


300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300

23
24
24
25
25
26
26
27
27
28
28
29
29
30
30
31
31
32
32
33
33
34
34
35
35
36
36
37
37
38
38
39
39
40
40
41
41
42
42
43
43
44
44
45
45
46
46
47
47
48
48

P OFrRPRORFRORORORORFRORFRORORORORPROROROROROROROROROROROROROROHR

-6.833
-6.833
-6.762
-6.762
-6.686
-6.686
-6.605
-6.605
-6.515
-6.515
-6.417
-6.417
-6.307
-6.307
-6.185
-6.185
-6.049
-6.049
-5.899
-5.899
-5.732
-5.732
-5.547
-5.547
-5.343
-5.343

-5.12

-5.12
-4.876
-4.876
-4.609
-4.609
-4.319
-4.599
-3.966
-3.965
-3.477
-3.477
-3.018
-3.018
-2.538
-2.539
-1.979
-2.036
-2.419
-2.417
-2.754
-2.753
-3.074
-3.074
-3.401

-9.795
-9.794
-9.718
-9.717
-9.65
-9.649
-9.594
-9.594
-9.555
-9.554
-9.533
-9.533
-9.533
-9.533
-9.557
-9.556
-9.607
-9.607
-9.686
-9.686
-9.796
-9.796
-9.94
-9.94
-10.119
-10.119
-10.337
-10.336
-10.594
-10.593
-10.892
-10.892
-11.235
-10.773
-11.504
-11.504
-12.156
-12.156
-12.786
-12.786
-13.464
-13.464
-14.263
-14.168
-13.096
-13.097
-12.237
-12.237
-11.47
-11.471
-10.674


228221
Utheving


300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300

49
49
50
50
51
51
52
52
53
53
54
54
55
55
56
56
57
57
58
58
59
59
60
60
61
61
62
62
63
63
64
64
65
65
66
66
67
67
68
68
69
69
70
70
71
71
72
72
73
73
74

ocPrroproroproroproroproProroProroOroOoOPrPORPOPORPOPRPOPRPOPOPRPOPRPOPRFP, O, ORDO

-3.32
-3.631
-3.631
-3.934
-3.934
-4.218
-4.218
-4.482
-4.482
-4.727
-4.727
-4.954
-4.954
-5.164
-5.164
-5.357
-5.357
-5.533
-5.533
-5.694
-5.694
-5.839
-5.839
-5.969
-5.969
-6.085
-6.084
-6.186
-6.186
-6.274
-6.274
-6.348
-6.348

-6.41

-6.41
-6.454
-6.454
-6.485
-6.485
-6.504
-6.504
-6.512
-6.512

-6.51

-6.51
-6.496
-6.489
-6.568
-6.568
-6.637
-6.637

-10.81
-10.048
-10.048

-9.328

-9.328

-8.644

-8.644

-7.996

-7.996

-7.381

-7.382

-6.8
-6.8

-6.251

-6.251

-5.733

-5.733

-5.246

-5.246

-4.787

-4.787

-4.357

-4.357

-3.954

-3.955

-3.578

-3.578

-3.227

-3.228

-2.902

-2.902

-2.6
-2.6

-2.321

-2.321

-2.059

-2.059

-1.818

-1.818

-1.598

-1.598

-1.399

-1.399

-1.221

-1.221

-1.062

-1.073

-1.118

-1.118

-1.179

-1.179



300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300

74
75
75
76
76
77
77
78
78
79
79
80
80
81
81
82
82
83
83
84
84
85
85
86
86
87
87
88
88
89
89
90
90
91
91
92
92
93
93
94
94
95
95
96
96
97
97
98
98
99
99

P OFrRORFRORORORORORFRORFROROROROROROROROROROROROROROROROROR

-6.695
-6.695
-6.742
-6.742
-6.778
-6.778
-6.802
-6.802
-6.809
-6.809
-6.803
-6.803
-6.784
-6.784
-6.752
-6.752
-6.707
-6.707
-6.647
-6.647
-6.573
-6.573
-6.484
-6.484
-6.38
-6.38
-6.259
-6.259
-6.123
-6.123
-5.969
-5.969
-5.797
-5.797
-5.608
-5.608
-5.4
-5.4
-5.173
-5.173
-4.926
-5.121
-4.791
-4.791
-4.421
-4.421
-4.06
-4.06
-3.69
-3.69
-3.301

-1.26
-1.26
-1.36
-1.36
-1.481
-1.481
-1.622
-1.622
-1.779
-1.779
-1.958
-1.958
-2.16
-2.16
-2.386
-2.386
-2.637
-2.637
-2.913
-2.913
-3.216
-3.216
-3.546
-3.545
-3.903
-3.903
-4.29
-4.29
-4.707
-4.707
-5.155
-5.155
-5.635
-5.635
-6.148
-6.148
-6.695
-6.695
-7.278
-7.278
-7.897
-7.572
-8.525
-8.525
-9.397
-9.397
-10.242
-10.241
-11.091
-11.09
-11.978


228221
Utheving


300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300

100
100
101
101
102
102
103
103
104
104
105
105
106
106
107
107
108
108
109
109
110
110
111
111
112
112
113
113
114
114
115
115
116
116
117
117
118
118
119
119
120
120
121
121
122
122
123
123
124
124
125

o cr—rpropProroproroproproproProroProroOroOoOPrPOoORPOPORPOPORPOPRPOPRPORPOPRFP,OPRL,ORDO

-3.302
-2.883
-2.884
-2.417
-1.806
-2.453
-2.451
-2.902
-2.902
-3.278
-3.278
-3.689
-3.597
-3.921
-3.921
-4.189
-4.189
-4.434
-4.434
-4.657
-4.657
-4.858
-4.858
-5.038
-5.038
-5.199
-5.199
-5.342
-5.342
-5.467
-5.467
-5.576
-5.576

-5.67

-5.67

-5.75

-5.75
-5.817
-5.817
-5.873
-5.873
-5.919
-5.919
-5.956
-5.956
-5.987
-5.987
-6.011
-6.011
-6.032
-6.032

-11.978
-12.937
-12.936
-13.999
-13.287
-12.432
-12.432
-11.829
-11.829
-11.341
-11.341
-10.84
-10.98
-10.639
-10.639
-10.337
-10.337
-10.078
-10.078
-9.862
-9.862
-9.686
-9.686
-9.549
-9.549
-9.448
-9.448
-9.383
-9.383
-9.35
-9.35
-9.348
-9.349
-9.375
-9.376
-9.429
-9.43
-9.507
-9.508
-9.607
-9.608
-9.726
-9.727
-9.862
-9.863
-10.013
-10.013
-10.174
-10.174
-10.344
-10.344


228221
Utheving

228221
Utheving


300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300

125
126
126
127
127
128
128
129
129
130
130
131
131
132
132
133
133
134
134
135
135
136
136
137
137
138
138
139
139
140
140

P OFRPRORFRORORORORORFROROROROROROROLEROLR

-6.05

-6.05
-6.068
-6.055
-6.094
-6.094
-6.056
-6.056
-6.043
-6.044
-6.058
-6.058
-6.095
-6.095
-6.138
-6.138
-6.183
-6.183
-6.227
-6.227
-6.266
-6.266
-6.296
-6.296
-6.314
-6.315
-6.318
-6.318
-6.304
-6.305

-6.27

-10.519
-10.52
-10.697
-10.721
-10.855
-10.854
-10.794
-10.793
-10.688
-10.687
-10.486
-10.485
-10.181
-10.18
-9.873
-9.872
-9.57
-9.569
-9.277
-9.276
-9.002
-9.002
-8.751
-8.751
-8.53
-8.529
-8.343
-8.343
-8.197
-8.196
-8.095



G-4

Stresses due to characteristic load combination

Description:

This listing consists of calculated elastic stresses for the upper face

and the lower face of the cross-section associatied with the selected elements.
Upper and lower face are defined by using the SECTFACE command.

Sort. Element X/L: Upper Lower
Line No: No: Min: Min:
102 3 0 -12.365 -14.19
102 3 1 -12.513  -14.087
102 4 0 -12.513  -14.087
102 4 1 -12.638 -14.029
102 5 0 -12.638 -14.03
102 5 1 -12.743  -14.016
102 6 0 -12.742  -14.016
102 6 1 -12.828 -14.044
102 7 0 -12.827  -14.045
102 7 1 -12.895 -14.111
102 8 0 -12.895 -14.111
102 8 1 -12.945  -14.214
102 9 0 -12.945  -14.214
102 9 1 -12.981 -14.349
102 10 0 -12.981 -14.35
102 10 1 -13.004 -14.516
102 11 0 -13.004 -14.516
102 11 1 -13.015 -14.709
102 12 0 -13.015 -14.71
102 12 1 -13.016  -14.927
102 13 0 -13.016 -14.928
102 13 1 -13.01 -15.166
102 14 0 -13.01 -15.166
102 14 1 -13.002 -15.366
102 15 0 -13.002  -15.367
102 15 1 -12.999 -15.516
102 16 0 -12.999 -15.517
102 16 1 -12.892  -15.539
102 17 0 -12.892 -15.54
102 17 1 -12.776  -15.543
102 18 0 -12.776  -15.544
102 18 1 -12.664  -15.539
102 19 0 -12.663  -15.539
102 19 1 -12.557  -15.523
102 20 0 -12.541  -15.551
102 20 1 -12.473  -15.446
102 21 0 -12.473  -15.445
102 21 1 -12.405 -15.361
102 22 0 -12.405 -15.361
102 22 1 -12.337  -15.277


228221
Utheving


102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102

23
23
24
24
25
25
26
26
27
27
28
28
29
29
30
30
31
31
32
32
33
33
34
34
35
35
36
36
37
37
38
38
39
39
40
40
41
41
42
42
43
43
44
44
45
45
46
46
47
47
48

ocProproroproroproproproProrororoOroOoOPrPOoORPOPRPORPORPORPOPRPOPRPOPRPOPRP, O, ORDO

-12.337
-12.268
-12.268
-12.196
-12.196
-12.12
-12.12
-12.037
-12.037
-11.946
-11.946
-11.846
-11.846
-11.735
-11.735
-11.611
-11.611
-11.474
-11.474
-11.321
-11.321
-11.152
-11.152
-10.965
-10.965
-10.759
-10.759
-10.534
-10.534
-10.286
-10.287
-10.017
-10.017
-9.724
-10.005
-9.368
-9.368
-8.876
-8.876
-8.414
-8.414
-7.931
-7.931
-7.368
-7.425
-7.811
-7.81
-8.15
-8.15
-8.474
-8.474

-15.276
-15.195
-15.195
-15.119
-15.119
-15.054
-15.053
-15

-15
-14.963
-14.962
-14.944
-14.944
-14.947
-14.947
-14.974
-14.973
-15.028
-15.027
-15.11
-15.11
-15.224
-15.224
-15.372
-15.372
-15.556
-15.556
-15.778
-15.778
-16.04
-16.04
-16.344
-16.343
-16.691
-16.23
-16.966
-16.966
-17.624
-17.624
-18.261
-18.26
-18.945
-18.945
-19.756
-19.655
-18.577
-18.577
-17.71
-17.711
-16.938
-16.938


228221
Utheving


102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102

48
49
49
50
50
51
51
52
52
53
53
54
54
55
55
56
56
57
57
58
58
59
59
60
60
61
61
62
62
63
63
64
64
65
65
66
66
67
67
68
68
69
69
70
70
71
71
72
72
73
73

P ORrRORFROROROROROFRORFROROROROROROROROROROROROROROROROROHR

-8.804
-8.724
-9.038
-9.038
-9.344
-9.344
-9.631
-9.631
-9.877
-9.877
-10.132
-10.132
-10.369
-10.369
-10.588
-10.588
-10.789
-10.789
-10.974
-10.974
-11.142
-11.142
-11.294
-11.294
-11.431
-11.431
-11.553
-11.553
-11.669
-11.669
-11.838
-11.838
-11.987
-11.986
-12.114
-12.114
-12.215
-12.215
-12.297
-12.297
-12.358
-12.358
-12.4
-12.4
-12.421
-12.421
-12.424
-12.417
-12.504
-12.504
-12.57

-16.135
-16.271
-15.503
-15.503
-14.777
-14.778
-14.088
-14.088
-13.473
-13.473
-12.841
-12.841
-12.243
-12.243
-11.677
-11.678
-11.144
-11.144
-10.642
-10.642
-10.17
-10.171
-9.728
-9.728
-9.313
-9.313
-8.926
-8.926
-8.565
-8.566
-8.231
-8.231
-7.921
-7.921
-7.635
-7.635
-7.366
-7.366
-7.12
-7.12
-6.896
-6.896
-6.693
-6.693
-6.511
-6.512
-6.351
-6.362
-6.406
-6.406
-6.467



102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102

74
74
75
75
76
76
77
77
78
78
79
79
80
80
81
81
82
82
83
83
84
84
85
85
86
86
87
87
88
88
89
89
90
90
91
91
92
92
93
93
94
94
95
95
96
96
97
97
98
98
99

ocProproroproroproproproProroProroOroOoOPrPORPOPORPOPORPOPRPOPRPOPFPOPRFP, O, ORDO

-12.57
-12.617
-12.617
-12.644
-12.644
-12.651
-12.651
-12.638
-12.638
-12.599
-12.599
-12.539
-12.539
-12.458
-12.458
-12.357
-12.357
-12.234
-12.234
-12.126
-12.126
-12.047
-12.047
-11.953
-11.953
-11.842
-11.842
-11.715
-11.715
-11.571
-11.571
-11.409

-11.41

-11.23

-11.23
-11.032
-11.032
-10.815
-10.815
-10.579
-10.579
-10.322
-10.517
-10.176
-10.175

-9.794

-9.794

-9.422

-9.422

-9.04
-0.04

-6.467
-6.548
-6.548
-6.65
-6.65
-6.774
-6.773
-6.919
-6.918
-7.08
-7.079
-7.264
-7.264
-7.472
-7.472
-7.705
-7.705
-7.964
-7.963
-8.249
-8.248
-8.561
-8.561
-8.901
-8.901
-9.27
-9.27
-9.67
-9.669
-10.1
-10.099
-10.562
-10.561
-11.056
-11.056
-11.585
-11.585
-12.15
-12.149
-12.75
-12.75
-13.387
-13.062
-14.035
-14.034
-14.928
-14.927
-15.793
-15.793
-16.664
-16.664


228221
Utheving


102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102

99
100
100
101
101
102
102
103
103
104
104
105
105
106
106
107
107
108
108
109
109
110
110
111
111
112
112
113
113
114
114
115
115
116
116
117
117
118
118
119
119
120
120
121
121
122
122
123
123
124
124

P OFrRPRORFRORFRORORORORFROROROROROROROROROROROROROROROROROROHR

-8.639
-8.639
-8.208
-8.208
-7.728
-7.198
-7.847
-7.846
-8.3
-8.3
-8.679
-8.679
-9.093
-9.002
-9.328
-9.328
-9.599
-9.599
-9.847
-9.847
-10.072
-10.072
-10.275
-10.275
-10.458
-10.458
-10.621
-10.621
-10.766
-10.766
-10.893
-10.893
-11.003
-11.003
-11.099
-11.099
-11.18
-11.18
-11.249
-11.249
-11.306
-11.306
-11.353
-11.353
-11.417
-11.417
-11.45
-11.45
-11.477
-11.477
-11.499

-17.575
-17.575
-18.557
-18.557
-19.644
-18.769
-17.907
-17.907
-17.299
-17.299
-16.805
-16.805
-16.299
-16.439
-16.092
-16.093
-15.785
-15.785
-15.522
-15.522
-15.301
-15.302
-15.121
-15.121

-14.98

-14.98
-14.876
-14.876
-14.807
-14.807
-14.771
-14.772
-14.767
-14.767
-14.791
-14.792
-14.842
-14.843
-14.918
-14.919
-15.016
-15.017
-15.134
-15.134
-15.222
-15.222
-15.368
-15.368
-15.526
-15.526
-15.693
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102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102
102

125
125
126
126
127
127
128
128
129
129
130
130
131
131
132
132
133
133
134
134
135
135
136
136
137
137
138
138
139
139
140
140

rOoOoOpFPprpPOFrOPrOCOPLrLPOCOPrOFrLP O OFRPFOFRPOPFPOPFPOPFPOPRFL,OPRKEPOWZPRLDO

-11.499
-11.518
-11.518
-11.537
-11.524
-11.563
-11.563
-11.525
-11.525
-11.511
-11.511
-11.525
-11.525
-11.559
-11.56
-11.6
-11.6
-11.643
-11.643
-11.683
-11.683
-11.718
-11.718
-11.744
-11.745
-11.758
-11.758
-11.757
-11.757
-11.737
-11.737
-11.696

-15.693
-15.866
-15.867
-16.043
-16.067
-16.201
-16.201
-16.141

-16.14
-16.037
-16.036
-15.838
-15.836
-15.536
-15.535
-15.233
-15.232
-14.934
-14.933
-14.648
-14.647

-14.38
-14.379
-14.137
-14.136
-13.924
-13.924
-13.748
-13.747
-13.612
-13.611
-13.522
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G-5

Stresses due to Quasi-permanent load combination
Description:

This listing consists of calculated elastic stresses for the upper face

and the lower face of the cross-section associatied with the selected elements.

Upper and lower face are defined by using the SECTFACE command.

Sort.
Line No:

104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104

Element

No:

O O 0 0O N NOODOULL UL B P WWw

N NN RNNRNNNRRRPRRRRRPRRRRPRRPRRPBRRPB R B R}
W WNNRREROOOLOOLOOWOWNNOOOOO U DD WWNRINERRLRODO

X/L:

rPOoOoOpPproOororrPorrororroropPrrPoropPrrPoropPrPrPOoPrPOCPOPRPOPOPRPORER, O, OO
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104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104

24
24
25
25
26
26
27
27
28
28
29
29
30
30
31
31
32
32
33
33
34
34
35
35
36
36
37
37
38
38
39
39
40
40
41
41
42
42
43
43
44
44
45
45
46
46
47
47
48
48
49

ocProproroproproproroproProroProroOroOoOPrPORPOPORPOPRPOPOPORPOPRPOPRFP, O, ORDO

-11.312
-11.187
-11.187
-11.048
-11.048
-10.894
-10.894
-10.725
-10.725
-10.54
-10.54
-10.338
-10.338
-10.119
-10.119
-9.88
-9.88
-9.623
-9.623
-9.346
-9.346
-9.048
-9.048
-8.73
-8.73
-8.389
-8.389
-8.027
-8.027
-7.642
-7.642
-7.233
-7.363
-6.772
-6.772
-6.242
-6.242
-5.714
-5.714
-5.162
-5.162
-4.556
-4.582
-5.111
-5.111
-5.605
-5.605
-6.073
-6.073
-6.529
-6.49

-10.452
-10.575
-10.575
-10.725
-10.725
-10.902
-10.902
-11.108
-11.108
-11.344
-11.344
-11.611
-11.611
-11.911
-11.911
-12.245
-12.245
-12.615
-12.615
-13.021
-13.021
-13.464
-13.464
-13.946
-13.946
-14.468
-14.468
-15.031
-15.031
-15.635
-15.635
-16.283
-16.047
-16.912
-16.912
-17.759
-17.759
-18.615
-18.615
-19.516
-19.516
-20.499
-20.452
-19.315
-19.315
-18.306
-18.306
-17.366
-17.366
-16.431

-16.5
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104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104

49
50
50
51
51
52
52
53
53
54
54
55
55
56
56
57
57
58
58
59
59
60
60
61
61
62
62
63
63
64
64
65
65
66
66
67
67
68
68
69
69
70
70
71
71
72
72
73
73
74
74

P OFrRPRORFRPRORFROROROROFRORFROROROROROROROROROROROROROROROROR,OHR

-6.931
-6.931
-7.356
-7.356
-7.76
-7.76
-8.142
-8.142
-8.503
-8.503
-8.843
-8.843
-9.163
-9.163
-9.462
-9.462
-9.742
-9.742
-10.003
-10.003
-10.244
-10.244
-10.466
-10.466
-10.669
-10.669
-10.854
-10.854
-11.02
-11.02
-11.167
-11.167
-11.297
-11.297
-11.405
-11.405
-11.496
-11.496
-11.569
-11.569
-11.625
-11.625
-11.663
-11.663
-11.685
-11.682
-11.737
-11.737
-11.776
-11.776
-11.798

-15.604
-15.604
-14.751
-14.751
-13.936
-13.936
-13.16
-13.16
-12.422
-12.422
-11.722
-11.722
-11.059
-11.059
-10.432
-10.432
-9.842
-9.842
-9.287
-9.287
-8.768
-8.768
-8.283
-8.283
-7.833
-7.833
-7.416
-7.416
-7.033
-7.033
-6.683
-6.682
-6.365
-6.365
-6.077
-6.077
-5.821
-5.821
-5.596
-5.596
-5.403
-5.403
-5.242
-5.242
-5.111
-5.117
-5.11
-5.11
-5.133
-5.133
-5.186
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104 75 0 -11.798 -5.186
104 75 1 -11.803 -5.271
104 76 0 -11.803 -5.271
104 76 1 -11.79 -5.387
104 77 0 -11.79 -5.387
104 77 1 -11.76 -5.535
104 78 0 -11.76 -5.535
104 78 1 -11.709 -5.711
104 79 0 -11.709 -5.711
104 79 1 -11.64 -5.92
104 80 0 -11.64 -5.92
104 80 1 -11.553 -6.162
104 81 0 -11.553 -6.162
104 81 1 -11.448 -6.436
104 82 0 -11.448 -6.436
104 82 1 -11.324 -6.744
104 83 0 -11.324 -6.744
104 83 1 -11.181 -7.086
104 84 0 -11.181 -7.086
104 84 1 -11.02 -7.461
104 85 0 -11.02 -7.461
104 85 1 -10.84 -7.872
104 86 0 -10.84 -7.872
104 86 1 -10.64 -8.317
104 87 0 -10.64 -8.317
104 87 1 -10.42 -8.798
104 88 0 -10.42 -8.798
104 88 1 -10.181 -9.315
104 89 0 -10.181 -9.315
104 89 1 -9.921 -9.869
104 90 0 -9.921 -9.869
104 90 1 -9.641 -10.459
104 91 0 -9.641 -10.459
104 91 1 -9.341 -11.088
104 92 0 -9.341 -11.088
104 92 1 -9.02 -11.754
104 93 0 -9.02 -11.754
104 93 1 -8.677 -12.459
104 94 0 -8.677 -12.459
104 94 1 -8.313 -13.204
104 95 0 -8.405 -13.038
104 95 1 -7.987 -13.972
104 96 0 -7.987 -13.972
104 96 1 -7.539 -14.887
104 97 0 -7.539 -14.887
104 97 1 -7.083 -15.808
104 98 0 -7.083 -15.808
104 98 1 -6.611 -16.752
104 99 0 -6.611 -16.752
104 99 1 -6.116 -17.737
104 100 0 -6.116 -17.737



104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104

100
101
101
102
102
103
103
104
104
105
105
106
106
107
107
108
108
109
109
110
110
111
111
112
112
113
113
114
114
115
115
116
116
117
117
118
118
119
119
120
120
121
121
122
122
123
123
124
124
125
125

P ORrRORFRORFRORORORORFROROROROROROROROROROROROROROROROROR,OLR

-5.594
-5.594
-5.035
-5.054
-5.686
-5.686
-6.21
-6.21
6.679
6.679
-7.15
7.111
-7.53
-7.53
-7.911
-7.911
-8.267
-8.267
-8.601
-8.601
-8.912
-8.912
-9.202
-9.202
-9.469
-9.469
-9.716
-9.716
-9.943
-9.943
-10.15
-10.15
-10.338
-10.338
-10.507
-10.507
-10.659
-10.659
-10.793
-10.793
-10.91
-10.91
-11.012
-11.012
-11.099
-11.099
-11.171
-11.171
-11.229
-11.229
-11.274

-18.779
-18.779
-19.895
-19.862
-18.882
-18.882
-18.05
-18.05
-17.298
-17.298
-16.56
-16.632
-15.996
-15.996
-15.401
-15.401
-14.848
-14.848
-14.338
-14.338
-13.869
-13.869
-13.441
-13.441
-13.051
-13.051
-12.7
-12.7
-12.386
-12.386
-12.109
-12.109
-11.867
-11.867
-11.659
-11.659
-11.484
-11.484
-11.34
-11.34
-11.228
-11.228
-11.145
-11.145
-11.09
-11.09
-11.062
-11.062
-11.06
-11.06
-11.081
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104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104

126
126
127
127
128
128
129
129
130
130
131
131
132
132
133
133
134
134
135
135
136
136
137
137
138
138
139
139
140
140

RO PFRPFOPFRPOPFPFOFRPOPFPOFRPOPFPOFRPOPFPOFRPOPFPOPFP,OLPRELOLPRDO

-11.274
-11.307
-11.301
-11.333
-11.333
-11.315
-11.315
-11.297
-11.297
-11.281
-11.281
-11.265
-11.265
-11.241
-11.241
-11.207
-11.207
-11.16
-11.16
-11.1
-11.1
-11.024
-11.024
-10.93
-10.93
-10.818
-10.818
-10.685
-10.685
-10.531

-11.081
-11.126
-11.137
-11.182
-11.182
-11.153
-11.153
-11.123
-11.123
-11.067
-11.067
-10.98
-10.98
-10.913
-10.913
-10.868
-10.868
-10.848
-10.848
-10.858
-10.858
-10.9
-10.9
-10.976
-10.976
-11.09
-11.09
-11.245
-11.245
-11.443
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Attachment

G-6

Cross-sectional properties

Deflection control

112235

H:=3500 mm

h. :=2250.8 mm

cog *
byop:=11225 mm

Liop =400 mm

bbottam = 4950 mm

0.9 m-0.45 m+0.25 m-

Height of box-girder
Distance from bottom to CoG
Width of top flange
Thickness of top flange

Width of bottom flange

0.45 m—0.28 m
2

)—i— 1.032 m-0.28 m

tbottom =

toottom = 327.7T77 mm
tper =400 mm
I,,:=14.92 m*

Concrete properties
fck = 45 MPCL

0, i=0.85

Y.:=1.5

Foai= 0+~ =25.5 MPa
c

fetm:=3.8 MPa

E,. =36 GPa

A.:=8.82 m?

0.9 m+0.25 m+1.032 m
Average thickness of bottom flange

Thickness of web

Second moment of area about x-axis

Characteristic compressive strength
Factor

Safety factor

Design value of compressive strength
Mean value of axial tensile strength

Secant modulus of elasticity of concrete



Attachment

G-6 Deflection control

Steel properties
Jyi:=500 MPa

v,:=1.15

Characteristic yield strength
Safety factor

Design yield strength

fyd::M:<4.348- 10%) Pa
~

s

Prestressing tendon

A,:=2100 mm” Area pr tendon

A bottom=8+A,=0.0168 m? Total area of tendons in bottom flange

A =14-A,=0.0294 m® Total area of tendons in top flange

p.top :

Ay ey =4+A,=0.008 m* Total area of tendons in web

p.we

A=A 1op+Ap bottom T Ap wep=0.0546 m?® Total tendon area (top and bottom flange +web)

Jpr=1860 MPa Characteristic tensile strength

Jpo.1x:=1640 MPa Characteristic 0.1% proof-stress

E,:=195 GPa Elastic modulus

pr.lk

foai= =(1.426-10%) MPa

s

Jetk.0.05:=2.7 MPa
D et =80 mm Outer diameter of duct

Cnom.UF:: 150 mm

Cnom.LF = C('nom.UF

7]
duct _331m

dduct =H— Cnom.UF_
T p.maz =M1 (0.8 f15,0.9 fy0.14) =1476 MPa

T o =i (0.75 f,1.,0.85 fy0.11) =1394 MPa
P

mazx.1 "~

A =12398.4 kN

* 0 p.maz

p.web
Prestressi ng force

Prige=Ay* T e =80589.6 kN

p.max

P2 =(Apiop+A =68191.2 kN

p.top p.bottom> * 0 p.maz

0.95+ f,0.1x* A, = 85066.8 kN

P.:=P

max

-0.75=60442.2 kN
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G-6 Deflection control
P, oi=A,0,,0=T76112.4 kN
Pt::PmO
P() ::Pmaw

ANALYSIS OF CRACKED SECTION

Yb.cog'=2250.8 mm Distance from bottom to cog
Yt.cog=H = Yp.cog=1249.2 mm Distance from top to cog

e;:=1.06 m Distance from upper prestress to CoG
€,:=2.06 m Distance from lower prestress to CoG

Transformed cross-section

E
M= P =5.417 Modular ratio of prestressing steel
A=A+ (n,—1) A,=9.061 m’ Transformed cross-section
—1) A, -e
Yspan = (m,=1) Ap-e» =54.824 mm Distance from transformed CoG to regular CoG
t
(m,—1) Ay-e -
Ysupport = =28.21 mm Distance from transformed CoG to regular CoG

t

Yt.span.cog*= Yt.cog T Yspan = (1.304 . 103) mm Distance from top to transformed CoG (Span)
Yp.span.cog = Yb.cog— Yspan = (2.196 - 10* ) mm Distance from bottom to transformed CoG (Span)
Yt support.cog ™= Yt.cog — Ysupport = (1.221 - 10* ) 1Bistance from top to transformed CoG (Sup.)

Ypisupport-cog:="Ub-dog T Ysupport= (2.279 . 103> Bistance from bottom to transformed CoG (Sup.)

2

It.span::Ic.x+Ac % yspan2 + <77p = 1> Ap e <€2 — ysp(m> =15.916 m4

2

It.support ::Ic.w +Ac = ysupport2 s <77p + 1) Ap s <61 = ysupport> =15.184 m*
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G-6 Deflection control
Deflection
dsw npi=18.784 mm Largest deflection due to SW from NovaFrame analysis,

found at span 2-3

qLM]. = 33.54 k—N
m
Ly:=57Tm
N
pei=26 i
m3
Elpun=Eepn Iy gpen=(5.73-10%) kN -m’

EI

support =

E (5.466+10%) kN -m’

cm® It.support =
2

) i=——=162.857 mm
allow.N400 350

UNCRACKED SECTION:

Statically determinate system

Checking deflections due to traffic load

L2
6QLM1 ::m == 4.04 mm
48-EI,,
5 - Ly
Syan = e T2 8 046 mim
384 El,,,
Orr=0qran * Oqran = 12.086 mm 01 <Oatiownaoo > OK!

Deflection due to traffic with selfweight:
4

5 A oL
Osw.23:= . P e y2 =55.01 mm
384 Ecm 9 It.span
5t0t = 6TR+5SW.23: 67-096 mm 5tot<5allow.N400 -> OKI

Checking deflections due to traffic load (statically indeterminate system):

2

It.span ::Ic.w+Ac % yspan2 + <np = 1) Ap o (62 — ysp,m) =15.916 m*

QLMl'L23
(5 =——— = =1.01 mm
QIMI™ 4 99.ET

span



Attachment

G-6 Deflection control
1 don-Ly’
o = . =1.609 mm
WS84 ElL,,
Orr=0qran +0qran = 2.619 mm 07r <OatownNs00 > OK!

1.pC.A .L24

Osw.231= c =11.002 mm

384-F

cm* It.span

1ot :=07r+Ogyy 03 =13.621 mm 1ot <OatiownNaoo ~> OK!





