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Abstract

Determining the structural type of a bridge is often a difficult task. The purpose of this thesis is to
preliminary design three bridge alternatives. The bridge shall cross the fjord Porskafjordur in Iceland.
The goal is to determine the most favorable option. That decision will be based on economy,
construction and aesthetics. Following that a more detailed design of the superstructure is performed
for the chosen alternative. All calculations are performed according to Eurocode.
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Design of a 170 m long bridge over the fjord Porskafjordur in Iceland

1 Introduction

1.1 Background

The motivation for writing this thesis is an interest in bridges that the author has acquired during his
studies in structural engineering. Many people consider bridges to be state of the art of all civil
structures. That can be for many reasons; f. ex. bridges sometimes cross a difficult passing or because
of their aesthetic aspects.

During the time the subject for this thesis was under consideration the author decided to contact the
bridge division of the Icelandic Road Administration (ICERA). Einar Haflidason, the head of the
bridge division of ICERA, was contacted and he was more than willing to help. He came up with a
few options to look into which were all considered. Following that, a decision was made and a bridge
that is to be constructed to cross the fjord Porskafjorour in Iceland was chosen as a subject for this
thesis.

1.2 Objectives

The main purpose for a bridge over the fjord borskafjordur is to shorten the distance of the route on
the way to the northwestern part of Iceland. With this bridge the route will shorten of about 10 km.
Another purpose is to increase traffic security by eliminating all one-lane bridges on this 10 km sector.

The main objective of this thesis is divided into two parts. First, a preliminary design of three bridge
alternatives is made. A rough cost estimation and an estimation of quantity of materials is made based
on the preliminary design for these three alternatives. Secondly, a more detailed design is made of the
most appropriate bridge type. The choice of a bridge type is based on the conclusions from the first
part. These conclusions will primarily be based on economy, aesthetics and construction method.

1.3 Outline of the thesis

Chapter 2 consists of a general discussion about aesthetics, advantages and disadvantages and other
aspects for the three bridge types that are chosen to be analyzed.

Chapter 3 displays the bridge location and describes the boundary conditions and geometry at the
construction site. It also includes information about why this bridge is to be built.

Chapter 4 includes preliminary design and cost estimations of the three chosen bridge alternatives
with respect to the quantity of materials needed for each type. That chapter also includes conclusions
of the preliminary design, that is, which type of bridge is chosen for a more detailed design with
respect to the limits that are set.

Chapter 5 includes more detailed structural analysis for the superstructure of the chosen bridge
alternative.




Design of a 170 m long bridge over the fjord Porskafjordur in Iceland

2 Bridge types
There are many areas of concern that need to be focused on when designing a bridge. There are four
main subjects considered in this thesis. They can be listed in order of priority as:

1. Safety

2. Serviceability
3. Economy

4. Aesthetics

These issues and their order of priority may though be criticized and are merely the authors’
preference.

Safety and serviceability are achieved through systematic application of scientific and engineering
principles and thus depend on the analytical skills of the engineer. Economy and aesthetics are
achieved through nonscientific means and depend almost entirely on the creativity of the engineer.

In this thesis three bridge types are investigated as options for the project and a choice is established
based on the four aforementioned areas of concern. These three bridge types are; a concrete beam
bridge (post tensioned), an arch bridge and a cable-stayed bridge. The choice of these alternatives is
based on the author’s interest.

2.1 Concrete bridge

Concrete slab- or girder bridges are by far the most common of all bridge types nowadays. Prestressed
concrete bridges are an attractive alternative for long-span bridges and are considered by many as one
of the simplest forms for a bridge with respect to its structural mode of action. A typical cross-section
for this type of bridge can be seen in figure 2-1.

C——— -~ ——

i i

Figure 2-1: A typical cross-section for a concrete girder bridge.

These types of cross-sections with prestress reinforcement in the girders are usually used for spans
longer than ca. 25 m. They are economically compatible and can easily be designed in the manner that
they integrate to the surroundings on site. They are also easy to construct compared to many other
alternatives. Nevertheless, the author considers them not as the state-of the-art bridges in the same
sense as the two types that are considered in the next chapters. An example of a concrete beam bridge
with two girders can be seen in figure 2-2.

Figure 2-2: An example of a prestressed girder bridge.
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2.2 Arch bridge

Arches have been used throughout the ages as structural elements. A perfect arch, theoretically, is one
in which only compressive forces act at the centroid of each element of the arch. The shape of the
perfect arch can be thought of as the inverse of a hanging chain between abutments. It is practically
impossible to have a perfect arch bridge except for one loading condition while it is usually subjected
to multiple loadings.

For many people, an arch is considered to be one of the most competitive options from the aesthetic
perspective and a pleasure for a motorist to drive over. With the appropriate lighting arches can also
be very attractive during night.

The arch type that is chosen in this paper is a zero hinged steel arch, figure 2-3, which implies no
rotation possible at supports. The deck will be located at an elevation between the supports of the
arch itself and the crown of the arch, so called half-through arch. Good foundation conditions are
required since an arch can be sensitive to settlements and a zero-hinged arch has high reaction forces
at foundation; horizontal, vertical and bending.

— T
/ x\\\

4 N

Figure 2-3: A model of a zero hingearch.

Arches can span up to about 550 m and in the case of slender structures of steel, various instability
risks such as the risk for torsional buckling of the arches, must be taken into consideration.

Figure 2-4: A typical arch bridgewith the deck hanging on ties connected to the arch.
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2.3 Cable-stayed bridge

The concept of a cable-stayed bridge is simple although the loading mechanism is not so easy to
predict. A bridge carries mainly vertical loads acting on the girder. The stay cables provide
intermediate supports for the girder so that it can span a long distance. The basic structural form of a
cable-stayed bridge is a series of overlapping triangles that connect the deck to the pylons. The deck,
the cables and the pylon are under predominant axial forces, with the cables under tension and both
the pylon and the deck under compression. Axially loaded members are generally more efficient than
flexural members. This contributes to the economy of a cable-stayed bridge. They also have less steel
consumption but on the other hand larger stress variations can occur and their structural behavior is
complex.

Nowadays, cable-stayed bridges are the most common bridge type for long-span bridges and can span
up to around 1000 m and come in various forms because of economy and aesthetics. They are
beautiful structures that appeal to most people. The towers, or pylons, are the most visible elements of
a cable-stayed bridge and therefore contribute the most from an aesthetic point of view. A clean and
simple configuration is preferable with free standing towers. Under special circumstances they can
also serve as tourist attractions, for example when lighting is a part of the design which enhances the
beauty and visibility of the bridge at night. An example of a cable-stayed bridge can be seen in figure
2-5.

Figure 2-5: A cable-stayed bridge with two pylons on each side.
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3 The actual project — geometry and boundary conditions
The position of this bridge is in the north-western part of Iceland passing a fjord called Porskafjérour.

Currently there is a road that goes along the fjord and at the end of the fjord there is a bridge that
crosses a river with only one lane. The purpose of the new bridge is therefore to have two lanes, one
in each direction, to increase traffic safety, efficiency and to shorten the route of about 10 km by
crossing the fjord.

In figure 3-1 the position of the fjord can be seen. The figure displays the northwestern part of Iceland.
The light gray line where the arrow points is the current road.
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Figure 3-1: Position of the fjord on the north-western coast of Iceland.

As was mentioned, the bridge will have two traffic lanes for normal vehicle traffic, one in each
direction. The required length of the bridge, 170 m, is mainly due to ecological reasons. The
necessary area of water opening needs to be of minimum 560 m” so that full water changes will be
acquired. For full water changes the water flow is assumed to be 2.5 m/sec.

The rest of the distance required to cross the fjord will be achieved by a road, on a rock filling on both
sides of the bridge. Therefore the bridge will be positioned in the middle of the fjord. The width of the
fjord where the bridge is to be positioned is around 1 km.

The largest possible depth of sea level is around 6.35 m and the smallest possible depth of sea level is
around 1.65 m from the sea bed. The average sea level is 4 m from the sea bed. Hence, the total
maximum difference between highest and lowest sea level is 4.7 m. It can be assumed that the
minimum water opening would be reduced by a few meters because of piers and abutments. Guiding
rock fillings will be at each end abutments and erosion protection will be at all supports. The
alignment of the planned road line that will be considered is displayed in figure 3-2.
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Figure 3-2: Theroad line wherethe bridge will be constructed.

The soil at the sea bed consists of sediment layers. The sediment layers are cohesive materials so all
fundaments will be founded on cohesive piles.

A section of the fjord is displayed in figure 3-3. Note that the height is scaled 10 times the width.

Span length = 170 m
A ———)

\\ \\\ ‘\\ [Rock fillingl \ \\\\\ Medium sea level lq/// ////(2// //X,,wf/}/f/(;:')///‘//#
S N

O o

Figure 3-3: A cross section of thefjord, the height is scaled up of thefactor 10.

The fjord is not located in an earthquake zone and the peak value for surface acceleration, a,, is
defined as <2% g in this area, see figure 3-4. According to Eurocode 8 for structures with a, not
greater than 4% g the provisions of Eurocode 8 can be neglected. The different earthquake zones in
Iceland are displayed in figure 3-4.

Figure 3-4: Maximum values of surface acceleration. (Earthquake Engineering Research Centre, Univer sity of
I celand).
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4 Preliminary design

4.1 Introduction

This chapter contains preliminary design of the three bridge types, a concrete girder bridge, an arch
bridge and a cable-stayed bridge. The aim of the preliminary design is to determine the most suitable
bridge type for the purpose of crossing the fjord Porskafjordur. The chapter is divided in to two
different sections. The first sections (sections 4.2 and 4.3) treat factors that are common for all three
bridge types, i.e. loads, load combinations and materials. Sections 4.4 to 4.6 treat the three different
bridge types respectively. In these sections are sizes of important bridge elements for each bridge type
estimated. These sections also contain rough cost estimations and construction methods for each
bridge type. Finally, in the last section of this chapter, the most suitable bridge type is determined
based on the preliminary design.

4.2 Loads

For the preliminary design of this project only three loads are considered. Two permanent loads, self-
weight and pavement, and one variable load, traffic load. The loads are determined according to
Eurocode 1 (EC1).

4.2.1 Permanent loads
Self-weight for reinforced concrete is set to 25 kN/m®. The self-weight of pavement and structural
steel are set to 2.1 kN/m”and 78.5 kN/m” respectively.

4.2.2 Variable loads

The variable actions, which are taken into account in this thesis, are traffic loads in vertical direction.
After some discussion with the head of the bridge division of ICERA it seemed reasonable to do this
simplification in the preliminary analysis.

Traffic Loads

In EC1-2, chapter 4, there are defined four different load models for traffic loads. In this case Load
Model 1 (LM1) is used with two partial systems, one including axle loads (Tandem system TS) and
the other including uniformly distributed loads (UDL system), see figure 4-1. LM1 is considered to
cover most of the effects from traffic of lorries and cars and should be used for general and local
verifications while the other load models are considered for dynamic effects, special vehicles and
other situations. LM1 should be applied on each notional lane and on the remaining areas. On notional
lane number 7, the load magnitudes are referred to as a,Ou and a,qi, axle load and distributed load
respectively. On the remaining areas, the load magnitude is referred to as ay,,q,+ According to chapter
4.3.2(3) in EC1-2 the recommended minimum values for the adjustment factors are:

an = 0,8
aqi > 1,0

The national annex for Sweden recommends the following minimum values for the adjustment factors:

a’Q1 = 0,9
a’Qz = 0,9
a’Q3 =0
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Agi = 1,0

«a 1,0

qr

Hence, these values are used for this situation. The Swedish national annex is applied since an
Icelandic national annex for this part of Eurocode 2 is not ready yet. Characteristic axle loads, Oy, and
characteristic vertical distributed loads, ¢, are summarized in table 4-1.

Location Tandem system TS |UDL system
Axle loads Q [kN] |gy [kN/m?]
Lane Number 1 300 9
Lane Number 2 200 2,5
Lane Number 3 100 2,5

Table 4-1: Axleloads and uniformly distributed loads.

These load arrangements are displayed on figure 4-1 and should be arranged for each case to give the
most unfavorable result.

&
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Figure4-1: Load arrangementsfor load model 1in EC1-2.

4.2.3 Load combinations

Several load combinations need to be taken into account, in the ultimate and serviceability limit states,
when a bridge is analyzed and designed. But for simplification only an analysis in the ultimate limit
state is made for the preliminary design of all bridge types. The design value of actions in the ultimate
limit state is according to ECO, section 6.4.3.2:

Z ¥6,iGrj" +"vpP" + "V01Qk1" +" Z ¥,i¥0,i Qi

j=z1 i>1
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where
Y6, Partial factor for permanent action j

Gy,  Characteristic value of permanent action j

vp Partial factor for prestressing actions
P Relevant representative value of a prestressing action
Yol Partial factor for variable action /

Oci Characteristic value of the leading variable action /

Yo, Partial factor for variable action i
Wo,i Factor for combination value of variable action i
Oki Characteristic value of the accompanying variable action i

Here are y;;~=1.35, yp=1.0 and y¢ ,=1.5 the partial safety factors for permanent action, prestress and
variable action respectively. The last term in this equation is not required since there is only one
principal action.

4.3 Material cost

Table 4-2 summarizes unit prices for the materials used. Even though values of various expenses are
not completely correct they will give a good perspective on prices for comparison of the bridge types
that have been investigated. The basis of the cost estimation and prices is from courses the author has
attended and other resources like discussions with contractors and engineers both in Iceland and
Sweden. Workforce is included in these values and higher values are chosen where a price range is

given.
Material Cost

Concrete-superstructure | 2800 SEK/m’
Concrete-substructure 2200 SEK/m’
Reinforcement 36 SEK/kg
Prestressing steel 46 SEK/kg
Formwork 1100 SEK/m*
Steel 28-35 SEK/kg
Cables 100 SEK/kg cabel

Table 4-2: Unit pricesfor variousstructural materials.

To estimate the price of the steel hangers in the arch bridge, see section 4.5.4, unit price for solid steel
is used (SEK/kg). To come up with a price for the stay cables of the cable-stayed bridge it is
necessary to find the unit weight (kg/m) of the cables. Unit weight for cables was found in a literature
from Zhuan (1998) about stay cables where the unit weight of cables that has a similar breaking load
as the ones that were chosen here to use and that value is 24.1 kg/m. No lifetime cost, like
maintenance or other factors, will be estimated and cost of foundations is a factor of uncertainty since
the design of that is not done in the preliminary phase. Here estimation is used to calculate the cost of
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the substructures with a method developed by Menn (1986) as a 23.5% of the total cost of structural
elements. Included in the substructure are the piers and fundaments.

4.4 The concrete beam bridge

Bridge type no. 1 is a concrete post-tensioned girder bridge with four spans and concrete columns
supporting the beams. There will be two main girders with post-tensioning cables. The total width of
the bridge deck will be 10 m, see figure 4-3. Supports will be founded on concrete piles.

4.4.1 Geometry for type 1

This bridge type will have a concrete slab supported on two continuous girders. The bridge is a
continuous girder bridge with 4 spans, see figure 4-2. The girders are supported on concrete columns
down to the sea bed.

4.4.2 Size estimation

As was mentioned before, the total span of the bridge is 170 m. The bridge is divided into four smaller
spans, two internal spans with the length 48 m and two external spans with a length of 37 m, see
figure 4-2. This choice of span lengths is made to get an even moment distribution. That is achieved if
the length of the external spans is about 80 % of the length of the internal ones.

VAN ey ey »‘%’ g
37000 48000 48000 | 37000

170000

Figure 4-2: Span lengthsfor bridgetype 1.

The first step is to decide the prestressing system to estimate the size of the girders. The chosen
prestress system is VSL 6-19. The dimensions for anchorage blocks for that specific system are
290x290 mm. 3 cables are chosen in each row which results in a minimum width, b, of 1080 mm.
Also an additional thickness of 300 mm is determined over the supports.

The height of the girder is determined by the slenderness, a ratio between the span length and the
height, L/h, of the girder. A recommended slenderness ratio for a conventional cast-in-place girder
bridge should be chosen in the range of 12-35 and some lower range should be considered because of
economic reasons (section 7.2.1 in Menn (1986)) and a low value should also be chosen so there
won’t come up problems later in the design. So the estimated height becomes:

l 48
—=20=nh

h :%:2,4771

The center distance between the two main girders, @, is chosen with the following method,
Thelandersson (2009):

B=1,8 —10—56
_ =g =— =
8-a a 15 ,bm

1]

where B is the free width of the bridge.
The thickness of the slab is chosen to be 250 mm to be able to resist shear forces and moments.

The estimated cross-section of the bridge, based on the methods above, can be seen in figure 4-3.

10
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Figure 4-3: The cross-section at preliminary stage.

4.4.3 Supports

Maximum load on a column would be when the given traffic load is located as shown in figure 4-4.
To estimate the most unfavorable load acting on a single beam the girder distribution factor (GDF)
has to be determined. GDF tells how the traffic load is distributed between the girders. The traffic
loads have to be located in the most unfavorable position on the bridge deck in the lateral direction.
To find GDF, the moment is calculated around B with the lever arm for each load as displayed in
figure 4-4.

€
|
L 10000 |
|1. 5800 -
Quf2 Qa2 i
l L l Q22 | Qa2
L qx | G
I I T 1T T [ 1
7 SN
A B
———-—
R Re 200
1800
2800
- 3800 o
» | 4300 o
» 4800 -
- 5800 _
- ssoo! o
ot | -

Figure 4-4: Location of traffic loadsto determine GDF.

The GDFs for the two traffic loads, axle and distributed loads, are determined to be:
GDFy = 1,37 For the tandem system
GDF, = 1,16 For UDL system

And the following traffic loads that act on one beam are:
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Qtraffic = 1012 kN
Atraffic = 37 kN /m

where the axle loads are changed into one concentrated force (assumption). Then the bridge is
analyzed in the length direction for one girder. Calculations are made for half of the bridge cross
section. Figure 4-5 shows the actions and the position of actions to decide the largest shear force for
the columns and the bridge section in the ultimate limit state.

Quare=1012 kN
Qrm=37 kN/m
ga=103 kN/m
oy e »%" e
37000 | 48000 | 48000 | 37000
170000

Figure 4-5: Position of traffic loads when the lar gest normal force at the middle support occurs.

The maximum normal force in the middle support is calculated to be 11.180 kN in the ultimate limit
state. At this stage the concrete quality is assumed to be C45/55.

The width of a single girder over supports is 1.380 mm. The thickness of the support wall is
calculated from a formula for preliminary design given in the ISE manual (1985):

N = A, (0.44fck + 1%0(0.67@ - 0.44fck)>

with the yield strength of the reinforcement as /=500 MPa, characteristic cylinder strength of concrete
as fu=45 MPa, the percentage of reinforcement p=2% and 4. as the gross cross-sectional area. Thus
the minimum thickness of the support should be:

2
11180 x 103 = 1380 x t <0.44 X 45 + m(0.67 X 500 — 0.44 x 45)) =>t=311lmm

So for a single support the total size is determined to be b x ¢t = 7500 x 450 mm.
For the piles, given that each pile resists 400 kN, gives:

11180
400

=~ 28 piles

Precasted 270x270 piles with 1200 mm spacing and a foundation of the size 5x10 m.

12
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4.4.4 Construction

The construction method of a concrete girder bridge is relatively easy to perform. Concrete girder
bridges are one of the most common bridges in Iceland. This bridge alternative is often chosen for
similar conditions as are in this case because of economic and constructional reasons, that is, when a
shallow fjord is to be crossed.

Supports and columns below the superstructure will be constructed first. They will be founded on
piles. Since the level of sea depth at is shallow at the construction site the superstructure of the bridge
will be casted in forms that are supported on a temporary filling under the bridge. The filling will
finally be removed when the concrete has hardened and can then be used as road material.

4.45 Cost estimation/conclusions
To estimate the cost of this bridge type a method from Menn (1986) is used. The following is an
explanation of this method.

The superstructure’s costs can be reliably estimated with the help of the geometrical average span
length, /,,, defined as:

where /; is the length of span i.

The empirical equations given below give the quantities of concrete, reinforcing steel, and
prestressing steel as functions of /,, and have been derived from samples of recently constructed
bridges.

By this method the volume of concrete in the whole superstructure is obtained by multiplying the total
deck surface by the effective girder depth, #,,, defined by the following expression:

Ry, = 0.35 + 0.0045 - L,,,

where #,, and [, are in meters. This equation is valid provided the actual girder depth, 4, satisfies the
following inequality:

1 h 1

20 1, ~ 16
which fulfills the criteria used earlier, //4=20. The quantity of reinforcing steel is obtained by
multiplying the total volume of concrete by the mass of steel per unit volume of concrete, m,. The
parameter m; is estimated using the equation:

ms =90+ 0.35 - I,

where [, is in meters and m is in kilograms per cubic meter of concrete (kg/m’). This expression is
valid provided the deck slab is not transversely prestressed. Between 65 and 70 kg/m’ of
reinforcement is required for stability during construction and crack control; this quantity is
independent of span length, see Menn (1986). The transverse reinforcement required to resist loads is
primarily a function of cross-section dimensions. An additional 20 to 25 kg/m’ is required for
commonly used cross-sections, regardless of span length. Most of the steel required above the

13



Design of a 170 m long bridge over the fjord Porskafjordur in Iceland

minimum 65 to 70 kg/m’ is located in the deck slab. The deck slab should therefore be the focus of
attention in the design and arrangement of the superstructure reinforcement.

The mass of prestressing steel per unit volume of concrete, m,, is a function of span length and
construction method. For girders that are casted on conventional falsework, m, is estimated using the
equation:

my, =0.4-1,

where /,, is in meters and m,, is in kilograms per cubic meter of concrete. This expression is valid for
girders that are not transversely prestressed. The quantity of prestressing steel is obtained by
multiplying m, by the total volume of concrete.

The estimated cost of concrete, reinforcing steel and prestressing steel in the superstructure is
obtained by multiplying the estimated quantities with unit material costs. The cost of falsework
(scaffolding systems that are used to temporarily support permanent structures) and formwork
(temporary structure used to retain unhardened concrete until hardened) should be estimated taking
into account the proposed construction sequence; if it is greater than 65 percent of the superstructure’s
material costs, another construction method should be considered. Adding the bridge material,
falsework and formwork costs yields the total superstructure cost. Since abutments and piers are under
sea level the cost percentage of the total cost of those structural parts as well as falsework/formwork
increased. These values are chosen to be 25% and 23% respectively. The remaining costs can be
estimated using table 4-3, from Menn (1986).

Item Cost
(% of Total Construction Cost)
Mobilization 8.0
Structure
Substructure
Foundations 18.0
Piers and abutments 5.5
Total substructure 23.5 23.5
Superstructure
Falsework, formwork 20.0
Congcrete 10.0
Reinforcing steel 13.3
Prestressing steel 11.2
Total superstructure 54.5 54.5
Toual structure 78.0 78.0
Accessorics 14.0
Total construction cost 100.0

Table 4-3: Tablefrom Menn (1986) to estimate costsfor various structural elements.

Here is only listed the quantity of super- and substructure materials that will be determined and below
is a table that summarizes those results. These quantities are acquired based on the preliminary
calculations as well as the empirical equations above. The calculated quantities are given in table 4-4.

14
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Material Amount Unit
Concrete 1.306 [m’]
Reinforcement 137.322 [kgl
Prestressing steel 22.579 [ke]

Table 4-4: Amounts of structural materialsfor the concrete beam bridge.

For the figures given in table 4-4, abutments and columns are included. Below is a table with prices of
sub- and superstructure and the total cost based on the price values from section 4.3 and to get a total
cost for this bridge type the total values for the structural elements are doubled.

Prestressed Concrete Bridge
Material Cost [SEK]
Concrete-Abutments and Piers | 4,819,889
Concrete-Superstructure 3,657,584
Reinforcement 4,943,575
Prestressing Steel 1,038,619
Falsework, formwork 4,337,900

18,797,567
Total Cost: 37,595,133

Table4-5: Total cost of bridge type 1.

This result is consistent with a draft for this project made by ICERA where the estimated cost for this
type of bridge was 638.500.000 ISK which is around 38.700.000 SEK with the exchange rate of 16.5
ISK/SEK. Note that this draft assumes the total length of 182 m instead of 170 m.

Figure 4-6: An overview of the beam bridge.

15
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4.5 The arch bridge

Bridge type no. 2 is a conventional steel arch bridge with two separate arches above the bridge deck.
Each arch will be of a steel box cross-section with steel stiffeners inside, see figure 4-11. The arches
will be of zero hinged type with X-bracing between the arches to increase lateral stiffness. The bridge
deck will be of composite steel/concrete. In the longitudinal direction of the bridge there will be two
main girders with shear studs. To connect the two main girders there will be transversal steel beams
which are connected to the arches with hangers. A reinforced concrete slab will be casted on top of
the main girders, see figure 4-7.

Figure 4-7: A cross-section of the bridge deck.

45.1 Geometry for type 2

The choice of the rise of the arch is based on the ratio between span and rise which is generally
chosen between 4 and 8 see, Loretsen and Sundquist (1995). This ratio is in this case chosen to be 4
which would result in less horizontal reaction forces. This ratio is suitable because of geotechnical
conditions on site (no rock — only sediment soil layers). That results in

span

170
— =4 =rise=——=425m
rise 4

To connect the deck to the arch vertical steel wire hangers with c¢/c 25 m are chosen. On figure 4-8 is
a drawing of the structural model of the bridge.

|22500| 25000 25000 25000 25000 25000 |22500|

oy,

170000

Figure 4-8: A structural model of thetied arch bridge.

To determine the section forces in the arches the GDF needs to be determined again. The GDFs are
determined according to figure 4-9.
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Figure 4-9: Position of traffic loadswhen calculating GDF.
The following GDFs are acquired:
GDFy = 1,13  For the tandem system
GDFq = 1,00 For UDL system
And the following traffic loads that act on one girder are:
Qtrarfic = 694 kN
Atraffic = 27 kN /m

4.5.2 Arch

To design the arch the influence lines for the arch need to be determined. 3 sections in the arch are
investigated: abutment, % of the arch and the middle. Influence lines for each section are made by
moving a point load of 100 kN in 10 m intervals over the deck in the longitudinal direction for
moment, shear force and normal force. These influence diagrams can be seen in figure 4-10.
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Influence Lines for Moment in the Arch
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Figure 4-10: Influencelinesfor various section forces at most critical placements.

To calculate the important section forces for design of the cross section of the arch the traffic loads
are placed on the most unfavorable position corresponding to these influence diagrams in a program
called PCFrame. PCFrame is a commercial program for structural analysis of frames.

Cross Section

To design the arch in the ultimate limit state the section forces are required. The highest moment in
the arch is reached when the traffic load is located in the middle of the span. The position of the point
load at the first quarter of the span gave the highest normal force. So these corresponding section
forces are used to design the cross section and are shown in table 4-6.
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M N Vv
[kNm] [kN] [kN]
M @0,5L 15875 -9517 -454
Maa @0,25L ] -14561 | -10901 -532

Table 4-6: Design section forcesin the arch.

The material qualities of the steel are given in table 4-7.

fy fu E
[N/mm?] | IN/mm?] | [N/mm?)]
Fe E 355 355 470 210000

Table4-7: Material qualities of stedl.

The following cross-section was determined after few trials with respect to stability in the longitudinal
direction and resistance, see figure 4-11:

2040

> Y]

VAVAVAVAV,
PaVaVaVaVal

>ﬂ [\<

Figure 4-11: Chosen cross-section of the arch.

The cross-section is a welded box section with trapezoidal stiffeners. Further details about the
dimensions of the cross section (moment of inertia, section modulus etc.) can be seen in the appendix
A.

Stability

To check for stability in longitudinal direction two investigations are made; calculation by hand as
well as with the help of PCFrame. To fulfill the requirements for stability the ratio between buckling
load and the maximum normal force needs to be in the range from 4 to 5, see Loretsen and Sundquist
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(1995). To calculate the buckling load by hand formulas presented by Austin (1971) were used. The
critical buckling load is given as:

p 2 El
) (kS)?

where S is the one-half length of the arch and £ is the effective length factor, see Austin (1971). In this
case S'is 98525 mm and £ is 0.70 for a fixed arch with a rise-span ratio as 0.25. For these values P, is
determined to be 45845 kN and the ratio between the buckling load and the maximum normal force is

— =438

N
From analysis in PCFrame for this case this factor is determined to be 5.0. That matches considerably
well with the calculations by hand. These calculations were the most critical ones for the
determination of the cross section. The buckling mode shape for this arch is shown in figure 4-12.

Figure 4-12: Buckling mode shape of the arch.

EC3 gives another method to determine the buckling resistance criteria for compressed members and
is given in section 5.5.1 in EC3. EC3 defines the following criteria:

Ng < Np pa
with N, as the design normal force and the capacity of the cross-section, Nj gy, as
Npra = X,BAAfy/VMl

Here y is the reduction factor for the relevant buckling mode and is defined as

X = — but y <1
/12]0,5

with ¢ equal to
¢ =05[1+a(2—-0.2)+ 2

and a, an imperfection factor, obtained from an appropriate buckling curve. For buckling about the
stronger axis and a welded box section with 5/£<30, a becomes

a =049

A, the non-dimensional slenderness, is defined as
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A= [ﬁAAfy/Ncr

where B, is depending on the cross-section as below:

]0,5

B4 =1 for Class 1, 2 or 3 cross sections

Ba = Aegsr/A  for Class 4 cross sections

In this case B4 is equal to 1. For resistance of member to buckling the safety factor is

ym1 =11

Table 4-8 summarizes the results of this analysis.

Y1 f;- [MPa]

A [mm] Ba

¢

a A X N g [kN]

0.RO

1,1 355

285.097 1

1,918834852 0,49 1,485808 | 0,52115 | 47950

Table 4-8: Criteriafor buckling resistance from EC3.

It can be seen in table 4-8 that the buckling resistance is well above the calculated normal forces in the

arch.

Compression and bending capacities
To determine the compression and bending capacities the class of the cross-section has to be
determined. To decide the cross section class plastic stress distribution is assumed.

In this case the cross section class is determined to be 1.

The cross-section capacities are defined in EC3 in sections 5.4.4 and 5.4.5 respectively as

Mpl.Rd = Wplfy/yMO

N,

pird = Afy/YMmo

Here, N, zqis the plastic design resistance for compression, M, g, the plastic resistance for bending
and W, the plastic section modulus. For resistance of Class 1, 2 or 3 cross-section the partial safety
factor is defined as yj;0 = 1,1 in section 5.1.1 in EC3. The calculations for N,; g4, My reand W, can be
seen in appendix A. Next a check for bending moment, compression and combined bending and axial
force are made according to section 5.4 in EC3. The following design criteria are checked:

Msq < Mc g

Nsq < N pa

Msq

MpiRd

+[&

NpiRd

The results of this analysis are summarized in table 4-9.

Bending

Compression

2
] <1 Combined bending and axial force
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Design|Resistance
Bending [kNm] 15875 75984 |OK!
Compression [kN] | 10901 92009 |OK!
Combined 0,22 1,00 OK!

Table 4-9: Design values and resistance for the arch.

All the criteria are fulfilled. Also, the cross-section is assumed to resist the shear forces since they are
so small and are therefore neglected. The arch is mostly in compression.

45.3 Bridge Deck

The bridge deck will consist of main steel girders, transversal beams and concrete slab. They will
work as composite deck with steel shear studs. The composite effect is not calculated here but that
will only make the structure more rigid. Estimated thickness of the concrete slab is 200 mm.

Transversal beams

The transversal beams will be made of steel and will be placed with 5 m spacing. Worst case of
loading for these beams will be when the axle load from the traffic is placed exactly above one of
them. These positions are show in figure 4-13. This location of the axle load will generate the highest
moment and shear force in the transversal beams. These section forces are used to determine the
cross-section in the ultimate limit state.
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Figure 4-13: Positions of traffic loads and shear- and moment diagrams when the cross-sections of cross beams are
determined.

The highest moment and shear force are determined to be 3025 kNm and 1359 kN respectively. From
these section forces the cross-section can be determined. The design criteria for shear- and moment is
given in sections 5.4.5 and 5.4.6 in EC3 as

Msq < Mcpra = Wpify/Vmo For class 1 or 2 cross sections

22



Design of a 170 m long bridge over the fjord Porskafjordur in Iceland

f;
Vsa < Vpipa = AV(\/_%)/VMO

where the parameters are explained in the last section. The determined cross-section of the transversal
beams is shown in figure 4-14. For detailed calculations, see appendix A.

200
[
 m—

Figure 4-14: Estimated size of the cr oss beams.

Main girders

The main girders will be connected to the transversal beams which are hanging from the arches in
hangers. The largest shear force and moment in the main girders are determined to be 2087 kN and
7241 kNm respectively. Here the same criteria are checked, shear- and moment resistance, as was for
the transversal beams. The determined cross-section can be seen in figure 4-15 and detailed
calculations can be seen in appendix A.
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Figure 4-15: Determined size of the main girders.

4.5.4 Hangers

The hangers are the elements that connect the bridge deck to the arch. They are vertical cables. The
hangers are designed to resist the largest tension force, which is determined to be 3393 kN in the
ultimate limit state. This force is acquired when the axle force from the traffic load is positioned
exactly at hanger number 1 closest to the support. The chosen material of these hangers is M100
carbon steel with the design yield strength as 3605 kN.

455 Transversal Bracing

The choice of X-type bracing rather than Vierendeel bracing is that the system will be more rigid with
the X-type, see Bunner and Wright (2006), which results in less lateral deflections and would be
analyzed as a truss system. Lateral braces will not be calculated at this time.
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4.5.6 Foundations

The soil under the foundations is sediment layers. The foundation will be founded on precasted
concrete piles that will be driven down to the ground. Each pile resists about 400 kN, Haflidason
(2010). The piles will have an inclination down in the direction to the arch’s direction. The estimated
length of the piles will be 14 m. The largest reaction force in the arch’s direction is 12601 kN so the
estimated amount of piles is

12601

200~ 32 piles

for each arch. The spacing between the piles will be 1.2 m. The total number of piles is determined to
be 35 piles under each abutment. The piles will also be able to resist the risk of turning along with the
fundament itself. The filling behind the bridge will also be able to resist some external actions and
support the fundaments. A continuous foundation is chosen under the whole bridge in the lateral
direction and the approximate size of it will be 7.2 x 4 x 16.8 m, see figure 4-16.

Figure 4-16: Placing of piles at the arch supports.

4.5.7 Construction

My proposal of a construction method for this bridge type is similar to the method for bridge type 1.
First, foundations for the arches will be constructed and then a temporary working plane of gravel will
be placed under the bridge. Then the arches will be raised. Each arch will be divided into several
segments, sizes that are possible to transport. These segments will be welded together in steps, each
segment at a time, supported by falsework standing on the working plane. When the arches have been
placed in right positions the temporary working plane is removed and can be used as a road filling.

Next the deck is constructed. The main girders come in segments and are connected to the cross
beams that are hanging in the hangers. The hangers connect the arches to the deck. Each segment is
welded together and finally, when all the work with the structural steel is done, the concrete slab is
casted.

4.5.8 Cost estimation/conclusions

In table 4-10 the total quantity of materials for the arches and bridge deck are summarized. These
quantities are based on the preliminary calculations. The cost estimation for the foundations is based
on the method in section 4.4.2 for bridge type one. These cost figures are given in table 4-11.
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Material Amount Unit
Concrete 425 [m’]
Reinforcement 252.872 [kel
Steel 444.528 kgl
Ties 17936 [kel

Table 4-10: Quantities of structural materialsfor thearch bridge.

To get a total cost the total material cost is doubled, which is a rough estimation.

Arch Bridge
Material Cost [SEK]
Concrete-Abutments and Piers | 6,845,160
Concrete-Deck 1,190,000
Reinforcement-Deck 9,103,379
Steel-Deck 15,558,492
Ties 627,771
Falsework, formwork 901,000
34,225,802
Total Cost: 68,451,604

Table4-11: Total cost of bridge type 2.

This bridge type is little less than twice as expensive as the first bridge type. This mainly depends on
steel cost and complexity of the structure. An overview of the arch bridge can be seen in figure 4-17.

Figure 4-17: An overview of thearch bridge.
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4.6 The cable-stayed bridge

Bridge type no. 3 is a back and front cable-stayed bridge, see figure 4-21. This bridge type has two
pylons on each side, similar to the Oresund bridge. The bridge will consist of a composite
steel/concrete deck. The cross section of the deck is similar to bridge type 2. A further discussion
about the choice of the superstructure is in the next chapter where aesthetics and structural system of
cable-stayed bridges are discussed.

4.6.1 Aesthetics of cable-stayed bridges

Bridge type no. 3 is a cable stayed bridge. There are several types that can come into mind when a
cable stayed bridge is to be designed. The cables can be arranged in a harp-, fan- or combined
configurations, see figure 4-18. The number of spans can either be two or three, see figures 4-19 and
4-20. The pylons can either be rigid, work as a cantilever, or the deck is stiff and the pylons are
stabilized by the cables that are anchored into the ground.

Figure 4-18: Configurations of the cablesfor cable-stayed bridges.

Nowadays the pylons are most often made of concrete. The deck can be made of concrete, steel
orthotropic or as a composite steel/concrete deck.

Many concrete cable-stayed bridges have been built. In general, there are two construction methods
for concrete cable-stayed bridges: cast-in-place construction or precast construction. A cast-in-place
construction is a further development of the free cantilever construction method. For precast
construction it is possible to use a more complicated cross-section because precasting is done in the
yard. The segments, however, should all be similar to avoid adjustment in the precasting forms. The
weight of the segment is limited by the transportation capability. Box is the preferred cross section
because it is stiffer and easier to erect.

A properly designed and fabricated orthotropic deck is a good solution for a cable-stayed bridge.
However, with increasing labor costs, the orthotropic deck becomes less commercially attractive
except for very long spans. The use of steel in the deck is, today, two to four times as expensive as
concrete. Thus the reduced self-weight of the deck slab must result in appreciable savings.

Although the steel orthotropic deck is too expensive for construction in most countries at this time, the
composite deck with a concrete slab on a steel frame can be very competitive. Making the deck
composite with the steel girder by shear studs reduces the steel quantity of the girder significantly.
Most portions of the girder are under high compression, which is good for concrete members.
However, tensile stresses may occur in the middle portion of the center span and at both ends of the
end spans. Post-tensioning is usually used in these areas to keep the concrete under compression.

In this a self-anchoring system is preferable, see figure 4-19. That depends on the foundation
conditions on site, the foundations will be below sea level and sediment layers are the main soil. Also
there is a so called earth anchored system where the horizontal components of the cable forces are
transferred to the supports at the ends of the bridge which requires favorable foundation conditions
and a combination of self-anchoring and earth anchoring system. The principle of a self-anchored
cable system can be seen on figure 4-19.
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Figure 4-19: Self anchored system.

Let us consider an asymmetrical system with only one pylon as can be seen in figure 4-19. That could
be a good choice with respect to foundation construction. An example of that structural system can be
seen on figure 4-20.

>— 170000
I

Figure 4-20: Asymmetrical system.

But, an asymmetrical system has earth-anchored cables and requires better foundation condition than
a self-anchoring system.

4.6.2 Geometry for type 3

Based on the discussion above self-anchoring cable system is preferable in this specific situation.
Here, a harp shape configuration of the cables is chosen. Harp shape configuration offers a very clean
and delicate appearance because an array of parallel cables will always appear parallel irrespective of
the viewing angle. It also allows an earlier start of the deck construction because the cable anchorages
in the pylon begin at a lower elevation so that fastening of cables can start before the pylon is ready.
The outer spans lengths should be around 30-40% of the main span length so the stresses in the back
stays won’t exceed its limits. Figure 4-21 displays the geometry of the chosen model. The bridge is
modelled in SAP2000 for 3D analysis. SAP2000 is a commercial finite element program for structural
analysis of structures. The deck, see figure 4-26, is 10 m wide with four pylons, two on each side. The
two pylons are connected together with one cross-beam for stability. Ten cables will connect the
bridge deck to each pylon. Each cable will be connected to transversal beams with 30° angle to
horizontal.

Figure 4-21: Model for bridge type 3.

4.6.3 Design
In this section the elements in the following table will be checked in the ultimate limit state.
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Element Ultimate limit state
Main girders Bending
Cross-beams Bending

Pylons Bending/Compression
Cables Tension
Foundation | Bending/Compression

Table 4-12: Elementsthat will be checked in ULS.

To begin with the necessary section forces and reactions are determined for the corresponding
elements of the bridge that are under investigation. SAP2000 is used to create influence lines and the
traffic loads are placed by using these influence lines. To create influence lines a point load of 100 kN
is moved in 5 m increments along the bridge deck. On figures 4-22 to 4-24 are these influence lines
displayed for those parts of the bridge that will be analyzed at this stage. The dark vertical lines
indicate the position of the pylons.
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Figure 4-22: Influencelinesfor momentsin the deck and at pylon supports.
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Figure 4-24: Influence linesfor various partsof the structural system of the cable-stayed bridge.

After the influence lines have been created the bridge is modeled as a 3D model in SAP2000 with the
forces positioned at the corresponding positions. The slab is modeled as area section elements with a
meshing of 0.5 m so that the axle traffic loads can be positioned right. Main girders and cross beams
in the bridge deck are modeled as frame elements as well as the pylons. The cables are modeled as
cable elements with high tensional stiffness. The only supports of the model are the fixed supports
under the pylons because the pylons and cables should be able to carry its self-weight under
construction.
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4.6.4 Deck

Concrete Slab

The concrete slab will be 250 mm thick and the concrete quality is C35/45. The slab will consist of
concrete casted on site and a metal deck beneath of trapezoidal profiles. To achieve composite effects
shear studs will be welded on cross beams and main girders.

Cross Beams

The cross beams will be made of steel and are placed in 5 m intervals along the deck. They are
designed to resist the self-weight of the concrete slab and the traffic loads. Location of the traffic
loads for the largest moment can be seen in figure 4-25.
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Figure 4-25: Position of thetraffic loadsto estimate the size of the cross beams.
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When the largest moment and shear force are determined in ULS, it’s possible to determine the size of
the cross beams. The cross section of the beam is I shaped with the total height of 860 mm. The width
of the flanges is 300 mm and the thickness of the web and flanges is 30 mm. For detailed calculation,
see appendix A.

Main Girder

Largest moment in the main girders is when the traffic loads are applied at the middle of the bridge
span and is determined to be 7311 kNm. The largest shear force is determined to be 1247 kN and is
reached when the traffic loads are applied where the pylons are positioned. An I-shaped cross section
is chosen. From these design values the size of the girder is determined. The total height is 1200 mm,
the width of the flanges is 400 mm and the thickness of the web and flanges is 30 mm. For detailed
calculation, see appendix A. Figure 4-26 displays the chosen bridge deck.
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Figure 4-26: Configuration of the deck and girderswith shear studsand trapezoidal profiles.

4.6.5 Pylons

The pylons will be a concrete hollow section. The concrete quality in the pylons is chosen to be
C40/50. The towers have two vertical cable planes and are connected together with two transverse
beams. Each pylon is designed for combined moment and normal force. The design moment and
normal force were determined to be 27292 kNm and 5121 kN respectively. The size of a pylon is
determined 1.5 x 2.0 m with a wall thickness as 0.3 m. The size of the cross-beams that connects the
pylons is determined to be 1.2 x 2.0 m with a wall thickness of 0.25 m. Figure 4-27 displays an
interaction diagram to estimate the capacity of the pylon. The star on the inside of the curve shows the
design point for the above mentioned section forces. Calculations of the pylons are displayed in

appendix A.
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Figure 4-27: N-M interaction diagram for the pylon.

The chosen cross-section of the pylon is shown in figure 4-28.
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Figure 4-28: Cross section of the pylon with reinfor cement.

4.6.5.1 Cables

Where the cables are connected to the bridge deck cross beams are placed to reduce torsion in the
main girders. The cables are modeled as cable elements with high tensional stiffness. The largest
tension force in the cables was determined to be 15888 kN. A proposal of a cable system is VSL SSI
2000 with tendon units as 6-61 with a design capacity of 17019 kN.

Finally a model of the bridge that was constructed in SAP2000 is displayed in figure 4-29.

Figure 4-29: 3-D model of the cable-stayed bridge in SAP2000.

4.6.6 Foundation

The foundation under each pylon will consist of concrete footings and cohesive piles as for the other
bridge types. The largest vertical reaction force and moment under one pylon is determined to be 5121
kN and 27292 kNm respectively. That implies that approximately 13 piles are needed under each
pylon. The fundament along with the piles is assumed to resist the risk for overturning.

4.6.7 Construction

The foundations are to be constructed first. After that, the work with the pylons can start where each
pylon will be constructed up to a height where the lowest cable is connected. Then the construction of
the deck can start where the deck is connected to the cables in segments meanwhile the pylons are
constructed further up. During this the cross-beams are also set in place. After the segments of the
main girders and cross-beams are in place the trapezoidal profiles are fastened on the upper edges of
the beams. Finally the slab is casted. This process is done for each cable row with the segments of the
main girders welded togeather until the top row is reached and the deck structure meets in the middle
of the span. This way, the structure works as a self-anchored system with the deck hanging from the
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cables on each side of the pylons. Below, figure 4-30, is an example from one of the largest cable-
stayed bridge in the world that displays how this principle works.

Figure 4-30: The Stonecutters Bridge (currently the largest cable-stayed bridge in theworld) under construction.

4.6.8 Cost estimation/conclusions

The total quantities of materials are summarized in table 4-13 and cost estimation made based on the
price values given in section 4.3. In table 4-14 the main materials and quantities of the super- and
substructure are listed for the cost estimation. These quantities are based on the preliminary

calculations but the cost estimation for the foundations is based on the method in section 4.4.2 for
bridge type one.

Material Amount Unit
Concrete 666 [m?]
Reinforcement 325.519 [ke)
Steel 230.719 [kgl
Cables 40 [pcs.)

Table 4-13: Amountsof structural materialsfor the cable-stayed bridge.

Finally the total cost of this bridge type is summarized in the table 4-14.

Cable-Stayed Bridge
Material Cost [SEK]
Concrete-Abutments and Piers | 8,932,316
Concrete-Pylons 529,892
Concrete-Deck 1,190,000
Reinforcement-Slab 9,103,379
Reinforcement-Pylons 2,615,308
Steel-Deck 8,075,177
Falsework, formwork 3,636,308
Cables 10,579,200
44,661,580
Total Cost: 89,323,159

Table4-14: Total cost of bridge type 3.
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This bridge type is little less than three times as expensive as the first bridge type. This mainly
depends on the same factors as for bridge type 2, steel cost and complexity of the structure. But also
there is quite much quantity of concrete and reinforcement that is used in the pylons and the cables are
also a large factor. An overview of the arch bridge can be seen in figure 4-31.

Figure 4-31: An overview of my proposal of a cable-stayed bridge.
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4.7 Summary and choice of bridge type

From the total cost estimations for the bridge types it is clear that the cable-stayed bridge is the most
expensive one. Also the arch bridge is quite expensive compared to the prestressed concrete bridge
that is the least expensive one. From a construction point of view the prestressed bridge is also the
most favorable. From these perspectives a concrete girder bridge is the obvious choice.

But, there are also other aspects that need to be taken into consideration when choosing a bridge type;
aesthetics, method of construction and construction time are obvious factors that can affect which
choice is made. The author will leave those decisions for others to make at later stages but chooses to
design the concrete beam bridge in a more detailed manner. In the following chapter more detailed
calculations will be performed for the superstructure of bridge type 1. Calculations of the post-
tensioned cables are performed where the prestress force and eccentricity of the cable profile are
determined. Following that all cable losses are determined and then the secondary effects of prestress.
Finally the ultimate moment capacity is determined for relevant members of the superstructure.
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5 Final design

5.1 Introduction

Prestressed concrete structures, using high-strength materials to improve serviceability and durability,
are an attractive alternative for long-span bridges, and have been used worldwide since the 1950s. The
presence of cracks that can develop in tensile members can lead to corrosion of the reinforcement due
to its exposure to water and chemical contaminants. Corrosion is generally only a problem for
structures in aggressive exterior environments (bridges, marine structures, etc.) and is not critical in
the majority of buildings. The effect of cracking of members can lead to substantial loss in stiffness
which occurs after cracking and the second moment of area of the cracked section is far less than the
second moment of area before cracking. Thus, allowing cracks to develop can cause a large increase
in the deformation of the member. For prestressed concrete, compressive stresses are introduced into a
member to reduce or nullify the tensile stresses which result from bending due to the applied loads.
The compressive stresses are generated in a member by tensioned steel anchored at the ends of the
members and/or bonded to the concrete.

There are two types of prestressing systems: pre-tensioning and post-tensioning systems. Pre-
tensioning systems are methods in which the strands are tensioned before the concrete is placed. This
method is generally used for mass production of prefabricated members. Post-tensioning systems are
methods in which the tendons are tensioned after concrete has reached a specified strength. This
technique is often used in projects with very large elements. The main advantage of post-tensioning is
its ability to post-tension cast-in-place members. Mechanical prestressing jacking is the most common
method used in bridge structures.

The post-tensioning process involves three fundamental stages. In the first stage of the process, the
concrete is cast around a hollow duct. After the concrete has set or hardened, a tendon, consisting of a
number of strands, is pushed through the duct (alternatively, the tendon can be placed in the duct
before casting). Thus, the tendon can be fixed in any desired linear or curved profile along the
member. By varying the eccentricity of the tendon from the centroid, the maximum effectiveness of a
constant prestressing force can be utilized by applying the prestress only where it is required. Once
the concrete has achieved sufficient strength in compression, the tendon is jacked from one or both
ends using hydraulic jacks, thus putting the concrete into compression. When the required level of
prestress is achieved, the tendon is anchored at the ends of the member. After anchorage, the ducts are
usually filled with grout under pressure. The grout is provided mainly to prevent corrosion of the
tendon but it also forms a bond between the tendon and the concrete which reduces the dependence of
the beam on the integrity of the anchor and hence improves its robustness.

When prestressed concrete elements are designed the following factors need to be considered:

e The prestressing reinforcement is determined by concrete stress limits under service load.
¢ Bending and shear capacities are determined for the ultimate limit state
e Deformations are determined in the serviceability limit state.
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5.2 Design

Throughout the design process, one girder is designed with properties of half the cross-section. The
loads are calculated with respect to that. After iteration of the calculations in this chapter the size of
the girders is changed from what was chosen in chapter 4.4 with a height of 1800 mm instead of 2400
mm.

5.2.1 Building codes
The bridge shall be designed according to the following standards:

e FSENV 1991 Eurocode 1 (Loading)
e FSENV 1992 Eurocode 2 (Concrete Design)

5.2.2 Loading
Self-weight and traffic loads are the same as in the pre-design phase. But in this detailed design also
the load generated by prestressing is taken into account.

5.2.3 Materials
In this section the most common physical properties of all materials used are summarized.

5.2.3.1 Concrete

High strength concrete is always used in post-tensioned structural members. In this case the chosen
concrete quality is C45/55. For this quality the modulus of elasticity is E.,=36000 MPa and the
concrete compression strength is f;,=45 MPa. The self-weight of reinforced concrete is 25 kN/m’.

The effects of creep need to be taken into account for calculation of long-term deflection. The
definition of creep is that under compression the concrete member will contract with time due to
constant stress. To take account for creep in the design of concrete members the modulus of elasticity,
E.,, is reduced to an effective elastic modulus, E, 4. E, . is determined with the following formula:

E.
1+ ¢

Ecerr =

where ¢ is the creep coefficient. ¢ is taken from EC2 and shown in table 5-1.

Notional size, 24_/u (mm)
Age of concrete -
at loading (days) 50 150 600 50 150 600

Dry atmospheric Humid atmospheric
conditions, i.e. conditions, i.e.
inside outside

(RH = 50%) (RH = 80%)

36 3.
2.6 2:
1.9 1. 3
1.5 1.4 1.2
L1 1.0 1.0

35
319
28 3.0
90 24
365 1.8
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Table5-1: Creep coefficient, ¢, for normal weight concrete.

In this case, there is a humid atmospheric condition at the bridge site of 80% and the age when the
concrete is loaded is 28 days. The circumference of the section, u, is:

u=27700mm
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The cross sectional area of the concrete is:
A, = 6460000 mm?

The notional size is calculated to be:
2A
— =466
u

which gives after interpolation the creep coefficient as ¢ =1.56, see table 5-1, and the effective
modulus of elasticity is determined to £, ;~14066 MPa.

5.2.3.2 Reinforcement
The quality of the reinforcement is chosen to be B500B with characteristic yield strength £,,=500 MPa.

5.2.3.3 Prestress system

As mentioned in chapter 4 for bridge type 1, the prestressing system is VSL 6-31. All technical
information concerning VSL systems are acquired from technical brochures published by VSL
International Ltd. (2010). Each tendon consists of 28 strands each consisting of 7 wires with a
diameter of 15.7 mm with a total nominal cross-section 4,=4200 mm’, where each strand has a
nominal cross section of 150 mm? The steel quality of the wires is f, x/f5=1640/1860 MPa. The
breaking load of each tendon is 7812 kN. The cables will be placed before casting in a group around a
centerline that counteracts the moment from the self-weight of the bridge. The cables will be anchored
individually with conical devices at each end of the bridge. When the concrete has achieved sufficient
strength large multi-cable hydraulic jacks are used at both ends of the bridge to prestress the structure.
When the required level of prestress is achieved the tendons are anchored at each end of the member.
After anchorage, the ducts around the tendons are filled with cement grout under pressure, called
bonded tendons. The cement grout is provided mainly to prevent corrosion of the tendons, but also it
forms bond in the integrity of the anchor and hence improves its robustness. The prestressing process
will be done in that manner that first the two internal spans will be constructed and prestressed and
then finally the two external spans will be constructed and prestressed. To simplify the calculations it
is assumed that the cables are calculated as one element, stressed from both ends of the bridge.

5.2.4 Exposure classes and service life
According to Eurocode 2 (EN 1992-1-1) a structure should be classified after environmental
conditions, chemical and physical. This structure will be classified in the following classes:

e Corrosion induced by carbonation: XC4

e Corrosion induced by chlorides: XD3

e Corrosion induced by chlorides from sea water: XS3
e Freeze/Thaw Attack: XF4

These classifications give a structural class of S4 according to table 4.3N in EC2. For that class the
minimum concrete cover for reinforcement steel is ¢, 4,,=45 mm and for prestressing steel ¢ip,4,=55
mm. Also, for post-tensioned members, the concrete cover should not be less than the diameter of the
duct. In this case the external diameter of the duct is 117 mm. According to ECO, table 2.1, the service
life (indicative design working life) for bridges is 100 years.

5.2.5 Tendon alignment and prestress force
The position of the centroid of the tendons should be chosen to give the highest effective depth. The
alignment is based on concrete cover, the number and size of the tendons, the size of the cable ducts
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and stresses. Roughly, a good moment distribution is obtained if the positions of cables in the cross-
section are chosen as 0.174 from the bottom extreme fiber at bay and as 0.12/ from the top extreme
fiber at supports. The total height of the cross-section, %, is 2050 mm. Hence,

0.17h = 348.5mm
0.12h = 246 mm

These values will be used in the beginning of the calculations. Minimum spacing of the cables, is
given in section 8.10.1.3 in EC2, and should not be less than the diameter of the duct, in this case 117
mm. Maximum moments from self-weight in external bays occur at 0.375L or 13.875 m and in the
center of the internal bays. These values will be checked later when the amount of cables has been
decided with respect to minimum concrete cover and minimum distances between ducts. Figure 5-1
displays the moment curve from self-weight. In the prestressing stage only the self-weight from the
superstructure will be taken into account.

/N AN
TN T NI TN
S

Figure5-1: Moment distribution in the girder from self-weight.

At each end of the bridge the tendons are placed at the centroids of the T-section (half the cross-
section). Eurocode 2, part 1.1, section 5.10.2, is used to determine the maximum allowed stresses at
different times. The maximum allowed pre-tensioning stress during tensioning is the smaller of:

_ { 08 fpx = 0.8-1860 = 1488 MPa
% = {0.9 foo1x = 0.9 1640 = 1476 MPa

Immediately after the cables are released from the jacks the maximum stresses in the cables are given
as the smaller of:

_ { 075 fy = 0.75- 1860 = 1395 MPa
% = {0.85 foo.1x = 0.85 - 1640 = 1394 MPa

At the same time, excessive compressive and tensile stresses must not arise in the concrete. The
acceptable value depends on the length of time during which the concrete has hardened. Eurocode 2
suggests that an acceptable compressive stress is:

0 < 0.60 fp(0)

with f.4(?) as the characteristic compression strength as a function of time of the prestressing operation.
Jfe(?) 1s defined in section 3.1.2 in Eurocde 2 and is found with the following method:

fer(®) = fom(®) —8 (MPa)  for 3 <t <28 days

fex(t) = for  fort>28 days
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Jem(?) 1s estimated from the following expressions:

fcm(t) = Bec (t)fcm
With f.(1) as:

1
28

1 28\s
2 2
Bec(t) = expss|1— (T) =exp40.25(1 — (ﬁ) = 0.85

where s is chosen to 0.25 which is valid for cement of strength classes CEM Class N at 10 days and
fem 18 53 MPa. From this f,,(¢) is determined to 44.79 MPa and f.() to 36.79 MPa. Hence, the
compressive strength at transfer becomes:

o, < 0.6 f (t) = 0.6-36.79 = 22.07 MPa
And the concrete strength at service time is:
0. <06 f =0.6-45=27 MPa

EC2 does not lay down any compulsory permissible tension stresses so the choice of concrete tension
stress limits is left to the discretion of the designer. Hence the design is restricted by not allowing high
tensile stresses to develop at service and only the concrete tensile strength at transfer:

Octk.005 < 2.7 MPa
And at service the maximum tensile stress is chosen to:
oy < 2.0 MPa

The stresses in the cross-section are calculated according to Navier’s formula:

oo D Mg —Pes
A I

where P is the normal force, 4 is the area of the cross-section and / is the moment of inertia. M, is the
moment generated by self-weight, e, is the eccentricity of the normal force and y is the location in the
section where the stresses are calculated. In this equation P and e, are unknown and have to be
determined. The prestress force and eccentricity will be determined by developing a Magnel diagram,
a method to determine a Magnel diagram is descriped in O’Brien (1999). Magnel diagrams are
determined for the critical sections where the maximum transfer- and service moments occur. An
estimation of the ratio between the prestress force at service and the prestress force at transfer, p, is
made (generally from 0.75-0.90) and is chosen here to be 0.75. The critical sections that will be
checked are external and internal spans and supports B and C. Figure 5-2 displays the load
arrangements to establish the largest moments at each section at service stage. These load
arrangements are determined based on influence lines that are created by the same method as in
section 4 and can be seen in appendix B.
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Figure5-2: Moment distributionsand load arrangement for moments at service for the calculated sections.

These moments are calculated in the computer program PCFRAME after influence lines have been
developed for each section and the moments can be seen in table 5-2.

[kNm] @SPAN1 |@SUPPORTB|@SPAN 2| @SUPPORT C
M, 7463 -14648 7970 -15931
M; 21040 -28880 22148 -30959

Table 5-2: Maximum moments at each section where Mg isthe moment at transfer and M the moment at service.

Below is a list that defines necessary notation, sign conventions and formulas for the calculations that

follow.

Omin: MINiMum stress at extreme top fibre.

Omax: Maximum stress at extreme top fibre.

Opmin. MINimum stress at extreme bottom fibre.

Opmar: Maximum stress at extreme bottom fibre.

These stresses are determined according to:

MO
Otmin = greater of (pOmin - Wt)

and ; (pSmin -

1

Ms)
W

43



Design of a 170 m long bridge over the fjord Porskafjordur in Iceland

M, 1 Mg
Otmax = lesser of (pOmax - W) and ; (pSmax - W)
t

M, 1 Mg
Opmin = greater of (pOmin - Wb) and ;(pSmin - Wb)

M, 1 Mg
Otmax = lesser of <p0max - Wb) and ;(pSmax - Wb)

where W is the section modulus (I/y). W}, is at bottom and is a negative value and W, is at top and is a
positive value, A4 is area of the cross-section, e is the eccentricity of prestress tendons (above the
centroid is positive and below negative) and M are applied moments (M, is the moment at transfer and
Mg at service), see table 5-2. Sag moments are positive and hog moments are negative. These values
are shown in appendix B. The notation for permissible stresses in these equations is the following:

Pomin: MIiNimum permissible stress at transfer.
Pomar: Maximum permissible stress at transfer.
Psmin: MINimum permissible stress at service.

Psmax: Maximum permissible stress at service.

In table 5-3 the numerical values for these permissible stresses are given.

pOr!- n ps'\.'. n po'r.ax ps.ﬂ.'.a).
IN/mm?] | IN/mm?®] | IN/mm?] |IN/mm?]

-2,7 -2 22 27

Table 5-3: Permissible stresses.

And finally the results for these top and bottom stresses are listed in table 5-4.

Otmin Otmax Obmin Obmax

[N/mm?] | IN/mm?] | [N/mm?] | [IN/mm?]
SPAN1 -6.88 17.90 24.36 29.26
SUPPORTB | 17.27 | 29.66 | -14.31 5.49
SPAN 2 -7.16 17.61 25.78 29.75
SUPPORTC | 18.71 30.32 | -15.32 3.29

Table 5-4: Maximum stresses at top and bottom fibers.

Note that for these calculations compressive stresses are considered positive and tensile stresses
negative.

The following four inequalities are used to determine the feasible zone for the prestressing force on
the Magnel diagrams:

1 1 e )
p Otmin < 1 + Wt Inequality 1
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—+ — < = Otmax Inequality 2

Inequality 3

1 e 1 )
—+—=< p Obmax Inequality 4

These inequalities represent half-planes bounded by the line on which the stress limits are just
satisfied. To determine which half-plane represents the inequality, the origin of the Magnel diagram is
substituted into inequality 1, //P=0 and e=0, and gives the following:

1
0< 1 Inequality 1

If this is true (A is positive), the correct half-plane is the one containing the origin and the same
procedure is done for the three remaining inequalities.

1

1 <0 Inequality 2
1

0< " Inequality 3

1

1 <0 Inequality 4

Thus, for inequality 1 the half-plane contains the origin, for inequality 2 it doesn’t, for inequality 3 the
half-plane contains the origin and for inequality 4 it doesn’t. For further information see appendix B

and O’Brien (1999).

After some calculation the Magnel diagrams are established (Appendix B) and the appropriate
prestress force and eccentricity are chosen. The chosen prestress force is 46.512 kN (1/P=2.15 x 10°
N which is based on the maximum allowable eccentricity that is at supports B and C. That requires
approximately 8 tendons each with a breaking load of 7812 kN. The eccentricity limits at each section
are given below, based on these Magnel diagrams.

Section at support A: -180 mm < e < 283.6 mm
Section at span 1: -210 mm < e < -410 mm
Section at support B: 200 mm < e < 283.6 mm
Section at span 2: -300 mm < e < -420 mm
Section at support C: 250 mm < e < 283.6 mm

On figure 5-3 is the longitudinal feasible zone and the cable layout displayed. That zone is based on

the calculations above.
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37000 .l 48000 [ 48000 | 37000

Figure 5-3: Longitudinal feasible zone of the cable (the beam size has the scale of 10 in vertical direction).

On figure 5-4 the chosen eccentricities are displayed.

e=420 rrn

6 X

S

cG
e=2836 mm

e=410 mm

13875 ‘ 23125 ‘ 24000 24000

Figure 5-4: Chosen eccentricitiesfor the cableline.

5.2.6 Prestress losses

The effective prestress force is not generally equal to the applied jacking force nor is it constant along
the length of the member. Therefore, in order to determine the effective stress due to prestress at
transfer and service, the losses in prestress must first be calculated at each design section. These
losses can be divided into two groups in accordance with the time when they occur. Losses which
occur prior to the point in time when stress is first felt by the concrete are called pre-transfer losses
and losses which occur after the prestress is transferred to the concrete are called post-transfer losses.
The pre-transfer losses consist of:

e Elastic shortening of the cross-section.
e Friction between the tendons and the surrounding ducts (in case of post-tension).

The post-transfer losses consist of:

e Time dependent losses, which are from relaxation of the steel and by creep and shrinkage of
the concrete.

e Loss due to slippage of the tendons at the anchorage known as draw-in loss (in case of post-
tension).
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5.2.6.1 Friction losses
The loss of prestress force from friction is caused by two sources:

e Friction due to curvature of the tendon
e Friction due to unintentional variation of the duct from its prescribed profile or ‘wobble’.

The friction loss at section i due to curvature is:
n .
curvature loss; = Pjge(1 — e FLi=161)

where u is a friction coefficient and 6; is the aggregate change in slope in radians between the jack and
section i and n is the total number of sections. The system producer recommends a value of the
friction coefficient as =0.2. To calculate the angle changes at each section the following equation is
used:

Vi
0. = 2(=
(=26

where y; is the vertical change in height between the sections that are calculated and x; is the
horizontal distance between the corresponding sections. These sections are displayed on figure 5-5.

¢ (J/ T3
13875 18425 19200 19200
I I
® ® oo ®© © @ e
3700 4800 4800

Figure5-5: Sections of the beam for calculations of friction losses and elastic shortening losses.

The friction loss at section i due to wobble is:
wobble loss; = Pjqc (1 — PRLLDEED)

k is a wobble coefficient which depends on the quality of workmanship, the distance between tendon
supports, the degree of vibration used in placing the concrete and the type of the duct. For the chosen
system the producer recommends k=0.0008 m™'. The term x; is the distance (in meters) from the jack
to section number i. Hence, the total friction loss becomes:

total friction loss; = Pjqcr (1 — e L1 (0+kx)y

The results of the calculated friction losses are displayed in table 5-5.
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v " 0=261)| 6 |Wobble, k| ¢ | Friction loss
Segment (m] (m] [ra&] (rad] (] - (UZ0+kZx)| g Y ijﬂ-e'f“ﬁ'tz")

[kN]
AB 0.353] 13.875| 0.0509 |[0.0509| 0.0008 |13.875| 0.0213 0.9789 979
BC 0.595| 19.425 | 0.0613 |0.1121| 0.0008 33.3 0.0491 0.9521 2227
CD |0.042| 3.7 0.0227 |0.1348| 0.0008 37 0.0566 0.9450 2558
DE |0.067| 4.8 0.0279 |0.1628( 0.0008 | 41.8 0.0660 0.9361 2970
EF 0.58 | 19.2 0.0604 |0.2232| 0.0008 61 0.0934 0.9108 4149
FG 0.579| 19.2 0.0603 |0.2835| 0.0008 80.2 0.1209 0.8862 5295
GH 0.067| 4.8 0.0279 |(0.3114| 0.0008 85 0.1303 0.8778 5681

Table 5-5: Friction losses.

5.2.6.2 Elastic shortening losses

As the prestress is transferred to the concrete, the concrete undergoes elastic shortening. This can
cause a slackening of the strand which results in a loss of prestress force. The losses due to elastic
shortening in each tendon of post-tensioned members are different. The maximum loss is in the
tendon that is released first and then less in the next one and etc. The elastic shortening loss in the
tendon that is released first is:

. . . Ep 1 éi16,
elsastic shortening loss in tendon 1 = PyA,; —|—+——
E.\4y I

where index 1 and 2 indicate tendon 1 and 2 respectively. P and e are the prestressing force and
eccentricity respectively. 4, is the area of the cross-section. The results of the calculated elastic
shortening loss for the whole cable group in one girder are displayed in table 5-6.

Total elastic
e I, Ay 7
Segment —_— i ,, |shortening loss
[mm7] | [mm7] (kN]
AB 410 |1.35E+12| 3230000 3793
BC 185 [1.35E+12| 3230000 2924
CcD 284 |1.56E+12| 3770000 2764
DE 160 |1.35E+12| 3230000 2869
EF 420 [1.35E+12| 3230000 3846
FG 159 |1.35E+12| 3230000 2866
GH 284 |1.56E+12| 3770000 2764

Table 5-6: Elastic shortening losses.

5.2.6.3 Draw-in losses

After jacking the tendons are released from the jacks and the force is applied directly through the
anchorages to the concrete. This process results in a loss due to slippage or ‘draw-in’ of the strands at
the anchors. The "draw-in" of the tendons results in a loss of strain of ;.. at the anchorage. However,
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because of friction, this loss decreases along the length of the member to zero at a distance L, from the
jack. The extent of draw-in losses is determined with the following equation:

AsEpA,
(Pjack - PL)/L

where (Pj,-Pr)/L is the slope of the distribution of prestress force if the friction loss is assumed to
vary linearly. 4 is the total shortening of the tendon. The magnitude of the draw-in loss at the
anchorage is then given by the following equation:

Pigex — P
2(1ack L)L

AP =
L D

where AP is the draw-in loss. The distribution of the prestress force after the draw-in loss is displayed
in figure 5-6 where the decrease of this loss along the length of the member becomes zero at distance
L4 approximately 15 m from the jack.

Draw-in loss
50000

0, 46512

4
z \ —o— Prestress due
£ 45000
[- %
0

to friction loss

—#— Draw-in loss

85, 40830

40000 T T T T
0 20 40 60 80

x [m]

Figure 5-6: Distribution of the prestress force after the draw-in lossfor half of the total span.

5.2.6.4 Time-dependent losses

Losses in prestress which occur gradually over time are caused by shortening of the concrete due to
creep and shrinkage and due to relaxation of the prestressing steel. Shrinkage is a time-dependent
strain which occurs as the concrete sets and for a period after setting. The shrinkage strain approaches
final value at infinite time. When maintained at a constant tensile strain, steel gradually loses its stress
with time due to relaxation. The extent of the loss of stress in prestressing strands due to relaxation is
determined by the stress to which the steel is tensioned, the ambient temperature and the class of steel.
Maximum allowable value for relaxation losses of the prestressing steel are specified by the
manufacturer as 2.5% for 15 mm strands. To determine the loss EC2 suggests that it should be based
on the 1000 hour values given in figure 5-7. These values should be trebled to determine the final
relaxation losses.
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Figure5-7: Relaxation of prestressing steel.

The phenomenon of creep is essentially the same as that of relaxation. The distinction is that
relaxation refers to the loss of stress under constant strain while creep is the increase of strain which
occurs at constant stress. For prestressed concrete, relaxation occurs in the steel while creep occurs in
the concrete.

EC2 recommends that these two prestress losses, creep and shrinkage, should be calculated with the
following formula:

&esEp + Aoy, ymeo;

A =
Opitot mA, [ Age?
1+ . 1+ i (1+0.8¢)
g g

where
Ao, = loss of stress in steel due to creep, shrinkage and relaxation.

& = final shrinkage strain calculated according to section 3.1.4 (6) in EC2. Calculated value
of this strain is ¢,=0.000256.

E, = modulus of elasticity of the prestressing steel.

Ao, = loss of stress in the tendons at the design section due to relaxation.

m = modular ratio, E,/E,.

@ = final creep coefficient taken from table 5-1.

o. = stress in the concrete at the level of the tendons due to permanent loads plus prestress.
A, = area of prestressing steel.

A, I, = gross area and second moment of area of section.

e = eccentricity of tendons from centroid section.

The final shrinkage strain is composed of two components, the drying shrinkage strain, €., and the
autogenous shrinkage strain, ¢.,. For detailed explanations of calculations of the final shrinkage strain
author refers to section 3.1.4 (6) in EC2. The loss of stress in the tendons due to relaxation, 4a,,,, is
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derived from figure 5-7 with the ratio of steel stress/characteristic tensile strength as (o,//,x) with g, at
the section that is calculated as:

t

i
0, = —
p Ap

_pMSe
E. I

and the loss of stress in the tendons due to relaxation as:

Aoy, = 3 X relaxation loss X E

The stress, 0., in the concrete at the level of tendons due to permanent loads plus prestress is
calculated using the following equation:

P (Pe+ My)e
O =—+— "
Ay Iy
Following these calculations the total time-dependent loss of stress in the tendons can be calculated.

From these results and from the calculations of the draw-in losses the applied prestress at service can
then be calculated. The results of the calculated time-dependent losses are displayed in table 5-7.

P [kN] Total |Prestress | Ratio of
Iml (after | M, | e, I; o, A, B Reloxation [40,,=3"%"P/A,| o, ) A0, | time ar. pres rr.ess at
draw- | [kNm] | [mm] | [mm®] |[IN/mm®]| [mm?] #4P (max 2,5%) IN/mm?] [N/mm?]|[N/mm?]| loss | service | service to
in) [kN] [ [kN] transfer, p
Supp.A| O 43270 0 0.0 |1.56E+12| 1288 |3.77E+06| 0.69 0.025 96.6 11.48 219.6 | 7379| 358%0 0.77
Span1 |13.875| 44197 | 21040 |-410.0|1.35E+12| 1281 |3.23E+06| 0.69 0.025 98.7 12.79 217.9 | 7322| 36875 0.79
Supp.B| 37 | 44039 |-28880| 283.6 |1.56E+12| 1282 |3.77E+06| 0.69 0.025 98.3 8.71 196.4 |6598| 37441 0.81
Span 2 61 | 42434 | 22148 |-420.0|1.35E+12| 1225 3.23E+ﬂﬁ| 0.66 0.025 94.7 11.79 206.9 | 6952| 35482 0.76
Supp.C| 85 | 40830 |-30959| 283.6 |1.56E+12| 1185 3,?’?E'H36| 0.64 0.025 91.1 7.32 179.6 |6035| 34755 0.75

Table 5-7: Time-dependent losses.

5.2.7 Secondary effects of prestress
For statically indeterminate structures the prestress moment consists of two components, primary
moment and secondary moment. The primary moment is the product of prestressing force and
eccentricity, the secondary moment is moment caused by reactions developed at intermediate supports
during prestressing. To determine the secondary moment there are two common methods; support
displacement method and equivalent load method. In this thesis the equivalent load method is applied.
The equivalent load is a uniformly distributed load established by considering a simple beam with a
parabolic tendon profile. The bending moment at any point due to this prestressing force is given by
M,;=Pe. If an equivalent uniform upward load, w, is assumed to act on the beam, see figure 5-8, the
maximum moment at mid-span is equal to:

y wl?

278

Since the equation of the bending moment for uniformly loaded simply supported beam is also
parabolic, the moments must be equal in the two beams at any point. Thus

M1=M2

Application of this equation at the mid-span gives
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p _WL2
©=738
and
8Pe
W=

where e is the distance from the cable to the eccentricity of the beam at mid-span.

P 7

T T T T T T T

Figure5-8: Calculation of the equivalent load for curved tendons.

In the case when the vertical position of the cables at supports is not the same at two adjacent supports
e is the eccentricity at mid span from the cable to the line that connects these two positions of the

cable, see figure 5-9.
€2

o[ LT T T T T T T2 Jee

Figure 5-9: Determination of e for cable with eccentricity e; and e,.

Thus, the eccentricity becomes:

e, +e;
2

e=e3+

To determine the moment at the intermediate supports the three-moment equation (Clapeyron’s theory)
is used. The calculation procedure of the three-moment equation is in the following order:

e Draw a free body diagram of the first two spans.

e Label the spans L; and L, and the supports A, B and C.

e Use the three-moment equation to solve the unknown moments.
e Move one span further and repeat the procedure above.
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e Repeat as needed, always moving one span to the right and writing a new set of moment
equations.
e Solve 3 simultaneous equations for 4 spans to get the internal moments.

In this case these moment equations are three since there are four spans and three unknown moments,
My, My and Mc. They are the following:

MyLy + 2Mg(Ly + L,) + McL, = —6(EIB, + EIO,)

MgL, + 2M¢(Ly + L3) + MpL; = —6(EI6, + E163)

McLs +2Mp(Ls + Ly) + MgL, = —6(EI0; + EI6,)
The notation for the formulas above is displayed on figure 5-10.

M. Me

_ Me M Mo
| L 81“@«92 L, 92@793 Ls B3 “@,ﬁa La @«

Figure 5-10: Notation for calculations with the three-moment equation.

The terms on the right hand side of these equations are acquired with the following formula for beams
with uniformly distributed load on span no. n:

Wl

EIf, = —

In table 5-8 the calculated values for w and the prestress moments are listed and on figure 5-11 the
moment diagrams for the corresponding moments. The secondary moment is linear between supports.
More detailed calculations to obtain the secondary moment are in appendix B.

T || W Moty |M sacondary | M primary+secondary
[m]|[mm]|[kN/m]| [kNm] | [kNm] [kNm]
Support A 0 0 0
Span 1(0,375*37) | 37 | 460 | 99.023 | -15119 2068 -13050
Support B 10618 5516 16134
Span 2(37+0,5%48)| 48 | 647 | 79.685 | -14902 5265 -9638
Support C 9868 | 5014 14882

Table 5-8: Prestress moment.
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-15119 kNm -14902 kNm -14902 kNm -15119 kNm

9868 kNm

10618 kNm 10618 kNm

Secondary moment

— 1 T—

5516 kNm 5014 kNm 5516 kNm

Figure 5-11: Diagramsof primary and secondary moments.

When the total moment has been obtained in the beam, the ultimate moment capacity can be
calculated. That is done in the next chapter.
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5.3 Ultimate moment capacity
When the member has been designed to satisfy the transfer and service stress limits it is necessary to
check for moment capacity in the ultimate limit state. As for ordinary reinforced concrete, the ultimate
moment capacity of a prestressed section is calculated by equilibrium of forces at the corresponding
section. The compressive strain in the concrete due to prestress, &., at the level of the prestressing
tendon is given with the following formula:

1 /P Mye
e =7\ t+—F
E.\A, Iy

where M, is the moment due to prestress and P is the prestress force, both after all losses, at the
section that is calculated. The tendon strain is defined as (contraction positive):

P
Epu = — + &t — Ece

ApEp

where A, is the area of the prestress reinforcement and E), is its modulus of elasticity. ¢ is the total
ultimate strain in the concrete and is found with the following equation:

_ Eu(d—x)
fa =T

EC2 recommends that ¢,, should be taken as 0.0035. Here d is the effective depth, distance from
extreme fibre in compression to the center of tension reinforcement, and x is the distance from
extreme fibre in compression to neutral axis. To calculate the equilibrium of forces the force in the
steel, F,, and the compressive force acting on the concrete in compression, £, are required:

E, = Ay (Epe pu)

af ck

Ye

F. = 0.8xb

Here b is the width of the section which F., is acting on. « is a coefficient which takes into account the
long-term effects on the compressive strength and is 1.0. y. is the partial safety factor for concrete
strength and is equal to 1.5 according to EC2. Now the following equation for equilibrium of forces is
established and solved to find x:

E,+F =0

When x is found a check is made to see if the steel has yielded by substituting x into the equation for
the tendon strain defined above. The initial yield strain for prestressing steel is f, /v, Ep Where y, is

the partial safety factor for reinforcement strength and is equal to 1.15 according to EC2. ¢, cannot
exceed the initial strain, otherwise the steel has yielded. Finally the ultimate moment capacity can be
determined with the following formula:

My = Bz = F.z
with z as:

z=(d —0.4x)

55



Design of a 170 m long bridge over the fjord Porskafjordur in Iceland

In appendix B are detailed calculations of the moment capacity of each section displayed. In table 5-9
are the bending moments in ULS with prestress and the moment capacity summarized for each section.

Moy | My
[kNm] | [kNm]
Span1 | 17264 | 22256
SupportB| 24704 | 43846
Span2 | 22317 | 22532
Support €| 28855 | 42982

Table5-9: Total design moment in the UL Swith prestress (M,,,;) and the ultimate moment capacity (M,;,).

Finally, the cross-section with the cable elevation is displayed for each section in figure 5-12.
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Figure 5-12: Cross-section and cable elevation.
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CALCULATIONS OF GDF FOR BRIDGE TYPE 1

[}
I ’ICIQ!CIO |
|" | 5600 - o
I | 1
Quws2 Q2 '
e Qal2 Qa2
‘L 1] 2 \L Jak
A P— N S S A A PR
A B
- oy 200
1800
2800
. 3800 N
4_ i 4300 o
__ 4800 o
5800
- 6800 -
Q= 300 0q1= 0,9 aQ1'Q1k= 270 kN
Q= 200 0= 0,9 an'Q2k= 180 kN
2
qu= 9 0= 1 Ogq1'du= 9 kN/m
2
Qo= 2,5 Op= 1 O = 2,5 kN/m
G= 25 A= 1 Crda= 2,5 kN/m”
For Q For q
F z M q z M
RA 516 RA.X RA 5,6 RA'X
135 6,8 918 9 5,8 156,6
135 4,8 648 2,5 2,8 21
90 3,8 342 2,5 -0,2 -1,5
90 1,8 162 >M= 176,1
>M= 2070 Ra= 31,45
Ra= 369,64 GDF,= 1,16
GDFq= 1,37 Re= 10,55
Rg= 80,36

Total actions on half of the cross section for traffic loads in the length direction

Q=2*GDFo*R,=
q=GDF,*R,=

1012

37

kN
kN/m
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Calculations for Area, Moment of Inertia and Section Modulus for Bridge Type 1
Note: All cross-section calculations are done from the bottom fibre

In the middle of the span

Part| b h A Yo S=AYo | Yo lo Aly-yo)® Iy
nr. mm mm mm? mm mm? mm mm?* mm?* mm?*
1 1080 | 2400 | 2592000 1200 3,11E+09 431,1 |(1,24E+12 4,82E+11 1,73E+12
2 1080 | 2400 | 2592000 1200 3,11E+09 431,1 |(1,24E+12 4,82E+11 1,73E+12
3 10000 | 250 2500000 2525 6,31E+09 | -893,9 |1,30E+10 2,00E+12 2,01E+12
Z 7684000 1,25E+10 5,46E+12
3
y= 1631,1 mm Wiop= 5,36E+09 mm
h= 2650 mm  Waomom= 3,35E+09 mm’
Creep - Effective elastic modulus
Perimeter: u= 30100 mm
Notional size: 2A/u= 511 mm
Creep coefficient: 0= 1,54
Effective elastic modulus: Ecer= 14175 N/mmz
In the middle of the span - Half cross section
Part| b h A Yo S=AYo | Yo lo Aly-yo)® Iy
nr. mm mm mm? mm mm? mm mm” mm?* mm?*
1 5000 250 1250000 2525 3,16E+09 | -893,9 |6,51E+09 9,99E+11 1,01E+12
2 1080 | 2400 | 2592000 1200 3,11E+09 431,1 |(1,24E+12 4,82E+11 1,73E+12
Z 3842000 6,27E+09 2,73E+12
3
y= 1631,1 mm Woop= 2,68E+09 mm
h= 2650 mm Wpoom=  1,67E+09 mm’
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Over a support

Part| b h A Yo S=AY, | Yo lo Aly-yo)* Iy
nr mm mm mm?® mm mm? mm mm?* mm?* mm?*
1 1380 | 2400 | 3312000 1200 3,97E+09 363,1 |1,59E+12]| 4,36548E+11 | 2,03E+12
2 1380 | 2400 | 3312000 1200 3,97E+09 363,1 |1,59E+12]| 4,36548E+11 | 2,03E+12
3 10000 | 250 2500000 2525 6,31E+09 | -961,9 (1,30E+10| 2,31335E+12 | 2,33E+12
> 9124000 1,43E+10 6,38E+12
y= 15631 mm  Wro,= 5,87E+09 mm’
h= 2650 mm  Wgowom=  4,08E+09 mm’
Over a support - Half cross section
Part| b h A Yo S=AY, | Yo lo Aly-yo)’ Iy
nr mm mm mm’ mm mm’ mm mm* mm* mm?*
1 5000 | 250 1250000 2525 3,16E+09 | -961,9 |6,51E+09 1,16E+12 1,16E+12
2 1380 | 2400 | 3312000 1200 3,97E+09 363,1 |1,59E+12 4,37E+11 2,03E+12
Z 4562000 7,13E+09 3,19E+12
3
y= 1563,1 mm Wrop= 2,51E+09 mm
h= 2650 mm Wigom=  2,04E+09 mm’
Creep - Effective elastic modulus
Perimeter: u= 30100 mm
Notional size: 2A/u= 606 mm
Creep coefficient: 0= 1,50
Effective elastic modulus: Ecer= 14416 N/mmz
Summary A W rop W gottom | Weight
2 3 3 4
mm mm mm mm kN/m
In the Middle of the Span 7684000 | 5,36E+09 | 3,35E+09 | 5,46E+12 192,1
In the middle of the Span - half | 3842000 | 2,68E+09 | 1,67E+09 | 2,73E+12 96,05
Over a support 9124000 | 5,87E+09 | 4,08E+09 | 6,38E+12 228,1
Over a support - half 4562000 | 2,51E+09 | 2,04E+09 | 3,19E+12 114,05
3
VConcrete= 25 kN/m
2
Vpavementz 211 kN/m
Self weight of concrete for half of the bridge section
gconcrete= 9611 kN/m
gpavement= 1015 kN/m
Bot= 106,6 kN/m
E= 36000 N/mm’
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CALCULATIONS O{ GDF FOR BRIDGE TYPE 2

Appendix A

| 10$00 |
B | il
|
Quif2 Qkf2 H
| o | |
Qaf2 ! Qaf2
L g | Qax
T I [ [ 1 [ 1
A B
P =T 2000 R =
. 4000 o
I
5000
6000
_ | 6500 o
. | 7000 o
| 5000
. !gooo o
t | —
Qu= 300 0= 0,9 Oqi'Qu= 270 kN
Qu= 200 0= 0,9 O Q= 180 kN
2
= 9 Q1= 1 Qg1 da1k= 9 kN/m
W= 25 A= 1 g On= 2,5 kN/m’
2
A= 2,5 Ogz= 1 Og3'dak= 2,5 kN/m
For Q For q
F z M q | z M
RA 10 RA'X RA 10 RA'X
135 9 1215 9 3 8 216
135 7 945 2,5 3 5 37,5
90 6 540 2,5 3 2 15
90 4 360 >M 268,5
SM= 3060 Ra 26,85
Ra= 306,00 GDF= 0,99
GDFg= 1,13 Re= 15,15
Rg= 144,00

Total actions on half of the cross section for traffic loads in the length direction

Q=2*GDFo*R,=
q=GDF,*R,=

694
27

kN

kN/m
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Main girders - Bridge type 2

Appendix A

| =
40———-— ==
—
Part b h A Yo | SSAYe [ v | o [ Alyvo | )y
mm? | [mm?’| [mm? | [mm] | [mm? | [mm]| [mm®] [mm*] [mm*]
Top Flange 300 40 12000 1160 (1,39E+07| -570 | 1,60E+06 | 3,90E+09 | 3,90E+09
Web 40 1100 | 44000 590 |2,60E+07( O [4,44E+09|0,00E+00 (4,44E+09
Bottom Flange 300 40 12000 20 |2,40E+05| 570 |[1,60E+06|3,90E+09 | 3,90E+09
3 68000 4,01E+07 1,22E+10
y= 590 [mm]
= 1180 [mm]
We=  2,07E+07 [mm’]
Part y A W, 5.4 Restistance of cross-sections in EC3
[mm] Imm’]| [mm’]
Top Flange 570 12000 | 6,84E+06 Ymo= 1,1 f,= 355 MPa
Web 1 275 22000 | 6,05E+06
Web 2 275 22000 | 6,05E+06 :
Bottom Flange| 570 12000 | 6,84E+06 Vsa <Voird
s W= 2,58E+07 Where
< =
Shear area: A,=3(dt,)= 44000 mm? Vs =Vaw = AL IN3) e

Cross Section Class, table 5.3.1 in EC3

€ 0,81
d 1100
o t 40
e
& a 0,5
- d/t, 27,5
Class Class 1|>d/tw < 33¢
[¢ 150
2 t 40
= o/tf 3,75
Class Class 1|—>c/tf < 9¢

Design values:

Msg,max= -7241 kNm
Vsg,max= 2087 kN
Resistance:
Moment 8320 kNm OK!
Shear 8198 kN OK!
Combined No reduction needed!

Provided that the design value of the shear force
V .4 does not exceed 50% of the design plastic

shear resistance V , rs no reduction need be

made
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Cross-beams - Bridge type 2

— o
-

g N =
Part b h A Yo | STAYe | ¥v¥o| o | Alyva’| I,
[mm’] [ [mm’]| [mm’] | [mm] [ [mm’] | [mm]| [mm*] | [mm® | [mm’]
Top Flange 200 30 6000 845 |5,07E+06| -415 | 4,50E+05| 1,03E+09| 1,03E+09
Web 30 800 24000 430 (1,03E+07 0 1,28E+09| 0,00E+00 | 1,28E+09
Bottom Flange 200 30 6000 15 9,00E+04| 415 (4,50E+05|1,03E+09]|1,03E+09
> 36000 1,55E+07 3,35E+09
y= 430 [mm]
= 860 [mm]
W= 7,79E+06 [mm’]
Part y A W, 5.4 Restistance of cross-sections in EC3
mm] | [mm’]| [mm’]
Top Flange 415 6000 |2,49E+06 Ymo= 1,1 fy= 355 MPa
Web 1 200 12000 | 2,40E+06
Web 2 200 12000 | 2,40E+06 .
Bottom Flange 415 6000 |2,49E+06 Vei <Voipd
3 W= 9,78E+06 Where
Ve, <V o, = f IN3)/
Shear area: A,=3(dt,,)= 24000 mm?> sd prs = ATy \/_) Twmo

Cross Section Class, table 5.3.1in EC3

0,81
d 800
° t, 30
&
8 a 0,5
v d/t,, 26,67
Class Class 1
c 100
% tf 30
= c/tf 3,333
Class Class 1

Moment
Shear
Combined

Design values:

Msd,max= 3025 kNm
Vsd,max= 1359 kN
Resistance:
3156 kNm OK!
4472 kN OK!

No reduction needed!

Provided that the design value of the shear force
V .4 does not exceed 50% of the design plastic
shear resistance V g4 no reduction need be
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Appendix A

CALCULATIONS OF GDF FOR BRIDGE TYPE 3

3
10$00
i
Qi f2 Chkdf2 H
l L+ 113 l |
Quaf2 ! Quf2
l Jax l ax
L I I T 1 I ]
A B
- =T 2000 R —
. 4000 o
5000
6000
» | 5500 o
. | 7000 o
| saoo
m !gooo o
[
Q= 300 0q1= 0,9 0q1 Q= 270 kN
Q= 200 0= 0,9 g Q= 180 kN
2
qQik= 9 aq]_: 1 aql'qlkz 9 kN/m
WG 25 0= 1 A ta= 2,5 kN/m”
2
ds= 2,5 aq3= 1 aq3'q3k= 215 kN/m
For Q For q
F z M q | z M
RA 10 RA'X RA 10 RA'X
135 9 1215 9 3 8 216
135 7 945 2,5 3 5 37,5
90 6 540 2,5 3 2 15
90 4 360 >M 268,5
SM= 3060 Ra 26,85
Ra= 306,00 GDF = 0,99
GDFg= 1,13 Re= 15,15
Rg= 144,00

Total actions on half of the cross section for traffic loads in the length direction

Q=2*GDF*R,= 694 kN
q=GDF,*R,= 27 kN/m
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Cross-beams - Bridge type 3

La
|
i
Mmax
Vmax
— /™71
Part b h A Yo S=AYo | ¥v¥o| o | Alyvd’|
mm?] | [mm? | [mm?] | [mm] [mm?] [mm]| [mm?] [mm?] [mm?]
Top Flange 300 30 9000 845 7,61E+06 | -415 |6,75E+05( 1,55E+09| 1,55E+09
Web 30 800 24000 430 1,03E+07 0 1,28E+09 | 0,00E+00 | 1,28E+09
Bottom Flange | 300 30 9000 15 1,35E+05 415 | 6,75E+05(1,55E+09| 1,55E+09
)3 42000 1,81E+07 4,38E+09
y= 430 [mm]
h= 860 [mm]
We=  1,026+07 [mm’]
Part y A W, 5.4 Restistance of cross-sections in EC3
[mm] | [mm?] | [mm’]
Top Flange 415 9000 |(3,74E+06 Ymo= 1,1 fy= 355 MPa
Web 1 200 | 12000 | 2,40E+06
Web 2 200 | 12000 | 2,40E+06 .
Bottom Flange | 415 | 9000 |3,74E+06 Vsa <Voird
3 = 1,23E+07 Where
V, <V = f /\3)/
Shear area: A,=2(dt,,)= 24000 mm’ S s = AT I) Yo
Design values:
Cross Section Class Msg max= 3237 kNm
€ 0,81 VSd,max= 672 kN
d 800
o tw 30 Resistance:
[T}
H o 0,5 Moment 3960 kNm OK!
= d/t, | 26,67 Shear 4472 kN oK!
Class | Class 1|>d/tw<33e Combined No reduction needed!
c 150
2 ts 30 Provided that the design value of the shear force V o4
= c/tf 5 does not exceed 50% of the design plastic shear
Class | Class 1|—>c/tf<9¢ resistance V , g4 no reduction need be made
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Main girder - Bridge type 3

—
C— — 17
—— |
Part b h A Yo S=AYo | v¥o| b | Aly-yo) ly
[mm?] | [mm’] | [mm’] | [mm] (mm’] | [mm]| [mm*] | [mm® [ [mm*
Top Flange 400 30 12000 1185 1,42E+07 | -585 | 9,00E+05| 4,11E+09 | 4,11E+09
Web 30 1140 34200 600 2,05E+07 0 |[3,70E+09| 0,00E+00 | 3,70E+09
Bottom Flange | 400 30 12000 15 1,80E+05 | 585 | 9,00E+05]| 4,11E+09 | 4,11E+09
> 58200 3,49E+07 1,19E+10
y= 600 [mm]
= 1200 [mm]
W= 1,996+07 [mm’]
Part y A W, 5.4 Restistance of cross-sections in EC3
[mm] Imm?] | [mm?
Top Flange 585 ([ 12000 | 7,02E+06 Ymo= 1,1 fy= 355 MPa
Web 1 285 [ 17100 | 4,87E+06
Web 2 285 ([ 17100 | 4,87E+06 -
Bottom Flange | 585 | 12000 | 7,02E+06 ' SVp,de
)3 W= 2,38E+07 Where
V., <V = f /3)/
Shear area: A,=2(dt, )= 34200 mm? se <Vora = Ay \/7) Twmo
Design values:
Cross Section Class Msg,max= 7311 kNm
€ 0,81 Vsd,max= 1247 kN
d 1140
o tw 30 Resistance
1]
< a 0,5 Moment 7677 kNm OK!
w d/tw 38 Shear 6372 kN OK!
Class | Class1|—>d/tw <33e Combined No reduction needed!
c 200
o : 20 Provided that the design value of the shear force
@ f V .4 does not exceed 50% of the design plastic
= o/tf 6,67 . .
shear resistance V ,; gy no reduction need be made
Class |Class 1]|>c/tf<9¢
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Column
ty L I t, B b
mm m 1700
A 1920000 Mm’
Reinforcement
QOutside Bars Inside Bars

Cover |[x(Pcs.)[ Sox |y(Pcs)| Soy |x(Pcs.)| Sox |y (Pcs.)| Soy
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|
“ ----------------------------
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Appendix A

Materials
Safety Class = n 1,2
Concrete
Outside Bars = Ay, 4909 mm‘/Bar
Inside Bars = Ao 490,9 mm?¢/Bar
Stirrups = Ay 785  mm‘/Bar
Creep, RH %
Reinforcement # Creep, RH %
Ks40 1 Innomhus i uppvarmde lokaler 55
Ks60 2 Normalt utomhus samt inomhus i icke 75
$s260S 3 uppvarmde lokaler
B500B 4 Mycket fuktig miljo > 95
Ks600S 5
Ns500 6
Nps500 7
fcck fcc fctk fct Eck Ec Ec,eff Ecu
Concrete MPa MPa MPa MPa MPa MPa MPa -
38 19,8 2,4 1,33 35.000 24.306 12.153 | 0,0035
Rebars fyk fst Esk Es Esy
MPa MPa MPa MPa -
Outside Bars 500 435 200.000 | 200.000 | 0,00217
Inside Bars 500 435 200.000 | 200.000 | 0,00217
Stirrups 500 435 200.000 | 200.000 | 0,00217
X-Axis
Load
70.000
Nsg= - kN 60.000
M= kNm 50.000 \\
40.000 \
30.000
= \
= 20.000
z \
10.000
X
O T T M T 1
-10.000 2 w .000 25.000 30.000 35.000
-20.000 =

-30.000

M (kNm)
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Influence Lines for Moment in Internal
spans

0.80 I\I\/\
LA
o0 AN
020 1/ \ A\

0.00 /& \/"

3
£
=
S~
s 0. /10 O.W 0.80 1.00
N / \/
-0.60 o
-0.80
-1.00
x/Ltot
0.2*48 0.4*48 0.6*48 0.8*48 ——1.0*48
Influence Lines for Moment in External
Spans
1.00 /Y\
N
A\
0.40 /
. 020 )\
©
£ é&
E 0.00 ——
s 0.0 0. 0.60 0.80 1.00
-0.20 \ /
-0.60
-0.80
-1.00
x/Ltot
0.2*37 0.4*37 0.6*37 0.8*37 ——1.0*37

75




Appendix B

R/Rmax

Influence Lines for Reaction Forces at
Supports

1.00 / // \

o LN/ XTI\

P A \

VANV \

025000 o.sz/\ 0.80
-0.40
-0.60
-0.80
-1.00
x/L
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Appendix B

Magnel diagram for supportA
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Appendix B

Magnel diagram for supportB
800

Magnel diagram for span 2

400+~ /
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Magnel diagram for supportC
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Appendix B

Calculations of secondary moment with the three-moment
equation

kN kN
Wy = -99.023—— W, := ~79.685—
m m

Span lengths:
Lq:=37m L, == 48m
L4 = Ll L3 = L2

Ma:= OKN-m Mg := OkN-m

Mg = 1kN-m
Mc = 1kN-m
Mp = 1kN-m
3 3
wy-lg WLy

EI0) == EI6, =

24 24
E0, := EI6; El63 := EI6,
Given

MLy +2Mp:(Lg + Lp) + MLy = —6-(EI6; + EI6,)
Mg-Ly + 2Mc+(Lg + Lg) + MprLg = —6-(EI6, + El63)
Mc-Lg + 2Mpy(Lg + Lg) + Mg-Ly = ~6:(E163 + El6,)

Thus, solving these equations, the total moment, with primary and secondary effects, are:

Ma, 16134
Mg, | := Find(Mg.Mc.Mp) = | 14882 |-kN:m
M 16134
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Appendix B

Secondary moment from prestress

Prestress forces at service and eccentrities at corresponding positions after losses:

Fsupporta = 33890kN el .= 0mm MprimaryA = Psupporta8a = 0-kN-m

Pspanl := 36875kN eq = —410mm Mprimaryspanl = Pspanl'el = -15119-kN-m

Psupports = 37441kN  eg := 283.6mm  Mpimaryp = Psypportg € = 10618-kN-m

Pspan2 = 35482kN &y = —420mm  Myimaryspan2 = Pspan2-€2 = ~14902-kN-m

Psupportc = 34795kN  ec = 283.6mm  Mprimaryc = Psypportc €c = 9868-kN-m

Hence the secondary moments become:

MsecondaryA = OkN-m

MsecondaryB = MB ~ MprimaryB = 5515-kN-m

13875

IV'secondaryspanl = W'MsecondaryB = 2068-kN-m

MsecondaryC = Mc — Mprimaryc = 5015-kN-m

Msecondaryc - IV'secondaryB

secondaryspan2 = MsecondaryB * 5 = 5265-kN-m

M

Total bending from prestress:

IV'pA = IVlsecondaryA + IV'primaryA = 0-kN-m

IV'pl = Msecondawspanl + Mprimaryspanl = —13050-kN-m
IV'pB = IVlsecondaryB + IV'primaryB = 16134-kN-m
IV|p2 = MsecondawspanZ + Mprimaryspanz = —9637-kN-m

IV'pC = IVlsecondaryC + IV'primaryc = 14882-kN-m
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Appendix B

Calculations of ultimate moment capacity

2

Ay = 4200mm E, := 195000MPa

Ay = 8-Ay E, = 36000MPa

| = 1.5648-10"mm” -~ 3770000mm?

gspponkakese Agsupport = A1)
12 4 2

lgspan = 1.3462:10"“mm Agspan = 3230000mm

Bending from self-weight and traffic loads in ULS:
Msupportal = OkN-m

Mgpan11 = 30314kN-m

Msupportg1 = —40838kN-m

Mgpano1 = 31954kN-m

Msypportc1 = —43737kN-m

Bending in ULS with prestress:
Ma.ULS = Msupporta1 + Ma = 0-kN-m
M1.ULS = Mspan11 + Msecondaryspanl + Mprimaryspan1 = 17264-kN-m

MB.uLs = MsupportBl + MsecondaryB + IV'primaryB = —24704-kN-m

M2.uLs = Mspan21 + Msecondaryspan2 + Mprimaryspan2 = 22317-kN-m

Mc.uLs = Msupportc1 * MsecondaryC + Mprimaryc = —28855-kN-m
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Appendix B

Effective depth, d: Width of the girder:
dq := 1163.3mm bspan = 1100mm
dg = 1523.5mm bsupport = 1400mm
Allowable yield strength of the steel (figure 3.10 in EC2):
dy := 1173.3mm
fpk := 1860MPa pr.lk := 1640MPa
dc = 1523.5mm = 115
f ., := 45MPa f00.1k fod
ck fpd = —— = 1426-MPa E_ = 0.007313
Al
Vo= 15 P P
€,q = 0.02 Strain limit recommended by EC2.
a=1
a
fok fmmmmememee e ST
fpoakd------ -7 T I-—-“'FrrJifwl“g
fea=Tpoaw/ 3z f----- f—-—-’—"_ﬁ;__j E
i —~ 1 !
Idealised
i : E Design
fp:l.} Ep I"‘;ud SUk €

Figure 3.10: Idealised and design stress-strain diagrams for prestressing steel
(absolute values are shown for tensile stress and strain)
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Appendix B

Ultimate moment capacity at span 1.:

Ultimate compressive strain in concrete:

gylt = 0.0035
Concrete strain due to prestress at the level of the tendon:
P Mpq-e
€l = i( spant | Pl 1} = 0.000428
: E I
c Agspan gspan

Total ultimate strain in concrete at the level of the tendons:
ct- €y (dy — Xq)
X1
Tendon strain:
_Pspanl

€ =——+¢ - €
pu.l ] ct.1™ =cel
Ao Ep

Concrete compressive force:

o-f

ck

FC.l = 0.8'X1'bspan'_
e

Total force in tendon:
Fp.1= Ay (Epepua)
Equilibrium of forces:
Fp.l +F.1=0

Which leads to:

Xq = 1mm

Given
-P —&, 1+ (dq — X o-f

Aol Ep spanl (%1 =1) el + 0.8-bspan-x1~—Ck =0
ApEp Xl ' "{C

Xai= Find(x1) = 1371 m

Check if steel stress is ok:

—yir(d1 — xq)
€t = — 0.000531
1
-P
) spanl _
€pul = o + €t 1~ Ece.q = —0.005525  Less than f,,/E,=0.007313

PP

86



Appendix B

Ultimate moment capacity:

zq:= (d ~ 0.4x1) = 0.615:m

(6% ka

Xqo—
span 1
p Yo

Feq = 0.8:b = 36199-kN

Myjt1 = Fep:Zq = 22256-kN-m
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Appendix B

Ultimate moment capacity at support B:

Ultimate compressive strain in concrete:
eylt = 0.0035

Concrete strain due to prestress at the level of the tendon:

1 [PsupportB ) Mpg-eg

€ =
ce.B E

Agsupport  lgsupport

j = 0.000357
c

Total ultimate strain in concrete at the level of the tendons:

o eyt (dg ~ Xg)
ct.B ~
XB
Tendon strain:
_ _PsupportB
fpuB~ T A g T SctB” SceB
pp

Concrete compressive force:
aof
ck
Fe.8 = 0.8-Xg-bgypport:
e

Total force in tendon:
Fo.8 = Ap(Ep-pu)
Equilibrium of forces:

FoB*Feg=0
Which leads to:

Xg = 1mm
Given
P —€,11(dp — X of
supportB ult( B B) ck
AL En + - + 0.8b Xp—— =0
p[ p[ Ap'Ep Xg ce.B support B o

Xy~ Find(xg) = 1.301m

Check if steel stress is ok:

—€yuir (9 — XB
Ectp i utl%8 778) 4 ges0g
. .
_ ZsupportB Less than f_/E =0.007313
ng.B = T +EctB~ €ceB = —0.006671 Less than pd/ Ep~Y-
pEp
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Appendix B

Ultimate moment capacity:

zg := (dg — 0.4xg) = 1.003-m

support XB——— = 43707-kN

F.n:=0.8b
cB-
Ve

Mg = FogiZp = 43846-kN-m
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Appendix B

Ultimate moment capacity at span 2:

Ultimate compressive strain in concrete:

eylt = 0.0035
Concrete strain due to prestress at the level of the tendon:
P Mpo-e
€2 = i( spanz | P2 ZJ = 0.000389
: E I
c Agspan gspan

Total ultimate strain in concrete at the level of the tendons:
cin- &y (dz — X2)
X2
Tendon strain:
_Pspanz

fpu2 = A p T Ect27 Ece2
p-p

Concrete compressive force:
OL~ka

FC.2 = 0.8'X2'bspan'_
e

Total force in tendon:
Fo.2= Ao (Epepu.2)
Equilibrium of forces:
Fp_2 +F.0=0
Which leads to:
Xo = 1mm

Given

P - 11(doy — X o-f
span2 ult( 2 2) ck _
Ap-|:Ep-|: + - €ce|| O'S'bspan'XZ'T =0

Xai= Find(xp) = 1.335m
Check if steel stress is ok:

“uir(92 — %2
Ectp i %2 7%0) _ ooing
. ”

_Pspan2

c

PP
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Appendix B

Ultimate moment capacity:

zg:= (dy ~ 0.4xp) = 0.639:m

(6% ka

X —
2
span e

Fep = 0.8b = 35248-kN

M2 = FepZy = 22532-kN-m
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Appendix B

Ultimate moment capacity at support C:

Ultimate compressive strain in concrete:
eylt = 0.0035

Concrete strain due to prestress at the level of the tendon:

1 [PsupportC ) MpC'eCj
= .

€ = .
ce.C
Ec

Agsupport  lgsupport

Total ultimate strain in concrete at the level of the tendons:
. eyt (de — Xc)
Xc
Tendon strain:
_ _PsupportC

fpuC ™ T A g TfctCT el
p-p

Concrete compressive force:
aof
ck
Fe.c = 0.8-XcPgypport:
e
Total force in tendon:
Fo.c = Ap(Epepu.c)
Equilibrium of forces:
FhctFec=0
Which leads to:

Xg = 1mm

Given

~Psupportc _Eult'(dC - XC)
Aol Ep| e+
p=p Xc

OL’ka
~€ce.c|| * 08bgypportXc: =0

e

XG= Find(xc) =1.25m

Check if steel stress is ok:

—uir(9c — *c
Ectei Zulle7xe) g oorey
xc
-P
) supportC _
€pu.C = AE +€gtc ~ Ece.c = —0.006409 Less than f,/E =0.007313
PP
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Appendix B

Ultimate moment capacity:

z¢ = (dg - 0.4xc) = 1.024-m

o-f

k = 41990-kN

Fec = 0.8:bgypportXc——
Ve

Myiic = FecZg = 42982-kN-m
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