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Preface

The master thesis is the final part of my Master degree in structural and material science
at the University of Stavanger. The thesis consists of collecting and studying data for
Lysefjord Bridge in light of the deterioration of the main cables, and to carry out some
analysis for the bridge. Data is given from The Norwegian Public Roads Administration
(Statens Vegvesen).

The data is used to make a finite element model (FEM) of the bridge in ABAQUS. The
model is analyzed with emphasis on eigen frequencies and mode shapes. A brief analysis
of the bridge behavior during wind loading is also carried out.

The wire fractures observed in the main cables are summarized and analyzed with respect
to the weather conditions in the area in a period with many wire fractures. Data on the
weather in the area is given from Lysefjord Weather Station, that was contacted during

the work with this thesis.

The thesis consists of;

a presentation of the static and dynamic characteristics of a suspension bridge

a summary of the wire fractures in the main cables on Lysefjord Bridge

a weather analysis for periods with many wire fractures

the modeling of a finite element model in ABAQUS

an eigen value analysis and a brief wind analysis of the finite element model in

ABAQUS

a verification of the finite element model in ABAQUS by theoretical calculations

Thanks to the thesis supervisor at University of Stavanger, Jasna Bogunovic Jakobsen,
and to Ove Mikkelsen for help with building the finite element model in ABAQUS. I also
want to thank Roger Guldvik Ebeltoft in The Norwegian Public Roads Administration
for information around the problem, and Per Slyngstad, also in The Norwegian Public
Roads Administration, for results of the bridge model and analysis in Alvsat, and for the
information used to build the model of the bridge in ABAQUS. Thanks also to Ole Tom
Guse in Lysefjord Weather station for data on the weather near Lysefjord Bridge.
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Abstract

Lysefjord Suspension Bridge, with a main span of 446 meters, has had problems with
wire fractures in the main cables. This is reducing the durability of the bridge. Since
the opening of the bridge in December 1997, over 1400 outer wire fractures have been
detected. No clear reason for the failure has been found, but some material defects in
the wires could be part of the reason. If the wires continue to fracture with the same
rate as today, the main cables have to be maintained more often, and maybe changed
much earlier than they were planned for in the beginning. Therefore, the bridge should
be further analyzed, to detect any other reasons for the wire fractures, and to determine
how and when the main cables should be maintained or changed.

A new finite element model is created in ABAQUS, and an eigen value analysis of the
bridge model is carried out. A brief analysis of the fractures in light of the weather around
the bridge is given. The main components of a suspension bridge is described, and ana-
lytical calculations are done based on equations from Bleich and Steinman to verify the
results from ABAQUS and Alvsat. The bridge behavior during wind loading was briefly
checked, and the displacement from wind load, from a 50 year wind speed, on the bridge
has been examined. The loading from this wind speed, with coefficients that take into
account different angles of the bridge girder, has been created in ABAQUS, through sev-
eral iterations.

The eigenfrequency analysis done in ABAQUS and the analytical calculations give results
that are in the same range as the ones from the original analysis done in Alvsat. The
results from the analysis of the weather around the bridge in a period with many wire frac-
tures indicates that after a sudden drop in temperature, many wire fractures occur. The
critical wind velocity in regard to vortex induced vibrations is 7.5 m/s for the first vertical
symmetric mode, this is a wind speed that can occur around the bridge, and fatigue in
the wires could be a part of the reason for the cable fractures. The demand/capacity rate
for the main cables with dead load is 25.2%. The results from this work can be used when
deciding what to emphasize in further analysis of Lysefjord Bridge.



Chapter 1

Introduction

Lysefjord Bridge is a suspension bridge with a total length of 637 m. The main span
is 446 m, and the two side spans are 34.5 m and 156.5 m. The bridge is localized on
Rd. 13 crossing Lysefjorden between Forsand and Oanes in Rogaland. The bridge was
opened in December 18th 1997. There has been observed a number of wire fractures in
the main cables of the bridge, and therefore, an updated analysis of the bridge will have
to be carried out. In the work with this report, data from the original analysis, data from
the observations of the wire fractures in the bridge and data from a weather station in
the area around the bridge have been collected as a beginning of this new analysis. The
bridge is modeled in a finite element program, ABAQUS, and the model can be employed
for further analysis of the bridge under various load conditions. The new model is based
on the same parameters as the old model, and on figures and details from The Norwegian
Public Roads Administration. The ABAQUS model of Hardanger Suspension Bridge, cre-
ated by Aleksander Kyte for The Norwegian Public Roads Administration, was available
for the present study and was used as a basis for developing a similar model for Lysefjord
Bridge.

A part of the thesis was to get familiar with the load carrying characteristics of a suspen-
sion bridge under static loading, and dynamical behavior through eigenfrequencies and
modes of vibration. The eigen frequencies and modes in the new finite element model are
analyzed, and to understand the effect of changing key parameters, some tests without
the towers, and with a shear center modeled 0.704 m above the neutral axis is carried
out. Some of the frequencies found differed relatively much with the results from Alvsat,
and one reason could be the asymmetry in the model in ABAQUS reflecting difference
in the bridge girder elevation at the two towers. This was investigated with a symmetric
bridge configuration without towers. To understand and validate the calculations done
by Alvsat and ABAQUS, some frequencies and modes were theoretically calculated based
on simplified equations from Bleich and Steinman.

The bridge cables have been inspected visually since the opening in 1997. To have more
accurate observations, the bridge has been monitored with an acoustic monitoring system
since late 2009, and the wire fractures detected of the system are presented in chapter
three. Wind speed and temperature data from a weather station close to the bridge is an-
alyzed and connected to the periods with many wire fractures. Even with only one and a
half year of monitoring, it can be seen that there are far more fractures in the winter than
in the summer. The results also shows that after a sudden drop in the temperature late



December 2009, many wire fractures occurred. A comparison to December 2010 shows
that when the weather is cold but steady, far less wire fractures occur. The monitoring
system is important in the further analysis of the bridge, and after a few more years
with monitoring data, it is expected to increase the understanding of the wire fracture
occurrence.

Chapter four shows the modeling of a finite element model of Lysefjord Bridge in ABAQUS
step by step. Since the bridge was built over ten years ago, it has not been so straight
forward to collect all the input data needed for the model, like the weight and rigidity
of the bridge girder alone. Possible errors from this lack of information are discussed in
chapter four. The input used in the original analysis done in Alvsat is used in the finite
element model in ABAQUS. The model is created so that further analyses of the effect of
wind and other loads can be carried out later.

In chapter five, the geometry of the model when dead load is taken into consideration, is
discussed. It is important for the analysis that the length of the main span, the sag of the
main cables and the rest of the geometry are as close to the real bridge as possible. The
vertical displacement in the bridge girder due to dead load is almost 3 m. To perform
a brief wind analysis of the bridge for the 50 year wind speed in the area, wind loading
is calculated to be 38 m/s, the same as in the original analysis. This loading, with form
factors taken from the input file in Alvsat, is applied to the model in ABAQUS. The
intention was to use a subroutine in Fortran to simulate the wind load, but after several
attempts, the wind load is calculated by hand and applied directly in the input file. Five
iterations were done to find the true wind force at the correct angle. The displacement
in node 19, the center of the bridge girder, with a force from 38 m/s applied, is 0.86 m
in horizontal direction, and the girder is lifted up 0.056 m in vertical direction from the
equilibrium with the dead load. The bridge girder is rotated with an angle of 0.3° in the
center node.

A brief analysis with the finite element model is done in chapter six. The eigen frequen-
cies and the mode shapes of the bridge, and displacement from 50 years wind speed are
found. The frequencies and the mode shapes found from the analysis are close to the ones
found from the previous analysis in Alvsat. As an example, the vertical and horizontal
frequencies have in general less than 2% difference, and a maximum difference of 6% in
the first vertical symmetric mode. There is however some differences, for example in the
torsion frequencies, where the differences are between 10% and 23%. The reason for this
is discussed in chapter six.

To control the results from ABAQUS, theoretical calculations of a few eigen frequencies
and mode shapes are done in chapter seven, with a satisfying result. The maximum dif-
ference in the results compared to Alvsat, except for the first vertical frequency with a
difference of 12%, is 4%. Compared to ABAQUS, the difference in first vertical frequency
is 17%, while the maximum difference of the rest of the results are 6% in vertical direction,
and between 14% and 25% for the torsion frequencies. The theory used is from Bleich and
Steinman, but the equations are simplified and fit to Lysefjord Bridge. The theoretical
calculations should be done more accurately if they were to be used alone, without any
finite element model analysis.



Chapter 2

Suspension bridges

The suspension bridge is a type of cable supported bridges. Suspension bridges are lighter
per unit length than any other type of bridge form and they dominate the genre of long
span bridges. In Norway, there are around 200 suspension bridges in different shapes and
lengths. Norwegian engineers are known to master the aerodynamic challenges associated
with long, narrow suspension bridges that rarely exceed two traffic lanes in width. The
first recorded suspension bridge built in Norway, was the Bakke Bridge in Vest-Agder,
built in 1842, and it remained standing for a 110 years after its opening in 1844 [24].
When the cable wire improved after 1900, suspension bridges became more common, and
their size increased too. Atna Bridge, a truss-stiffened bridge, opened over Glomma River
in 1923, and it spanned 150 m. The most famous suspension bridge in Norway at this
time is Hardanger Bridge that currently is during construction. The bridge will be the
longest suspension bridge in Norway, with a main span of 1310 m and a total length of
1380 m.

The structural system of a cable supported bridge consists of [9];
e Towers supporting the cable system
e Main cables supporting the stiffening girder
e Anchor bolts supporting the cable system vertically and horizontally at the extreme ends
o Hanger cables connecting the stiffening girder to the main cable

o Stiffening girder with bridge deck

Hanger

Tower cables

Anchor
bolt

By

-l

\\"[L | W - | \— Stiffening

I girder

Figure 2.1: The main components of a suspension bridge shown on Lysefjord Bridge [7]



As can be seen in Figure [2.1 on the preceding pagel the stiffening girder with the bridge
deck is supported by two or more main cables with hanger cables attached regularly along
the span. The main cables are hanging between the towers, and there are anchor bolts in
each far end of the bridge where the main cables are fixed. An example of a suspension
bridge is shown in figure Akashi Kaikyo Bridge, also known as the Pearl Bridge in
Japan, which opened in 1998, is the world’s longest suspension bridge. The main span is
1991 m, and the towers are 288 m tall [6].

Figure 2.2: Akashi Kaikyo Bridge is the world’s longest suspension bridge [0]

2.1 Stiffening girder

The stiffening girder main function is stiffening the roadway structure and carrying the
traffic loading on the bridge. Large deformations caused by concentrated loads from e.g.
one heavy trailer crossing the bridge are therefore avoided. The bridge girder is the ele-
ment in the suspension bridge that will receive most of the external loading on the bridge.
This loading will as mentioned come from traffic, wind and snow. The traffic and snow
load will act directly on the top of the bridge girder, and as long as the bridge girder is
rigid enough, it can take the concentrated loading from traffic. The wind exposed area is
most commonly greater for the bridge girder than for the main cables.

To describe the general shape of the stiffening girder today, the collapse of Tacoma Nar-
rows Bridge and the change in engineering practice that followed will be introduced in
the following.

Tacoma Narrows Bridge had a main span of 853 m, and was at the time the third longest
bridge in the world. It was called "Galloping Gertie"” due to its vertical rhythmic motion
of the narrow two-lane solid plate girder immediately after the completion. This motion
was not considered dangerous, and during the fatal day of November 7th 1940, some
motion was expected. This day in November, the wind speed in the morning was around
18 m/s, and large vertical motion could be observed. After a while, the motion changed,
and was dominated by an asymmetric torsion. The bridge survived this motion for about
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one hour, but its lateral bracing system and some hangers was damaged, and collapse was
inevitable [29].

Tacoma Narrows Bridge collapsed due to large forces caused by wind. It was the unfa-
vorable shape of the girder combined with large slenderness, span to with ratio, which
allowed this large dynamical vibration. The stiffening plate girder had sharp edges that
caused the wind to make large curls above and under the plate that induced large dy-
namic torsion forces in the bridge. These curls became even stronger as the bridge started
to twist, and this unfavorable interaction between the bridge motion and the airflow led
to the bridge destruction. The bridge was built for a static force of 160 km /hr, but it
collapsed at a much lower wind force [24, 0].

The bridge girder widely used today is narrow, like the one in Tacoma Narrows Bridge.
However, the geometrical shape is changed, from a sharp edged plate girder, to a shape
where the curls induced by twisting are decreased significantly, and torsion stiffeners are
increased. This design comes from an improved understanding of the bridge girder aero-
dynamics that developed after the Tacoma Narrows collapse. In Lysefjord Bridge, the
stiffening girder is a common box girder with stiffeners in trapezoidal shape, see Fig-
ure [2.3] The bridge girder is also stiffened by plate stiffeners at regular spacing along the
span. The 13.6 m wide box girder features a typical Norwegian arrangement of two traffic
lanes and a pedestrian sidewalk.

T
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Figure 2.3: The cross section of the bridge girder in Lysefjord Bridge [7]

2.2 Main cables

The lightness of the suspension bridge is derived from the way the main cables are built,
with their thousands of pencil-thin, but incredibly strong steel wires. All the tension
forces from the girder are transferred to the main cables through the hangers. The cables
have to support the stiffening girder, and live loads, without exceeding the capacity in
any component. The suspension bridge is a flexible structure, due to almost zero bending
stiffness in the cables. Since this structural shape depends on tension, the bridge appears
beautiful and graceful, but in the same time, it is vulnerable to the dynamic forces of



wind. The cables need to allow for vibrations, and they should be corrosion resistant.

When steel is drawn (stretched) into wires, its strength increases; consequently, a relatively
flexible bundle of steel wires is stronger than a solid steel bar of the same diameter. This
is why steel cables are used to support suspension bridges. On some suspension bridges,
like Lysefjord Bridge, the steel wires forming the cables have been galvanized. The main
cables are described in greater detail under Chapter 3, Fracture of wires.

2.3 Hanger cables

The hanger cables are connected to the stiffening girder with a specific distance between
them, and it is the girder that distributes the loading to this hanger cables. All the hanger
cables are transferring forces as tension into the main cable.

2.4 Towers

A suspension bridge can have one or two towers. The far most common is two towers,
each with two columns with two or more cross beams between them. The towers are
exposed to compressive forces, transmitted by the main cables. They have to be thick
enough to resist buckling, flexure and oscillation. The towers of most suspension bridges
are made of steel, but quite a few bridges, including Lysefjord Bridge, have towers built
of steel-reinforced concrete. Which of the materials that should be used depends on the
conditions of each individual bridge. Steel-reinforced concrete will not buckle, and it will
handle the large pressure from the main cables better than steel, it will also make the
whole structure stiffer. Steel should be used in areas with potential risk of earthquake,
since concrete will absorb less energy. There are other factors that should be taken into
consideration as well, things like the geology of the site, the weather conditions in the area,
what speed the building process should have, price, appearance and more. The depth and
nature of the water the bridge is built over is also important, e.g. fresh or saltwater, and
strength of currents is important factors. This may affect both the physical design and
the choice of materials, e.g. if, and what kind of protective coatings that should be used.

The static conditions of the towers depend on whether the towers are anchored to the
ground or not. E.g. Golden Gate Bridge is not anchored or fixed to the ground in any way,
it is held in place by its weight. This means that if an earthquake occurs, the towers will
rock on their base. The towers will not experience bending moment in the lower section
in the same way as towers anchored to the ground. In Lysefjord Bridge, the towers are
anchored to the ground, and they will therefore experience the largest moment in the
lower section. This is why the towers are built with an increasing cross-section from top
down. Wind load on the side of the cables can induce bending moment into the top of
the towers perpendicular to the bridge span. The main cables will stiffen the towers in
the direction of the bridge span, and moments in this direction will be small.

2.5 Anchor piers

Anchor piers pull the side spans to the ground and fix them in place. The anchor piers
must be able to hold down the cable with its weight or by transferring the tension force

7



in the ropes to the ground. Norwegian suspension bridges are most commonly anchored
in rock, this is also the case in Lysefjord Bridge. To be able to maintain the anchor bolts,
tunnels have to be built to give access.



Chapter 3

Fracture of wires in the main cables

3.1 The main cables

In Chapter 1, the main cables were presented in general. Here, a more detailed presenta-
tion of the cables in Lysefjord Bridge is given. Cross section of the main cables is shown
in Figure 3.1} The main cables are built with two collections of locked coil cables, 6 cables
in each. The cables are built with a core of round wires, and with five outer layers of
z-wires. Each of the cables are 713 m long before dead load is applied, and they consist
of 279 wires, where 54 of them are z-wires in the outer layer [10].

Carboline 834, 75 my

Carboline E 19 primer, 25 my

a2y
ety

xéf\
.%
g
o
z

RS AR K3))
AR

Figure 3.1: The cross section of the main cable in Lysefjord Bridge [7]

The process of making the cable is first to produce the wire, and then to make a cable
out of a number of wires. The basis of the wire is a steel bar from a steel melt. This
steel bar is rolled in a comprehensive process, and in the end, it is a round steel bar with
a diameter of about 10 mm. This steel bar is then formed into a thin round steel wire,



or into a Z-formed wire by further rolling and forming. This cold rolling and forming
process could create damage to the wires. This is likely to have happened to the wires in
the main cables of Lysefjord Bridge, see Section [3.2] The rolling and forming process can
also include different hardening faces. After this, the wire is hot-dip galvanized, where an
outer layer of Zinc coating is applied to make the wire corrosion resistant. The wires are
then spun into cables in a certain way.

It can be seen that the main cables are protected with different layers on the outside.
The first layer is a 25 my thick layer of Carboline E 19 primer, and the second layer is
a 125 my thick layer of Carbomastic 15 LT. On the outside, the third and last layer is
a 75 my thick layer of Carboline 834. Carboline E 19 primer is a two-component epoxy
polyamide primer that acts as corrosion resistance for the steel. Carbomastic 15 LT is
a two-components, high build, and low temperature curing modified epoxy mastic that
build coating with excellent adhesion to rusted steel and most aged coatings. The last
and outer layer consists of Carboline 834, that also gives corrosion resistance [5]. The
three different layers on the outside of the cable will protect the cable against corrosion
as long as the coating is intact. It is however experienced corrosion on the cables, the
impact of this is discussed in Section [3.2]

Wire fractures in the main cables of suspension bridges are not unusual, but the amount of
fractures that can be seen in Lysefjord Bridge has not been seen on any other suspension
bridge in Norway. Wire fractures are representing a maintenance issue, but only when a
large amount of fractures happens on a relatively small area, the fractures weaken the load
carrying capacity in the main cable. On Lysefjord Bridge, one wire fracture represents
a weakening on the load carrying capacity of 0,4% in one cable [I0]. Also, if the wire
fractures happen with a certain distance, their weakening nature should not be summed
up. This can be explained by the construction of the main cable, and the z-wires. The
z-wires will lock in each other, and since the main cable is spun in spiral, the lost capacity
in the cable will be maintained after 2-3 meters [10].

The wire fractures can be divided into two groups, where the first group is more or less
randomly wire fractures along the cable. These fractures are often caused by the produc-
tion, and the fractures will be spread out with a large distance between each fracture such
that they do not interact. The other group is the fractures close to a mechanical link, like
a clamp or over the tower, or into the anchor bolt. These fractures are caused by badly
placed details, or by fatigue due to extra oscillations on these places. The fractures in
group two can often be many and they often happen at the same place. These fractures
represent a severe weakening of the capacity of the main cable. In Lysefjord Bridge, many
fractures from group number one, randomly wire fractures spread out along the cables
are the issue that needs to be analyzed.

3.2 Possible reasons for wire fractures

The reason for the wire fractures is probably a combination of more than one factor. Both
the material properties, and stress inducing forces will have impact on the wire fractures.
In this section, a summary of the reports from tests done by Sintef, DNV and Blom Bakke
AS of the material properties of the main cable is presented. The reports were done in the
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period directly after the bridge opening, when the first unusual number of wire fractures
was observed during a guaranty related survey. The reasons for wire fractures found in
the reports are imperfections on the surface of the Z-wires that initiate cracks, and reduce
the cross section area of the wire.

As mentioned in Section [3.1 on page 9] the rolling process when manufacturing the wires
could cause small defects in the surface of the wires. This is the case in the wires in the
main cables in Lysefjord Bridge, where imperfections are observed at the edge of the Z-
wires, see Figure[3.2] From a sample of wire fractures from the bridge that was examined,
local defects along one profile edge was found. The sample shown in Figure [3.2] with this
amount of defects could be a local occurrence, but defects have been found in inspection
of other samples as well. These local defects are most likely caused by the manufacturing
process, not from the legation of the steel.
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Figure 3.2: The surface defects detected on one examined Z-wire from Lysefjord Bridge
28]
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At the location of the defect, the cross sectional area is reduced by one fourth, and the
wire has suffered a tensile overload. The initial crack formation is suspected to be caused
by fatigue, but it is not possible to establish the true mode of cracking, when the sur-
face of the crack is mechanically deformed [28]. Figure [3.3 on the next page| shows the
fracture surface of the Z-wire. Fractures of brittle behavior may initiate in connection
with defects of a certain size when the wire is exposed to bending stresses [20]. This can
mean that forces that induce either bending stresses to the cables, or large axial stress or
a combination will cause the wires to fracture.

The examination of samples from the main cables gave no indications suggesting that
corrosion or fatigue has contributed to the fractures. There were found no deleterious
material constituent or abnormalities other than the surface defects. This indicates that
the reason for the wire fractures is the rolling and forming of the wires, and not the lega-
tion of the steel itself. There is a chance that hydrogen embrittlement has contributed
to the fractures as a result of the cleaning process prior to the galvanizing of the wires.
Before the wires are galvanized, they are normally cleaned in an acid solution. Atomic
hydrogen may diffuse into the steel substrate during this cleaning process, and this could

11



Figure 3.3: The fracture surface of one examined Z-wire from Lysefjord Bridge 28]

cause cracks of brittle nature. It is however not likely that hydrogen caused by corrosion
due to reduction of oxygen has contributed to the fractures [I9]. The effect of hydro-
gen embrittlement on the fracture toughness in general is significant. This explains why
the wire fractures on Lysefjord Bridge occur in smaller and smaller defects in the sur-
face. The fractures happen over many years due to the low diffusion rate of hydrogen [18].

It is clear that the defects found on the surface of the Z-wires are reducing the capacity of
the wires, causing them to fracture at a lower stress-level than they are built for. It does
not exist this kind of detailed documentation of testing on other suspension bridges main
cables, therefore, it could be that it exist cables without fractures in other bridges, even
though they have defects in the surface, see Section [3.8 on page 19, The model built in
ABAQUS can be used for evaluation of stresses in the bridge cables due to traffic, wind
and other types of loads. In connection with the wire fracture occurrence, weather in the
area around the bridge has been examined in the following.

3.3 SoundPrint® acoustic monitoring

To detect wire fractures, a non destructive testing method with acoustic monitoring has
been used on Lysefjord Bridge. The system is presented below, together with the results
from the monitoring. The monitoring is a complement to the visual inspections. The
monitoring system, SoundPrint®, was installed by Advitam, and it was operational from
the 1st of October 2009. SoundPrint® is used to detect probable wire fractures on the
main cables. An array of sensors are placed along the cables to measure the response of
the cables caused by the energy released when the tensioned wires fractures [26]. In the
central span, the system provides a longitudinal location of the wire fractures. During the
monitoring period, the system showed a satisfying performance and reliability, and the
monitoring is now working fine on the bridge [12]. The acoustic monitoring detects and
locates failure of tensioned steel wires in Lysefjord Bridge. The monitoring system uses
acoustic sensors distributed about the structure, and data is processed on site and trans-
mitted over the Internet to a center that uses proprietary processing software to generate
reports summarizing the time, location and classification of the recorded events [23]. The
data from Lysefjord Bridge is sent to Advitam in France, and they make a summariz-
ing report every third month, that is sent to The Norwegian Public Roads Administration.
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Because the system is recording a change of the system, and not a condition, the mon-
itoring has to be permanent. Monitoring during the whole service life is hardly ever
affordable, and therefore the determination of the initial condition before the monitoring
period is important. The application field of such monitoring will therefore concentrate
on structures with problems of durability, where the service life may be extended by this
kind of equipment. Though the system does not provide any information of deteriora-
tion that occurred before its implementation, acoustic monitoring can help the engineer
to assess the present status of the bridge and can also assist in deciding whether costly
maintenance is required or not [g].

There has been done testing with the monitoring system, and it has been concluded that
continuous acoustic monitoring is able to record, analyze, classify and locate the wire frac-
tures [§]. This test is done on grouted and partially grouted tendons. Irrelevant signals
and ambient noises such as noises from traffic, construction activity and other ambient
sources have to be filtered out from the events that are evident for the structural capacity
of the bridge [§]. Advitam, that is monitoring Lysefjord Bridge needs to know when a
visual inspection are carried out, or maintenance is done on the bridge, such that the
notices not are registered as wire fractures. Another test of the system has been done on
the Bronx Whitestone Bridge in New York City. This suspension bridge is 701 m long,
and was opened for traffic in 1939. Here, the system correctly classified the events and
located them longitudinally with errors raging from 0 to 0.7 m. The information from the
system can be used to localize areas of deterioration in large structures like a suspension
bridge, and can help determine where to focus the inspection [23].

It is important that the monitoring system is working properly, and that it monitors all
the wire fractures. The trials done with the system seems to verify the monitoring system
as a reliable system. There are however some issues and questions that can be raised
around the system at Lysefjord Bridge. Since only the wire fractures that occurs on the
outside of the cable can be seen on visual inspections, the acoustic monitoring should
find more fractures than can be inspected, since there is likely to be inner fractures as
well. On the inspections done after the monitoring however, most or all of the fractures
has been found. This could mean that the acoustic monitoring do not register the inner
fractures, or that there is almost only fractures in the outer wires. To verify the acoustic
monitoring system on Lysefjord Bridge, a x-ray or magnetic inspection should be done,
and the results should be compared to the results from SoundPrint®.

3.4 Wire fractures detected visually

The Norwegian Public Roads Administration and Mesta have done observations of the
wire fractures since September 2001. Based on these observations, the average wire frac-
ture rate per year can be found. It can also be seen where in the span the wire fractures
occur, and if there are more fractures in the side spans or in the mid span. Which cable
that has most wire fractures is shown in Figure [3.4 on the next pagel Cable number 4
has the most fractures, with 252 fractures, while cable number 2 has the least number
of fractures, with 30 fractures. As can be seen in Figure [3.5 on the following page| the
cables in the middle of the main span has more wire fractures than the ones on the sides.
If the fractures are summed up on each side, the number of fractures on west side of the
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bridge is 753, and on the east side 650. This difference could be due to the load carrying
characteristics in the bridge. There is also a possibility that the force from wind on the
bridge more often comes from one side than the other, this could induce more stress in
one side, that could cause more fractures in one side than in the other. The traffic loading
could also be an explanation, since this is an asymmetric loading.
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Figure 3.4: Amount of fractures in each of the twelve cables from the opening of the
bridge Dec. 1997 to Oct. 2010
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Figure 3.5: Cable arrangement in Lysefjord Bridge

Since the opening of the bridge in 1998, 1403 wire fractures have been detected visually
in the main cables of Lysefjord Bridge. The last inspection of the cables was done by The
Norwegian Public Roads Administration in October 2010, and based on all the inspections
done since the opening of the bridge, an average of 116 wire fractures/year can be found
[7]. It can be seen that the wire fracture rate has varied over the years, and that it is
still high, but slowing down at the moment, this is shown in Figure 3.6 on the next page|
The rate seen in Lysefjord Bridge is much higher than for any other bridge with similar
problems in Norway, see Section 3.8 on page 19,
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Figure 3.6: Accumulated wire fractures from the opening of the bridge Dec. 1997 to Oct.
2010

3.5 Monitored wire fractures

After the monitoring system was installed, a spatial and temporal distribution for the
wire fractures can be found. This means that we can look closer into the weather at the
time the fracture occurs. After analyzing the wire fractures and the monitoring reports
from Advitam, a period with many wire fractures is chosen, and compared with the same
period the year after. The data is analyzed to see if the weather was somehow different in
the time period. To find a period with more wire fractures, the fractures in each month
are summarized, and shown in Figure [3.7 on the next page, There is just one and a
half year of monitored wire fractures, and to see clear results, a longer period would be
preferred. Even with this short period of monitoring, some tendencies can be found, and
these are presented and discussed in the following.

From this figure, it is clear that there is more wire fractures in the winter than in the
summer. The reason for this could therefore be in the weather, since it could be that the
amount of fractures follows the seasons. There is, however, a possibility that these differ-
ences have another explanation, for example that in the summer, the traffic is lower or at
least different than in the rest of the year, and therefore, very few wire fractures happen
in this period at the year. The reason is most likely a combination of the characteristics
of the steel, and the loading on the bridge. To see which period in the winter months that
has the most fractures, the two monitored winter periods in 2009 and 2010 are shown in
Figure [3.8 on page 17, From the figure, December 2009 seems to be the month with the
most wire fractures. Compared to the same period in 2010, there is a significant difference
in the amount of wire fractures, and therefore this period has been analyzed and further
discussed.
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Figure 3.7: Amount of wire fractures recorded by Advitam Oct. 09 to Mar. 11 [2]

3.6 Weather around Lysefjord Bridge

To be able to look at the wire fractures related to weather in the area around the bridge
before and during the fractures, data from a weather station at Forsand has been collected
and used [21I]. Lysefjord weather station has data from 2006 and up till today. The data
are given from day to day, and as averages and min/max for each month and year. The
data should be correct, but there has been some issues with the monitoring device, such
that some measurements are wrong. There is always an uncertainty when it comes to
collected data, and the data is used as they are here, since the error are considered to be
relatively small if any.

Since the weather station is placed in Forsand, some kilometers further out in Lysefjord
than the bridge, the data could differ a little from the real weather situation around the
bridge, see figure [3.9 on page 18 The temperature should be about the same as around
the bridge, but the wind speed and gust wind could be different due to different topogra-
phy around the bridge.

From figure and figure 3.8 on the next page, the amount of wire fractures are very high
in December 2009. To see if there has been a weather situation that is somewhat unique
in this period, the weather data for December 2009 and for December 2010 are analyzed
and compared, see Figure |3.10 on page 20| and [3.11 on page 21l The weather data that
is considered most important in this analysis is temperature and maximum wind speed
over ten minutes period. To be able to make comparisons between the weather and the
wire fractures, the three figures are placed directly under each other.

Wind

The wind in the area around Lysefjord Bridge could be a reason or a part of the reason
for the fractures in the wires, see more discussion in Section [5.4 on page 36l The wind
creates vibrations and oscillations through the bridge, and this can cause fatigue in the
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Figure 3.8: Daily fractures during the period from Oct. to Jan. 2009 and 2010

main cable wires. The beginning of Lysefjorden, where the bridge is located, is shielded
from the open sea, and it is not known to have large wind forces. Wind is complex and it
is not easy to determine the forces from wind on the bridge, it does not necessarily have
to be high wind speed to create large movement in the bridge. The maximum wind speed
over ten minutes duration during December 2009 and 2010 was about the same, around
20 m/s. The average wind speed over ten minutes during December 2009 and 2010 was
3.9 m/s and 2.3 m/s. No clear signs that the mean wind speed are a part of the reason for
the wire fractures are found in this comparison. It could however be that vortex induced
vibrations and such phenomena will occur with this wind speed, this is further discussed
in Section [5.4 on page 36|

Temperature

Steel is known to expand when the temperature goes up by a specific temperature coef-
ficient. It is also known to change its characteristics, and become more brittle when the
temperature goes down and below a certain temperature. The cables can therefore be-
come brittle in cold temperatures, and together with other factors that increase the stress
in the cables, temperature can be a reason or part of the reason for the wire fractures.
From Figure |3.10 on page 20| and [3.11 on page 21} it can be seen that the temperature
in December 2009 was relatively high in the beginning, and then it was a sudden drop in
temperature. A few days after this drop in temperature, very many wire fractures was
monitored. In December 2010, the temperature was evenly cold during the entire month,
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Lysefjord Bridge

Figure 3.9: Lysefjord weather station is stationed in Forsand [I1]

and it can be seen that there are only a few wire fractures during this month. This obser-
vation, done from only two periods during the monitoring period, indicated that the wire
fractures can be caused by sudden changes in the temperature. To make this statement
however, more monitoring should be done and compared to the weather in the area, and
testing of the main cables should be done by a laboratory.

Rainfall and ice

The rainfall is ignored in this analysis, since it is considered to have a small impact on
the bridge. The snow and ice is also considered relatively small to wind load, and is not
included in this analysis.

3.7 Maintenance and replacement of cables

If the fracture rate continues like today, the main cables will have to be maintained and
strengthened in the short term, and all the cables will need to be changed, or extra cables
have to be introduced after 30-40 years. The fracture rate needs to decrease tremen-
dously if this should be avoided. The wire fractures are repaired by sealing and covering
the damage. If many fractures are found next to each other, it could be that the locking
mechanism between the wires is destroyed, and the wires can bend out of the cables. In
these incidents, the wires must be put in place, or the cable must be replaced or improved.
This is not a common condition [10]. There should be done more monitoring, and also
more testing of the cables before they are changed, such that the same problem does not
occur in the new cables.
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3.8 Wire fractures in similar bridges

The experience with suspension bridges and cables in Norway has mainly been good. In
the more than 40 other suspension bridges in Norway, no bridge has been close to having
this many wire fractures after such a short period of time. There are however three cases
where problems in the main cables have occurred. These three bridges are presented here.

Kjerringstraumen Bridge, Nordland

Kjerringstraumen Bridge is a two span cable supported bridge, where the spans are 180
m and 200 m. The main cables consist of twelve 68 mm locked coil cables in two layers, it
was delivered in 1967. Each of the cables are 495,3 m long. After the bridge was installed,
48 wire fractures was found in 11 of 24 cables, where some of the cables had 14 fractures
alone. 27 fractures was found by a magnet inductive examination. There was defects and
cracks in the surface of the wires, and the Zinc coating had a pore grip and had fallen off
on some areas of the wires. The cables was dismantled and thrown away, and new cables
had to be ordered and put in place [10].

Kjellingstraumen Bridge, Nordland

Kjellingstraumen Bridge is a suspension bridge with one main span with the length of 260
m. Each of the main cables consists of ten 72 mm locked coil cables in two layers. Each of
the cables has a length of 491 m, they were delivered in 1974. After the installation of the
bridge, 7 wire fractures were detected, and some places the wires came out of the cable.
It was detected small defects in the surface of the wires where the fractures had occurred
with examination, and it was concluded with too large bending during transportation.
The wire fracture rate has been low, but there has been some wire fractures during the
years, and in 2004 the number of wire fractures was 56. There is, however, some insecurity
around the number, since there has been only a few observations of the cables [10].

Neergysund Bridge, Nord-Trgndelag

Neergysund Bridge is a suspension bridge with a main span of 325 m. The main cables
are 608 m long, and each cable is built with twelve 72 mm locked coil cables in two layers.
The bridge was opened in 1981, but the year before, directly after the installation of the
main cables, 4 wire fractures were observed. After opening, the number of fractures had
increased to 30. The fractures was spread out over the cables, and some of the fractures
had occurred already during the production. The examination of the main cables showed
internal cracks in the wires in the thinnest area of the Z. These cracks were parallel to
the cable, and it was assumed that the cracks were enlarged in the production process.
Hydrogen embrittlement from the cleaning of the wire was assumed to be the reason for
the cracks. The last inspection of the cables was in 1999, and a total of 119 wire fractures
spread out over the cable was found. The wire fracture rate was increasing the first two
years, more than the rate at Lysefjord Bridge, but then it slowed down and stabilized
[10].
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Figure 3.10: Amount of wire fractures, average temperature and maximum mean wind
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Chapter 4

Finite element model of Lysefjord
Bridge

The main purpose of building a finite element model of Lysefjord Bridge in ABAQUS,
is to gain a direct insight into a finite element modeling of such a structure, as well as
to provide a model suitable for further bridge analysis under various static and dynamic
load conditions. The model is compared to the one previously established in Alvsat [IJ.
The model in Alvsat was also built by the finite element method [I4], the input data used
in Alvsat is used as a modeling base for the model in ABAQUS. The ABAQUS model
of Hardanger Suspension Bridge, created by Aleksander Kyte for The Norwegian Public
Roads Administration, was available for the present study and was used as a basis for
developing a similar model for Lysefjord Bridge [I7]. The explanation of the commands
used in ABAQUS, is from the ABAQUS manual [I5].

In this thesis the ABAQUS model is used for evaluation of eigenfrequencies, and displace-
ment due to static wind loads is found and discussed in light of deterioration of the cable
wires.

4.1 ABAQUS software

ABAQUS is a general purpose finite element program. The program is extensively used
for advanced finite element analysis of non-linear problems. Many kind of structures or
problems can be modeled in the program, it is made to solve many different non-linear
static or dynamical problems. The most important non-linearity in the suspension bridge
is the geometrical stiffness in the cable system. ABAQUS are updating the stiffness matrix
continuously, like the real accumulated loading situation. Other non-linear effects that can
be taken care of by the program is non-linear behavior of material and friction-problems
[15]. For the bridge in question, the linear material behavior is assumed. Elements in
the program can easily be removed from the model, and this makes the program suitable
to analyze the redistribution of forces in the bridge if one or more hangers are broken,
or during building, before all the elements are in place. This is not done here, since the
bridge already is built, but it is possible to use the model to determine how much the
capacity of the bridge is reduced with the fractures in the cable wires.
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4.2 ABAQUS model

The model of Lysefjord Bridge is built with nodes and elements between them. The
elements are given areas, rigidity and density to simulate the real bridge. All the different
components of the bridge are built separately, as explained in the following. The units in
ABAQUS are given from the International System of units (SI) as long as nothing else is
given by a command. The model of Lysefjord Bridge has only SI-units.

4.2.1 Definition of directions

The elements in the model in ABAQUS have numbers from one and up, starting in the
northern part of the bridge with the lowest number. The real and the fictive north in the
bridge modeling is shown in Figure Fictive north are given to the bridge such that
the different elements of the model can be named by north, south, east and west, this
simplifies the understanding of the model. The coordinates for the south and the west
side of the bridge girder are defined positive, and the north and the east side is defined
negative in the model in ABAQUS.
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Figure 4.1: Real and fictive directions of the bridge []

The system of coordinates in the model in ABAQUS is shown in Figure
mext pagel X is the longitudinal axis of the bridge, often referred to as direction 1. Y is
the horizontal axis, perpendicular to the longitudinal axis, often referred to as direction
2. 7 is the vertical direction, often referred to as direction 3.

4.2.2 Elements
Bridge girder

Figure [4.3 on the following page] shows how the bridge girder is built in ABAQUS. The
numbers given in Figure 4.3 on the next page| are listed in Section [4.2.3 on page 29, The
chord that represents the bridge girder is modeled in the neutral axis of the bridge girder.
The shear center does not necessarily coincide with the neutral axis, this is not taken into
consideration in this model, see Section [6.2 on page 45, The bridge girder and the lower
hanger link have a fixed connection. Hangers and cables are modeled as beam elements
with a very small bending stiffness, see Section {.2.5 on page 31l The tower is modeled
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Figure 4.2: System of coordinates in ABAQUS

with low middle locking bar, which is the current design of the bridge.

Figure 4.3: General ABAQUS model of the bridge girder

The main dimensions of the bridge girder is shown in Figure 4.4 on the next page
Definition of local directions in the bridge girder is shown in Figure[4.5 on the following]

PAEG

o V: Vertical direction
o H: Horizontal direction perpendicular to the direction of length

o T: Torsion

Note to H; H is the direction and displacement perpendicular to the bridge. Displace-
ment in the longitudinal axis is also horizontal, but this will be specially described as the
displacement along the span in the longitudinal axis.

The bridge girder is modeled with 36 members in the x-direction. The members are 12

m long, which is one member between each hanger. The first and the last member are 19
m long. To be able to put the hangers in vertical position, and not diagonally, dummy
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Figure 4.4: Bridge girder with dimensions
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Figure 4.5: Directions in the model, seen from south

nodes were made on both sides of the girder to connect girder and hangers, see Figure [4.0]
fon the next pagel

To model the bridge axis in vertical, z-direction, a second-degree polynomial was fitted
to the three known points. At the connection with the northern tower, the elevation is
53.46 m, the midpoint elevation is 54.47 m, and the connection with the southern tower
has the elevation of 46.00 m. To calculate an equation for the bridge girder shape, the
three known points shown in Figure 4.7 on the following pagelis used.

Starting with the equation for a parable, and finding the parameters to determine the
correct second-order equation for the bridge girder;

f(z) = az® + bz +c (4.1)

@) =y (4:2)
Define x=0 to be in the center of the bridge girder in longitudinal direction, see Figure [4.7]

lon the next pagel At the center of the bridge, y=1.007, but to achieve the correct shape
when dead load is applied, the negative displacement has to be compensated, therefore,

y(0);

y(0) = 1.007 4+ 1.5 = 2.507 — ¢ = 2.507 (4.3)
Using the second known point, where x=-223;
(—223)%a — 223b+2.507 = 0 (4.4)
2.507 + (—223)%a  2.507
b= = 223 4.5
223 223 o (45)
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Figure 4.6: Dummy nodes to link the hangers to the bridge girder in ABAQUS
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Figure 4.7: The shape of the bridge girder when dead load is applied

Using the third known point, where x=223;

223%a 4 223b + 2.507 = —7.464 (4.6)
—9.971 —223%2a  —9.971

= = —22 4.

b 223 223 sa (4.7)
Using the two equations [4.5 on the preceding page and [4.7] to determine a and b;
2.507 —9.971

—— +223a = —22 4.
593 + 223a 593 3a (4.8)
a = —0.0001255 (4.9)
b= —0.0167350 (4.10)

The second-order equation for the bridge girder is found by substituting a,b and c;

f(x) = —0.00012552% — 0.016735 + 2.507 (4.11)
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In theory, with this parable, the highest point of the bridge girder will be to the side of
the middle, but the real top point of the bridge girder when it is hanging from the cables
will probably be around the middle of the span. There are other perhaps more accurate
ways to find this parable, but the method used here is considered close enough to the real
structure. The shape of the bridge girder when it is loaded with dead load is discussed in
Section [5.3 on page 35l

The type of element used for the bridge girder is B31, this is a 2-noded linear beam
member with shear deformation. The main advantage of the beam element is that it
is geometrically simple, and have few degrees of freedom. This simplicity is achieved by
assuming that the member’s deformation can be estimated entirely from the variables that
are functions of position along the beam axis only. The beam theory is the one-dimensional
approximation of a three-dimensional continuum. The reduction in dimensionality is a
direct result of slenderness assumptions; that is, the dimensions of the cross-section are
small compared to typical dimensions along the axis of the beam. The deformations in a
beam element consists of axial deformation; bending; and, in space, torsion [15].

Main cables

The nodes for the connection between the hangers and the main cables was found by
making a second-degree polynomial based on the top of the towers at 102.26 m, and the
lowest point in the middle of the cable at 57.26 m, see Figure 4.8

Shape of main cables

150
130
110 -223:102.26 223:102.26

20 — 0:57,26 ot

e _-‘-""‘--.._________-‘-__ __———.______—___...-"'_-_

5':' I T T T T T T T T 1

-250 -200 -150 -100 -50 0 50 100 150 200 250
X

Figure 4.8: The shape of the main cables when the dead load is applied

Starting with the equation for a parable, Equation [4.5 on page 25/and 4.7 on the previous|
and finding the parameters to determine a second-order equation for the main cable.
The sag is 45 m, and to obtain this when dead load is applied, a displacement of 2.8 m is
included;

y(0) = —42.2 — ¢ = —42.2 (4.12)

The cables have the same top points, and the minimum point is in the center.
b=0 (4.13)
Using the known point at the top of the tower, and determine a;

223%q — 422 =10 (4.14)
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a = 0.00084860 (4.15)

The second-order equation for the cables is found by substituting a, and ¢ into the equa-
tion;

f(z) = 0.00084860x% — 42.2 (4.16)
The main cables are modeled with one member between each hanger. The bending stiff-

ness is set to 1 percent of a circular cross section with an outer diameter of 97 mm. This
gives the member almost zero bending stiffness, and it will act like a jointed rod.

The main cables have an unusual cable configuration, a single row of 12 large locked-coil
strands in the main span. This is not taken into consideration in this model, where the
main cables are modeled as one main cable at each side of the bridge, with characteristics
equivalent to those of the six cables.

Hangers

The hangers are modeled with one element for each hanger between the main cable and
fictive points that simulates the bridge girder. The members are modeled in the same way
as the main cable. Their bending stiffness is set to 1 percent of a circular cross section
with an outer diameter of 48 mm, which is almost zero bending stiffness, and each hanger
will act like a jointed rod. The hangers in the ABAQUS model are shown in Figure

Figure 4.9: The hangers in the ABAQUS model

Towers

The towers are modeled with 29 members in each leg. The nodes that the members are
attached to are placed such that the towers should be vertical when dead load is applied
on the bridge. This is discussed in Section [5.3 on page 35| There is one cross beam below
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the girder, and one in the top of the tower, these are modeled with 7 nodes, 6 elements
each.

The tower legs are given names corresponding to their position in Figure 4.1 on page 23|
The two towers are similar in height and in cross sectional areas, but there is a difference
in the foundation, and in the height of the cross beam under the bridge girder. The
differences in the two towers are reflected in the model, the cross beam under the bridge
girder in the southern tower is around 7 m lower than in the northern tower, and the
number of nodes under and over the lower cross beam is adjusted such that the element
length over the height of the tower is almost equal.

The type of element used in the towers and the cross beams are FRAMES3D. This is an
element that is suitable for analysis of frame. The active degrees of freedom are displace-
ment in X, Y, and Z, and rotation about the X-, Y-, and Z-axis. The frame elements are
designed to be used for small-strain elastic or elastic-plastic analysis of frame-like struc-
tures composed of slender, initially straight beams. Typically, a single frame element will
represent the entire structural member connecting two joints. A frame elements elastic
response is governed by Euler-Bernoulli beam theory with fourth-order interpolations for
the transverse displacement field, hence, the elements kinematics include the exact solu-
tion to concentrated end forces and moments and constant distributed loads. A frame
elements plastic response is modeled with a lumped plasticity model at the elements ends
that simulates the formation of plastic hinges. The elements can thus, be used for collapse
load prediction based on the formation of plastic hinges [15]. This modeling capability is
not used in the present analysis.

Rigidity, area and weight of the towers are calculated in Mathcad, and the numbers are
interpolated in Excel to fit each of the 29 members in each tower. This calculations are
shown in Appendix Bl The element at the top of each tower leg is B31, this is a beam
element, used to simulate the link to the cables.

4.2.3 Geometry
The geometry of the main components of the bridge is given in the following list.
e Main span: 446 m
e Sag: 45 m
o Distance between main cables: 10.25 m
o Length of back stay north: 73.906 m
o Length of back stay south: 166.046 m
o C(Cable slope of back stay north: 0.445°
e Cable slope of back stay south: 0.364°
e The shortest hanger: 3.0 m
« Distance from the lower hanger link to the neutral axis: 1,104 m

e Elevation of the top of the tower: + 102.260
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¢ Elevation of the bottom of the tower foundation: + 6.500

Some of the values are visualized in Figure [4.3 on page 24| and [4.4 on page 25|

4.2.4 Conditions

o Side span: fixed in the point where the cables enters the rock

o Towers: All the tower legs are fixed in the foundation. All the tower top nodes
linked to the cable is released

e Cross beams: fixed to the tower legs

o Girder end points: Simply supported, restrained sideways, supported against torsion
and fixed in the longitudinal direction in the towers

The side span is fixed in the point where the cables enters the rock with the command
BOUNDARY, and it is specified with 1,3,0, which represents the first degree of freedom
constrained, the last degree of freedom constrained and the actual magnitude of the vari-
able. The towers legs is fixed in the foundation, by use of the same command BOUNDARY
as the side spans, but here, the specifying numbers is 1,5,0. This means that the nodes
not only are fixed for displacement in X, Y, Z, but also rotation about X- and Y-axis.
The nodes in the top of the towers are made hinged such that the cables only are held
in place, and not fixed. This is done with the command RELEASE in ABAQUS, and its
specified with S2, which refers to the top element end, and with ALLM, that represent
a combination of all the rotational degrees of freedom (i.e., M1, M2, and T). The cross
beams are linked to the tower legs using MPC. MPC stands for Multi-point constraints.
They allow constraints to be imposed between different degrees of freedom of the model,
and they can be quite general (nonlinear and non homogeneous). The bridge girder ends
are simply supported, restrained sideways, supported against torsion and fixed in the lon-
gitudinal direction. The element used for the link is B33, which is a 2-node cubic beam.
The element is released to act in the correct way, this is given in ABAQUS as RELEASE,
and is specified with the end of the beam in the north of the bridge, S2. And with M2-T,
that refers to a combination of rotational degrees of freedom about the nl-axis and the
t-axis. In the south end of the bridge, the beam end S1 is the rotation about the n2-axis
released. The beam end S2 is released in the same way as the beam on the north side of
the bridge [15].
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4.2.5 Stiffness properties

The rigidity of the bridge girder, the hangers, main cables and towers are given in Ta-

ble 4.1

Bridge girder

A 0.343 m?

L 0.429 m*

Iz 4.952 m*

Iy 0.929 m*

Cly 4.762 m®

E 210.000 N/mm?

G 80.700 N/mm?

Hangers

A 0.0018 m?

I 1 % of a circle with outer diameter 48 mm
E 180.000 N/mm?

Main cable

A (set of 6 cables) 0.044 m?

I (one out of 12 cables) | 1 % of a circle with outer diameter 97 mm
E 180.000 N/mm?

Towers

E. 40.000 N/mm?

Table 4.1: Stiffness properties for Lysefjord Bridge

The numbers given in the table are found from calculations done in Mathcad, see Ap-
pendix [Bl The area of the bridge girder given in ABAQUS is 5% higher than the area
found from calculations. This is introduced to account for the stiffeners across the bridge
girder. The area of the main cables is 12% higher, this is to reflect the clamps and the
hanger links, that is stabilizing the cables. If the towers are notched, the modulus of
elasticity of the concrete is expected to be considerably lower than 40.000 N/mm?2, this
is not considered in this analysis.

4.2.6 Other parameters

o Temperature coefficient; 0.00001%

« Gravity of acceleration; 9.81 m/s?
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Chapter 5

Applying load in the finite element
model

5.1 Mass

The weight of the girder, hangers and main cables are taken from the input in Alvsat [1].
The mass of the towers are calculated based on their geometry. The calculations can be
found in Appendix [B]

Length of main span is 446 m. Weight of the girder is 5350 kg/m.
Weight of bridge girder 5350 x 446 = 2386 ton

Length of cable in main span is 458.89 m. Weight of the cable is 816 kg/m.
Mass of main cable in main span 2 x 816 x 458.89 = 749 ton

The mass of the hangers and hanger links are included in the weight of the bridge girder
and main cables. The same weight is used for the main cable in the back stay as in the
main span, this gives a slightly higher weight than in the real bridge, but the error is

considered small.

Length of back stay north is 87.55 m, length of back stay south is 174.51 m.
Mass of cable in back stay 816 x 2 x (87.55 4 174.51) = 428 ton

Towers weight are 7919 ton.

The mass summarized is given in Figure

Bridge girder 2386 ton
Main cable main span | 364 ton
Mass in main span | 2750 ton

Main cable back stay | 181 ton
Mass in back stay | 181 ton

’ Towers \ 7919 ton ‘
’ Total mass \ 10850 ton ‘

Table 5.1: Mass of Lysefjord Bridge
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The mass in ABAQUS is 11030 ton, see Appendix[C], this is 2% higher than the theoretical
calculations. This difference could be caused by errors in the calculations of the mass.
E.g. the weight of the towers and the cross beams are calculated based on an average cross
section area, while in ABAQUS, each element weight is different. The most important is
to see that the weight of the model in ABAQUS makes sense, and that it is in the same
order of magnitude as the calculated weight.

5.2 Modeling of mass

To model the mass in the bridge girder, lower hanger link and half the hangers, the weight
is distributed into 3 discrete points. This is showed in Figure [5.1]

My My

D
A
ot

Figure 5.1: Modeling of mass of bridge girder in ABAQUS

From calculations in Mathcad;
o my = 1454 kg/m
o mo = 2442 kg/m
e 71 =5.267Tm
e 710 =0.85m
o Z, =1.656 m
o Zm1 =2.76m
o Zima = 0.806 m

The total mass is then;

Miotar = 2% my +mg = 2 x 1454 4 2442 = 5350kg/m
As can be seen in Figure the lower mass point is placed 0,85 m under the neutral
axis. This position is fitted such that the mass moment of inertia around the shear center,

which here is placed in NA and the center of gravity is correct.
To sum up; the three different numbers, mi, mso and ro are found from;
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o Total mass of 5350 kg/m
« Mass moment of inertia 82430 kgm?
o Center of gravity 0.12 m above N.A.

Note: The center of gravity is found from the Mathcad-calculations of the area of the
bridge girder to be 0.12 m above N.A, see Appendix [Bl In the Mathcad-calculations to
find the distribution of the load, the center of gravity is 0.21 m above N.A. The first
calculation is done roughly, and without the weight of the hanger links and asphalt, that
will bring the center of gravity higher up. One of the most important factor to obtain
correct eigenfrequencies and displacements in the bridge is the mass moment of inertia,
and in the calculations, this turns out as 82436 kgm?, which is what was given in Alvsat.

To model the mass in ABAQUS, fictive nodes, or so-called dummy nodes have been used.
These dummies are assigned mass in negative z-direction, to simulate dead load in the
girder and hangers. The fictive nodes that are assigned m; = 1454 kg/m, under the chord
that is representing the bridge girder is shown in Figure [5.2]

{1 | |'|‘||I|‘|I||‘\|T|'I\I\ mp

(1

P
| ||I|"||||‘l|'|‘\'|'||
‘I\H'\II‘”'H

I
{1
RARN:

Figure 5.2: Fictive points to attach m; = 1454 kg/m under NA in ABAQUS

The mass of the hangers are evenly distributed, with 50% up to the upper hanger link,
and 50% down to the lower hanger link. This distribution is chosen because this is how
the mass was inserted into Alvsat.

The arrangement of the mass into 3 discrete points in the way it’s been done here, is
considered governing for eigenfrequencies and for static and dynamic wind analysis. If
the bridge model later will be used in earthquake analysis, where the bending sideways
between the hanger links is significant, this arrangement of mass should be calculated
and distributed again. It is also important that the distribution of the mass in the
longitudinal direction, and the element length is considered thoroughly in other analyses
with this model.
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5.3 Analysis of characteristic dead load

Figure 5.3: The model of the bridge with dead load applied

The dead load is based on a geometric non-linear analysis, the nodes are modeled with
iterations such that after the model is loaded with dead load, the geometry should be
correct, see Figure 5.3l There are however some differences between the loaded model
and the real structure, but this is neglected. The model is modified several times to get
the geometry as close to the real structure as possible. The parable for the bridge girder
and the main cable is modified, such that with dead load on, the shortest hanger is 3 m,
and the sag is 45 m. The equations for the parables are given in Section [4.2.2 on page 23|

Control of total horizontal force in both of the main cables;
Theoretically;

_ FxL __ 26978x446 __
H = Exk = 2097846 _ 33493); N

The analysis in ABAQUS;

H = 33731kN
Alvsat;
H = 33600kN

Difference between Alvsat and ABAQUS;

33731kN — 33600kN = 131kN this is around 0.4%.
This should not affect the results to much, but could explain some of the differences in
the results between ABAQUS and Alvsat. This constant loading in the main cables found
from ABAQUS cause a stress of;

_H _ 33731000 N __
0= 194, = 1200074 m2 — 5004 MPa
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Where A, is the cross section of one cable. The stress found here is, however, from the
constant horizontal component of the force in the cables. The cables will have a maximum
stress level where they are connected to the towers. To find the maximum stress level in
the cables, the axial force in the element closest to the tower, 35110 kN, are used;

The true fore in the main cables close to the towers cause a stress of;

_ _F__ 35110000 N __
0= 194; = 1200074 m2 — 9994 MPa

The cables used in suspension bridges in Norway today, included Lysefjord Bridge, has

an ultimate tensile strength of 1570 MPa [18]. The stress from dead load on the bridge

: : : 395.4M Pa __
gives a demand/capacity rate in the cables of {22577pe = 25.2%.

5.4 Wind

The most complex loading on a suspension bridge is wind loading. Wind loading on the
bridge girder can be divided into two different components, with static wind load that
can be found from e.g. the mean characteristic wind speed, and dynamic wind load, that
is induced by vortices, turbulence and due the movement of the bridge.

5.4.1 Static wind loading

The first group, the static wind velocity that is calculated from the mean wind speed, and
the corresponding velocity pressure that is working on the bridge, is called static drag
load and lift load. In addition, an overturning moment on the bridge will be generated.
The load from drag forces acts in the direction of the wind. The lift force operate perpen-
dicular to the direction of the wind, up or down on the bridge girder. The overturning
moment acts around the bridge girders longitudinal axis. Mean value of these different
forces, without turbulence and forces from movement of the bridge, can be calculated
with the following equations:

Drag, force per length;
1
D = 5pU2HCD (5.1)

Lift, force per length;
1
L= §pU2BCL (5.2)

Overturning moment, moment per length;
1
M = §pUQBQCM (5.3)

e p: air density
e U: the mean wind speed
e H: height of the bridge girder

e B: width of the bridge girder

36



Cp, Cr, and C'y are parameters without dimension to reflect the wind load on the partic-
ular cross section geometry of the girder. These are usually found through tests in wind
tunnels. They reflect all details on the bridge, e.g. railing. The parameters depend on
the angle at which the wind acts on the bridge girder. Input data on Lysefjord Bridge is
taken from the old analysis in Alvsat, this includes the wind load coefficients as well.

The coefficients are defined in the following.

Drag coefficient;

D
Cp=——= 5.4
b=m (5.4)
Lift coefficient;
L
Cr=— 5.5
L= 5 (55)
Coefficient for overturning moment;
M

Where q is the mean velocity pressure ¢ = 0.5pU?, and 1 is the length of the bridge girder.
Figure [5.4) shows the positive directions for the forces on the bridge girder. It also shows
the angle of attack a.

i

s B
U B

Figure 5.4: Positive directions for the forces, and the orientation of the wind.

e

The coefficients for Lysefjord Bridge found in Alvsat is simplified into linear functions
of the angle of attack, based on the coefficient at @ = 0 and difference quotient for the
tangent through this point. This gives us the following formulas for static drag, lift and
overturning moment forces;

Drag;
D(a) = ;pUQh(C’D(a —0) +aCly(a = 0)) (5.7)
Lift;
L(a) = ;pUQw(CL(a — 0) +aCl(a = 0)) (5.8)
Overturning moment;
M(a) = ;pU2w2(C’M(oz = 0)+ aCy(a = 0)) (5.9)
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The wind load coefficients are shown in Table 5.2

Drag coefficient

Ch 1.00
Ch 0.00
Lift coefficient

Cr 0.10
C 3.00
Moment coefficient

Cy 0.10
Chy 3.00
Cable drag coefficient

Cco 1.50

Table 5.2: Wind load coefficients

Since the quotient for the tangent of the drag coefficient is 0, drag force will be independent
of the angle of attack. The drag load on the main cables is also assumed to be independent
of the angle of attack, due to the round symmetric shape. In Lysefjord Bridge, the cable
configuration, with six cables on each side, is different from the configuration with one
main cable at each side, and this is considered to be taken into account by the drag
coefficient used in Alvsat.

5.4.2 Mean wind speed

From Alvsat, the reference wind speed at the level of the bridge is given as 38.00 m/s.
To calculate the wind speed around Lysefjord Bridge, the Norwegian Standard NS-EN
1991-1-4:2005+NA2009 is used [22].

The basic wind velocity is defined as middle wind speed in 10 minutes duration, 10 m
above flat landscape for terrain category 2, and with a given return period of 50 years.
The basic wind velocity for Forsand is 26 m/s. This basic wind velocity is then adjusted
for different factors;

o Factor for wind directions; chosen for all directions; Cpjrection = 1.0.

o Factor for season; chosen for the entire year; Cseqson = 1.0.

e Factor for increasing wind speed with increasing height above sea level; ; Crags = 1.0.
 Factor for return period; chosen for a return period of 50 years; Creturnperioa = 1.0.

The basic wind speed is then calculated to be;

Whasic = 1.0 % Cgeqson = 1.0 % Cgas = 1.0 % CReturnperiod = 1.0% WReference =206 (m/s )
5.10

To take into account the terrain around the bridge, the place wind velocity is calculated.
The place wind velocity is defined as the middle wind speed working on the bridge in 10
minutes. The height of the bridge, z, is set to 50 m above sea level, which is a mean value
for the bridge girder. The reference height is zyp = 0.01 m, Terrain category 1 is chosen
kr = 0.17, this is for coastal sea, no trees. It could be discussed if this is the right terrain
category, but it is considered to be the closest to the real terrain.
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C, = szn(zZO) - 0.17zn(0581) — 1.448 (5.11)

The topography factor, C'r is set to 1.0, since it is unclear if the terrain around the bridge
will act reducing or increasing on the wind speed.

Wplace = CrCTWbasic = 37.6m/s (5.12)

The place wind speed for the basic wind velocity and adjusted for terrain, topography
and height, is 37.6 m/s, rounded up to 38 m/s. In the analysis, since the reference wind
from Alvsat is the same as the one calculated, 38 m/s is used as the mean wind speed on
the bridge.

It is also done some test analysis with higher wind speeds to see the movement of the
bridge, and the displacement of the bridge girder. The results from these tests are de-
scribed in Section [6.3 on page 64l

5.4.3 Simulated wind load in ABAQUS

To simulate the wind load on the bridge, distributed forces in horizontal and vertical
direction as well as an overturning moment are applied to the model. The force in hori-
zontal direction is drag, the force in vertical direction is lift, and the overturning moment
is applied by a vertical force couple. The forces depend on the angle of attack, which
again depend on the wind load. So an iterative approach is required. The plan was to
simulate the wind with a subroutine in Fortran. This subroutine was originally developed
for Hardanger Bridge by Jasna B. Jakobsen and Ingvild P. Bjgrnsen, and it was modified
to work on Lysefjord Bridge [3]. The routine in Fortran use parameters given in the
ABAQUS input file, and with the form factors used in Alvsat. However, the subroutine
would not work in the correct way, and in the end, the load was applied directly in the
input file. The horizontal wind load is applied in positive direction, see directions in Fig-
ure [0.4 on page 57}

To simulate the wind on the bridge girder, dummy elements have been made in ABAQUS,
see Figure [5.5 on the tollowing page]

The wind load used in the analysis is for the wind velocity of 38 m/s. The drag force is
applied on the bridge girder chord, and on the dummies on the side of the bridge girder,
see Figure 5.5 on the next pagel The lift force is applied on the bridge girder chord in a
positive vertical direction. The overturning moment is applied as a vertical force couple
on the bridge girder.

The forces are calculated and applied for 38 m/s with angle=0 in the first iteration.
From the result file of this analysis, the rotation around length axis in the bridge girder,
x-direction, is collected and used in a new calculation of the lift force and overturning
moment. The new forces are applied to the bridge, and the procedure is repeated until
the bridge twist converges. This takes 5 iterations. To see the displacement of the bridge
girder for different wind forces, this procedure was also used for 20 m/s, 60 m/s and 80
m/s. The results are presented in Section [6.3 on page 64|
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Figure 5.5: Dummy elements to simulate wind on the bridge girder in ABAQUS

In ABAQUS, a new step is created to apply wind loading. The AMPLITUDE=RAMP
function is used, such that the load magnitude is to vary linearly over the step, from
the value at the end of the previous step, to the value given on the loading option. It
is used non-linear geometry in the loading, and 5000 increments. The option DLOAD
is used to apply the load as a distributed load. The parameter OP=MOD is used, such
that the existing loading from Step 1 remain. This option can be used to modify existing
distributed loads, or defining additional distributed loads [15].

5.4.4 Dynamic wind loading

Suspension bridges with a certain length of the main span of the bridge are subjected to
aerodynamic forces generated by structural motions. These self-excited motions are in
turn excited and changed by the aerodynamic forces they generate. Aero elastic phenom-
ena is interesting in suspension bridge design because of the shape of the bridge girder,
the obstacles along the bridge girder such as hand railing, and because the wind flows
around bridges often is turbulent [25]. On Lysefjord Bridge, the aero elastic behavior of
vortex-induced oscillations is described qualitatively in the following.

Vortex-induced vibration

Vortex-induced vibrations on the bridge are motions in the structure excited by a force
having the same frequency as the structure. In order to limit or prevent the vortex-
induced vibration and the associated structural fatigue, there are several actions that can
be taken. The eigen-frequency can be modified or increased, additional dampers can be
installed on the bridge, or the generations of vortices can be disturbed by different obsta-
cles that can be placed at the structure. The interference between an outer force exiting
the bridge at the same wave-length as the bridge is called resonance. Resonance can be
fatal to a bridge, as the vibrations created can be very large. These resonance vibrations
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travel through the bridge like waves. When dampers or obstacles are introduced, they
will interrupt the resonance, and prevent large vibrations. The obstacles can be placed
all over the structure where needed [16].

The bridge girder have a bluff cross section, and the wind flow can experience separation
and vorticity shed in the body wake. The flow around the bridge girder can depend on
the Reynold number, R.;

~UD

v

R (5.13)

e U: Wind speed
e D: Height of the bridge girder

e v: Kinematic viscosity of air, 1.51E-5

For a wind speed of 38 m/s found in Section [5.4.2 on page 38| and a height of the bridge
girder of 2.76 m.

38m/s-2.76m
1.51E10 -5

For bodies with sharp corners, separation of the wind flow occurs at fixed points regardless
of the value of R.. The separation of the wind flow is also dependent on e.g. handrails.
When the air flow is separated, vortices are induced alternately on the top and bottom
of the bridge girder, and this induce a force in the vertical direction. The main pressure
variations and fluctuating force associated are predominantly in the direction across the
flow, see Figure [16].

Re =

= 6.9E6 (5.14)

Ty

U
e

|

B

Figure 5.6: Vortex shedding around the bridge girder [16]

The shedding frequency is directly proportional to the wind speed U, inversely propor-
tional to the reference dimension D, and depends on the cross sectional shape through a
constant S; called Strouhals number.

To find the critical wind speed at which the bridge will experience vortex-induced vibra-
tion;
_SU

fo=25

(5.15)

e S;: Strouhals number
e U: Wind speed
e D: Height or width of the bridge girder
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Strouhals number can be set to;

_SU
D

. if the width over height ratio is close to 4.5, and height is used as D [I3]. This was
found from testing of an early design of Hardanger Suspension Bridge girder. From [22],
Strouhals number for a rectangular box shape with the ratio around 4.5, is slightly higher
than 0.11, but it is in the same order of magnitude. For Lysefjord Bridge;

Sy =0.11 (5.16)

w  12.3
B =276 4.46 (5.17)
and
Sy =0.11 (5.18)

The period of the first vertical symmetric mode shape is 3.29 seconds, and the frequency

is then;
1
fos1 = 355, = 0-3Hz (5.19)

To find the critical wind velocity, the vortex shedding in Equation [5.15 on the previous|

is set equal to fys1;

fos1D  0.3Hz-2.76m

Uer = =
St 0.11

The wind velocity that can induce vertical symmetric mode shape 1 is 7.5 m/s. There
is a fair chance that this is a common wind speed around the bridge, the average wind
speed in 2010 was 2.3 m/s [2I]. The critical wind velocity for vertical symmetric mode
shape 2, calculated in the same way as for 1, is 10.2 m/s. The wire fractures in the main
cables could therefore be partially caused also by fatigue from vortex-induced vibrations.

=75m/s (5.20)

5.4.5 Non-linear geometric effects

The loading studied on this bridge model is dead load and wind load. In all the loading
steps, ABAQUS is told that this is a non-linear geometry, by the command NLGEOM.
This means that the deformations of the structure from loading are taken into consid-
eration when more loading are applied. The effect from the extra loading caused by
deformation is neglected if it is small, but in large deformations, this effects should be
accounted for. Since Lysefjord Bridge is a suspension bridge, that is a relatively flexible
construction, the loading is given as non-linear in all the steps in the model. This means
that the analysis will take the non-linear geometric characteristics into consideration.

5.5 Other loads

There is also other loads and conditions that will excite the bridge, but these are not
considered in this model and analysis in ABAQUS.

5.5.1 Earthquake

The model is not analyzed for earthquake in this thesis. If the model is to be used for
this kind of analysis, it is important to consider the elements and the mass for the new
analysis, see Section [5.2 on page 33|
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5.5.2 Traffic

Traffic loading is an important loading to take into consideration when designing a bridge.
In this thesis, the focus has been on building the finite element model in ABAQUS, and
on some wind analysis. Traffic is therefore not a part of the analysis, but that should be
done in a further analysis of the bridge in light of the deterioration of the main cables.
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Chapter 6

Results from the analysis in

ABAQUS

The purpose of the analysis of the model in ABAQUS, was to understand the bridge
behavior during static loading, and to see how the bridge is deformed due to wind load
from different wind speeds. The analysis is also done to see if the results differ from the
previous analysis done in Alvsat. It is both the natural frequencies and the deformation
and stresses from traffic, wind and other loads that is interesting to find. Since this fi-
nite element model is made based on numbers from the previous analysis in Alvsat, the
input-data is as similar as possible. This does however not mean that the output-data
will be similar, since the model in ABAQUS also includes the hangers and the towers.
There is also a question about the geometry, and there could be some differences in the
parable of the cable, the bridge girder, or the length of hangers. The effect of the towers
are taken into consideration, and an analysis without them is also carried out. The effect
of changing different parameters in the model is analyzed and described in the following.

The natural frequencies are outside the control of the designer once the sag of the ca-
bles has been selected. Further, the natural modes can be divided into shapes that are
symmetric about the center, mid-span point, and shapes that are asymmetric. The cable
tension are not changed in the asymmetric modes, these modes are associated with a
longitudinal motion of the cable in the main span. This may be very important in the
lowest asymmetric mode. The tension in the cables are however changed in the symmet-
ric modes, with the associated cable length condition being satisfied over the aggregate
length from anchorage to anchorage [29]. The sag in Lysefjord Bridge is 45 m, and there
was done several iterations in the analysis to obtain the exact sag when the bridge was
loaded with dead load. The bridge girder gives a significant contribution to the torsion
stiffness of the bridge.

6.1 General

During the modeling process, different parameters in the model have been changed to see
how this will influence the results from the analysis. The first results gave eigenfrequencies
that did not match the results from Alvsat, even though the model should be built on the
same input variables. The model in ABAQUS was less rigid than the one in Alvsat. This
could be caused by very many things, such as errors in the input file, different shear and
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mass center, different areas, and the fact that the model in ABAQUS directly includes
the towers and the hangers. To see which input parameters that influenced the results
most, the model was modified by changing one parameter at the time, and analyzed. The
different analysis was then compared, to see how much the different results had changed.
A presentation of the final model in ABAQUS, and of some of the tests that has been
done to the model to understand the function of the parameters are given in the following.

6.2 Eigenfrequencies and eigenmodes

6.2.1 Eigenfrequencies

The frequencies of the eigen modes of a suspension bridge are important when dynamic
response including the aerodynamic stability of the bridge is studied. The eigenfrequencies
for the bridge are calculated about the center of gravity. In Appendix [C] the first three
eigenfrequencies are given in a cumulating list. The eigenfrequencies are found for the
different types of modes. The first 3 modes are found of each type, this means that there
is found 18 modes of vibration that is presented here;

e Group 1

— HS-1: Horizontal symmetric, 1. mode
— HS-2: Horizontal symmetric, 2. mode

— HS-3: Horizontal symmetric, 3. mode
e Group 2

— HA-1: Horizontal asymmetric, 1. mode
— HA-2: Horizontal asymmetric, 2. mode

— HA-3: Horizontal asymmetric, 3. mode
e Group 3

— VS-1: Vertical symmetric, 1. mode
— VS-2: Vertical symmetric, 2. mode

— VS-3: Vertical symmetric, 3. mode
e Group 4

— VA-1: Vertical asymmetric, 1. mode
— VA-2: Vertical asymmetric, 2. mode

— VA-3: Vertical asymmetric, 3. mode
e Group 5

— TS-1: Torsion symmetric, 1. mode
— T'S-2: Torsion symmetric, 2. mode

— TS-3: Torsion symmetric, 3. mode
e Group 6

— TA-1: Torsion asymmetric, 1. mode
— TA-2: Torsion asymmetric, 2. mode

— TA-3: Torsion asymmetric, 3. mode
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6.2.2 Comparison of the eigenfrequencies in Alvsat and ABAQUS

The eigenfrequencies from Alvsat, the original ABAQUS-model and the tests are shown
in Table [6.1 on the next page|

ABAQUS original model compared to Alvsat

The original model of the bridge in ABAQUS is built on the same input parameters as the
Alvsat model. There are however differences, explained in the beginning of the chapter,
that will give results that differ from the original results. For the horizontal and vertical
modes, the difference is around 0-6%, and for the torsion modes, the difference is from
10% to 23%. The higher mode, the larger difference between the results. Some of the
differences in torsion modes can be caused by the fact that ABAQUS includes the strain
in the hangers, while Alvsat does not.

Test 1

The shear center in the original model is assumed to be in the neutral axis. In Alvsat
however, the shear center is set to be 0.4 m under the hanger link. This is included in
test 1, where the option SHEAR CENTER is included in ABAQUS, and the shear center
is set 0.704 m above the neutral axis of the bridge girder, see Figure 4.3 on page 24l Due
to railing and asymmetric loading of the bridge, the shear center could be eccentric in
horizontal, y-direction as well, but this is neglected in this model. The frequencies does
not change when the shear center is included in this way in ABAQUS.

Test 2

Since the big difference between the model in Alvsat and ABAQUS is the presence of
towers, this was expected to have impact on the results. To see how the modes are af-
fected by the rigidity and mass of the towers, the towers was removed from the model.
Instead of the towers, boundary conditions was induced. The main cables were fixed in
vertical direction, and in the horizontal direction, y- direction, perpendicular to the length
of the bridge in the top point. The bridge girder was fixed in the ends, instead of being
coupled to the cross beams. The eigenfrequencies in ABAQUS were influenced by this to
a different degree, when the tower was removed, some of the values were more equal to
the results from Alvsat. No significant changes was found.

Test 3

The original model reflects the bridge asymmetry about the mid span. In test 3, a sym-
metric version of the model, where the north part of the bridge is mirrored to the south
part is made. The towers are not included in this test. This is to see how symmetry
alone changes the results, and if the asymmetry in the bridge can make the cables act in
a different way. The results from test 3 show that the horizontal frequencies is closer to
the results in Alvsat, with max difference of 2%. The mode shapes look more like the
modes from Alvsat compared to the modes in the original model. If Alvsat calculates
the model as symmetric, this is probably the explanation to this change. All the other
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frequencies are about the same as in the original model, the values are higher except from
the first torsion symmetric and asymmetric frequencies. This difference could be due to
the change in boundary conditions for the cables in x-direction (length direction) in the
top of the towers. Without the towers the cables are free to move over the top. It could
also be due to the difference in hanger length on the south side, where the hangers in test
3 are shorter than in the original model.

Alvsat Criginal Test 1 Test 2 Test 3
Period[s] Period[s] Period[s] Period[s] Period[s]
Hs-1 7.71 7,81 1% 7,81 1% 7,77 13 7,75 D%
Hs-2 1,80 1,88 5 % 1,88 5 % 1,86 4% 1,78 1%
HS-3 1,20 171 0% 171 0% 1,23 2% 171 0%
HA-1 2,26 2,31 2% 2,31 2% 2,28 1% 2,28 1%
HA-2 1,67 171 2% 171 2% 1,70 2% 1,68 0%
HA-3 1,00 1,02 3% 1,02 3% 1,03 3% 1,02 1%
Ws-1 3,49 3,29 5% 3,29 5% 3,28 -6 % 3,22 9%
Vs-2 2,50 2,45 -2 % 2,45 -2 % 2,43 3% 2,40 4%
WS-3 1,15 1,16 0% 1,16 0% 1,16 1% 1,16 1%
WA-1 469 4 68 0% 468 0% 452 -4 % 442 -& %
VA2 1,70 172 1% 172 1% 171 1% 171 1%
WA-3 0,83 0,84 1% 0,84 1% 0,84 1% 0,84 1%
Ts-1 0,87 0,96 10 % 0,95 10 % 0,97 11 % 0,94 2%
T5-2 0,51 0,56 14 % 0,56 15 % 0,57 18 % 0,58 15 %
T5-3 0,18 0,23 19 % 0,23 19 % 0,20 7 % 0,23 19 3%
TA-1 0,47 055 11 % 053 11 % 0,55 14 % 0,55 14 %
TA-2 0,23 0,28 18 % 0,28 18 % 0,28 16 % 0,27 15 %
TA-3 0,15 0,20 23 % 0,20 3% 0,17 12 % 0,20 2%

Table 6.1: Calculated eigenfrequencies in ABAQUS compared to Alvsat

Table summarizes the results for the analyses with the following models;
e Original: Towers are included, shear center in N.A.
o Test 1: Shear center at 0.704 m above N.A.
o Test 2: Model without towers, shear center in N.A.

o Test 3: Symmetric model without towers, shear center in N.A.

6.2.3 Comparison of the eigenmodes in Alvsat and ABAQUS

The comparison of the 18 mode shapes from Alvsat and the original model in ABAQUS
is shown in Figures 6.1 on page 49|to [6.6 on page 54l

All the mode shapes are presented for the bridge girder. In ABAQUS the nodal displace-
ment of an eigenmode is normalized in such a way that the maximum displacement within
the structure is set to 1. Where the modes shown have largest value lower than one, this
means that the maximum displacement occurs in the towers or in the cables. A difference
between Alvsat and ABAQUS is that in Alvsat, no coupled modes are given, while there
are in ABAQUS. Therefore, the modes from ABAQUS are considered un-coupled as long

as the coupling is insignificant. A pure torsion mode is equal to a vertical displacement
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in the cables of +1. The mode shapes from Alvsat is found from the output file, and they
are shown as the displacement along the length of the bridge girder.

The horizontal modes found in ABAQUS are similar to the ones found in Alvsat. Hor-
izontal symmetric mode 2 is asymmetric in ABAQUS, this is most likely caused by the
fact that the bridge is asymmetric, and the hangers are longer on the south side of the
bridge than on the north side. Horizontal asymmetric mode 3 is really a symmetric mode
in the bridge girder, while the cables has the asymmetric form, see Figure [6.8 on page 56]
The vertical mode shapes have a similar shape, while some of the modes has relatively
large differences in the frequencies, and this is reflected in the size of the amplitude. The
torsion mode shapes are also similar, the differences are larger in the higher modes than
in the lower. This differences can partially be explained by the strain in the hangers that
are included in ABAQUS, but not in Alvsat.
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Figure 6.1: Horizontal symmetric modes
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Figure 6.2: Horizontal asymmetric modes
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Figure 6.3: Vertical symmetric modes
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Figure 6.4: Vertical asymmetric modes
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Figure 6.5: Torsional symmetric modes
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Figure 6.6: Torsional asymmetric modes

o4




6.2.4 Horizontal displacement of the cables

This section refers to the horizontal displacement in the bridge only. The reason for this
is to see the difference in displacement between the cables and the bridge girder. This
is not a comparison between ABAQUS and Alvsat. There is a relative displacement be-
tween the bridge girder and the cables in the horizontal direction, and they are shown in
Figures and [6.8 on the following pagel In the figures, the displacement of the bridge
girder and cables are plotted on top of each other.

In all the modes except for the first symmetric one, the cables have the largest displace-
ment. It is only in the 1. symmetric and asymmetric mode that the cables and the bridge
girder have the same shape.

1
HS-1
" — Girder
-------- Cable
-1
0 111,5 223 3345 445
1 .
i H5-2
0 —— —— Girder
-------- Cable
-1
0 111,5 223 334,5 445
1
% HS-3
0 e— T —-—:-'-..—___—-—'—"I — SGirder
N R Cable
-1
0 111,5 223 334,5 446

Figure 6.7: Horizontal symmetric modes, displacement in girder and cables
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Figure 6.8: Horizontal asymmetric modes, displacement in girder and cables
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6.2.5 Coupling of the directions

Alvsat is based on the uncoupled modes of vibration in the three directions, horizontal,
vertical and torsion. The model in ABAQUS is used to see if this gives the correct results.
In Figure [6.9 on the next page| to [6.14 on page 63| the modes from ABAQUS is shown.
In each diagram, the deformation along the bridge girder in the three different directions
are drawn on top of each other. They are labeled;

¢ Y: Horizontal
o 7: Vertical
o T: Torsional

The bridge girder is fixed in the longitudinal direction, x, such that displacement is pro-
hibited. The towers and the cables can move in this direction though.

The horizontal and vertical component are found directly from the output from ABAQUS.
Torsional component are given as rotation in radians, and to plot the displacement from
torsion, the rotation is multiplied by half the width of the bridge girder, and then nor-
malized such that the largest displacement is set equal to +1.00.

Horizontal and vertical modes

Figure 6.9 on the next page|to[6.12 on page 61 shows that the modes from ABAQUS are
pure and uncoupled, similar to the mode shapes given in Alvsat. The maximum value in
the second and third horizontal symmetric and asymmetric mode shapes are lower than
1. This does not mean that the mode is coupled to other directions, but it means that
the maximum displacement appear in the cables, not in the bridge girder.
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Figure 6.9: Horizontal symmetric mode, coupled
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Figure 6.10: Horizontal asymmetric mode, coupled
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Figure 6.11: Vertical symmetric mode, coupled
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Figure 6.12: Vertical asymmetric mode, coupled
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Torsional modes

Figure [6.13] and [6.14 on the following page| shows that all the symmetric modes, and the
first asymmetric mode is coupled to the horizontal direction.

There is a larger horizontal component in the first mode, than in the third mode. This
could explain some of the differences in the frequencies between ABAQUS and Alvsat.
Vertical displacement due to torsion refers to a point 5.125 m to the side of the centerline
of the bridge girder.
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Figure 6.13: Torsional symmetric mode, coupled
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Figure 6.14: Torsional asymmetric mode, coupled
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6.3 Displacement due to dead load

The displacement in the model in the center node of the bridge girder, node 19, caused
by dead load is 2.85 m in negative z-direction. There is almost zero displacement in the
x- and y-direction. This is expected, since the dead load only is working in negative z-
direction. There is no rotation in the center node. The displacement in node 1019, which
is the center node of the cable, has the same displacement as the bridge girder.

6.4 Displacement due to wind load

The directions of the wind loading on the bridge girder, together with the different axis
is shown in Figure [6.15] This was also explained in Chapter [ on page 22] but is given

here as a clarifying remainder.

Figure 6.15: The directions of the wind loading on the bridge girder

The displacement of the bridge girder, caused by wind loading from a mean wind of 38
m/s, is 0.86 m in horizontal direction, in the center of the main span. In vertical, z-
direction, the displacement in the center is 0.059 m. This means that the bridge is lifted a
little bit, and it has a small bow in horizontal direction, see Figure|6.16 on the next page|
There is as expected a very small displacement in x-direction, the length direction of the
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bridge, due to the bending sideways. The angle in node 19 is 0.3°, this is not an large angle.

The displacement in the center of the bridge girder, for a mean wind speed, is shown in
Table 6.2 on the following page| and Figure |6.17 on page 67 The drag load is applied in
positive direction, and the rotation in the results is defined positive in the same way it is
shown in Figure [6.15 on the preceding pagel This is deformation for static mean wind,
without any dynamical factors.
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Figure 6.16: Displacement of the bridge girder when the loading from a mean wind speed
of 38 m/s is applied, where H, V and T is horizontal, vertical and torsion respectively
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U [m/s] ¥ [m] Z [m] T [m]
0,00 0,000 0,000 0,0000
20,00 0,240 0,049 0,0040
38,00 0,860 0,059 0,0050
60,00 2,140 0,099 0,0070
80,00 3,796 0,189 0,0100

Table 6.2: The displacement of the bridge girder due to a mean wind in the center(node
19 at L/2)

6.5 Stress due to dead load and wind load

The stress in the cables caused by dead load and wind is shown in Figure
next pagel It can be seen that the stress in the cables decrease when wind load is applied,
this could be due to the lift load, that lift the bridge up. As the wind load is increased,
the stress in the cables on the west side of the bridge increase, while the stress in the
east side decrease. This is because the wind is applied from east on the bridge, such that
the main span get an displacement against west. The maximum stress in the main cables
from wind with a mean wind speed of 80 m/s;

_ F _ 17621000 N __
0= G4, = 1200074 m2 — 596.9 MPa

The stress from dead load together with wind load on the bridge gives a demand /capacity

rate in the cables of % = 25.3%. This is the same rate as for dead load alone.
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Figure 6.17: The displacement of the bridge girder due to a mean wind in the center(node
19 at L/2)

U [m/s] o NW [MPa] o SW [MPa] o NE [MPa] o SE [MPa]
0,00 395,4 391,0 3954 3910
20,00 392,0 3877 3840 379,8
38,00 3928 388.6 383.0 3787
60,00 3094.4 390,5 380,8 376,8
80,00 396,9 3937 378,8 375,3

Figure 6.18: Stress in the cables near the towers when dead load and wind load is applied
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Chapter 7

Validation of eigenfrequencies and
vibration modes

The eigenfrequenies and modes of a suspension bridge can as shown in the previous be
found in finite element programs like ABAQUS and Alvsat. When using this kind of
finite element programs, the geometry of the model, the rigidity and characteristics are
given as input. There is always a possibility of errors in such input and there is a possibil-
ity that the program redefines, or read the input file in another way than the user expects.

To check the answers and output from these programs, some of the frequencies and vi-
bration modes are found through calculations by hand. In this chapter, the six vertical
eigen frequencies and modes, and the two first torsion symmetric and asymmetric eigen
frequencies and modes are calculated by the use of Mathcad. The differences in the results
are discussed. There has been used simplified equations from Bleich [4] and Steinman [27].
All details in the calculations are included in Appendix [B]

The mode shapes from the calculations are shown in Figures [7.3 on page 72| to
fon page 76l The mode shapes are nearly identical to the ones found from Alvsat and
ABAQUS. This means that the programs has found the mode shapes in the way that was
expected from the input.

7.1 Vertical eigenfrequencies and modes

The main reason for the calculations done by hand is to verify the output from ABAQUS
and Alvsat. Therefore, the vertical eigen frequencies calculated here is some of the ones
collected from the programs; VS-1, VS-2 and VS-3, and VA-1, VA-2 and VA-3. The eigen
modes shown in Figure[7.T on page 70]and [7.3 on page 72| are the first two vertical modes.

The theory and equations from Bleich is based on the following assumptions [4];

o Small amplitudes, and the extra force in the horizontal direction from inertia, is
small relative to the horizontal force caused by dead load. This assumption is
needed to be able to base the theory on the linear differential equation.

o The dead load and moment of inertia is constant within one span, but can change
between the spans.
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o The total mass of the bridge is considered to be concentrated along the centerline
of the bridge girder, that is fixed in one direction.

o The hangers are considered to be infinite rigid, such that the vertical deformation
of the bridge girder and the cables are considered equal. (This is the same as in
Alvsat, while the hangers are allowed to deform in ABAQUS.)

Bleich use the linearized differential equation of the vibration problem with boundary
conditions for suspension bridge to find the equations for circular frequencies. A full
derivation can be found in his book. The equation used here is further written in a more
convenient form.

7.1.1 Vertical asymmetric modes

To calculate the vertical asymmetric modes, the following differential equation is used;

9%n 34 8277 w

e m: mass of the main span

w: Weight of the main span per meter

o g: Gravity load

e E: Modulus of elasticity for the bridge girder

o I: Moment of inertia around weak axis

e 7: Amplitude at the distance x from the left point of attachment at time t
e H,: The horizontal force in the cable caused by dead load

e h: Extra force in the cable

The equation for the vertical asymmetric modes of vibration is derived from Equation [7.1}

w(n) = ? %(Hw +n2)\) (7.2)

o n: Number of sinusoidal half waves (n=2,4,6..)

e I: Length of the main span

2
o \— EI

Equations from Steinman [27] is based on the fundamental equilibrium equation for a
suspension bridge. The equations for the vertical asymmetric frequencies from Bleich and
Steinman is identical, just presented in different forms;

2

) 0%n
W= —as —— (Hn+yAH — ElaxQ) (7.3)

« H=H,: Horizontal cable force

e AH: The increment produced by displacement
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¢ E: Modulus of elasticity for the bridge girder
e I: Moment of inertia around weak axis

o 7: Amplitude at the distance x from the left point of attachment at time t

The Coefficient of Rigidity, K(n), of the oscillating system is a significant criterion for
aerodynamic stability;

n27r2 TL47T4
w(n) = Kg’) (7.5)
g

Figure [7.1] shows the first and second vertical asymmetric modes from analytical calcu-
lations, and these are compared to the first and second vertical asymmetric modes from
ABAQUS and Alvsat, in Figure |[7.2 on the following pagel The first and second vertical
asymmetric eigen modes has a similar shape, but they are laterally inversed.

=

=

Figure 7.1: First and second vertical asymmetric modes from the analytical calculations
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Figure 7.2: First and second vertical asymmetric modes from ABAQUS and Alvsat

7.1.2 Vertical symmetric modes

To compute the vertical symmetric mode, the energy equation valid for one span suspen-
sion bridges is used. The analysis is based upon the two equations [4];

1 w 9 1 9 1 1" 1, 8f 1
T_V:§(§w /0 ndz—EI/o n dx—l—Hw/O nndz—l—Qh/O ndx) (7.6)
and 8f 1 I
BV
i, = 5 =0 (77)

o T: Maximum kinetic energy in the construction as a function of n

o V:Maximum potential energy as a function of n(partly kept in the bridge span as elastic
energy because of bending, and partly in the cables as elastic stress-strain energy and
through increased potential of gravity)

o Lg: The length of the cable from hold-down to hold-down
e FE.: Modulus of elasticity for the cable

e A.: Cross-section area for the cable

From the two energy equations [7.6] and [7.7] the following frequency equation for the 1.
and 2. vertical symmetric mode is derived, for a more detailed derivation of the formulas,

see [];

A k+9B(k—A-p)=0 (7.8)

Where the two parameters A and B are given as;
A=sw?—Hy,—\ (7.9)
B = sw?—9H,, — 91\ (7.10)

and the parameters s, k and p are given as;

§=—5— (7.11)



32f

p= 24 12

= (712)
pil LE

- 7.13

P= 167 E.A, (7.13)

Solving the equation for w, and find the frequencies. For n>3, the eigen frequencies can
be found from:;

w(n) = ¢ i (n2H, + n'\ + nfp) (7.14)

The equations from Steinman used to find vertical symmetric eigenfrequencies;

=1 (7.15)

K(n) is found from the first energy equation 7.6 on the previous pagel Solving for C;

_ 512 [BA,
B piQ lzLE

w= ﬁ (7.17)

Where the stiffness parameter, K, is found from Equation [7.15] Figure [7.3] shows the
first and second vertical symmetric modes from analytical calculations, and these are
compared to the first and second vertical symmetric modes from ABAQUS and Alvsat,
in Figure [7.4 on the following pagel The first and second vertical symmetric eigen modes
has a similar shape.

VS1(x) ; - - -
0

100 200 300 400

(7.16)

Finding the eigenfrequency:;

e

. /\
V82(x) } } \ :

0 100 200 300 400

Figure 7.3: First and second vertical symmetric modes from the analytical calculations
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Figure 7.4: First and second vertical symmetric modes from ABAQUS and Alvsat

7.2 Torsion eigenfrequencies and modes

7.2.1 Torsion symmetric modes

The torsion symmetric modes are calculated based on Bleichs equations. The equations
are simplified to fit the bridge girder that is used in Lysefjord Bridge, since the equations
originally was derived for a rectangular girder. The bridge girder in Lysefjord Bridge is,
like most bridge girders today a box with six corners, not a rectangular box shape. The
eigen modes shown in Figure [7.7 on page 76| and [7.5 on page 75| are the first two torsion
modes.

The 1. and 2. eigen frequency are derived from the following equation;

B-(A—K)—A'QKZO (7.18)

Where the two parameters A and B are given as;

A=sw?—A-R (7.19)
B = sw? —81A —9R (7.20)
E.A. 64f%w3 ,
K= l 21
Where;
l
= M- .22
s 1 (7.22)
7]_4
A=F-Y — 2
213 (7.23)
U}2 7T2

R:E-ﬂwh~hbg+Hw~Ih)ﬂ (7.24)

L 9 wl2z
M = ;(r ~wghtyg + il wght,) (7.25)
Y =1 -ew? + I, - eh? (7.26)
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lpiat ph
ch = p;es — A—hﬁwbg (7.28)
whhbg
:U/w‘h%g Mh'wl?g (729)
I, t A,
Ay = 1,09thy,, Ay = 1,09twy, (7.30)

e I: Length of the bridge girder

e E: Modulus of elasticity for the bridge girder

e Lg: The length of the cable from hold-down to hold-down
e FE.: Modulus of elasticity for the cable

e A.: Cross-section area for the cable

o f: Sag of the girder

e wp: Width between the hangers

o hpg: Height of bridge girder

e H,: The horizontal force in the cable caused by dead load
o wghtyy: Weight of bridge girder

e wght.: Weight of cable

e I,: Area moment of inertia around the x-axis

e Ij: Area moment of inertia around the x-axis

e pw and ph: Factors that is put to 2v/2 to take into account the bridge girder shape
e Lp: The length of the cable from hold-down to hold-down
e FE.: Modulus of elasticity for the cable

e A.: Cross-section area for the cable

o f: Sag of the cable

Figure [7.5 on the next page| shows the first and second torsion symmetric modes from
analytical calculations, and these are compared to the first and second torsion symmetric
modes from ABAQUS and Alvsat, in Figure [7.4 on the preceding pagel The first and
second torsion symmetric eigen modes has a similar shape.
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Figure 7.5: First and second torsion symmetric modes from the analytical calculations
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Figure 7.6: First and second torsion symmetric modes from ABAQUS and Alvsat

7.2.2 Torsion asymmetric modes

To find the torsion asymmetric modes, the following equation is used;

W= \/712(712-/\4—]%) (7.31)

S

Where n is the number of sinusoidal half waves (2,4,6..)

Figure [7.7 on the next page| shows the first and second torsion asymmetric modes from
analytical calculations, and these are compared to the first and second torsion asymmetric
modes from ABAQUS and Alvsat, in Figure (7.2 on page 71l The first and second torsion
asymmetric eigen modes has a similar shape.
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Figure 7.7: First and second torsion asymmetric modes from the analytical calculations
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Figure 7.8: First and second torsion asymmetric modes from ABAQUS and Alvsat

7.3 Eigenfrequencies from calculations

A comparison between the calculated values, Alvsat and ABAQUS is shown in Table
lon the next page, From the table, it can be seen that the vertical frequencies except VS-1
differs from Alvsat with maximum 4% and from ABAQUS with maximum 6%. The first
vertical symmetric mode differs from Alvsat with 12% and from ABAQUS with 17%. The
torsion frequencies differs from Alvsat with maximum 3% and from ABAQUS with maxi-
mum 24%. The torsion frequencies from ABAQUS differ relatively much from the Alvsat
results, see the results and discussion in Section [6.2.2 on page 46, The difference could
be caused by many factors, and one could be that the equations used in the calculations
originally were made for another bridge girder shape than the one in Lysefjord Bridge. If
the equations had been derived in a more accurate way, the results probably would have
been closer than here. The results are however satisfyingly close to the ones found in the
FEM programs as a verification, but the theoretical calculations should not be used alone
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in an analysis of a suspension bridge.

Alvsat ABAQUS Bleich/Steinman

Period[s] | Period[s]| Diff. From Alvsat | Period[s] | Diff. From Alvsat | Diff. From ABAQUS
Va-1 3,49 3,20 -6 % 3,974 12 % 17 %
V-2 2,50 2,45 -2 % 2,607 4 5% 6%
V&-3 115 1,16 0 % 1,161 1% 0 %
WVA-1 4 659 4 68 0% 4 250 g 5% 4 5
WVA-2 1,70 172 1% 1,709 1% 0%
WA-3 0,83 0,84 1% 0,837 0% 0%
T3-1 0,87 0,96 10 % 0,845 -3 % -14 %
T5-2 0,31 0,36 14 % 0,305 -1 % -18 %
TA-1 0,47 0,53 11% 0,462 -2 5% -15 %
TA-2 0,23 0,28 18 % 0,227 -2 5% -2 %

Table 7.1: Eigenfrequencies from the original model in ABAQUS, Alvsat and calculations
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Chapter 8

Conclusion

This thesis presents an analysis of Lysefjord Bridge in light of the deterioration of the
main cables. The data given from The Norwegian Public Roads Administration in the
work with this thesis are analyzed and a new finite element model is created. An analysis
of the wire fractures in the main cables and a brief analysis of the fractures in relation to
the weather around the bridge is also carried out. The main structural components of a
suspension bridge are presented, and a brief introduction to the load carrying character-
istics of the different components are given. This was done to understand more around
this kind of bridges, and to understand the function of the main cables.

The conclusion of the work carried out is that there probably are more than one reason for
the fractures of the wires in the main cables. There are more wire fractures in the winter
than in the summer, and sudden temperature drops seems to induce more wire fractures.
The critical wind speed of 7.5 m/s are found to excite the first vertical symmetric mode,
and after studying the weather around the bridge, this seems to be a fairly common wind
speed. This could cause wire fractures from fatigue over many years, and since there
already are shown that small defects on the outside of the wires exists, cyclic load could
make this defects grow and eventually fracture the wire. It is clear that more accurate
parameter studies of the bridge should be carried out, due to a wire fracture rate of 116
fractures/year, that is much higher than any monitored bridge in Norway. Monitoring of
the bridge response in different load situation would also be useful. More details from the
work with the thesis are summarized in the following.

The main cables in Lysefjord Bridge has been inspected visually since the opening in 1997,
and it has been monitored with an acoustic monitoring system since late 2009. There is
also established a connection to a weather station stationed close to the bridge, that has
provided data for wind speeds and temperatures. Even with only one and a half year of
monitoring, it can be seen that there is far more fractures in the winter than in the sum-
mer. The results also shows that after a sudden drop in the temperature late December
2009, many wire fractures occurred. A comparison to December 2010 shows that when
the weather is cold but steady, far less wire fractures occurs. The monitoring system is
important in the new analysis of the bridge, and after a few more years, clear results are
expected.

The finite element model in ABAQUS is based on data from the previous analysis in
Alvsat, and the results from eigen frequencies and shapes are in the same order of mag-
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nitude as from Alvsat. The modeling of element model of Lysefjord Suspension Bridge
in ABAQUS was done and presented step by step. Since the bridge was built over ten
years ago, there has been some challenges with collecting the data needed for the model.
The input used in the original analysis done in Alvsat is used in the finite element model
in ABAQUS. The model is built such that wind- and other analysis can be performed on
the bridge later. The geometry of the model when dead load is taken into consideration
is discussed and taken into consideration. It is important for the analysis that the length
of the main span, the sag of the main cables and the rest of the geometry are as close
to the real bridge as possible. The demand/capacity rate for the cables with dead load
is 25.2%. The vertical displacement in the bridge girder due to dead load is almost 3 meter.

To perform a brief wind analysis of the bridge for 50 year wind speed in the area, wind
loading is calculated to be 38 m/s, the same as in the original analysis. This loading,
with form factors taken from the input file in Alvsat is applied to the model in ABAQUS.
The intention was to use a subroutine in Fortran to simulate the wind load, but after
several attempts, the wind load is calculated by iteration directly in the input file. Five
iterations were done to find the true wind force in the correct angle. The displacement in
node 19, the center of the bridge girder is then 0.86 meter in horizontal direction, and the
girder is lifted up to 0.056 meter in vertical direction, measured from the equilibrium po-
sition with dead load. The bridge girder is rotated with an angle of 0.3° in the center node.

The frequencies and the mode shapes found from the finite element model in ABAQUS are
in agreement with the values previously calculated in Alvsat. As an example, the vertical
and horizontal frequencies has in general less than 2% difference, and a maximum differ-
ence of 6% in the first vertical symmetric mode. There are however some differences, for
example in the torsion frequencies, where the differences is between 10% and 23%. There
could be several reasons for this difference, but no obvious reason has been found. To
verify the results from ABAQUS, theoretical calculations of some of the eigen frequencies
and mode shapes are carried out, with a satisfying result. The maximum difference in
the results, except for the first vertical frequency with a difference of 12%, compared to
Alvsat is 4%. Compared to ABAQUS, the difference in first vertical frequency is 17%,
while the maximum difference of the rest of the results are 6% in vertical direction, and
between 14% and 25% for the torsion frequencies. The theory used is from Bleich and
Steinman, but the equations are simplified and fit to Lysefjord Bridge. One of the big
differences is the shape of the bridge girder, that in the equations are quadratic, while in
Lysefjord Bridge is shaped with six corners. The theoretical calculations should be done
more accurate if they were to be done alone, without any finite element model analysis.
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Chapter 9

Further recommendations

If the bridge is to be analyzed for how many wire fractures the bridge can take before
the capacity is lower than demanded, the bridge model can be modified in different ways.
To see how the wire fractures impact on the capacity of the bridge, a method to model
the fractures in the bridge model should be found. This could be done by dividing the
different components of the bridge into smaller elements, and giving the elements where
the fractures has occurred lower capacity than the other elements.

The monitoring system should be maintained and continued, and it is important that vi-
sual inspections are carried out for the bridge as a control of the monitoring device. After
e.g. five years of monitoring, an analysis of the fractures compared to weather should be
carried out. It should also be considered to use another type of inspection, e.g. x-ray, to
control and find the accurate state of the wire fractures in the cables. Another monitoring
system capturing bridge response (e.g. in terms of accelerations or strains) could provide
additional data on possible special load situations associated with the wire fracture events.

A high rate of fractures per year has been seen since the opening of the bridge for over ten
years ago. The main cables will have to be maintained or changed earlier than expected,
and the work with planning how to maintain of change the cables should be started now,
such that a good solution is found before it actually have to be done. Which kind of steel
that should be used in the cables must be decided, and if possible and preferable, the
cable configuration can be changed.

A finite element model of Lysefjord Bridge has been built in ABAQUS, and some wind
analysis on the bridge is carried out. ABAQUS does however not have a module for
moving traffic loading, or a module for building combinations in the different loading
conditions. This is not necessarily limiting, but it makes it more time-consuming and
complex to do this kind of analysis. NovaFrame is a program with this kind of modules.
This is also a program built on the finite element method, but it is made for bridges only.
NovaFrame, and also NovaDesign, that is a program for concrete structures analysis could
be used to supplement the analysis in ABAQUS.
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Appendix B

Calculations



Analysis of vibration modes of Lysefjord Bridge

From the mathematical theory of vibration in suspension bridges by Freidrich Bleich
and Modes and natural frequencies of suspension-bridge oscillations’ by D. B.

Steinman.

The calculations are presented here, both frequencies and Eigen modes. A
presentation of the equations and the results are given and discussed in Chapter 7.

Length of the main span

Cable sag

Width of bridge girder

.........................

. , . hy =276
Height of bridge girder.........c.cocvevvun.... bg o
: i, = 1025
Distance between hangers.................... “h o
e 8mm + 12mm 0.01m
. L bg = e
Thickness of plates in girder .............. = <
&
E = 210000 —
Modulus of elasticity, girder.................. mm”
N
Ec = 180000 —
Modulus of elasticity, cable................... mm”
"
Area of one main cable......................... Ac = 0.05m
Moment of inertia, girder....................... I:=0420m"
: = 2750000k
Mass of main span.........ccccceeveeeeeeeeeeen. Mms 0000ke
kg
] ] ) wghty, = 5350 —=-g
Weight of bridge girder.........ccccccceeee.. = m
R 1kg
\\'ghtbg =5247x 10 T
2
kg
. wght, =408 —=-g
Weight of cable.................ccooiiiiii m
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wght, = 4.001 x 10" —=
= )

o I, = 82430 =7
Mass moment of inertia.......................... m
Mys'S
W=
Weight of main span per meter............. 1

Finding the horizontal cable force using the equation on page 70;

A
w1~
}‘ﬁ\' - i——

Cable fOrCe....umummeeeee e, St

AIVSAt FOrCE....ovvieieeeee e H= 2.1680-10°N = 336 x 10'N

Bleich use the linearized differential equation of the vibration problem with boundary
conditions for suspension bridge to find the equations for circular frequencies. A full
derivation can be found in his book. The equation used here is further written in a
more convenient form, where the following abbreviation is used;

Vertical asymmetric modes;

ADDreviation ........oooeeeeeee e, 1

A=44Tx 106.\'

A nm
WBVAW = =

Circular frequencies (convenient form[3.2])....

27

Tpya(n) = ——
BVA
2 dB\-A(n}

Frequencies .........ccooooviiiiiiiiiiieeceee e

Number of half waves in the main span ......... n=24.6

Vertical asymmetric frequencies and periods for n equal to 2, 4 and 6;
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wpya(n) =

n= Tosra(n) =
rad BVA™M)
2 28000 | N e 4.89| ‘s
sec
3.676 1.709
7.503 0.837

The frequencies and periods are calculated when the bridge are vibrating with 2, 4
and 6 sinusoidal half waves. This is corresponding to mode VA-1, VA-2 and VA-3 in
the report from Abaqus.

Modes and natural frequencies of suspension-bridge oscillations
By D.B. Steinman

Number of half waves in the main span .......... n=2.4.6

The fundamental equilibrium equation for a suspension bridge is;

5 f

.
Aw=-3|H n+yaH-E19 q |
dx dx”

Where H.w is the horizontal cable tension, AH is the increment produced by
displacement, | is the moment of Inertia of the section of the stiffening truss, and E is
the modulus of elasticity for the truss.

The coefficient of rigidity of the oscillating system is a significant criterion for
aerodynamic stability. Formula 9 is the simplest and most useful formula for K, and it
is exact for all even values of n, the so-called "anti symmetrical modes", since for
these modes, AH=0.

Kgy(n) = - H, + - E1
Stiffness coefficient .........coevveeeveieeeeeen, 1 1

wgyA(n) =

Circular frequency .......cccccccveveeeeeeeiniennnns

FreqUENGIES ......c.ooveveeeeeeeeeeeeeeeeeeeens wSVAL

Vertical asymmetric frequencies and periods for n equal to 2, 4 and 6;
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javascript:alert('This variable is undefined/x2e');

weyaln) =

n= Tosra(n) =
" sva(m)
2 1.285| — | 4.89]| -s
sec
3.676 1.709
7.503 0.837

The value of K(2) is the "Coefficient of Rigidity" of the suspension bridge, and this is a
useful criterion for aerodynamic stability.

The frequencies and periods are calculated when the bridge are vibrating with 2, 4

and 6 sinusoidal half waves. This is corresponding to mode VA-1, VA-2 and VA-3 in
the report from Abaqus.

Put y0=1

\|

N
yya(x.Q) = }-‘O-sm:l Q-- |

1)
=2xl.2

},-,\.:\1(3.;} = }.-.\.:\(x'__'.‘.;r.l}

rran(X) = Voralx.2-7-2)
Yva2(®) = yya(x.2-72)

First vertical asymmetric mode from Bleich/Steinman calculations
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Second vertical asymmetric mode from Bleich/Steinman calculations

Vertical symmetric mode;
Article 7. - Suspension bridge with unloaded backstays

Using the energy equation valid for one span, then the analysis is based upon the
two equations:

rl el ~l rl

\ l?\\'j s 3 ' 2 ~ - §f B |
T- e :w M dx—-El-| n"dx+Hg 1|-1|d\—T-h- 1|d:~._
“\® "0 Y0 =0 i~ =0 )
and
el
e Lg-h
— M dx - =30
15 %0 EcAc
[ 2 s ]
{ds )™
Ly = — s
E \ dx,
Length ..o, <

...... the integral extends from hold-down to hold-down of the cable. The hold-down is
the anchor bolts in the far ends of the bridge.

-

(8e2] 3
LE = V 1+ | — |-sec’ -y
.’_4L \ 1 )

1

(3]
/

Where vy is the inclination of the cable chord. AL.so, Z denotes summations covering
all similar expressions in all spans.

Cable length ........cccccoeviieiieiieecieee, LE = 720m
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Equation of frequency (3.54):

Ak +9B-(k— Ap)=0

With the parameters A=sw -Hg- )

.
w1~
s =
AV : S
ng s=1243x 10 m-kg
k= 32{‘
w2 k= 46442m
"
71 LE —FE:
s =1557x10 ' —
P 6 BeAe ? k

(

Substituting for A and B, and solving the equation;

g
Ax) =sx —Hg - M

{ 2 \'n
B(x) = ‘\s-x' - 9H . - 81X\

This give the w1 and w2 \-241)

Higher symmetric modes can be determined based with a sufficient degree of

accuracy upon a sine curve of n half waves (3.57);

\
1

N

1{ 2 4
wgyg(n) = j; n-Ho+n X+

\ n"p)
rad
Wil =S A1
“}B\ S( ) sec
wlpy = 1581 24 Tlgyg = = 3974s
BVS sec wigyg
2w
rad Ty, = =2607s
Wlpyre = 241 — *“BVS - s
BVS sec wigyg
2 s _ 5413724 T3BVS = = 1.161
Winvre = wpye(d) = 3413 — *° : -\ SASUS
BVS U"B\ S( ) sec WJBVS
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D. B. Steinman;

...... the integral extends from hold-down to hold-down of the cable. The hold-down is
the anchor bolts in the far ends of the bridge.

Length of cable ........ccooovevieeeeeeeeeeeeeeeen s

Dimensional constant for the structure ..........

C = 1467 x 10°Pa

o 148 x 10 Pa

Equation 12 c:

£ N\
C=
b i i =1
i 2K-K
A\i'n ﬂ,."
n.="1.3:5

3.3 4 4
x _mn .
- e e
1 1
2.2 44 )
K =|K(n) = —— Hg+ ——EI
\ 1" 1 )
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n= K(n) =
1.88:103 |Pa
3.288-104
1.801°105

For symmetrical modes, and with the consistent relative amplitudes substituted it
must yield the same value of K for each component mode. To satisfy this condition,
the relationship under must be satisfied. Equation 12 ¢ with n=1 and n=3;

This give the K1 and K2 ..............ccceeee

e N

[ 1541 % 10% ]
a

{ ~ _} i
\3.58x 10"

Kll = 1541 x 104Pa

Ky, = 35810°Pa

rad
Wt r = 1581_
SVSi1 sec TS11 = 2 =30974s
wevsil
rad
o = 241 —
SVS21 SeC TSIl = ——% = 26085
wevs21

Solving the equation with n=3 and n=5;

i 1
Q) = e
2 x-KG3) 2 x-K()

=

f
et
1

,\
[3452% 10% ]
Pa

This give the K1 and K2 .......oovvvroeooe. \1.807 x 10°

Ky =3452x 10 Pa

K27 = 1807 x 10"-Pa

dL

wys2) =
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27
ape 13d T = =2655s
Wer = 2.366-— “SVS822 - =
SVs22 sec Wavs22

27

s 414789 Toyeay = = 1.161
Ws\r832= 5414 — “8VS32 S

sec Wsvs32
Solving the equation with n=1, n=3 and n=5;

et
1

1 1
i) L = |
2y-K(1) 2y-K@3) 2y-K(O

3578 x 104

p(y) solve,y = = 1537 10" |Pa

1.807 x 105
R
K13 =13537x 10 Pa
A -
K_3 =33578 x 10 Pa
K.» = 1807 IOSP
33 = 1. I X a
s 13
SVS1 =
| g
Koz
ways23 = ==
i g
Ki3
weve33 = =
| g
27
rad T = =398
Weyaiz = 1.579-— *SVS13 - DUBS
SVS13 sec wavsis
27

weysys = 2400- 22 Tsys)s = =260k

sec wavs23

Appendix B - Calculations


javascript:alert('The symbolic result returned is too large to display/x2c/x5cnbut it can be used in subsequent calculations if assigned/x5cnto a function or variable/x2e');

27

= 1.161s

: rad T =
weymsy= SAl- = Tysaz=
SV833 sec wSVs33

The frequencies and periods are calculated when the bridge are vibrating with 1, 3
and 5 sinusoidal half waves. This is corresponding to mode VS-1, VS-2 and VS-3 in
the report from Abaqus.

Vertical symmetric modes for Lysefjord bridge;

1. and 2. vertical symmetric mode shape
Equation 3.53 from Bleich yields;

The relative amplitudes can be found from this equation.

NOTE: To find a3/a1, put n=3 and Kn=k(3), while to find a3, put K=K1. To find a1, put
n=1, Kn=K(1) and K=K1.

First vertical symmetric mode;

Using the lowest eigenfrequency from Bleich for vertical symmetric modes for A and
B, and put a1=1;

rad

wlpye = 1381
BVS sec

:\l VJIB'\SI[ = 2727 x 108.\-

B{ oJlB'\'S, =-33521x 108.\-

3.11 =1

Alwipys)
ayy=————-a
M 3B{wigyg)
a3y = —0258

y11(x) = agy-sin % |
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T~ '\- = ~q- { '
¥31(%) = a3 |

¥12(0 =y (®) + ¥31(%)

¥12(233m) = 1.25

‘-j..
\ /’_ _\‘
\1\(\, t o e
'_#_/ \-\_\_‘
¥21(® - ” &
J3t 0.5 _/ \\
2 -‘-/ \“\.
y ) o S,
¥31® WS sl } } = B
0~ 100~ 200 300 —. ____ 400~
05
X

The green line shows VS-1, that is combined from the two lines that represent n=1
and n=3.

Using the equations from Steinman to control the mode shape of VS-1;

1-Pa
ag=———
(K1 - K(D))

=

a;=7391x 10

1-Pa

o o T—
_\{I\ll = R(Jj.}

2
b

3

a3=-1908x 10

a3
— =-0258
3

This is the same result as from Bleich.

2 - 1Pa

3 — = - -
3Ky - K(3))
as = -1215 x {17
a5

— =-0.016

"

Includes a5 to see if this has a big influence on the shape of VS-1;
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:.-
¥12(x%)
Y2 it -
¥37(0) - T
vi® 07 S \““-\
--",” - g ' PR il 0 9 \\_
Y5208 g9f0 T eennllLn 106 200 3005 2o e 400"
-

The green line shows VS-1 as a combination of n=1, n=3 and n=5.

It can be seen that as expected, a5 has very little impact on the mode shape.

Second vertical symmetric mode;

Using the second eigenfrequency from Bleich for vertical symmetric modes for A and

B, and put a1=1;

Alwpys) = 6839 x 10°N

-
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—
&,
I
15

L
-
:

JR——— T ———
y3300 | ; : ——
e 0 100 200 300 400
~(x%)
y23(® |
&

The green line shows VS-2, as a combination of n=1 and n=3.

Using the equations from Steinman to control the mode shape of VS-1;

1-Pa
al-) =  ——
Ky - K1)

a3 =295x 10 °
1-Pa

B

e 3{Kp3 - K(3))

) -4
a3 = 1.151 x 10

a;;')

a2

This is close to the same result from Bleich.

1-Pa

a5y = = . _

= AKy3-KO)
asy=-1386x 10~ 6
ai:
— = -0.047

212
Y123 = agysin % ,:
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P f 3.7('.‘\:'\
¥2120%X) = dzH-Si1 i
J 323\ o ) { l J

/

2 {5omx )

Y5238 o= agy sy = = |

¥2(%) = ¥123(0) + ¥323(%) + ¥523(%)

Includes a5 to see which impact this will have on the mode shape;

2107 %
() . .
¥123(%) 4 . TS
=107
\;\;(X} ' o
! i sk e ——— N
y2(x) 0 100 200 300 400
\'\‘\’f\} -4
SB3W _1x107%
—107d
X

The green line shows VS-2, that is a combination of n=1, n=3 and n=5.
a5 has a very little impact on the mode shape also in mode 2.

Normalizing the modes, such that largest displacement is equal to +/- 1.0.

¥1(223-m) = 1258

)

¥5(223-m) = -8.701 x 10

4
3

y5(74.55-m) = 1292 x 10

¥1(®)
VSi(x) = ——
¥1(223-m)
¥2(%)
VS2(x) = -

-

v4(74.55-m)
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Second vertical symmetric mode from Bleich/Steinman calculations

Torsional vibration modes

o
2

W = 6.166 x 10

8 |d

Weight of main span per meter

-~

by p
s mﬂ’lS » ms
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From chapter 5, Bleich;

Assume

pw = l-xﬁ and ph = B\E

=
Ap = 1094, hy, A, =00m"
N
:\h = 109tbg\xh :\h =0.112m"
‘3 _ “hhbg
Bt |" 2 f" -‘\l
pw-hbg— ph-\\'bg- |
—2 .9
L & J | 4n B=6223x10 “m"
A\ 3
{ =) .2 8 kg-m”
“h T R=4188x 10 -—=
R=1EBwy-h _+H_- |-— : ~
aw | h'Ppg + F 4 )2 sec”

5
hy. = .

b
o _ Lyp = the Wpg —o— = 0468m"

Area moment of inertia around x-axis ......... R v

Length of the side plates of the girder... tatgs = 3120

.
“hg 4

Ly=1t, -—— =3912m
. . . hl bg ‘plates

Area moment of inertia around y-axis ......... e’ -

From Alvsat, where the stiffeners inside the bridge girder is taken into consideration,

the area moments are (these will be used in the following calculations);

I, = 0.420m"
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bz pw
evm 25 - Epm,
< Aw = ew=4335m
gh: lplates - p—h gj'\\"bg
J A 2
- “h €h=0648m
2 )
Y=Iyew +Ipeh Y = 10905-m°
7‘_4
A=EY- &
21 A=1257x 10 -N-m
Y/ 2 \l
o Wy, |
M= —- r-wghty _+ -wght_. | .
gL TEog B%)  M=82ix10 nke
1
s = M- 6 2
e 4 s=917x 10 m kg
LE=720m
2552
g EERE ST
T ’ o 1o ) 7
LE w1 K = 8669 x 10 -N-m

Equation of frequency (3.54):

B~(.-\—K}—%=p

With the parameters ............
A= s~w: -R-A

3
B=sw -9 - 81A

Substituting for A and B, and solving the equation;
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2
A(x) =sx —A-R

B(x) = s~:-:2 - 81A - 9R
Where x=w
Where x=w
(7432
20.572
~7.432
This give the w1 and W2 ...........cceeeeenee... \—20.572)
wlgrg = 7.432% Tigrg = wl;:s = 0.843s
w2 = 20.572 i Dprg = i =0305s
BIS T T dec w2pTS

The frequencies and periods are calculated when the bridge are vibrating with 1 and
3 sinusoidal half waves. This is corresponding to mode TS-1 and TS-2 in the report
from Abaqus.

1. and 2. torsional symmetric mode
Equation 3.53 from Bleich yields;
appg il

aa = —-a

as
T _ 0000
2111

ex)
£\ e, oy

-

/ N\

[ 3-m-x)
¥311(®) = 2371"sin}

J
~ 7

¥11(®) = y111(® + ¥311(®
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0.5
¥iT1(® "
I 0™ 100
v '\__‘.. vV
¥3T1(%) 45l T
‘_‘_1(:\, e
1 B By _
-1.5

The green line shows TS-1, that is combined from the two lines that represent n=1

and n=3.

Second vertical symmetric mode;

Using the second eigenfrequency from Bleich for vertical symmetric modes for A and

B, and put a1=1;

Ty =-1

= ————-2a
a_;l-: =-11486

3712

T - 11486

312
F e v S, (|

[ 3-m-x)

i 7 et 1 P S

z AT S 7 L D (<)
y12(®) = y112(8) + y312(%)

YO
200,
Fera(X) snnl
¥112'% 100]
Yo%) ' o+ +
31l - I 4 +
1S 100 200 a0
g v 1 ave 400
‘."T'\(S:‘
- i4 N
= 11UV
N
— W
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The green line shows VT-2, as a combination of n=1 and n=3.

Normalizing the modes, such that largest displacement is equal to +/- 1.0.

y11(223-m) = —1.009

y12(223-m) = 113.86

yT1(®
TSI(x) = ——
y11(223-m)
y12(%)
TS2(x) =

}'Tj(zl».ij'ﬂl)

Second torsional symmetric mode from Bleich/Steinman calculations

Torsion asymmetric modes;

Equation 5.31, Bleich:
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2 yia 2x
: I L, T1 =
presiad
WIgTA N i = 046D
2 )
12 Thiosgm 20
N e R/ BTA™ 5 —

b ﬂﬁl
i T e S, - S 7

The frequencies and periods are calculated when the bridge are vibrating with 2 and
4 sinusoidal half waves. This is corresponding to mode TA-1 and TA-2 in the report

from Abaqus.

Put

2.

YTA1® = yra®2 ™D

¥TA2(®) = yTA(X.2-7-2)

Second torsional asymmetric mode from Bleich/Steinman calculations
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Second torsional asymmetric mode from Bleich/Steinman calculations
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Lysefjord bridge girder — cross section area

ELL

=

L5

T i "
&

]
ARy

wa
“ .
S
L—,Irﬁi | 190 l
L 10

TRAPES TYPE 1 TRAPES TYPE 2

t = 6mm
Area of trapes type 1 ......ccccoevvneeen.
b].]. = 300mm

bzl = 133mm

2y = t{2y; + byq) = 4255-mm”

Area of trapestype 2 ...t
blz = 430mm

ay = t{ 24y + byy) = 4258 mm”
Area of the plate in bridge girder .........
Top plate .......

ttp = 12mm

]TIJ = 10700mm

B = ttp]'tp =013m"
Upper sideplates ...
tusp = 12mm

Lusp = 1131lmm

Lisp = tusp']'usp = 0.01m™
Lower sideplates ...

tlsp = 3mm

llsp = 404 1mm

1
=
=
Laa
H

3zp = Ysplisp
Bottom plate ......
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tbp = 8mm
lbp = 3100mm

ﬂ.bp = tbplb‘p = DD—I-:I‘]‘I:

Total area of the main plate ................

Bp = gp + Bygp + Bsp + Bpy = 02153m™

Total area of bridge girder ..........
By = Ay T {15-3;) + {13-a9)

.
Ao = 0343m

This area is only the steel in the bridge girder, things like stiffeners and asphalt is not included.

Area of asphalt layer ...........

Basp = IfrDrrun-].tp = 0642 m"

Total area of bridge girder including asphalt ...........

-

Biot = g + Basp = 0985m

The area included in ABAQUS does not include asphalt, but it is set to 0.36 m2 to include the effect

from stiffeners along the span.

Calculation of weight to compare with the numbers given in Alvsat, this numbers are not used

in the model.

..... this weight includes stiffeners, railing, asphalt, lower hangerlink and half the hangerlink.

Wotherbz = Walvsat ~ Wsteelbg T 2676.132

Hangers are calculated in Excel .........

kez

23000kg g
m

W = ——— = 3157
hangers 146m

Mass centre of the bridge girder;

Masscentre of trapezoidal stiffners are set in the middle.

26335 i 2543
z = 2633mm — =2343m
Ltypel 3
kg kg
m = ay- 78— = 33181 —=
Ltypel 1 m3 m
26 e 2.36
z = 2635mm — =236m
Ltypel 3
g =4
m = gy 80— = 33214 —=
Ltypel 2 m3 m

kg

m
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z = =0.15m
2 typel 3
15 h
1835mm 12
= 1T = T
z—l-.t'_‘.-"pEj 3 + L 3 1.067m
18 h12 1.76
I = 1835mm — =176m
Jtypel 3
1z h
1833mm 12 .
th}.pez = 2 - 3 = DS-I-JT]"I.
Zﬁt‘r.peg = hlz = I}Ezim

Ziypel = Mtype2 T zltj,-'pelﬁ T typed -t T ‘t-l-.tj,-'I:naE'2 * ‘E:I.‘u:‘,-"I:an'2 T ityped ~ = 11.23m

g .. k=
= T80 — = 1152 —=
Ttp = 2p m3 m
‘71:1:- = 2633mm
zusp = 2635mm — 400mm = 2233m
k= _ k=
= T80 — = 105.862 —
Mysp = Fusp JE o
1833mm
Ilsp . =0918m
kg R -3
= T — =252 —=
mlsp . a].SI:I 200 3 252158 .
m
sz = 4mm
kg kz
my,. = a -7800— = 31824 —
bp ~ Tbp E m
z Zop My T Zep Mep + Zysp Mysp + Zep Mep + Suff 76
= - = 1.776m
Wsteelbg

Real distance from the bottom of the girder up to the centre of gravity is probably
higher than 1,776m, since the weight of the hangerlinks and asphalt is above the

top of the bridge girder. In calculations of the distribution of load into 3 discrete points,
centre of gravity is found to be 1.868 meter above the bottom of the bridge girder.
This difference therefore makes sence.
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Modelling of mass in bridge girder
(Appendix to Section 5.2 Modelling of mass)

|
My
&
B \‘ .I_fz
Ma
Given from Alvsat;

Distance from bottom plate in girder to mass center;

Zm = 1.776m

Total mass in the bridge girder;
M= 535018
m

Moment of inertia;
3
I = 82430 28D

m
Find the distance from N.A. to the two masses m1 located close to the lower link of the

hangers;

5
2 (103m)" _
f = J(l.lO-lm) +|—=1 =5267m

= 0.85m

L /

Distance from bottom plate in girder to mass 1;
Zq =2.76m
Distance from bottom plate in girder to mass 2;

Zm2 = Zm = 0.926m

Mass 1;

my = 1454

B |d

Mass 2;

kg

my =M-2m=2442—=
= m

Distance from bottom plate in girder to mass center found;

2-Z_+mq+ Z_~m
o . L RN D

Z

mfound — 2my +my

Moment of inertia found;
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5

2 2 kg-m™

Lound = 2my1y +my1y” = 82436 —
2D =

Differences between the numbers given in Alvsat, and the ones found with the calculated

mass configuration;

AZ =Z -Z goung=—014Tm

Al =1-1Ig, nq = —6092mkg
Shear centre is given in Alvsat as 0.4 meter under lower hangerlinks, this means that they are;

Shearcentre := (2.76m — 0.4m) — 1.656m = 0.704m
above the defined neutral axis, this is taken into consideration in test 1 in the analysis of

the eigen frequencies.
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Moment of inertia for the towers
i 2800

*
2 750 1220 40750 R=500

v

3500 ved ‘kﬁrn*_tﬂp'pp
4438 ved [fundament

o

A

Tarn Nord

Geometry tower

To make the calculation easier to read and make, geometry is taken from the north tower.
This will be conservative.

Outer width ........

Wouter = 4.438m

Outer height .......

B yper = 2.800m

Inner width ........
Winner = $438m — (0.560m-2) = 3.318m
Inner height .......

hinner =28m-2-06m=16m

Thickness 1 .........
ty = 0.560m

Thickness 2 .........
ty = 0.600m

Outer width top........

2t .
= J.

Wouter.top
Outer height top ......
h 2.800m

L
b=
g

outer.top
Area 1 foundation...............

”
_‘\.1 = hi.nner'tl = 08961]’1
Area 2 foundation...............

p)
Ay = Woeerty = 2.6628m”

outer
Surface inside the cetreline of the thin-walled section foundation
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\ 2
Apr =2(A 1+ Ay)= J1176m"

Area 1 top..............
2
.-\.hop = hypnerty = 0.896m
Area 2 top...............
N
=21m"

Adtop = Vouter.top 2
Surface inside the cetreline of the thin-walled section top

-

At = 2{Aygop + Aggop) = 3992m”
Area of foundation .....

5
h = 124264m"™

Afoundation = “outer Pouter =

Massmoment of inertia
Lengt of each section (30 sections in tower) ....
1

- =135
section = 2™

Mass density of concrete ...

A W tap = 232995k
m) = liection Wouter 2P = 23299.5kg

Mass 2 top............

% = 18375kg

™M) top = 'section Voutertop 2P

Arm to centre of mass 1 ........

hirmer B

2
Iy = 140589.1m kg
(’ 3 \\' =~ Y

gl D+ Wouter | o 4+ Bipner | . 2
I)‘m.f = -mzl T f - _mll _— |+ .-.m_yaz
\.‘ - / \ 7

;
Ly, ¢ = 138021.5m kg

Top
2% 2) ,
| B T Woutertop |

= j - 2
Lomt = 2m) op'| B
\ 2

oy fopsggig e
j+-m1; B ;+.mlal
/ \ =

;
Ly ¢ = 101325.4m" kg
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.2 2) (2 2)

- t * Binner i | B+ Woutertop
=my-| ——— ~m-) e |

Ix.m.top 1 L 12 ] 2top L 12

L top = S6S40.5m2-kg
moment of inertia foundation

-
3

h 3

w -
outer “outer 4
L outer = —17 = §.1186m
3
] Bouter Wouter 30,3057 4
I'_v.outer 7= T e ey

Second moment of inertia from foundation to top
Foundation;

3
Ninner 4
Lap= ———g—- = 0.0234m
3
Binner 1 4
= = 0.1911
Iy A1 5 m
B “'outer'tlj = 00799
LA = = 0.0
3
WVouter 2 437058
, Ay = = m
L a2 5
.
Wouter [ 1)
dy= —— - | = | =1939m
2 \2)
7
Byner (1)
dy=——+|=|=1im
2 \2/
= 2 '/ 2 . \ Q47 -
L Almerket = a1+ % ‘\dl "’\‘1/ = 6.7843m
20

(2 gt )
I}"A?..merket = 21}.._\: + 2x\d2 '.‘\2/}‘ = 15.185m

4
L 2nd foundation = Lx Al.merket T 2y 42 = 6944m

.
I'y‘j!:ndfoundation 7 Iy_-u_merket £ 21}'..&\1 = 155673 m
Top;
Binger tt
inner 1 il
Ix..-\.l.top = — = 0.0234m
Binn 2 t
. i .
IW’..-\I.top = + = 0.1911m4
w t 3
_ Touter.top 2 . 4
Ix..-\l.top o T = 0.063m
Wouter.to J"z 4
IV.-‘-\?..top = TP =2.143Tm

| 5
+ ?.m-, . af
) Ztop "2
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Woutertop | 1} .
dl.top AT \ 3/; =14Tm
Binner frt;‘\';
Htop=—7*|5|=1m
“ N\ /"
( 2 \ 4
=2 o =27 )
1:r...-\.l.merket.top =dart 2"\dl.top '-"“ltop/ =39192m

g )
=

f 2 \l ;3 4
Iy.-‘-u.metket.top B 21}?..-\2 ® 2'\d3.top '-'\‘-.’top/I =13825m

ot

Ix.lnd.top S 1x._‘—\.l.merket.top 3 21x_A..Z.top =4.0432m
i

L ondtop = K A2 merkettop T 2y Altop = 142033 m
Torsional moment of inertia, It
For closed thin-walled cross-sections, (2nd formula of Bredt);
(This is probably not a thin-walled section, but this is conservative.
Foundation;

;
I y Pt = 162382-m"
ACRaCIoeE {Wouter * houtet:"2 T
tl + t2
Top;
»
SApe -
It top = = 11.5083-m"
. {Wouter * Bouter/ 2
t+ 1t
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Second moment of inertia for the cross beams

@

JN\ R=200

+45,955 2s0,

B
Dorutsparinger, planumsrigel % S A2
bcgoe’;grnsoym 225‘5.’23;129- r. topprige
’ 1:50

Geometry locking bar under bridge girder
Outer width girder bar........

Wouter.girderbar = O
Outer height girder bar .......
4438m + 3.5m = =
houter.gifderbar = —7 - 05m=3469m
Inner width girder bar........
- 12m=38m

Winner girderbar = Wouter.girderbar
Inner height girder bar .......

Ninner. girderbar = Pouter. girderbar — 1m = 2.469m
Thickness 1 girder bar .........

tgirderbar = 0.50m

Thickness 2 girder bar .........

Y girderbar = 0.60m
Outer width topbar........

Wouter.topbar = M

Outer height topbar ......
houtet.topba: =3m-05m=3m
Inner width topbar........

=W —Im=3m

Winner topbar
Inner height topbar .......

Ninnertopbar = Nouter topbar — 1m = 2m
Thickness 1 topbar .........

outer.topbar
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ttopbar = 0.50m
Thickness 2 topbar .........
Otopbar = 0.50m

Area 1 girder bar...............
,

Algirderbar = Binner girderbar tgirderbar = 12343m"
Area 2 girder bar..............

=

Adgirderbar = Wouter girderbar Dgirderbar = 3™

Surface inside the cetreline of the thin-walled section girder bar

, . 2
Amgirderbar = 2| Mgirderbar T Agirderbar] = $469m
Area 1 topbar...............
P
"\‘ltopba.r = hin.ner.topbar'tltopbar =1m
Area 2 topbar...............
=
Ajtopbar = Wouter topbar Dtopbar = 2™
Surface inside the cetreline of the thin-walled section top bar

\ 2
Amtopbar = 2'l"\‘ltopba.tr * "\“ltopba.r,) =6m

Second moment of inertia
Under the bridge girder

-

2
h1'1fmer.gi.fderbar'tl

ey 4
Lx Al girderbar = = = 0.0361m
3
hin.ner.girdet‘oar 'tlgirderbaz 4
. ’-'
Ly Al girderbar = 5 = 06271m
3
Wouter.girderbar Qgirderbar 4
i A2 girderbar = = =0.09m
3
Wouter.girderbar “girderbar . 4
Ly A2 girderbar = " =625m
w E l/t - \l
£ _ _ outergirderbar | “lgirderbar | | -
1.girderbar -~ B -l 3 ,} =22m
s
a - hinner.girdefbar 4 { t?.girderbar\t 15345
2. girderbar -~ B E\ 3 ) = 1334m
- > ) l/ : p \‘ 5 57 4
Lx Al.merket girderbar = 2Lx A1 girderbar * 2 91 girderbar “1girderbar) = 123716m
G 2 \ 4
L A2 merket girderbar = 2Ly A2 girderbar * 2\ 92 girderbar “2girderbar) = 26.6281m

S
L 2nd girderbar = Ix A1 merket girderbar T 2lx A2 girderbar = 12.7316m

s 4
Ly 2nd girderbar = Iy A2 merket girderbar * 2Ly A1 girderbar = 27-8824m
Top;
3
hinnet.topbar'tltopbar 4
L Altopbar = = = 0.0208m
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3
iz hi.nner.topbar 'tltopbar 4

L Altopbar = T =03333m
3
 “outer.topbar 2topbar _ 4
L A2 topbar = 5 = 0.0417m
w 3 t
outer.topbar “2topbar . 4
Ly A2 topbar = 0 = 2.6667m
: g N\
d _ Vouter.topbar ot [ Ytopbar 1 —
1topbar 3 i 2 ) =175m
d o hinnetr.topbar { t2topbar\7 - 135
2 topbar 3 + ;\ 5 ,": =12m
{ 2 3 o4
I Al.merkettopbar = 2x A1 topbar * 3"\ d1 topbar " topbar) = 6-1667m
P P . Ltop pbar
4 N

f 2 \ P
L A2 merket topbar = 2y A2 topbar T 2\ D2 topbar M2topbar/ = 119833 m

R |
Lt 2nd topbar = L Al merket topbar * 2lx A2 topbar = §-23m

ol
Iylrld.topba.r == ]'y_'—u.merket.topba: = 21y..—\.l.topl:»a.r =1225m

Torsional moment of inertia, It
For closed thin-walled cross-sections, (2nd formula of Bredt);

Girder bar:
.
: *+Amgirderbar i
1T girderbar = F7_ _ i - o = 1ssiem
" outer.girderbar T “outer.girderbar/
Yigirderbar T Qgirderbar
Top;
»
4. . ‘
“mtopber - 102857-m"

I =
T.topbar e |
? {'“’outer.topbar + houtef.topbar_)‘zil

Ytopbar T Qtopbar
Weight of the towers and cross beams
Wtower = 4'I:{_hitmer'tl,) + (Wouter ) + "'\‘foundation:l'P'wlm = 17796.9-ton

Weight of towers...
Weigth of lockig bars...

“bar = *{Minner girderbar tgirderbar * Vouter.girderbar P girderbar /P 14m = 633.3-ton
Total weigth. ..
Wotal = Wtower T Whar = 18430-ton

Wiotal = 18450.4-ton

Appendix B - Calculations



Rigidity, areas and weight of the towers

The input data in the top of the sheet is taken from the Mathcad-sheet "Towers".
The numbers are interpolated to be inserted into ABAQUS for each element.

A 111 112 lw Weight of tower
Foundation 7,1176 6,944 15,5673 16,2382
Top 5,992 4,0452 14,2053 11,5083
Difference 1,1256 2,8988 1,362 4,7299|Rho= 2500
Intervaldifferen 0,0417 0,1074 0,0504 0,1752
Niva 2 7,1176 6,9440 15,5673 16,2382 55223
Niva 3 7,0759 6,8366 15,5169 16,0630 54899
Niva 4 7,0342 6,7293 15,4664 15,8878 54576
Niva 5 6,9925 6,6219 15,4160 15,7127 54252
Niva 6 6,9508 6,5145 15,3655 15,5375 53929
Niva 7 6,9092 6,4072 15,3151 15,3623 53606
Niva 8 6,8675 6,2998 15,2646 15,1871 53282
Niva 9 6,8258 6,1925 15,2142 15,0119 52959
Niva 10 6,7841 6,0851 15,1637 14,8367 52635
Niva 11 6,7424 5,9777 15,1133 14,6616 52312
Niva 12 6,7007 5,8704 15,0629 14,4864 51988
Niva 13 6,6590 5,7630 15,0124 14,3112 51665
Niva 14 6,6173 5,6556 14,9620 14,1360 51341
Niva 15 6,5756 5,5483 14,9115 13,9608 51018
Niva 16 6,5340 5,4409 14,8611 13,7857 50694
Niva 17 6,4923 5,3336 14,8106 13,6105 50371
Niva 18 6,4506 5,2262 14,7602 13,4353 50048
Niva 19 6,4089 5,1188 14,7097 13,2601 49724
Niva 20 6,3672 5,0115 14,6593 13,0849 49401
Niva 21 6,3255 4,9041 14,6089 12,9098 49077
Niva 22 6,2838 4,7967 14,5584 12,7346 48754
Niva 23 6,2421 4,6894 14,5080 12,5594 48430
Niva 24 6,2004 4,5820 14,4575 12,3842 48107
Niva 25 6,1588 4,4747 14,4071 12,2090 47783
Niva 26 6,1171 4,3673 14,3566 12,0338 47460
Niva 27 6,0754 4,2599 14,3062 11,8587 47137
Niva 28 6,0337 4,1526 14,2557 11,6835 46813
Niva 29 5,9920 4,0452 14,2053 11,5083 46490
Niva 30 5,9503 3,9378 14,1549 11,3331 46166

Area Length 5880560 kg
Area of foundat 12,4264 3,1034483 385647 kg
Area of crossbe: 8,469 14 592830 kg

6 12 360000 kg

Total weight 7219037 kg
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Windload on Lysefjord bridge

NS-EN 3491-1-4
The basic wind velocity is defined as middle wind speed in 10 min, 10 m above flat landscape

for terraincategory 2, and with a given return period.
Basic wind velocity;

\REF = 262
s

.... Reference wind for Forsand

CRE'I‘ =10

.... Factor for wind directions, chosen for all directions
CARS = 1.0

.... Factor for season, chosen for the entire year
CHOH =10

.... Factor for height over sealevel

CS:\_\: = 10

.... Factor for return period, 50 years chosen
Vb = CRET CARS “HOH “SAN VREF

m

vy, = 26—
b S
Basic wind pressure;
p=123 E

-

o

m
.... Mass denisty of air

P : = 427 8=

=5V = 4225 —
m

Place wind velocity is defined as middle wind speed in 10 min.
Place wind velocity;
z = 30m
Terrain category 1; Coastal sea, no trees.
kr =017

A

zy = 0.01m

ey
Zmin = <M

¢ = kpinl — | = 1448
;.'-.ZOI’V.

.... Terrain factor
Ce = 1.0
.... Topography factor, set to 1, when it is un clear if the
terrain around the bridge will give a reducing or increasing
contribution
Vs = ct"ct"-b

A |
ve =376 .
Place wind pressure;
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*HEADING
Analaysis of Lysefjord bridge

KA A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A AN AKX KKK

* Kk kK Nodes * Kk k%

R R IR e S b dh b b i b b b b 2b b b Sh S b g b S S b SR Sb b 2h S b dh S db b b b db Sb I dh Sb b db b db b 2 Sh b db Ib i 3 4

*NODE
**Bridge girder (modelled from north to south)

1 , -223.1014 , 0.0000 , 53.46490466
2 , -204.0000 , 0.0000 , 54.16479664
3 P -192.0000 , 0.0000 , 54.56016256
4 P -180.0000 , 0.0000 , 54.919396

5 , -168.0000 , 0.0000 , 55.24249696
6 , -156.0000 , 0.0000 , 55.52946544
7 , -144.0000 , 0.0000 , 55.78030144
8 , -132.0000 , 0.0000 , 55.99500496
9 , -120.0000 , 0.0000 , 56.173576
10 , -108.0000 , 0.0000 , 56.31601456
11 , -96.0000 ’ 0.0000 , 56.42232064
12 , -84.0000 ’ 0.0000 , 56.49249424
13 , -72.0000 ’ 0.0000 , 56.52653536
14 , -60.0000 ’ 0.0000 , 56.524444
15 , -48.0000 , 0.0000 , 56.48622016
16 , -36.0000 , 0.0000 , 56.41186384
17 , -24.0000 , 0.0000 , 56.30137504
18 , -12.0000 , 0.0000 , 56.15475376
19 , -0.0000 , 0.0000 , 55.972

20 , 12.0000 , 0.0000 , 55.75311376
21 , 24.0000 , 0.0000 P 55.49809504
22 , 36.0000 , 0.0000 P 55.20694384
23 , 48.0000 , 0.0000 , 54.87966016
24 , 60.0000 , 0.0000 , 54.516244
25 , 72.0000 , 0.0000 P 54.11669536
26 , 84.0000 , 0.0000 , 53.68101424
27 , 96.0000 , 0.0000 , 53.20920064
28 , 108.0000 , 0.0000 , 52.70125456
29 , 120.0000 , 0.0000 , 52.157176
30 , 132.0000 , 0.0000 , 51.57696496
31 , 144.0000 , 0.0000 , 50.96062144
32 , 156.0000 , 0.0000 , 50.30814544
33 , 168.0000 ’ 0.0000 P 49.61953696
34 P 180.0000 ’ 0.0000 P 48.894796
35 ’ 192.0000 ’ 0.0000 P 48.13392256
36 ’ 204.0000 ’ 0.0000 P 47.33691664
37 , 223.1276 , 0.0000 P 46.00109466
**Anchor bolt north-west

981 , -296.906 ’ 5.1250 P 53.4647
**West cable main span

1001 , -223.3363 , 5.125, 102.26
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1002 , -204.0000
1003 , -192.0000
1004 , -180.0000
1005 , -168.0000
1006 , -156.0000
1007 , -144.0000
1008 , -132.0000
1009 , -120.0000
1010 , -108.0000
1011 , -96.0000
1012 , -84.0000
1013 , -72.0000
1014 , -60.0000
1015 , -48.0000
1016 , -36.0000
1017 , -24.0000
1018 , -12.0000
1019 , -0.0000
1020 , 12.0000
1021 , 24.0000
1022 , 36.0000
1023 , 48.0000
1024 , 60.0000
1025 , 72.0000
1026 , 84.0000
1027 , 96.0000
1028 , 108.0000
1029 , 120.0000
1030 , 132.0000
1031 , 144.0000
1032 , 156.0000
1033 , 168.0000
1034 , 180.0000
1035 , 192.0000
1036 , 204.0000
1037 , 223.3363
**Anchor bolt south-west
1087 , 389.0460
**Anchor bolt north-east
1981 , -296.906
**East cable main span
2001 , -223.3363
2002 , -204.0000
2003 , -192.0000
2004 , -180.0000
2005 , -168.0000
2006 , -156.0000
2007 , -144.0000
2008 , -132.0000
2009 , -120.0000
2010 , -108.0000
2011 -96.0000

’

’

oo oo O OO OO OO OO OO OO OO OO oo oo oo oo a1 o1 O a1 Ol

.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,

.1250

.125

.125
.125
.125
.125
.125
.125
.125
.125
.125
.125
.125

95.
91.
87.
84.
80.
.6565
74.
72.
69.
67.
66.
64.
63.
62.
61.
60.
60.
60.
60.
60.
61.
62.
63.
64.
66.
67.
69.
2.

77

74

3753
3427
5546
0108
7115

8459
2798
9580
8806
0477
4591
1149
0151
1597
5487
1821
06

1821
5487
1597
0151
1149
4591
0477
8806
9580
2798

.8459
7.
80.
84.
87.
91.
95.

6565
7115
0108
5546
3427
3753

102.26

46.

53.

0009

4647

102.26

95.
91.
87.
84.
80.
.6565
74.
2.
69.
67.

77

3753
3427
5546
0108
7115

8459
2798
9580
8806
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2012
2013
2014
2015
2016
2017
2018
2019
2020
2021
2022
2023
2024
2025
2026
2027
2028
2029
2030
2031
2032
2033
2034
2035
2036
2037

2087

14

-84.
-72.
-60.
-48.
-36.

-24

-12.

-0.
12.
24.
36.
48.
60.
2.
84.
96.

108.
120.
132.
144.
156.
168.
180.
192.
204.
223.
**Anchor bolt south-east

389

0000
0000
0000
0000
0000
.0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
3363

.0460

-5.

.125
.125
.125
.125
.125
.125
.125
.125
.125
.125
.125
.125
.125
.125
.125
.125
.125
.125
.125
.125
.125
.125
.125
.125
.125
.125

125

14

66.
64.
63.
62.
61.
60.
60.
60.
60.
60.
61.
62.
63.
64.
66.
67.
69.
2.

74

0477
4591
1149
0151
1597
5487
1821
06

1821
5487
1597
0151
1149
4591
0477
8806
9580
2798

.8459
7.
80.
84.
87.
91.
95.

6565
7115
0108
5546
3427
3753

102.26

46.

0009

**Link between bridge girder and hanger west - hanger (1.104 above NA)

3001
3002
3003
3004
3005
3006
3007
3008
3009
3010
3011
3012
3013
3014
3015
3016
3017
3018
3019
3020
3021
3022

14

=22
-20

3.0000
4.0000

-192.0000

-18
-16
-15
-14

0.0000
8.0000
6.0000
4.0000

-132.0000

-12
-10

-96.
-84.
-72.
-60.
-48.
-36.
-24.

-12
-0.
12.
24.
36.

0.0000
8.0000
0000
0000
0000
0000
0000
0000
0000
.0000
0000
0000
0000
0000

o o1 oo OO OO OO OO OO oo o1 OO o1 Ol

.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,

54.
55.
.66416256

55

56.
56.
56.
56.
57.
57.
57.
57.
57.
57.
57.
57.
57.
57.
57.
57.
56.
56.
56.

56890466
26879664

023396
34649696
63346544
88430144
09900496
277576
42001456
52632064
59649424
63053536
628444
59022016
51586384
40537504
25875376
076
85711376
60209504
31094384
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3023 ,
3024 ,
3025 ,
3026 ,
3027 ,
3028 ,
3029 ,
3030 ,
3031 ,
3032 ,
3033 ,
3034 ,
3035 ,
3036 ,
3037 ,
**Link

4001 ,
4002 ,
4003 ,
4004
4005
4006
4007 ,
4008 ,
4009
4010 ,
4011
4012
4013 ,
4014
4015 ,
4016 ,
4017 ,
4018 ,
4019 ,
4020 ,
4021 ,
4022
4023 ,
4024
4025 ,
4026 ,
4027
4028 ,
4029 ,
4030 ,
4031 ,
4032 ,
4033 ,
4034 ,
4035

48.0
60.0
72.0
84.0
96.0
108.
120.
132.
144.
156.
168.
180.
192.
204.
223.

between bridge

-223.
-204.
-192.
-180.
-168.
-156.
-144.
-132.
-120.
-108.

-96.
-84.
-72.
-60.
-48
-36.
-24.
-12
-0.0
12.0
24.0
36.0
48.0
60.0
72.0
84.0
96.0
108.
120.
132.
144
156.
168.
180.
192.

000
000
000
000
000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000

0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000

0000

0000

0000

.0000

0000
0000

.0000

000
000
000
000
000
000
000
000
000
0000
0000
0000

.0000

0000
0000
0000
0000

’ 5
’ 5
’ 5
’ 5
’ 5
’ 5
’ 5
’ 5
’ 5
’ 5
’ 5
’ 5
’ 5
’ 5
’ 5
girder
’ -5
’ -5
’ -5
’ -5
’ -5
’ -5
’ -5
’ -5
’ -5
’ -5
’ -5
’ -5
’ -5
’ -5
’ -5
’ -5
’ -5
’ -5
’ -5
’ -5
’ -5
' -5
' -5
' -5
' -5
' -5
’ -5
’ -5
’ -5
’ -5
’ -5
’ -5
’ -5
' -5
' -5

.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,
.125,

55.
55.
55.
54.
54.
53.
53.
52.
52.
51.
50.
49.
49.
48.
47.

98366016
620244

22069536
78501424
31320064
80525456
261176

68096496
06462144
41214544
72353696
998796

23792256
44091664
10509466

and hanger east - hanger

.125
.125
.125
.125
.125
.125
.125
.125
.125
.125
.125
.125
.125
.125
.125
.125
.125
.125
.125
.125
.125
.125
.125
.125
.125
.125
.125
.125
.125
.125
.125
.125
.125
.125
.125

54.
55.
55.
56.
56.
56.
56.
57.
57.
57.
57.
57.
57.
57.
57.
.51586384
57.
57.
57.
56.
56.
56.
55.
55.
55.
54.
54.
53.
53.
52.
52.
51.
50.
49.
49.

57

56890466
26879664
66416256
023396

34649696
63346544
88430144
09900496
277576

42001456
52632064
59649424
63053536
628444

59022016

40537504
25875376
076
85711376
60209504
31094384
98366016
620244
22069536
78501424
31320064
80525456
261176
68096496
06462144
41214544
72353696
998796
23792256

(1.104 above NA)
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4036 , 204.0000 ’ -5.125 P 48.44091664
4037 , 223.0000 , -5.125 P 47.10509466
**Fictitious mass point under the bridge girder (moment of inertia)

5002 , -204.0000 , 0.0000 , 53.0699

5003 , -192.0000 , 0.0000 , 53.322

5004 , -180.0000 , 0.0000 , 53.5466

5005 , -168.0000 , 0.0000 , 53.7437

5006 , -156.0000 , 0.0000 , 53.9134

5007 , -144.0000 , 0.0000 , 54.0557

5008 , -132.0000 , 0.0000 , 54.1705

5009 , -120.0000 , 0.0000 , 54.2579

5010 , -108.0000 , 0.0000 , 54.3178

5011 , -96.0000 , 0.0000 , 54.3503

5012 , -84.0000 , 0.0000 , 54.3553

5013 , -72.0000 ’ 0.0000 , 54.3329

5014 , -60.0000 ’ 0.0000 , 54.283

5015 , -48.0000 ’ 0.0000 , 54.2057

5016 , -36.0000 ’ 0.0000 , 54.101

5017 , -24.0000 , 0.0000 , 53.9687

5018 , -12.0000 , 0.0000 , 53.8091

5019 , -0.0000 , 0.0000 , 53.622

5020 , 12.0000 , 0.0000 , 53.4075

5021 , 24.0000 , 0.0000 , 53.1655

5022 , 36.0000 , 0.0000 , 52.896

5023 , 48.0000 , 0.0000 , 52.5991

5024 , 60.0000 , 0.0000 , 52.2748

5025 , 72.0000 , 0.0000 , 51.923

5026 , 84.0000 , 0.0000 , 51.5438

5027 , 96.0000 , 0.0000 , 51.1372

5028 , 108.0000 , 0.0000 , 50.703

5029 , 120.0000 ’ 0.0000 , 50.2415

5030 , 132.0000 ’ 0.0000 , 49.7525

5031 , 144.0000 ’ 0.0000 , 49.236

5032 , 156.0000 ’ 0.0000 , 48.6921

5033 , 168.0000 ’ 0.0000 , 48.1208

5034 , 180.0000 ’ 0.0000 , 47.522

5035 , 192.0000 ’ 0.0000 , 46.8957

5036 , 204.0000 , 0.0000 , 46.2421

**Tower north, foot west

20001, -223 , 9.151, 6.5

20002, -223.007803448276 , 9.0122 , 10.5
20003, -223.015606896552 , 8.8734 , 13.5833
20004, -223.023410344828 , 8.7346 , 16.6667
20005, -223.031213793103 , 8.5958 , 19.75
20006, -223.039017241379 , 8.457, 22.8333
20007, -223.046820689655 , 8.3182 , 25.9167
20008, -223.054624137931 , 8.1794 , 29
20009, -223.062427586207 ’ 8.0406 , 32.0833
20010, -223.070231034483 , 7.9018 , 35.1667
20011, -223.078034482759 , 7.763, 38.25

20012, -223.085837931035 , 7.6242 , 41.3333
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20013, -223.09364137931, 7.4854 , 44.4167
20014, -223.101444827586 ’ 7.3466 , 47.5
20015, -223.109248275862 ’ 7.2078 , 50.8463
20016, -223.117051724138 ’ 7.069, 54.1925
20017, -223.124855172414 ’ 6.9302 , 57.5388
20018, -223.13265862069, 6.7914 ' 60.885
20019, -223.140462068966 ’ 6.6526 ’ 64.2313
20020, -223.148265517241 ’ 6.5138 ’ 67.5775
20021, -223.156068965517 ’ 6.375, 70.9237
20022, -223.163872413793 ’ 6.2362 ’ 74.27
20023, -223.171675862069 ’ 6.0974 ’ 77.6163
20024, -223.179479310345 ’ 5.9586 ’ 80.9625
20025, -223.187282758621 ’ 5.8198 ’ 84.3088
20026, -223.195086206897 ' 5.681, 87.655
20027, -223.202889655172 ’ 5.5422 , 91.0013
20028, -223.210693103448 ’ 5.4034 , 94.3475
20029, -223.218496551724 ’ 5.2646 , 97.6938
20030, -223.2263 , 5.1258 P 101.04

**Tower north, foot east

20101, -223 , -9.151 ’ 6.5

20102, -223.007803448276 ’ -9.0122 ’ 10.5
20103, -223.015606896552 ’ -8.8734 ’ 13.5833
20104, -223.023410344828 ’ -8.7346 ’ 16.6667
20105, -223.031213793103 ’ -8.5958 ’ 19.75
20106, -223.039017241379 ’ -8.457 ’ 22.8333
20107, -223.046820689655 ' -8.3182 , 25.9167
20108, -223.054624137931 ’ -8.1794 , 29
20109, -223.062427586207 ' -8.0406 , 32.0833
20110, -223.070231034483 ’ -7.9018 , 35.1667
20111, -223.078034482759 ’ -7.763 , 38.25
20112, -223.085837931035 ’ -7.6242 , 41.3333
20113, -223.09364137931, -7.4854 ’ 44.4167
20114, -223.101444827586 ’ -7.3466 ’ 47.5
20115, -223.109248275862 ’ -7.2078 , 50.8463
20116, -223.117051724138 ’ -7.069 ’ 54.1925
20117, -223.124855172414 ’ -6.9302 , 57.5388
20118, -223.13265862069, -6.7914 ’ 60.885
20119, -223.140462068966 ’ -6.6526 , 64.2313
20120, -223.148265517241 ’ -6.5138 , 67.5775
20121, -223.156068965517 ’ -6.375 , 70.9237
20122, -223.163872413793 ’ -6.2362 , 74.27
20123, -223.171675862069 ’ -6.0974 , 77.6163
20124, -223.179479310345 ' -5.9586 , 80.9625
20125, -223.187282758621 , -5.81098 , 84.3088
20126, -223.195086206897 , -5.681 , 87.655
20127, -223.202889655172 ’ -5.5422 , 91.0013
20128, -223.210693103448 ’ -5.4034 , 94.3475
20129, -223.218496551724 ’ -5.2646 , 97.6938
20130, -223.2263 , -5.1258 P 101.04

**cross beam under the bridge girder, tower north

20201, -223.101444827586 ’ 7.3466 , 47.5
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20202, -223.101444827586 , 4.9903 , 47.5
20203, -223.101444827586 , 2.4952 , 47.5
20204, -223.101444827586 , 0.0001 , 47.5
20205, -223.101444827586 , -2.495 , 47.5
20206, -223.101444827586 , -4.9901 , 47.5
20207, -223.101444827586 , -7.3466 , 47.5
**cross beam top, tower north

20301, -223.218496551724 , 5.2646 , 97.6938
20302, -223.218496551724 , 3.5097 , 97.6938
20303, -223.218496551724 , 1.7548 , 97.6938
20304, -223.218496551724 , -0.0001 , 97.6938
20305, -223.218496551724 , -1.755 , 97.6938
203006, -223.218496551724 , -3.5099 , 97.6938
20307, -223.218496551724 , -5.2646 , 97.6938
**Tower south, foot west

30001, 223 , 9.151, 0.5

30002, 223.011596551724, 9.0122 , 4.5

30003, 223.023193103448, 8.8734 , 8.0541
30004, 223.034789655172, 8.73406 , 11.6082
30005, 223.04638620689¢6, 8.5958 , 15.1623
30000, 223.057982758621, 8.457, 18.7164

30007, 223.069579310345, 8.3182 , 22.2705
30008, 223.081175862069, 8.1794 , 25.8246
30009, 223.092772413793, 8.0400 , 29.3787
30010, 223.104368965517, 7.9018 , 32.9328
30011, 223.115965517241, 7.763, 36.4869

30012, 223.127562068965, 7.6242 , 40.041
30013, 223.139158620689, 7.4854 , 43.4298
30014, 223.150755172414, 7.3466 , 46.8187
30015, 223.162351724138, 7.2078 , 50.2075
30016, 223.173948275862, 7.069, 53.5963

30017, 223.185544827586, 6.9302 ’ 56.9852
30018, 223.19714137931 , 6.7914 ’ 60.374
30019, 223.208737931034, 6.6526 ’ 63.7628
30020, 223.220334482758, 6.5138 ’ 67.1517
30021, 223.231931034482, 6.375, 70.5405

30022, 223.243527586207, 6.2362 ’ 73.9293
30023, 223.255124137931, 6.0974 ’ 77.3182
30024, 223.266720689655, 5.9586 , 80.707
30025, 223.278317241379, 5.8198 , 84.0958
30026, 223.289913793103, 5.681, 87.4847

30027, 223.301510344827, 5.5422 , 90.8735
30028, 223.313106896551, 5.4034 , 94.2623
30029, 223.324703448275, 5.26406 , 97.6512
30030, 223.3363 ’ 5.1258 , 101.04

**Tower south, foot east

30101, 223 , -9.151 ’ 0.5

30102, 223.011596551724, -9.0122 ’ 4.5

30103, 223.023193103448, -8.8734 ’ 8.0541
30104, 223.034789655172, -8.7346 ’ 11.6082
30105, 223.046386206896, -8.5958 , 15.1623
30106, 223.057982758621, -8.457 , 18.7164
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30107, 223.069579310345, -8.3182 ’ 22.2705

30108, 223.081175862069, -8.1794 ’ 25.8246
30109, 223.092772413793, -8.0406 ’ 29.3787
30110, 223.104368965517, -7.9018 ’ 32.9328
30111, 223.115965517241, -7.763 ’ 36.4869
30112, 223.127562068965, -7.6242 ’ 40.041
30113, 223.139158620689, -7.4854 ’ 43.4298
30114, 223.150755172414, -7.3466 ’ 46.8187
30115, 223.162351724138, -7.2078 ’ 50.2075
30116, 223.173948275862, -7.069 ’ 53.5963
30117, 223.185544827586, -6.9302 ’ 56.9852
30118, 223.19714137931 , -6.7914 ’ 60.374
30119, 223.208737931034, -6.6526 ’ 63.7628
30120, 223.220334482758, -6.5138 ’ 67.1517
30121, 223.231931034482, -6.375 ’ 70.5405
30122, 223.243527586207, -6.2362 ’ 73.9293
30123, 223.255124137931, -6.0974 ’ 77.3182
30124, 223.266720689655, -5.9586 ’ 80.707
30125, 223.278317241379, -5.8198 ’ 84.0958
30126, 223.289913793103, -5.681 ’ 87.4847
30127, 223.301510344827, -5.5422 ’ 90.8735
30128, 223.313106896551, -5.4034 ’ 94.2623
30129, 223.324703448275, -5.2646 ’ 97.6512
30130, 223.3363 ’ -5.1258 ’ 101.04

**cross beam under the bridge girder, tower south

30201, 223.127562068965, 7.6242 ’ 40.041
30202, 223.127562068965, 5.1754 ’ 40.041
30203, 223.127562068965, 2.5877 ’ 40.041
30204, 223.127562068965, 0.0001 ’ 40.041
30205, 223.127562068965, -2.5877 ’ 40.041
30206, 223.127562068965, -4.1754 ’ 40.041
30207, 223.127562068965, -7.6242 ’ 40.041
**cross beam top, tower south

30301, 223.324703448275, 5.2646 ’ 97.6512
30302, 223.324703448275, 3.5097 ’ 97.6512
30303, 223.324703448275, 1.7548 ’ 97.6512
30304, 223.324703448275, -0.0001 ’ 97.6512
30305, 223.324703448275, -1.755 ’ 97.6512
30306, 223.324703448275, -3.5099 ’ 97.6512
30307, 223.324703448275, -5.2646 ’ 97.6512

* %
* %
R R IR e A b e I b b I b b S b 4b b S b I b S S b SR S b 2b S b S S db b S Sh b b Sb b db Sb b db b e db b d db b db  Sb b 3 4

**x*x* Structural elements i
PR b b b A b b b b b b b b b b b b b b g b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b 4
* *

**Bridge girder
* %
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*ELEMENT ,
1 '
2 ’
3 ’
4 '
5 '
6 '
7 '
8 '
9 '
10 ,
11 ,
12 ,
13 ,
14 ,
15 ,
16 ,
17 ,
18 ,
19 ,
20 ,
21 ,
22 ,
23 ,
24 ,
25 ,
26 ,
27 ,
28 ,
29 ,
30 ,
31 ,
32 ,
33 ,
34 ,
35 ,
36 ,

*
*

*
*

*
*

* %

** Cable in main span

* %

*ELEMENT ,

1001 ,
1002 ,
1003 ,
1004 ,
1005 ,
1006 ,

TYPE

O J oy U b w N

WwWwwwwwwdhdhdDddDDNDDNDDNDNDNDNDNRERrRPRPRRERERERERERPRRPR O
AN WN PP OWOJdJoOU DdhWNE OWOOWwWTIoUu Wb o

TYPE

1001
1002
1003
1004
1005
1006

B31

B31

, ELSET=GIRDER

, ELSET=MAINCABLE

1002
1003
1004
1005
1006
1007
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1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
* %

2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020
2021

1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036

2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020
2021

1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037

2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020
2021
2022
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2022 ,
2023 ,
2024 ,
2025 ,
2026 ,
2027 ,
2028 ,
2029 ,
2030 ,
2031 ,
2032 ,
2033 ,
2034 ,
2035 ,
2036 ,

* %
* %
* %
* %

2022
2023
2024
2025
2026
2027
2028
2029
2030
2031
2032
2033
2034
2035
2036

** Cable in backstay

* x

*ELEMENT ,
1000 ,
1037 ,
2000 ,
2037 ,

* %

* %

* x

TYPE

981
1037

4

4

B31

1981

2037

2023
2024
2025
2026
2027
2028
2029
2030
2031
2032
2033
2034
2035
2036
2037

, ELSET=BACKSTAYCABLE

1001
1087
, 2001
, 2087

** Fictitious element between bridge girder and lower hanger link

* x

*ELEMENT ,

3001 ,
3002
3003 ,
3004
3005
3006
3007 ,
3008 ,
3009 ,
3010 ,
3011 ,
3012 ,
3013 ,
3014
3015 ,

TYPE

O J oy U WD

B31

;, ELSET=DUMMY1

3001
3002
3003
3004
3005
3006
3007
3008
3009
3010
3011
3012
3013
3014
3015
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3016 , 16 , 3016

3017 , 17 p 3017
3018 , 18 p 3018
3019 , 19 p 3019
3020 , 20 p 3020
3021 , 21 p 3021
3022 , 22 ’ 3022
3023 , 23 ’ 3023
3024 , 24 ’ 3024
3025 , 25 ’ 3025
3026 , 26 ’ 3026
3027 , 27 ’ 3027
3028 , 28 ’ 3028
3029 , 29 P 3029
3030 , 30 p 3030
3031 , 31 , 3031
3032 , 32 , 3032
3033 , 33 P 3033
3034 , 34 , 3034
3035 , 35 ’ 3035
3036 , 36 ’ 3036
3037 , 37 ’ 3037

* x
* x

* x

*ELEMENT , TYPE

B31 , ELSET=DUMMY2

4001 1 , 4001
4002 2 , 4002
4003 , 3 , 4003
4004 4 , 4004
4005 , 5 , 4005
4006 , 6 , 4006
4007 7 , 4007
4008 8 , 4008
4009 , 9 , 4009
4010 , 10 , 4010
4011 , 11 , 4011
4012 12 , 4012
4013 13, 4013
4014 14 , 4014
4015 15, 4015
4016 16 4016
4017 17 , 4017
4018 , 18 , 4018
4019 , 19 4019
4020 , 20 , 4020
4021 , 21 , 4021
4022 , 22 , 4022
4023 , 23, 4023
4024 24 , 4024
4025 25 4025
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4026 ,
4027 ,
4028 ,
4029 ,
4030 ,
4031 ,
4032 ,
4033 ,
4034 ,
4035 ,
4036 ,
4037 ,

* %
* %
* *

**Hangers
* %

*ELEMENT ,

5002 ,
5003 ,
5004
5005 ,
5006 ,
5007 ,
5008
5009
5010
5011
5012 ,
5013 ,
5014
5015 ,
5016 ,
5017 ,
5018
5019 ,
5020 ,
5021 ,
5022 ,
5023 ,
5024 ,
5025 ,
5026 ,
5027 ,
5028 ,
5029 ,
5030 ,
5031 ,
5032 ,
5033 ,
5034 ,

26
27
28
29
30
31
32
33
34
35
36
37

TYPE

3002
3003
3004
3005
3006
3007
3008
3009
3010
3011
3012
3013
3014
3015
3016
3017
3018
3019
3020
3021
3022
3023
3024
3025
3026
3027
3028
3029
3030
3031
3032
3033
3034

B31

4026
4027
4028
4029
4030
4031
4032
4033
4034
4035
4036
4037

, ELSET=HANGERS

1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
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5035 ,
5036 ,
* %

6002 ,
6003 ,
6004 ,
6005 ,
6006 ,
6007 ,
6008 ,
6009 ,
6010 ,
6011 ,
6012 ,
6013 ,
6014 ,
6015 ,
6016 ,
6017 ,
6018 ,
6019 ,
6020 ,
6021 ,
6022 ,
6023 ,
6024 ,
6025 ,
6026 ,
6027 ,
6028 ,
6029 ,
6030 ,
6031 ,
6032 ,
6033 ,
6034 ,
6035 ,
6036 ,

* %
* %
* %

3035
3036

4002
4003
4004
4005
4006
4007
4008
4009
4010
4011
4012
4013
4014
4015
4016
4017
4018
4019
4020
4021
4022
4023
4024
4025
4026
4027
4028
4029
4030
4031
4032
4033
4034
4035
4036

14

14

14

14

14

4

4

4

4

4

4

4

14

14

14

14

14

14

4

4

4

4

4

4

14

14

14

14

’

’

14

14

14

14

14

14

14

**Fictitious mass

* *

*ELEMENT ,

7002 ,
7003 ,
7004 ,
7005 ,
7006 ,

TYPE

oY U W N

elements under the bridge girder

B31

1035
1036

2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020
2021
2022
2023
2024
2025
2026
2027
2028
2029
2030
2031
2032
2033
2034
2035
2036

, ELSET=DUMMY 3

5002
5003
5004
5005
5006

(moment of inertia)
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7007
7008
7009
7010
7011
7012
7013
7014
7015
7016
7017
7018
7019
7020
7021
7022
7023
7024
7025
7026
7027
7028
7029
7030
7031
7032
7033
7034
7035
7036

* x

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

**Fictitious mass

* x

*ELEMENT

12001
12002
12003
12004
12005
12006
12007
12008
12009
12010
12011
12012
12013
12014

14

14

14

14

14

4

14

14

14

14

14

14

4

4

TYPE

3001
3002
3003
3004
3005
3006
3007
3008
3009
3010
3011
3012
3013
3014

elements to create windmoment

B31

5007
5008
5009
5010
5011
5012
5013
5014
5015
5016
5017
5018
5019
5020
5021
5022
5023
5024
5025
5026
5027
5028
5029
5030
5031
5032
5033
5034
5035
5036

, ELSET=DUMMY4

3002
3003
3004
3005
3006
3007
3008
3009
3010
3011
3012
3013
3014
3015
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12015,
12016,
12017,
12018,
12019,
12020,
12021,
12022,
12023,
12024,
12025,
12026,
12027,
12028,
12029,
12030,
12031,
12032,
12033,
12034,
12035,
12036,
* *

13001,
13002,
13003,
13004,
13005,
13006,
13007,
13008,
13009,
13010,
13011,
13012,
13013,
13014,
13015,
13016,
13017,
13018,
13019,
13020,
13021,
13022,
13023,
13024,
13025,
13026,
13027,
13028,
13029,

3015
3016
3017
3018
3019
3020
3021
3022
3023
3024
3025
3026
3027
3028
3029
3030
3031
3032
3033
3034
3035
3036

4001
4002
4003
4004
4005
4006
4007
4008
4009
4010
4011
4012
4013
4014
4015
4016
4017
4018
4019
4020
4021
4022
4023
4024
4025
4026
4027
4028
4029

3016
3017
3018
3019
3020
3021
3022
3023
3024
3025
3026
3027
3028
3029
3030
3031
3032
3033
3034
3035
3036
3037

4002
4003
4004
4005
4006
4007
4008
40009
4010
4011
4012
4013
4014
4015
4016
4017
4018
4019
4020
4021
4022
4023
4024
4025
4026
4027
4028
4029
4030
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13030,
13031,
13032,
13033,
13034,
13035,
13036,

* %
* %
* %

4030 , 4031
4031 , 4032
4032 , 4033
4033 , 4034
4034 , 4035
4035 , 4036
4036 , 4037

**Tower north

* %

*ELEMENT,

20001,
20101,
*ELEMENT,

20002,
20102,
*ELEMENT,

20003,
20103,
*ELEMENT,

20004,
20104,
*ELEMENT,

20005,
20105,
*ELEMENT,

20006 ,
20106,
*ELEMENT,

20007,
20107,
*ELEMENT,

20008,
20108,
*ELEMENT,

20009,
20109,
*ELEMENT,

20010,
20110,

TYPE=FRAME3D, ELSET=NIVAl

20001, 20002
20101, 20102
TYPE=FRAME3D, ELSET=NIVAZ2
20002, 20003
20102, 20103

TYPE=FRAME3D, ELSET=NIVA3

20003, 20004
20103, 20104
TYPE=FRAME3D, ELSET=NIVA4

20004, 20005
20104, 20105
TYPE=FRAME3D, ELSET=NIVAS
20005, 20006
20105, 20106
TYPE=FRAME3D, ELSET=NIVAG6
20006 , 20007
20106, 20107
TYPE=FRAME3D, ELSET=NIVA7
20007, 20008
20107, 20108
TYPE=FRAME3D, ELSET=NIVAS
20008, 20009
20108, 20109

TYPE=FRAME3D, ELSET=NIVA9

20009, 20010
20109, 20110
TYPE=FRAME3D, ELSET=NIVA1OQ
20010, 20011
20110, 20111
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*ELEMENT,

20011,
20111,
*ELEMENT,

20012,
20112,
*ELEMENT,

20013,
20113,
*ELEMENT,

20014,
20114,
*ELEMENT,

20015,
20115,
*ELEMENT,

20016,
20116,
*ELEMENT,

20017,
20117,
*ELEMENT,

20018,
20118,
*ELEMENT,

20019,
20119,
*ELEMENT,

20020,
20120,
*ELEMENT,

20021,
20121,
*ELEMENT,

20022,
20122,
*ELEMENT,

20023,
20123,

TYPE=FRAME3D, ELSET=NIVAll

20011, 20012
20111, 20112
TYPE=FRAME3D, ELSET=NIVAl2

20012, 20013
20112, 20113
TYPE=FRAME3D, ELSET=NIVA13

20013, 20014
20113, 20114
TYPE=FRAME3D, ELSET=NIVAl4

20014, 20015
20114, 20115
TYPE=FRAME3D, ELSET=NIVALS

20015, 20016
20115, 20116
TYPE=FRAME3D, ELSET=NIVA16

20016, 20017
20116, 20117
TYPE=FRAME3D, ELSET=NIVAl7

20017, 20018
20117, 20118
TYPE=FRAME3D, ELSET=NIVAlS

20018, 20019
20118, 20119
TYPE=FRAME3D, ELSET=NIVA19
20019, 20020
20119, 20120
TYPE=FRAME3D, ELSET=NIVAZ20
20020, 20021
20120, 20121

TYPE=FRAME3D, ELSET=NIVA21

20021, 20022
20121, 20122
TYPE=FRAME3D, ELSET=NIVAZ22

20022, 20023
20122, 20123
TYPE=FRAME3D, ELSET=NIVAZ23
20023, 20024
20123, 20124
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*ELEMENT,

20024,
20124,
*ELEMENT,

20025,
20125,
*ELEMENT,

20026,
20126,
*ELEMENT,

20027,
20127,
*ELEMENT,

20028,
20128,
*ELEMENT,

20029,
20129,
*ELEMENT,
20030,
20130,
*ELEMENT,

20201,
20202,
20203,
20204,
20205,
20206,
*ELEMENT,

20301,
20302,
20303,
20304,
20305,
20306,

* %
* *
* *

* *

TYPE=FRAME3D, ELSET=NIVA24

20024, 20025
20124, 20125
TYPE=FRAME3D, ELSET=NIVAZ25

20025, 20026
20125, 20126
TYPE=FRAME3D, ELSET=NIVA26

20026, 20027
20126, 20127
TYPE=FRAME3D, ELSET=NIVAZ27

20027, 20028
20127, 20128
TYPE=FRAME3D, ELSET=NIVA28

20028, 20029
20128, 20129
TYPE=FRAME3D, ELSET=NIVA29

20029, 20030

20129, 20130

TYPE=B31, ELSET=NIVA30

20030, 1001

20130, 2001
TYPE=FRAME3D, ELSET=CROSSBEAM1
20201, 20202

20202, 20203

20203, 20204

20204, 20205

20205, 20206

20206, 20207
TYPE=FRAME3D, ELSET=CROSSBEAMZ
20301, 20302

20302, 20303

20303, 20304

20304, 20305

20305, 20306

20306, 20307

**Tower south

* *

*ELEMENT,

30001,

TYPE=FRAME3D, ELSET=NIVAl

30001, 30002
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30101,
*ELEMENT,

30002,
30102,
*ELEMENT,

30003,
30103,
*ELEMENT,

30004,
30104,
*ELEMENT,

30005,
30105,
*ELEMENT,

30006,
30106,
*ELEMENT,

30007,
30107,
*ELEMENT,

30008,
30108,
*ELEMENT,

30009,
30109,
*ELEMENT,

30010,
30110,
*ELEMENT,

30011,
30111,
*ELEMENT,

30012,
30112,
*ELEMENT,

30013,
30113,
*ELEMENT,

30014,

30101, 30102
TYPE=FRAME3D, ELSET=NIVAZ2
30002, 30003
30102, 30103
TYPE=FRAME3D, ELSET=NIVA3
30003, 30004
30103, 30104

TYPE=FRAME3D, ELSET=NIVA4

30004, 30005
30104, 30105
TYPE=FRAME3D, ELSET=NIVAS5

30005, 30006
30105, 30106
TYPE=FRAME3D, ELSET=NIVA6
30006, 30007
30106, 30107

TYPE=FRAME3D, ELSET=NIVA7

30007, 30008
30107, 30108
TYPE=FRAME3D, ELSET=NIVAS

30008, 30009
30108, 30109
TYPE=FRAME3D, ELSET=NIVA9
30009, 30010
30109, 30110
TYPE=FRAME3D, ELSET=NIVA1O
30010, 30011
30110, 30111
TYPE=FRAME3D, ELSET=NIVAll
30011, 30012
30111, 30112

TYPE=FRAME3D, ELSET=NIVAl2

30012, 30013
30112, 30113
TYPE=FRAME3D, ELSET=NIVAl3
30013, 30014
30113, 30114

TYPE=FRAME3D, ELSET=NIVAl4

30014, 30015
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30114,
*ELEMENT,

30015,
30115,
*ELEMENT,

30016,
30116,
*ELEMENT,

30017,
30117,
*ELEMENT,

30018,
30118,
*ELEMENT,

30019,
30119,
*ELEMENT,

30020,
30120,
*ELEMENT,

30021,
30121,
*ELEMENT,

30022,
30122,
*ELEMENT,

30023,
30123,
*ELEMENT,

30024,
30124,
*ELEMENT,

30025,
30125,
*ELEMENT,

30026,
30126,
*ELEMENT,

30027,

30114, 30115
TYPE=FRAME3D, ELSET=NIVALS

30015, 30016
30115, 30116
TYPE=FRAME3D, ELSET=NIVAlG6
30016, 30017
30116, 30117

TYPE=FRAME3D, ELSET=NIVAl7

30017, 30018
30117, 30118
TYPE=FRAME3D, ELSET=NIVA1S8

30018, 30019
30118, 30119
TYPE=FRAME3D, ELSET=NIVA19
30019, 30020
30119, 30120

TYPE=FRAME3D, ELSET=NIVA20

30020, 30021
30120, 30121
TYPE=FRAME3D, ELSET=NIVA21

30021, 30022
30121, 30122
TYPE=FRAME3D, ELSET=NIVA22
30022, 30023
30122, 30123
TYPE=FRAME3D, ELSET=NIVAZ23
30023, 30024
30123, 30124
TYPE=FRAME3D, ELSET=NIVAZ24
30024, 30025
30124, 30125

TYPE=FRAME3D, ELSET=NIVA25

30025, 30026
30125, 30126
TYPE=FRAME3D, ELSET=NIVA26
30026, 30027
30126, 30127

TYPE=FRAME3D, ELSET=NIVA27

30027, 30028
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30127,
*ELEMENT,

30028,
30128,
*ELEMENT,

30029,
30129,
*ELEMENT,
30030,
30130,
*ELEMENT,

30201,
30202,
30203,
30204,
30205,
30206,
*ELEMENT,

30301,
30302,
30303,
30304,
30305,
30306,

* %
* %
* %

30127, 30128
TYPE=FRAME3D, ELSET=NIVAZ28

30028, 30029
30128, 30129
TYPE=FRAME3D, ELSET=NIVA29

30029, 30030
30129, 30130
TYPE=B31, ELSET=NIVA30
30030, 1037
30130, 2037

TYPE=FRAME3D, ELSET=CROSSBEAM1

30201, 30202
30202, 30203
30203, 30204
30204, 30205
30205, 30206
30206, 30207

TYPE=FRAME3D, ELSET=CROSSBEAMZ

30301, 30302
30302, 30303
30303, 30304
30304, 30305
30305, 30306
30306, 30307

KA KA A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A AR A AR AR KARA RN KRR KK KK

***x* Mass elements

* Kk k%

KA KA A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A KA AR AR A AR AR AR RN KA KN KK KK

* %
* %
* %
* %

*ELEMENT

18002,
18003,
18004,
18005,
18006,
18007,
18008,
18009,
18010,

Mass points at the lower hanger links,
bridge girder

at each side of the
(Moment of inertia)

TYPE = MASS , ELSET=SIDE
3002

3003

3004

3005

3006

3007

3008

3009

3010
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18011,
18012,
18013,
18014,
18015,
18016,
18017,
18018,
18019,
18020,
18021,
18022,
18023,
18024,
18025,
18026,
18027,
18028,
18029,
18030,
18031,
18032,
18033,
18034,
18035,
18036,
* x

19002,
19003,
19004,
19005,
19006,
19007,
19008,
19009,
19010,
19011,
19012,
19013,
19014,
19015,
19016,
19017,
19018,
19019,
19020,
19021,
19022,
19023,
19024,
19025,
19026,

3011
3012
3013
3014
3015
3016
3017
3018
3019
3020
3021
3022
3023
3024
3025
3026
3027
3028
3029
3030
3031
3032
3033
3034
3035
3036

4002
4003
4004
4005
4006
4007
4008
4009
4010
4011
4012
4013
4014
4015
4016
4017
4018
4019
4020
4021
4022
4023
4024
4025
4026
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19027, 4027

19028, 4028
19029, 4029
19030, 4030
19031, 4031
19032, 4032
19033, 4033
19034, 4034
19035, 4035
19036, 4036

* %

* %

* %

** Mass points under the

** bridge girder (Moment of inertia)

* %

*ELEMENT , TYPE = MASS , ELSET=UNDER

10002, 5002
10003, 5003
10004, 5004
10005, 5005
10006, 5006
10007, 5007
10008, 5008
10009, 5009
10010, 5010
10011, 5011
10012, 5012
10013, 5013
10014, 5014
10015, 5015
10016, 5016
10017, 5017
10018, 5018
10019, 5019
10020, 5020
10021, 5021
10022, 5022
10023, 5023
10024 , 5024
10025, 5025
10026, 5026
10027, 5027
10028, 5028
10029, 5029
10030, 5030
10031, 5031
10032, 5032
10033, 5033
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10034, 5034

10035, 5035
10036, 5036
* %
* *
* %

** Mass points to attach the weigth of the girder ends

* %

*ELEMENT , TYPE
11001 '
11037 '

* *

MASS , ELSET=END

w

* %
* %

KA AR AR A AR A AR A AR A AR A AR A A AR A AR A AR A AR A AR A A A AR A A A A A A A A A A AR Kk

**%* Dummy elements * % K *

KKK A KA A A A A A A A A A A A A A A A A A A A KA KA A A A A A A A A A A A A A KA AR AR AR AR AR RN AR KK KK

* x

** Dummy gripping of tower leg
* *

*ELEMENT, TYPE=SPRINGl, ELSET=TOWERLEG

29001,20001
29101,20101
39001,30001
39101,30101

* x
* x

* x

** Coupling between the cross beam under the bridge girder and
** the bridge girder

* x

*ELEMENT, TYPE=B33, ELSET=BOUNDARY

29501,20204,1
39501,30204,37

* %
* %
* %

KA A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A AR A AN AN A KKKk
* Kk kK ngldlty * Kk k%
KA A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A AR AR AR A A A A AN KKK K

* %

** Bridge girder
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* %

**Using the beam general section option, defined by
**A,I 11,1 12,1 22,J,,Warping constant (15.3.7-2).

* %

*BEAM GENERAL SECTION, ELSET=GIRDER, SECTION=GENERAL, DENSITY=0.001
0.360, 0.429, 0.0, 4.952, 0.929, ,4.762

0,1,0
210000E6, 80700E6, 0.00001

* %

* *

** Coupling elements, very rigid, no mass

* %

*BEAM GENERAL SECTION, ELSET=DUMMY1l, SECTION=GENERAL, DENSITY=1E-12

1000,1000,0.0,1000,1000, ,

0,1,0

210000E6, 80700E6, 0.00001

*BEAM GENERAL SECTION, ELSET=DUMMYZ2, SECTION=GENERAL, DENSITY=1E-12

1000,1000,0.0,1000,1000, ,

0,1,0

210000E6, 80700E6, 0.00001

*BEAM GENERAL SECTION, ELSET=DUMMY3, SECTION=GENERAL, DENSITY=1E-12

1000,1000,0.0,1000,1000, ,
0,1,0
210000E6, 80700E6, 0.00001

* x
* x

* x

** Elements for windmoment, low rigidity, no mass

* %

*BEAM GENERAL SECTION, ELSET=DUMMY4, SECTION=GENERAL, DENSITY=0.00001
0.36, 0.429, 0.0, 4.952, 0.929, ,4.762

0,1,0
210000E1, 80700E1, 0.00001

* *

* *

** Hangers
* *

*BEAM GENERAL SECTION, ELSET=HANGERS, SECTION=GENERAL, DENSITY=0.001
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0.0018, 2.6E-9, 0, 2.6E-9, 5.2E-9

1,1,0
180000E6, 63077E6, 0.00001

* %
* *
* %

** Cable in main span
* x

** Cable weight+hangerlink+half the hanger = 408 kg/m

* %

** RHO = 408kg/m / 0.05 m2 = 8160 kg/m3

* %

*BEAM GENERAL SECTION, ELSET=MAINCABLE, SECTION=GENERAL, DENSITY=8160
0.05, 0.0000026, 0, 0.0000026, 0.0000052

0,1,0
180000E6, 80700E6, 0.00001

* x
* x
* x

** Cable in backstay

* x

** Cable weigth = 356 kg/m

* %

** RHO = 356kg/m / 0.05m2 = 7120

* %

*BEAM GENERAL SECTION, ELSET=BACKSTAYCABLE, SECTION=GENERAIL,
DENSITY=7120

0.05, 0.0000026, O, 0.0000026, 0.0000052

0,1,0
180000E6, 80700E6, 0.00001

* x
* x

* x

** Towers (from foundation to top)

* %

*FRAME SECTION,ELSET=NIVAl, SECTION=GENERAL, DENSITY=2500

12.4264 p 8.1186 ’ 0.1 ’ 20.3957 p 30
1,0,0

4E+10,1.67E+10

*FRAME SECTION,ELSET=NIVA2, SECTION=GENERAL, DENSITY=2500

7.1176 ’ 6.9440 ’ 0.1 , 15.5673 ’ 16.2382

1,0,0
4E+10,1.67E+10
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*FRAME SECTION,ELSET=NIVA3, SECTION=GENERAL, DENSITY=2500

7.0759 ’
1,0,0
4E+10,1.67E+10

6.8366 , 0.1 , 15.5169

, 16.0630

*FRAME SECTION,ELSET=NIVA4, SECTION=GENERAL,DENSITY=2500

7.0342 ’
1,0,0
4E+10,1.67E+10

6.7293 ’ 0.1 , 15.4664

’ 15.8878

*FRAME SECTION, ELSET=NIVA5, SECTION=GENERAL, DENSITY=2500

6.9925 ’
1,0,0
4E+10,1.67E+10

6.6219 ’ 0.1 , 15.4160

*FRAME SECTION,ELSET=NIVA6, SECTION=GENERAL, DENSITY=2500

6.9508 ’
1,0,0
4E+10,1.67E+10

6.5145 , 0.1 , 15.3655

*FRAME SECTION,ELSET=NIVA7, SECTION=GENERAL, DENSITY=2500

6.9092 ’
1,0,0
4E+10,1.67E+10

6.4072 ’ 0.1 , 15.3151

*FRAME SECTION,ELSET=NIVA8, SECTION=GENERAL, DENSITY=2500

6.8675 ’
1,0,0
4E+10,1.67E+10

6.2998 , 0.1 , 15.2646

*FRAME SECTION,ELSET=NIVA9, SECTION=GENERAL, DENSITY=2500

6.8258 ,
1,0,0
4FE+10,1.67E+10

6.1925 ’ 0.1 , 15.2142

*FRAME SECTION,ELSET=NIVA10,SECTION=GENERAL, DENSITY=2500

6.7841 ’
1,0,0
4E+10,1.67E+10

6.0851 p 0.1 , 15.1637

*FRAME SECTION,ELSET=NIVAll, SECTION=GENERAL, DENSITY=2500

6.7424 ,
1,0,0
4E+10,1.67E+10

5.9777 , 0.1 , 15.1133

*FRAME SECTION,ELSET=NIVAl2, SECTION=GENERAL, DENSITY=2500

6.7007 ’
1,0,0
4E+10,1.67E+10

5.8704 ’ 0.1 , 15.0629

, 15.7127
, 15.5375
, 15.3623
, 15.1871
, 15.0119
, 14.8367
, 14.6616
, 14.4864

*FRAME SECTION,ELSET=NIVA13, SECTION=GENERAL, DENSITY=2500
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6.6590 ’
1,0,0
4E+10,1.67E+10

5.7630 , 0.1

, 15.0124

, 14.3112

*FRAME SECTION,ELSET=NIVAl4,SECTION=GENERAL, D DENSITY=2500

6.6173 ’
1,0,0
4E+10,1.67E+10

5.6556 , 0.1

, 14.9620

*FRAME SECTION,ELSET=NIVAl5, SECTION=GENERAL, DENSITY=2500

6.5756 ’
1,0,0
4E+10,1.67E+10

5.5483 ’ 0.1

’ 14.9115

*FRAME SECTION,ELSET=NIVAl6, SECTION=GENERAL, DENSITY=2500

6.5340 ’
1,0,0
4E+10,1.67E+10

5.4409 , 0.1

, 14.8611

*FRAME SECTION,ELSET=NIVAl7,SECTION=GENERAL, DENSITY=2500

6.4923 ’
1,0,0
4E+10,1.67E+10

5.3336 ’ 0.1

’ 14.8106

*FRAME SECTION,ELSET=NIVA18, SECTION=GENERAL, DENSITY=2500

6.4506 ’
1,0,0
4E+10,1.67E+10

5.2262 , 0.1

’ 14.7602

*FRAME SECTION,ELSET=NIVA19, SECTION=GENERAL, DENSITY=2500

6.4089 ’
1,0,0
4E+10,1.67E+10

5.1188 , 0.1

, 14.7097

*FRAME SECTION,ELSET=NIVA20, SECTION=GENERAL, DENSITY=2500

6.3672 ,
1,0,0
4FE+10,1.67E+10

5.0115 p 0.1

, 14.6593

*FRAME SECTION,ELSET=NIVA21, SECTION=GENERAL, DENSITY=2500

6.3255 ’
1,0,0
4E+10,1.67E+10

4.9041 , 0.1

, 14.6089

*FRAME SECTION,ELSET=NIVA22,SECTION=GENERAL,DENSITY=2500

6.2838 ’
1,0,0
4E+10,1.67E+10

4.7967 ’ 0.1

p 14.5584

*FRAME SECTION,ELSET=NIVA23, SECTION=GENERAL, DENSITY=2500

6.2421 ,
1,0,0

4.6894 , 0.1

, 14.5080

, 14.1360
, 13.9608
, 13.7857
, 13.6105
, 13.4353
, 13.2601
, 13.0849
, 12.9098
, 12.7346
, 12.5594
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4FE+10,1.67E+10

*FRAME SECTION, ELSET=NIVA24,SECTION=GENERAL,DENSITY=2500

6.2004 , 4.5820 , 0.1 , 14.4575 , 12.3842
1,0,0

4FE+10,1.67E+10

*FRAME SECTION, ELSET=NIVA25, SECTION=GENERAL,DENSITY=2500

6.1588 , 4.4747 , 0.1 , 14.4071 , 12.2090
1,0,0

4E+10,1.67E+10

*FRAME SECTION,ELSET=NIVA26, SECTION=GENERAL, DENSITY=2500

6.1171 , 4.3673 , 0.1 , 14.3566 , 12.0338
1,0,0

4E+10,1.67E+10

*FRAME SECTION, ELSET=NIVA27,SECTION=GENERAL,DENSITY=2500

6.0754 , 4.2599 , 0.1 , 14.3062 , 11.8587
1,0,0

4FE+10,1.67E+10

*FRAME SECTION, ELSET=NIVA28, SECTION=GENERAL,DENSITY=2500

6.0337 , 4.1526 , 0.1 , 14.2557 11.6835
1,0,0

4E+10,1.67E+10

*FRAME SECTION,ELSET=NIVA29, SECTION=GENERAL, DENSITY=2500

5.9920 , 4.0452 , 0.10 , 14.2053 , 11.5083
1,0,0

4E+10,1.67E+10

* x

*BEAM GENERAL SECTION,ELSET=NIVA30,DENSITY=0.00001

5.9503 , 3.9378 , 0.10 , 14.1549 , 11.3331
1,0,0

4FE+10,1.67E+10

* *

*FRAME SECTION,ELSET=CROSSBEAMI, SECTION=GENERAL, DENSITY=2500
13.36, 12.7516 , 0.10 , 27.8824 , 18.6318
1,0,0

4FE+10,1.67E+10

*FRAME SECTION,ELSET=CROSSBEAM2, SECTION=GENERAL, DENSITY=2500

9.28 , 6.2500 , 0.10 , 12.2500 , 10.2875
1,0,0

4FE+10,1.67E+10

* %

** Dummy boundary towerleg, infinite rigid torsion spring
* %

*SPRING, ELSET=TOWERLEG

6

1E+12

* %

** Coupling between the cross beam under the bridge girder and
** the bridge girder, rigid element

* %

*BEAM GENERAL SECTION,ELSET=BOUNDARY,DENSITY=0.000001

100 , 1000 , 0 , 1000 , 1000

1,0,0
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4E+10,1.67E+10

* %

R b b b b b b b b b b 2 b g b b a2 b db b b db b b b b d b (e b b b b b g b b b b db b b db b b 2 b db b b 2 b b b b 4
*x*x* Assign lumped mass *k ko
R b b b b b b b I b b 2 b e b b a2 b db b b d b I b b db b e b b b b b b b b b b db b b db b b 2 b db b b d b I b b 4

* *

** Lumped mass along the bridge girder
** From Mathcad, fit sutch that IM = 82436:

** "SIDE" = 1454 x 12 meter between hangers = 17448
** "UNDER" = 2442 x 12 = 29304

* x

*MASS, ELSET=SIDE

17448

*MASS, ELSET=UNDER

29304

* x

** Weight of the last 9,5 meters have to be added as a lumped mass
** at the end of the bridge girder.

** 9,5x5350=50825

* x

*MASS, ELSET=END

50825

* %

R R I e I i e g S b g 2 S i I S S S S S S B S I S S S d S e S S S I B S I dh S S IR S i 2 b i I I S I S dh I i I ¢
**** Boundary conditions el
R R i A b e d I e S dh SR S i R b b B S SR e S b S S IR S S b R S A S S S R e S I R S b R S db R S b SR S b B S
* x

** Nodes for boundary conditions

* x

*NSET, NSET=ROCK

981,1087,1981,2087

*NSET, NSET=TOWER

1001,1037,2001,2037

*NSET, NSET=BOUNDARY

1,37

*NSET, NSET=ALL, GENERATE

1,50000,1

*NSET, NSET=TOWERLEG

20001,20101,30001,30101

* %

** Boundary conditions
* x

*BOUNDARY

ROCK, 1,3,0
TOWERLEG,1,5,0
**1,1,1,0

* *

KA A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A AR A AN AN AKX KK

* Kk kK COUplngS * Kk k%
KA A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A AR AR AR AR A KK KK

* %

** The nodes in the top of the towers are made hinged such that
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** the cables not are rigid

* %

*RELEASE

20030,52,ALLM

20130, S2,AL1LM

30030,52,ALLM

30130,S52,ALLM

* %

** Coupling between cross beams and towerlegs
*MPC

**Tower north

TIE,20201,20014

TIE,20207,20114

TIE,20301,20029

TIE,20307,20129

**Tower south

TIE,30201,30012

TIE,30207,30112

TIE,30301,30029

TIE,30307,30129

* %

** The cross beam under the bridge girder, and
** the bridge girder:

** Fixed in the length direction in one side of the bridge
* *

*RELEASE

29501,52,M2-T

39501,52,M2-T

39501,51,M2

* x

KKk Kk Kk ok ks kS ke ke ke ke ke ke ke ke ke ke ke ke ke ke ok ke ok ke ok ke ke ke ok ok ke ke ok ok ke ke ok ok ke ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok
**** Elements el
KA A KA A KA KA A AR KA A AR A AR A A I AR A A A A A A A AR A A A AR kAR A Aok ko kK

* x

*ELSET, ELSET=TOWER, GENERATE
20001,20030,1

20101,20130,1

20201,20206,1

20301,20306,1

30001,30030,1

30101,30130,1

30201,30206,1

30301,30306,1

* %

*ELSET, ELSET=TOWERLEG1, GENERATE
20001,20030,1

30001,30030,1

*ELSET, ELSET=TOWERLEGZ2, GENERATE
20101,20130,1

30101,30130,1

* %

*ELSET, ELSET=FRAME
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20025,20048
20125,20148
20301,20306

* %

KA A KA AR AR A AR A AR A AR AR A AR A AR A A A A A A A A A A AR AR AR A A A A A A Ak A KK, K
**** Nodes to put on load *x Rk
KKk ok Kk ok k ke ok ke ke ks ke ke ok ke ok ke ok ke ok ke ok ke ok sk ok ke ok ke ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok
*NSET, NSET=WINDLOAD, GENERATE

2,36,1

*NSET, NSET=WINDCAB, GENERATE

1002,1036,1

2002,2036,1

* %

*NSET, NSET=CENTRE

19

* *

*NSET, NSET=GIRDER, GENERATE

1,37,1

*NSET, NSET=CABEL, GENERATE

1001,1037,1

2001,2037,1

*NSET, NSET=HLINK, GENERATE

3001,3037,1

4001,4037,1

* %
R R i A b e d I e S dh SR S i R b b B S SR e S b S S IR S S b R S A S S S R e S I R S b R S db R S b SR S b B S
**** Loading and analysis *ok kK
R R i A b e d I e S dh S S i I b IR B S SR e S b S IR S S b R S A I B S R S I i S A R S db R A B R B g b i O 3
* x

** STEP1: DEADLOAD

** Deadload is given as static load, with non-linear geometry
* %

*STEP, AMPLITUDE=RAMP, NAME=EGENVEKT, NLGEOM, INC=5000
*STATIC,STABILIZE=1E-10

1E-6,1E-6,1E-9,1E-6

* x

** Cable
** Cable with half the hanger and hangerlink

** RHO-MED H.STENGER = 8524.2
** RHO-WITH HANGERS = 408kg/m / 0.0443 m2 = 9210
** RHO-WITHOUT HANGERS = 356kg/m / 0.0443m2 = 8036

** g = 9,81 x (8036/9210) = 8,5595

* %
*DLOAD

MAINCABLE, GRAV, 8.55%95, 0 , 0 , -1

BACKSTAYCABLE, GRAV, 9.810, 0 , 0 , -1
* %

** Deadload bridge girder
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** Deadload bridge girder included hangerlink and half the

** hanger =
* %

** 5350 x 9,
* %

*DLOAD
GIRDER, PZ,
* %

** Deadload
* %
*DLOAD

TOWER, GRAV,
* %

*NODE PRINT,
RF
*NODE PRINT,
U

5350 kg/m

81 = 52483.5

-52484

tower

.81, 0, 0, -1

TOTALS=YES, FREQUENCY=100

TOTALS=YES, FREQUENCY=100

*EL PRINT, ELSET=MAINCABLE, FREQUENCY=100

SFE

*EL PRINT, ELSET=GIRDER, FREQUENCY=100

SFE

*END STEP

* x

* %

*STEP, NLGEOM

*FREQUENCY
110

* %

*END STEP
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Abaqus 6.10-1 Date 26-May-2011 Time 16:15:38
For use at University of Stavanger under license from Dassault Systemes or its subsidiary.

The Abaqus Software is a product of:

Dassault Systemes Simulia Corp.
Rising Sun Mills
166 Valley Street
Providence, RI 02909-2499, USA

Available for internal use at University of Stavanger.
The Abaqus Online Support System is accessible
through the "My Support" section of the SIMULIA

Home Page at http://www.simulia.com.

Support policies for academic licenses are described
on the SIMULIA web site at
http://www.simulia.com/academics/academic_ support.html.
On machine D10430
you are authorized to run

Abaqus/Standard until 09-Dec-2011

Your site id is: 07STAVAN

For assistance or any other information you may
obtain contact information for your local office
from the world wide web at:

http://www.simulia.com/about/locations.html

* xk Kk Kk ok kxk Kk Kk k * Kk Kk *x Kk Kk Kk *x Kk Kk Kk * * Kk *x * * Kk *
Kk Kk hkhkkkkkkkkkk kK
* NOTICE *
Kk kkhkhkkhkkkkkkkk kK
Abaqus 6.10-1
BUILD ID: 2010 04 29-14.17.36 102575

Please make sure you are using release 6.10manuals
plus the notes accompanying this release.

This program may not be used for commercial purposes
without payment of a commercial fee.

B A A T
B T T

* x xk x x x *x *x *x *x *x *x *x *x *x *x *x *x *x *x *x *x *x *x *x *x * *

PROCESSING PART, INSTANCE, AND ASSEMBLY INFORMATION

R R

END PROCESSING PART, INSTANCE, AND ASSEMBLY INFORMATION

B o R

OPTIONS BEING PROCESSED

kK ok Kk ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok
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*HEADING

Analaysis of Lysefjord bridge
*NODE
*ELEMENT TYPE = B31 , ELSET=GIRDER
*ELEMENT TYPE = B31 , ELSET=MAINCABLE
*ELEMENT TYPE = B31 , ELSET=BACKSTAYCABLE
*ELEMENT TYPE = B31 , ELSET=DUMMY1
*ELEMENT TYPE = B31 , ELSET=DUMMY2
*ELEMENT TYPE = B31 , ELSET=HANGERS
*ELEMENT TYPE = B31 , ELSET=DUMMY3
*ELEMENT TYPE = B31 , ELSET=DUMMY4
*ELEMENT, TYPE=FRAME3D,ELSET=NIVAl
*ELEMENT, TYPE=FRAME3D,ELSET=NIVA2
*ELEMENT, TYPE=FRAME3D,ELSET=NIVA3
*ELEMENT, TYPE=FRAME3D,ELSET=NIVA4
*ELEMENT, TYPE=FRAME3D,ELSET=NIVAS5
*ELEMENT, TYPE=FRAME3D,ELSET=NIVAG6
*ELEMENT, TYPE=FRAME3D,ELSET=NIVA7
*ELEMENT, TYPE=FRAME3D,ELSET=NIVAS8
*ELEMENT, TYPE=FRAME3D,ELSET=NIVA9
*ELEMENT, TYPE=FRAME3D,ELSET=NIVA1Q
*ELEMENT, TYPE=FRAME3D,ELSET=NIVAll
*ELEMENT, TYPE=FRAME3D,ELSET=NIVAl2
*ELEMENT, TYPE=FRAME3D,ELSET=NIVAl3
*ELEMENT, TYPE=FRAME3D,ELSET=NIVAl4
*ELEMENT, TYPE=FRAME3D,ELSET=NIVALlS
*ELEMENT, TYPE=FRAME3D,ELSET=NIVAlG6
*ELEMENT, TYPE=FRAME3D,ELSET=NIVAl7
*ELEMENT, TYPE=FRAME3D,ELSET=NIVAlS8
*ELEMENT, TYPE=FRAME3D,ELSET=NIVAl9
*ELEMENT, TYPE=FRAME3D,ELSET=NIVA20
*ELEMENT, TYPE=FRAME3D,ELSET=NIVA21
*ELEMENT, TYPE=FRAME3D,ELSET=NIVA22
*ELEMENT, TYPE=FRAME3D,ELSET=NIVA23
*ELEMENT, TYPE=FRAME3D,ELSET=NIVA24
*ELEMENT, TYPE=FRAME3D,ELSET=NIVA25
*ELEMENT, TYPE=FRAME3D,ELSET=NIVA26
*ELEMENT, TYPE=FRAME3D,ELSET=NIVA27
*ELEMENT, TYPE=FRAME3D,ELSET=NIVA28
*ELEMENT, TYPE=FRAME3D,ELSET=NIVA29
*ELEMENT, TYPE=B31,ELSET=NIVA30
*ELEMENT, TYPE=FRAME3D,ELSET=CROSSBEAM1
*ELEMENT, TYPE=FRAME3D,ELSET=CROSSBEAM2
*ELEMENT, TYPE=FRAME3D,ELSET=NIVAl
*ELEMENT, TYPE=FRAME3D,ELSET=NIVA2
*ELEMENT, TYPE=FRAME3D,ELSET=NIVA3
*ELEMENT, TYPE=FRAME3D,ELSET=NIVA4
*ELEMENT, TYPE=FRAME3D,ELSET=NIVAS
*ELEMENT, TYPE=FRAME3D,ELSET=NIVAG6
*ELEMENT, TYPE=FRAME3D,ELSET=NIVA7
*ELEMENT, TYPE=FRAME3D,ELSET=NIVA8
*ELEMENT, TYPE=FRAME3D,ELSET=NIVA9
*ELEMENT, TYPE=FRAME3D,ELSET=NIVA10
*ELEMENT, TYPE=FRAME3D,ELSET=NIVAll
*ELEMENT, TYPE=FRAME3D,ELSET=NIVAl2
*ELEMENT, TYPE=FRAME3D,ELSET=NIVAl3
*ELEMENT, TYPE=FRAME3D,ELSET=NIVAl4
*ELEMENT, TYPE=FRAME3D,ELSET=NIVALlS
*ELEMENT, TYPE=FRAME3D,ELSET=NIVAl6
*ELEMENT, TYPE=FRAME3D,ELSET=NIVAl7
*ELEMENT, TYPE=FRAME3D,ELSET=NIVA1S8
*ELEMENT, TYPE=FRAME3D,ELSET=NIVA19
*ELEMENT, TYPE=FRAME3D,ELSET=NIVA20
*ELEMENT, TYPE=FRAME3D,ELSET=NIVA21
*ELEMENT, TYPE=FRAME3D,ELSET=NIVA22
*ELEMENT, TYPE=FRAME3D,ELSET=NIVA23
*ELEMENT, TYPE=FRAME3D,ELSET=NIVA24
*ELEMENT, TYPE=FRAME3D,ELSET=NIVA25
*ELEMENT, TYPE=FRAME3D,ELSET=NIVA26
*ELEMENT, TYPE=FRAME3D,ELSET=NIVA27
*ELEMENT, TYPE=FRAME3D,ELSET=NIVA28
*ELEMENT, TYPE=FRAME3D,ELSET=NIVA29
*ELEMENT, TYPE=B31,ELSET=NIVA30
*ELEMENT, TYPE=FRAME3D,ELSET=CROSSBEAM1
*ELEMENT, TYPE=FRAME3D,ELSET=CROSSBEAM2
*ELEMENT TYPE = MASS , ELSET=SIDE
*ELEMENT TYPE = MASS , ELSET=UNDER
*ELEMENT TYPE = MASS , ELSET=END
*ELEMENT, TYPE=SPRING1l, ELSET=TOWERLEG
*ELEMENT, TYPE=B33, ELSET=BOUNDARY

*NSET, NSET=ROCK
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*NSET,
*NSET,
*NSET,
*NSET,
*ELSET
*ELSET
*ELSET
*ELSET
*NSET,
*NSET,
*NSET,
*NSET,
*NSET,
*NSET,
*BEAM
*BEAM
*BEAM
*BEAM
*BEAM
*BEAM
*BEAM
*BEAM
*BEAM
*BEAM
*FRAME
*FRAME
* FRAME
* FRAME
* FRAME
* FRAME
* FRAME
* FRAME
* FRAME
* FRAME
* FRAME
* FRAME
* FRAME
* FRAME
* FRAME
*FRAME
*FRAME
*FRAME
*FRAME
*FRAME
*FRAME
*FRAME
*FRAME
*FRAME
*FRAME
*FRAME
*FRAME
*FRAME
*FRAME
*FRAME
*FRAME
*SPRIN
*MASS,
*MASS,
*MASS,
*BOUND
*MPC

NSET=TOWER

NSET=BOUNDARY

NSET=ALL, GENERATE

NSET=TOWERLEG

, ELSET=TOWER, GENERATE

, ELSET=TOWERLEG1, GENERATE
,ELSET=TOWERLEG2, GENERATE

, ELSET=FRAME

NSET=WINDLOAD, GENERATE

NSET=WINDCAB, GENERATE

NSET=CENTRE

NSET=GIRDER, GENERATE

NSET=CABEL, GENERATE

NSET=HLINK, GENERATE

GENERAL SECTION, ELSET=GIRDER,
GENERAL SECTION, ELSET=DUMMY1,
GENERAL SECTION, ELSET=DUMMYZ2,
GENERAL SECTION, ELSET=DUMMY3,
GENERAL SECTION, ELSET=DUMMY4, SECTION=GENERAL,
GENERAL SECTION, ELSET=HANGERS, SECTION=GENERAL,
GENERAL SECTION, ELSET=MAINCABLE, SECTION=GENERAL,
GENERAL SECTION, ELSET=BACKSTAYCABLE,
GENERAL SECTION, ELSET=NIVA30,DENSITY=0.00001
GENERAL SECTION, ELSET=BOUNDARY,DENSITY=0.000001
SECTION, ELSET=NIVAl, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=NIVA2, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=NIVA3, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=NIVA4, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=NIVA5, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=NIVA6, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=NIVA7, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=NIVA8, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=NIVA9, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=NIVA10, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=NIVAll, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=NIVA12, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=NIVA13, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=NIVAl4, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=NIVAl5, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=NIVAl6, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=NIVAl17, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=NIVA18, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=NIVA19, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=NIVA20, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=NIVA21, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=NIVA22, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=NIVA23, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=NIVA24, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=NIVA25, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=NIVA26, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=NIVA27, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=NIVA28, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=NIVA29, SECTION=GENERAL, DENSITY=2500

SECTION=GENERAL,
SECTION=GENERAL,
SECTION=GENERAL,
SECTION=GENERAL,

SECTION=GENERAL,

DENSITY=0.001
DENSITY=1E-12
DENSITY=1E-12
DENSITY=1E-12
DENSITY=0.00001
DENSITY=0.001

DENSITY=8160
DENSITY=7120

SECTION, ELSET=CROSSBEAM1, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=CROSSBEAM2, SECTION=GENERAL, DENSITY=2500

G, ELSET=TOWERLEG
ELSET=SIDE
ELSET=UNDER
ELSET=END

ARY

*RELEASE
*RELEASE

*BEAM
*BEAM
*BEAM
*BEAM
*BEAM
*BEAM
*BEAM
*BEAM
*BEAM
*BEAM
*FRAME
*FRAME
*FRAME
*FRAME
*FRAME
*FRAME
*FRAME
*FRAME
*FRAME

GENERAL SECTION, ELSET=GIRDER,
GENERAL SECTION, ELSET=DUMMY1,
GENERAL SECTION, ELSET=DUMMY2,
GENERAL SECTION, ELSET=DUMMY3,
GENERAL SECTION, ELSET=DUMMY4, SECTION=GENERAL,
GENERAL SECTION, ELSET=HANGERS, SECTION=GENERAL,
GENERAL SECTION, ELSET=MAINCABLE, SECTION=GENERAL,
GENERAL SECTION, ELSET=BACKSTAYCABLE,
GENERAL SECTION,ELSET=NIVA30,DENSITY=0.00001
GENERAL SECTION, ELSET=BOUNDARY,DENSITY=0.000001
SECTION,ELSET=NIVAl, SECTION=GENERAL, DENSITY=2500
SECTION,ELSET=NIVA2, SECTION=GENERAL, DENSITY=2500
SECTION,ELSET=NIVA3, SECTION=GENERAL, DENSITY=2500
SECTION,ELSET=NIVA4, SECTION=GENERAL, DENSITY=2500
SECTION,ELSET=NIVAS5, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=NIVA6, SECTION=GENERAL, DENSITY=2500
SECTION,ELSET=NIVA7, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=NIVAS8, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=NIVA9, SECTION=GENERAL, DENSITY=2500

SECTION=GENERAL,
SECTION=GENERAL,
SECTION=GENERAL,
SECTION=GENERAL,

SECTION=GENERAL,

DENSITY=0.001
DENSITY=1E-12
DENSITY=1E-12
DENSITY=1E-12
DENSITY=0.00001
DENSITY=0.001

DENSITY=8160
DENSITY=7120
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*FRAME
*FRAME
*FRAME
*FRAME
*FRAME
*FRAME
*FRAME
*FRAME
*FRAME
*FRAME
*FRAME
*FRAME
*FRAME
*FRAME
*FRAME
*FRAME
*FRAME
*FRAME
*FRAME
*FRAME
*FRAME
*FRAME

SECTION, ELSET=NIVA10, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=NIVAll, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=NIVA12, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=NIVA13, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=NIVAl4, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=NIVAl5, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=NIVAl16, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=NIVAl17, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=NIVA18, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=NIVA19, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=NIVA20, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=NIVA21, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=NIVA22, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=NIVA23, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=NIVA24, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=NIVA25, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=NIVA26, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=NIVA27, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=NIVA28, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=NIVA29, SECTION=GENERAL, DENSITY=2500

SECTION, ELSET=CROSSBEAM1, SECTION=GENERAL, DENSITY=2500
SECTION, ELSET=CROSSBEAMZ2, SECTION=GENERAL, DENSITY=2500

*SPRING, ELSET=TOWERLEG

*MASS,
*MASS,
*MASS,

ELSET=SIDE
ELSET=UNDER
ELSET=END

*RELEASE

*RELEASE

*STEP, AMPLITUDE=RAMP, NAME=EGENVEKT, NLGEOM, INC=5000
*STEP, NLGEOM

*FREQUENCY

*STEP, AMPLITUDE=RAMP, NAME=EGENVEKT, NLGEOM, INC=5000
*STEP, NLGEOM

*STEP, AMPLITUDE=RAMP, NAME=EGENVEKT, NLGEOM, INC=5000
*STATIC, STABILIZE=1E-10

*DLOAD
*DLOAD
*DLOAD

*EL PRINT, ELSET=MAINCABLE, FREQUENCY=100
*EL PRINT, ELSET=GIRDER, FREQUENCY=100
*END STEP

*STEP, NLGEOM

*FREQUENCY

*FREQUENCY

*END STEP

*BOUNDARY

*STEP, AMPLITUDE=RAMP, NAME=EGENVEKT, NLGEOM, INC=5000
*STATIC,STABILIZE=1E-10

*NODE PRINT, TOTALS=YES, FREQUENCY=100
*NODE PRINT, TOTALS=YES, FREQUENCY=100

*END STEP
*STEP, NLGEOM
*FREQUENCY
*FREQUENCY
*END STEP
***WARNING: For 4 beam elements either the average curvature about the local
l-direction differs by more than 0.1 degrees per unit length as
compared to the default curvature or the approximate integrated
curvature for the entire beam differs by more than 5 degrees as
compared to the approximate integrated default curvature. This may
be due to a user-specified normal or due to the nodal averaging
routine used by Abaqus. This difference may cause unexpected
behavior of the beam and you may want to verify that the beam
normals are correct for your problem. The elements have been
identified in element set WarnBeamCurvaturel.
PROBLEM S I ZE
NUMBER OF ELEMENTS IS 620
NUMBER OF NODES IS 521
NUMBER OF NODES DEFINED BY THE USER 372
NUMBER OF INTERNAL NODES GENERATED BY THE PROGRAM 149
TOTAL NUMBER OF VARIABLES IN THE MODEL 26717

(DEGREES OF FREEDOM PLUS MAX NO. OF ANY LAGRANGE MULTIPLIER
VARIABLES. INCLUDE *PRINT,SOLVE=YES TO GET THE ACTUAL NUMBER.)
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END OF USER INPUT PROCESSING

JOB TIME SUMMARY

USER TIME (SEC) = 0.10000
SYSTEM TIME (SEC) = 0.10000
TOTAL CPU TIME (SEC) = 0.20000
WALLCLOCK TIME (SEC) = 1
1
Abaqus 6.10-1 Date 26-May-2011 Time 16:15:39

For use at University of Stavanger under license from Dassault Systemes or its

Analaysis of Lysefjord bridge
INCREMENT 1
THIS STEP 0.00

STEP 1 STATTIC ANALYSTIS

AUTOMATIC TIME CONTROL WITH -

A SUGGESTED INITIAL TIME INCREMENT OF 1.000E-06
AND A TOTAL TIME PERIOD OF 1.000E-06
THE MINIMUM TIME INCREMENT ALLOWED IS 1.000E-09
THE MAXIMUM TIME INCREMENT ALLOWED IS 1.000E-06
LINEAR EQUATION SOLVER TYPE DIRECT SPARSE
AUTOMATIC STABILIZATION WITH DISSIPATED ENERGY FRACTION = 1.000E-10
LARGE DISPLACEMENT THEORY WILL BE USED
TOTAL MASS OF MODEL
1.1029557E+07
LOCATION OF THE CENTER OF MASS OF THE MODEL
6.513760 5.7456290E-15 53.15018
MOMENTS OF INERTIA ABOUT THE ORIGIN
T (XX) I(YY) 1(22)
3.8766526E+10 5.0392696E+11 4.6603584E+11
PRODUCTS OF INERTIA ABOUT THE ORIGIN
T (XY) I (X7) I(YZ)
-3.8553383E-06 -1.4072190E+07 -2.7400018E-06
MOMENTS OF INERTIA ABOUT THE CENTER OF MASS
T (XX) T(YY) I1(22)
7.6086718E+09 4.7230114E+11 4.6556787E+11
PRODUCTS OF INERTIA ABOUT THE CENTER OF MASS
T (XY) I (XZ) I(YZ)
-3.4425500E-06 3.8044435E+09 6.2821765E-07
MEMORY ESTIMATE
PROCESS FLOATING PT MINIMUM MEMORY MEMORY TO
OPERATIONS REQUIRED MINIMIZE I/0
PER ITERATION (MBYTES) (MBYTES)
1 2.44E+006 18 37
NOTE :

subsidiary.
STEP 1

TIME COMPLETED IN

(1) SINCE ABAQUS DOES NOT PRE-ALLOCATE MEMORY AND ONLY ALLOCATES MEMORY AS NEEDED DURING THE ANALYSIS,
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THE MEMORY REQUIREMENT PRINTED HERE CAN ONLY BE VIEWED AS A GENERAL GUIDELINE BASED ON THE BEST
KNOWLEDGE AVAILABLE AT THE BEGINNING OF A STEP BEFORE THE SOLUTION PROCESS HAS BEGUN.

(2) THE ESTIMATE IS NORMALLY UPDATED AT THE BEGINNING OF EVERY STEP. IT IS THE MAXIMUM VALUE OF THE
ESTIMATE FROM THE CURRENT STEP TO THE LAST STEP OF THE ANALYSIS, WITH UNSYMMETRIC SOLUTION TAKEN
INTO ACCOUNT IF APPLICABLE.

(3) SINCE THE ESTIMATE IS BASED ON THE ACTIVE DEGREES OF FREEDOM IN THE FIRST ITERATION OF THE
CURRENT STEP, THE MEMORY ESTIMATE MIGHT BE SIGNIFICANTLY DIFFERENT THAN ACTUAL USAGE FOR
PROBLEMS WITH SUBSTANTIAL CHANGES IN ACTIVE DEGREES OF FREEDOM BETWEEN STEPS (OR EVEN WITHIN
THE SAME STEP). EXAMPLES ARE: PROBLEMS WITH SIGNIFICANT CONTACT CHANGES, PROBLEMS WITH MODEL
CHANGE, PROBLEMS WITH BOTH STATIC STEP AND STEADY STATE DYNAMIC PROCEDURES WHERE ACOUSTIC
ELEMENTS WILL ONLY BE ACTIVATED IN THE STEADY STATE DYNAMIC STEPS.

(4) FOR MULTI-PROCESS EXECUTION, THE ESTIMATED VALUE OF FLOATING POINT OPERATIONS FOR EACH PROCESS
IS BASED ON AN INITIAL SCHEDULING OF OPERATIONS AND MIGHT NOT REFLECT THE ACTUAL FLOATING
POINT OPERATIONS COMPLETED ON EACH PROCESS. OPERATIONS ARE DYNAMICALY BALANCED DURING EXECUTION,
SO THE ACTUAL BALANCE OF OPERATIONS BETWEEN PROCESSES IS EXPECTED TO BE BETTER THAN THE ESTIMATE
PRINTED HERE.

(5) THE UPPER LIMIT OF MEMORY THAT CAN BE ALLOCATED BY ABAQUS WILL IN GENERAL DEPEND ON THE VALUE OF
THE "MEMORY" PARAMETER AND THE AMOUNT OF PHYSICAL MEMORY AVAILABLE ON THE MACHINE. PLEASE SEE
THE "ABAQUS ANALYSIS USER'S MANUAL" FOR MORE DETAILS. THE ACTUAL USAGE OF MEMORY AND OF DISK
SPACE FOR SCRATCH DATA WILL DEPEND ON THIS UPPER LIMIT AS WELL AS THE MEMORY REQUIRED TO MINIMIZE
I/0. IF THE MEMORY UPPER LIMIT IS GREATER THAN THE MEMORY REQUIRED TO MINIMIZE I/O, THEN THE ACTUAL
MEMORY USAGE WILL BE CLOSE TO THE ESTIMATED "MEMORY TO MINIMIZE I/O" VALUE, AND THE SCRATCH DISK
USAGE WILL BE CLOSE-TO-ZERO; OTHERWISE, THE ACTUAL MEMORY USED WILL BE CLOSE TO THE PREVIOUSLY
MENTIONED MEMORY LIMIT, AND THE SCRATCH DISK USAGE WILL BE ROUGHLY PROPORTIONAL TO THE DIFFERENCE
BETWEEN THE ESTIMATED "MEMORY TO MINIMIZE I/O" AND THE MEMORY UPPER LIMIT. HOWEVER ACCURATE
ESTIMATE OF THE SCRATCH DISK SPACE IS NOT POSSIBLE.

(6) USING "*RESTART, WRITE" CAN GENERATE A LARGE AMOUNT OF DATA WRITTEN IN THE WORK DIRECTORY.

INCREMENT 1 SUMMARY

TIME INCREMENT COMPLETED 1.000E-06, FRACTION OF STEP COMPLETED 1.00
STEP TIME COMPLETED 1.000E-06, TOTAL TIME COMPLETED 1.000E-06

ELEMENT OUTPUT

THE FOLLOWING TABLE IS PRINTED AT THE INTEGRATION POINTS FOR ELEMENT TYPE B31 AND ELEMENT SET
MAINCABLE

ELEMENT PT FOOT- SF1 SF2 SF3 SM1 SM2 SM3
NOTE
1001 1 1.7555E+07 -16.05 -4.3362E-04 100.1 -7.1975E-04 6.8487E-03
1002 1 1.7447E+07 5.486 2.6293E-04 -28.14 1.9084E-03 6.7271E-03
1003 1 1.7332E+07 -4.843 -1.4304E-04 -21.54 9.3920E-04 6.5351E-03
1004 1 1.7221E+07 1.177 2.1346E-05 -41.90 1.5116E-03 6.3529E-03
1005 1 1.7115E+07 -1.100 -4.4290E-05 -38.04 1.4504E-03 6.1390E-03
1006 1 1.7015E+07 -0.1964 -1.7781E-05 -42.06 1.6315E-03 5.9025E-03
1007 1 1.6922E+07 -0.6528 -2.8288E-05 -42.31 1.7056E-03 5.6297E-03
1008 1 1.6834E+07 -0.6601 -2.3556E-05 -44.12 1.8081E-03 5.3125E-03
1009 1 1.6753E+07 -0.8490 -2.5278E-05 -45.33 1.8826E-03 4.9352E-03
1010 1 1.6678E+07 -1.076 -2.4559E-05 -46.59 1.9508E-03 4.4780E-03
1011 1 1.6608E+07 -1.458 -2.4657E-05 -48.00 1.9991E-03 3.9122E-03
1012 1 1.6545E+07 -1.932 -2.5570E-05 -49.47 2.0322E-03 3.1989E-03
1013 1 1.6487E+07 -2.692 -2.6954E-05 -51.02 2.0514E-03 2.2872E-03
1014 1 1.6434E+07 -3.710 -2.9889E-05 -52.85 2.0628E-03 1.1182E-03
1015 1 1.6387E+07 -4.995 -3.4461E-05 -54.74 2.0846E-03 -3.5286E-04
1016 1 1.6345E+07 -6.228 -3.9512E-05 -56.30 2.1446E-03 -2.1009E-03
1017 1 1.6311E+07 -6.704 -4.2536E-05 -56.59 2.2769E-03 -3.9500E-03
1018 1 1.6286E+07 -5.940 -3.6574E-05 -55.76 2.4817E-03 -5.5666E-03
1019 1 1.6271E+07 -4.203 -2.5233E-05 -55.16 2.7193E-03 -6.6506E-03
1020 1 1.6268E+07 -2.464 -9.6448E-06 -55.58 2.9238E-03 -7.1527E-03
1021 1 1.6276E+07 -1.172 1.2964E-06 -56.53 3.0521E-03 -7.2386E-03
1022 1 1.6294E+07 -0.4179 9.1038E-06 -57.24 3.1080E-03 -7.1064E-03
1023 1 1.6322E+07 -2.1683E-02 1.3693E-05 -57.57 3.1034E-03 -6.8911E-03
1024 1 1.6359E+07 0.1835 1.6352E-05 -57.43 3.0571E-03 -6.6630E-03
1025 1 1.6404E+07 0.2430 1.8298E-05 -57.06 2.9802E-03 -6.4522E-03
1026 1 1.6457E+07 0.3190 1.8750E-05 -56.34 2.8847E-03 -6.2691E-03
1027 1 1.6518E+07 0.2951 1.9605E-05 -55.35 2.7773E-03 -6.1145E-03
1028 1 1.6586E+07 0.3012 2.0703E-05 -54.32 2.6542E-03 -5.9863E-03
1029 1 1.6661E+07 0.3084 1.8368E-05 -53.00 2.5354E-03 -5.8815E-03
1030 1 1.6743E+07 0.3599 2.4261E-05 -51.09 2.3918E-03 -5.7960E-03
1031 1 1.6833E+07 0.1310 1.0712E-05 -50.04 2.2933E-03 -5.7284E-03
1032 1 1.6929E+07 0.7706 4.4035E-05 -46.22 2.0684E-03 -5.6727E-03
1033 1 1.7031E+07 -0.5831 -3.9535E-05 -46.69 2.1579E-03 -5.6348E-03
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1034 1 1.7139E+07 3.374 1.7073E-04 -30.53 1.4421E-03 -5.5933E-03
1035 1 1.7251E+07 -1.710 -3.4672E-04 -21.41 2.6816E-03 -5.5959E-03
1036 1 1.7359E+07 9.673 5.8371E-04 66.07 -1.0232E-03 -5.5298E-03
2001 1 1.7555E+407 -16.05 4.3475E-04 100.1 7.2293E-04 -6.8683E-03
2002 1 1.7447E+07 5.486 -2.6360E-04 -28.14 -1.9121E-03 -6.7465E-03
2003 1 1.7332E+07 -4.843 1.4341E-04 -21.54 -9.4057E-04 -6.5542E-03
2004 1 1.7221E+07 1.177 -2.1394E-05 -41.90 -1.5145E-03 -6.3717E-03
2005 1 1.7115E407 -1.100 4.4411E-05 -38.04 -1.4533E-03 -6.1575E-03
2006 1 1.7015E+07 -0.1964 1.7836E-05 -42.06 -1.6350E-03 -5.9207E-03
2007 1 1.6922E+07 -0.6528 2.8371E-05 -42.31 -1.7095E-03 -5.6475E-03
2008 1 1.6834E+07 -0.6601 2.3629E-05 -44.12 -1.8125E-03 -5.3299E-03
2009 1 1.6753E+07 -0.8490 2.5358E-05 -45.33 -1.8873E-03 -4.9521E-03
2010 1 1.6678E+07 -1.076 2.4640E-05 -46.59 -1.9560E-03 -4.4943E-03
2011 1 1.6608E+07 -1.458 2.4741E-05 -48.00 -2.0047E-03 -3.9279E-03
2012 1 1.6545E+07 -1.932 2.5662E-05 -49.47 -2.0381E-03 -3.2138E-03
2013 1 1.6487E+07 -2.692 2.7056E-05 -51.02 -2.0577E-03 -2.3009E-03
2014 1 1.6434E+07 -3.710 3.0006E-05 -52.85 -2.0694E-03 -1.1304E-03
2015 1 1.6387E+07 -4.995 3.4600E-05 -54.74 -2.0916E-03 3.4247E-04
2016 1 1.6345E+07 -6.228 3.9673E-05 -56.30 -2.1519E-03 2.0929E-03
2017 1 1.6311E+07 -6.704 4.2709E-05 -56.59 -2.2846E-03 3.9447E-03
2018 1 1.6286E+07 -5.940 3.6727E-05 -55.76 -2.4898E-03 5.5642E-03
2019 1 1.6271E+07 -4.203 2.5349E-05 -55.16 -2.7278E-03 6.6507E-03
2020 1 1.6268E+07 -2.464 9.7091E-06 -55.58 -2.9327E-03 7.1548E-03
2021 1 1.6276E+07 -1.172 -1.2697E-06 -56.53 -3.0613E-03 7.2424E-03
2022 1 1.6294E+07 -0.4179 -9.1058E-06 -57.24 -3.1173E-03 7.1115E-03
2023 1 1.6322E+07 -2.1683E-02 -1.3713E-05 -57.57 -3.1128E-03 6.8974E-03
2024 1 1.6359E+407 0.1835 -1.6386E-05 -57.43 -3.0664E-03 6.6704E-03
2025 1 1.6404E+407 0.2430 -1.8342E-05 -57.06 -2.9894E-03 6.4606E-03
2026 1 1.6457E+07 0.3190 -1.8800E-05 -56.34 -2.8937E-03 6.2784E-03
2027 1 1.6518E+07 0.2951 -1.9661E-05 -55.35 -2.7861E-03 6.1247E-03
2028 1 1.6586E+07 0.3012 -2.0766E-05 -54.32 -2.6627E-03 5.9974E-03
2029 1 1.6661E+07 0.3084 -1.8428E-05 -53.00 -2.5437E-03 5.8934E-03
2030 1 1.6743E+07 0.3599 -2.4342E-05 -51.09 -2.3997E-03 5.8088E-03
2031 1 1.6833E+07 0.1310 -1.0757E-05 -50.04 -2.3010E-03 5.7419E-03
2032 1 1.6929E+07 0.7706 -4.4178E-05 -46.22 -2.0755E-03 5.6870E-03
2033 1 1.7031E407 -0.5831 3.9627E-05 -46.69 -2.1653E-03 5.6498E-03
2034 1 1.7139E+07 3.374 -1.7125E-04 -30.53 -1.4474E-03 5.6091E-03
2035 1 1.7251E407 -1.710 3.4768E-04 -21.41 -2.6903E-03 5.6125E-03
2036 1 1.7359E+07 9.673 -5.8554E-04 66.07 1.0265E-03 5.5469E-03
MAXIMUM 1.7555E+07 9.673 5.8371E-04 100.1 3.1080E-03 7.2424E-03
ELEMENT 1001 2036 1036 1001 1022 2021
MINIMUM 1.6268E+07 -16.05 -5.8554E-04 -57.57 -3.1173E-03 -7.2386E-03
ELEMENT 1020 2001 2036 1023 2022 1021

THE FOLLOWING TABLE IS PRINTED AT THE INTEGRATION POINTS FOR ELEMENT TYPE B31 AND ELEMENT SET
GIRDER

ELEMENT PT FOOT- SF1 SF2 SF3 SM1 SM2 SM3
NOTE

1 1 -3.4990E+05 -3.5496E+05 3.8455E-03 -3.3923E+06 -3.7593E-02 0.2650
2 1 -3.4560E+05 -5.0121E+04 4.8122E-03 -7.0738E+06 -0.1024 0.5836
3 1 -3.4471E+05 -2.9706E+04 4.4725E-03 -7.5385E+06 -0.1568 0.7503
4 1 -3.4280E+05 -2.4530E+04 4.0386E-03 -7.8485E+06 -0.2050 0.8973
5 1 -3.3955E+05 -2.2470E+04 3.5758E-03 -8.1142E+06 -0.2467 1.042
6 1 -3.3480E+05 -2.0892E+04 3.0974E-03 -8.3572E+06 -0.2813 1.187
7 1 -3.2835E+05 -2.0033E+04 2.5992E-03 -8.5843E+06 -0.3088 1.333
8 1 -3.1999E+05 -1.9799E+04 2.0789E-03 -8.8036E+06 -0.3288 1.478
9 1 -3.0942E+05 -1.9431E+04 1.5395E-03 -9.0176E+06 -0.3411 1.624
10 1 -2.9633E+05 -1.9534E+04 9.7478E-04 -9.2280E+06 -0.3455 1.770
11 1 -2.8028E+05 -2.0073E+04 3.8342E-04 -9.4399E+06 -0.3416 1.916
12 1 -2.6085E+05 -2.0262E+04 -2.2858E-04 -9.6533E+06 -0.3291 2.062
13 1 -2.3751E+05 -2.0770E+04 -8.6608E-04 -9.8674E+06 -0.3079 2.208
14 1 -2.0985E+05 -2.1318E+04 -1.5222E-03 -1.0084E+07 -0.2777 2.355
15 1 -1.7782E+05 -2.1818E+04 -2.1845E-03 -1.0303E+07 -0.2389 2.502
16 1 -1.4219E+05 -2.2044E+04 -2.8260E-03 -1.0523E+07 -0.1919 2.648
17 1 -1.0520E+05 -2.1447E+04 -3.3983E-03 -1.0741E+07 -0.1379 2.795
18 1 -7.0422E+04 -1.9547E+04 -3.8415E-03 -1.0947E+07 -7.8747E-02 2.941
19 1 -4.1499E+04 -1.5125E+04 -4.0939E-03 -1.1122E+07 -1.6363E-02 3.088
20 1 -2.0006E+04 -1.0473E+04 -4.1670E-03 -1.1252E+07 4.7405E-02 3.234
21 1 -5514. -5540. -4.0724E-03 -1.1334E+07 0.1111 3.382
22 1 3593. -1118. -3.8470E-03 -1.1366E+07 0.1735 3.530
23 1 9021. 2693. -3.5191E-03 -1.1354E+07 0.2337 3.679
24 1 1.2146E+04 6000. -3.1090E-03 -1.1303E+07 0.2906 3.828
25 1 1.3955E+04 8974. -2.6303E-03 -1.1217E+07 0.3435 3.977
26 1 1.5112E+04 1.1993E+04 -2.0878E-03 -1.1096E+07 0.3917 4.127
27 1 1.6083E+04 1.4523E+04 -1.4985E-03 -1.0944E+07 0.4343 4.277
28 1 1.7139E+04 1.7415E+04 -8.5221E-04 -1.0760E+07 0.4709 4.428
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30
31
32
33
34
35
36
MAXIMUM
ELEMENT
MINIMUM
ELEMENT

THE FOLLOWING TABLE IS PRINTED FOR

NODE

981
1087
1981
2087

20001
20101
30001
30101

MAXIMUM
AT NODE

MINIMUM
AT NODE

TOTAL

R e R e e

FOOT-
NOTE

-1.
1.
-1.
1.
-3.
-3.
6.
6.

N wWwhhND NN

3.5

.8469E+04
.0215E+04
.2426E+04
.5136E+04
.8364E+04
.1967E+04
.5284E+04
.5338E+04

WU s wN NN

284E+04 3.8
35

.0807E+04 -1.
.4250E+04
.8607E+04
.4161E+04
.0983E+04
.2095E+04
.9622E+04
.8358E+05

o WwN e o

4872E-04 -1.
.0121E-04 -1.
.4149E-03 -9.
.2998E-03 -9.
.2597E-03 -9.
.3755E-03 -8.
.9895E-03 -7.
.7879E-02 -3.

053
027
967
599
157
607
825
677

8E+07 0
6E+07 O
6E+06 O
8E+06 0
7E+06 0.
8E+06 0
4E+06 O
4E+06 O

358E+05 1.7879E-02 -3.3923E+06 0.5

36

36

1

.5008
.5233
.5377
.5434

5396

.5259
.5045
.4300

434

-3.4990E+05 -3.5496E+05 -4.1670E-03 -1.1366E+07 -0.3455

RF1

5860E+07
5631E+07
5860E+07
5631E+07
8903E+05
8903E+05
1814E+05
1814E+05

.5631E+07

2087

.5860E+07

1981

9.5121E-02

1

1

N ODE 0]

ALL NODES
RF2 RF3
63.28 -1.0331E+07
17.86 -4.9896E+06
-63.28 -1.0331E+07
-17.86 -4.9896E+06
-1.5123E+06 3.6679E+07
1.5123E406 3.6679E+07
-1.1944E+06 3.2706E+07
1.1944E406 3.2706E+07
1.5123E406 3.6679E+07
20101 20101
-1.5123E+06 -1.0331E+07
20001 1981
1.6840E-02 1.0813E+08 -

THE FOLLOWING TABLE IS PRINTED FOR ALL NODES

NODE

W oUW N

FOOT-
NOTE

O OO0 OO0 OO0 WWWWWWWWWWWWIWWIWWIWWOo oo -Jo

Ul

.4315E-02
.4999E-02
.0611E-02
.5353E-02
.9278E-02
.2447E-02
.4920E-02
.6761E-02
.8039E-02
.8820E-02
.9176E-02
.9178E-02
.8902E-02
.8422E-02
.7817E-02
.7166E-02
.6551E-02
.6055E-02
.5761E-02
.5753E-02
.6115E-02
.6931E-02
.8283E-02
.1003

.1029

.1064

L1107

L1159

L1221

.1294

U2

1
o

.9990E-09
.0514E-09
.2912E-09
.4178E-09
.4388E-09
.3595E-09
.1837E-09
.9135E-09
.5496E-09
.1157E-11
.4640E-09
.1197E-09
.8811E-09
.7547E-09
.7486E-09
.0872E-08
.3137E-08
.5554E-08
.8137E-08
.0900E-08
.3859E-08
.7029E-08
.0429E-08
.4077E-08
.7992E-08
.2194E-08
.6705E-08
.1545E-08
.6738E-08
.2305E-08
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O NS 0oy 0w

N BDWWWNNNRE R PO W

U3

-4.9429E-03
-0.4252
-0.6782
-0.9195
-1.148
-1.365
-1.568
-1.757
-1.933
-2.094
-2.241
-2.373
-2.489
-2.590
-2.675
-2.744
-2.796
-2.831
-2.849
-2.849
-2.831
-2.795
-2.741
-2.669
-2.578
-2.470
-2.344
-2.200
-2.039
-1.860

20

UuTPUT

RM1

.000
.000
.000
.000
7.7733E+05
-7.7733E+05
5.0430E+05
-5.0430E+05

o o o o

7.7733E+05
20001

-7.7733E+05
20101

0.3612

UR1

5.2222E-09
5.2898E-09
5.3833E-09
5.5036E-09
5.6474E-09
5.8144E-09
6.0046E-09
6.2180E-09
6.4547E-09
6.7147E-09
6.9981E-09
7.3048E-09
7.6350E-09
7.9885E-09
8.3655E-09
8.7660E-09
9.1899E-09
9.6373E-09
1.0108E-08
1.0602E-08
1.1120E-08
1.1661E-08
1.2227E-08
1.2816E-08
1.3428E-08
1.4065E-08
1.4726E-08
1.5411E-08
1.6120E-08
1.6853E-08

-4.
-4.

3.5

NWUOUOJORRRREREREREREENDNON

|

=7
-2
-3
-5
-6
-8
-9
-1
-1
-1
-1

22

RM2

.000
.000
.000
.000
3218E+07
3218E+07
.0741E+07
.0741E+07

o o o o

.0741E+07
30101

.3218E+07
20101

046E+07

UR2

.2264E-02
.1544E-02
.0601E-02
.9597E-02
.8551E-02
.7470E-02
.6356E-02
.5213E-02
.4040E-02
.2839E-02
.1610E-02
.0352E-02
.0664E-03
.7520E-03
.4088E-03
.0365E-03
.6347E-03
.2040E-03
.4572E-04
.3598E-04
.2351E-03
.7452E-03
.2598E-03
.7728E-03
.2793E-03
.7743E-03
.1254E-02
.2713E-02
.4147E-02
.5553E-02

[eNeNoNoNoNoNo Nl

o

0.0

W ODOR P RERRRERERRR R PP

I
NP RPOd8 NS

oY U1 Ul U1 Ul s s s
=
@
©

32 36

0.2650
10 1

RM3

.000
.000
.000
.000
.000
.000
.000
.000

.000

.000

00

UR3

.8430E-10
.8346E-10
.8185E-10
.7969E-10
.7691E-10
.7345E-10
.6928E-10
.6436E-10
.5863E-10
.5208E-10
.4466E-10
.3633E-10
.2706E-10
.1683E-10
.0560E-10
.3337E-11
.0008E-11
.5563E-11
.9938E-11
.3062E-11
.4850E-11
.7926E-12
.5973E-11
.8810E-11
.3433E-11
.9984E-11
.2861E-10
.5947E-10
.9272E-10
.2851E-10
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2024
2025
2026
2027
2028
2029
2030
2031
2032
2033
2034
2035

oOoooooo

L1379
L1475
.1584
.1705
.1840
.1989

2250

0.000

0.

0.

6.

1.
-3.
-6.
-9.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-8.
-6.
4.
-1.

By d dJo 0w N

| R e I |
[eNeRoRoNG NN N

2297
1312
9938E-02
5588E-02
0486E-02
8442E-02
8646E-02
1215
1376
1473
1511
1497
1435
1332
1193
1025
3366E-02
2674E-02
1116E-02
9414E-02

.7122E-03
.1536E-02
.9317E-02
.4307E-02
.5760E-02
.2943E-02
.5133E-02
.1635E-02
.1775E-02
.4906E-02
.0432E-02
.2210E-02
.3526E-02
.1039

.1634

L2307

.3418

0.000
0.000

0.

0.

6.

1.
-3.
-6.
-9.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-8.
-6.
-4.
-1.

By d 9 Jo 0w N

L L
co U RN

2297
1312
9938E-02
5588E-02
0486E-02
8442E-02
8646E-02
1215
1376
1473
1511
1497
1435
1332
1193
1025
3366E-02
2674E-02
1116E-02
9414E-02

.7122E-03
.1536E-02
.9317E-02
.4307E-02
.5760E-02
.2943E-02
.5133E-02
.1635E-02
.1775E-02
.4906E-02
.0432E-02
.2210E-02
.3526E-02
.1039

.1634

FRPPRPO®OJ00dWWNNNEEPENNDWWD D0 PP B ENDNDNN

.8272E-08
.4663E-08
.1506E-08
.8829E-08
.6665E-08
.0505E-07
.1957E-07
0.000

.9443E-04
.5107E-04
.2532E-04
.0096E-04
.7802E-04
.5653E-04
.3652E-04
.1799E-04
.0097E-04
.5482E-05
.1549E-05
.9196E-05
.8445E-05
.9322E-05
.1848E-05
.6033E-05
.1871E-05
.9319E-05
.8299E-05
.8697E-05
.0396E-05
.3289E-05
.7294E-05
.2345E-05
.8396E-05
.5407E-05
.3350E-05
.2200E-05
.1937E-05
.2544E-05
.4006E-05
.0631E-04
.1944E-04
.3338E-04
.4813E-04
.6365E-04
.8972E-04
0.000

0.000

.9447E-04
.5110E-04
.2535E-04
.0098E-04
.7804E-04
.5655E-04
.3653E-04
.1800E-04
.0098E-04
.5490E-05
.1556E-05
.9202E-05
.8452E-05
.9330E-05
.1856E-05
.6043E-05
.1882E-05
.9333E-05
.8316E-05
.8717E-05
.0419E-05
.3315E-05
.7323E-05
.2377E-05
.8430E-05
.5443E-05
.3388E-05
.2240E-05
.1978E-05
.2586E-05
.4047E-05
.0635E-04
.1948E-04

.3342E-04 -0.9506
.4816E-04 -0.6916

-1.665
-1.454
-1.227
-0.9855
-0.7293
-0.4599
-1.1252E-02
0.000
-8.8181E-03
-0.3938
-0.6449
-0.8895
-1.122
-1.342
-1.549
-1.742
-1.920
-2.085
-2.234
-2.368
-2.487
-2.590
-2.676
-2.746
-2.798
-2.832
-2.849
-2.847
-2.828
-2.791
-2.735
-2.662
-2.570
-2.459
-2.331
-2.184
-2.020
-1.839
-1.641
-1.427
-1.196
-0.9506
-0.6916
-0.4246
-7.7565E-03
0.000
0.000 -6.
-8.8181E-03 -6.
-0.3938 -6.
-0.6449 =7.
-0.8895 =7.
-1.122 =-7.
-1.342 =-7.
-1.549 =-7.
-1.742 -8.
-1.920 -8.
-2.085 -8.
-2.234 -8.
-2.368 -8.
-2.487 -8.
-2.590 -8.
-2.676 -8.
-2.746 -8.
-2.798 -8
-2.832 -8
-2.849 -8
-2.847 -8
-2.828 -8
-2.791 =7
-2.735 =7
-2.662 =7
-2.570 =7
-2.459 =7
-2.331 -6
-2.184 -6
-2.020 -6
-1.839 -6
-1.641 -6
-1.427 -5
-1.196 -5
-5
-5

1.7611E-08
1.8393E-08
1.9199E-08
2.0030E-08
2.0889E-08
2.1794E-08
2.3492E-08
6.1555E-06
6.6010E-06
6.9058E-06
7.1147E-06
7.3091E-06
7.5022E-06
7.6881E-06
7.8676E-06
8.0390E-06
8.2010E-06
8.3516E-06
8.4885E-06
8.6084E-06
8.7070E-06
8.7784E-06
8.
8
8
8
8
8
8
7
7
7
7
7
6
6
6
6
6
5
5
5
5
5
5

8153E-06

.8091E-06
.7517E-06
.6404E-06
.4816E-06
.2904E-06
.0832E-06
.8719E-06
.6626E-06
.4580E-06
.2583E-06
.0634E-06
.8726E-06
.6852E-06
.5006E-06
.3184E-06
.1382E-06
.9593E-06
.7825E-06
.6049E-06
.4334E-06
.2499E-06
.0103E-06
4.

4795E-06
1568E-06
6035E-06
9091E-06
1187E-06
3136E-06
5073E-06
6937E-06
8738E-06
0457E-06
2082E-06
3593E-06
4967E-06
6171E-06
7161E-06
7880E-06
8252E-06
8193E-06

.7622E-06
.6510E-06
.4923E-06
.3011E-06
.0938E-06
.8824E-06
.6730E-06
.4681E-06
.2682E-06
.0730E-06
.8819E-06
.6942E-06
.5093E-06
.3266E-06
.1460E-06
.9667E-06
.7894E-06
.6114E-06
.4393E-06

F W oOdOoR R R R RERRERENDN

L e L A U A A A A A |
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.6923E-02
.8253E-02
.9534E-02
.0756E-02
.1904E-02
.2949E-02
.3732E-02
.6799E-03
.6374E-02
.0771E-02
.0009E-02
.9428E-02
.8306E-02
.7292E-02
.6177E-02
.5061E-02
.3902E-02
.2716E-02
.1501E-02
.0254E-02
.9721E-03
.6532E-03
.2899E-03
.8801E-03
.4320E-03
.9777E-03
.4536E-04
.7169E-04
.3000E-03
.7541E-03
.2283E-03
.7133E-03
.1978E-03
.6764E-03
.1140E-02
.2583E-02
.4005E-02
.5397E-02
.6745E-02
.8071E-02
.9303E-02
.0554E-02
.1376E-02
.1956E-02
.9053E-02
.1953E-02
.6799E-03
.6374E-02
.0771E-02
.0009E-02
.9428E-02
.8306E-02
.7292E-02
.6177E-02
.5061E-02
.3902E-02
.2716E-02
.1501E-02
.0254E-02
.9721E-03
.6532E-03
.2899E-03
.8801E-03
.4320E-03
.9777E-03
.4536E-04
.7169E-04
.3000E-03
.7541E-03
.2283E-03
.7133E-03
.1978E-03
.6764E-03
.1140E-02
.2583E-02
.4005E-02
.5397E-02
.6745E-02
.8071E-02
.9303E-02
.0554E-02
.1376E-02

I
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.6702E-10
.0840E-10
.5279E-10
.0035E-10
.5128E-10
.0650E-10
.0613E-10
.4750E-07
.4979E-07
.8015E-07
.0070E-07
.3969E-07
.6059E-07
.7719E-07
.8417E-07
.8391E-07
.7589E-07
.6080E-07
.3883E-07
.1058E-07
.7653E-07
.3724E-07
.9331E-07
.4523E-07
.3319E-08
.7547E-08
.1794E-08
.3750E-08
.4658E-07
.0831E-07
.6744E-07
.2284E-07
.7378E-07
.1970E-07
.6028E-07
.9529E-07
.2438E-07
.4767E-07
.6458E-07
.7614E-07
.7932E-07
.8175E-07
.6414E-07
.7561E-07
.4734E-07
.0657E-06
.4896E-07
.5024E-07
.8106E-07
.0170E-07
.4084E-07
.6183E-07
.7851E-07
.8554E-07
.8531E-07
.7729E-07
.6217E-07
.4017E-07
.1185E-07
.7771E-07
.3831E-07
.9425E-07
.4603E-07
.3944E-08
.7987E-08
.1552E-08
.3720E-08
.4677E-07
.0872E-07
.6807E-07
.2368E-07
.7483E-07
.2095E-07
.6171E-07
.9689E-07
.2613E-07
.4955E-07
.6657E-07
.7822E-07
.8146E-07
.8395E-07
.6632E-07
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4034
4035
4036
4037
5002
5003
5004
5005
5006
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-0
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.2307 1.6368E-04 -0.4246 -5.
.3418 1.8974E-04 -7.7565E-03 -5.
0.000 0.000 0.000 -4.
.8867E-02 -1.5737E-08 -7.4738E-03 5.
.8782E-02 -2.7964E-08 -0.4255 2
.1034 -2.9820E-08 -0.6784 2
.1070 -2.9468E-08 -0.9197 2
.1098 -2.8726E-08 -1.149 2
L1117 -2.7843E-08 -1.365 2
.1130 -2.6895E-08 -1.568 2
.1136 -2.5876E-08 -1.757 2
L1135 -2.4771E-08 -1.933 2
.1130 -2.3612E-08 -2.094 2
.1120 -2.2382E-08 -2.241 2
.1106 -2.1058E-08 -2.373 2
.1089 -1.9672E-08 -2.489 2
.1070 -1.8194E-08 -2.590 2
.1049 -1.6619E-08 -2.675 2
L1027 -1.4936E-08 -2.744 2
.1006 -1.3124E-08 -2.796 2
.8488E-02 -1.1172E-08 -2.831 2
.6584E-02 -9.0461E-09 -2.849 3
.4940E-02 -6.8232E-09 -2.849 3
.3647E-02 -4.4284E-09 -2.831 3
.2796E-02 -1.8677E-09 -2.795 3
.2477E-02 8.9324E-10 -2.741 3
.2777E-02 3.8781E-09 -2.669 3
.3783E-02 7.1077E-09 -2.578 3
.5579E-02 1.0607E-08 -2.470 3
.8246E-02 1.4375E-08 -2.344 3
.1019 1.8467E-08 -2.200 3
.1065 2.2887E-08 -2.039 3
L1123 2.7645E-08 -1.861 3
L1192 3.2796E-08 -1.666 3
L1273 3.8352E-08 -1.454 3
.1368 4.4334E-08 -1.228 3
.1476 5.0847E-08 -0.9857 3
.1598 5.8152E-08 -0.7296 4
.1736 6.7821E-08 -0.4602 3
.1988 9.3757E-08 -1.4591E-02 2
.8867E-02 -1.5737E-08 -7.4739E-03 5.
.8782E-02 -1.8129E-09 -0.4255 -1.
.1034 1.3561E-09 -0.6784 -1.
.1070 2.4852E-09 -0.9197 -1.
.1098 3.3838E-09 -1.149 -1.
L1117 4.2898E-09 -1.365 -1.
.1130 5.2733E-09 -1.568 -1.
L1136 6.3234E-09 -1.757 -1.
L1135 7.4225E-09 -1.933 -1.
.1130 8.6063E-09 -2.094 -1.
L1120 9.8608E-09 -2.241 -1.
.1106 1.1170E-08 -2.373 -1.
.1089 1.2578E-08 -2.489 -1.
.1070 1.4066E-08 -2.590 -1.
.1049 1.5646E-08 -2.675 -1.
.1027 1.7326E-08 -2.744 -1.
.1006 1.9106E-08 -2.796 -1.
.8488E-02 2.1000E-08 -2.831 -1.
.6584E-02 2.3001E-08 -2.849 -9.
.4940E-02 2.5213E-08 -2.849 -9.
.3647E-02 2.7592E-08 -2.831 -8.
.2796E-02 3.0177E-08 -2.795 -8.
.2477E-02 3.2969E-08 -2.741 =-7.
.2777E-02 3.5979E-08 -2.669 =7.
.3783E-02 3.9227E-08 -2.578 -6.
.5579E-02 4.2727E-08 -2.470 -5.
.8246E-02 4.6522E-08 -2.344 -5.
.1019 5.0600E-08 -2.200 -4.
.1065 5.5000E-08 -2.039 -3.
L1123 5.9760E-08 -1.861 -3.
L1192 6.4871E-08 -1.666 -2.
L1273 7.0372E-08 -1.454 -1.
.1368 7.6297E-08 -1.228 =7.
L1476 8.2597E-08 -0.9857 1
.1598 8.9069E-08 -0.7296 1
.1736 9.4178E-08 -0.4602 5
.1988 9.3756E-08 -1.4591E-02 2
.1412E-02 -3.2622E-09 -0.4249 5
.5105E-02 -1.6285E-09 -0.6780 5
.8452E-02 1.3456E-10 -0.9192 5
.1476E-02 2.0225E-09 -1.148 5
.4216E-02 4.0339%9E-09 -1.364 5

2553E-06
0150E-06
4826E-06
2219E-09

.1629E-08
.4862E-08
.5468E-08
.5709E-08
.5891E-08
.6103E-08
.6336E-08
.6569E-08
.6845E-08
.7143E-08
.7441E-08
.7785E-08
.8144E-08
.8524E-08
.8922E-08
.9325E-08
.9735E-08
.0128E-08
.0614E-08
.1122E-08
.1679E-08
.2263E-08
.2868E-08
.3493E-08
.4130E-08
.4808E-08
.5485E-08
.6181E-08
.6916E-08
.7648E-08
.8396E-08
.9167E-08
.9866E-08
.0204E-08
.8260E-08
.3491E-08

2224E-09
1049E-08
4095E-08
4460E-08
4415E-08
4262E-08
4094E-08
3900E-08
3659E-08
3415E-08
3147E-08
2832E-08
2515E-08
2167E-08
1793E-08
1390E-08
0946E-08
0461E-08
9113E-09
4096E-09
8818E-09
3557E-09
8097E-09
2372E-09
6361E-09
9996E-09
3567E-09
6630E-09
9411E-09
2099E-09
4270E-09
6112E-09
6896E-10

.9456E-10
.5736E-09
.3275E-09
.3492E-08
.2898E-09
.3833E-09
.5036E-09
.6474E-09
.8144E-09

-2.
-1.
.1953E-02
.2264E-02
.1544E-02
.0601E-02
.9597E-02
.8551E-02
.7470E-02
.6356E-02
.5213E-02
.4040E-02
.2839E-02
.1610E-02
.0352E-02
.0664E-03
.7520E-03
.4088E-03
.0365E-03
.6347E-03
.2040E-03
.4572E-04
.3598E-04
.2351E-03
.7452E-03
.2598E-03
.7728E-03
.2793E-03
.7743E-03
.1254E-02
.2713E-02
.4147E-02
.5553E-02
.6923E-02
.8253E-02
.9534E-02
.0756E-02
.1904E-02
.2949E-02
.3732E-02
.2264E-02
.1544E-02
.0601E-02
.9597E-02
.8551E-02
.7470E-02
.6356E-02
.5213E-02
.4040E-02
.2839E-02
.1610E-02
.0352E-02
.0664E-03
.7520E-03
.4088E-03
.0365E-03
.6347E-03
.2040E-03
.4572E-04
.3598E-04
.2351E-03
.7452E-03
.2598E-03
.7728E-03
.2793E-03
.7743E-03
.1254E-02
.2713E-02
.4147E-02
.5553E-02
.6923E-02
.8253E-02
.9534E-02
.0756E-02
.1904E-02
.2949E-02
.3732E-02
.1544E-02
.0601E-02
.9597E-02
.8551E-02
.7470E-02
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1956E-02
9053E-02

-5.
-4.

1.
.8653E-10
.4843E-10
.0097E-10
.3329E-10
.6475E-10
.9904E-10
.3836E-10
.8380E-10
.3643E-10
.9908E-10
.7349E-10
.6085E-10
.6363E-10
.0781E-09
.1932E-09
.2819E-09
.2985E-09
.1992E-09
.8356E-10
.1497E-10
.5867E-10
.5185E-10
.7815E-11
.3889E-11
.5717E-11
.5780E-10
.0748E-10
.4960E-10
.8756E-10
.2373E-10
.5947E-10
.9595E-10
.3397E-10
.7375E-10
.1506E-10
.5614E-10
.0826E-10
.8208E-10
.8478E-11
.7267E-11
.3897E-11
.1093E-10
.5214E-10
.9980E-10
.5509E-10
.1916E-10
.9491E-10
.8418E-10
.8819E-10
.0950E-10
.4443E-10
.8203E-10
.0952E-09
.1384E-09
.0681E-09
.8368E-10
.4885E-10
.2897E-10
.6144E-10
.4976E-10
.3730E-11
.1149E-11
.2172E-11
.9738E-11
.9339E-11
.7871E-11
.3330E-10
.7458E-10
.2086E-10
.7162E-10
.2694E-10
.8750E-10
.5686E-10
.0400E-10
.8346E-10
.8185E-10
.7969E-10
.7691E-10
.7345E-10
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7785E-07
4917E-07
0687E-06

Appendix C - ABAQUS



5007
5008
5009
5010
5011
5012
5013
5014
5015
5016
5017
5018
5019
5020
5021
5022
5023
5024
5025
5026
5027
5028
5029
5030
5031
5032
5033
5034
5035
5036
20001
20002
20003
20004
20005
20006
20007
20008
20009
20010
20011
20012
20013
20014
20015
20016
20017
20018
20019
20020
20021
20022
20023
20024
20025
20026
20027
20028
20029
20030
20101
20102
20103
20104
20105
20106
20107
20108
20109
20110
20111
20112
20113
20114
20115
20116
20117
20118
20119
20120
20121
20122

6.6712E-02 6.1689E-09
6.9007E-02 8.4286E-09
7.1144E-02 1.0813E-08
7.3166E-02 1.3324E-08
7.5121E-02 1.5962E-08
7.7054E-02 1.8730E-08
7.9014E-02 2.1628E-08
8.1046E-02 2.4659E-08
8.3201E-02 2.7825E-08
8.5528E-02 3.1129E-08
8.8073E-02 3.4574E-08
9.0885E-02 3.8160E-08
9.4008E-02 4.1891E-08
9.7479E-02 4.5769E-08
0.1013 4.9797E-08
0.1056 5.3978E-08
0.1103 5.8312E-08
0.1154 6.2801E-08
0.1211 6.7448E-08
0.1273 7.2253E-08
0.1340 7.7215E-08
0.1413 8.2337E-08
0.1492 8.7614E-08
0.1578 9.3049E-08
0.1670 9.8639E-08
0.1770 1.0438E-07
0.1876 1.1027E-07
0.1990 1.1632E-07
0.2111 1.2252E-07
0.2240 1.2890E-07
0.000 0.000
4.2096E-04 2.0996E-05
1.3851E-03 4.5197E-05
2.9771E-03 6.7490E-05
5.1837E-03 9.2991E-05
7.9914E-03 1.2434E-04
1.1386E-02 1.6157E-04
1.5354E-02 2.0203E-04
1.9879E-02 2.4025E-04
2.4947E-02 2.6780E-04
3.0542E-02 2.7318E-04
3.6648E-02 2.4172E-04
4.3248E-02 1.5538E-04
5.0326E-02 -7.3719E-06
5.8536E-02 -2.3375E-04
6.7273E-02 -4.4245E-04
7.6505E-02 -6.1866E-04
8.6197E-02 -7.5092E-04
9.6313E-02 -8.3131E-04
0.1068 -8.5565E-04
0.1177 -8.2371E-04
0.1289 -7.3942E-04
0.1403 -6.1118E-04
0.1520 -4.5202E-04
0.1639 -2.7996E-04
0.1760 -1.1828E-04
0.1882 4.2029E-06
0.2005 5.2703E-05
0.2129 -1.3853E-05
0.2252 -2.0902E-04
0.000 0.000
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.2096E-04 -2.0996E-05
.3851E-03 -4.5197E-05
.9771E-03 -6.7489E-05
.1837E-03 -9.2990E-05
.9914E-03 -1.2434E-04
.1386E-02 -1.6157E-04
.5354E-02 -2.0203E-04
.9879E-02 -2.4025E-04
.4947E-02 -2.6779E-04
.0542E-02 -2.7318E-04
.6648E-02 -2.4172E-04
.3248E-02 -1.5537E-04
.0326E-02 7.3747E-06

.8536E-02 2.3376E-04
.7273E-02 4.4245E-04
.6506E-02 6.1866E-04
.6197E-02 7.5092E-04
.6313E-02 8.3131E-04
.1068 8.5565E-04
L1177 8.2371E-04
.1289 7.3942E-04

-0
-0
-0

-2.
-6.
-1.
-1.
-1.
-2.
-2.
-2.
-3.
-3.
-3.
-4.
-4.
-4.
-5.
-5.
-5.
-6.
-6.
-6.
=-7.
=-7.
=-7.
=-7.
-8.
-8.
-8.
-8.
-9.

-2.
-6.
-1.
-1.
-1.
-2.
-2.
-2.
-3.
-3.
-3.
-4.
-4.

-4

-5.
-5.
-5.
-6.
-6.
-6.
=-7.

1.227

.9852

.7290

.4596

0.000

8934E-04
6819E-04
0422E-03
4113E-03
7754E-03
1348E-03
4896E-03
8402E-03
1871E-03
5309E-03
8724E-03
2125E-03
5521E-03
8831E-03
2086E-03
5282E-03
8413E-03
1476E-03
4471E-03
7396E-03
0254E-03
3047E-03
5780E-03
8461E-03
1098E-03
3703E-03
6290E-03
8875E-03
1289E-03
0.000

8934E-04
6819E-04
0422E-03
4113E-03
7754E-03
1348E-03
4896E-03
8402E-03
1871E-03
5309E-03
8724E-03
2125E-03
5521E-03
.8831E-03
2086E-03
5282E-03
8413E-03
1476E-03
4471E-03
7396E-03
0254E-03
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.0046E-09
.2180E-09
.4547E-09
.7147E-09
.9981E-09
.3048E-09
.6350E-09
.9885E-09
.3655E-09
.7660E-09
.1899E-09
.6373E-09
.0108E-08
.0602E-08
.1120E-08
.1661E-08
.2227E-08
.2816E-08
.3428E-08
.4065E-08
.4726E-08
.5411E-08
.6120E-08
.6853E-08
.7611E-08
.8393E-08
.9199E-08
.0030E-08
.0889E-08
.1794E-08
0.000

.3293E-06
.6716E-06
.0657E-06
.7224E-06
.8208E-06
.5019E-06
.8705E-06
.9934E-06
.9538E-07
.4400E-06
.3073E-05
.4111E-05
.2710E-05
.9902E-05
.2188E-05
.0539E-05
.5983E-05
.9605E-05
.5557E-06
.3952E-05
.8634E-05
.0129E-05
.7000E-05
.7722E-05
.0679E-05
.4152E-05
.6833E-06
.4773E-05
.9592E-05
0.000

.3293E-06
.6716E-06
.0656E-06
.7224E-06
.8207E-06
.5018E-06
.8704E-06
.9933E-06
.9528E-07
.4400E-06
.3073E-05
.4111E-05
.2710E-05
.9902E-05
.2188E-05
.0539E-05
.5982E-05
.9605E-05
.5556E-06
.3952E-05
.8634E-05
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.6356E-02
.5213E-02
.4040E-02
.2839E-02
.1610E-02
.0352E-02
.0664E-03
.7520E-03
.4088E-03
.0365E-03
.6347E-03
.2040E-03
.4572E-04
.3598E-04
.2351E-03
.7452E-03
.2598E-03
.7728E-03
.2793E-03
.7743E-03
.1254E-02
.2713E-02
.4147E-02
.5553E-02
.6923E-02
.8253E-02
.9534E-02
.0756E-02
.1904E-02
.2949E-02
0.000

.0890E-04
.1456E-04
.1606E-04
.1325E-04
.0060E-03
.1941E-03
.3775E-03
.5560E-03
.7295E-03
.8979E-03
.0611E-03
.2188E-03
.3711E-03
.5339E-03
.6865E-03
.8289E-03
.9610E-03
.0826E-03
.1935E-03
.2937E-03
.3831E-03
.4616E-03
.5290E-03
.5853E-03
.6304E-03
.6641E-03
.6865E-03
.6974E-03
.6967E-03
0.000

.0890E-04
.1456E-04
.1606E-04
.1325E-04
.0060E-03
.1941E-03
.3775E-03
.5560E-03
.7295E-03
.8979E-03
.0611E-03
.2188E-03
.3711E-03
.5339E-03
.6865E-03
.8289E-03
.9610E-03
.0826E-03
.1935E-03
.2937E-03
.3831E-03
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.6928E-10
.6436E-10
.5863E-10
.5208E-10
.4466E-10
.3633E-10
.2706E-10
.1683E-10
.0560E-10
.3337E-11
.0008E-11
.5563E-11
.9938E-11
.3062E-11
.4850E-11
.7926E-12
.5973E-11
.8810E-11
.3433E-11
.9984E-11
.2861E-10
.5947E-10
.9272E-10
.2851E-10
.6702E-10
.0840E-10
.5279E-10
.0035E-10
.5128E-10
.0650E-10
.2099E-06
.1493E-06
.2062E-06
.9817E-06
.4688E-06
.6613E-06
.5529E-06
.1358E-06
.4032E-06
.3481E-06
.9622E-06
.2380E-06
.1675E-06
.2581E-06
.3936E-06
.5830E-06
.3067E-06
.0559E-05
.2337E-05
.3633E-05
.4444E-05
.4765E-05
.4589E-05
.3913E-05
.2729E-05
.1034E-05
.8227E-06
.0900E-06
.8322E-06
.6165E-06
.2099E-06
.1493E-06
.2061E-06
.9816E-06
.4686E-06
.6611E-06
.5526E-06
.1354E-06
.4028E-06
.3476E-06
.9617E-06
.2374E-06
.1669E-06
.2587E-06
.3928E-06
.5822E-06
.3058E-06
.0558E-05
.2336E-05
.3632E-05
.4443E-05
.4764E-05
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20123
20124
20125
20126
20127
20128
20129
20130
20201
20202
20203
20204
20205
20206
20207
20301
20302
20303
20304
20305
20306
20307
30001
30002
30003
30004
30005
30006
30007
30008
30009
30010
30011
30012
30013
30014
30015
30016
30017
30018
30019
30020
30021
30022
30023
30024
30025
30026
30027
30028
30029
30030
30101
30102
30103
30104
30105
30106
30107
30108
30109
30110
30111
30112
30113
30114
30115
30116
30117
30118
30119
30120
30121
30122
30123
30124
30125
30126
30127
30128
30129
30130
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-2

-5.
-8.
-1.
-1.
-2.
-3.
4.
-5.
-6.
=7.
-8.
-9.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.

-5.
-2.
-5.
-8.
-1.
-1.
-2.
-3.
-4.
-5.
-6.
=-7.

-0.
-0.
-0.
-0.
-0.
-0.

.1403
.1520
.1639
.1760
.1882
.2005
L2129
.2252
.0326E-02
.0322E-02
.0318E-02
.0316E-02
.0318E-02
.0322E-02
.0326E-02
L2129
L2129
L2129
L2129
L2129
L2129
L2129
0.000
.9051E-04
.2227E-03
0094E-03
9150E-03
3903E-02
9935E-02
6974E-02
4979E-02
3910E-02
3726E-02
4386E-02
5296E-02
6898E-02
9156E-02
1120
1255
1395
1540
1690
1844
2002
2163
2327
2494
2664
2835
3007
3181
3355
0.000
9051E-04
2227E-03
0094E-03
9150E-03
3903E-02
9935E-02
6974E-02
4979E-02
3910E-02
3726E-02
4386E-02
5296E-02
.6898E-02
.9156E-02
L1120
.1255
L1395
.1540
.1690
.1844
.2002
.2163
L2327
2494
2664
2835
3007
3181
3355

W wwhhN e = O

N

-6.
-2.
-5.
-8.
-1.
-1.
-1.
-1.
-1.
-1.
-1.
-1.
-8.
-5.
-3.
-1.
-5.
-1.
-1.

-1
-5
-1
-1
-2
-2
-3
-3
-3
-2

o
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.1118E-04
.5202E-04
.7996E-04
.1828E-04
.2036E-06
.2704E-05
.3852E-05
.0901E-04
.3719E-06
.0046E-06
.5000E-06
.3055E-09
.5026E-06
.0072E-06
.3747E-06
.3853E-05
.2350E-06
.6173E-06
.7292E-10
.6168E-06
.2345E-06
.3852E-05
0.000

.9059E-05
.4746E-05
.0194E-04
.6061E-04
.2668E-04
.9182E-04
.4331E-04
.6385E-04
.3135E-04
.1878E-04
0958E-06
9506E-04
8630E-04
5918E-04
0963E-03
2836E-03
4105E-03
4702E-03
4599E-03
3808E-03
2388E-03
0440E-03
1191E-04
6299E-04
2329E-04
2478E-04
6852E-06
0895E-05
3520E-04
0.000

.9059E-05
.4746E-05
.0194E-04
.6061E-04
.2668E-04
.9182E-04
.4331E-04
.6385E-04
.3136E-04
.1878E-04
.0926E-06
.9506E-04
.8629E-04
.5918E-04
.0963E-03
.2836E-03
.4105E-03
.4702E-03
.4599E-03
.3808E-03
.2388E-03
.0440E-03
.1191E-04
.6299E-04
.2329E-04
.2478E-04
.6870E-06
.0897E-05
.3521E-04

=7.
=7.
-7.
-8.
-8.
-8.
-8.
-9.
-4.
-4.
-4.
-4.
-4.

-4
-4

-8.
-8.
-9.
-9.
-9.
-8.
-8.

-2

-6.

-1

-1.
-1.
-2.
-2.
-2.
-3.
-3.
-3.
-4.
-4.
-4.
-4.
-5.
-5.
-5.
-5.
-5.
-6.
-6.
-6.
-6.
-6.
=7.
=7.
=7.
=-7.

-2.
-6.
-1.
-1.
-1.
-2.
-2.
-2.
-3.
-3.
-3.
-4.
-4.
-4.
-4.
-5.
-5.
-5.
-5.
-5.
-6.
-6.
-6.
-6.
-6.
=-7.
=-7.
=-7.
=-7.

3047E-03 4.0129E-05
5780E-03 4.7000E-05
8461E-03 4.7723E-05
1098E-03 4.0679E-05
3703E-03 2.4152E-05
6290E-03 -3.6833E-06
8875E-03 -4.4773E-05
1289E-03 -6.9592E-05
5521E-03 7.2710E-05
7253E-03 6.9890E-05
8698E-03 4.2567E-05
9251E-03 1.8948E-09
8698E-03 -4.2564E-05
.7253E-03 -6.9889E-05
.5521E-03 -7.2710E-05
8875E-03 4.4773E-05
9619E-03 3.8048E-05
0153E-03 2.1484E-05
0345E-03 -1.2544E-09
0153E-03 -2.1486E-05
9619E-03 -3.8050E-05
8875E-03 -4.4773E-05
0.000 0.000
.5646E-04 -4.4065E-06
4020E-04 -7.3413E-06
.0150E-03 -1.0826E-05
3812E-03 -1.3739E-05
7394E-03 -1.4914E-05
0903E-03 -1.3139E-05
4348E-03 -7.1480E-06
7738E-03 4.3739E-06
1084E-03 2.2796E-05
4400E-03 4.9545E-05
7700E-03 8.6105E-05
0437E-03 9.0050E-05
3120E-03 8.7465E-05
5744E-03 7.9261E-05
8301E-03 6.6400E-05
0787E-03 4.9897E-05
3197E-03 3.0825E-05
5529E-03 1.0314E-05
7782E-03 -1.0440E-05
9957E-03 -3.0171E-05
2055E-03 -4.7545E-05
4082E-03 -6.1149E-05
6041E-03 -6.9484E-05
7942E-03 -7.0966E-05
9794E-03 -6.3909E-05
1609E-03 -4.6521E-05
3402E-03 -1.6896E-05
5191E-03 2.7002E-05
6799E-03 4.4629E-05
0.000 0.000
5646E-04 4.4066E-06
4020E-04 7.3414E-06
0150E-03 1.0826E-05
3812E-03 1.3739E-05
7394E-03 1.4915E-05
0903E-03 1.3139E-05
4348E-03 7.1482E-06
7738E-03 -4.3738E-06
1084E-03 -2.2796E-05
4400E-03 -4.9545E-05
7700E-03 -8.6105E-05
0437E-03 -9.0050E-05
3120E-03 -8.7465E-05
5744E-03 -7.9262E-05
8301E-03 -6.6401E-05
0787E-03 -4.9897E-05
3197E-03 -3.0825E-05
5529E-03 -1.0314E-05
7782E-03 1.0440E-05
9957E-03 3.0170E-05
2055E-03 4.7545E-05
4082E-03 6.1149E-05
6041E-03 6.9484E-05
7942E-03 7.0966E-05
9794E-03 6.3909E-05
1609E-03 4.6521E-05
3402E-03 1.6896E-05
5191E-03 -2.7002E-05
6799E-03 -4.4629E-05
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-2

-6.
-9.
-1.
-1.
-1.
-2.
-2.
-2.
-2.
-3.
-3.
-3.
-3.
-3.
-4.
-4.
-4.
-4.
-4.
-4.
-4.
-4.
-4.
-5.
-5.
-5.
-5.
-5.

-2.
-6.
-9.
-1.
-1.
-1.
-2.
-2.
-2.
-2.

.4616E-03
.5290E-03
.5853E-03
.6304E-03
.6641E-03
.6865E-03
.6974E-03
.6967E-03
.3711E-03
.3634E-03
.3552E-03
.3470E-03
.3552E-03
.3634E-03
.3711E-03
.6974E-03
.6974E-03
.6974E-03
.6974E-03
.6974E-03
.6974E-03
.6974E-03
0.000

.9286E-04
2257E-04
4242E-04
2521E-03
5514E-03
8400E-03
1176E-03
3840E-03
6389E-03
8821E-03
1135E-03
3229E-03
5217E-03
7096E-03
8866E-03
0525E-03
2071E-03
3503E-03
4820E-03
6021E-03
7105E-03
8071E-03
8917E-03
9643E-03
0248E-03
0731E-03
1090E-03
1326E-03
1437E-03
0.000

9286E-04
2257E-04
4242E-04
2521E-03
5514E-03
8400E-03
1176E-03
3840E-03
6389E-03
8821E-03
.1135E-03
.3229E-03
.5217E-03
.7096E-03
.8866E-03
.0525E-03
.2071E-03
.3503E-03
.4820E-03
.6021E-03
.7105E-03
.8071E-03
.8917E-03
.9643E-03
.0248E-03
.0731E-03
.1090E-03
.1326E-03
.1437E-03

NWAIRPRPEPRNONNNNNNNNODNNNRRE PO JOR PR RRR o

.4588E-05
.3911E-05
.2728E-05
.1033E-05
.8211E-06
.0884E-06
.8305E-06
.6148E-06
.2581E-06
.7651E-06
.3643E-06
.6163E-10
.3649E-06
.7658E-06
.2587E-06
.8322E-06
.8888E-06
.4488E-07
.1491E-10
.4325E-07
.8871E-06
.8305E-06
.5424E-06
.1879E-06
.3149E-06
.0940E-05
.2051E-05
.2639E-05
.2690E-05
.2194E-05
.1138E-05
.5085E-06
.2937E-06
.4800E-06
.6082E-06
.2233E-05
.5350E-05
.7955E-05
.0045E-05
.1614E-05
.2658E-05
.3173E-05
.3153E-05
.2592E-05
.1485E-05
.9827E-05
.7612E-05
.4833E-05
.1487E-05
.5679E-06
.0708E-06
.9675E-06
.5424E-06
.1879E-06
.3148E-06
.0940E-05
.2051E-05
.2639E-05
.2690E-05
.2194E-05
.1137E-05
.5082E-06
.2934E-06
.4796E-06
.6077E-06
.2232E-05
.5349E-05
.7954E-05
.0044E-05
.1613E-05
.2657E-05
.3172E-05
.3152E-05
.2591E-05
.1484E-05
.9826E-05
.7610E-05
.4832E-05
.1486E-05
.5665E-06
.0693E-06
.9660E-06
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30201 -6.4386E-02 -6.0958E-06 -3.7700E-03 8.6105E-05 -3.1135E-03 -4.4800E-06
30202 -6.4395E-02 -4.1348E-06 -3.9811E-03 8.1315E-05 -3.1135E-03 -3.1603E-06
30203 -6.4401E-02 -2.0659E-06 -4.1547E-03 4.9128E-05 -3.1135E-03 -1.6437E-06
30204 -6.4403E-02 -1.6980E-09 -4.2207E-03 2.0515E-09 -3.1135E-03 -2.5810E-10
30205 -6.4401E-02 2.0627E-06 -4.1547E-03 -4.9128E-05 -3.1135E-03 1.6433E-06
30206 -6.4397E-02 3.3315E-06 -4.0579E-03 -7.1595E-05 -3.1135E-03 2.5888E-06
30207 -6.4386E-02 6.0926E-06 -3.7700E-03 -8.6105E-05 -3.1135E-03 4.4796E-06
30301 -0.3181 -1.0895E-05 -7.5191E-03 2.7002E-05 -5.1326E-03 -3.0708E-06
30302 -0.3181 -7.2629E-06 -7.5676E-03 2.6201E-05 -5.1326E-03 -2.0479E-06
30303 -0.3181 -3.6308E-06 -7.6053E-03 1.5560E-05 -5.1326E-03 -1.0244E-06
30304 -0.3181 1.1273E-09 -7.6194E-03 -9.1735E-10 -5.1326E-03 -7.1094E-10
30305 -0.3181 3.6330E-06 -7.6053E-03 -1.5562E-05 -5.1326E-03 1.0230E-06
30306 -0.3181 7.2652E-06 -7.5676E-03 -2.6202E-05 -5.1326E-03 2.0465E-06
30307 -0.3181 1.0897E-05 -7.5191E-03 -2.7002E-05 -5.1326E-03 3.0693E-06

MAXIMUM 0.2297 1.4702E-03 0.000 9.0050E-05 2.2264E-02 2.3172E-05

AT NODE 2001 30119 981 30013 1 30120

MINIMUM -0.3418 -1.4702E-03 -2.849 -9.0050E-05 -2.3732E-02 -2.3173E-05

AT NODE 2037 30019 2019 30113 37 30020

TOTAL 9.642 4.1774E-06 -416.0 1.1095E-05 -6.7499E-02 -5.7404E-07

1

Abaqus 6.10-1 Date 26-May-2011 Time 16:15:40

For use at University of Stavanger under license from Dassault Systemes or its subsidiary.

Analaysis of Lysefjord bridge
INCREMENT 1

THIS STEP 0.00

STEP 2

TIME COMPLETED IN

STEP 2 CALCULATTION O F EIGENVALUES

FOR NATURAL FREQUENCTIES

THE LANCZOS EIGENSOLVER IS USED FOR THIS ANALYSIS
Abaqus WILL COMPUTE UNCOUPLED

STRUCTURAL AND ACOUSTIC MODES

NUMBER OF EIGENVALUES 110

HIGHEST FREQUENCY OF INTEREST 1.00000E+18
MAXIMUM NUMBER OF STEPS WITHIN RUN 35

BLOCK SIZE FOR LANCZOS PROCEDURE 7

THE EIGENVECTORS ARE SCALED SO THAT

THE LARGEST DISPLACEMENT ENTRY IN EACH VECTOR

IS UNITY
INITIAL STRESS AND DISPLACEMENT EFFECTS ARE
INCLUDED IN THE STIFFNESS MATRIX

THIS IS A LINEAR PERTURBATION STEP.
ALL LOADS ARE DEFINED AS CHANGE IN LOAD TO THE REFERENCE STATE

LARGE DISPLACEMENT THEORY WILL BE USED

MEMORY ESTIMATE

PROCESS FLOATING PT MINIMUM MEMORY MEMORY TO
OPERATIONS REQUIRED MINIMIZE I/0
PER ITERATION (MBYTES) (MBYTES)
1 2.44E+006 18 37
NOTE :

(1) SINCE ABAQUS DOES NOT PRE-ALLOCATE MEMORY AND ONLY ALLOCATES MEMORY AS NEEDED DURING THE ANALYSIS,
THE MEMORY REQUIREMENT PRINTED HERE CAN ONLY BE VIEWED AS A GENERAL GUIDELINE BASED ON THE BEST
KNOWLEDGE AVAILABLE AT THE BEGINNING OF A STEP BEFORE THE SOLUTION PROCESS HAS BEGUN.

(2) THE ESTIMATE IS NORMALLY UPDATED AT THE BEGINNING OF EVERY STEP. IT IS THE MAXIMUM VALUE OF THE
ESTIMATE FROM THE CURRENT STEP TO THE LAST STEP OF THE ANALYSIS, WITH UNSYMMETRIC SOLUTION TAKEN

INTO ACCOUNT IF APPLICABLE.

(3) SINCE THE ESTIMATE IS BASED ON THE ACTIVE DEGREES OF FREEDOM IN THE FIRST ITERATION OF THE
CURRENT STEP, THE MEMORY ESTIMATE MIGHT BE SIGNIFICANTLY DIFFERENT THAN ACTUAL USAGE FOR
PROBLEMS WITH SUBSTANTIAL CHANGES IN ACTIVE DEGREES OF FREEDOM BETWEEN STEPS (OR EVEN WITHIN
THE SAME STEP). EXAMPLES ARE: PROBLEMS WITH SIGNIFICANT CONTACT CHANGES, PROBLEMS WITH MODEL
CHANGE, PROBLEMS WITH BOTH STATIC STEP AND STEADY STATE DYNAMIC PROCEDURES WHERE ACOUSTIC

ELEMENTS WILL ONLY BE ACTIVATED IN THE STEADY STATE DYNAMIC STEPS.

(4) FOR MULTI-PROCESS EXECUTION, THE ESTIMATED VALUE OF FLOATING POINT OPERATIONS FOR EACH PROCESS
IS BASED ON AN INITIAL SCHEDULING OF OPERATIONS AND MIGHT NOT REFLECT THE ACTUAL FLOATING
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(6)

MODE NO

O J oy Ul WN

POINT OPERATIONS COMPLETED ON EACH PROCESS.

PRINTED HERE.

OPERATIONS ARE DYNAMICALY BALANCED DURING EXECUTION,
SO THE ACTUAL BALANCE OF OPERATIONS BETWEEN PROCESSES IS EXPECTED TO BE BETTER THAN THE ESTIMATE

THE UPPER LIMIT OF MEMORY THAT CAN BE ALLOCATED BY ABAQUS WILL IN GENERAL DEPEND ON THE VALUE OF
THE "MEMORY" PARAMETER AND THE AMOUNT OF PHYSICAL MEMORY AVAILABLE ON THE MACHINE. PLEASE SEE

THE "ABAQUS ANALYSIS USER'S MANUAL" FOR MORE DETAILS.

THE ACTUAL USAGE OF MEMORY AND OF DISK

SPACE FOR SCRATCH DATA WILL DEPEND ON THIS UPPER LIMIT AS WELL AS THE MEMORY REQUIRED TO MINIMIZE
I/0. IF THE MEMORY UPPER LIMIT IS GREATER THAN THE MEMORY REQUIRED TO MINIMIZE I/O, THEN THE ACTUAL
MEMORY USAGE WILL BE CLOSE TO THE ESTIMATED "MEMORY TO MINIMIZE I/O" VALUE, AND THE SCRATCH DISK

USAGE WILL BE CLOSE-TO-ZERO; OTHERWISE,

THE ACTUAL MEMORY USED WILL BE CLOSE TO THE PREVIOUSLY

MENTIONED MEMORY LIMIT, AND THE SCRATCH DISK USAGE WILL BE ROUGHLY PROPORTIONAL TO THE DIFFERENCE

BETWEEN THE ESTIMATED

ESTIMATE OF THE SCRATCH DISK SPACE IS NOT POSSIBLE.

"MEMORY TO MINIMIZE I/O" AND THE MEMORY UPPER LIMIT. HOWEVER ACCURATE

USING "*RESTART, WRITE" CAN GENERATE A LARGE AMOUNT OF DATA WRITTEN IN THE WORK DIRECTORY.

EIGENVALUE

0.64582
1.7997
3.6521
6.5644
7.3748
10.497
11.138
12.833
13.407
13.435
16.872
21.715
26.445
27.009
28.645
29.425
37.258
37.605
38.490
42.639
52.127
54.898
55.651
55.838
74.181
74.587
87.282
96.891
98.214
98.914

EIGENVALUE

ouTeP

GENERALIZED MASS

FREQUENCY

(RAD/TIME) (CYCLES/TIME)
0.80363 0.12790 1
1.3415 0.21351 1
1.9111 0.30415 7
2.5621 0.40777 1
2.7157 0.43221 1
3.2399 0.51565 1
3.3374 0.53116 1
3.5823 0.57014 1
3.6616 0.58276 1
3.6654 0.58337 1
4.1076 0.65375 1
4.6600 0.74166 1
5.1425 0.81845 1
5.1970 0.82714 1
5.3521 0.85182 3
5.4245 0.86333 2
6.1039 0.97147 1
6.1323 0.97599 1
6.2040 0.98740 7
6.5298 1.0393 1
7.2199 1.1491 2
7.4093 1.1792 1
7.4600 1.1873 1
7.4725 1.1893 1
8.6128 1.3708 1
8.6364 1.3745 1
9.3425 1.4869 2
9.8433 1.5666 2
9.9103 1.5773 1
9.9455 1.5829 1
10.159 1.6168 6
11.140 1.7730 2
11.171 1.7779 1
11.259 1.7920 7
11.574 1.8421 2
11.856 1.8869 2
12.430 1.9782 1
12.440 1.9800 1
12.756 2.0301 1
13.033 2.0743 1
13.526 2.1528 2
13.678 2.1769 1
13.685 2.1781 1
14.915 2.3737 1
14.920 2.3745 1
15.783 2.5119 2
16.006 2.5475 1
16.137 2.5682 1
16.140 2.5688 1
16.857 2.6829 1
17.341 2.7599 1
17.342 2.7601 1
17.411 2.7710 1
18.524 2.9482 1
18.526 2.9485 1
19.573 3.1151 9
19.683 3.1326 1
19.684 3.1329 1
19.944 3.1741 8
20.134 3.2045 2

urT

.34328E+06
.37956E+06
.46303E+05
.11456E+06
.37513E+06
.32619E+05
.37938E+05
.16536E+05
.39775E+06
.23925E+05
.16603E+06
.06445E+06
.54061E+05
.76394E+05
.15770E+06
.14454E+06
.58722E+05
.94764E+05
.44144E4+05
.08759E+06
.08638E+06
.57226E+05
.56880E+05
.36752E+06
.84232E+05
.74510E+05
.43575E+06
.32451E+05
.71453E+05
.37112E+06
.49174E+05
.58917E+05
.88221E+05
.36930E+05
.07122E+06
.71012E+06
.77753E+05
.79061E+05
.53812E+06
.70564E+06
.01781E+06
.80232E+05
.80954E+05
.79553E+05
.79819E+05
.33872E+06
.27046E+06
.84007E+05
.84190E+05
.13776E+06
.79376E+05
.84832E+05
.21502E+06
.80703E+05
.80748E+05
.09114E+05
.79040E+05
.78917E+05
.09367E+05
.26056E+06

COMPOSITE MODAL DAMPING

[eNeNeNeNoNoRecNeoNeNo e e No e Ne e o e Re e oo Ee e N No e No Ne R NeNo e N NoNoNe NeNeNe NoNoNo Ne Ne N No lc Re Mo Ne o o Ne Re Ne e Ne R Re}
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61 433.22 20.814 3.3126 1.78783E+05 0.0000

62 433.24 20.815 3.3127 1.78809E+05 0.0000

63 447.51 21.154 3.3668 13.332 0.0000

64 447.51 21.154 3.3668 13.332 0.0000

65 480.20 21.913 3.4876 1.78188E+05 0.0000

66 480.21 21.914 3.4877 1.78232E405 0.0000

67 498.70 22.332 3.5542 6.09952E405 0.0000

68 527.94 22.977 3.6569 1.75782E405 0.0000

69 527.94 22.977 3.6569 1.75853E405 0.0000

70 551.18 23.4717 3.7365 5.90213E+05 0.0000

71 576.08 24.002 3.8200 1.72536E405 0.0000

72 576.08 24.002 3.8200 1.72473E405 0.0000

73 584.02 24.167 3.8462 1.22390E406 0.0000

74 624.23 24.985 3.9764 1.74549E405 0.0000

75 624.23 24.985 3.9764 1.74488E+05 0.0000

76 647.64 25.449 4.0503 5.22676E+05 0.0000

77 652.55 25.545 4.0656 7.14583E+05 0.0000

78 671.97 25.922 4.1257 1.78236E+05 0.0000

79 671.99 25.923 4.1257 1.78293E+05 0.0000

80 718.91 26.812 4.2673 1.74020E+05 0.0000

81 718.95 26.813 4.2674 1.73897E+05 0.0000

82 754.65 27.471 4.3721 2.89504E+05 0.0000

83 762.26 27.609 4.3941 2.89788E+05 0.0000

84 764.53 27.650 4.4007 1.74386E+05 0.0000

85 764.70 27.653 4.4012 1.70577E+05 0.0000

86 773.82 27.818 4.4273 1.22189E+06 0.0000

87 808.88 28.441 4.5265 1.71491E405 0.0000

88 808.92 28.442 4.5266 1.71576E+05 0.0000

89 829.95 28.809 4.5851 5.36716E+05 0.0000

90 851.10 29.174 4.6431 1.74745E405 0.0000

91 851.12 29.174 4.6432 1.74839E405 0.0000

92 891.00 29.850 4.7507 1.73453E405 0.0000

93 891.01 29.850 4.7507 1.73480E405 0.0000

94 906.43 30.107 4.7917 1.45535E406 0.0000

95 928.24 30.467 4.8490 1.62896E+05 0.0000

96 928.25 30.467 4.8490 1.62933E405 0.0000

97 962.48 31.024 4.9376 1.51753E405 0.0000

98 962.48 31.024 4.9376 1.51749E405 0.0000

99 970.56 31.154 4.9583 23.664 0.0000

100 970.56 31.154 4.9583 23.664 0.0000

101 991.68 31.491 5.0119 58672. 0.0000

102 993.46 31.519 5.0164 1.53194E+05 0.0000

103 993.46 31.519 5.0164 1.53298E+05 0.0000

104 1008.4 31.755 5.0539 1.17749E+05 0.0000

105 1020.9 31.951 5.0851 1.32281E+05 0.0000

106 1020.9 31.951 5.0851 1.32284E+05 0.0000

107 1044.6 32.321 5.1440 1.32455E+05 0.0000

108 1044.6 32.321 5.1440 1.32454E+05 0.0000

109 1049.1 32.390 5.1551 7.25876E+05 0.0000

110 1064.8 32.631 5.1934 87182. 0.0000

PARTICIPATTION FACTORS
MODE NO X-COMPONENT Y-COMPONENT Z2-COMPONENT X-ROTATION Y-ROTATION Z-ROTATION

1 -1.04500E-04 1.3212 -2.80900E-06 -71.642 -6.60238E-03 0.84838
2 -4.13485E-02 3.63881E-05 1.54094E-02 -1.57288E-03 -141.88 -1.40823E-02
3 3.53013E-03 -8.97548E-05 1.1463 6.72729E-03 3.0560 -8.15231E-02
4 -1.33061E-02 -1.41472E-04 1.1237 1.00382E-02 1.1045 -0.19957
5 3.28117E-04 3.22889E-02 5.23562E-04 -0.12510 1.76499E-02 198.90
6 -5.33633E-06 1.08609E-06 -1.09526E-04 -1.01516E-04 1.14616E-03 -1.07650E-05
7 -1.64846E-03 1.2377 3.07977E-04 -111.51 -0.10805 110.01
8 -1.22485E-04 1.28237E-06 -3.66479E-05 -8.98373E-05 -1.68716E-02 -1.40944E-04
9 -1.06899E-02 -3.40578E-05 2.07511E-03 1.36212E-03 -68.152 -1.35474E-03
10 4.09405E-04 0.14020 -3.24019E-04 -16.313 5.40786E-02 -205.53

11 4.76238E-03 -1.6435 -4.76201E-04 117.02 0.28680 -292.08

12 1.66329E-02 -1.4072 8.63911E-04 98.356 0.96085 373.31

13 2.37797E-04 2.36177E-06 5.32175E-05 -1.77262E-04 1.11866E-02 -3.17037E-04
14 -6.18190E-02 1.5202 -9.70032E-04 -108.13 -3.5948 -157.35

15 1.0444 7.06913E-03 -7.45676E-02 -0.57487 60.441 -1.2263

16 1.1270 5.90249E-03 0.20900 -0.50211 65.533 -0.99369

17 -1.19919E-04 1.51575E-06 -3.23319E-05 -7.35043E-05 -7.13018E-03 -6.95178E-04
18 8.79557E-03 4.50105E-02 -2.90452E-04 -13.424 0.49982 -146.66

19 -3.24317E-03 -0.24757 -3.88050E-04 0.40066 -0.22174 -20.209

20 2.38374E-04 8.52501E-02 2.34899E-04 7.2038 2.54988E-02 9.5490

21 1.1561 -1.26559E-03 -0.11457 -8.02956E-02 71.924 -0.49815

22 1.62954E-04 -1.32418E-06 -3.95913E-05 4.04548E-05 1.65274E-02 -2.75547E-04
23 -7.71174E-03 -0.24000 5.37221E-04 14.029 -0.64858 16.254

24 -4.94541E-02 7.63597E-05 6.08180E-03 8.98688E-03 40.133 5.87626E-02
25 4.65817E-03 0.16204 -1.07847E-03 -2.4080 0.34228 148.80

26 -1.22936E-04 2.36479E-06 -2.42466E-05 -3.38850E-05 -6.50306E-03 9.15672E-04
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.20400E-03
.02730E-02
.41718E-05
.30359E-03
.06924E-02
.80082E-04
.87621E-05
.19391E-04
.44730E-04
.11289E-04
.30497E-05
.65470E-03
.89070E-02
17774

.62577E-05
.23737E-04
.45917E-04
.33078E-06
.28733E-04
.22860

.84628E-02
.11434E-04
.35916E-03
.85186E-04
.24061E-05
.42177E-04
.98671E-04
.92616E-05
.31623E-05
.45979E-04
.73408E-05
.80018E-04
.95288E-04
.11261E-02
.38029E-05
.19334E-05
.08449E-05
.01569E-03
.92979E-06
.22868E-04
.94049E-05
.01807E-06
.14357E-04
.26480E-03
.45279E-04
.93700E-06
.78511E-04
.23286E-04
.79669E-06
.38461E-04
.69449E-04
.56259E-04
.19024E-05
.14221E-03
.67480E-06
.56197E-02
.11982

.72296E-03
.30136E-04
.67498E-02
.00442E-04
.21215E-03
.69429

.12368E-06
.10900E-03
.05921E-05
.90953E-04
.80991E-04
.29855E-06
.04291E-04
.31557E-05
.17209E-04
.56606E-04
.92969E-06
.03081E-04
.18837E-06
.88123E-05
.08532E-02
.59444E-05
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.17581E-02

70127E-06
00809E-02
71014E-02
29148E-02
55016E-06
83367E-02
68736E-03
63538E-03
71345E-03

.10928E-06
.10316E-03

11508E-07
04119E-02

.64953E-03
.04613E-04

00668E-07
51240E-04
61500E-02
31344E-07

.58085E-03

02969E-02
52591E-07
57512E-04
88836E-05
52769E-06
15519E-02
74227E-05
28779E-03
68826E-06
67697E-03
46540E-06
64270E-02
06304E-05
05131E-03
49431E-03
29289E-06
46129E-03
82197E-06
96616E-03
04588E-04
54655E-02
27671E-03
99686E-05
40944E-04
39873E-05
94925E-03
16688E-05
03337E-02
13186E-06
10432

79405E-03
30234E-02
38791E-05
14658

17459E-05
52975E-02
57875E-02
41191E-06
79940E-03
24197E-05
85965E-03
33809E-03
69764E-06
53665E-04
21089E-05
15445E-03
83016E-06
43800E-04
55335E-02
49723E-06
37543E-04
29438E-04
09765E-03

.55942E-04

52920E-04

.59801E-05
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.50352E-04
.11697E-05
.48537E-04
.16901

.32807E-04
.35205E-04
.42959E-05
.48725E-04
.70865E-04
.37357E-05
.34962E-05
.53477E-05
.25900E-03
.62543E-02
.17041E-05
.78199E-05
.38541E-04
.51698E-04
.01895E-05
.19671E-02
.11884

.49332E-04
.12169E-04
.02647E-04
.90215E-04
.28710E-06
.78731E-05
.16504E-04
.20791E-06
.31754E-03
.48008E-03
.27959E-06
.33830E-02
.79053E-02
.90395E-03
.15176E-05
.13451E-02
.76068E-04
.62811E-04
.20620E-06
.17962E-05
.03636E-03
.83527E-06
.14636

.39106E-07
.76000E-04
.77930E-05
.06892E-05
.12319E-03
.48098E-03
.75083E-02
.18581E-06
.03942E-03
.96937E-06
.99877E-04
.68702E-05
.51054E-03
.30573E-04
.46464E-04
.70866E-04
.74031E-04
.15820E-05
.11643E-03
.59005E-04
.94589E-05
.99316E-05
.17404E-05
.12907E-05
.38232E-04
.55430E-06
.57845E-05
.01506E-06
.75834E-03
.66386E-05
.03777E-04
.69821E-04
.40635E-05
.25473

.37622E-05
.55515E-05
.28081E-05
.40207E-04

-1
4

-0.
-2.

-7

-6.
0.
-3.
0.
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6
7
0

8
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-0.
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-0
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-3.
-0.
-0.
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2.
-6.
-5.
-6.
-4.

7.3670
12.941
.03099E-04
.88785E-03
12.596
91278
15129E-06
.53815
.18647
.36954
.98880E-05
. 73548
.03246E-02
.10689E-02
.11822E-02
96306E-05
26078
89576E-06
55260
.39730E-02
.79304E-03
.46089E-06
.16036
1.8489
.48134E-05
.31218
1.6630
.29208E-06
.11336
.86889E-03
.20927E-04
.42039
.15364E-04
.56363E-02
.54792E-05
.75720E-02
.51013E-04
1.0274
.46354E-04
.37481
.23430E-02
.64996E-04
.10670
.82775E-04
.37237
.34713E-03
.41789
.12143
.28894E-04
.36505E-02
.47239E-03
.38992
.19470E-04
33192
50324E-04
5.7453
.17474
1.3097
.23483E-04
3.8280
40221E-04
41361
36793
.94168E-05
.90476E-02
.04611E-04
.12968
.30660
.49056E-04
.05471E-02
.92429E-03
.43015E-02
.19174E-04
1.1723
1.7555
54225E-04
82831E-02
79400E-02
74738E-02
01288E-03
71561E-02
24720E-03

-0.45544 -140.92
0.85632 -121.84
1.12786E-02 -7.51217E-04

-0.45402 -0.11375

-0.97990 68.752
1.12068E-02 -80.497

-1.49303E-02 7.79182E-05

-5.89096E-02 64.472

-1.88452E-02 53.587

-2.27283E-02 23.729
9.89938E-03 3.19722E-03
0.32132 -5.2842
-39.131 0.18032

23.257 -0.45127

-1.44701E-02 -7.2806
5.28653E-03 -8.03076E-03
1.08014E-02 -10.101

-3.70994E-02 -9.96024E-04
2.22242E-02 7.15614E-02
-6.8595 -0.54767

-0.91776 -7.29830E-02

-6.21181E-02 -3.99788E-04

-4.06679E-02 -4.9902

-1.26936E-02 0.98748
9.17636E-02 9.80686E-04
7.55636E-03 -0.47127

-8.43158E-03 0.96399
0.23483 1.28776E-03
3.52346E-03 2.9263
-29.034 -6.40881E-02

-0.53016 -2.21766E-03

-6.95672E-03 -0.30617
-13.685 -3.33538E-02
-4.7446 0.49586
0.33231 7.06862E-05
5.24356E-03 -2.1479

2.1079 4.19788E-03
2.59823E-02 -12.265

-0.22801 5.26690E-04
1.63698E-03 0.39862
3.43969E-02 2.2754
3.89989E-02 -5.29329E-03
1.16480E-03 -1.7583
0.54747 -9.62904E-03
1.13113E-03 0.47324
0.24177 5.17262E-03
6.78418E-03 4.3116

-2.92921E-03 -2.0241
0.34752 -1.48202E-02

1.0729 0.32665
18.256 -7.69774E-02

-1.44282E-02 -1.2703
0.58449 -3.95963E-03
2.60529E-02 3.3439
0.26543 2.13720E-03
9.39374E-02 20.426
-34.280 1.8958
-1.2864 -11.614

-2.71759E-02 -2.86290E-03
-1.7996 -34.079
0.13312 1.50999E-03
0.42531 2.6306
-44.876 3.6129
2.42677E-02 -3.50692E-03
0.15668 -1.7006
8.11709E-02 1.29011E-03

-5.36403E-02 0.28249

-7.88581E-02 1.8124
1.24834E-02 -7.66309E-03
1.65180E-02 -0.89035

-6.24077E-02 1.73833E-03
1.93005E-02 7.74895E-02
0.51437 -5.75691E-03
1.97562E-02 =7.7006

-7.38348E-02 6.2454

-6.49370E-03 1.23235E-02

-6.99569E-03 0.54280
-6.8964 0.11706

-4.67106E-03 -0.26903

-4.57273E-02 -1.99924E-02
8.79795E-03 -0.63927

-4.87235E-03 -4.03707E-02
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109 3.02592E-04 3.10620E-02 -3.45984E-04 1.0664 -0.20252 10.458
110 -1.61259E-05 -2.05364E-03 -1.60369E-05 2.79562E-02 -3.84304E-03 7.14490E-02

EFFECTTIVE MAS S

MODE NO X-COMPONENT Y-COMPONENT Z-COMPONENT X-ROTATION Y-ROTATION Z-ROTATION

1 1.46689E-02 2.34481E+06 1.05991E-05 6.89451E409 58.555 9.66821E+05
2 2358.6 1.82666E-03 327.57 3.4130 2.77712E+10 273.58

3 9.3003 6.01216E-03 9.80726E+05 33.775 6.96988E+06 4959.9

4 197.34 2.23073E-02 1.40731E+06 112.31 1.35965E+06 44393.

5 0.14805 1433.7 0.37695 21520. 428.38 5.44035E+10
6 3.77651E-06 1.56437E-07 1.59090E-03 1.36671E-03 0.17422 1.53687E-05
7 0.37483 2.11309E+05 1.30834E-02 1.71509E+09 1610.4 1.66931E+09
8 1.74833E-03 1.91641E-07 1.56516E-04 9.40531E-04 33.172 2.31502E-03
9 159.73 1.62129E-03 6.0189 2.5934 6.49221E+09 2.5653

10 2.07714E-02 2435.7 1.30107E-02 3.29776E+07 362.42 5.23479E+09
11 26.446 3.14974E+06 0.26442 1.59662E+10 95914. 9.94739E+10
12 294.48 2.10793E+06 0.79444 1.02975E+10 9.82730E+05 1.48344E+11
13 8.71172E-03 8.59342E-07 4.36316E-04 4.84086E-03 19.279 1.54850E-02
14 674.10 4.07666E+05 0.16598 2.06238E+09 2.27941E+06 4.36735E+09
15 3.44445E+06 157.80 17558. 1.04355E+06 1.15355E+10 4.74831E+06
16 2.72378E+06 74.714 93675. 5.40677E+05 9.20991E+09 2.11755E+06
17 2.28253E-03 3.64662E-07 1.65921E-04 8.57557E-04 8.0694 7.67060E-02
18 15.067 394.58 1.64308E-02 3.50980E+07 48657. 4.18950E+09
19 7.8270 45608. 0.11206 1.19458E+405 36588. 3.03898E+08
20 6.17994E-02 7904.2 6.00109E-02 5.64402E+07 707.14 9.91701E+07
21 2.78857E+06 3.3418 27384. 13452. 1.07930E+10 5.17736E+05
22 4.17500E-03 2.75687E-07 2.46447E-04 2.57316E-04 42.947 1.19376E-02
23 9.3298 9036.4 4.52766E-02 3.08744E407 65992. 4.14453E407
24 3344.6 7.97374E-03 50.582 110.45 2.20262E+09 4722.1
25 3.9976 4837.6 0.21428 1.06828E+06 21584. 4.07942E409
26 2.63742E-03 9.75901E-07 1.02594E-04 2.00371E-04 7.3800 0.14632
27 65.964 4.55683E405 2.1999 1.32195E+408 5.05237E+05 4.83704E+10
28 24.532 2.09361E+05 8.69768E-04 3.89288E+07 1.70453E+05 3.45076E+09
29 2.00208E-04 4.96670E-06 3.44940E-02 1.82245E-03 21.810 9.67555E-02
30 73.139 0.11848 39167. 32.758 2.82636E+05 17742.

31 74.218 6.78117E+05 3.51847E-02 1.03005E+08 6.23345E+05 3.06854E409
32 5.96748E-02 693.61 4.90397E-02 2.15720E+05 32.518 1.67772E+09
33 6.62567E-05 5.44771E-07 5.54884E-04 8.71096E-07 41.957 1.14273E-03
34 0.62291 2660.1 8.96176E-02 2.13420E+05 2557.4 3.06319E+09
35 0.86096 2851.1 0.28488 72018. 735.58 5.94773E+09
36 0.12099 452.03 3.08438E-03 3.70094E+05 1400.0 1.52599E+09
37 3.29426E-04 1.15598E-06 1.55384E-03 4.42395E-04 17.419 1.8170

38 0.49027 1098.8 1.01658E-03 96859. 18487. 4.99983E+06
39 7303.3 11.108 60.256 1414 .4 2.35519E+09 50013.

40 53887. 75.096 450.63 8614.8 9.22531E+08 3.47345E+05
41 1.39121E-03 27.825 2.76409E-04 10224. 422.50 1.06960E+08
42 2.75950E-03 9.10928E-06 1.72460E-03 8.73843E-04 5.0370 11.624

43 3.59813E-02 0.80041 3.47314E-03 12306. 21.112 1.84627E+07
44 1.56325E-05 6.71423E-08 1.13750E-02 2.72506E-06 247.13 0.17813

45 9.40793E-03 166.31 1.63888E-04 54911. 88.815 920.86

46 1.22212E+05 6.3635 8980.5 6812.9 1.10042E+08 7.01493E+05
47 1029.2 5.31900E-02 17942. 58.626 1.07010E+06 6767.1

48 2.28489E-03 1.66344E-08 4.10334E-03 1.02427E-05 710.02 2.94099E-02
49 0.34026 0.16667 8.29143E-03 4736.3 304.63 4.58673E+06
50 0.26783 3587.2 1.19879E-02 3.88947E+06 183.32 1.10945E406
51 1.88373E-04 1.96934E-08 4.31060E-02 1.29031E-03 1510.4 0.17251

52 1.08404E-02 3.8786 1.26935E-05 18013. 10.554 41050.

53 4.79573E-02 4417.5 4.06946E-03 3.36007E+06 86.378 1.12910E406
54 2.78549E-04 1.15292E-08 0.12047 9.60880E-06 9964.7 0.29967

55 1.56876E-03 0.13291 1.53249E-05 2322.7 2.2439 1.54777E+06
56 0.27100 2.17243E-03 10.006 21.552 7.66358E+08 3734.0

57 1.33835E-04 7.62903E-06 5.3768 8.73869E-03 50323. 0.88052

58 5.79806E-03 23.876 7.05527E-06 31619. 8.6589 16771.

59 0.19855 6.08647E-04 4358.5 3.75396E-02 1.51575E+08 900.40

60 5908.8 3.7489 724.73 4708.0 5.08877E+07 5.55829E+05
61 3.40618E-05 5.09574E-07 0.64810 1.62984E-03 19743. 8.93298E-04
62 1.51125E-03 0.50285 1.77621E-04 1702.3 4.9163 8.24930E+05
63 3.44669E-08 3.98246E-10 1.71602E-03 1.64268E-06 59.241 2.34946E-04
64 1.37541E-05 3.59769E-03 4.13302E-07 14.073 9.00047E-03 2005.7

65 1.42089E-05 2.01361E-05 5.64421E-02 3.55008E-02 9263.8 4.94298E-02
66 8.85278E-03 14.602 6.86494E-06 25039. 0.47761 28321.

67 4.87549E-03 3.7949 6.16659E-04 2370.7 721.66 3.15801E+06
68 1.60115E-06 1.20889E-05 0.18880 2.34181E-02 267.35 4.9252

69 2.29973E-03 1.0653 1.70107E-05 2001.9 0.23859 5.43700E+05
70 3.0274 3.61111E-05 12643. 0.27515 1.76900E+05 54.724

71 2.05694E-02 13.871 1.52163E-07 23924. 0.22075 38641.

72 1.70306E-05 1.88663E-03 5.34251E-03 3.2593 10081. 4.6147

73 0.56346 292.74 3.87476E-04 2.13729E+05 56.330 2.27525E+07
74 8.70238E-03 1.8741 1.99439E-05 2573.7 1.4977 7.15130E+05
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75 1.67465E-05 6.95766E-05 0.78658 9.27032E-02 21073. 38.324

76 2.97213E-02 0.28695 10.495 2835.2 6.01697E+05 55770.

77 5.18807E-02 2.92577E-03 4292.9 4.3681 2.38167E+08 4234.3

78 7.67621E-02 17.643 3.12288E-06 27099. 37.104 2.87608E+05

79 8.55293E-05 2.42767E-05 1.6471 4.81122E-02 60910. 2.7954

80 0.22703 18.583 2.74184E-06 19172. 118.12 1.94580E406

81 5.60005E-06 1.14993E-05 6.25772E-02 1.08967E-02 12252. 0.79429

82 70.631 3150.6 2.09024E-04 9.55593E+06 2554.6 1.20788E+08

83 4160.3 17.604 1.8265 8848.3 3.40536E+08 1.04149E406

84 5.7115 490.28 2.97314E-03 2.99121E+05 2.88583E+05 2.35229E+07

85 1.85911E-02 3.28579E-05 9.50467E-02 1.78494E-02 125.98 1.3981

86 874.33 26254. 8.96482E-02 1.79051E407 3.95719E+06 1.41907E409

87 6.88997E-03 2.36598E-05 5.19388E-03 1.98501E-02 3039.2 0.39101

88 8.9245 40.151 1.14194E-03 29352. 31036. 1.18736E+06

89 2.58715E+05 133.77 44.606 72657. 1.08089E+09 7.00572E+06

90 2.97150E-06 9.59985E-06 3.68163E-02 1.10212E-03 102.91 2.1491

91 0.77766 2.5239 1.51730E-04 266.58 4291.9 5.05624E+05

92 4.43964E-04 8.71848E-05 1.10820E-03 6.34065E-02 1142.8 0.28869

93 6.05837E-02 4.0969 2.39120E-05 2917.6 499.15 13844.

94 4.76738E-02 7.9559 9.61722E-03 1.36807E+05 9050.2 4.78058E+06

95 2.74679E-07 2.22720E-06 1.86354E-02 1.98472E-02 25.385 9.5657

96 1.77217E-03 3.35336E-02 3.93621E-07 267.87 44.455 1.29160E+05

97 8.13677E-05 7.89068E-04 3.18108E-04 0.56193 591.04 0.45857

98 2.08471E-03 1.5100 1.37949E-06 1078.4 56.528 911.20

99 5.80359E-07 7.92605E-11 7.31622E-05 1.58794E-05 6.2609 7.84258E-04

100 1.48797E-09 6.99779E-06 6.55109E-09 32.521 9.23609E-03 1403.2

101 9.53276E-03 14.157 9.56569E-03 1.80817E+05 319.86 2.28849E+06

102 4.12385E-06 4.62944E-06 1.11530E-02 6.55685E-02 6.4599 23.265

103 5.42522E-05 8.65007E-03 8.87671E-05 122.63 7.5023 45167.

104 304.51 6.26519E-02 7640.7 91.920 5.60023E+06 1613.4

105 1.70907E-04 0.58205 1.50786E-04 602.24 2.8862 9574.0

106 6.18828E-06 3.21686E-03 3.19928E-05 3.3241 276.60 52.873

107 9.83831E-07 8.47293E-03 1.42571E-04 597.36 10.253 54130.

108 8.80556E-07 3.38242E-05 2.60381E-03 2.3893 3.1444 215.87

109 6.64625E-02 700.36 8.68908E-02 8.25496E+05 29771. 7.93918E+07

110 2.26711E-05 0.36768 2.24217E-05 68.137 1.2876 445.06
TOTAL 9.41863E+06 9.68377E+06 2.62337E+06 3.74057E+10 7.40460E+10 3.91149E+11

THE ANALYSIS HAS BEEN COMPLETED

ANALYSIS COMPLETE

WITH 1 WARNING MESSAGES ON THE DAT FILE
JOB TIME SUMMARY
USER TIME (SEC) = 1.4000
SYSTEM TIME (SEC) = 0.20000
TOTAL CPU TIME (SEC) = 1.6000
WALLCLOCK TIME (SEC) = 2
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EIGENVALUE OUTPUT

EIGENV. FREQUENCY T G. MASS HS | HA| VS| VA | TS| TA| ID |Cables
[Hz] [RAD/TIME] [s] [ton]
1 0,6466 0,80411 7,81 1343] X HS-1
2 1,8011 1,342 4,68 1379 X VA-1
3 3,6414 1,9082 3,29 746 X VS-1
4 6,5982 2,5687 2,45 1112 X VS-2
5 7,3872 2,7179 2,31 1366 X HA-1
6 10,492 3,2391 1,94 132 X
7 11,134 3,3368 1,88 138 X HS-2
8 12,827 3,5815 1,75 116 X
9 13,42 3,6633 1,72 1397 X VA-2
10 13,431 3,6648 1,71 124 X HA-2
11 16,87 4,1073 1,53 1169 X
12 21,714 4,6598 1,35 1065
13 | 26,439 5,1419 1,22 154 X
14 27,003 5,1964 1,21 176 | X HS-3
15 28,728 5,3599 1,17 2941
16 29,509 5,4322 1,16 2277 X VS-3
17 37,261 6,1041 1,03 158 X
18 37,611 6,1328 1,02 191 X HA-3
19 38,558 6,2095 1,01 789
20 42,736 6,5373 0,96 1083 X TS-1
21 52,167 7,2227 0,87 2092 X
22 54,904 7,4097 0,85 157 X
23 55,653 7,4601 0,84 157 X
24 55,918 7,4778 0,84 1366 X VA-3
25 74,2 8,6139 0,73 184 X
26 74,603 8,6373 0,73 174 X
27 87,286 9,3427 0,67 2434
28 96,907 9,8441 0,64 232 X
29 98,231 9,9112 0,63 171 X
30 99,066 9,9532 0,63 1371 X
31 103,21 10,159 0,62 6451 X
32 124,11 11,14 0,56 261 X
33 124,8 11,171 0,56 188 X
34 126,78 11,26 0,56 718 X
35 134,06 11,578 0,54 2013 X
36 140,8 11,866 0,53 2725 X | TA-1
37 154,49 12,429 0,51 178 X
38 154,76 12,44 0,51 179
39 162,68 12,755 0,49 1630 X
40 169,31 13,012 0,48 1719
41 183,2 13,535 0,46 2017
42 187,03 13,676 0,46 180 X
43 187,24 13,683 0,46 181 X
44 222,32 14,91 0,42 180 X
45 222,48 14,916 0,42 180 X
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46 249,23 15,787 0,40 2401

47 256,52 16,016 0,39 1266

48 260,17 16,13 0,39 184 X
49 260,29 16,133 0,39 184

50 284,63 16,871 0,37 1140 X TS-2

51 300,36 17,331 0,36 180 X
52 300,42 17,332 0,36 183

53 303,48 17,421 0,36 1211 X

54 342,66 18,511 0,34 181 X
55 342,72 18,513 0,34 181

56 383,61 19,586 0,32 917

57 386,76 19,666 0,32 179 X
58 386,82 19,668 0,32 179

59 397,74 19,943 0,32 810

60 404,32 20,108 0,31 2239

61 432,38 20,794 0,30 179 X
62 432,4 20,794 0,30 179

63 451,47 21,248 0,30 0 X
64 451,47 21,248 0,30 0

65 479,16 21,89 0,29 178 X
66 479,17 21,89 0,29 179

67 498,97 22,338 0,28 611 X | TA-2

68 526,69 22,95 0,27 177 X
69 526,7 22,95 0,27 177

70 551,99 23,494 0,27 598

71 574,62 23,971 0,26 173

72 574,62 23,971 0,26 173 X
73 584,69 24,18 0,26 1232

74 622,56 24,951 0,25 171

75 622,56 24,951 0,25 171 X
76 646,04 25,417 0,25 525 X TA-3x

77 652,54 25,545 0,25 714

78 670,08 25,886 0,24 179

79 670,11 25,886 0,24 179 X
80 716,81 26,773 0,23 174

81 716,85 26,774 0,23 174 X
82 755,74 27,491 0,23 302 X TS-3

83 762,27 27,609 0,23 175

84 762,4 27,612 0,23 169

85 762,76 27,618 0,23 293 X
86 773,92 27,819 0,23 1234 X
87 806,38 28,397 0,22 171 X
88 806,42 28,398 0,22 171

89 827,75 28,771 0,22 549

90 848,4 29,127 0,22 176 X
91 848,42 29,128 0,22 176

92 888,12 29,801 0,21 174 X
93 888,13 29,801 0,21 174

94 904,89 30,081 0,21 1388 X

95 925,19 30,417 0,21 165 X
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96 925,19 30,417 0,21 165

97 959,27 30,972 0,20 155 X
98 959,27 30,972 0,20 155

99 970,95 31,16 0,20 0 X
100 | 970,95 31,16 0,20 0

101 990,11 31,466 0,20 152 X | TA-3

102 ] 990,11 31,466 0,20 152

103 | 995,46 31,551 0,20 62

104 | 1010,7 31,792 0,20 121 X
105| 1017,4 31,896 0,20 139

106 | 1017,4 31,896 0,20 139 X
107 1041 32,265 0,19 138

108 1041 32,265 0,19 138 X
109 1050,9 32,417 0,19 751

110| 1061,1 32,575 0,19 112
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