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Dynamic behaviour of long jetty structures under seismic conditions Summary

Summary

Jetty structures are relatively long structures. Codes applied to seismic engineering, e.g.
eurocode 8, do not make a differentiation to relatively long structures. So, what is the
effect of uneven excitation on relatively long structures?

The earthquake load, according to the eurocode 8, is modelled by a modal response
spectrum. Consequently, this modal response spectrum is applied on a modal analysis.
The only information a modal response spectrum contains, is the information about the
maximum response of a single degree of freedom model during a design earthquake
event. The modal response spectrum does not contain information about the time delay
in excitation. Therefore it is not possible to implement the effect of uneven excitation
when applying the modal analysis.

This research investigates the effect of uneven excitation on a jetty structure by the
time history method. A model has been set up according the Euler- Bernoulli beam
model. The calculation is done for the Alkion earthquake for variable incidence angles.
For particular incidence angles does the maximum bending moment peak. The cause of
this response amplification is discovered in the transfer functions.

The transfer function describes the steady state response of a harmonic load. The peak
bending moments calculated with the time history analysis corresponds the peaks
calculated with the transfer functions. The additional peaks are caused by the frequency
of the harmonic loading and the shape of the load. For particular values of the incidence
angle does the shape the load match the mode shape.

Information of the time delay in loading turns out to be important for the occurring
maximum forces, bending moments. E.g. the time history calculations give an 5x
amplification of the structural bending moments. Building codes should inherit design
rules for relatively long structures because bending moment do increases for particular
incidence angles.
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Preface

This master thesis finalizes my master study civil engineering at Delft Technical
University (DTU). The project is worth 42 ECTS which equals a workload of 8 months.
This research is being executed in cooperation with DTU and Delta Marine Consultants
(DMC). Prof. A. van der Horst, managing director of DMC brought me in contact with
L.A.M Groenewegen, senior consultant of DMC and also member of the supervision
committee. Mr Groenewegen had some questions about the amplification of structural
stresses when an earthquake is moving towards a relatively long structure under an
angle. The building codes, API, Eurocode and BS do not make a differentiation for
relatively long structures. A problem description is given in chapter one.

An area, which is struck by a major earthquake, often needs emergency relief supplies
to take care of the casualties or to repair the structural damage. For a coastal area a
jetty is often the primary chain in this supply. The understanding of earthquake loads on
jetty structures is therefore very important.

The first chapter starts with the problem description and the case where the research is
applied on. Chapter two is about the modelling of earthquakes. How it is triggered and
how to calculate the earthquake load, which can be applied onto the model. The
earthquake modelling techniques available are the time history analysis or a modal
response spectrum analysis. The time history analysis is discussed in this chapter.
Chapter three is about structural modelling. Deferent structural modelling techniques
are available. The applied model is based on the Euler — Bernoulli beam.

Chapter four is about the analysis of the model applied to the case. The maximum
structural response is calculated and an explanation is comparison is made to a SDOF
calculation. The last chapter finalizes the report with conclusions and recommendations.

Many thanks to my supervision committee. L.A.M. Groenewegen for the generation of
the thesis subject and the study facilities at DMC, A. Metrikine for his supervision in the
set up of the model and the availability of a study room/ facilities at the section of
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chairman of the supervision committee, for his overall monitoring. Further I would like
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C damping matrix [ka/s]
c. wave celerity [m/s]
c damping parameter [kg/s]
c. critical damping [kg/s]
D shear force [N]
d span length [m]
E young'’s modulus [N/m?]
E, dissipated energy [i]
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E, energy [i]
Force in x direction [N]
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H, base acceleration — structural shear force transfer function [kg]
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H, base displacement — structural bending moment transfer [N]
7 function
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Chapter 1  Project description

The problem description for this thesis is given in the first part of this chapter. The

second part of this chapter discusses the case where the problem is applied on. The

case is a jetty structure near Melaka, Malaysia. The definition of a jetty (Tsinker, 1997):
A structure projected into the water, enabling mooring of ships at an angle to
the shoreline.

1.1 Problem description

Building codes prescribes modal response spectra, or more simplified, a linear static
analysis to model earthquakes. In these simplified modelling techniques, the effect of
uneven excitation of the jetty is not taken into account. The problem description is
given in the next paragraphs.

1.1.1 Analysis of a jetty

Jetty structures can be very long. Consequently, an earthquake will not excite
the structure at every support at the same time but more likely at every support
with some time delay (see Figure 1-1). In the building codes this time delay isn’t
taken into account. This effect can cause an additional dynamic amplification or
reduction on the jetty behaviour. This research will be focused on this effect on a
jetty. A study will be done on the influence of structural parameters on structural
behaviour.

jetty structure

Figure 1-1 earthquake approaching jetty structure

1.1.2 Relation between structural dynamics and pipe limits

Pipes which lay on a jetty usually have a fixed connection. It is required that the
pipe on a jetty won't collapse. If the pipe is constructed with free connection it
allows the pipe to move in transversal direction with respect to the support. This
research will be focused on the allowance of some dynamic movement of the
pipeline relative to the jetty. To allow some movement, the energy induced by
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the earthquake does not have to be dissipated by the structure directly and the
pipe will experience less bending.

girder stopper
’—h t\ WJ—‘ \% s / girder

[V e

Cross section A-A stopper

O [ SR (N

Top view 1%
X

Figure 1-2 Behaviour tubular pipe support

1.2 Case

A bulk cargo carrier jetty near Melaka is chosen to investigate. The first 13 supports are
analysed for this case. At the 1°* and 13" support exists an expansion joint. A jetty can
be modelled as a stand alone structure between its extension joints (Maritime
Navigation Commission Working Group 34, 2001). The influence of the interaction
between the extension joints is then neglected. Therefore, during this research, the
jetty between its expansion joints will be modelled as a stand alone structure. The
middle support exists of a strong point with two rows of piles. A survey is given in
Figure 1-3. Due to thermal expansions, the structure expands and shortens. Near the
strong points, the deck is fixed. The deck expands/ shortens away from the expansion
joints. The longitudinal deflection is zero in the expansion joints.

=0X]
7 7 7 | 7 7 / / \\ 7 7 7 7 171 // -~ \\
Side view of jetty Cross section
| 120m |
! T
10m 10m
Top view of jetty

Figure 1-3 Survey of jetty near Melaka

1.2.1 Pile-Cap Properties

The piles have the following properties:

Length 7.0m

D (Diameter) 0.610m
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t (Width) 0.016m

A (area) 0.030m2

I (inertia) 0.00132m4

E (Young’s modulus) 2.1e11[N/m2]

p (specific weight) 7700 kg/m3

Pile weight 1617 kg (one pile)
The cap has the following properties

Length 7.6~9.2m

Width 1.2m

Height 1.71m

V (volume) 11.5~18.9m’

E (Young’s modulus) 3.5e10[N/m2]

P (specific weight) 2500 kg/m3

Cap weight 39,500 kg (average)

Added mass to the pile, due to water, is given by:

M, =p-C, -7-r* [kg/m] (1-1)
For this application holds C,, = 1 ,hollow pile (Sarpkaya and Isaacson, 1981). The added
water mass per pile is given by:

M, =1023-1-7-0.61° =1196 [kg/m] (1-2)
The contribution of the pile mass to the jetty deck is estimated at approximate 24%

(Spijkers et al., 2005). Therefore, the total mass concentrated onto the jetty deck is
given by:

My, =024(M,,, +M )+ M, [ka] (1-3)
The water height is 4m, thus the concentrated mass at the jetty deck is given by:
MSup = O.24(4><1196 + 2><1617) +39500 =40964.24  [kqg] (1-4)
Near the strong point are located 4 piles instead of 2. So the support mass is:
Msup :2><(1273)+39,500:42,046 [kg] (1-5)
1.2.2 Deck

A cross section of the deck — girder is given Figure 1-4.

2200

3100 46 . 1500
500 s000 5600 ]
2500 2500
275
PRECAST ROAGWAY ROADWAY ¢ 25 CONVEYOR §
T |
P \
Il 2 | -' 2
Y 1
T.0.R. i N
+ 6.50 (T.OR.) (3 ¥ mk FalL_ |
% 3|
g &
¢ 5.60 ) -
iﬂ_{,ﬁ_ﬂ”
1200x800 HEADSTOCK "&

5000 VYW 2eso

YK

\EISIUHS GRADE $355JR
&TFFI TURLE AR PTLE

Figure 1-4 Typical cross section jetty
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The girder properties are given by:

d (span) 10.0m

A (area) 2.759m2

I (intertia) 1.37m4

E (Young’'s modulus of B35, uncracked) 3.1e12[N/m2]
L (specific weight) 2500 kg/m3
Conveyor/ deck appurtenances 3000 kg/m
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Chapter 2  Earthquakes

An earthquake is a sudden and sometimes catastrophic movement of a part of the
Earth's surface. This may cause several types of effects, which can be direct or indirect.
Direct effects are e.g. ground shaking and ground sliding. Indirect effects are e.g.
tsunamis. This chapter discusses the earthquake phenomenon, the mechanism,
measuring and the modelling of an earthquake. Figure 2-1 gives the acceleration in the
north- south and east- west direction of El Centro earthquake in may 2, 1940. In table
2-1 are the magnitudes given for heavy earthquakes in the past century.

El Centro Earthquake 1940, Acceleration in North- South direction
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El Centro Earthquake 1940, Acceleration in East- West direction
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Figure 2-1 El Centro earthquake 1940 acceleration in g (9.81 m/s?)

year |Place Magnitude Richter scale
1905 |China 8.7
1906 |Colombia 8.9
1906 |Chili 8.6
1911 |Russia 8.7
1914 |Japan 8.7
1922 |Chili 8.4
1928 |Chili 8.4
1933 |Japan 8.9
1938 |Alaska 8.7
1939 |Chili 8.3
1943 |Chili 8.3
1950 |India 8.7

table 2-1 Heavy earthquakes (Spijkers et al., 2005)

Conversion of Richter scale to peak ground acceleration is done by equation (2.1).

G, = A" (R+R,)” (2.1)
Where:

A 56e6 m/s?

M, Local magnitude (Richter)
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R Distance to epicentre
Ro 40m

2.1 Triggering

The earth consists of multiple plates which move freely from each other according to the
plate theory. Where two plates meet each other faulting occurs. The different types of

faulting are given in Figure 2-2:
/{Slrikc

Strike-slip fault
(left-lateral)

Reverse
fault

Normal fault

Figure 2-2 different types of faulting (Clough and Penzien, 1993)

The types of faults are (Figure 2-2):

e thrust or reverse fault

e extensional or normal fault

e strike- slip fault
The relative movement of the plate determines the type of faulting. Stresses are being
built up, during movement,. When the stresses exceed the resistance between two
plates, the accumulated stress or energy will be released in the form of ground shaking.
Consequently seismic intensity will be higher at plate boundaries. The seismic data of
most locations on earth is available. E.g. at GSHAP.

920~

Figure 2-3 Zones where heavy earthquakes occur. (Spijkers et al., 2005)

2.2 Propagation

An earthquake initially produces waves that propagate through the earth’s interior in the
form of body waves. Where the waves meet the surface, the earthquake continues in
the form of surface waves.
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2.2.1 Body waves

Body waves follow curved paths because of anisotropy (Figure 2-4). Anisotropy is
caused by the variation in density and composition of the Earth’s interior. Within an
earth layer the velocity of the wave is higher in the direction to the inner core.

Focus of 3
earthquake

Upper mantle
Crust

0 10,000
L J
Kilometers

Figure 2-4 Propagation of Body waves

Bodywaves are P- waves and S-waves. P-waves are, like sound waves, longitudinal or
compression waves. The wave celerity depends on the density of the material. (Through
air does it propagate with the speed of sound.) The propagation of a P-wave is caused
by a pressure difference. P-waves are also known as pressure waves.

S-waves are transverse or shear waves, this means that the movement of the ground is
perpendicular to the direction of the wave propagation direction. The propagation of the
wave is caused by shear stresses. This is why S- waves propagate only through solids,
because fluids and gasses do not support shear forces. In Figure 2-5 are the P- and S-
waves schematised. The velocities of P/S — waves are given in table 2-2.

P wave —— Compressions gk‘ Undisturbed medium

50 W B Y
=

L7¥— Dilatations — k—j

(a)

S wave

Double amplitude
Wavelength

Figure 2-5 bodywaves a) p- wave b) s- wave

(b)

Body waves Velocity Direction

P- wave 330 m/s in air Longitudinal
1450 m/s in
water

5000 m/s
granite
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S- wave +/-58% of the Transversal
speed of an P-
wave

table 2-2 velocity of p/s waves

2.2.2 Surface waves

Surface waves are analogous to water waves and travel over the earth’s surface. They
are more likely than body waves to stimulate resonance in structures and therefore the
most destructive type of seismic wave. There are two types of surface waves: Rayleigh

waves and Love waves.

Rayleigh waves, also called ground roll, are surface waves that travel as ripples similar
to those on the surface of water. L. Rayleigh and J.W. Strutt predicted the existence of
the waves in 1885. Surface waves are slower than body waves and can readily be seen

in an open space.

Love waves are surface waves that cause horizontal shearing of the ground. They are
named after A.E.H. Love, a British mathematician who created a mathematical model of
these waves in 1911. They are usually slightly faster than Rayleigh waves.

Love wave

. L
77 "IJ
s FE
] tf
i
BRI P R A e
(et
Rayleigh wave
f
I
] T
1
Hl_ JL‘U i 8 I
()
Figure 2-6 Mechanism of body and surface waves
ground | description of the ground type v (m/s)
type
A Rock or tougher rock- like geological >800
formation, including at most 5 m of
weaker material at the surface
B Deposits of very dense sand, gravel or 360-800

very stiff clay, at least several tens of m
in thickness, characterised by a gradual
increase of mechanical properties with
depth

C Deep deposits of dense or medium-dense
sand, gravel or stiff clay with thickness
from several tens to many hundreds of
meter

180-360

D Deposits of loose-to-medium cohesion
less soil (with or without some soft
cohesive layers), or of predominantly
soft-to-firm cohesive soil

<180
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table 2-3 ground types (Nederlands Normalisatie-Instituut, 1995)

The different ground types (table 2-3) are determined according the value of the
average shear wave velocity given in the table. Ground motion is a complex
phenomenon near the surface. The surface can vibrate locally when soft soil is located
on top of rock or stiff soil. The composition of the soil is very important for local
dominant vibrations.

2.3 Measuring

2.3.1 The modified Mercalli Intensity Scale

The Mercalli intensity scale consists of a series of certain key responses such as people
awakening, movement of furniture, damage to chimneys, and finally - total destruction.
Although numerous intensity scales have been developed over the last several hundred
years to evaluate the effects of earthquakes, the one currently used in the United States
is the Modified Mercalli (MM) Intensity Scale. It was originally developed by Mercalli and
modified in 1931 by the American seismologists Harry Wood and Frank Neumann. This
scale, composed of 12 increasing levels of intensity that range from imperceptible
shaking to catastrophic destruction, is designated by Roman numerals. It does not have
a mathematical basis; instead it is an arbitrary ranking based on observed effects.

2.3.2 Earthquake magnitudes

Since 1900 all over the world earthquakes have been measured by various
seismographs. To translate the measurements into an analytic value, several magnitudes
are in use:

Symbol | Name Formula
e M| Local ML = log A - log A,
("Richter") defined by Richter (1935) where A is the maximum trace
Magnitude amplitude in millimetres recorded on a standard short-period

seismometer and log Ao is a standard value as a function of
distance where distance < 600 kilometres.

o M Surface Wave |Ms =1log A + 1.66 log A + 2.0

Magnitude Where: A = the maximum ground amplitude in
(Gutenberg micrometers (microns)

and A = the epicentral distance of the seismometer
Richter,1936) measured in degrees

o« M, Body Wave (P- |My, = logA—-1log T + 0.01 A+ 5.9

wave)
Magnitude
e M, Seismic M. = udD
Moment o = 44
Where: 4 = rupture strength
A = rupture area
D = average amount of slip
e M, Moment The measured ground
Magnitude log M
M, =29%0 197
where: My = seismic moment
e E, Energy The total energy released from a seismic activity is often

estimated from the relationship:
log E, = 11.8 + 1.5 Mq
Where: E, = the amount of energy expressed in ergs
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M = The surface wave magnitude
1 erg = 1dyne - 1 cm. Where one dyne is a force to bring
over an acceleration of 1 cm/s” to a mass of 1 gram. So 1
dyne = 10-5 Nand 1 erg = 10-7 J = 10-7 N'm

table 2-4 used magnitudes

The surface magnitude is most commonly used to describe the size of shallow (less than
about 70 km focal depth) earthquake with a moderate to large distant (farther than
about 1000km). The body wave magnitude (Gutenberg, 1945) is a worldwide magnitude
scale based on the amplitude of the first few cycles of p-waves which are not strongly
influenced by the focal depth. For strong earthquakes, the measured ground-shaking
characteristics become less sensitive to the size of the earthquake than for smaller
earthquakes. This phenomenon is called “saturation”. The moment Magnitude is the only
magnitude that is not subjected to saturation. Therefore it is a good magnitude to apply
to very strong earthquake

In practice all magnitudes are used. Depending on the earthquake or the phenomenon
which is of importance a magnitude has to be chosen. E.g. the released energy during
an earthquake doesn’t have to be proportional to the maximum acceleration of an
earthquake. For relatively small earthquakes, the Richter magnitude is being used. For
strong magnitudes the moment magnitude.

2.4 Greece earthquake

The transverse structural motion is investigated in this research. The earthquake
motion, on the other hand, is given in multiple directions. An earthquake motion is a 3
dimensional motion in x, y and z direction. This paragraph determines the transverse
base motion. Also the time delay between the arrival time of the earthquake is
determined.
During this research is used the dataset of the Alkion earthquake in Greece (Ambraseys
N., 2000) which occurred on 1981-02-24 at 20:53:59. One of the seismograms, which
measured this earthquake was located at Xilokastro — OTE building. The recordings are
given in Figure 2-7. The measurement data is in three directions:

e longitudinal

e transversal

e vertical
The response spectra for the longitudinal earthquake motion are given in Figure 2-8. For
the calculation of the response spectra is referred to Appendix E. This calculation has
been done in the time domain.

10
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Figure 2-7 Alkion Earthquake Greece, first row: acceleration, second row: velocity, third row:
displacement, first column: longitudinal direction, second column: transverse direction.
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Relative displacement response spectra
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Figure 2-8 Response spectra for Alkion earthquake longitudinal motion. Pseudo acceleration and
relative displacement for different damping values.

Y
38.009, 22.842

Xilokastron,

Figure 2-9 Location of epicentre and seismogram
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Some values of the earthquake are:

e Ms: 6.68 surface wave magnitude

e Mb: 6.1 body wave

e ML: 6.8 richter scale

e Mw:6.4 moment magnitude
The epicentre of the earthquake is given in the dashed box (Figure 2-9). The earthquake
displacement signal taken onto the jetty is the measurement data from the Xilokastro -
OTE building (number 334 on the map).

2.5 Time delay

What is the influence of the time delay (z) in excitation of the supports onto the
structure? This is the main question during this research. The time delay is dependent
on the angle of incidence («;,. ) of the incoming earthquake waves.

In Figure 2-10 is seen the time delay 7 of an earthquake peak. The time delay (¢ ) is
depending on the angle of incidence («;,. ) and is given by:

d .
r=—SIng,, (2.2)
c

where:

angle of incidence

inc

d

length between supports

= earthquake wave celerity
(ai. ) is dependent on the position of the jetty (0) and the propagation direction (8) of
the earthquake. The angle of incidence (a;,. ) is given by:

ainc :90+ﬂ_0 (23)

jetty support

jetty girder

jetty support /

Figure 2-10 Time delay tau
B and @ are given in the figure below:

13
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jetty structure

Figure 2-11 angle of propagation/ jetty/ incidence

In this research is assumed that the propagation direction (B) of the earthquake is
coming from the epicentre (8 is 85° ) so equation (2.2) becomes:

d . d . d .
r=—sing,, =—sin(90+85-60)=—sin(175-0) (2.4)
cw cw cw
The motion investigated, is the transverse motion with respect to the jetty. With a
constant propagation direction of the earthquake, the transverse base motion is
changing with a changing position of the structure. The transverse base motion (y-

direction, perpendicular to the jetty) is therefore given by (see Figure 2-12) :

ybase_tmns = _ylong Cos ainc - ytrans Sln ainc (25)
The longitudinal base motion is given by:
xbase_lnng = _ylong Sln ainc + ytrans Cos amc (26)

With these assumptions, the time delay and the base vibration are both depending on
a,. Which is depending on the position of the jetty (6).

|
i .

i .

|

! . .

i Ybase trans e -
! . +
i

i y .

i /".

+

‘N,’/& Ylér{é"’

KY,v

Ytrans

’ \ jetty support

Figure 2-12 transverse base displacement a) local coordinates b) global coordinates
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The base motion in transverse direction changes with a chancing «;,.. In the following
figures is given the base motion for different «,,..

y(t) for am:-go"

0.05
0 J‘W\W
-0.05
0 10 20 30 40
—.360
y(t) for am_-as
0.05
0
-0.05
0 10 20 30 40

Figure 2-13 base motion [m] in transverse direction v for different g,
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Figure 2-14 amplitude base motion (time domain) in transverse direction v for different «;,.
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Figure 2-15 base acceleration [m/s?] in transverse direction v for different a,.
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Figure 2-16 amplitude base acceleration (time domain) in transverse direction v for different o,,.

It can be concluded that the dominant frequencies of the displacement are between 0
and 1 hz and that the dominant acceleration frequencies are between 0 and 5 hz.
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Chapter 3 Modelling

The jetty under investigation consists of continuous girders supported by piles. For the
time being is chosen to model the jetty as a stand alone structure between its expansion
joints (Maritime Navigation Commission Working Group 34, 2001). A survey of the jetty
is given in Figure 3-1.

jetty structure

Figure 3-1 Jetty survey

This chapter discusses the possible modelling techniques. There are different modelling
approaches available. These employ:

e Discrete systems (paragraph 3.1)

e Continuous systems (paragraph 3.2)

3.1 Discrete mass model

Discrete mass systems are systems where the mass is concentrated in certain nodes.
Figure 3-2 shows an example of a SDOF model. In here, the mass is centred in the top
of the structure. The pile resistance is modelled as a spring in horizontal direction. In
this model only one degree of freedom is investigated.

17
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K

— ONOSYS

o

Figure 3-2 SDOF model setup

The equation of motion for a SDOF model is given by:

mxX+cx+kx = f(t) (3.1)
where:

m = lumped mass

c= dashpot

k= spring

f()= force

X = location

X= velocity

X= acceleration

Discrete mass systems are also applicable with multiple concentrated masses. In Figure
3-3 is given a beam with 6 degree of freedom. The two ends of the beam represent the
nodes of the beam where the mass is lumped. The stiffness matrix for a 6DOF beam is
given in Appendix D. More than one degree of freedom structures are called multi
degree of freedom (MDOF) structures.

L

-l
-

T Y1 TYZ

X

Figure 3-3 MDOF beam
The equation of motion for a MDOF model is given by:

Mx + Cx + Kx = {(t) (3.2)
where:

M= Ilumped mass matrix

X = location vector

X = velocity vector

X= acceleration vector

C= dashpot matrix

K= spring matrix

f(t)= force vector

The determination of the stiffness, damping and mass matrix for beam is given in
Appendix D. A combination of beams is given in Figure 3-4. Frame structures can be
represented by multiple beams. A principle sketch and the accompanying stiffness
matrix is given in Figure 3-4. Finite element software is based on this principle. More
degrees of freedom, then the beam discussed, can be used.

18
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o
A
A A, 0 0
.i. K = Ay AptB,+C, B, C,
£ 0 B, B, 0
C 0 C,, 0 C,
®

Figure 3-4 example structure off multiple beams (left), transformation partial beam stiffness to integral
stiffness matrix

For more detail on lumped mass modelling is referred to Appendix D and Dynamics of
structures (Clough and Penzien, 1993).

3.2 Continuous model (Euler — Bernoulli beam)

Another modelling approach is continuous modelling. This paragraph discusses the Euler
— Bernoulli beam model, which is a continuous model. The opposite to discrete or
lumped mass systems is that the mass isn’t lumped into nodes. The mass is distributed
over the length of the beam.

Considering an elastic beam, the displacement in the positive y-direction is indicated by
the symbol v(x,#), this represents the degree of freedom, which is a continuous function
of the position x, and time ¢ (Figure 3-5). The beam has a flexural stiffness £/ [Nm?], a
cross- sectional area A[m?] and a mass density p [kg/m?].

L .
L X
v(x, ) o
i P Miam
N D N +dN
~ D+dD
s

Figure 3-5 sign convention of the beam

In the following paragraphs, is derived for the Euler — Bernoulli beam, the:
e kinematic relation
e constitutive relation
e equation of motion

3.2.1 Kinematic relations
The kinematic relation represent the deformations to the degree of freedom v(x,?).

dv
=—— 3-3
¢ o (3-3)
d¢
=— 3-4
K I ( )

19
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e(y)=yx (3-5)
The relationship (3-3) assumes that no shear force deformation occurs. The cross-
section of the beam remains always perpendicular to the neutral line. The relationship
(3-5) is a result of the assumption that plane cross- sections remain plane.

3.2.2 Constitutive relation

The behaviour of the material is formulated by Hooke's law. With this law, a statement
is made about the relationship between the deformation quantity « (the curvature) and
the internal quantity & (bending moment). This relationship is called the constitutive
relation.

o(y)=¢eW)E (3-6)
Equation (3-6) combined with (3-5) gives a linear stress function across the width of the
beam:

o(y)=yxE (3-7)
Consequently, the bending moment becomes:
M(x) = j yo(y)dA = kE j y2dA — M = Elx (3-8)

3.2.3 Equation of motion

Newton’s second law, which relates the acceleration to the internal forces and the
external load, is given for the three directions by:
e X — direction

> F =ma, (3-9)
e phi — direction
2 2
DT :pldx%—niM—Ddxz pldx% (3-10)

The rotational inertia is posed as p/=0, equation (3-10) is therefore reduced to a
relation know in statics:

a _ D (3-11)
dx
e 7z —direction
- - d’v 3-12
D> F,=ma, —dD = pAds— (3-12)
Hence:
d*M d?v
=pA—— (3-13)
dx? dr’

Combining (3-13) with (3-3), (3-4) and (3-8) gives the equation of motion for an Euler-
Bernoulli beam:

stiffness term inertia term
4 2
£l 0 v()i,t) +pd 0 v(yzc,t) 0 (3-14)
ox ot

From (3-14) follows two more relations that are of great importance when bringing the
boundary conditions into account:

2
M (x,t)= —EI% (bending moment) (3-15)
X
3
D(x,t) = —EIM (shear force) (3-16)

20
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The deformation due to shear force and the influence of the rotational inertia has not
been taken into account, which is justified for slender beams and low natural
frequencies. The general solution of equation (3-14) is:

v(x, 1) = Ve' ™) (3-17)
where:
2
7/4 = pAw wave number [rad/m]
EI

The determination of the wave number is given in Appendix B.

3.3 Adopted structural model

The model chosen in this research is the continuous model (Euler — Bernoulli Beam
paragraph 3.2). This model compared to a MDOF model has the following advantages:
e relative easy to generate transfer function
e returns exact solution
The transfer function is a frequency dependent function. E.g. the transfer function
between the base displacement and the structural displacement is given by:

H, (rw) =2 Va5 0)

y(2) Y
The transfer function shows the structural response as function of the frequency of the
base motion. The resonance frequencies are shown as peaks. A change in parameters
will give a change in transfer function. The influence of the parameters is readily seen
by comparing different transfer functions,.

The resistance forces of the supports are modelled as discrete springs located at the
supports. The jetty is modelled as multiple beams connected to each other (see Figure
3-6).

(3-18)

n=1 I n=2 I n=3 I
| L1l L1l L]
[ [ [
Figure 3-6 Multiple Euler — Bernoulli beams connected
At each support holds:
d’v .
ZFM = m? ( forces equilibrium) (3.19)
d’¢ . _—
Z:MY =1, 7 (bending moment equilibrium) (3.20)
' t

Because the beams have fixed connections holds additional the following connection
conditions for each intermediate support.

Vit = Vyight (3.21)

Vit = Veigi (3.22)
The jetty model (top view) is given in Figure 3-7. The degree of freedom in this model is
given by v(x,t) which represents the displacement in transverse direction as function of x
(location) and t (time). The different spans are connected to each other and the
supports are modelled as discrete springs.
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j support girder
A n=1 — n=2 __n=3 n=N __ Tyyv(xﬁ)
__________________________ X
 I—  I—  I—  I—
Topview jetty
o E 1, A
»,v(x,1)
mf n=1 m J n=2 m n=3 | n=N m .
N\ O Lo -k 4
1 g, 8, 8,

kS,
@,(t-27) Pt-(N-1)7)

s=1 s=2 s=3 s=N
Yo(t) Yo(t-7) Yo(t-27) Yo(t-(N-1)7)

Model
Figure 3-7 jetty model
The base excitation parameters are given by:

v, () displacement motion of the support base [m]
o(1) rotation motion of the support base [-]

N support nhumber

T time delay in excitation between supports [s]

The structural parameters are given by:

kt support stiffness in transverse direction [N/m]

kr support stiffness in rotational direction [m™]

El bending stiffness of the jetty deck in transverse direction [Nm?]
d span length [m]

Nsup number of supports [-]

o damping factor + [-]

m centred mass at supports

The supports are represented by springs in v- and rotational- direction (Figure 3-7). The
value of the springs in transverse depends on the pile length. The spring stiffness is
defined by:

dF
k=— (3-23)
dv
For the case at Melaka, is given the values for transverse stiffness x in Figure 3-8-a. The
supports consist of two 610x16mm? piles and a concrete cap of 800 x 1200 mm?. The
strong point exists of four 610x16mm? piles and a concrete cap of 800 x 3000 mm?. See
Figure 3-8-b/c/d for a cross-section/ top view of the supports.
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a) b)

dv
Horizontal stiffness versus pile height
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Figure 3-8 a) horizontal resistance as function of the fixity depth b) cross-section support c) normal
support, top view d) strong point support top view

The stiffness is increased averagely by 75% at the strongpoint (see Figure 3-8-a). The
stiffness of the statically undetermined support structure can be calculated by solving a
system of equations or with finite element software (see Appendix I). A top view of the
supports is given in Figure 3-8-c/d. The arrows represent the direction of the pile
inclination. The piles are constructed with an inclination of 1:4.

3.4 Damping
Damping is a measure of energy dissipation in a vibrating system. This paragraph
discusses the modelling of damping. The following table shows the sources of energy
dissipation in earthquakes.
e structural damping
o material damping
0 mechanical damping
o inelastic behaviour
e hydrodynamic damping
o radiation damping
o fluid damping
e soil damping
o radiation damping
o material damping
Linear damping is a damping force that is proportional to velocity. Damping causes
energy loss in the form of yielding and/ or heating. In reality damping isn’t linear but
damping is often linearized to make the calculations easier.

3.4.1 Linear Damping

Viscous damping is a convenient way to represent damping (Clough and Penzien, 1993).
In the equation of motion is this represented by the symbol C.

M+ Cx+ Kx = f(¢t) (3.24)
Viscous damping isn’t necessarily the best model for damping in real structures and
soils. For a harmonic motion x =X -Sin @t , the spring and the damping forces are
respectively:
F, = kxsin ot (3.25)

F, = cxwcos wt (3.26)
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£, F,+F,

cox COX | T kx

Figure 3-9 development of forces in spring and damper
Where the amplitude of motion X is a function of the excitation frequency which is
given by(Spijkers et al., 2005):

ﬁ 1
k

2 2\ 3.27
-5z ) "
@y Wy

The dissipated energy (hatched area Figure 3-9) can be calculated by:

X =

T T
E,. = IFdx = J-F)'cdt = can? (3.28)
0 0

3.4.2 Damping percentage

In practice it is difficult to determine the damping coefficient. Therefore it is common to
take a percentage ¢ of the critical damping.

c=Cc, (3.29)
where:
¢, = 2~km (critical damping)

The damping percentages are known from field studies. Typical damping ratios for
seismic analysis are given in table 3-1. The values for earthquakes are higher than other
types of dynamic excitation. This is because damping is in general strain dependent and
strain levels will be greater than for other load types. The damping values given here
are mainly taken from full scale testes of existing structures and represent average
structures, foundations and soil conditions. The critical damping factor ¢ is often used to
insert damping into the equation of motion. This method, to include damping, can be
extended readily to a MDOF system. The application of damping in a MDOF- system is
given in appendix D.4 .

damping (% of critical)
Elastic behaviour Inelastic
behaviour
Stresses well Stresses at or near
below yield yield
Structural damping 0.5 1 2
Hydrodynamic damping 0.5 1 1+
soil damping 1 >2 >5
Recommended total 2 4 10

table 3-1 recommended damping ratios for seismic analysis (Barltrop et al., 1991)

3.5 Adopted damping model

The damping is modelled by viscous dampers (linear damping) near the supports. The
damping parameter is defined by:

c=ak (3-30)
where:
¢=  damping parameter [Ns/m
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a = damping coefficient [s]
k = stiffness parameter [N/m]
A schematisation of the damping is given in Figure 3-10.

K

MH&E
C

Figure 3-10 Schematisation of stiffness and damping

A damping percentage ¢ of 0.05 is taken initially. So,

c=ak==¢&c, =E2Nkm (3-31)
Thus:
e, Mot
a= T“” =£2 | =0.0669s (3-32)

total

With the equation (3.24) is assumed that damping is viscous. With equation (3-30) is
assumed that the damping coefficient is a percentage of the stiffness coefficient. For a
discrete model element, the equation of motion is given by:

mv+cv+kv=0 (3-33)
substitution of the general solution (3-17) into (3-33) gives the following relation:

o’m—ioc+k=0 (3-34)
substitution of (3-30) into (3-34) gives:

o’m—ivak+k=w"m+1-ioa)k (3-35)

The damping coefficient is assumed to be proportional to the stiffness coefficient and is
represented by the complex part in the stiffness parameter (-iwak).

The damping is applied discrete at the location of the supports. In this model there is
no damping within the beam. In Figure 3-9 is given the resistance force, due to the
stiffness and damping, as function of the relative displacement.

3.6 Transfer function

The solution of the model (paragraph 3.3) is given in Appendix B. The first natural
frequencies are given by:

1. 2.41 Hz
2. 2.50 Hz
3. 2.93 Hz
4. 4.40 Hz

The mode shapes corresponding these natural frequencies are given in Figure 3-11.

first four mode shapes
0.6 ,

2.41e+000 Hz
2.50e+000 Hz
2.93e+000 Hz
4.40e+000 Hz

0.8 1 1 1
0 20 40 60 80 100 120

location [m]

Figure 3-11 Mode shapes corresponding to the first four natural frequencies
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Equation (B-8) gives the solution of the displacement. In here the displacement is given
as function of x and r. Writing w as a variable, equation (B-8) can be written as:

v(x,@,t) =exp(iot) -V, (x, ) (3-36)

The variable t, occurs only in the first factor of the equation, exp(iwt). The second part
of the general solution (3-36) doesn’t inherit the variable ¢. The first factor exp(iwt) has
an amplitude of “one” and is there fore only responsible for the rotation of the complex
number into the complex plane (change of complex angle, see Figure 3-12). The second
factor in equation (3-37) represents the solution of the displacement in the frequency
domain. This factor is complex and is given by:

V (x,o)= fln_l exp(—iy, ,x) + ,:1,1.2 exp(—iy, ,x)+

- ) - ) (3-37)

A, ,exp(=iy, ;x)+ 4, , exp(=iy, ,x)
The maximum value of the solution is given by Re(v(x,t))‘maX

v(x,o,t) =

exp(ion) -V, (x,) =ai+b

Real
Figure 3-12 general solution in complex plane
In Figure 3-12 is seen that Re(v(x,t))‘max is given by |V(x,a))|. So,
Re(v(x,0)| _ =v(x.0], =V, (x o) =
(3-38)

A, eXp(=iy, x)+ A, , exp(=iy,,x) + 4, ; eXp(=iy,;x) + 4,, EXp(_WnAx)‘

When the excitation amplitude is assumed to be 1 and the phase shift to be 0 does
equation (3-38) represent the transfer function between the base excitation and the
structural motion. This response function is given by:

v (xt) Vixew) V(ixo
H,, (roy=telo) _LEo) Fno)
yb(t) Y, 1
The frequency response function for the structural bending moment is calculated in a
similar manner. Since the bending moment in the beam is represented by:
M (x,t) =—EIV!(x,t) (3-40)

V,(x,0) (3-39)

the bending moment response on the base displacement is given by:
_—Elv)(x,t) —EIV(x,0) —EIV(x,0)

H,, (x,0)= = =—EIV,(x, ®) 3-41
M“ 10 7 L G

As well the shear force, which is given by:
D(x,1) =—Elv;(x,1) (3-42)

The corresponding shear force — base displacement transfer function is given by:

—EN"(x,t) —-EIV(x,0) —-EIV![x,@ ”
Hy, (v, 0) = but)  E0) W) Evx,o) (3-43)
,() Y, 1
The transfer functions for the case discussed in paragraph 1.2 are given in Figure 3-14

A

to Figure 3-18. These figures contain the plots of respectively: ‘HW (x.0)|, [H,yg (x,a))‘

and ‘HDj}, (x, a))‘ at x = 30, 60 and 80m. Their location is arbitrary chosen and given in
Figure 3-13.
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30m 60m

2
L 0 CJ C § ] - -

Al )

The dominated earthquake/ structural response frequencies are smaller than 5 hz.
Therefore the transfer functions are given for the frequencies below 5 hz. Figure 3-14
gives the structural motion base displacement transfer functions.

Figure 3-13 Location of the transfer functions

For the bending moment and shear forces is the base displacement transfer function
quadratic proportional to the frequency. The bending moment — base displacement
transfer function is given by equation (3-41). The response function seems to be almost
quadratic proportional for low frequencies between 0.01 and 2 Hz. Since the base
acceleration is given by:

. d’y, () d*Y, exp(iot
yb(t): yb(): b ?(l )

i = explion) =~V explior) (344

holds:
Y, = -0%Y, (3-45)

So analogously to (3-41), the transfer function between structural bending moment -
base acceleration is given by:

CEN'(x1) -EIV'x,0) EI ,
HM).;b(x,a))z - = 2 :—an(X,a))Z

, (1) —0'Y, (3-46)
HMyiy (xY (0)

Where Hva is nearly quadratic proportional to the frequency, is HMy',, nearly constant

for low frequencies (see Figure 3-16). For the low frequencies (smaller than 2 hz), the
structural response on the base motion, appears to be constant. The first to fourth
natural frequencies 2.41, 2.50, 2.93 and 4.40 Hz are becoming clear in Figure 3-14 and
Figure 3-15.

27



Dynamic behaviour of long jetty structures under seismic conditions

Chapter 3 Modelling

T = -50ms
10 \
:> 5- |
S
L
0 ! ! ! *\’I*//_\Kﬁﬁ ——— o~ |
0 0.5 1 1.5 2 2.5 3 3.5 4.5 5
T = -48ms
10 \
:> 5- |
BY
L
T TN —=
0 ! ! ! I p— P
0 0.5 1 1.5 2 2.5 3 3.5 4.5 5
T =-40ms
10 \
=. 5- |
S
L .
B _ Rt
0 | | | | N — !
0 0.5 1 1.5 2 2.5 3 3.5 4.5 5
T=-29ms
10 \
_;\ 5L
L
0 | L

10

IH, | 1]
(6)]

10

IH, | 1]
(6)]

|
0 0.5 1 1.5 2 25 3
excitation frequency (-/s)

Figure 3-14 structural displacement - base displacement transfer function at 30, 60 and 80m for

different values of tau.
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frequency [-/s]

Contour plot of transferfunction, Hvyb,mx [s], as function of the frequency and phase shift

2
o

Figure 3-15 Envelope base displacement structural displacement transfer function

The bending moment response increases with an increasing ¢ for frequencies smaller
than 2 hz. The transfer function shows a nearly constant amplitude between 0.01 hz and
2 hz (Figure 3-16). The envelope transfer function is for the total length of the beam is
given in Figure 3-17.
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Figure 3-16 Bending moment - structural acceleration transfer function, left column: amplitude, right
column: phase shift
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Figure 3-17 Envelope bending moment structural acceleration transfer function

HDyhaIso appears to be nearly quadratic proportional between 0.25 and 2 Hz. HDj}b is
given by:
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—~EN"(x,f) —EIV'x, EI _,
H (v, 0) = sz)’“ ) ZEO) By )=
a — @

(3-47)
HDy (x’ a))

2
-
HD}.,b is given in Figure 3-18. Figure 3-16 shows the transfer function envelope for the
total length of the structure.
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Figure 3-18 shear force - base acceleration transfer function
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Figure 3-19 Envelope shear force structural acceleration transfer function

From the contour plots in Figure 3-15 Figure 3-17 and Figure 3-19 is becoming clear that for particular
values of tau the transfer functions peak. This amplification due to uneven excitation is explained in
the following paragraph.

3.7 Uneven excitation amplification

The occurring mode shapes (Figure 3-11 and Figure 3-22) are depending on the
frequency of the loading.
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o 0

Figure 3-20 Distributed harmonic load

In the previous chapter is discussed the amplification of the structural vibration near the
resonance frequencies. Figure 3-22 shows the first four natural modes for the
corresponding first four natural frequencies. Extra amplification/ resonance will occur
when the harmonic load is distributed in the same way as the corresponding mode
shape. E.g. consider the 3" mode shape. This mode shape will occur when the
excitation frequency reaches approximately 2.93 Hz. When the load has the same
distribution as the mode shape (Figure 3-21) an extra amplification of the structural
motion will occur.

o 0

BN el
~4 4 -

Figure 3-21 Harmonic load (Distributed according to the 3 mode shape)

In the applied model, the excitation load on the beam is not a distributed load but a
discrete force near the supports induced by the relative displacement (approximately)
multiplied by the spring stiffness. The uneven excitation amplification occurs when the
base displacement corresponds to the mode shape.

f,= 2.41e+000 Hz f,= 2.50e+000 Hz

0 20 40 60 80 100 120 0 20 40 60 80 100 120

location [m] location [m]
f,= 2.93e+000 Hz f,= 4.40e+000 Hz
0 20 40 60 80 100 120 0 20 40 60 80 100 120
location [m] location [m]

Figure 3-22 First mode shapes (red line) with equivalent "harmonic" shapes (black line)

The base motion investigated is a harmonic motion given by:

v, t—=(N-Dr) =Y, exp(io(t — (N -1)7)) (3-48)
For each mode shape is determined the time delay r in such a way that the base
displacement corresponds to the natural mode. The wave number (k) of the equivalent
harmonic wave are given in table 3-2. The corresponding time delay (z) in excitation is
calculated by:

k k
—.d==-10 [s] (3-49)
fof

T =

34



Dynamic behaviour of long jetty structures under seismic conditions Chapter 3 Modelling

f[-/s] k [-/m] tau [s]
1 ]2.413 2.33e-3 9.67e-3
2 | 2.496 3.74e-3 1.50e-2
3 12.925 8.77e-3 3.00e-2
4 | 4.400 1.17e-2 2.65e-2

table 3-2 frequency, wavenumber and time delay corresponding the first four natural modes.

Figure 3-23 shows the contour plot of the envelope maximum bending moment — base
acceleration transfer function amplitude for the total jetty. The phase shift (tau)
corresponding the natural frequencies are given by (e) in the contour plot.

The transfer function shows an increase in structural response when the following holds:
e excitation frequency reaches the natural frequency
e load corresponds to the natural mode

Contour plot of transferfunction, HMa max [kgm], as function of the frequency and phase shift

frequency [-/s]

Figure 3-23 Bending moment — base acceleration transfer function maximum for the total jetty length
as function of the frequency and phase shift

The maximum bending moments (Figure 4-15) occur at a,,. = -36°. The time delay of
excitation between the supports for a;,. = -36° is given by:

T= 1sin a,.=0.029s [s] (3-50)
c
As seen in Figure 3-23 peaks the bending moment — base acceleration response around
3 Hz at 0.0294s. Figure 3-24 shows the amplification of between the bending moment —
base acceleration transfer function at a;,. = -36° (r = 0.029s) and a;,. = 0° (r = 0s). The
figure shows an average amplification of 10 where the amplification at 3 hz contributes
most according to Figure 3-23.
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35

Amplificifation of bending moment - base acceleration
response between ®ine =0~ and e = 36

amplification

frequency (-/s)

Figure 3-24 amplification of the bending moment response amplitude.

The transfer function is quadratic proportional to the time delay for the excitation
frequencies between 0.01 and 2 hz is. Within this range a time delay of excitation
causes an amplification of the maximum bending moments. In Appendix J is given the
transfer function for variable number of supports N:

1]
=== ONUWw

22222222
1]
NOUTW =

These plots show that for the structures with different lengths uneven excitation has
influence on the bending moment in the structure. When the number of supports N is
increased:
e The 3™ and 4" natural frequencies become lower. So these natural frequencies
are moving towards the area of the earthquake excitation (0 — 5 Hz).
e The bending moment — base acceleration response increases for increasing 7 at
low frequencies (0 — 1.5 Hz).
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Chapter 4 Response

This chapter is about the structural response. First is discussed the modelling models for
earthquakes. In paragraph 4.2 is calculated the structural response on the Alkion
earthquake for different angles of incidence («;,.). Paragraphs 4.3 to 4.5 are about the
results of the structural response.

4.1 Earthquake models

This paragraph is about the modelling of the earthquake. The analysis method for
earthquakes is the response spectrum analysis or the time analysis. Appendix E is about
the modal response spectrum and this paragraph about the time analysis. The modal
response spectrum is only applicable to discrete or lumped mass systems. The time
analysis is applicable to continuous and lumped mass systems. The analysing options to
evaluate the seismic load are according to section 4 of EN 1998-1:

e Linear static analysis (or named lateral force method of analysis or equivalent

static analysis)

¢ modal response spectrum analysis (linear dynamic analysis)

e non-linear static analysis (pushover analysis)

e (non-) linear dynamic analysis (time- or response- analysis)
Unlike US codes, which consider the linear static analysis as the reference method for
the seismic design, Eurocode 8 gives this status to the modal response spectrum
method. In the following table is a comparison given for the analysis methods.

Method Design Analysis Models
data method ductility

Linear static Response | Static No

analysis spectrum

Response spectra | Response | Dynamic (Yes) No

analysis spectrum

Ductility Modified | Response | Dynamic Yes

response spectra | spectrum

analysis

Static pushover Response | Static Yes

analysis spectrum

Linear dynamic Time Dynamic No

analysis

Non- linear Time Dynamic Yes

dynamic analysis

Figure 4-1 comparison of seismic analysis methods(Barltrop et al., 1991)

The table is divided in response spectrum and time history modelling. Depending on the
phenomenon which is analysed, the design data is chosen. The modal response
spectrum gives information about the structural response although not about the phase
shift of the structural response. For analysis of the effect of uneven excitation this
information is required. Therefore is a time history signal applied onto the model and is
the modal response spectrum only treated in the appendix.

4.1.1 Fourier Transform

The transformation between a time domain signal and a frequency domain signal for
random earthquake signals is usually done by a Fourier transformation. The general
representation of a Fourier transformation for a continuous function is given by:

V(x,w)= T v(x,t)e " dt

—00

(4.1)
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The inverse transformation is done by:
1 7 ;
v(x,1)=— I V(x,w)edt (4.2)
2 2,

Earthquake measurement data consist of a dataset and not of a function. The
transformation of a dataset from the time domain into the frequency domain is done by
a discrete Fourier transformation. The Discrete Fourier transformation of a signal is
given by:

1 Ny, —i-k-n-2-w
X(n):—Zx(k)e M for n=0..N, -1
N, =
where: (4-3)

N_number of samples

x(k) =random vibration
The frequency is given by:

o(n)=27-At-n (4-4)
Rewriting the discrete variance spectrum as function of @ gives:

ik
N, 27-At

S (@) = X (o) = Nizx(k)e g (4-5)

A Fourier transformation of a time domain signal returns a complex number into the
frequency domain. Where the transformation from n to omega is given by:
(w(n)=2n-At-n). An inverse Fourier transformation of a frequency domain signal returns a

time domain signal.
—i-kn-2-zw

N
x(k) = ZX(n)e M for k=0.N, -1
n=0

where: (4-6)
N, =number of samples
x(k) =random vibration

The transformations do not cause any information loss. The inverse Fourier
transformation returns exactly the same initial time domain signal.

Base vibration (earthquake)

/ Fourier Transformation \
| g |
Time domain Inverse Fourier Frequency domain
\ __Transformation /
-t

Figure 4-2 transformation between time and frequency domain

4.1.2 Vibration signal

The earthquake motion is given within the blue dashed area. An example of a
conversion between time and frequency domain of a base displacement signal is given in
Figure 4-3. The blue area is included in the figure for comparison.
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Figure 4-3 pulse displacement signal of 0.01m for 50 seconds followed by a displacement of Om in the
time and frequency domain. (a) base displacement signal (time domain) (b) angle (frequency domain)
(c) absolute value (frequency domain)

4.2 Structural response

Multiplication of the earthquake signal (frequency domain) with the transfer function
gives the structural motion (frequency domain). The structural motion in the time
domain is acquired by an inverse Fourier transformation of the frequency domain signal.
A scheme of the transformations is given in Figure 4-4.

Base vibration (earthquake
ubraton HPAID L e s

/ Fourier
Transformation -
\ Time domain Inverse Fourier Frequency domain

< Transformation

\————————————

Struct
parame

Eartquake
Parameters

Transferfunction
(frequency domain)

Structural vibration

/ Fourier v \
maximum Transformation -
structural motion, | ] ) ] ] I
forces and bending Time domain 'Irrg?;sfgrlr:r(\):triloer: Frequency domain
moments \ -4

Figure 4-4 Scheme of transformation from base vibration to structural vibration

Explanation of Figure 4-4: The scheme starts with an earthquake dataset. An
earthquake is taken/ generated from/ for a specific site. Earthquake data is mainly
dependent on site location and soil conditions. The structural parameters determine the
transfer function. The earthquake motion (frequency domain) together with the transfer
function generates the structural motion (frequency domain).

The transfer function between the base and structural displacement is given by:
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() _Vi(xo)

H, (x,0)= 4-7
'nY y(t) Y ( )
Rewriting this equation gives the output as function of the input:

V:’l (x’ a)) = any (x’ a)) x Y (4'8)

The absolute value in the frequency domain represents the amplitude for a certain
frequency contributed to the earthquake signal, S.(w), see equation (4-5). So equation
(4-8) becomes:

V,(x,0)=H, (x,0)xSy(0) (4-9)

The terms in equation (4-8) and (4-9) are complex numbers. The multiplication of
equation (4-9) is graphically given in Figure 4-5 and Figure 4-6. The graphs give the
structural response for a;,. = 0° and a,,. = 54° at the middle of the jetty (x= 60m).
The graphs represent the boxes in Figure 4-4. The bending moments, according to the
previous paragraph, turned out to be proportional to the acceleration for low
frequencies. Figure 4-7 and Figure 4-8 give the structural bending moments at the
middle support for a,,. = 0° and a,,. =36°. The shear forces are calculated in the same
way. The support forces are calculated by:

F (t)=v,,()xk, = (v(t) - y(2))xk, (4-10)

time domain frequency domain amplitude

base displacement [m]

base displacement amplitude [ms]
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Figure 4-5 structural motion for angle of incidence of 0° (time domain between 11s and 16s and
frequency domain for total event 0 to 48s), upper row: base motion, middle row: transfer function,
bottom row: structural motion, left column time domain, right column frequency domain amplitude.
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Figure 4-6 structural motion for angle of incidence of 54° (time domain between 11s and 16s and
frequency domain for total event 0 to 48s), upper row: base motion, middle row: transfer function,
bottom row: structural motion, left column time domain, right column frequency domain amplitude.
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domain amplitude.

41



Dynamic behaviour of long jetty structures under seismic conditions Chapter 4 Response

time domain frequency domain amplitude
g
2 4 £ 200} 4
% g
= 2
s 1 1 B 150¢ b
: :
o
< 0 B 2 L 4
8 g 100
© 2
o 4 i [
a g 50r A
= o
&
-2 L L L L L L L L L E| o L L L L L L L h L
11 115 12 125 13 135 14 14.5 15 155 16 0 0.5 1 15 2 25 3 35 4 4.5 5
x 10° transfer function amplitude
15+ B
T 10} E
S
=,
£
T
5L 4
. . . . I I I I
0 0.5 1 15 2 25 3 35 4 4.5 5
x 10 x 10°
15 T T T T — T T T = . T
1 I\
[\ £ 5l I |
= 1 | Z ‘
E o
=) ] [
£ 05 _é 150 I\ ]
£ N g 1
g o A R B ]
2 NVAVERN| £
E g
2 05 05
3 2 05 1
£
1 Vo ] v
. . . . . J . . . S 9 ) i
1 115 12 12.5 13 13.5 14 14.5 15 15.5 16 0 0.5 1 1.5 2 25 3 35 4 4.5 5

time [s] frequency [-/s]
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4.3 Maxima for a;,. =0

In the previous paragraph is discussed how to calculate the structural:
1. displacements
2. bending moments
3. shear forces
4. pile forces

In this paragraph the maximum bending moments will be calculated using a SDOF
model. This will be compared to the maximum values calculated with the continuous
model with «,,. = 0°.

4.3.1 Static analysis

The jetty structure applied is symmetric. Also is the beam (jetty girder) relatively stiff.
So, roughly the maximum acceleration for each location (x) is occurring at the same
time and the jetty can be modelled as a SDOF model. Figure 4-9 represents a SDOF
model for the “average” support.

In Figure 4-9 is given a SDOF model of the jetty.
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Figure 4-9 SDOF model of the jetty

The average mass/ stiffness on top of the support is given by:
*  Myyerage 1.37e5 kg
o Kaverage 3.17e7 N/m

The natural frequency of the SDOF is given by:

\/?
f, =~ — 2 43H (%11

27
As expected, this corresponds to the natural frequency calculated with the continuous
system equations. The spring forces in the SDOF system are calculated according the
linear static analysis by:

F

max =mx‘.}max zkxvrel,max (4'12)

The maximum absolute acceleration respectively relative displacement is given by the
modal response spectrum. The modal response spectrum gives for 7, = 1,/ = 0.42s the
following values (see Figure 2-8 on page 12):

o ¥, =5.80m/s’

*  Vmx =0.0249 m
So, the average maximum spring force is given, according the SDOF model, by:
F,. =mxv, =T792kN (4-13)

This force is normally multiplied with a static safety coefficient C; of 1.5 (Barltrop et al.,
1991). The static coefficient is chosen to be 1. The equivalent distributed load which
causes an average support force of 792kN is given by:

D Fra,  T92kNx13

. = = =85.8 [kN/m 4-14
qequzvalent (NS _l)d (13—1)10m [ / ] ( )
Since
q(x) = V(x)-m(x) (4-15)
is the acceleration given by:
P(x) ~ q(x) (4-16)
m(x)

where:
V(x) = acceleration in transverse direction
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q(x) = distributed equivalent load

m(x) = distributed mass

The maximum bending moment, when the continuous jetty model is loaded by the
equivalent load, is given by 4.28 MNm (see Figure 4-10, Figure 4-11 and Appendix I)

Thi i b4 44 T,

n=1 n=2 n=3 n=N
kt% ke ke L kt%
s=1 s=2 s=3 s=N
static model

Figure 4-10 equivalent load

4280914 58
KI}:.\ 51 K2 52 K3 s3 Kd sS4 K5 — 55710897 [ 220UREH 8 Bl oy T
ST T T } Tl pasnacs
R e e 2
> > >

]
7757 o O K o O o O & o &
7777 s P 7777 s 77,

Figure 4-11 Bending moments with equivalent load

4.3.2 Time history analysis

In Figure 4-12 is given the maximum structural response according to the continuous
system equations. The green bars/ lines represent the structural response for a;,. is 0°.
The base displacement when «,,. is 0° is given by the longitudinal earthquake
displacement, see equation (2.5).

The strong point shows an increase in force because stiffness attracts forces. The
average support force is given by 786 kN and the maximum bending moment, at the
middle support, is given by 3.80 MNm. The values are compared to the SDOF
calculation:

SDOF model Continuous difference
calculation model calculation
Average Maximum Forces [kN] 792 786 -1%
Maximum Bending Moment at 4.28 3.80 -13%
middle support [MNm]

Table 4-1 Comparison of SDOF model and continuous model calculation

The reduction in comparison to the SDOF calculation is caused by the following:

e In the continuous model, the mass isn’t concentrated above the support. At the
SDOF — model, the total mass is subjected to the maximum acceleration. At the
continuous model, not all the mass has to be subjected to the maximum
acceleration at the same time.

The maximum moment, according to the time history analysis, occurs at 55m and 75m.
This maximum moment is around 4.25MNm. After all is the bending moment, calculated
with the SDOF model, not an over estimation for the maximum bending moment during
the earthquake event with «,,. =0.
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Figure 4-12 Maxima for @, . = 0°

4.4 Maxima for a;,. # 0°

In this paragraph will be discussed how to calculated the maximum bending moments
for a SDOF model when a;,. # 0. This is compared to the maximum values calculated
with the time history analysis when a;,. # 0.

4.4.1 Static analysis

An estimation of the structural bending moment is made according to the SDOF — model.
A conservative method to calculate the bending moment is to assume that two
successive supports have a base displacement dv, corresponding to the maximum pile
force, in opposite direction.

dF,
dV — average _ 79263
k 3.17e7

average
The bending moment caused by the support displacement is given by (Figure 4-13):

e 6;1 Zdv:%xzxo.m:l.z?ewzvm (4-18)

=0.025m (4-17)
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Figure 4-13 Support displacement

4.4.2 Time history analysis

For a changing «,,.,, changes the transverse base motion and so also the maximum base
acceleration/ displacement. These maxima as function of «;,. are given in Figure 4-14.

0.06

maximum base displacement

0.05
0.04
0.03
0.02
0.01

maximum base displacement [m]

angle of incidence [O]
maximum base acceleration

maximum base acceleration [m/sz]

Figure 4-14 maximum displacement/ acceleration as function of @,

angle of incidence [0]

For a;,. # 0 is the time delay r # 0. Since the transfer function is depending on z is the
transfer function indirectly depending on «;,. (See Figure 3-14, Figure 3-16 and Figure
3-18). The maximum values during the Alkion earthquake event for different «,,. are

given in the Figure 4-15:
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Figure 4-15 Melaka Jetty maxima during earthquake event (Alkion)

The maximum bending moment occurs when «;,. = -36°. For this angle of is incidence is
the time delay in excitation between the support around 0.03s. In the previous chapter
is determined the existence of an amplification of the transfer functions at r = 0.03s.

The maximum bending moment is 20.5MNm. The maximum bending moment calculated
with the less conservative static model for a,,. # 0 is 19.4MNm, which is a difference of
6%.

In Figure 4-16 is given for comparison the modal response spectra for a;,. = -36° and «;,.
= 0. Overall there is a reduction in the modal response spectra for a,,. = -36°. The
maximum bending moment calculated with the modal response spectrum when «;,. = -
36° will be less then the calculation of the maximum bending moment when the modal
response spectrum for a;,. = 0° is used.
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Figure 4-16 modal response spectra for @, =-36° and @, =0

An overview of the calculated bending moments are given in table 4-2.

time history conservative
SDOF
bending moment [MNm] 20.5 1270
difference to time history 0% +6100%

table 4-2 time history vs. modal response calculation
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4.5 Relation

The relation between the angle of incidence and maxima is given in Figure 4-17.
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Figure 4-17 Maxima as function of angle of incidence

The maximum base acceleration for «;,. = 0 is bigger than when q;,. = -36°. Also the
response spectrum will change because base acceleration changes. The static analysis is
calculated for a

The maximum values of the four graphs in Figure 4-17 are plotted in Figure 4-18 to
Figure 4-21, these employ:

1. displacement

2. bending moment

3. shear force

4. pile force

The following conclusions can be made from Figure 4-17.
1. maximum displacement
The displacement transfer function amplitudes are, for frequencies smaller than 1,
equal to 1. The structural displacement is expected to be related to the base motion.
The maximum motion occurs for «,,. = -36° and x=0 (see Figure 4-18). The
displacement amplification is more or less 50%
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Figure 4-18 Maximum motion at x=0m for a;,. = -38°. time domain between 11s and 16s and frequency
domain for total event (0 to 48s), upper row: base acceleration, middle row: transfer function, bottom
row: structural bending moment, left column time domain, right column frequency domain amplitude.

2. maximum bending moments

The maximum bending moment occurs between 11 and 16s for a;,. = -36° (see
Figure 3-16). The transfer functions for the bending moment — base acceleration
showed an increase in response with an increase in time delay. The bending moment
maxima show a similar relation. The bending moments are increased for an increase
in the absolute value of the angle of incidence.
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3. maximum shear forces
For the shear forces is not found a clear relation. The response functions shows a
bigger response for an increase in the absolute value of 7. The time history analysis
shows a maximum at x=100 for «,,. = -36°.
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Figure 4-20 shear force for a;,. = -36° and x=100m. Time domain between 11s and 16s and frequency
domain for total event (0 to 48s), upper row: base acceleration, middle row: transfer function, bottom
row: structural bending moment, left column time domain, right column frequency domain amplitude.
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4. maximum pile forces

The maximum pile forces are decreasing with a increasing of the absolute angle of
incidence. When there is a time delay in excitation of the supports, the supports are
not excited simultaneously successively the peak load will not reach the support at
the same time. This could be an explanation for the reduction in pile forces for «;,. #
0 . The maximum pile forces occurs at the middle support (strong point) at 60m with
Qine = 0

time domain
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Figure 4-21 pile force for x= 60m and a;,. = 0°. Time domain between 11s and 16s and frequency
domain for total event (0 to 48s), upper row: base acceleration, middle row: transfer function, bottom
row: structural bending moment, left column time domain, right column frequency domain amplitude.

4.6 Variety in parameters

To investigate the influence of the parameters, the following parameters are varied:
e £, stiffness parameter

&, damping parameter

d, span length

M,, support mass

M,, distributed mass

E, youngs modulus

For each variation in variables is made a plot (see Appendix H). The variation is based
on the parameters of the Melaka case given in paragraph 1.2. The correlation of the
different parameters is given in table 4-3. In here is given for each maximum structural
response if it is positively (+), negatively (-) or not (x) correlated to the parameter.

displacement | bending moment | shear force | pile force
T X + X -
K - X X X
5 - - - -
d + + + +
M, + + + +
Md X X + +
E X + X X

table 4-3 parameter - structural response correlation, positive (+), negative (-) or no (x) correlation

Overall it can be concluded that the phase shift in excitation in the frequency domain by
tau has influences on the structural bending moment and the pile forces, this could
already be seen in the transfer functions. The angle of incidence firstly has influence on
the transverse base excitation. The maximum values show a significant increase in the
maximum bending moment and a significant reduction of the maximum pile force for an
increase of a;,.. The maximum displacement and the shear forces do not give a clear
relation.
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Chapter 5 Conclusions and recommendations

The main result of this thesis is that the dynamic response to an earthquake of a long
jetty structure depends on the angle of incidence. A significant dynamic amplification of
the structural response occurs if the spatial shape of the earthquake loading, at a
natural frequency of the structure, closely resembles the structural mode shape that
corresponds to this frequency.

f3: 2.93e+000 Hz

location [m]

Figure 5-1 Third mode shape (red line), with equivalent base displacement (black line)

An example is given in Figure 5-1 for the Melaka case that was studied in this thesis.
The red line represents the 3™ mode shape corresponding to the frequency of 2.93 Hz
(period T5 = 0.34s). The black line represents the earthquake loading shape for a
harmonic wave of the same frequency that approaches the structure with a velocity ¢ =
200 m/s and under an incidence angle g, = 36°. The corresponding time delay in
loading between the adjacent supports is given by 7 = d sin g;,c / ¢ = 0.029s. The
wavelength A of the earthquake loading is given by A = T d/ r=120m. Where d is the
intermediate support distance.

Thus, long jetty structures can be prone to specific incidence angles of
possible earthquakes. We recommend this aspect to be accounted for in the
building codes, which is currently not the case.

In order to conclude if the angle of incidence should be accounted for in the design, the
following simplistic considerations can be carried out:

1. Estimate the natural frequencies and the corresponding mode shapes.
2. If A;> T; -c the incidence angle can be of importance.

If the incidence angle can be of importance, the following approach schematized in
Figure 5-2 is recommended for implementation into the codes:
1. Determine the design earthquake event in the frequency domain. (prescribed
by the codes)
2. Calculate the transfer functions for different incidence angles.
3. Calculate the structural response to the earthquake in the frequency domain.
4. Transform this response to the time domain using an inverse Fourier
transformation.
5. Conclude whether the maximum stresses are reached.
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The model employed in this thesis is rather simplistic because it was aimed at exploring
qualitatively the effect of the earthquake incidence angle on the structural response. In
order to make the proposed model more realistic and explore possibilities of the

structural response reduction, it is recommended to include the following factors in the

model:
[ ]
[ ]

Possible local failure of Pile — Cap connection
Possible plastic deformation of the piles/ deck

Stoppers that would limit the deck motion
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Appendix A Drawings

Survey drawings of the Melaka case
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Appendix B Solution of continuous equations

B.1 General solution transverse displacement

The equation of motion for a beam is given by the 4™ order differential equation
(3-14). So, for each span number n is the equation of motion given by:

stiffness term inertia term
4 2
Ela v, (x,1) +pA6 v, (x,1) 0 (B-1)
ox* o’
where:
V= the transverse displacement as function of x (place) en ¢
(time) [m]
EI = bending stiffness [Nm?]
X = location on the beam [m]
P = specific weight [kg/m®]
A= area [m?]
n= span number

For a derivation of (B-1) is revered to (3-14). The solution of the 4'" order differential
is given by:
v, (x,t) = A4, exp(iot —iyx) (B-2)
where:

location on the beam [m]
time [s]

complex amplitude for span n
frequency [rad/s]
Y wave number [rad/m] for span n

Equation (B-2) inserted into the equation of motion (B-1) and divided by
exp(iot —yx) gives:

e o T
([T

—’*pA+y*EIl=0 (B-3)
The four solutions of ¥ are given by:

= +,4/'0Aa’ (B-4)

- pA‘” (B-5)
,} (B-6)
—_j4P (B-7)
EI
Thus the displacement for v, (x,?)is represented by:
v, (x,1) = expicon) (4, exp(=iy, x) + 4, , exp(=iy, ;%) +
(B-8)

A, 0Xp(=i7,5x) + A, Xp(=i7, X)) = exp(iax) -V, (x,0)
where:
V (x,®) =displacement in the frequency domain




Dynamic behaviour of long jetty structures under seismic conditions Appendix B Solution of continuous equations

The base movements for the first support, y,and ¢, are assumed to be harmonic.
Their motion is given by:
¥, () =Y, expicor) (B-9)
where:
Y, displacement amplitude

and
@, (t) = Dexp(iot) (B-10)
where:
® = rotation amplitude

The time delay between the supports is given by 7 so at each support, the excitation
of its base is given by:

v, () =Yexp(io(t—(s—1)7)) = Y exp(iot) exp(—io(s —1)7) (B-11)
Where:
§ = support number

and
@, (1) = Dexp(io(t — (s —1)7)) = D exp(icot) exp(—iw(s —1)7) (B-12)

B.2 Boundary conditions

At each support holds two boundary condition, (equilibrium of bending moment and
equilibrium of forces) and at each intermediate support holds two additional boundary
conditions namely the two connection conditions. This paragraph gives the formulation
of those boundary conditions.

At x=0 holds: n=1 (span number) and s=1 (support number). The boundaries
conditions are defined as follows:

El-v,| =k, (v,; ) (t)) (bending moment equilibrium)  (B-13)

and
EI-v)| ==k (v,

n

o= V,(6))=mii,| _ (force equilibrium)  (B-14)

At x=L holds: n=N-1 and s=N (end support). The boundaries conditions are defined as
follows:

EI-V)|  =-k, (vn o —¢1(t—(s—1)z')) (bending moment (B-15)
equilibrium)

and
EI-V'=k (v, -y (t—(s—=1)7))+mV, (force equilibrium) (B-16)

At x=s d holds: n=s and s=s (support number) and the boundaries conditions are
defined as follows:

(vn —vml)‘x:w =0 (displacement equilibrium) (B-17)
(v; _v”""l)x:n- (rotation equilibrium) (B-18)
E](V: _VZH)X:M =—k, (v; e —¢1(t—(s—l) r)) (bending (B-19)
moment equilibrium)

L)y =K (vl g == G=00)+mid o g )

(force equilibrium)
(B-11) and (B-12) inserted into (B-13) to (5-20) gives respectively equations (B-21)to
(B-28) (boxed equations):
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El-V"-kV/=—k® (bending moment equilibrium s=1) (B-21)

and

El- V" kV,—mw’V,=kY (force equilibrium s=1) (B-22)

At x=L holds: n=N-1 and s=N (end support). The boundaries conditions are defined as
follows:

EI- V), +kV, =k ®exp(—io(s —1)7) (bending moment

(B-23)
equilibrium s=N)
and
m 2 .
EL-V{, —kV, ,+maoV,  =-kYexp(-io(s-1)r) (force (B-24)
equilibrium s=N)
If N>2 (more than two supports) holds:
x=s"d (location of equilibrium determination) and n=s-1 (span number).The
boundaries conditions are defined as follows:
V.=V . (displacement equilibrium) (B-25)
V=V, (rotation equilibrium) (B-26)
EI(V!-V!.)+kV,, =kDexp(—io(s—1)7) (B-27)
(bending moment equilibrium)
EI(V"-V! )=kV, . +mV,  =-kYexp(-io(s 1)) (B-28)
(force equilibrium)

V is given in equation (B-29). The derivatives of V are proportional to V and are given
in equation (B-30) to (B-33).

Lx.'t) = Vn = (Ian.l exp(_lynlx) + ‘/an.Z exp(_lj/an) +

exp(iot) (B-29)

An.3 exp(_lynlix) + An.4 exp(_17n4x))

J=M=—iﬂ/n (B-30)
Ox
2

I/n": a vn('::’t) :_721/11 (B-31)
ox

83‘}71 (x7t) m .

3 - iV, (B-32)

2

av;%t(zx’t):ff; = -0, (B-33)

For n spans, the system of equation has 4xn equations, and 4xn unknowns (A,.1, An.2,
A,z and A, 4). This system of equations is written in matrix form by:

BxA=C (B-34)

where:

B = coefficient matrix with dimension (4n X 4n)

A = variable vector with dimension (4n x 1)

C = force vector with dimension (4n x 1)
The solution of the matrix A is given by:

A=B*"xC (B-35)
Substitution of the variables into the general solution (B-8) gives the deflection as
function of place (x) and time (t) for each span n. With the solution of the
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displacement, the solutions of the shear forces and bending moments are also known
because of the following relations:

2
) =1 ) (536)
X
and
3
D(x,t) = —EI% (B-37)

Without structural damping, equation (B-38) returns the natural frequencies of the
structure.

det B(w) =0 (B-38)
The mode shapes corresponding to the natural frequencies are calculated according:
by, - b, a b,
: ol |Eae,] (B-39)
b,y v by, lan b,
Where:
a,, areelements of A
bn,,, are elements of B
So
-1
a, by - b,y by
D= -a, : : : (B-40)
an—l bn—l,l e bn—l,n—l bn—l

B.3 General solution longitudinal motion

The equation of motion for a rod is given by the 2™ order differential equation (B-41).
So, for each span number n is the equation of motion given by:

pAazun(x,t) ZE(EAaun(x,t)J

o’ ox ox (B-41)

where:

u= the longitudinal displacement as function of x (place) en ¢
(time) [m]

E = Young’s modulus [N/m?]

X = location on the beam [m]

P = specific weight [kg/m®]

A= area[m?]

n= span number

For a derivation of (B-1) is revered to (3-14). The solution of the 4'" order differential
is given by:

u, (x,1) = 4, exp(i (@t - yx)) (B-42)
where:

X = location on the beam [m]

t = time [s]

A~ = complex amplitude for span n

[0} =

frequency [rad/s]
wave number [rad/m] for span n

=
I
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Equation (B-2) inserted into the equation of motion (B-1) and divided by
exp(iwt — yx) gives:

~0’p=—y°E (B-43)
The four solutions of y are given by:

|o’p
7;1.1 = E (B-44)

2
'p
7;1.2 == E (B-45)

Thus the displacement for v, (x,¢)is represented by:
u,(x,t) =exp(iot) (ﬁn,l exp(—iy, x) + 21,1.2 exp(—i;/n'zx)) =

exp(iot)-U,(x, ®)
where:
U, (x, ) =displacement in the frequency domain

(B-46)

The longitudinal base movements for the first support, x, are assumed to be
harmonic. Their motion is given by:
x, () = X exp(iot) (B-47)

where:
X = longitudinal displacement amplitude

The time delay between the supports is given by 7 so at each support, the excitation
of its base is given by:
x,(t) = X exp(io(t — (s —1)7)) = X exp(iot) exp(—icw(s —1)7)) (B-48)
Where:
§ = support number

B.4 Boundary conditions

At each support holds one boundary condition, (equilibrium of forces) and at each
intermediate support holds one additional boundary conditions namely the connection
conditions. This paragraph gives the formulation of those boundary conditions.

At x=0 holds: n=1 (span number) and s=1 (support nhumber). The boundary
conditions is defined as follows:
EA-u'LZO =k, (u o X, (t))+mii|x:0 (force equilibrium) (B-49)

At x=L holds: n=N-1 and s=N (end support). The boundaries conditions are defined as
follows:

EA'”'LZO =—k, (”L:o — X, (t)>—mii|x:O (force equilibrium) (B-50)

At x=s x d holds: n=s and s=s (support number) and the boundaries conditions are
defined as follows:

(un - un+1)

; =0 (displacement equilibrium) (B-51)

X=S-

EA(u, —u.,,)

n+l

—k,(u

x=n-d -
(force equilibrium)

(B-47) (B-48) inserted into (B-49) to (B-52) gives respectively (B-53) to (B-56)(boxed

equations):

g =X (= (s —1)7)) +m ii|x:n'd

(B-52)

EAU] - kU, + mo’U, =k, X (force equilibrium s=1) (B-53)

At x=L holds: n=N-1 and s=N (end support). The boundaries conditions are defined as
follows:
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EAU,,  +kU, ,—mo’U,_, = kX exp(—io(s —1)r) (force

(B-54)
equilibrium s=N)
If N>2 (more than two supports) holds:
x=s"d (location of equilibrium determination) and n=s-1 (span number).The
boundaries conditions are defined as follows:
U,=U,, (displacement equilibrium) (B-55)
and
EA(U,-U.,)+kU,, —mo’U,,, =k X exp(-io(s —1)7) (B-56)
(force equilibrium)

V is given in equation (B-29). The derivatives of V are proportional to V and are given
in equation (B-30) to (B-33).

u (x,t) ~ . - :
=2 =U =4 ,exp(-iy x)+ A ,exp(-iy ,x B-57
exp(iar) n ( .1 p( 1Y, ) ) p( V2 )) ( )
U= ajv _ —iyU, (B-58)
dx
. dU )
U = =-oU (B-59)
" d? "

For n spans, the system of equation has 4xn equations, and 4xn unknowns (A,.; and
A..,). This system of equations is written in matrix form by:

BxA=C (B-60)

where:

B = coefficient matrix with dimension (2n X 2n)

A = variable vector with dimension (2n x 1)

C = force vector with dimension (2n x 1)
The solution of the matrix A is given by:

A=B'xC (B-61)
Substitution of the variables into the general solution (B-8) gives the deflection as
function of place (x) and time (t) for each span n. With the solution of the longitudinal

displacement, the solutions of the stress due to the longitudinal forces are also known
because of the following relations:

N(x, 1) = £4 2450 (B-62)
dx

The stresses due to the longitudinal forces are given by:
N(x,t) r du(x,t)
A dx

o(x,t)= (B-63)

10



Dynamic behaviour of long jetty structures under seismic conditions

Appendix C Mode shape functions

Appendix C Mode shape functions

A mode shape function is a function which represents the mode shape as a function of

X.

Y1 y2

When one of the 6 degrees of freedom is displaced by a unit 1. The displacement of

the total element distributed over the length is given by:
Ax, (x) =, (x)Ax,

where v, (x) = (1—3(%) + 2(%) }
Ax,(x) =y, (x)Ax,

where v, (x) = (3(%) - 2(%) J
A6, (x) =y, (x)AG

2
where v, (x) = x(l—%j

AG, (x) =4, (x)A0,

x2( x *
where x)=—| =—-1
‘//92( ) I\z

(C.64)

(C.65)

(C.66)

(C.67)

With these function the shape of the element can be expressed in terms of its nodal

displacements:
d(x) =y, (x)Ax +y, (X)Ax, +y, (x)Ay +

v, (x)Ay, + W (x)AG, + W, (x)AG,

(C.68)

11
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Appendix D MDOF Modelling

The single degree of freedom method can be extended to perform a much more
accurate analysis. In a MDOF- system, the mass M, stiffness K, damping C, loading f
and deflections x represent a set of simultaneous equations. These equations can be
written in matrix form as:

M5 + Cx + Kx = f(t) (D.1)

This chapter will discuss the determination of a mass, damping and stiffness matrix.
and the transformation to generalised coordinates.

D.1 Principal or generalised coordinates
Again the equation of motion:
Mx + Cx + Kx = f(t) (D.2)

The transformation matrix, to transform the Cartesian axis system to the principal or
generalised axis system, is ¢’ where ¢ is the matrix of eigenvectors (natural shapes
or mode shapes) arranged in columns.

Z=¢'X or X=¢Z (D.3)
The transportation from general coordinates back to Cartesian coordinates is done by:
N
x()=.9,Z,(t) =®ZL(r) (D.4)
n=1
When a matrix is orthogonal with regards to the eigenvector matrix holds:
¢"...¢ = diagonal
where (D.5)

@ = the matrix of eigenvectors
The equation of motion in principal coordinates becomes then:

M, Z+C,Z+K Z=F,(t) (D.6)
Where:

M,=  ¢'Mo

C,= ¢'Co= 28 o M, where & is the n™ mode damping ratio
K.,=  ¢'Ke¢

F= o'f

M, ,C and K, are diagonal matrices and represent the mass, damping and stiffness

participation in mode n. F is the force participating in mode n. The matrices M, C and

K have to be orthogonal to be transformed into diagonal matrices. The advantage of
diagonal matrices is that the set of equations are fully decoupled (only diagonal
terms).

D.2 Stiffness matrix
The spring force in a mass spring system is represent by:
f.=k-x (D.7)

The factor k represent the stiffness of the system. For a MDOF system is the stiffness
represent by set of equations depending on the degrees of freedom. The equation

13
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ordered give the stiffness matrix K. The elements of the stiffness matrix for plane
beam column are given by:

L

Ky = | E1Gw, (wr (x)ex (D.8)
0

Where:

w(x) = shape function

The stiffness matrix for a plane frame column (6 degrees of freedom) is given in
equation (D.9). The stiffness matrix for a plane beam column is given by the same
matrix without the 1°t and 4™ rows/ columns.

L L

12EI  6EI 12E]  6EI

I 12 0 - I 2

6EI  4El ,  —6El 2EI

2 2
R Y ' ’ EA ' '
D A (©.9)

12E] —6EI 12E]  —6EI

T 2 0 e I

6EI  2EI —6EI  AEI

0 2 r 0 2 r
Iz L I L |

— |:K11 K12:|
K21 K22

D.3 Mass matrix

The mass matrix can be construct as a (Clough and Penzien, 1993):

e Lumped- mass matrix

e Consistent- mass matrix
The lumped mass matrix is the simples way to construct the mass matrix. Here is
assumed that the entire mass is concentrated at the point at which the translational
displacements are defined (the nodes). The point mass will be associated with each
degree of freedom. The mass associated with any rotational degree of freedom will be
zero. Because the mass is assumed to be lumped the inertia mass is assumed to be
zero. Thus the lumped- mass matrix is a diagonal matrix which will include zero
diagonal elements for the rotational degrees of freedom.

m,

M = I _ M;,
m, M,, (D.10)

m; = the mass of element i

14
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I, = the inertia mass of element I [kgm?] = 0

The consistent matrix posses for each mass, like the stiffness matrix, the influence on
the nodes. Like the stiffness matrix is the consistent matrix also not a diagonal matrix
like the lumped mass matrix. The consistent plane- beam column is given by:

m; = Im(x)l//i () ; (x)dx (D.11)

Where:

v (x) = shape function

The mass matrix for a plane- frame element is modelled in the way. The mass matrix
for a plane- frame element is given in (D.13). The mass matrix of a plane- beam
column is given by the same matrix without the 1" and 4" rows/ columns.

(140 0 0 70 0 0
0 156 22L 0O 54 —13L

pAL| 0 220 4> 0 13L 3| [M,, M,

T420[70 0 0 140 0 0 {Mm sz

0 54 13 0 156 -22L (D.12)

| 0 -13L -3) 0 -22L AL |

p = the specific weight (kg/m?)

A= area (m?)

L = length of the beam element (m)
The determination of the shape functions is given in 0.

D.4 Damping Matrix

The damping matrix can be determined in the same way as the consistent mass and
the stiffness matrix (Clough and Penzien, 1993):

¢y = [ el (D, (x)dx (D.13)

Where:

v (x) = shape function

m(x) = distributed mass as function of x

In practice, the evaluation of the damping property c(x) is impracticable.

The most easy way to formulate a damping matrix, which is orthogonal to natural
mode matrix, is to construct it proportional to the mass and stiffness matrix. This is
called mass or stiffness proportional damping.

C=aM or C=akK (D.14)
Where:
a, and a, are proportional constant [s'] and [s]
or
C,=a,p' Mg or C, =a,¢" K¢ (D.15)
or in terms of damping ratio (see equation (D.6))
Zwiané:n :aoMn or Cn = 2a)nMn§n :alKn (D16)
From which
a a,w
S =——or & =—- (D.17)
2w

n

15
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From equation (D.16) it can be seen that for mass proportional damping the damping
ratio is inversely proportional to the frequency and on the other hand the stiffness
proportional damping is directly in proportion with the frequency. The dynamic
response include contributions form all modes. When the MDOF system has significant
natural frequencies which span a wide range, the amplitude of the different modes will
be distorted by inappropriate damping ratios.

An improvement can be made when the damping matrix is expressed as a sum of the
stiffness and mass proportional damping matrix. Thus:

c=ay,m+ a;k (Rayleigh damping) (D.18)
So combining the formulas in (D.17) gives:
a, 4,0,
= + D.19
g 20, 2 (D.19)
The damping ratio as function of the natural frequency is given in the following figure:
é A

Combined -

.

Stiffness proportional:

a
-0 E=—L
é”]’ | a[] - (}‘ (t: N 2 m
|
I Mass proportional:
! / ay
/ a =0 ¢=—
| /o a=0g=5t

! = (1
®

m n

Figure 5-3 relationship between damping ratio and frequency, for Rayleigh damping (Clough and
Penzien, 1993).

The solution of the a coefficients is gained by writing the damping as a set of
equations:

e 2T

And the factors resulting from the simultaneous solution are:

_aO w, 0 a)n _a)m gm
=2 mn D.21
al:| a)n2 _a)mz |:]/a)n _]/a)m:||:éjn :| ( )

The mass and stiffness matrices used to formulate Rayleigh damping are not the only
matrices which are orthogonal to the natural vector matrices. In fact an infinite

number of matrices has this property (¢'...¢ =diagonal). A proportional damping
matrix can be made up of any combination of these matrices:

c=MYq[M'K] =YC, (D.22)
b b

In here, the different a-coefficients are arbitrary. For b=0 and b=1 the formula stated
in (D.18) is gained. In Figure 5-4 is seen the damping ratio versus the frequency of a
three term solution and a four term solution.

16
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gv
|

Damping ratio — &

I

[

|

[

|

! I L !
ml (I}” mr? (DP
Frequency — ® Frequency — @

(a) Four term solution (b)) Three term solution

Figure 5-4 extended Rayleigh damping, damping ratio versus frequency (Clough and Penzien, 1993).

Alternative formulation of the damping matrix is a damping matrix associated with a
given set of modal damping ratios. The set of modal damping ratios reflects the
damping in each mode shape.

EoM, 0 0
C,=®'Ch=2 0 S2@: M (D.23)

0 NONUE

The matrix of the damping matrix in (D.23) is given in Cartesian coordinates by:

N
C:M{zzi“[—%(pn(p:}M (D.24)

n=1 n
In this matrix, the contribution of the damping for each undamped mode will
contribute nothing to the damping matrix. Only the modes included in the formation of
the damping matrix will have damping and all the other modes will be undamped. To
avoid undesirable amplification of an undamped modal response, damping should be
increased with stiffness proportional damping matrix as in equation (D.14). The matrix

should be calculated to provide the damping ratio 65(; of the highest mode @, for
which damping is specified. Thus:
_ 2

o,

Combining (D.25) with the stiffness part of equation (D.17) gives the damping ratio

a (D.25)

fn of the stiffness proportional damping matrix as function of the frequency @, :

~ [0) [0)
g, =%=§C (Zj (D.26)

The total damping ratio desired in any mode nis £, . To satisfy with this condition, the

c

symbol & has to be degreased with the stiffness proportional damping part. Thus the

total damping at each mode is given by & . The new modal equivalent damping

ratio(g?n) is given by:

17
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En=;—;[“’"j
a)l)

(D.27)

The final result of this development is a proportional damping matrix c given by

c-1 2
C=aK+M {Z—Mw 0,0,
n=1

n

(D.28)

|

Which provides the desired modal damping ratios for frequencies less than or equal to
@, and which has linearly increasing damping for higher frequencies.

D.5 Axis transformation

When the local axis system of a beam is at an angle (a) to the global axis system, it is
convenient to transform beam to the global access system. The stiffness relation in

the directionof ais f, =K _x,:

y y
h\;x fo
/ \[\u fxo
Yot Yot T T X%
yl -1 Q y1 — Q
_— | __— |
Xu X X Xu X X

Figure 5-5 transformation of local to global axes

The rotation of the vectors f, and x, with respect to the global x — y axis is given
by(Ghali and Neville, 1989):

f, =Tf, and x, =Tx,

Where:
cosa Sina
T=|-sina cosa
0 0

Where:
1. = X=X

o 112
1. = Vo= N

i 112
l}f*x - _lx*)
ﬂy*y - ;Lx*x

(D.29)
O AX*X ﬂX*V 0
Olor|A. A. O
yx yy
1 0 0 1

Because 7' =T, holds the following: f; =T" f, and x, =T"x,. With these
equations the transformed stiffness matrix can be determined:

18
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fa = Kxxa

Tf, =K, Tx,
f,=[T'K,Tx,
f,=K,x,
K,=T'K,T

D.6 Multiple beams

(D.30)

Structures can be modelled as multiple beams. For n elements the size of the M and K
matrices will be (n x n). The elements in the M matrix will be zero at the off-
diagonals. The stiffness of each beam element has to be transformed to a global

stiffness matrix.

The transformation to an integral global stiffness matrix is given in Figure 5-6. The
beam stiffness for the separate beams (A,B and C) have to be summed for each

element.
1
A All A12
A A +B, +C
B = 21 22 11 11

2 3 Kg 0 B

c 21

. 0 C,,

Figure 5-6 example structure, transformation partial beam stiffness to integral stiffness matrix
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Appendix E Modal response spectrum

E.1 Modal response spectrum analysis

A modal response spectrum analysis is a plot of the maximum response versus the
corresponding frequency of period results in a response spectrum for a particular
ground motion. In this paragraph will be first explained how to generate a response
spectrum for a single degree of freedom model (SDOF) and thereafter for a multi
degree of freedom model (MDOF). A important note: the modal response spectrum has
to be applied to the modal coordinate system. This holds also for a MDOF model. For a
continuous system model this is not applicable. The application of a modal response
spectrum is given in Appendix E.

E.2 SDOF
For a SDOF mass spring system holds:
X, =X, +Xx, (E.1)
where:
X, = the total displacement
X, = the ground displacement
X = the displacement of the structure relative to the
: ground
The equation of motion becomes then:
. . . E.2
Mxt—C(xg—x,)—i-K(xg—xt) (E.2)
This can be rewritten as:
Mx, +Cx, +Kx, = —Mjc'g (E.3)
Or in terms of w and &;:
i+ 20,% +0,°x, =-%,(1) (E4)
where:
- &7
o, M

£ _
2KM

In equation (E.4), the response (X,,x, and x,) can be calculated for a given ground

acceleration as a function of the time()'c'g (#) ). The response is determined only by T,

(natural period for SDOF system) and € (critical damping percentage). Measured time
histories of earthquake ground movement are applied to the SDOF- systems and a

time history of the motion x, relative to the ground is calculated. An overview of this
numerical calculation is given in 0. This calculation is repeated for a range of T,
(27r/a)n ) and €. The peak relative response to the ground motion time history is
noted for each T, and &. This value is called the spectral displacement Sy.

Sd = xr(max) (E.5)

It is also convenient to define approximate velocity an acceleration spectra (pseudo
velocity, or pseudo acceleration).

S =0,S, (E.6)
S, =w?’S, (E.7)
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For the El Centro earthquake from 1940 is the response spectrum given in Figure 5-7.

Response North- South direction with ¢ = 0.05

3 T

0 0.5 1 15 2 25 3
Tls]
Response East- West direction with & = 0.05
3.5 T T T

spectral acceleration/ max ground acceleration [-]spectral acceleration/ max ground acceleration [-]

Figure 5-7 Response spectrum for El Centro earthquake

S, and S, are approximations, their definition assumes that the response is at the
frequency @, which is not necessarily true. Because of the relationship between the
Sq, Sy and S, it is convenient to plot these in one figure (Figure 5-8).

100 =~
/“:0

50

20

10

VELOCITY, in./sec

1
0.05 0.

FREQUENCY, Hz

Figure 5-8 response spectra, El Centro earthquake may18 1940 direction North- South (Newmark and
Hall, 1982)

The response spectrum is given in codes as the basis of design for real structures.
Although the response spectrum contains simplifications and consumptions it is widely
used because it’s analytical convenient and the result are thought to be conservative.
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Even when two 2D analyses in two orthogonal horizontal directions, X and Y, satisfy it
is preferable to do the modal analysis for a full 3D structural model.

The fist step in a modal response spectrum analysis is the determination of the 3D
modal shapes and natural frequencies of vibration (eigenmodes and eigenvalues).
The response of the lowest-frequency mode is usually the most significant. For a
application to a MDOF- model is referred to 0. For ductility modified response spectra
is referred to E.4 .

E.3 Influence of the soil

With the help of a response spectrum is becoming clear which frequencies or periods
are dominant. The response spectrum is besides the earthquake also depended on the
soil classification. The local soil conditions have influence on how the structure is
excited and there fore also on the response spectrum. Numerous investigations in
response spectra as function of the soil conditions are being done (Seed and Idriss,
1982). Their results are given in Figure 5-9 and Figure 5-10. There is a difference in
response whether the construction is founded at a hard underground or soft clay. The
response on weak soil is in general higher than the response on soft soil. The peak
responds for stiff soil is around 0.2 — 0.5 hz.

4

Total number of records analysed: 104 Spectra for 5% damping

~ Soft to medium clay and sand — 15 records

Deep cohesionless soils (> 250 ft) = 30 records

2

~ Stiff soil conditions (< 150 ft) — 31 records

Rock — 28 records

Spectral acceleration
Maximum ground acceleration

0 0.5 1.0 1.5 2.0 2.5 3.0
Period T — seconds

Figure 5-9 Average acceleration spectra for different site conditions (Seed and Idriss, 1982)
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Rock — 28 records

4
Total number of records analysed: 104
Spectra for 5% damping

=

g 3 Soft to medium clay and sand — 15 records

:E

i Deep cohesionless soils (= 250 ft) — 30 records

(¥

2

;_: Stff soil conditions (< 150 ft) — 31 records

3 2]

&

=

Max

3.0

h

>
(]
h

0 0.5 1.0 1.
Period T — seconds
Figure 5-10 84 percentile acceleration spectra for different site conditions (Seed and Idriss, 1982)

Figure 5-11 and Figure 5-12 give the response spectra according the API and the
Eurocode 8. Both response spectra build up in the same matter. In here is
schematically given the influence of the soil type on the response spectrum. On the y-
axis is given the response acceleration divided by the maximum excitation
acceleration. The response spectra according the eurocode is classified in 5 soil types
where the response spectra according the API is classified in 3 soil types. For most
areas in world the design earthquake acceleration is known. Therefore these graphs
are integrally applicable.

< 5.0 T T T T 71 LI I R A [ -
el i b Percent of n
Il | S4G =25 critical damping |
,LO& A = Soil type
2,0 B rd B } —
= &
.% c,%
8 &
c |8 1.0 ¢
G|
218
Slo r .
&|E = S 4 = Spectral acceleration
83 05 L
4] -
= g’ - Sy = % Sa = Spectral velocity
Sl
BB I Sp= T2 Sa = Spectral displacement
2L am2
W 0,2 -
0,1 1 | 11 1 1 1 1 1 | I T I B | | 1 1 1
0,04 0,1 Q,2 05 1,0 2,0 5,0

Sail type Period T (seconds})

A Rock - crystalline conglomerate or shale - like material generally having shear wave velocities in
excess of 3000 ft/sec (314 M/sec)

B Shallow strong alluvium - competent sands, silts and stiff clays with shear strengths in eccess
of about 1500 psf (72kPa) Limited. to depths of less than about 200 ft (§1M) and averlying rock-
like materials

C Deep strong alluvium-competent sands, silts and stiff clays with thicknesses in excess of about
200 feet (G1M) and owverlying rock-like materials

Figure 5-11 design response spectra [API p. 150.]
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L8]

0 1

T (s) 4

Rock or toher rock- like geological
formation, including at most 5 m
of weaker material at the surface

Deposits of very dense san,
gravel or ervy stiff clay, at least
several tens of m in thickness,
characterised by a gradual
increase of mechanical properties
with depth

Deep deposits of dense or
medium-dense sand, gravel or
stiff clay with thickness from
several tens to many hundreds of
meter

Deposits of loose-to-medium
cohesion less soil (with or without
some soft cohesive layers), or of
predominantly soft-to-firm
cohesive soil

A soil profile consisting of a
surface alluvium layer with vg
values of type C or Dand
thickness varying between about
5 m and 20 m, underlain by stiffer
material with v¢> 800 m/s

Figure 5-12 Elastic response spectra type 1 according the eurocode, with 5% damping

Many structures rely on plastic behaviour to resist major earthquakes. The loading
calculated from the linear assumptions in the static pushover analysis is an
approximation of the actual behaviour. During severe shaking several types of non-

linear behaviour may occur:

e plastic hinge formation

e brace buckling
P- A effects

Member strength decay under cyclic load
Soil pore water pressure generation under cyclic load
Soil strength degradation under cyclic loading.

With the help of a numerical calculation, non-linear behaviour can be introduced into
the calculation. The result will be an accurate representation of the appearing forces.
A time domain history analysis is done with the following formula:

M5 + Cx + Kx = f(t)

(E.8)

The force vector is the earthquake excitation force (relative base movement times
support stiffness). With the mass, damping, stiffness matrices and two initial
conditions known the structural behaviour for this event can be calculated numerically

with e.g. the Runke Kutta method (see 0).

For non-linear models, the damping and stiffness resistance are depending on the
structural displacement. In a numerical calculation this condition is relative easy to

program.

Non- linear calculations are difficult to understand. The change of initial conditions for
instance can result in a totally different outcome. Insight into the problem is therefore

difficult to acquire and the result are equivocal.

E.4 Ductility factor

So far the response spectrum, besides damping, didn’t include ductility. Ductility is
energy dissipation due to inelastic behaviour of the construction material. In this
paragraph the influence of ductility on the response spectra will be analysed. The
response spectra will be analysed for an elastic-plastic model relatively to the elastic
model. The equation of motion for a non linear model is given by:
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X, +28wx, +

f(x) .
=50 (E.9)

where:
®=\Jk/m
&=c/2mw
The maximum value of the displacement is expressed in terms of the ductility factor

y7y

— |x(t)|max
X, (E.10)
where: ’
X, = the displacement at which yielding starts

For u < 1 the entire response, like in the previous response calculations the system is
assumed to be elastic. When g > 1, the system respond inelastic in certain time

intervals. The maximum displacement |x(t)|max and the maximum spring force
|ﬂ (t)|maxare compared for the two cases. For both cases, the values &, wand m kept

constant during a certain earthquake event )'c'g(t). The results are given in Figure
5-13.
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Figure 5-13 Deformation spectra, elastoplastic systems, 2 % critical damping, El Centro Earthquake
(Newmark and Hall, 1982).

In the following analysis the maximum values for the elastic case are supplemented
with the subscript “el” and in the elastic- plastic case with “elpl”. The values are
obtained numerically. The first system considered is a flexible system having a value
of natural frequency 0< f <33Hz. In this system the structural resistance is

insignificant. Consequently both x,and X will approach the maximum ground

displacement ‘xg (®) .
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Xeg = Xeppr = “xg (1)

" 20< f<0.3Hz (E.11)
S =k, @), 1

For systems with a natural period between 0.3 and 2 Hz, x,andx,, won't reach the

maximum ground displacement. Numerous earthquake excitations show that the
relative displacement still holds. An example is given in Figure 5-13.

Yo =t g3 f<2Hz (E.12)
ﬁ,y = j(.;,el//’l
In the frequency range 2< f <8Hz, the results indicate (see Figure 5-14) that the

deformation energy is well preserved. The areas under the elastic and the elastic-
plastic curves in Figure 5-14 are nearly equal. The elastic- plastic displacement/ force

(x,,and fw) expressed in terms of elastic displacement/ force (x,, and f, ) and the
ductility factor i gives:

Xeppt = \/% Xet
1ﬂ 2< [ <8Hz (E.13)
f;,y = f;‘,el
Jou-—1
Koo < f< 03 H:z ff-;-‘_ 03 < f<2H: k 2<f<8H:
f; el | sl | I : ’(; el I
) k ! k ! - 3
r\\ :.'f.:',ulpl ! f\\ = -f.;',c]p[ [ f ¢| -t 2 -f;.clpl | T
| I X 1 1 X 1 I
X_\ xcl =xcl])l = |xg|m.-!x x_\' xcl =xc]|11 # |x_g-|m:m x_\ xvl xclpl
(a) (b) (c)

Figure 5-14 Elastic and elastic- plastic force- displacement relations (Clough and Penzien, 1993)
When the natural frequency goes to infinity (£ — o0 ) yielding of the rigid will occur
with the slightest reduction of f . In this case x, — 0. For finite values of the

ductility factor the force must be limited. This is true of frequencies f >33Hz. Thus

KXeppr = HXy

. f >33Hz (E.14)
fS'y - ‘f;"’l - m‘xg (t)‘max

The natural frequencies in the range 8 < f < 33Hz respond transitional between the
systems discussed before in equation (E.13) and (E.14). Fortunately, the fundamental
frequencies of most structures are below 8Hz. Thus in most cases, the equations
below 8Hz will suffice in estimating the maximum force.
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Appendix F Numerical Calculation
The equation of motion is given by:
M+ Cx + Kx = f(¢) (F.1)

This second order differential equation can be written as two dependent single order
differential equations (Vuik, 2005). E.g. when:

v=X
w=V(= ) (F.2)
(= %)

Then equation (F.1) can be written as:
vV=w
—Cw—Kv—M{r)'ég} K K (F.3)

W= =——v-2& [ —w—r¥
M M § M £

Or in matrix notation:

MBS 1

which is:
x =Ax—f(1) (F.4)
Where matrix A is given by:

0 1
[—mz —250)}

The Runge- Kutta method is given by:
0,4 =0, +E [k + 2k, + 2k, + k, |

Where:
kl = hf(tn’dn)
k2 :hf(tn+%h’dn+%kl) (FS)

ky=hf(t,+5hd, +3k,)
ky=hf(t,+hd +k,)
The local truncation error of the runge kutta method is given by:

h? h® h*
G..(hA)=1+hA+—A+—A+—A F.6
we (hA) At CAT (F.6)
The matrix A diagonalised for every power according to:
STA'S = A" (F.7)
Because A* is diagonal for every value of k, G, (hA) will also be diagonal.
GRK (hA) = DIag[Q(hﬂl% Q(hﬂ'l)l """ ’ Q(hﬂ’k)] (F8)

The matrix G, (hA)is a diagonal matrix with amplification factors on its diagonals.

The numerical calculation is stable when all the amplification factors are smaller than
1, because the local truncation error is then limited. When the relative damping factor

& is constant, the amplification matrix A is only dependent on the natural frequency

® (see equation (F.3)). Therefore the diagonal amplification matrix GRK(hA) with a
constant damping percentage is only dependent on ® and h (step size). In practice
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does this mean that the natural frequency at a certain stepsize are limited (see Figure
5-15). The maximum applicable natural frequency are given in table F-1.

Amplification factor as function of the eigen frequency at different stepsize
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Figure 5-15 amplification factor as function of the natural frequency at different step size (h=

0.005/0.01/0.02)

300
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Stepsize

0.02

0.01

0.05

Maximum natural frequency [rad/s]

145

290

580

table F-1 maximum natural frequency at stepsize
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Appendix G Modal Response Spectrum
Application

This appendix discusses the application of a modal response spectrum to a:
e Linear static analysis
e MDOF modal response spectrum analysis

G.1 Linear static analysis

The linear static analysis is usually conservative. No dynamic analysis is made of the
structure. Assumed is the structural peak acceleration. The structural mass is
multiplied by this acceleration to acquire the earthquake forces. The forces are applied
statically and distributed in proportion to the structural mass. The forces are
magnified by a static coefficient, which accounts for the differences between the
static and dynamic responses of a structure. For a SDOF system holds:

F=CS(Sa) m (G.1)

peak

where:

F' = equivalent static load
C, = static coefficient

S = peak of acceleration response spectrum

a peak
m = mass of system
G.2 MDOF
In analogy with the SDOF
X =x,+x
! g g (G.2)
where:
X, = the total displacement
X, = the ground displacement
X = the displacement of the structure relative to the
: ground
The equation of motion becomes then:
M, +Cx, +Kx, =M, | (G.3)

This equation can be solved using a numerical calculation described in 0. Although,
the equations can be transformed to a normal mode coordinate system. The response
of each mode can than be treated as a single degree of freedom system whereon the
response spectrum can be applied.

x=0Z
G.4
where: G.4)
® = the matrix of eigenvectors (¢, mode shapes) arranged
in columns
Substitution of (G.4) into equation (G.5) and multiplied by —® gives:
T MOZ + O CgZ + OTKJZ = - MY, | (G.5)

The terms @’ .. D have only non-zero values on their leading diagonals. Therefore

equation (G.5) can be written as N independent scalar equations (one for each mode)
of the form:
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MZ +CZ +K Z =-L i

ne (G.6)
where:
M, = generalised mass for mode n =4 TM¢5
C = generalised damping for mode n =9 TC¢ =250 M
K, = generalised stiffness for mode n =¢ TK¢ —w ‘M
Z, = displacement for mode n, Z,(t) _ ¢nTxn ()
L = modal participation factor =¢ i

L,, the modal participation factor, has dimensions of mass and is a measure of the
responsiveness of each mode to ground vibration in the direction r. The value of L, s
dependent on the
M Z +CZ +K,Z, =—Lnxg (G.7)
where:
= the matrix of eigenvectors (¢, mode shapes) arranged
in columns
The equation (G.7) is in normal mode equivalent to equation (G.3). The maximum
displacement( in normal mode coordinates) in mode n is:

Ln
anax =VSdn (G8)

n

The displacement due to mode n, in Cartesian coordinates, is equal to:

L
xnmax = ¢nZn :¢nﬁn dn (G9)

X, max CONsist of a vector. Member forces for the mode n displacement are calculated
from the element stiffness relation.
fnmax = Kxnmax = KSnd (G].O)

Another way for defining the stiffness force, because M = K/a)2 and S, =S, .
Subsequently:
f _=MS (G.11)

An method of calculating the maximum element forces is by the square root of sum of
squares (SRSS) method. Where the maximum force is calculated by:

f c 2 2 2 2
fmax ~ zfnmax = flmax +f2max T +fnmax (G12)
n=1

When the natural frequencies of two modes are closely spaced the SRSS method can
be non- conservative. In this case the method can be refined by the “ten percent
rule”. In this method the natural periods which are less then 10% apart are summed
absolutely and the SRSS of these and all the other modes. So when mode 1 and 2 are
closely spaced equation 7.18 becomes:

ifjmax = \/(flmax +f,, )2 Fot 2 (G.13)

n=1
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Appendix H Variation in parameters

e stiffness parameter
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e span length parameter

o o
= o N
& N il

°
Maximum shear force [N]

Maximum displacement [m]

o
Y
@

-80 -60 -40 20 0 20 40 60 80 -80 -60 -40 20 0 20 40 60 80

«l al]
span length 5m
<10’ Mo span length 10m % 10° F pie,max

8 span length 20m
span length 40m
span length 80m

Maximum bending moment [Nm]
Maximum pile force [N]

-80 -60 -40 20 0 20 40 60 80

E =z
5 S
5 3
£ 8
g =
5
s £
h-] g
5 :
< 3
8
s 0.04 =
0.02 1 2 1
80 60 40 20 0 20 40 60 8 80 60 40 20 0 20 40 60 8
al] mass support 2.10e+004kg al]
mass support 4.20e+004kg
mass support 8.40e+004kg
——— mass support 1.68e+005kg
Y10’ Mirax mass support 3.36e+005kg | x 10° F e max
35 35
3 4 3 1
5
=25 1 25 1
E z
£ g
2 2 4 S 2 4
g / 2
5
3 1 1 1 1
8
- ,//_\/><></
0.5 —H 0.5 El
-80 -60 -40 -20 0 20 40 60 80 -80 -60 -40 -20 0 20 40 60 80
al] al]

34



Dynamic behaviour of long jetty structures under seismic conditions

Appendix H Variation in parameters

distributed mass parameter
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Appendix I Matrix frame calculations

e “normal” support resistant

e strong point support resistant
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Contour plot of transferfunction, HMamax [kgm], as function of the frequency and phase shift, N=3 5

frequency [-/s]

Figure 5-16 Transfer function for N=3

Contour plot of transferfunction, Hya max [kgm], as function of the frequency and phase shift, N=5
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Figure 5-17 Transfer function for N=5

Contour plot of transferfunction, H, [kgm], as function of the frequency and phase shift, N=7
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Figure 5-18 Transfer function for N=7

Contour plot of transferfunction, H

Ma,max [kgm], as function of the frequency and phase shift, N=9
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Figure 5-19 Transfer function for N=9
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Contour plot of transferfunction, HMa max [kgm], as function of the frequency and phase shift, N=11 0]
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Figure 5-20 Transfer function for N=11

Contour plot of transferfunction, H [kgm], as function of the frequency and phase shift, N=13 5
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Figure 5-21 Transfer function for N=13

Contour plot of transferfunction, H, [kgm], as function of the frequency and phase shift, N=15 6

Ma, max X 10
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Figure 5-22 Transfer function for N=17

Contour plot of transferfunction, H [kgm], as function of the frequency and phase shift, N=17

Ma, max
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Figure 5-23 Transfer function for N=19
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