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Time

Basic concepts

Any physical vibrating system in motion is subject to Newton’s laws

A vibrating object has a maximum displacement called the amplitude  A

A

A
T
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Time

Basic concepts

Any physical vibrating system in motion is subject to Newton’s laws

A vibrating object has a maximum displacement called the amplitude  A

A

T

There is also a period (time) from crest to crest  T

The vibrating object also must have mass  M

The elements have to satisfy Newton’s Second Law of motion

What is needed is the force F to act on this mass

A device that produces a cyclic force is a spring
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Basic concepts

Consider first Newton’s Second Law of motion

Force = Mass x Acceleration,  or    F = M.a

Here is a mass on a spring , that has been displaced a distance x

x

There is a force in the upward (-ve) direction on the mass  -F

F

If k is the spring stiffness, the force is   F = -k.x
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Basic concepts

Consider first Newton’s Second Law of motion

Force = Mass x Acceleration,  or    F = M.a

Here is a mass on a spring , that has been displaced a distance x

There is a force in the upward (-ve) direction on the mass  -F

If k is the spring stiffness, the force is   F = -k.x

The acceleration is the second derivative of x, thus a = x
..

x
..

=
d2x

dt2

From Newton’s law we can get the differential equation

F = M.a

-k.x = Mass X x
..

In the more familiar form:

x
..

+ k.x = 0M.

(acceleration)
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Basic concepts

x
..

+ k.x = 0M.

The solution to this equation for the displacement x is:

x
..

+
k

M
x = 0 Let x = Aeαt

If you would like the derivation:

α2Aeαt + Aeαt = 0
k
M

α2+ = 0
k
M

α = i
k

M
x=Ae

i .t
k

M

x = A.sin(         .t )k
M

x = A.sin(       .t )k
M

Thus: x = A.sin(          .t) + i.A.cos(        .t )k
M

k
M

6But x does not contain a imaginary part thus:



Basic concepts

x
..

+ k.x = 0M.

The solution to this equation for the displacement x is:

x = A.sin(       .t )k
M

We can also find the period of vibration T :

If you would like the derivation:

t

t + T

A.sin[ .(t + T) ] = A.sin[ .t +2π]k
M

k
M

T = 2π M

k
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Basic concepts

Looking at the sine wave, is seems to go on forever

Cannot happen in a real physical system, it must diminish over time

We can represent this reduction of amplitude with a damper

Damper

This modifies the equation to become:

x
..

+ c.x +  k.x = 0M.
.
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Basic concepts

Looking at the sine wave, is seems to go on forever

Cannot happen in a real physical system, it must diminish over time

We can represent this reduction of amplitude with a damper

This modifies the equation to become:

x
..

+ c.x +  k.x = 0M.
.

Where c can be taken as the damping factor:

The damped vibration look like this, this is the damping envelope
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Basic concepts

Looking at the sine wave, is seems to go on forever

Cannot happen in a real physical system, it must diminish over time

We can represent this reduction of amplitude with a damper

This modifies the equation to become:

x
..

+ c.x +  k.x = 0M.
.

Where c can be taken as the damping factor:

The damped vibration look like this, this is the damping envelope

This assumes the system experiences just an impact load once

If the system is subjected to continuous force the equation becomes:

x
..

+ c.x +  k.x = force inputM.
.

The solution takes long to derive, even for simple force input
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Basic concepts

Our simple spring model now looks like this, with force input

rotating wheel

This simple model helps to explain what happens with a vessel 
during a seismic event, which is a much more complicated system
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Basic concepts

A vertical vessel stands on its foundation like this

As the ground shakes during a seismic event, this is what happens

The vessel is shaken from side to side, producing stresses in the shell

The vessel wants to do this
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Basic concepts

A vertical vessel stands on its foundation like this

As the ground shakes during a seismic event, this is what happens

The vessel is shaken from side to side, producing stresses in the shell

The vessel wants to do this, as the vessel is accelerated right

acceleration

Produces a tensile stress in the shell wall, compressive the other side
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Basic concepts

A vertical vessel stands on its foundation like this

As the ground shakes during a seismic event, this is what happens

This is the same as subjecting the vessel to a moment

acceleration

Vibration takes place both to the left and to the right , reversing moment

If the oscillations are excessive, the vessel can be damaged
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Basic concepts

A vertical vessel stands on its foundation like this

As the ground shakes during a seismic event, this is what happens

This is the same as subjecting the vessel to a moment

Vibration takes place both to the left and to the right , reversing moment

If the oscillations are excessive, the vessel can be damaged

If the natural frequency coincides with the forcing frequency – damage 
can be the result !
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Basic concepts

This is the natural frequency of the vessel

vessel frequency

This is the forcing frequency from the seismic event, input energy

Seismic energy

The two frequencies are added together, called resonance

Final vibration

That vibration can damage attached piping and the foundation & 
bolting

The forcing seismic energy is not a simple sine wave
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Basic concepts

Before we look at seismic profiles, let us look at this simple case

Acceleration a

A vessel experiencing an acceleration a (m/s2) to the right

xx

The part of the vessel above section x-x has a mass of m (kg)

m

From Newton’s Second Law there is a shear force f = ma

This acts at the Centre of Gravity of the section
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Basic concepts

This is the force that acts at the CG of the upper section

Acceleration a

xx

m
f = ma

This causes a moment about x-x , M = f.L

L

Giving rise to the stresses in the lower portion of the vessel shell 

Things are not that simple !
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The real profile of a Seismic Event
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This data could come from a real Earthquake in California for example

How do we deal with such complicated profiles ?

The four things that are needed are:

 The period of vibration

 The mode of vibration

 The properties of the soil/rock on which the vessel stands

 The type of seismic event
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The soil or rock has partially elastic properties

It’s as though the foundation were springs under the vessel

There are several ways of estimating the period of vibration

If the vessel were a simple uniform cantilever the period is:

T = 
2.π
3,52

M.L3

E.I

Were:

M = Mass of the vessel

E  = Elastic Modulus

L   = Length of the vessel

I  = Second Moment of area of the vessel 

But, invariably the vessel is not a uniform structure
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C. E. Freese wrote a paper to estimate the period of vibration

The drawback:

 It only estimates the first mode of vibration

 It is an estimate; accuracy depending the segment lengths

C.E. Freese tried to estimate if the vibrations were not too wild
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C. E. Freese used this graph to estimate the stability
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Look at these Modes of vibration

The simple numerical integration cannot handle higher modes

For accurate work another method must be employed

PV Elite uses an Eigen Solver to accurately predict the period of 
many modes of vibration

But first, we consider a very simple analysis, assuming we know 
the g acceleration of the vessel

 Acceleration is considered a constant

 Assume the vessel moves as a solid without bending

These are the assumptions:
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The simple approach (very conservative)

First set up the model, divided into shell sections, with the CG’s

Get the mass of each section

m1

m2

m3

m4

m5

m6

, set the acceleration 0,4g (say)

Compute the inertial force of each section
x 0,4g

x 0,4g

x 0,4g

x 0,4g

x 0,4g

x 0,4g

Choose a section

XX

Forces at the centroids

Set the moment arms

Moment = Σ(force x moment arm)

The tensile and compressive stresses
can now be computed at section X-X
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In an earthquake the system of dynamic forces is very complex

As though each mass is excited by a number of oscillators

Presents a complex dynamic calculation to compute vibration period

PV Elite has an Eigen solver which

 Computes the period of vibration accurately

 Does the calculation for many modes

 Is less conservative than the numerical method

 Reduces stresses  

Demo Vibration_Seismic.pvdb

Example Seismic Code  ASCE 7: 2002
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First we have to classify the site where the vessel is located

There are five site classes:  A, B, C, D, E and F

 A hard rock                          vs > 1500 m/s

 B Rock               760 m/s < vs <1500 m/s

 C dense soil      370 m/s < vs < 760 m/s

 D stiff soil         180 m/s < vs < 370 m/s

 E  soil                                    vs < 180 m/s

 F sites requiring an engineering survey

Example Seismic Code  ASCE 7: 2002

The site class defines the elastic quality of the site

Sites where the soil can be liquefied need special 
consideration.

The site class is generally applied to the upper 
layers of the ground
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Assign the short period spectral acceleration SS and S1

Example Seismic Code  ASCE 7: 2002

SS = acceleration for 5% damping at       short period

S1 = acceleration for 5% damping at 1 second period

Here are values from the United States Geological Survey
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Assign the short period spectral acceleration SS and S1

Example Seismic Code  ASCE 7: 2002

Next we need some coefficients Fa and Fv , Tables 9.4.1.2.4 a and b

SS<0.25              SS=0.5            SS=0.75             SS=1.0            SS=1.25

S1<0.1              S1=0.2             S1=0.3              S1=0.4               S1=0.5
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Next we have to find the Site Adjustment Coefficient

Example Seismic Code  ASCE 7: 2002

SMS = Fa.SS SM1 = Fv.S1

Now find the Design Spectral Response Acceleration

2
3

SDS =    SMS
2
3

SD1 =    SM1

ground period seconds  T

S
p

e
c
tr

a
l 

re
s
p

o
n

s
e

 a
c
c
e

le
ra

ti
o

n
  

S
a
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/
s

2
)

T0 1,0

SDS

SD1

TS

Here is the information as seen on the response spectrum diagram

SDS = short time response

SD1 = 1 second response

TS = SD1/SDS

T0 = 0,2.SD1/SDS
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Next the Coefficient for Upper Calculated Period  CU

Example Seismic Code  ASCE 7: 2002

We can also get Approximate Period Parameters  Ct and x
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Now we can compute the fundamental Period of Vibration  Ta

Example Seismic Code  ASCE 7: 2002

Ta = Ct . (hn)x

Where hn is the height of the vessel 

hn

The actual fundamental frequency of Vibration of 
the vessel is  T

We limit the maximum frequency in the analysis:

T = min(T; CU.Ta)
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We need R, Response Modification Coefficient

Example Seismic Code  ASCE 7: 2002

hn

The best choice is R = 3

6/5/2014 32



We need I, the Importance Factor from the Seismic Use Group

Example Seismic Code  ASCE 7: 2002

hn

The SUG depends on the type of structure
 High hazard exposure structures
 Protected access
 Secure structures

ASCE 7 has all the details
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Next, we need the Seismic Response Coefficient CS

Example Seismic Code  ASCE 7: 2002

hn

There are several sets of calculations to determine CS

We pick the first formula and let it go at that

CS = 
SDS

R/I

Each element of the vessel defines its 
distribution as it has a particular height from 
grade

We nee the Vertical Distribution factor k for 
the vessel, depends on the Period of 
Vibration

 If     T = 0,5       k = 1

 If     T = 2,5       k = 2

Interpolate for intermediate values of T

Base shear force V = CS.W (W = weight of vessel)

V
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We need the weight wi of each component of the vessel

Example Seismic Code  ASCE 7: 2002

hn

w1

w2

w3

w4

w5

w6

We now find the Vertical Distribution of the Seismic Forces  Cvx

Cvx =
wx.hx

Σ wi.hi
i=1

n

Where:
n is the number of elements (6 in our case)
x is the element of interest

Cvx is an array of numbers

Now we can find the Seismic Force on each 
element Fx

Fx = Cvx.V
x = 3

F1

F2

F3

F4

F5

F6

V
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Now we can get the seismic moment at (say) section X-X

Example Seismic Code  ASCE 7: 2002

hn

F1

F2

F3

F4

F5

F6

V

X X

From the moments, we can compute the axial stresses
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