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Short refrestof the Fourier transform

A transform takes one function (or signal) and turns it into another
function (or signal)

ASome useful links

A http://www.falstad.com/fourier/
A Fourier series java applet

A https://pages.jh.edu/~signals/
A Collection of demonstrations about digital signal processing
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The Fourier Transform

A transform takes one function (or signal) and turns it into another
function (or signal)

Continuous Fourier Transform:
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The Fourier Transform

A transform takes one function (or signal) and turns it into another
function (or signal)

Continuous Fourier Transform

H(f)=f h(t)e*"dt

h(t) =/, H(f e "df

Relates timedomain with frequencydomain



The Fourier Transform

A transform takes one function (or signal) and turns it into another
function (or signal)

DiscreteFourier Transform

—j 2 mkn

v k=0123,..,N-1

H(f) =ih(tn )e

Whatever you will do on the computer, it will be based on the discrete
Fourier transform



Fourier Spectrum

In what way are there two numbers at each frequency?
This comes from the complaymbertheory.

What is a complex number?



Fourier Spectrum

In what way are there two numbers at each frequency? From basic complex number
heor | .
(Neory  giq = cosg +ising

Using this, the definitioaf the Fourier spectrum cdwe rewrittenas

G(w) = _}g(t)[cos(wt)ﬂ sin(wt)]dt

with phase and amplitude



Jean Baptiste Joseph Fourier

Anyperiodic function can be rewritten as a
weighted sum of5inesand Cosineof different
frequencies.

52y Q0 0StASOS AlK
A Neither did Lagrange, Laplace, Poisson and
other big wigs

A Not translated into English until 1878!

ButA 0 Qa  NMXzSH
A This is calle@ourierSeries.



Time and frequency

Example g(t) = sin(2pi f t) + (1/3)sin(2pi (3f) t)
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Time and frequency

Example g(t) = sin(2pi f t) + (1/3)sin(2pi (3f) t)
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Frequency spectra

Example g(t) = sin(2pi f t) + (1/3)sin(2pi (3f) t)
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Fourier Spectrum

Starting from the Fourier spectrum, it is possible to recover the original seismogram
(this is not true for the response spectrum).

The Inverse Fourier Transforsn

1 .
g(t)—zfp(w)ex IWt)dW

It is not possible to recover the original seismogram from the Fourier Amplitude
Spectrum alone.
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In summary
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Sometimes the sine contribution is larger, and sometimes the cosine
term is larger

Remember:G(m) = pg(t)lcodwt)+isin(wtot

In the amplitude spectrum, the information about which of them is
larger Is lost.

The sign and relative amplitudes of the sine and cosine terms are
essential to reconstruct the original seismogram. This information is

called the phase.

However, the amplitude spectrum is more informative in telling which
frequencies are present in the seismogram.



Sampled signals

If the digital seismogram is sampled at a sample
spacing oflt, the highest frequency in the Fourier
spectrum id,=1/{2dt}. This is théyquistfrequency.

Frequencies higher than wi||cause Aliasing effects.



Continuous signal

Discrete signal with
sampling rate
1/fs<1/Mn

Discrete signal with
sampling rate
1/fs>1/4
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(it is related to the Shannon sampling theorem)



Allasing

dt=1s;

A f,=0.5Hz

f>0.5Hz cannot be reconstructed
(or periods T< 2 s)

Period red is about 1.1s
Red:freg>Nyquist ‘
LG A& aasSsSyé¢ |a UKS o6f dz

To avoid the aliasingeffects, the instruments generally
(low-pass) filter the data before the analogto-digital
conversion (anttralias filter) using a corner frequency
equalto about0.8f



Summary

Window length T

The spectral resolution depends of
the duration of the time window

Frequency resolution df

Time resolution dt




Goodpracticefor estimatingspectra

1. Filter the analogue record to avoid aliasing

Often it is useful to down-sample a time series (e.g., from 100 Hz
to 1Hz, e.qg., when looking at surface waves).
In this case the time series has to be pre- processed to avoid

aliasing effects.
All frequencies above twice the new sampling interval have to be

filtered out.



Goodpracticefor estimatingspectra

1. Filter the analogue record to avoid aliasing

2. Digitise such that the Nyquist lies above the highest
frequency In the original data

3. Window to appropriate length
4. Detrend (e.g., by removing a best-fitting line)
5. Taper to smooth ends to avoid Gibbs



Goodpracticefor estimatingspectra

Asthe FFTassumegeriodicity, both ends
must havethe samevalue

Thiscan be achievedby ataperingd

It is usefulto removedrifts asto avoidany
discontinuitiesn the time series->
Gibbsphenonemon

5. Taperto smoothendsto avoidGibbs
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Source, path, and site contributionsth®e observed
ground motion

Rock ; Soil Structure = Soil
S Interaction g
Causative fault I

Seismic Propagation
Source

Seismogram (t) =[source * path * site * instrument](t)

Spectrum(w) = Source(w) Path(w) Site(w) I(w)
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"It is an easy matter to select two stations within 1,000
feet of each other where the average range of horizontal
motion at the one station shall be five times, and even ten

times, greaterthan i t 1 s at the ~**»2ro0

John Milne, (1898, Seismology)



Example of site effects evaluation :
comparison between the recording of an
earthquake at the analyzed site and the
recording of the same event recorded at a
(close) reference rock site
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1D effect
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Why Is knowledge on the S wave velocity required?
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Figure 1. Schematic diagram of the modifications to the host
ground-motion prediction equation (GMPE) to obtain site-specific
hazard curves.

RodriguezMarek et al. (2014)



arameter for assessing amplification effects

Shear wave velocity - upper 30m

h; ,V; thickness and velocity of i-
layer up to 30m depth

Table 3.1: Ground types

Grroumd
ype

Description of stratigraphic profile

Parameters

i -
30 (M7s)
w

oy (KPa)

Fock or othge -like geological
i . including at most 5 m of
wiaker material at the surface

= B

Deposits of very dense sand, gravel, or

very stiff clav, at least several tens of m
i thickness, characlerised by a pradual
increase of mechanical properties with

depth

360 — 8O0

= 5]

= 250

Deep deposits of dense or mediume-
dense sand, gravel or stift clay with
thickness from several tens to many
hundreds of m

180 — 360

15 - 50

D

Deposits of loose-lo-medium
cohesionless soil (wilh or without some
sofl eohesive layers), or of
predominuntly soll-lo-linm cohesive
soil

< 180

A soil profile consisting of a surlace
alluvium layer with I, 0 values of type
C or I} and thickness varving between
about 5 m and 200 m, underlain by
stiffer material with I, . = 800 m's

Deposits consisling — or conlaining a
laver al least 10 m thick — ol soli
clays/silts with high plasticity index (I
= 40y and high water content

= [0

{incicative)

L0- 20

Deposits of liquetiable soils, of
sensitive clays, or any other soil profile
not included in types A —F or &




NEHRPNational Earthquake Hazards Reduction Propral
Site classes

TABLE 4.

Definition of NEHRP site classes (BSSC, 1994)
Site Class Range of Shear Velocities*

A greater than 1500 m/sec

B 760 m/sec to 1500 m/sec

C 360 m/sec to 760 m/sec

D 180 m/sec to 360 m/sec

E less than 180 m/sec

* Shear velocity is averaged over the upper 30 m,



Predictingsite response

AEmpirical studies and blind prediction experiments lead to the conclusion that
site-specific, earthquakspecific predictions may be very uncertain.

A Despite this pessimistic conclusion, | will now proceed to discussssfic,
earthquakespecific predictions.

ABut always keep in mind the possible uncertainties in the predictions of site
response



Empirical methods: Referensite methods

Standard spectral ratigpectral ratio between the same
ground motion components of 2 close stations

Generalizethversion technigue

outcropping rock site soil site QUo7 N
gud0 N 'Im “

sediments ‘H'

incident wave-field bedrock site



Fourier Amplitude Spectra
A(f)
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Window selection in time domain

:> Fourier amplitude and smoothing
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Standard spectral ratios: the example of Gubbio basin (ltaly)
ﬁGgodc‘) reference site

Amplification
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Standard spectral ratios: the example of Gubbio basin (ltaly)
ﬁGgodc‘) reference site

Amplification
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Empirical methods: Nereferencesite methods

gu07 Z

H/V spectral ratio (earthquakes)

gu07 N
outcropping rock site soil site horizontal component

sediments z

incident wave-field bedrock site



Empirical methods: Nereferencesite methods

H/V spectral ratio (earthquakes)
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Window selection in time domain :> Fourier amplitude and smoothing

0.1

spectral amplitude 1th component

10
10 1 0 1
10 10 10
" spectral amplitude 2nd component
10 . .
10 1 l 0 l 1
10 10 10
Hz
spectral ratio 1st/2nd component
10°
10" 10’ 10’
Hz

H(f)

Z(f)

IRV

1th component 15 sec

500 . .
horizontal N
= I
5 0 E
o >
¢ 8
(NS) =

-500 : ' : :
40 60 80 100 120 140
2nd component
2000 . . -

1000} vertical ;)
[%2] =
z 2
S 0 =
o =
B 3
-1000 (2) =

-2000 : :

4 60 80 100 120 140

Time (s)
verage
(]
=]
2
&
E
<

1 10Hz




. 10 | el
H/V spectral ratios: examples g HA carth B06
7
2 ¢ \ Local earthquakes
< 4 ] | //
3 0\ —
i : T et
Regional and teleseisms 18 T T T 10 L
™~ 8] HV earth. BO7 2 WV earth.B12 [
\ 7 ] 7
=8 " 28 7
£ £ 5 /
< 4 < 4 e
. 31 i g AN ¥
508 2 BB 1< AR\
0 b——y ] 0 I
19 ittt 19 e
- g i HV earth. B9 | g ] . 'HN earth. B13
7 A I 7 :
z 6 3 2 6 E i
E 5 E 5 e
< g < g ".f’
i I B E l
2 - 2 1o A"V
é e N 8 iR
o LR I
10 HHH 10 =
6 8 HWV earth. B10 | | 8 HV earth. B14 [
7 .7
B 3 6
s B8 £ 5 jf\
< 4 A < 4 - - am |
4 g g '
1 - e
IS il R i § PP YY)
50.6° 18 i 18 tH—t
8 | HV earth. B11 8 'HV earth.B15 |
7 .7
= 3 6
2 9 2 2 i
< 4 < 4 A
3 3 ATV
5 Al rpfy 5 [ J./\\'
1 pehsS C 1 Pl
0 T N AR 0 j T
0102 051 2 5 10 20 0102 051 2 5 1020
frequency (Hz) frequency (Hz)

Parolai et al. (2004)



H/V spectral ratios o] [eooo

Still the frequency of the first H/V peak -~ GuoL I
correlates with the sediment thickness L :




Reference site
VS nonreference site
methods: Comparison for
Gubbio
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Reference sitgsnon-reference siteanethods
for earthquake recordings

The H/V does not represent the seismic transfer function of the site.

In the case of site amplifications dominated by the vertical resonance, many
studies in literature found that:

-the fundamental frequency of resonance estimated by the H/V is in good
agreement with the one estimated by the SSR method

-the amplification of the H/V peak is generally a lower bound for the
amplification obtained by applying the SSR method

The H/V can fails in determining the amplification at frequencies larger

than the fundamental one, due to amplification of the vertical component.

In particular, for complex site effects (e.g. 2D - 3D site effects), can
fail in estimating the site amplification.



Seismic noise
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Seismic noise

With seismic noise we mean all the seismic signal that is recorded by
the instruments while they are working (passive acquisition)

In the high frequency range (>21Hz) it is mainly related to human
activity (although local meteorological conditions may play a role)

In the low frequency range (<1 Hz) it is mainly dominated by wave
generated by tides, water waves striking coast, large scale
meteorological conditions)



Seismic noise
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Figure 8. PDF for station HLID BHZ, constructed using 18,636 PSDs during the
period from September 2000 to September 2003. Recording system transients and
earthquakes are observable in the PDF.
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PSD comparison with earthquake data

Local and teleseismic event
are affecting different
frequency bands.
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Spatial variabllity of PSD

Cars (i.e. human noise)
are mainly affecting high
frequencies / low periods.

AHID BHZ
Car Noise

Quiet record

PSD 10log10(m**2/s**4/Hz) dB

1 L 1
6 8 2 4 6 8 2 4« B8 2 4 68

Period (sec)

[ May 21, 2002 18:0¢.00

May 30, 2002 06:0000

0 200 400 800 80 1000
seconds

Car Noise
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Figure 5.  AHID car traffic noise PSD and time se-
ries. Car noise record 21 May 2002 18:00:00. Quiet
record 30 May 2002 06:00:00. Note the increased
power at 5-10 Hz for the car noise record.



Temporal variability of PSD

Human lifestyle is
clearly mapped into
noise variations.



