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THE VFZ MATRIX:
SIMPLIFIED SEISMIC SOIL CLASSIFICATION
FROM A DIFFERENT PERSPECTIVE

Silvia Castellaro
Dipartimento di Fisica — Universita di Bologna — ITALY

ESG4, Santa Barbara (CA, USA), 23-26 August 2011



In the recent days we saw several examples of highly detailed site

response calculations.

In principle, these offer a superior accuracy.

However, they require a knowledge of the relevant parameters

which is hardly realized in daily practice.

Acknowledging this, we look for a simplified - yet as physically
meaningful al possible - method, which has to be practically and

widely applicable.

- We deal only with stratigraphic amplification (liquefaction, topographic effects etc. are

beyond our interest here) <



THE WHOLE ITALIAN TERRITORY IS
CONSIDERED TO BE SEISMICALLY
ACTIVE, THEREFORE SITE RESPONSE

ANALYSES ARE REQUIRED by law

€ . &
Mappa di pericolosita sismica del territorio nazionale
o

- AT ALL SITES

- FOR ALL STRUCTURES




SEISMIC SITE EFFECTS ASSESSMENT
CAN BE CONDUCTED AT 2 LEVELS

SEISMIC MICROZONATION BUILDING CODES




SEISMIC SITE RESPONSE STUDIES
ARE BASED ON

» Vs, p profile
» depth of the water table

» shear modulus dependance

(C)

with strain
) etc.

0 200 400 600
Vs [mfs]

4

“characteristic” earthquake
(typical PGA, expected at the bedrock,
typical durations, typical waveforms etc.)
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THIS DEPENDS ON THE
SOIL PROPERTIES
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The maximum accleration/velocity/displacement
expected on a single degree of freedom

oscillator (building) for a specified damping and
eigen-period

THIS DEPENDS

STRONGLY ONTHE
SPECIFIC INPUT MOTION




ALL INPUT VARIABLES HAVE INTRINSIC UNCERTAINTIES. IS
THIS ACKNOWLEDGED AND CORRECTLY CONSIDERED? (1)

OlogPGa0) > 0.2

Typical uncertainty in the logarithm of PGA, (Campbell, I981; Boore et

al., 1993, etc.).The uncertainty on PGA, is therefore 10%2 or %2, that is
l.6orl2g

45.134 § 0.263
45.085 | 0.264

45.035 ] 0.264

The use of 3 significant digits for PGA,, is meaningless (Italian Building
Code, 2008. But it is not the only one).



ALL INPUT VARIABLES HAVE INTRINSIC UNCERTAINTIES. IS
THIS ACKNOWLEDGED AND CORRECTLY CONSIDERED? (2)

» Errors associated to the estimate of the Vs profiles are, to be
optimistic, of the order of 20% (Asten and Boore, 2005;

Mulargia and Castellaro, 2009)
Vs Vo )
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ALL INPUT VARIABLES HAVE INTRINSIC UNCERTAINTIES. IS
THIS ACKNOWLEDGED AND CORRECTLY CONSIDERED? (3)

=1
=

Standard codes used to infer the SH-
amplification factor and response spectrum
rely on a normally incident, horizontally
polarized, moving upward-downward SH wave



ALL INPUT VARIABLES HAVE INTRINSIC UNCERTAINTIES. IS
THIS ACKNOWLEDGED AND CORRECTLY CONSIDERED? (3)
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But the Eurocodes ask the user to input
at least 7 full accelerograms



ALL INPUT VARIABLES HAVE INTRINSIC UNCERTAINTIES. IS
THIS ACKNOWLEDGED AND CORRECTLY CONSIDERED? (3)

Seismology teaches that

|. largest amplitudes —> crustal channel |. surface waves of shallow events

waves Lg and have by far the largest amplitudes

2. for near surface sources > short
period fundamental Rayleigh mode Rg

NMSORP, 2001
02t
= 0 | .
02t
| | | | | | | |
0 2 4 6 5 10 12 14 16 18

[s]
Which means that the most part of the accelerogram is not a SH-wave
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Material sublayers  of layer X weig N of wate effective
Number Tyne in laver (m) modulus damping (k) velocity  earthquake table layer stress (kPa)
P v Gmax (MPa)  ratio (%) (mfsec) input motion
1 1 25 94.24 20.00 215 1.3 25.00
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AS WE ALL KNOW, A SIMPLIFIED SOIL CLASSIFICATION
METHOD ALREADY EXISTS AND IS BASED ON

Vs30

Developed on a purely empirical basis, it has been
shown to suffer from statistical (Castellaro et al., SRL, 2008)
and phySiC(ll pI‘Oblel’l’lS (Lee and Trifunac, Soil Dyn. Earth. Eng.

2010).

Now we analyze it from a numerical point a view and

cast the basis for an alternative approach.



RATIONALE FOR A NEW
SIMPLIFIED SITE CLASSIFICATION

00

F = (997 mis /)%

Castellaro et al., SRL, 2008

1: Vs30 does not take into account impedance contrasts, which
cause the amplification




LIMITATIONS OF THE Vs30 METHOD:
QUALITATIVE APPROACH (1)

» Vs is an estimator of soil stiffness
L= pVs?

» However, SH stratigraphic amplification is ruled by
impedance contrasts, Z, not simply by absolute stiffness

[C] Bedrock depth =20 m. ‘\.r's1 =200 m/s [D] Bedrock depth =20 m. 'ﬁ."s1 =400 m/s
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Soil damping is actually an important factor but at this stage it is disreagarded




LIMITATIONS OF THE Vs30 METHOD:
QUALITATIVE APPROACH (1)

» the information on the impedance contrast is lost in all site
classes

» but in the E site class (EC8 / Italian classification system)

SOIL CLASS Vs /Vs30 REQUISITES

A Vs30 > 800 m/s
B Gradually increasing Vs with depth
360 <Vs30 < 800 m/s
C Gradually increasing Vs with depth
180 <Vs30 < 360 m/s
D Vs30 < 180 m/s
E Bedrock (Vs > 800 m/s) at depth <20 m

Overburden Vs(0-bedrock) < 360 m/s

Explains only resonances above 2.3 or 4.5 Hz,
depending on the Vs(0-bedrock)

SI,S2 Other cases



RATIONALE FOR A NEW
SIMPLIFIED SITE CLASSIFICATION

§ 100

Castellaro et al., SRL, 2008

2: 30 m cannot be enough (or can be too much) to describe the

amplification in the frequency range of engineering interest




LIMITATIONS OF THE Vs30 METHOD:
QUALITATIVE APPROACH (2)

Simplifying to the most...

SUBSOIL RESONACE STRUCTURE FUNDAMENTAL PERIOD AS A
(fundamental mode) FUNCTION OF HEIGHT (A)
f= v T = 0.0294 A°®%* T = 0.067 A°”

4

VSO =200 m/s VSO =400 m/s
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A “geotechnical paradox”: the stiffer the soil, the largest the
depth of investigation needed to exclude amplification at some
frequencies

Vs, =200 m/s Vs, =400 m/s
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On mid-stiffness soils, 30 m may be not enough to
characterize resonances at frequency potentially important
even for 2 -3 storey buildings



RATIONALE FOR A NEW
SIMPLIFIED SITE CLASSIFICATION

00 -
X (Short-Period Band (0.1 -0.5 s}
§ = (997 mss /v)"¥

Castellaro et al., SRL, 2008

1: Vs30 does not take into account impedance contrasts, which
cause the stratigraphic amplification

2: 30 m cannot be enough (or can be too much) to describe the

amplification in the frequency range of engineering interest

3: several combinations of stiffness-thickness may result in
different Vs30 (i.e. different soil classes) but substantially in the
same amplification function and vice-versa




MODELING

To investigate the relevance of the impedance contrasts, rather than the
absolute velocity in the first 30 m depth, to the amplification function
expected at a site, we study a dataset of subsoils with the following

properties:

Layer I: Vs, = [100, 600] m/s, thickness H =
[3,300] m,

Layer 2:Vs >Vs,, Vs = [200, 2000] m/s,

Layer 3 to 30:Vs increases in a exponentially
decaying way down to the bedrock, located

20
at 2 km depth. = L
The maximum impedance contrast Z isg® .

between layer | and layer 2.

45 different Vs profiles for each layer |
thickness

585 subsoil models investigated

-100 +

-150

-350 +
-400
-450

-500
0

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




MODELING

» To reduce the number of variables and to better analyze
their influence, we keep the input motion function (the
earthquake) as simple as possible. The earthquake motion
is therefore a Ricker wavelet with frequency of | Hz and
0.5 Hz, in order to simulate intermediate-small and
intermediate-large earthquakes, respectively

! 1 ! ! ! ! ! !
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MODELING

» We run the |D equivalent-linear site response
simulations for the 585 models

. Pseudo-bedrock depth: 50 m
IR SR A A

frequency [Hz]

Amplification functions obtained from the 45 models with layer | thickness = 50 m



MODELING: THE VFZ MATRIX

» For each tested Vs, we plot the maximum amplification as
a function of its frequency of occurrence, which depends
on the bedrock depth and obtain a plot like the one

shown in the figure below.

» Each line in this plot connects the points characterized by
the same impedance contrast between layer | and layer 2.

‘v’so =200 mfs

» These plots therefore represent a
way to get a quick estimate of the
expected SH amplification factor,
from (Vsg, fo, Z).

10° 10
frequency [Hz]



THE VFZ MATRIX

» Vs, f, and Z are the basic parameters of our classification
scheme (Fag, proxy)

Vs = 100 m/s Vs, = 200 mfs Vs, =300 m/s

z=1.3

oo u
(=S ) B CR PL R S

D i n r r M
10° 10’
frequency [Hz] frequency [Hz] frequency [Hz]
Y. = 400 mfs z=113 Ys_o =800 mfs YWs_ =600 mfs
0 0 z=1.2 0
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LIMITATIONS OF THE Vs30 METHOD:
QUANTITATIVE APPROACH (1)

CLASS A (rock Vs > 800 m/s) CLASS B (Vs30 > 360 m/s)

» We group the ‘r——7— =
m a X i m um g| ‘oo og
amplification and | = ~_ -
frequency of w @ 0 Y 0

frequency [Hz] frequency [Hz]
occurrence of our
models according to *
their Vs30 site class. @ 2

» Vs30 cannot [ T .
. . . 10 10° 10° 10 10°
effectively discriminate fequency [Hz] fequency [Hz]
neither different SOi| CLASS E (bedrock within 20 m depth)
R R

amplifications, nor g e
different amplification

frequencies. e B
frequency [Hz]

CLASS C (180 < Vs30 < 360 m/s) CLASS D (Vs30 < 180 m/s)




LIMITATIONS OF THE Vs30 METHOD:
QUANTITATIVE APPROACH (1)

Vs30 cannot effectively discriminate neither
different soil amplifications, nor different
amplification frequencies.

P |l class A

: - | M class B |
e ;E W class C |1
L { M classD | |
= class E

frequency [Hz]



LIMITATIONS OF THE Vs30 METHOD:
QUANTITATIVE APPROACH (2)

Input: | Hz Ricker wavelet (left). The highest accelerations are expected for
buildings on soil classes E and B and there is a general shift of the frequency of the
maximum amplification, which decreases from site E to B to C and D.

Input: 0.5 Hz Ricker wavelet (right). The maximum is found on class C sites and the
frequency of the maximum increases from site C to E to B.
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LIMITATIONS OF THE Vs30 METHOD:
QUANTITATIVE APPROACH (2)

The Vs30 parameter is not a good proxy to seismic site classification also
when response spectra are considered, since the latter are very sensitive to
the specific frequency content of the input motion compared to the subsoil
eigen-frequency, which is not taken into account by the Vs30 approach.
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THE VFZ MATIRX

» We do not feel the need to fix any boundary between new
site classes because this procedure — if rigidly instead of
statistically interpreted — adds up problems at the class
boundaries (Mulargia and Castellaro, SRL, 2009).

» However, just to discuss the benefits of a classification based

on Vs, f, and Z, we group our 585 soil models as shown

Fa f, [Hz] f, [Hz]
[11.5] <1(C1) >1(C2) IEEEN
[1.5, 2] <1(C3) =1(C4) L. N
> 2 < 1(C5) SR
3
T
T T
e s

............................................................................................................. -

1 consst1 ISR
1 i ———— —

10" 10° 10
frequency [Hz]




THE VFZ MATIRX

» As expected, f, < | Hz

Class 1: Fa<15,f, <1Hz Class 2: Fa<15,f »>=1Hz
classes are related to . v 0 °
subsoils with strong : : : =
impedance contrasts at £ S E :
larger depths. £ =i | — '
| LU
» However, several 0 &0 1000 [m};s]uo 2000 2500 0 &0 100 [mj‘SS]DD 2000 2500
different mOdeIS give the Class 3: 1.5 <=Fa<2, fD <1 Hz Class 3: 1.6 <=Fa <2, fcl =»=1Hz
same amplification 0 — 0 —
factors and a description _ _ ‘
of the different classes in = || 0] = sl
terms of subsoil profileis & T 5 A1
not straightforward. § | LB :
0050 1m0 iem0 2000 2800 0 800 1000 1800 2000 2500
Vs [m/s] s [m/fs]
» This confirms the Class 5: Fa>= 2,1, < 1 Hz Class B: Fa >=2,f, >= 1 Hz
advantages of an 0 T 0
alternative classification = : : : = ' :
method, that does not = a0l f — | = s} SN N _
take into account Vs- & 5 g
depth but the VFZ o0 | o0 : o H
matrix. 0 00 1000 1500 2000 2500 0 00 1000 1500 2000 2500

Ys [m/fs] Vs [mis]



THE VFZ MATIRX

» Input: | Hz Ricker wavelet

The maximum acceleration in the response spectrum is expected on
soils with Fa 2 1.5 and f; 2 | Hz, which is intuitive.

The minimum acceleration is expected on soils with Fa < |.5 and f, < |
Hz.
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n E : : ; . ; :
'(_; 06- .............. 4 . ........ ....... e
£ : d p : . .
=]
= — C 0 Fa>=2,f0==1 Hz
mﬂ)

C8Fa=2, <l Hz | . e ="
4 1 52=Fa=2, f0>=1 Hz

C3:1.5==Fa=2,1<1 Hz :

— C2 Fa=1.5, f0>=1 Hz

— 1 Fa<1.5, fn==1 Hz
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THE VFZ MATIRX

» Input: 0.5 Hz Ricker wavelet

The maximum acceleration is expected on soil classes with Fa = 1.5
and f, < | Hz, which is again intuitive.

The minimum acceleration is expected on soils with Fa < [.5 and f, 2 |
Hz.

S_ [normalized)

e

0.4 : v . _____ Co:Fa==2,1<1Hz

— 4 1.5<=Fa<2,f0:=1 Hz

C3: 1.5<=Fa<2,fo<1 Hz

D2k .............. ...... o Fa<1.5,f0>=1 e [
—C1:Fa«1‘5,f0<1 Hz
D 1 I 1 I I
0 05 1 15 2 25 3
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THE VFZ MATIRX IN PRACTIC]

(:

Vs, f, Z

» There exist a number of ways to measure or derive
them from field surveys and we will not discuss all
of them.

» However, it has to be noted that Vs, {, and Z have
to be determined in the whole range of engineering
interest ~[0.1-20]Hz, which corresponds
approximately to 1 km to 1 m depth.



HOW TO EXPLOIT THE MICROTREMOR H/V FOR
THE VFZ SITE CLASSIFICATION METHOD

[t is probably the easiest method to:

1: provide an acceptable estimate of {, in

the whole engineering range of interest
[0.1-20] Hz (SESAME, 2005)

2: identify impedance contrasts Z



THE VFZ MATIRX IN PRACTIC]

(:

Vs, fo, Z

» We will focus on how to use the microtremor H/V
method (even though not used alone) to come to a VFZ
classification.



[t is widely accepted that microtremors are
essentially surface waves, therefore the H/V
peak amplitude is not linearly related to the
SH-transfer function.

However, there exists a general relation
between the H/V peak amplitude and the
impedance contrast that generates it.



General relation between the H/V peak amplitude
and the impedance contrast that generates it

HAV f peak amplitude

0 05 1 15 2 25 3 35
Impedance contrast (Z=‘s/1 No)

Z

From surface waves modeling
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\\//Q@ can be provided by any array or
similar technique

0 5 10 15 20 25 30 35 40 45 50



Now we have all the information to enter the VFZ matrix and

get a first-order approximation of the SH amplification ratio at f,

VEFZ matrix method

| D numerical modeling
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THE VFZ MATRIX IN PRACTICE (2)

We have seen the case of a subsoil
with a single impedance contrast

HOW TO DEAL THE CASE OF NO SPECIFIC

RESONANCES ON SOFT SOILS (slowly increasing Vs)?

- 777
- 7
Z <1.5 do not give significant H/V peaks. }/
In the same way, significant amplification ratios are
expected for SH waves only for Z > 2. TE e e
NE ANE e
\\\;\\:\ = ;&> \_
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THE CASE OF WEAK IMPEDANCE CONTRASTS

As a consequence, when no clear H/V peaks can be
recognized in the H/V curve, this stands for a low Z and the
resulting SH amphﬁcatlon factor can be estimated by
following the low impedance contrast lines for the specific Vs,.

Picco H/V a 34.06 + 2.27 Hz (nellintervallo 0.0 - 64.0 Hz).
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THE CASE OF WEAK IMPEDANCE CONTRASTS

VFZ matrix method || ID numerical modeling

B) simplified method,

A) 1D equivalent linear model

0 \ ; :
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‘v‘so [mis]

frequency [Hz]




THE VFZ MATIRX IN PRACTIC]

HOW TO DEAL THE CASE OF SEVERAL IMPEDANCE
CONTRASTS?

Max. HVYSR at 10.78 + 1.64 Hz. §in the range U.U - bAD Hz).
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The simplified approach will be applied to the H/V peak
closer (in terms of frequency) to the fundamental mode

of the building for which we are evaluating the soil
response.



THE CASE OF SEVERAL IMPEDANCE CONTRAST

Picco H/V a 0.47 + 0.01 Hz (nellintervallo 0.0 - 64.0 Hz).
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In no way is the H/V peak at 5 Hz a higher mode of the 0.5 Hz
peak.

The first is related to a overconsolidated clay layer at about 10

m depth while the low-frequency peak is to be related to the local
bedrock located at about 200 m depth.



THE CASE OF SEVERAL IMPEDANCE CONTRAST

VFZ matrix method || ID numerical modeling

B) simplified method, Z= 2.5 A) 1D equivalent linear model
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By using the simplified approach, if we consider as the
relevant frequency 5 Hz, then we have Vs, = 100 m/s, Z

="2 and Fa is negligible




CONCLUSIONS (1/3)

» The final goal of site effect assessment is to predict the behavior
of an oscillator (the structure) founded on another oscillator (the
subsoil).

We therefore propose to shift the reasoning from a depth-
dependent approach (Vs30) to a frequency dependent approach

(fo)-

» By observing that the main cause for stratigraphic seismic
amplification is the existence of impedance contrasts in the
subsoil, we propose a simplified seismic site classification
scheme (the VFZ matrix) based on: Vs, f, and Z, which are
measurable in the whole range of engineering interest (0.1-20
Hz).



CONCLUSIONS (2/3)

» In the VFZ matrix approach we do not need to set threshold
values to characterize what a bedrock is.

» By numerically studying the 1D soil response on different soil
models (all characterized by Vs increasing with depth), we create
the 4D function that relates the expected SH-wave amplification
factor Fa to (Vs,, {,, Z).

» Several methods exist to estimate (Vs,, {,, Z), however the
microtremor H/V technique is here preferred to assess (f,, Z)
because there are no techniques as easy as H/V to get a first
order idea of the soil stiffness trends in the subsoil in the whole
frequency domain of interest.



CONCLUSIONS (3/3)

» The H/V is also capable to suggest the presence
of relevant velocity inversions (Castellaro and
Mulargia, PAGEOPH 2009), that is cases which have
not been considered in our models yet.

» The proposed classification scheme based on
the VFZ matrix can be used also on sites where
no specific resonances are measured (due to
the absence of sharp impedance contrasts) and
on soils presenting several resonances.
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In this meeting I've seen a similar approach presented
in a poster by Cadet, Cultrera, De Rubeis and Bard,
where they propose:

-2 1,

- the Rayleigh wave dispersion curve (Vs, down to at
least 3.3 {)

as proxies to Fagy.

They derived their approach from experimental
observations (they used Japanese earthquake data).

We derive our approach from numerical models and we
add Z, which releases the need to define what a
bedrock is, but essentially we are going towards the
same direction.



This is not refined Physics*,
but at least is a physical approach to the Fagy
estimation problem.

* and we don’t want it to be because it is a simplified approach for the
daily practice!



