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Site effects

Linear site response
Soil parameters — constant

Earthquake strength
Independent on the ground motion
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Importance of nonlinearity

Linear site response Nonlinear site response
Soil parameters — constant Soil parameters - strain dependant

>
Earthquake strength

Dependent on the ground motion
» Change to amplification factors Amplification with respect to rock reference
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Importance of nonlinearity

Linear site response Nonlinear site response
Soil parameters — constant Soil parameters - strain dependant

>
Earthquake strength

Dependent on the ground motion

» Change to amplification factors Amplification with respect to rock reference
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» Change to resonance pattern 10 for7 T
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+ secondary phenomena: liquefaction >
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How to estimate nonlinearity?

Ob ions « > Numerical simulations

A

» Complexity
Fully nonlinear Linear equivalent
« Complex behaviour  Not many parameters

« Well-known, relatively fast

« Many parameters
« Computational demanding « Simplified

+ Pore pressure excess development

v

+ Liquefaction
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How to estimate nonlinearity? force

Ob ions « > Numerical simulations

A

> Soil models
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Idea and goal
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Site-specific soil models: CPT
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Workflow

Soil model definition (CPT + other data)

\ 4

Inversion for dilatancy parameters (Roten, 2014) from CPT

\ 4

Input ground motions relevant for the area

\ 4

1D simulations of wave propagation (Bonilla et al., 2005)

|

Acceleration, strain, pore pressure

Janusz et al. (2024), GJI
Janusz (2024), Doctoral Thesis
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Geology and seismic hazard

Soft sedimentary basin:

Very soft alluvial deposits (Vs;, < 300m/s)

Lucerne

Shallow water table (~1-4 m)
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Geology and seismic hazard
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Impact of nonlinearity (single site)

(1 site, input motions for 975 yr return period)

Diminished amplitude

Reduced high-frequency content
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Surface ground motion
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Reduced amplification / deamplification

Shift of amplification peaks + increase of amplification
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Variability

29 sites
44 input motions —
different hazard levels

PGA = Peak Ground Acceleration

Some correlations with:
S A

« water table depth

« bedrock depth

« soil classes

paulina.janusz@sed.ethz.ch

2] increase of
amplification

— 1.2+ o s elso Bl ; o,

—_ ._4____‘_)—-#’: 9 r“-_""n- _,—:--"": N
= 149 -———--—:—'-L—
0] | HEL
£ 0.8y " ‘ iy |
: I :'i ® "'; ge : I
5 0.6 o Pe Palef ¢ i
= I : e i '; : 3 208 |
g | e 5 o i 'ﬁ o'\gs;';"._’! ! I
=04 A S
| — Fitted line D o |
| ---- 95% I
I ____ 5o ¢ reduction of !
02 _amplification]
0.3 0.4 0.6 0.8 1.0 1.5

Input PGA [m/s?] (at rock)

>
Nonlinearity and variability of behaviour

r3.15

2.50

2.00

fo [HZ]

1.60

1.25

1.00

12



Liquefaction potential (single site) Return period of 975 years
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Liquefaction potential (single site) Return period of 975 years
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Liquefaction potential
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Location and motivation | mplification at 1 Hz

G
o
> Soft sedimentary basin
> Liquefaction susceptibility
» High amplification factors .
4

Amplification |—
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Wellington area

= Faults

Holocene alluvium

[ Holocene colluvium

Holocene marginal marine
Holocene swamp sediments

Late Pleistocene sediments

\ [ Last interglacial marine sediments
[7 Middle Pleistocene sediments

. Rakaia Terrane greywacke

;'::f. Areas with overlying anthropogenic fill

2013 Cook Strait earthquake (M, 6.6)
2013 Grassmere earthquake (M,, 6.6)
2016 Kaikoura earthquake (M, 7.8)

L J
|

Nonlinearity and liquefaction observed in Wellington
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Manea et al (2023a)

e.g. Hancox et al. (2013), Cubrinovski et al. (2018), Zhou et al. (2020)
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Data and idea

Sites:
GeoNet seismic stations (geonet.org.nz) in CentrePort, Wellington

Soil models:

CPT - New Zealand Geotechnical Database (nzgd.org.nz) simulated - |}
+

3D velocity model - Hill et al. (2022)
V. measurements - Cox & Vantassel (2018)

o

observed

—A SNZO
’WM}WWWWW_ l XXXX
Input motions:

sediments
*1/2

Database of recorded waveforms -
Manea et al. (2023b)

rock
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ongoing work...
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Examples of the results

2016 Kaikoura earthquake (M,, 7.8)

site: PIPS
Response spectra
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GOOD FIT!
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site: TFSS

Response spectra
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Improvement of the prediction

2013 Cook Strait earthquake (M, 6.6), site: PIPS

Response spectra Amplification (with respect to SNZO)

Error of prediction
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Some overview of the results

2016 Kaikoura earthquake (M, 7.8)
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Effective stress simulations:
» generally the best
» better than empirical
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What's next?

Some ideas:
> More sites in Wellington
> Sites from Christchurch @ Christchurch: liquefaction in 2011

» Why prediction was
unsuccessful sometimes?

» Comparison to other predictions
(e.g. linear equivalent)

; SUmner;

\’ ,,"'V
& Lyttelton
PNy Sy S

canterburymaps.govt.nz
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Summary

Multi-step procedure for estimating nonlinear soil response in low seismicity areas

Advantages:

« site-specific (based on CPT data) « suitable in low-seismicity areas

 no need for laboratory or strong motion data -+ both total and effective stress

Verification (ongoing): Wellington - promising results

Challenges:
1D modelling

« uncertainty (soil parameters, input motions)

Lucerne area:

- strong nonlinearity

« possible liquefaction

paulina.janusz@sed.ethz.ch
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Methodology: input ground motions

for each zone

4

Legend <
Sets of 11 scaled waveforms -

Seismic zone 1a

Seismic zone 1b

Seismic zone 2
B Seismic zone 3a
B Seismic zone 3b

(Panzera et al., 2024) compatible with

the elastic response spectrum

for soil class A (SIA261, 2020) Vesp > 800 m/s

map.geo.admin.ch

Y

Correction for Swiss rock conditions
(Poggi et al. 2011) - division by 1.6 A

Vs3p = 1100 m/s
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Methodology: inversion for dilatancy parameters (Roten, 2014)

Dilatancy parameters (lai et al. 1990) Liquefaction resistance curves
0.351
1. Identifying liquefaction prone layers o
(= sandy and saturated) = 0.30-
( 0.25-
2. Cyclic resistance ratio (CRR, ;) from CPT E
o 0.20 1
O
i i - 3 0.15-
3. Liquefaction resistance curve (LRC) —O— O v
0.10 im0
S 1 10 100
4. Inversion using Neighbourhood Algorithm Number of cycles
Forward model: stress-controlled simple shear experiment _ ' >
0.00 0.25 050 0.75 1.00
Misfit
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Methodology: inversion for dilatancy parameters (Roten, 2014)

Example of the simulated stress-controlled experiment

Liquefaction resistance curves
g 0.351
(©)]
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z 0
7
o o 0.201
7 S
w
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fime _ | 1 10 100
4. Inversion using Neighbourhood Algorithm Number of cycles
Forward model: stress-controlled simple shear experiment _ ' >
0.00 0.25 050 0.75 1.00

Misfit
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Methodology: inversion for dilatancy parameters (Roten, 2014)

Nonlinear and non-unique problem Liquefaction resistance curves

a) b)
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Lucerne: location

Lucerne (Central Switzerland)
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Lucerne: variability

(29 sites, 11 input motions for 475 yr return period) SIA261 (2020)

design spectrum from
Swiss building code

Response spectra (1D)

Mean for each site Mean + standard deviation for each site
Effective stress analysis (Z1b - 475 years) Effective stress analysis (Z1b - 475 years)
—— Nonlinear A\ —— Nonlinear
6 Linear 6 [\ Linear

SIA261

Period [s] Period [s]
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Lucerne: variability

29 sites

44 input motions (different hazard levels)
effective and total stress

Effective vs total stress analysis

Nonlinearity and liquefaction
Some correlations with:
. f,
« water table depth
« bedrock depth
« soil classes

v

paulina.janusz@sed.ethz.ch

Effective stress (0.3 s)

Effective stress (1 s)

SA [m/s?] at rock
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Lucerne: liquefaction potential

Liquefaction onset in at least one layer

Hazard level %o of sites (29 sites)
11 waveforms
high Zone Z2 - 975 years 97% 72%
Zone Z1b - 975 years 97% 52%
Zone Z1b - 475 years 79% 28%
low Zone Zla - 475 years 62% 7%

Criterion 1 - 90% reduction of initial confining stress
Criterion 2 — 90% reduction of initial confining stress + strain>2.5%
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Lucerne: liquefaction potential

high

low

Depth of the layer were liquefaction onset is simulated
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Lucerne: comparison to Japanese Kik-net data

Shift of fundamental frequency

o5 Ignoring pore pressure effects With pore pressure effects
Kik-net station —— -120 °
®
Correlations based -201 g ®
-100; °
on many events °
(Loviknes et al. 2022) — GOOD FIT . BAD FIT
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Wellington: Observed damage due to liquefaction

CentrePort, Wellington 2016 Kaikoura earthquake (M,, 7.8)
R TR T WIS 7 e T P s e —

Wats e . P o it
Rl T A

\Anthropogenic
sediments

Cubinovski et a/ (018)
@ strong motion stations

2013 Cook Strait earthquake (M, 6.6
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Cubrinovski et al (2018) Hancox et al (2013)
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Sensitivity: dilatancy parameters a)

b)
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Sensitivity

Nonlinear

—— Nonlinear - mean
---- Nonlinear - std

104 11 waveforms

Variability due to:

v

 Input waveforms

« Different soil model parameters

l 0.5 0.7 1 2 3 5 7 10 20
20 frequency [Hz]
i Nonlinear
104 100 soil models S i —

-==- Nonlinear - std

Significant variability

Uncertainty of estimation
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