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Geotechnical Conditions Contributing to Liquefaction-
Induced Damage during the 2024 Noto Peninsula Earthquake
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Comparison of Aerial Photographs: During Land Reclamation (1960s) and Present (2011)

(/_IW (FAY, 2024)
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KIS THIBEENFERIRIEL TR

Contrary to Popular Belief: Reclaimed Lands Are Not So Vulnerable to Liquefaction

e EERARDEBOLNE - HEYRENTTY

RERZKARET LERTARIR, EEK%X2024F1A18AHE
Dr. Kyohei Ueda (Associate Professor, Kyoto University DPRI), featured on MBS, Jan. 18, 2024.
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FHEIBHIITNE

Distinguishing Between Land Reclamation and Landfill

A S
F - LT HH

Close the sluice gate, dry up the

el R P
seabed, and turn it into land.

Land Reclamatig : & “' o
¥ Build an embankment and release
= seawater from a sluice gate.

J'H'.T‘bl-# ldL Lt L

L SRR ARG I To land hlgher than sea level. I

~_materials while discharging
seawater from the sluice gate.

Landfill

BABREHEATI =2 —Xo—/L20135E11 308+
Nihon Keizai Shimbun (The Nikkei), morning edition, 'News School' section, dated Nov. 30, 2013
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AT Bk X s~y 7

Uchinada Town Hazard Map

Liguefaction damage occurred in the area enclosed by the red dotted line.

GAIAIE AN, 2024)
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BIR(EDFRE R H <L Sith BSR4

Ground Conditions Prone to Liquefaction

BRIEIE, BWE AP HHEBLUM T AKAAT MBS, B CTHRAEN-FFIZH
ETHHRR,

BINEDREER N BT OMBEME L, THORYIEZRRLTEY., HEDM
BOAIRZEMDO DAL EDIEREHEE T HEA MR,

Liquefaction is a phenomenon that occurs when loosely deposited sandy soil with a
high groundwater level is strongly shaken by an earthquake. The ground conditions
that increase the tendency for liquefaction to occur reflect the land’s formation, and
this tendency can be estimated from the current topography and the distribution of
artificially altered areas.
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Ground Conditions Prone to Liquefaction

<BEDHETHRKRIEIZLDIBEENZLFEELTLDEROK RG>
Representative examples of locations where liquefaction damage has frequently occurred in past earthquakes.

@ F5EER Waterfront area

@ KAJIALD A FEH Coastal areas along large rivers

@ BFEMNEDIE. WERB DKM Base of coastal dunes, lowlands between dunes
@ E37Hh Landfill

@ Eih (Eih) LD+ &R Embankment development on wetlands

@ R (A %) &R DB RE LM Backfilled land after gravel extraction, etc.
@ E[Eih a1 HEE &R

Valley—fill embankment development in hilly areas and plateaus
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Understanding and Preventing Liquefaction-Induced Lateral
Spreading Damage - Lessons from the 2024 Noto Peninsula
Earthquake

Outline (XA ZAE)

1. Background & Objectives (A= H#)

2. Field Observations from the 2024 Noto Earthquake #E iK% D B #h £ 5% (A& 2024)

3. Ground Testing & Mechanism Synthesis (M #& 52~ HER & T HHE D B IE)

4. Centrifuge Modeling: Spatial Kinematic Demands ((ZIMEEIRER : X RI Ty U5 DD ERH
)

5. Implications for Design & Mitigation (§%&t - X SR~ D RIE)
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Understanding and Preventing Liquefaction-Induced Lateral
_Spreading Damage - Lessons from the 2024 Noto Peninsula

Earthquake

Background & Objectives (& 549

-_ L - . = [ B -0 R

Understanding and Preventing Liquefaction-Induced Lateral
- Spreading Damage - Lessons from the 2024 Noto Peninsula
Earthquake

Background of the earthquake

(£ 1 1 |"l:'|:|]-||ﬂl J
IRKOI0 [ Kannsaaa) ‘I

1

Mebre] eralint: (Kl

Despite the comparatively smaller PGA (~200 — 220 gals) near
Uchinada, the earthquake caused tremendous damage
including significant liquefaction-induced lateral spreading.
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Understanding and Preventing Liquefaction-Induced Lateral

- Spreading Damage - Lessons from the 2024 Noto Peninsula
Earthquake

Background of the earthquake

Why was the damage
So substantial?

- T

Understanding and Preventing Liquefaction-Induced Lateral
- Spreading Damage - Lessons from the 2024 Noto Peninsula

Earthquake
Historical Perspective (R B LUERNEA)

- T
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Understanding and Preventing Liquefaction-Induced Lateral
Spreading Damage - Lessons from the 2024 Noto Peninsula
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Historical Perspective (B R & S UERMERR)

Prefectyral Road 8 Prefectyral Road 8

Understanding and Preventing Liquefaction-Induced Lateral
Spreading Damage - Lessons from the 2024 Noto Peninsula
Earthquake

Research Objectives (B &)

Test/quantify the
deformation mechanism via
centrifuge modeling

Document the deformation pattern Explain the mechanism
of damage in the Uchinada strip using in-situ field testing
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Understanding and Preventing Liquefaction-Induced Lateral
Spreading Damage - Lessons from the 2024 Noto Peninsula
Earthquake

Research Objectives (E i)

Test/quantify the
deformation mechanism via
centrifuge modeling

Document the deformation pattern Explain the mechanism
of damage in the Uchinada strip using in-situ field testing

Understanding and Preventing Liquefaction-Induced Lateral
Spreading Damage - Lessons from the 2024 Noto Peninsula
Earthquake

Field Observations from the 2024 Noto Earthquake #EF X DB BE
(BE£2024)
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Kahoku
Lagoon
«(Reclaimed
land)

Prefectural Road 8

* Building with grouted piles
S =T - - v
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Increasing soil deformations
and loss of confinement
L(towards the waterfront

Understanding and Preventing Liquefaction-Induced Lateral
Spreading Damage - Lessons from the 2024 Noto Peninsula
Earthquake

Research Objectives (E )

Test/quantify the
deformation mechanism via
centrifuge modeling

Document the deformation pattern Explain the mechanism
of damage in the Uchinada strip using in-situ field testing
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Understanding and Preventing Liquefaction-Induced Lateral
Spreading Damage - Lessons from the 2024 Noto Peninsula

Earthquake

Ground Testing & Mechanism Synthesis (#BIZ ~HEt L R 1818 D&
=)

Understanding and Preventing Liquefaction-Induced Lateral
Spreading Damage - Lessons from the 2024 Noto Peninsula
Earthquake

Ground Testing & Mechanism Synthesis (M 333 &E ~RERE TR BHE O BIE)

Particle size distribution of sand ——— [ jquefaction potential of soil

SPT Boring Survey

1.
2. To Understand ground layering

3. Portable dynamic cone penetration testing (PDCPT)———To Understand deformation mechanism
4,

3D Laser scanning survey ——To Understand deformation mechanism
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Understanding and Preventing Liquefaction-Induced Lateral

Spreading Damage - Lessons from the 2024 Noto Peninsula

Earthquake

1. Particle size distribution of sand ——— [iquefaction potential of soil

Ground Testing & Interpretation of Deformation Mechanism (M 825X ER E S U E R #1E D ER)

I- Ll R

Understanding and Preventing Liquefaction-Induced Lateral
Spreading Damage - Lessons from the 2024 Noto Peninsula

Earthquake
Particle size distribution of sand
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F : | ey '
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L] = 'll-- I b EE X {

uUd
Hlaﬂum_ According to the USCS

classification, soil can be
classified as a poorly graded
clean sand with a very high
liquefaction potential (Cu =
1.5~1.6)
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Understanding and Preventing Liquefaction-Induced Lateral

Spreading Damage - Lessons from the 2024 Noto Peninsula
Earthquake

2. SPT Boring Survey

To Understand ground layering

- = " | -

Understanding and Preventing Liquefaction-Induced Lateral
Spreading Damage - Lessons from the 2024 Noto Peninsula
Earthquake

SPT Boring Survey

o
1

= i Soil liquefaction
4

I
: B Soft clay might
? "_"i':':""'i Cimiheh have amplified
" e PGA

SPT test: Aug 2024

20
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Understanding and Preventing Liquefaction-Induced Lateral

Spreading Damage - Lessons from the 2024 Noto Peninsula
Earthquake

Ground Testing & Interpretation of Deformation Mechanism (M 825X ER E S U E R #1E D ER)

3. Portable dynamic cone penetration testing (PDCPT)———To Understand deformation mechanism

Understanding and Preventing Liquefaction-Induced Lateral
Spreading Damage - Lessons from the 2024 Noto Peninsula
Earthquake

e

These PDCPT tests were
conducted in Feb 2024

22
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Understanding and Preventing Liquefaction-Induced Lateral
Spreading Damage - Lessons from the 2024 Noto Peninsula

Earthquake

ST Newnler vs Dopih =reap B2 50139
r — — 3t
— Mz

S —

——
o

Group 1 K et == Very small N-values

- e

—i

— towards the ground
surface

Understanding and Preventing Liquefaction-Induced Lateral
Spreading Damage - Lessons from the 2024 Noto Peninsula
Earthquake

= SN M-valsn v Dhopch dlarsap 3o M 7, MV
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Comparatively i
larger N- — s
values
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Understanding and Preventing Liquefaction-Induced Lateral
Spreading Damage - Lessons from the 2024 Noto Peninsula

Earthquake
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Understanding and Preventing Liquefaction-Induced Lateral
Spreading Damage - Lessons from the 2024 Noto Peninsula

Earthquake
Simplified liquefaction potential evaluation (Idriss & Boulanger, 2014)
Liquefacti tential(FL) = CRR
iquefaction potential(FL) = TSR
Cyclic stress ratio (CSR) Cyclic resistance ratio (CRR)
_ 1 NDacs 50 b
™ 5 Dt‘ htes U3 -(Mges 135 [10x(N))gpes +45] 200
Stress reduction factor e | N = NXCxC
1, =1-0.00765x depth(z) ' _I o .I J# |" Deoes = % Cy
| Overburden correction factor
- - K,:I—Cgln[o-—”’Jsl.l = <03
—-. T £ 18.9-2.55J(N)ocs
| ' Aant ]
% ¥ '|-r;=‘ Y I N
P . [ LEs
o " Seed and Harder, 1990 Sl NPT
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Understanding and Preventing Liquefaction-Induced Lateral
Spreading Damage - Lessons from the 2024 Noto Peninsula
Earthquake

Ground Testing & Interpretation of Deformation Mechanism (M S ERH L UE M E D ER)

4. 3D Laser scanning survey ——To Understand deformation mechanism
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Understanding and Preventing Liquefaction-Induced Lateral
Spreading Damage - Lessons from the 2024 Noto Peninsula
Earthquake

Research Objectives (E i)

Test/quantify the
deformation mechanism via
centrifuge modeling

Document the deformation pattern Explain the mechanism
of damage in the Uchinada strip using in-situ field testing

80



Understanding and Preventing Liquefaction-Induced Lateral
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Understanding and Preventing Liquefaction-Induced Lateral
Spreading Damage - Lessons from the 2024 Noto Peninsula
Earthquake
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Spreading Damage - Lessons from the 2024 Noto Peninsula

Earthquake

Pile C received the largest co-seismic
moment demands
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Understanding and Preventing Liquefaction-Induced Lateral
Spreading Damage - Lessons from the 2024 Noto Peninsula

Earthquake

Implications for Design & Mitigation (R 5} - #FA D)

- . S -

Buildings experiencing relatively 12 m lateral ground displacement
lesser damage observed — shallow foundations near

the waterfront are highly vulnerable
(not recommended)

1
1
1
i
' Buildings founded on grouted
! piles experienced lesser
Away from the | deformations
Lagoon (Relatively |
higher liquefaction |
1
1

resistance)

Decreasing liquefaction resistance

T Closer to the lagoon (more softening) el
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Bwldlngs experiencing relatively
lesser damage
This pile
might
receive very

~
: ~ different
: pressures
: from other
| piles, and it
| ahoku Lagoon ol be
' Buildings founded on grouted piles - COT:'ﬁged
! experienced lesser deformations design of
Away from the | foundations
Lagoon (Relatively | ik 3 4
i ' i ing | i
higher liquefaction | Decreasing liquefaction resistance
resistance) !
a T Closer to the lagoon (more softening) -
L}
= . m—
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Understanding and Preventing Liquefaction-Induced Lateral

~Spreading Damage - Lessons from the 2024 Noto Peninsula
Earthquake
onclusions derived from this study (F&&®)

+ Damage driver: Liquefaction-induced lateral spreading localized in the reclaimed strip near Kahoku Lagoon; large
ground offsets (12 m) occurred despite moderate PGA.

« Stratigraphy (from SPT & logs): Loose reclaimed clean sand (0-4.5 m) over sand-dune deposits (4.5-6.7 m) over
soft alluvial clay (6.7-9.5 m), a profile conducive to liquefaction in the upper layers.

« Waterfront gradient: Liquefaction resistance decreases toward the waterfront (lowest FOS near the lagoon) and
increases inland toward the Uchinada sand dunes; consistent across PDCPT/FOS and 3D-laser deformation.

* Kinematic demand is non-uniform: Centrifuge tests show spatially varying excess-pore-pressure fields that
produce higher moments on downslope piles; standard JRA pressure distributions do not capture this asymmetry.

« Design & mitigation: Avoid shallow foundations near the waterfront; for pile groups, explicitly check differential
kinematic loads and consider targeted ground improvement along the waterfront band.

TR T VR T T TEEbDhiESTENELE
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Conventional soil-mechanic view
Coseismic landslides ¥EEH#55 N 1)
Rainfall-induced landslides
Landslides under gravity effects
Counter measures / mitigation
Reservoir-induced seismicity

o Ok W N~

Soil mechanics approach:
Evaluation of slope instability with ground water effects
Depth of water = h , Unit width ,

ii—b

Weight of soil W= y,(H-h)+ y,h
Normal force N= Wcos0
Q&;@‘ Shear force S= Wsin0

Normal stress 6= N/(1/cos0)=Wcos20
B Pore water pressure u=y,,hcos’0
Effective stress = (W-y,,h) cos?0
Shear strength = (W-y,,h) cos?0tangp+c
Shear stress T = Wsinf cos6

Effective normal

force, N’ Factor of safety = [(W-y,,h) cos?0tano +c | /
(Wsin6 cos0)

Q
5 < o°
This is a scientific theory;

Water is provided from the slope surface (rain water),
Water flow is two-dimensional, and
Bottom of surface layer is impervious. Reality may be substantially different.
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Slope failure in Anamizu Town Wajima - < Epicenter
® - Noto Peninsulg

Kaisoo el
. -® Anamizu

&K ; ; Toyama
Bay
S ° Tsubata -
o

Kanazawa

Ishikawa Prefecture,

Central Japan

20 km
«—

Rainfall record at JMA Station near Anamizu

Daily precipitation Mitsui_Anamizu.qpc

/.\60 . . \\\\\\\\\\\\‘\\\\‘\\\\600 E.Q

E 50 2;2;1;:;111 ?EZ; Earthquake | 500 a E

= 401 ’ R e 400 % E

£ 30 I | [[go 1300 8 5
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5 40

(=)

5 10 15 20 25 30
Day of December 2023

Cumulative rainfall > 30-year mean
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Anamizu case
Failure of a natural ;

® Slope instability

Google earth view
Baseball field: original mountain was excavated and soil is exposed

Problem of sports s
facility at hill top: . =
® Rain water is not Baseball field
absorbed by : . e T
R -
vegetation. - :

Increased
infiltration into
top of the slope.
Sports facilities
are designed
and constructed
for rain water to
promptly infiltrate
into soil.

Landslide

10
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Liquefaction in the baseball field at mountain top

Subsidence at
slope shoulder

126

Crack and ejected sand in
the baseball field;
evidence of liquefaction
(photo taken in July 2024)




Geological strata inclined towards the failed slope

% R 1778 5 L L
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Kanazawa City #“iE&H k1 Wajlma _ i? Epicenter
Noto Peninsuld

Filling of a small valley - g
at Hokuryo High School dtEE&# Kalso.-. -® Anamizu
Ing
réo i Toyama
> Bay
/e Tsubata
o

Kanazawa

Ishikawa Prefecture,

Central Japan
20 km
A small valley had been filled with soil. “—
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Rainfall record at JMA Kanazawa
Past rainfall Kanazawa.qpc
60 T T ‘ T T ‘ T T ‘ T T T T 1200

| Day of Noto Peninsula earthquake: s | =
| I ®
E 50 | Rainfall record f'/ 1000 2
£ | at JMA Kanazawa o i[ | g
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g 40 o o 0o o
£ | e o o° i 2
=z 30 600 T
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£ 20(—© el o 400 8,
g o o _J'/ oe E
Sl 0 b ol E
2 10 5-0g—o—200 g
1C0 o } 00 @ g

0 9 &0 00 0@ 1 9

0 30 60 90 120 150

Day of September 2023

17

View of the site in July 2015 A& I TARIEZZ LA

® Valley: place where ground water gets together and
erodes a slope.

® After valley filling, water drainage is indispensable for
stability.

® Often, drainage pipes are clogged -> slope instability.

l ® Note the big sports ground behind the sjepe!

® Rain water seeps easily into the yndérgréund

water channel and flows towardSithe slope.

18
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School ground without grass or
vegetation coverage
- Easy seepage of water into subsoil

e =

19
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Residential development in P *Epicenter
Tsubata Town ZIEH] Wailme_~

<

Noto Peninsulal

Continued water drainage from the site one ® A-nzrlmizu
month and even six months after the earthquake )

L L

i Toyama
Bay

® Tsubata

21

Water reservoir next to the failed fill: one of the sources of water?

Both residential fill and this reservoir were constructed by stages in late 20th Century
as shown in the next slide

22
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GSI maps of the Tsubata site in 1980 and 2000
1980
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2013 FFE R ST ORI AR

Head scarps of landslides

Complicated reality: /XA > 7F, SMEOM TKEH
piping holes detected after slope failure

o Additional wates ...
TE»SDEWKERKIZ, EROMBTZTIEFERBINTULAL,
¥ 7-. BEERRAKEEIZFRAAIEE,
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Ejection of tectonic water through faults

1960F R DIRAEF F it
B REDOHTKEH
W -7 g~
Example: Makiiuchi#t A
landslide during
Matsushiro earthquake
swarm in Japan
Ejected water triggered 3
landslides.
ErREEFMELE
KN LER

On August 13th, 2019
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2009 earthquake of Mw=6.3 hit Shizuoka, Japan.
Highway embankment collapsed because ...

HEAEEDRE L ICHIZ OB

Bl o AKRE

B+ MEORENLL

—FRAE THAIE

NEXCO Central DEE
31
Landslide,

Badamdar, Baku,

Azerbaijan

THELNAL D 5 DING — Baku, Azerbaijan GOOGLE EARTH 20250401
32
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Baku, Azerbaijan GOOGLE EARTH 20250401
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F = L. i
'LQurd Qapisi Qabirstanligi

; 8 | Morkazi Nebatat Bagi

Qanli Gol: Bloody Lake
Qurd Qapisi Qabirstanhgi: Wolf Gate Cemetery

Markazi Nabatat Bagi: Central Botanical Garden established in 1936: https://azerbaijan.travel/central-
botanical-garden as of 2025101
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150 L L L LI LI IBIaFuILaII]dISlIldIeSl?pIquII)C IandSIide Of Baku City in 2011.
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Peng, D., et al. (2019) Hydrological response of
loess slopes with reference to widespread
landslide events in the Heifangtai terrace, NW
China. Journal of Asian Earth Sciences 171: 259-
276 (Paper 8684).

Tk, 2T, BEE (2004) HEE T ABRRW
HEEFSIENBERE. FEMRRESHEFR
15(3): 43-46 (Paper 8741).

AAGEE (FFfizE®H TE3E H W
REIEMT 2) KEE e UBE.
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Vajont Dam in Italy, 1963
Landslide-induced tsunami killed 1919 residents.

Longarone after the

disaster
https://ja.wikipedia.org/wiki/%
E3%83%90%E3%82%A4%E
3%82%AA%E3%83%B3%E3
%83%88%E3%83%80%E3%
83%A0#/media/File:Vajont19
63usarmy.jpg
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Vajont Dam before failure
http://www.bottaonline.net/FotoVajont/invaso1.jpg

Consequence in a picture post card
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Geological cross section

(for reference, refer to Towhata’s lecture note)

Weak layer at hundreds of meters below surface
Reservoir water pressure came into the weak
layer and reduced effective stress = instability

t probable losation of slip plane.
135
ik
il Pamsrvalr
'E rAaks
2 |
g ™ ‘J/
T .
£ v
B - J-r |
- F _ |
:11‘:. - 1
el |
L = L et 3 I x|

Fig.1-1 Bock sliding at Vajont Dans in Ttaly,

47

Longarone in 2010

48

144



Contents
1. Conventional soil-mechanic view
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Aerial view of Tsubata =% site '
in June 2022 (1.5 years before the Reservoir
earthquake)

Pre-seismic views at five sites

and without slope failure

51

Google Street View in June 2022: 1.5 years before the earthqauake

Cracks in the pavement
suggested block movement
of soil towards the slope 1.5
years before the earthquake.
Typical shape of the cracks is

52
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Same place, Photo in August 2023 Google Earth
Street View

BNSEIR No landslide in 2024
SREIIER but possible hazard
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Pavement far from slopes; Google Earth
Photo in August 2023 Street View

s

Cracks in the pavement made

,.’ by shrinkage and subsidence in
lifeline backfill.

The typical shape is rectangular

55

One more photo of cracks in August 2023;
Concentrated cracks possibly due to
subsidence of pipeline backfill?

Y

Failure

56
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Cracks in road pavement
- Useful signal of potential slope failure:

Slope Crack configuration

shoulder

Contents

Conventional soil-mechanic view
Coseismic landslides #iZE#h 9~ V)
Rainfall-induced landslides
Landslides under gravity effects
Counter measures / mitigation
Reservoir-induced seismicity
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Oued Fodda dam, Algeria; 89m high; one of the earliest reservoir-
! induced earthquakes

RS T T R TP ET e

- ©

(R R N T
- s

i Sodasphige e e Mg

- — —mm m——

-
Gourinard, Y., Thévenin, J. (1952) La
Geologie et les problemes de I'eau en Algerie.
Le barrage de I'Oued Fodda, Congr. GdoL
Intern., Compt. Rend 19c. Alger, 155-181.

. 2o Completion and impounding in
Seismic tremors in 1933

59

Reservoir-induced seismicity
Fault rupture triggered by diffusion of reservoir water pressure

.-. il k. e w‘ N . T el

Koyna Dam, India

60
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Reservoir-induced seismicity
Fault rupture triggered by permeation of reservoir water pressure

Nurek Dam, Tajikistan; 300-m high

Reservoir-induced seismicity
Fault rupture triggered by permeation of reservoir water pressure

Hoover Dam, USA

62
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Reservoir-induced seismicity
Fault rupture triggered by permeation of reservoir water pressure

Aswan High Dam, Egypt and many more

63

2378 Zipingpu D
e e ]

64
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Zipingpu Dam: correlation between water
level and number of earthquakes

[—

i i

: =3

E e & S4TE 4 L & Wenchuanih
“§  ErOBRE. BHRHAHT
[ LR LY,
¥ LHhL. H53—2DmRD
. H5,

Klose, C.D. (2012) Evidence for anthropogenic surface loading as trigger mechanism of the
2008 Wenchuan earthquake, Environmental Earth Sciences 66(5): 1439—-1447.

67
Forensic idea on reservoir-induced earthquakes
How significant is the responsibility of dam construction?
Study stress (ratio) -strain state in a fault:
Dam4s responsible if Dam is not responsible if
initial condition is here initial condition is here,
, and dam increases the
Stress/c’ | stresh ratio substantially.

T whatever effect dam may
exert, big or small,
because, sooner or later, the
fault would have ruptured.
Which is the case in reality?
Local seismicity should be
recorded for years prior to
filling the reservoir.

Strain
68
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Iy v~ —HE%¥4 (Myanmar Geosciences Society: MGS)
Prof. Sandy Chit Ko

Professor, Department of Geology, Maubin University, Ayeyarwady Region
Dr. Kaung Si Thu

Lecturer, Department of Geology, Dagon University, Yangon Region
Dr. Tun Tun Min

Lecturer, Department of Geology, West Yangon University, Yangon Region
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"Active tectonics and earthquake potential of the Myanmar region". Journal of
Geophysical Research: Solid Earth. 119 (4): 3767-3822
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geomorphic mapping and macroseismic records, central Myanmar, Master thesis,
Department of Geo-sciences, National Taiwan University, Taiwan
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