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Wellington landslides: The SLIDE project

Chris Massey (c.massey@gns.cri.nz)

Wellington landslide work

Regional scale

— Rainfall-induced landslides (RIL)
— EQ-induced landslides (EIL)

— Landslide runout

— Hazard/exposure (infrastructure)
— Risk (life)

Site-specific scale

— Rock and Fill slope response to EQ’s and rain
— Runout of debris

Current research

Future potential research
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Project aim: to assess the
performance of natural and
anthropogenic (ASH) slopes
in central Wellington under

earthquake shaking and B T
5|gn|f|.can.t rain events or a E2 S gt ) e s B
combination of both. 8 ‘é * SRR
Project goal (Wellington): © 1 Ahaii
To improve the resilience of 0
New Zealand's homes and & % ) ) ) =3
infrastructure through better 2 £
knowledge of the behaviour
of anthropogenic and MBIE Endanvour i

It's Our Fault Flassarch GNS Strategic Science
natural slopes and develop i . —— Investment Fund (S51F)

strategies for more robust el St Sdctkk
remediation approaches. - i -

GNS Science

Legend

®  Lanssides

Landslides in Wellington: RIL e

In the last six years:

2013 Priscilla Crescent

2017 Halifax Street 2017 Ngauranga Gorge
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Regional-scale landslide models
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Landslides in Wellington: EIL

Gold’s Landslide, 1855 Wairarapa EQ 3.

How do anthropogenic slopes perform during
strong earthquake shaking?

How do material properties and slope geometry
influence cut/fill slope performance?

How vulnerable are infrastructure to the types
of landslide hazards affecting Wellington?
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Surface differencing (2013 — 1938)
1600 identified fill bodies

2013 surface model

L GNsScence |
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Three layers developed

« Slope morphology

« Interpreted materials at/near
surface

e Their genesis

?h,;‘?_;- L Feeds into the hazard models
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Geomorphic maps are live on WCC website!

» https://wcc.maps.arcqgis.com/apps/webappviewer/index.html?id=b7b5ad358c66476087fd3163f693b4ff

Disclaimer

¥ you have any questions about this
wovk please contact Wiliington City
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Wellington rainfall-induced landslides modelling

» Landslide database:
— 16,175 landslide points in the dataset
—  Volumes for 7,964 landslides

— Locations for rainfall induced
landslides spanning 1954 — 2017

» Landslide distributions for worst 20
storms

— Used 11 storms for modelling
(~12,000 landslides)

—  Constructed rainfall grids for each
storm based on 24hr max rainfall S 0n

. . . Landslide locations Storm rainfall
—  Constructed Soil Moisture Indices
—  Other variables tested in the models

5/12/2021
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LR, BBN and Al models used to investigate landslide controls

Rain 24 hr (100 yrs) Fain 24 hr (200 yrs) &) 3 2]
(mem} (mm)
— 250 — 250

] ]

a)

b)
c)
d)
e)

f)
g)
h)

Rainfall (HIRDS: RP 50,
100 and 200 yrs) and
SMD wet and dry

Elevation
Slope angle
Aspect

Local slope relief (sharp
breaks in slope)

Geology (materials)
Land cover (LCD)
Slope curvature

12

Rainfall-induced landslide (RIL) model: Probability

» Probability of a landslide occurring at a given location if subjected to 24

hour rain amounts (100 and 200 yr return periods)

a) RIL Probability (100 yrs})
o 0.085

b) RIL Probability {200 yrs)
012

RIL Probability (100 yrs)
O <o
@B oo1-coes

——

RIL Probabiity (200 yrs)

O <om
B o002

ARI 100 yrs = 150 mm/24 hrs

Note: RIL probability is much less than the EIL probability for a Wellington Fault EQ

ARI 200 yrs = 200 mm/24 hrs
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Model variables in rank order of importance

Statistical performance of
models (LR and Al)

ROC curves based on
training datasets
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Earthquake-induced landslide (EIL) model

» Probability of landslide occurring at a given location if subjected to a given PGA

* Model is V2.0 EIL forecast tool (presented by Massey et al., 2018; 2020; 2021, based on
multiple EIL datasets)

EIL Probability EIL Probability
mm 09
. 0.0
Wellington example i ) ;0,_025

adopting a Wellington @ oz
Fault M7.8 EQ.

The model is also setup to
be event driven and use
instrument PGA/PGV'’s to
generate landslide
probability advisory
information (maps)
minutes after being
triggered.
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Only large slopes can generate large landslides

* Where do large slopes capable of generating large landslides occur?

* These can then be ranked based on their estimated probability of
failure

Wellington,
LS sources
with P 21%

Landslides in greywacke generated by the Kaikoura EQ

DA source velume [m’)

Legend
Sourcs <1083

Scurce 10-00m3 N w' -
0 0

107
DA source area (m’)

Soarce 100 - 1,000 m3 1w 10t 10 1
Seurce 1,000 - #0000 m3

;sm_ ":::n _'::::'"’ Landslide area to volume scaling relationships and local slope relief
(LSR) used to identify the largest landslide (volume) a slope may

generate (Massey et al., 2020)
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Estimating the total EQ vol

ume contributed by different types

of landslide in different materials

10*

Power-law exponent
== All Landslides = -1,133
= Geolcode 1 = -1.526
— Geolcode 2 = -0.683
— Geolcode 3 = -0.733

== Geolcode 4= -1.258

Number of landslides within a given source area bin

Hapulu Landslide
Battery
D)
© Lanfslide
10° QD S O
10° 10* 10° 10° 10* 10° 10° 107

Landslide source area A _(m?)

ax10" 2x10"
B DA volume from difference model
o 0 DA volume using mean depth * area
il © DA volume using elliposid (mean depth) 10°
® DA volume using elliposid (max depth)
= ex10f 10" &
E E
=3 g
b, ’ =
%, 510 10"
2 2
3 pit
S aae* 80" F
. T .
g ! £
2 a0’ 1l 6x10" 3
=4 £
B ]
2 20 a0’ @
i U
10° l i 1 2107
Geolcode 1 Geolcode 2 Geolcode 3 Geolcode 4 All Geolcodes
Soil Siltstone Limestone, Greywacke
and siltstone
sandstone and
candstane Jones et al., (2021)
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Displaced mass
Slippage x ‘t“g(/

NN
| ~

Original ground surface

F-angle

Fahrboeschung model (F-angle)
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AH/L Ratio

0.

How far will the debris travel downslope? (Landslide Impact Area)

Dry debris avalanche and rock avalanche

H/L=-0.033 * V+0.0315 . Yoo
Ri=0.113 Small landslide 2Sept 01
N=144

Low mobility

Large landslide
=~ _[,dw mobjlity

i

® Kaikoura 1] 99%
@ rorthils  Small landsli T 9o%
1f X Welingten  High mobilit i ol ﬁ
® Norvay Rt Ry
A Conada i Latge landslide: =
W NewZealand High mobility-+ i
> Scheidegger (1973) and Ui (1983) H/L=-0.131*V+0.421
O  China R*=0.448
W Corominas 1996 N= 240
+  West Salt Creek I |
10 100 1000 16408 16405  1E406 16407  1Es08 16409  1E410  1Ee1l

Volume (m?)

« Empirical models can be run quickly over large areas e.g., the

Probability of Runout Exceedance

material and the type of failure

Left, Kaikoura EQ-induced debris avalanche; Right,
rainfall-induced reactivation of debris, and debris flow

AH/L Ratio

Regional-scale: How far will the debris travel downslope?
» Earthquake-induced versus rainfall-induced landslide runout
* Runout (F-angles) vary with volume, upstream catchment area, source

Rainfall-triggered debris avalanche

Legend
Kaikoura - Gita
British Columbia (Brideau et al. 2019)
Hong Kang (Wong and Ho, 1998)
Haong Kong (GED, 2003)
Hang Kang (Hunter and Fell, 2003)
Scotland (Milne et al. 2015}

Probability of Runout Exceedance

H/L=-0.0706 V - 0.0723 %
o R2=0.290
= AN
0.1 T t T t
1 10 100 1000 1E+04 1E+05 1E+06
Volume (m3)
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* Channelised debris can travel further

19

AH/L Ratio

Channelled versus open slope debris
» Debris can channelized along drainage lines

» Both channelized and open slope models can be easily run over large areas
Runout distance depends on confinement, source volume, and water content

Rainfall-triggered debris flow

Version 2.2
| 3sept2019

R?=0.325
N=78

H/L=-0.108 * V- 0.088 |

* 4+ sEHOP

bt
L

™ —
o, 53

Legend
Kaikoura
Port Hills
Coromandel

Cass, Orongorongo, Birch Hill L |

Hong Kong
North America various
Europe various

Probability of Runout Exceedance

100 1000

1E+04

Volume (m*)

1E+05

1E+06

GNS Science

Empirical debris runout model

» Conceptual representation

A
of the landslide runout )
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Conceptual cross-section view

Conceptual plan view of
pixel elevation value

. . Eis2 | B+l | i | B
models as implemented in \% e "2 | o N
GIS Glound\ \:::;Ehdh Modelled Int.mion fh2 [ B Ei‘/ il o
—  Channelised: source Siffece Lm\ung o0 Bl | 2 /éi g | e
elevations projected cell by =R s
cell only downhill along the SR
steepest path and stops at \\ B2 . V|
the given F-angle B3 | EF35 | EF3S | B3 | B2
— Open slope: Uses visibility B2 | B4 | B4 | E3 | B
tool in GIS to identify which CotBld of gronind surtdcy
' Centroid of thearetical Fahrbdschung elevation Ei-3 Ei-4 Ei-4 Ei-3 Ei-1
a!’eas can be Se‘.en from a Ei - Initial elevation
given cell adopting the Pixel of landslide source £i35 | B4 | B4 | Ei3S | B2
B [] Pixel of landslide transpart and deposition
g|Ven F-angle Values [ Pixel of where landslide runout stopping condition is met Ei-2 | E-3 | Ei-3 | E-2 | Ei1
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Empirical debris runout model

A AR el
Debris avalanche (dry) “-'.-‘*;’

Earthquake-induced landslide runout probability of
exceedance (50% and 2.3%) Fahrbéschung extents for
given volume classes of open slope dry rock and debris
avalanches for an example watershed.

Channelised and open slope
model differences

BN N

Runout Crannelied 30 deg
I Runout Opensiope 30 deg 2

I e Sources modeled
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Hazard exposure matrix: Surface and subsurface

infrastructure

Slippage

e N

N J Displaced mass

Crown

Surface infrastructure
Subsurface infrastructure

Falling debris/
inundation

11



5/12/2021

Combining landslide hazards with Infrastructure: Hazard exposure
matrix

3

Feature count

w o

w

L RN

Heron et al. (2020)
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Hazard exposure matrix: Intersection of landslides and
infrastructure

e

- P

Intersection of source area landslide Intersection of landslide deposition Intersection of landslide source and
and infrastructure area and infrastructure deposition areas and infrastructure

24
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Hazard exposure matrix: intersection of landslides and infrastructure

Explosure Hazard class (low to high probability)
class
P <0.01 P>0.01 P>01to P>1to P>10%
t0 0.1% 1% 10%

e
oy

o

WF Surface dry

Waskaptirid_Sertace_WP_Dry

e

I -
conman ¢ 109 e s

- — -

WF Surface wet F'Subsurface wet

HasExsGd_Surthce WE_iWet HazEssGrid_Subaurtace_WE_Wel
van van
U U
00 Matars 33 160 Matary 2
LB LB
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Risk: AIFR

Risk model results for ‘mean’
scenarios 1 (a) to 4 (d), adopting
different values for the variables
used in the risk model. The figure
shows the impact on the risk
estimates based on the different

values selected for the variables
used in the model. Risk scenario
1 (a) is the least conservative and
risk scenario 4 (d) is the most
conservative.

Massey et al. (2021)
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SLIDE: Site-specific assessments

Aim: to assess at the site-scale, the likely

performance of the slope in future significant

rain and EQ events (validate regional-scale
models)

Six sites chosen, based on a combination of:

—  Impact should they fail

—  Characteristic of the slopes in Wellington
—  Natural versus anthropogenic

—  Efficacy (logistics etc.,)

—  Co-funding (NZTA thank you!)

Each site assessment comprises:

—  Field mapping (and geophysics)

—  Ground investigation (drilling and geophysics
—  Labtesting (Dr Jon Carey)

—  Numerical stability and runout modelling

—  Hazard and risk assessment

Golds Slide (landslide 1855)
SH2 slope (natural slope)
Ngauranga Gorge (cut slope)
St Gerard's (typical modified
coastal slope)

Priscilla Crescent (fill slope)
Orchy Crescent (fill slope

5/12/2021
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Greywacke landslides: mainly rock and debris avalanches in
closely jointed rock mass

GROUP I GROUP i GROUP 111
i JOINTED
INTACT SINGLE | SEVERAL ROCK
ROCK | DISCONTINUITIES | DISCONTINUITIES | DISCONTINUITIES MASS

D

Debris and rock avalanches in greywacke along
State Highway 1, triggered by the Kaikoura EQ
(Photo: D. Townsend)

Li et al. (2009)
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Rock mass Strength Rock mass assessment: field mapping, TLS and downhole

geophysical surveys

RO i % w« s :,..,‘..‘,‘E';‘; P-wave velocity of cores
i | \ revious Study - Sandstone
y ' Jointed g w = eton i
< 17}
. q}a g Intact g
| Y y AP g 40 5 pees .,
% e 8o :
g™ E_ o 150
£ £3
o 160 <
e o E 120
20 = =)
g Jointed 82w
E £ :
3 " § 9 _
> 5 [oeg—2 250 wfren st &
=] o

1500 2000 1500 3000 3500 4000 4500 S000 5500 GOOO
Vp [myfs}

MWHW  HW

30
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Down-hole imaging and data processing

* Full waveform sonic (P- and S-wave, shear
and bulk modulus)

« Gamma
* Density

» Core data and descriptions (RQD lithology
etc.)

* Downhole camera and Borehole televiewer
(fractures, bedding etc, and their dip/direction
and density)

Griffin et al. (2019)

EGM: Conceptual models — EQ-induced greywacke landslides

Failure Stages in Greywacke rock mass (without large-scale discontinuities)

1) Ground defermation 2) Sliding 3) Avalanching
landslide displacement accommaodated through lacalisation of deformation and transitioning to sliding rock mass disintegration and catastrophic failure
ional rock mass i

——— compressional deformation

s

high frequency of tension

;mmse:! cracks indicating the transition
ay THCLCH C Y. i to extensional deformation
and bulging and shding
B T L.
R
strong ground motion
triggering coselsmic landslides
landslide tos landslide toe head scarp of catastrophic failure
£ E g |
z £ - g
£ £ E
s g z
H a =
B 2 2
oo i » SO » To ! »
distance along profile distance along profile distance along profile

Singeisen (2021)

32
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Stress-deformation analysis: How much strain is needed to
transition the rock mass from sliding to avalanching?

JOB TITLE : Goids_Slide

......

JOB TITLE : Model48_sspimag

UDEC (Version 7.00) UDEC (Version 7.00)
a) b)
LEGEND LEGEND 2
cyde 5658134 cycle 2562158 1750
Bma = 2E50E+01 sec

tme = 6.000E+01 sec

Displacemant magnitude
‘contour intervale 1.000E+00
1.000E+00 1o 5.000E+00

biack plot

1.000E-00
2 CO0E-00
3 000E-00
4 BO0E 00
5.000E-00

ltasca Consulting Group. Inc.

Ibasca Consulting Group, Inc. Minneapols, Minnescta UISA

Minneapolis, Minnescta USA

500

150
ren

oa +800 2300 a0

Investigating the role of geology and jointing on seismic response of greywacke slopes
a) A) Jointed model (strength-strain reduction) = larger and more localized (shallow) permanent displacements
b) B) Pre-existing large persistent defect = large and deeper-seated permanent displacements

33

Not just EQ’s: Strains along defects in greywacke from wetting
(post earthquake failures)

« EQ cracks the slope, making the rock mass more susceptible in
post-EQ rain and EQ events.

» Strains are large enough to cause permanent displacement

0

5/12/2021

Leith (2021)

34
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3D physics-based versus statistical

« 3D simulation « EIL — Statistical model

3D-static vs. dynamic modelled displacement

\

Contour Of Displacement Con?;g: go?lsplﬂcemem
I 5.0000E-03 I 30000E.01
4.5000E-03 2.7500E-01
4.0000E-03 2.5000E-01
3.5000E-03 : 2.2500€-01 .
3.0000E-03 Static 20000E.01 Dynam IC
= gtggggg:gg I 1.5000E-01
1 5000E.03 1.2500E-01
- 1.0000E-01
1.0000E-03 7.5000E-02
I 5.0000E-04 I 5.0000E-02
0.0000E+00 3.5320E-02

. GNsScence |
36
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Example site-specific assessment: St Gerard’s: Runout EQ (dry)

Debris Height (m)

10-01

RAMMS 3D physically-based landslide runout model (model calibrated by back analysing >100 debris
avalanches in greywacke)

. GNsScene |
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Site specific assessments: Fill Laboratory testing

Aim: Replicate stress states in slopes and measure shear surface deformation
mechanisms during:

1. Dynamic shaking (earthquakes)

2. Changing pore-water pressure (rainstorms)

Results:

« Fill slope failure style dependent on grain size characteristics and
stress history of shear zone

* For looser coarser grained fills, lower pore water pressure was
required for displacement to occur

« For finer grained and over-consolidated fills, required higher pore
water pressures, but more likely to transition rapidly from creeping
landslide to brittle failure - More likely to have flow type landslides

« Dynamic loading results in densification

So, in some instances, fill slopes become stronger following earthquake
shaking but this densification but it may make them more likely to be
vulnerable to rapid debris flow-slides in future rainstorms.

Carey et al., 2021 Landslides o
38
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Numerical Modelling of Fill Slopes

e Aim: Use static limit equilibrium and FE models
and decoupled procedures (to calculate
permanent ground displacement)

* Results:

—  Amount of displacement increases with PGA

— Ranges from 0.01 m to 10 m displacement

—  For eq’s with PGA's of >0.2 g, the displacement
may not result catastrophic failure but can
damage buried elastic pipes

—  Leakage water from broken pipes and increase
in pore-water pressure results in cascading
hazards

—  Orchy crescent: Larger deeper, finer grained fill
body compared to Priscilla Crescent, and has
larger simulated ground displacements - More
unstable

39

A)

Elevation{m a.s.l.)

Wt } +FOS 1.58 EFast
History

"9'"‘ Select simulated

Anthropogenic ',  dynamic failure
il " surfaces (black) Surface profile
\ / from 2013 DEM
4 /Surface profile
// from 1938 DSM

Elevation(mas 1)
]

50
100 125 150 75 200 225 BE e o
Distance(m)
g .FDSLBHQi:to . Noth-
soutimest Selact simulated pDim"' Anthrapogenic - northeast
100 dynamic failure 5 fill

Surface profile surfaces tblaq;l
from 2013 DEM ~._ =

Surface profile i
from 1938 DSM

Simulated static
critical failure

Greywacke surface (white)
o 1 I | i I
7S 125 178 225 s 25 s
Distance (m)

Brideau et al., 2021 Engineering Geology

Cascading hazards

< e
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Cascading hazards: Fill slopes

Fill slope failure

Legend
X Wellington
@ Hong Kong (Hunter and Fell 2001, 2003)

nall landslide____
bility
De
v,

a3
d

L

”

2.
High mobility |

ll '\"h\""q_

H/L=-0.090 V- 0.148
varsion 10 =
3 ;:v 2019 R*=0.299
01 f f T
1 10 100 1000 1E+D4 1E+05
Volume (m?)

1E+06

Probability of Runout Exceedance

Legend
®  Landslides
Landslide

Documents and papers

» Search ‘GNS slide project’
— Links to papers and reports
— Down load data
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View the reports

The SLIDE projact nas pro

c0d 8 S01s of raparts which can be sean beiow

SLIDE reports to date

Report 188N ool Report Tite Lesd  Report

number Author  status

SR018727  S7E. 10.21420FBS3- lington). cu Final
866t G965 ity of dwellings to  Massey

The aim of this rescarch was to quantiy e vuinerabity of peoplc and dwellings to the types.of landside hazards affcting

Wellington and olfer parts of Now Zealand. This research comprised wo main objectves

1)

westigale whal landslde inlensity melic(s) best conrelate with the diflerent consequences such as economic loss andior
ical damage state, and

Devalop BpPropriata CoMGIatoNs/TolANONSHIDS botwoon the preferad 1andsids NAZAIG iMensdy metrc(s) and
consequence ype.

Report 188N ool Report Title Lead Report  Public

number Author  status  availability

SR201928 878 10.21420/CHRR-  SLIDE (Wellingtony: o. Final  nlibrary
e85 e somorphological Townsend

gton urban area

On aspect ofthe SLIDE research was the development of a geomorphalogy map for terrain within t
aroa in order 1o help Idenbly hose siopes that have been anthvopogenically Modifiad and are patentialy b

ington urban
210 landsides

Ths report presents Version 1.0 of the
ciassfiod the geomorphology of the W
main layers

‘geomarphology maps and the mathosology Used 10 carmy out the mapping. This wark
ton urban area (the study area), &1 a fegional scale of nominally 1:500, into

1)

2)ned

co marphology and
surface materials. An additional third layer comprising anthropogenically modified ground, subdvided inlo: a) cut
slopes and b) il bades, was also created

This wark forms the bass of the fandslide hazard analysis  including landsiide suscepiibiity and runout m
out as part of the SLIDE projsct

felling - carmiod

Report 1SN ool Report Title Lead  Report Public
number Author  status  svailability
SR2019036 Embargoed

978188- 10.21420XQD0-  SLIDE (Wellington): Development of  D. Final
8569604 FWOS an Infrastructure model for Her
analysing the potential impact of
Iandslides in the Wellington Urban
Area

i urban dovelopment ion of natural siopes s typicaily carmied out by cutling and filing. Cribcal infrastructure asssts
such as gas, power, water, telecommunications, etc., are typically co-lacated beiow, on or adjacent to roads and near cul and

5/12/2021
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Current research

This FY (June 2022)

 Site-specific rock slope results
(paper and report)

» RIL and Anthropogenic landslide
paper

» Hazard-risk model report and paper

* Field- and lab testing of rock mass
deformability and strength of
jointed greywacke

» Dissemination of SLIDE results
(IOF)

» JTC-1 Book on EIL (Towhata et al.)

2022 to 2023
« Shaking only damage ratios
(EQC SOW3)

« Shaking + Permanent ground
displacement damage ratios
(EQC SOW3)
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Future research

* Fill slopes

— More than 1,000 fill slopes
mapped

— Many not engineered

— Many services (lifelines) are
routed through them

— Performed OK historically
during rain

— How will they perform during
strong shaking

* Retaining walls

More than 4,000 identified

Many critical for building and
infrastructure stability

Many not engineered

5/12/2021

22



