A R
; gy
/ J N
A i
" m_ﬁ__‘/'_/

J s i : e I G = e . =k /-""'/-—
@ETAM TEE b
- RIS TEXNIKO ENIMEAHTHPIO EAMAAAL '// "

PR

ENGINEERING THE FUTURE:
HOW SEISMIC RISK MODELS CAN BUILD MORE RESILIENT SOCIETIES
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GLOBAL EARTHQUAKRE MODEL Working together to assess risk




poorly decigned and/or conctructed
earthquakes don't kill people,/\buildings do
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One building standing in
Kahramanmaras: The Chamber of
Civil Engineers
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poorly decigned and/or conctructed
earthquakes don't kill people,/\buildings do

and the devactation ic far greater in cocietiec

that are unaware and unprepared
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Haiti, 2010 Kumamoto, Japan 2016
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Both Magnitude 7 strike-slip
earthquakes, both exposed similar
numbers of people to similar levels

of ground shaking intensity
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Haiti, 2010 Kumamoto, Japan 2016
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~300,000 lives lost, millions ~200 fatalities, less
displaced, vital urban damage and fewer
infrastructure destroyed displaced individuals.
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National seismic risk models help us:

d . d ..the impacts from earthquakes, and how
unaersian frequently we can expect them to occur

GLOBAL QUAKE MODEL .ORG GEM -




Using national seismic risk models...to understand frequency of impacts
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Using national seismic risk models...to rapidly assess impacts
Local ShakeMap
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Using national seismic risk models...to rapidly assess impacts

The underlying probabilistic seismic hazard model can also be used to rapidly
define the rupture and assign appropriate ground shaking models to
calculate a more reliable ShakeMap:

Point source Rupture from hazard model Complex “true” rupture
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PGA Estimates (g)

2023 M7.8 Kahramanmaras earthquake B =

<0.15 0.22 0.30 0.39 0.50 0.62 0.79
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National seismic risk models help us:

d t d ..the impacts from earthquakes, and how
unaersian frequently we can expect them to occur

..for cost-effective risk management efforfs, so
make p|CIﬂS that we can reduce the impacts and recovery
times for fufure earthquakes




Using national seismic risk models...for targeted structural resilience

NZS1170 Design

Risk Targeted (AIFR)
Risk Targeted (Occupancy)
Risk Targeted (Population)

HEH

Seismic [ ed on 10%
probabili of exceddance in 50

Annual Frequency of Exceedance

10 10! 102 103
Number of Fatalities

Horspool et al. (2023)
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Using national seismic risk models...for financial resilience

Bond coupon
Risk margin (Risk margin Capital
Mexico + WB funding cost) Market
Investors
j @ Risk transfer agreement @ Cat bond —_—
> 4 THE WORLD BANK | &) |
oyl AL Bond principal
Payouts p e %
----------------
(Incaseofehglhfeevent) """"""“")
Redemption amount

(Principal - payouts)

Cat-in-a-grid trigger based on magnitude, location and depth
of earthquakes

Triggers are optimised by running many simulated scenarios
through risk models, calibrating thresholds until the payout
pattern:
| * Matches the sponsor’s (e.g. Mexico’s) expected losses,
SR + Keeps investor yields attractive,
i «  And minimises basis risk (difference between government’s
actual disaster losses and bond payout)

GLOBAL QUAKE MODEL .OR! GEM 13




Using national seismic risk models for...earthquake early warning

Average annual number of injured and fatalities with and without earthquake early
warning systems (EEWS) for Portugal:
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Silva et al. (2023 BEE)



Using national seismic risk models...for emergency management

POBLACION Y EDIFICIOS EXPUESTOS

DISTRITO METROPOLITANO DE QUITO
ESCENARIO SISMICO HIPOTET
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National seismic risk models help us:

understand

make plans

forecast

..the impacts from earthquakes, and how
frequently we can expect them to occur

..for cost-effective management efforts, so that
we can reduce the impacts and recovery fimes
for future earthquakes

.. the expected impacts under different future
scenarios to encourage more action to be faken
foday

rA“ GLOBAL QUAKE MODEL .ORG
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Using national seismic risk models for...future visioning
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what GEM has built
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Global Earthquake Model (GEM)

The Foundation Voting Members Non-voting Members

Non-profit foundation and UN accredited
Partners Sponsors

NGO, headquartered in Pavia, ltaly,
governed as a public-private partnership = o

Our Mission
To develop, together with the global SR Advisory _033“;"“__ 5 1
community, scientific resources for P o

transparent earthquake hazard and risk

assessment, and to facilitate their Management

application for risk management - Support Team

Our Core Values R @ : ey
’ Marketing)
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16 years of harmonising seismic hazard models

implemented by nc’riondll
agencies

implemented by the
GEM Hazard Team within
collaborative projects

contributed, or

implemented using implemented by the GEM
information from Hazard Team

scientific publications



15 years of the

Europe Selsmic Hazard & Risk
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Thyspunt .
Potential nuclear site
Bommer et al, (2013)[H]
Bommer et al, (2015][H]

South Africa

Midzi et al. [2020)[H] New Zealand

Gerstenberger et al. izoz-t}[ui

Canterbury SHM
Regional Models Subnational Models Viert Houtte & Abbott (2019)(H]
i s i i | Subnational Seismic Hazard Model
Reginnal Seismic Hazard and Risk Model GRS

{5} subnational Seismic Risk Model Gerstenberger et al, (2023)(H]

City-Scale | Single Site Models
O City O Dam A MNuclear Site

Regional Seismic Hazard Model

Regional Seismic Risk Model
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A global seismic hazard model (v2023)

000 0.0 002 003 005 008 013 020 035 055 080 150

@ GEM Foundation 2023 (map v2023.1) - License GG B‘\f—sn
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This map shows peak ground acceleration (PGA) on reference rock with a 10% probability of exceedance in 50 years (Pagani et al., 2020 EQS)



A global database of national exposure models

Global Exposure Model

Building counts

< 50 thousand

50 - 100 thousand
[0 100 - 500 thousand
B 0.5 - 1 million
B 1 - 5 million
I 5 - 10 million
I > 10 million

" Yepes-Estrada et al. (2023) EQS

F S
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A global database of national exposure models

Buildings

Unreinforced mason
<1%
1-5%
5-10%

o 10-20%

B 20-30%

B 30-40%

B 40 -50%

. > 50 %

P

Yepes-Estrada et al. (2023) EQS
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GEM building taxonomy

ATTRIBUTE 1 ATTRIBUTE 2 ATTRIBUTE 3 ATTRIBUTE 4 ATTRIBUTE 5 ATTRIBUTE 6
Material of lateral- Lateral load . Date of construction Shape of the building
bR | P ey ; Qccupancy
. Ipad resisting system Tl resisting-system J \ Helght J \ or retrofit \ plan
\"—/
; ! o e > L [ o
| r + [T )
; f lateral load P Construction Buildi Plan shape
Material type v _\“;2;:5:8 s:rast::_:/ \Se:sm:cwdelwe!/_ ! Number of storeys ) & completed {year) . - uil lnzsgzupan:\fj _ (footprint)
N— ey
I i Buildine nnsitinn
Concrete t L/
ncrete te . -
\ Validate and explain taxonomy
Steel tec |
" CR+PC/LWAL+CDL/H:4-7/COM Explain
Steel conng
—
Metal tec .
v Correct taxonomy string.
Masonry te S
v Canonical order.
Masonry
S—— . . A
" Material of the Lateral Load-Resisting System:
il "Concrete, reinforced",
e Precast concrete.
C Lateral Load-Resisting System: '
Wall, 1
Earth tec Low code. -
N— Height:
Wood tec Number of storeys above ground: between 4 and 7 storeys. —
Occupancy: =
Commercial and public. 4

V<

Floor system material
L o

~ Floor connections

~ Foundation System

|

Fioor system type

S

Fire protection

Silva et al. (2022) IJDRS
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A global database of (analytical) vulnerability models

Current model covers 1200+ building classes (for each occupancy type: residential,
commercial and industrial)

Bamboo houses Large panel buildings Rubble stone masonry Concrete bricks masonry

i b ,‘-‘I %

1.0 1.0 - 1.0 - 1.0 -
o o o o
= = ] ]
© © © ©
= 0.5 S 0.5 1 = 0.5 = 0.5
w w (7] wun
S S 5 5
0.0 == : : { 0.0 += : : . 0.0 ; : ; 0.0 e : ,
0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3
SA(0.65) SA(0.65) SA(0.3s) SA(0.3s)
Martins and Silva (2021) BEE
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And a global seismic risk model (v2023)

"1 Fatalities
Buildings .
lost

~23,000
~ 380,000

Displaced

~ 3.4 Million

- Economic
loss

~110 Million m?2

|\ cowcwenons - 89 Billon U EM -



Keeping our models up to date is a race against time

From GEM'’s first global seismic risk model (v2018) to the latest version (v2023) we
SAW INCreases in exposure equivalent to:

-

+ 375 million people + 98 million dwellings + 73 million buildings
Equivalent to the population Equivalent to all dwellings in Equivalent to all buildings
\ of United States + Canada Indonesia + South Korea in Brazil + Argentina J

And we also need to account for significant inflafion in the construction sector

Zam\ \ \ oo oM o



a deeper dive into exposure
modelling
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The recipe of a “good” exposure model

Set of rules that allow Definition of the area per
—® converting the raw data into —® dwelling, industrial or
GEM vulnerability classes commercial facility
Mapping schemes are Definition of the cost per unit
—® typically defined by local —® of area, according to the
experts or by GEM staff location and buiding type
. i Application :
- Application Leneier ppicatio Final
Raw building : between of area and
data N MSIRIE dwellings and economic SXposure
schemes ng model
buildings factors
Typically it is the number For single-family houses,
—® of dwellings according —® cach dwelling is
to a number of attributes equivalent to 1 building
Some countries (e.g., Multi-story building can
—® Portugal) have the —® host many dwellings e.g.,
number of buildings appartment buildings
Some countries have no The same applies between
e information. Onlv pobulation s businesses or enterprises and
: Y Pop number of industrial /
and household size.

commercial facilities



But this recipe has some limitations

The raw data often has the number of buildings only for a given
occupancy (e.g., housing census for residential buildings).

The raw data might provide the number of buildings, but

. : : : not their exact location.
Information is typically not available on dwellings rex |

or businesses per buildings

Conversion
between
dwellings and
buildings

Application

Final
exposure
model

Application
of mapping
schemes

of area and
economic
factors

Raw building

data

The raw data might have insufficient information about
the types of construction (e.g., material, age, height, use).

The replacement cost of buildings is constantly changing,
and it is location dependent.

rA“ GLOBAL QUAKE MODEL .ORG GEM 31




emerging potential from remote
sensing and Al
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These global footprint solutions are not without limitations..

Automatic Building Footprint Detection for Paris (e.g., Microsoft)

Inaccurate building footprints Missing footprints

Zam\ )\ oo owmonm s cm



Building Attributes at footprint level
The new GHSL-OBAT dataset from the European Joint Research Centre (JRC)

Asset vintage Number of storey Occupancy

.00 g D e g O o

T

® 1-2

X s ®2-4
e  Vintage . ® 4-6 :
A ET e ® <1975 T o 6-10 ° is%0 °oe
™ e © 1975-1990  pfi'y l 610-15 ) ..:.‘*. ey
T ™ s % 01990-2000 Ko ©15-20 ; o2 .a.'o- B Buildinguse
e iI © 2000-2014 . © 20-25 ¥ _ ® Residential

2 A . \ g e
S | =0 * >2014 i N ®>25 o ] e.® ® Non-residential



Design regulations and seismic zonation

1910 - 1920

Lateral force coefficient
0.000 - 0.000
0.000 - 0.050
0.050 - 0.075

~ 0.075-0.100

¥ 0.100 - 0.150

B 0.150 - 0.200

N 0.200 - 0.250

I 0.250 - 0.300

e

Crowley et al. (2021)
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Design regulations and seismic zonation
Associating buildings with a design regulation and seismic design leve

-+ 5
T 0

."f'\f_l."_:,y.

8 )
g s

%_ ~ (1930, 1950)

= [1970, 1980) = [1980, 1990) ~ [1990, 1995)

™ [1995, 2000)

.. ” [2000, 2005) _ ™ [2005, 2010)

= [2010, 2015) » [2015, 2020) = [2020, 2025)

Gonzalez et al. (2025)
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Exploring Al for building classification

There are two options for Al Building Classification

STANDARD LEARNING

GLOBAL QUAKE MODEL .OR!

ZERO-

SHOT

|

A giraffe is a tall
animal with a long
neck and spots.

}_.
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Exploring Al for building classification

Al Building Classification using Standard Learning

Building Featurs Callection A GEN

@]
()]
<
35
3
Sw
S
" . o . <. 0.02 0 0.13
Training and testing of =
. convolutional neural ADO CR MCF MR
' B Vi, St Prediction
[ i network model
Between GEM and our partners, we have now more than 50,000 images of buildings
labelled according to the GEM Building Taxonomy Gomez et al (2025) EQS

rA“ GLOBAL QUAKE MODEL .ORG GEM 39



Exploring Al for building classification

There are two options for Al Building Classification

STANDARD LEARNING ZERO-SHOT

A giraffe is a tall
animal with a long
neck and spots.

GLOBAL QUAKE MODEL .OR! GEM 4o




Exploring Al for building classification

Al Building Classification using Zero-Shot

Non-residential area in
Emilia-Romagna, Italy




Exploring Al for building classification
Al Building Classification using Zero-Shot
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Exploring Al for construction costs

Al Chatbots can search recent online sources for construction costs

We asked three different Al bots for the exact same information:
Give me the average construction costs per square meter for urban, suburban and rural areas in Italy.

. ChatGPT ¥ Claude @' cdeepseek

Urban areas: Urban areas: Urban areas:
1200 -1600 € / m? 1200 -1800 € / m? 1500 -2000 € / m?
Sub-urban areas: Sub-urban areas: Sub-urban areas:
1000 -1300 € / m? 900 -1400 € / m? 1200 -1600 € / m?

Rural areas: Rural areas: Rural areas:
800 -1200 € / m? 700 -1200 € / m? 800 -1400 € / m?

It is possible to request only recent information and to list all sources of information.
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Forecasting exposure/risk

Change

How many/much@

Drivers

Life expectancy, death rates, birth
rates, immigration, emigration,

economic prospects

Land use, availability,
affordability, opportunities,
access to amenities

How vulnerable?

Construction practices,

living standards,
government regulation
and intervention

Model Parameters

Occupants
Dwellings

Buildings

Built up area
Replacement cost

+ Level of exposure
to hazard

oo N

+  Fragility
+ Consequences
*  Vulnerability
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We use supervised learning to train models to predict past growth

Target Drivers « Method: Random Forests

Number of dwellings Longitude - Latitude * Folds: 5

A Geographic region * Forests: 10
e, 0 } }
Economic region * Train obs.: 4,625

coP * Test obs.: 1,082

« M.AE.: 3.2%
GDP per capita

HDI

Predicted change in dwellings (%)

Number of inhabitants

. Observed change in dwellings (%)
Occupants per dwellings
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Forecasts require narratives for the future

Shared Socio-Economic Forecast of global GDP per SSP Forecast of global population per SSP
Pathways (SSPs): 1200 12
scenarios that describe —O—SSP1
potential future global 100 1
development trends in 5 z
different dimensions, = 50 210
including: a =
3 600 S 9
S 5
: :
é? 400 a g
@)
O
200 7
0 6

2050 2100 2000 2050 2100

2000
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Relating the SSP narratives to future exposure development

‘@ Narrative 'E Human action
Sustainability: prioritizing « Sustainable demographics and construction, complemented
_ environmental and social with high economic and human development. Exposure
g well-being, strong projections have the lowest fertility growth rates, highest
governance exposed value per capita, and strong adherence to the
building codes.
Middle of the road » Projections have a moderate rate of growth in occupants and
N (Business as usual): not buildings, without significant variation in construction
& too far from our historical practices, building materials and seismic code compliance.
behavior
Regional rivalry (A rocky « Construction grows faster to adjust to fast demographic
« road): competition, growth, following practices of low sustainability. Building
§ ineffective governance technology is unchanged and non-engineered construction
and a breakdown in increases.

global cooperation

s \ \
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Ductility
distribution




Ductility
distribution




Ductility
distribution




future risk and the carbon cost of
earthquakes
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Forecasting various seismic risk metrics

El Salvador — each SSP relates to different assumptions on the enforcement of design codes

AAL - Buildings in complete damage

10,000
173%
8,000
6,000
4,000
2,000 3% 7% 12%
2020 2025 2030 2035 2040 2045 2050 2055 2060
—O—SSP1 —O—SSP2 =—O—SSP3
AAL - Economic (in million USD)
$2,500
255%
$2,000
$1,500 =
$1,000
—0__
500 28%
$ 9% 19%
5-
2020 2025 2030 2035 2040 2045 2050 2055 2060

—0=—585P1 =0=—58P2 =—O—S5SP3
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AAL - Fatalities

300
250
200
150
100

50

2020 2025 2030 2035 2040 2045 2050 2055 2060
—O0—SSP1 —0—SSP2 —0—SSP3
AAL - Displaced people
30,000
61% 82%
25,000
20,000 -
o
15,000 x
10,000 ~T% 16% A
-26%
5,000
2020 2025 2030 2035 2040 2045 2050 2055 2060

—0—8SP1 —0—88P2 —0—SSP3
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A new risk metric - embodied carbon

Embodied carbon represents the carbon dioxide equivalent emissions (CO,e) that
go into producing and transporting vital materials such as concrete, steel and
glass throughout the entire lifecycle of a project:

A1-A2 A4-A5 B1-B2 B3-B5 C2-C4 D

Raw material Manufacture Transport to site Use and Repair and Deconstruction Waste
supply and products and installation maintenance refurbishment and demolition fransport,
transport processing and
disposal

Ti |8 X]|&] e

Source: RMI I8 YA Operational energy and water ' Embodied 4+ ‘ Operational = @ Whole Life Cycle



https://rmi.org/embodied-carbon-101/

Modules
A1-A3

Modules
A4/C2

Module
A5

Module
Cli

Modules
C3-C4

s \ \

Database of embodied carbon factors

Quantity
[unit/m?]
Mass
[ton/m?]
Mass
[ton/m?]

C1 factor
[COLe/m?]

Mass

[ton/m?] %
(to landfill)

GLOBAL QUAKE MODEL .OR

[COse/unit]

EPD Hub EPDitaly (ICMQ)

Cradle to = ~==EPD @Hub R
gate carbon ;w E C <*/, - bl
*:l ﬁ
.

%;:,;?:1 Environdec
Distance to ' Transport factor
factory [km] [CO,e/ton/km]
Gravity : Half building %
[m/s?] height [m]

C3-C4 factor
[COse/ton]

(I rics

Diesel factor
[COLe/MJ]

(I rics

(I rics
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Total replacement embodied carbon - building type and occupancy

[}
=
[=]

Embodied Carbbon
Factors (A1-AS5, C1-C4)

per unit of component
[kg CO,e/unit]

&3

B Residential
T Commercial
B Industrial

w
o
o

£
[=]
Q

Replacement EC (kg CO;e/m?)
5 o 8
? [=] (=]
|

[
o
o o

2 = Residential
: - = Commercial
H ] | = industrial
Quantity of 2
£ :
—60 = B
components £ [
i 2 O 4
[unit/m?] 5
3
v 20
=
]
% m D-
2 g £ g £ 2 £ £ P 3 E R E B 2 & 2
= 3 E £ 85§ 38 355655 ¢ §58¢%5 5 5§ §
< 2 0 & £ £ £ £ 3 2 2 I g€ g @ 3 =
g = o = o = o oM v w0
v 2 &£ g g > £ £ E 5 3 9O & +
8 & = = v g &8 £ = £ 5
. 5% s £
Built Area g 5 °© £ § 3 ¢ % °
D =3 3 3
(exposure models) e % g
[M?] = =0
Buliding types Caruso et al. (2024)
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Average Annual Embodied Carbon (AAEC) due to earthquakes in 2025

Average annual earthquake risk in Southeast Asia in 2025 terms of embodied carbon

Very low Low Moderate High
(=1ton) (10 ton) (1K ton) (=10K ton)

-

A ¥
Ba -1-7 Seri e
.E‘u;tm ri Begawa

Global Assessment Report (2025)



Forecasted AAEC due to earthquakes in 2050 under SSP3

Average annual earthquake risk in Southeast Asia in 2050 terms of embodied carbon

Very low Low Moderate High
(<1ton) {10 ton) (1K ton) {>10K ton)

Global Assessment Report (2025)



Forecasted AAEC due to earthquakes in 2050 under SSP3

Increase in average annual earthquake risk in Southeast Asia in terms of embodied carbon

Absolute increase of average annual embodied carbon

Very low Low Moderate High
(=1ton) (10 ton) (1K ton) (=10K ton)

Reaching up to 10 million tonnes of CO, equivalent by 2050 in the whole region Global Assessment Report (2025)



Forecasted AAEC due to earthquakes in 2050 under SSP3

Increase in average annual earthquake risk in Southeast Asia in terms of embodied carbon

Absolute increase of average annual embodied carbon

Very low Low Moderate High

(<1ton) (10ton) (1K ton) (>10K ton) When we build or
‘build back better’ we
should also consider
the embodied carbon
of materials and
construction practices

Otherwise, by 2050 we
can expect to

the average annual
embodied carbon in
Southeast Asia due to
earthquake damage

Global Assessment Report (2025)
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Forecasted AAEC due to earthquakes in 2050 under SSP3

Increase in average annual earthquake risk in Southeast Asia in terms of embodied carbon

Otherwise, by 2050 we
can expect to
the average annual

Absolute increase of average annual embodied carbon

Very low Low Moderate High
(<7ton) (10 ton} (1K ton) (>10K ton)
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embodied carbon in
Southeast Asia due o
earthquake damage

+ 22K flights Paris-New York
with 200 passengers or

~ Electricity use in Slovenia in
2021 (~17.5 TWh) or

#. 13 km?2 of Arctic summer
sea ice melted

each year!
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"0 Fatalities

Buildings
lost

Today, 2050

Today, 2050

liquefaction

Embodied
carbon

CO.e

Displaced

Today, 2050

Economic

TOdGYI 2050 loss

_ Today, 2050 GEM o




Improved seismic risk modelling by 2030

Time dependence

Improved exposure modelling, (short term and

forecasted risk, embodied carbon,

earthquake-triggered hazards Iong.’rerm)
(liquefaction) -
> Fault
. displacement, | Infrastructure risk,
‘ landslides, tsunami risk (with GTM)
fire-following V. ) .
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