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"Landslides are a common hazard in 
the US. In fact, nearly 44% of the 
country could experience one, 
potentially catastrophically." USGS 
(based on Mirus et al., 2024)
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• The inventory suggests the 
surrounding region exhibits 
high landslide density 

• La Conchita falls outside of 
coseismic landslide hazard 
zone

• La Conchita also lies 
outside the zone of high 
deep-seated landslide 
susceptibility

• The recent historical record 
documents fatal landslides 
within the community

• So, what are the landslide 
risks to La Conchita?



Pl(S:T): spatio-temporal probability 

of occurrence

Pr(S): spatial probability of impact

Pe(S:T): spatio-temporal probability 

of occupancy

V: physical vulnerability

Np: number of people

E: value

Quantitate Landslide Risk Assessment

(Fell et al. 2008)
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Pr(S): spatial probability of impact

Pl(S:T): spatio-temporal probability of occurrence

Quantitate Landslide Risk Assessment



My research trajectory
Spain (UPC) visiting 
researcher

New Zealand Science 
Fellow (GNS Science)

Tohoku, Japan Earthquake 
ASCE Reconnaissance
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Multimodal Landslide Assessment

Traditional Infinite Slope Model 
Used for Regional-Scale Studies

Miles and Ho (1999), Soil Dyn. Eq. Eng.

Landslide Modes of Failure



Regional-Scale Landslide Assessment Research  
Multimodal Method, V1 
(Grant et al. 2016)

• Regional-scale model
• Coseismic landslides, including 

- rock-slope failures
- shallow, disrupted slides
- deeper rotational failures
- lateral spreading

Multimodal Method, V2 
(Pollock et al. 2019a,b)

• Modifications to geotechnical 
models
• Precipitation-induced slides
• Runout modeling
• Risk assessment



Lebanon Datasets

Geology (geotechnical properties) 15-m DEM Landsat (root cohesion via NVDI)

National precipitation maps PSHA-derived ground motions Population data from national census and NGOs



I. Hazard Assessment:

Hamat Focus AreaBeirut

~25 km2 of the 10,000 km2 study area

Step-by-step example for two 
forcing “scenarios”

- 50-year storm

- 949 year (i.e., 10% 
exceedance in 100 years)  
seismic event 
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I. Hazard Assessment

Landslide Susceptible 
Terrain

• Statistical studies show a correlation 
between slope and landslide mode

• Divide the terrain into slope-based 
zones susceptible to failure mode(s) 

15-50° prone to shallow, planar 
slides

15-35° prone to rotational, coherent 
slumps in soil and rock

>35° prone to rockfall 

<15° not likely to fail in any mode 
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I. Hazard Assessment

Precipitation-Induced 
Rotational Slides, or “Slumps” 

3D spherical surface, whose radius of 
failure is a function of local relief 
(measured within a moving window)



I. Hazard Assessment

Debris flow source areas 

Groundwater flow model couples 
hydrologic and limit-equilibrium slope 
stability models to compute the critical 
daily rainfall to trigger a shallow soil 
failure. 

Modest root cohesion assigned based 
on NDVI for moderately and highly 
vegetated areas



II. Hazard Assessment

Debris flow source + runout 
areas 

Based on flowlines from the DEM 
(with limited path) 



I. Hazard Assessment

Precipitation-induced rock-
slope failure (rockfall)

Rainfall-induced rock slope failures 
are modeled as Culman wedge-like 
masses, including the effects of pore-
pressure acting on the failure plane



II. Hazard Assessment

Precipitation-induced 
rockfall + runout areas

Runout zones were calculated using a 
viewshed analysis from each initiation 
point. 

The horizontal extent of the rockfall 
zone was limited by the maximum and 
minimum aspect of the source cliff 
face + 17 deg. based on observed 
lateral dispersion angles. The “angle 
of reach” from 34 to 42 deg. 
depending on rockfall size. 



I. Hazard Assessment

Coseismic disrupted 
(shallow) slide displacements

(Saygili & Rathje, 2008)

Compute critical acceleration (Ky), 
and combine with local PGA to 
estimate co-seismic displacement 
using regression. 



I. Hazard Assessment

Coseismic disrupted slides

“Failure” defined as coseismic 
displacement of 5 cm+ based on the 
observed performance of slopes in 
past earthquakes.

(For coseismic slumps, threshold is 15 
cm+)



I. Hazard Assessment

Coseismic rock slope 
displacement



I. Hazard Assessment

Coseismic rockfall

“Failure” defined as coseismic 
displacement of 5 cm+.



II. Hazard Assessment

Coseismic rockfall + runout 
areas



I./II.  Hazard + Runout 
Assessment For All 
Modes of Failure

(No coseismic slumps found 
for this area)



Slumps

Debris flows and disrupted slides

Rockfall

I./II.  Hazard + Runout 
Assessment For All 
Modes of Failure

Comparison with field 
observations



III. Risk Assessment

Inventory of Population 
Areas at Risk

Informal settlement



III. Risk Assessment

Elements Impacted by All 
Modes of Sliding

Hazards intersect 
populated areas



III. Risk Assessment

Results: Mapping Risk from 
Precipitation-Induced 

Landslides

Estimate physical vulnerability of the 
urban population based on data from 
from nations having similar building 
styles to Lebanon.

Encamped residents are assessed 
vulnerability values consistent with an 
outdoor population.

no risk indicated for 
precipitation slides



III. Risk Assessment

Results: Mapping Risk from 
Coseismic Landslides

minor coseismic 
risk

no risk 
indicated for

coseismic slides



MM3 – (Version 3 Multimodal Model, 2025-2026)

• Optimized 3D failure surface  

• Transient rainfall infiltration model 
(TRIGRS1)

• "Random-walk," 3D runout trajectory2

• Vulnerability fragility functions

• Fully probabilistic (Monti-Carlo) 
simulations

• Comprehensive testing against well-
documented landslide event (GNS 
Kaikoura, New Zealand Ver. 2 landslide 
database)

Robust python-based, modular-type code

(1) Baum, R.. (2008) USGS; (2) Mergili et al. (2015) Geo. Mod. Dev.



MM3 – Seattle Application
Why Seattle?

• Dense urban environment with many elements at risk
• Complex, multi-hazard landscape with both precipitation- and earthquake-induced landslide triggers
• Well-documented glacial geology producing diverse failure modes
• High-quality historical landslide and geotechnical data enabling first-order validation
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MM3 – Seattle ApplicationKey Details, Models, and Assumptions

• Colluvium Depth — Depth modeled as an exponential function of topographic slope 
(Godt et al., 2008); ranges from ~7.7 m on flat terrain to ~0.5 m on 68° slopes

• Material Parameters — Two parameter sets per geologic unit (colluvium for shallow 
failures; underlying material for deep-seated and rock/debris falls); sampled from 
distributions based on prior Seattle geotechnical studies

• Root Cohesion — Derived from 3-m satellite NDVI imagery; assigned values of 3 or 5 
kPa for moderate and dense vegetation, respectively

• Water Table Depth — Estimated from 630 DNR boring logs; modeled as a linear 
function of land surface elevation, with separate wet-season (Nov–Apr) and dry-season 
(May–Oct) relationships

• Runout — Local regression relationship developed from 250 mapped shallow 
flowslides and debris flows north of Seattle (Baum et al., 2000); log-linear volume-length 
scaling (R² = 0.74)

• Elements at Risk — City of Seattle building inventory and 2017 ACS census data; 
only ground-floor occupants considered at risk; fixed temporal exposure factor of 0.65

• Precipitation Triggering — Six rainfall intensities (10- to 1,000-year return periods) 
modeled using TRIGRS; 3-day duration selected based on Seattle's documented 
shallow landslide sensitivity

• Seismic Triggering — Peak ground accelerations at five return periods (224–975 
years) from the 2018 USGS National Seismic Hazard Map; represent aggregated source 
contributions, not scenario-specific events

• Scenario Combination — Monte Carlo framework with 500 simulations per 
precipitation scenario and 250 per seismic scenario; adjacent failing pixels clustered into 
synthetic source zones to initialize runout modeling



MM3 – Seattle Application



MM3 – Seattle Application: Influence of Trigger Type for Deep Seated Slides

475 y return period rainfall

• Forecasted hazard area correspond well with the historic deep-seated landslide record



MM3 – Seattle Application: Influence of Trigger Type for Deep Seated Slides

475 y return period earthquake475 y return period rainfall

• Forecasted hazard area correspond well with the historic deep-seated landslide record

• Similar landslide footprint conditions, except that shaking mobilizes two high hazard locations



MM3 – Seattle Application: Influence of Trigger Type for Shallow Slides

475 y return period rainfall

• Forecasted hazard area correspond well with the historic shallow landslide record

• Shallow landslide hazard is low for rainfall, but widespread across coastal bluffs. 



MM3 – Seattle Application: Influence of Trigger Type for Shallow Slides

475 y return period earthquake475 y return period rainfall

• Forecasted hazard area correspond well with the historic shallow landslide record

• Shallow landslide hazard is low for rainfall, but widespread across coastal bluffs. 

• Coseismic landslides are concentrated below a high-relief, mid-slope bench



MM3 – Seattle Application: Influence of Trigger Type

• Soil falls shown in purple (seismic conditions only)



MM3 – Seattle Application: Annual Losses (Aggregated by Census Block)

• Structural risk is spatially 
concentrated—driven by high 
property values

• Human risk is more spatially 
diffuse, distributed across 
hillside residential areas 

• Some neighborhoods carry 
disproportionately high risk 
driven by dense population and 
high building values

• High hazard does not 
necessarily equal high risk—e.g. 
parks have elevated hazard but 
low risk due to sparse 
development

Loss of lifeCapital
losses



MM3 – Seattle Application: Building-level Assessment

• Field verification



MM3 – Seattle Application: Building-level Assessment

• Field verification

• Slow landslides vs. fast moving landslide (debris)



MM3 – Seattle Application: Building-level Annual Structural Risk 

• Risk varies dramatically over 
short distances — neighboring 
buildings can differ by orders of 
magnitude



MM3 – Seattle Application: Risk Disaggregation for 2 Adjacent Buildings 

• Building "a" at slope crest: 

- Structural risk dominated by 
precipitation-induced slumps (68%)

- Human risk dominated by infrequent 
shallow coseismic slides (89%)

• Building "b" at slope toe: 

- Structural risk split between seismic 
(63%) and precipitation (16%) 
shallow slides; slumps and debris 
falls contribute an additional ~20%

• Highlights that structural and human 
risk at the same building can be 
controlled by entirely different modes 
and triggers

• Disaggregated risk profiles directly 
inform tailored mitigation

Red = Earthquake
Blue - Rainfall



MM3 – Seattle Application: Absolute (Non-annualized) Hazard, Exposure, and Risk 

• Precipitation-induced hazard and 
risk "saturate" near the 100-year 
rainfall intensity, interpreted as a 
threshold above which surface 
water routes downslope as runoff 
rather than infiltrating 

• Seismic hazard and risk scale 
approximately linearly with ground 
shaking intensity — no comparable 
saturation effect observed

• A ~975-year seismic event could 
expose over 60,000 residents to 
landslides, potentially resulting in 
many fatalities and billions in 
damage



MM3 – Seattle Application: Annualized Hazard, Exposure, and Risk 

• 1. Frequent, short-return-period 
precipitation events dominate 
cumulative annualized hazard, 
exposure, and risk

• 2. At comparable return periods, 
coseismic landslides impact up to 45 
times more area than precipitation-
induced events — yet expose fewer 
buildings and people due to sparser 
development in impacted areas

• 3. Individual coseismic landslides are 
larger, but comparatively less 
numerous than rainfall landslides 

1

3

2

2

3



MM3 – Seattle Application: 
Comparison of policy maps with MM3-modeled hazard zones 

(source and runout aggregated across all return periods/triggers)

• Including landslide runout expands 
the potentially impacted area by 80%, 
to nearly 33 km²

• Approximately 6,770 buildings carry 
annual structural risk exceeding $100 
— about 58% of these fall outside the 
City's designated landslide-prone 
areas

• Most significant gaps between 
susceptibility mapping and modeled 
hazard occur at where runout, 
infrequent triggers, and post-failure 
behavior are not captured in the 
landslide inventory underpinning 
current policy



MM3 – Seattle Application: 
How does MM3 Compare with Seattle's Comprehensive Landslide Inventory?

• Probability of landslide impact from all 
modes, overlain by the historical Seattle 
Landslide Inventory

• 42% of inventoried historical landslides 
fall within zones of annual impact 
probability exceeding 1 × 10⁻⁴ — providing 
first-order validation of MM3's predictive 
ability

• Inventory under-representation is evident: 
52% of recorded landslides show 
documented human influence, suggesting 
many occurred in otherwise low-
susceptibility terrain



MM3 – Seattle Application: Other Issues Worth Noting

Model Overforcasting

• MM3 does not account for direct slope stabilization/mitigation 
measures implemented by the City since 1933 

• Human evasion significantly reduces actual fatality risk but 
cannot currently be modeled; historical records suggest 2–3 
individuals escaped for every 1 killed

• Existing vulnerability curves are derived largely from single-
family residences, which may not reflect the growing 
prevalence of dense, multistory construction in landslide-prone 
areas

Who is at risk?

• Landslide risk in Seattle is disproportionately held by whiter 
and wealthier residents, reflecting the premium placed on 
slope-proximal waterfront and view properties

• Social stratification away from higher-risk areas appears 
limited, suggesting market forces are not effectively 
communicating landslide risk



MM3 – Three Closing Thoughts

1. A Low-Cost, High-Resolution Platform for Regional-Scale Parcel-Level Landslide Risk Mapping

• Low-cost: MM3 operates primarily on remotely sensed and publicly available inputs (DEMs, satellite 
imagery, geologic maps, building and census data) — making it applicable to many places without 
expensive field campaigns.

Greenfield et al. 2024 (ASCE Geocongress)

100 km by 100 km San Francisco Bay Area study
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MM3 – Three Closing Thoughts

1. A Low-Cost, High-Resolution Platform for Regional-Scale Parcel-Level Landslide Risk Mapping

What Can We Do With MM3 Landslide Risk Maps?

• Fundamental Science: E.g., (i) Quantifying the relative contributions of precipitation versus seismic 
triggering to landslide risk in a complex, multi-hazard urban environment, (ii) Projecting precisely how 
landslide risk profiles will evolve under future climate scenarios.

• Policy and Planning: e.g., (i) providing a quantitative basis for updating and expanding landslide-
prone area designations in land use codes, (ii) Enabling impact-spacific mitigation by targeting 
investments to the specific locations, failure modes, and triggers that drive risk, rather than applying 
uniform solutions across broad susceptibility zones.

• Insurance and Finance: e.g., (i) Creating a viable landslide insurance market where one currently 
does not exist, (ii) Informing mortgage lending, property disclosure, and real estate valuation in 
landslide-prone areas. 

• Individual and Community Action: e.g., (i) Empowering property owners with personally relevant risk 
information to make informed decisions about where to live, (ii) Personalized risk information transforms 
passive exposure into active preparedness—empowering residents to take concrete, site-specific steps 
that can significantly enhance their own safety (and note, not everyone will welcome this knowledge...)



MM3 – Three Closing Thoughts

2. Landslide "Forecasting": Spatial Confidence, 
Temporal Uncertainty

• We can identify with confidence where slopes are 
susceptible, where failures will travel, and who and what 
lies in the path of debris

• Forecasting the precise timing of landslide failure 
requires site-specific knowledge of subsurface conditions, 
pore pressure dynamics, and material properties that is 
rarely available at the regional scale and remains an 
active area of research

• Spatial and temporal forecasting are complementary —
rainfall thresholds and real-time monitoring play an 
important role, particularly for life-safety warning in high-
risk corridors

• For most communities, however, the most immediate 
and durable risk reduction will come from knowing where 
risk is concentrated and acting on that knowledge through 
land use policy, mitigation, and individual preparedness



MM3 –
Three Closing Thoughts

3. Landslide Mapping in the Age of Machine Learning

• A physically-based model like MM3 is fully interrogable — every parameter has a physical meaning, every result has a 
mechanistic/process explanation, and every assumption can be examined, challenged, and refined. When MM3 
identifies a high-risk building, we can tell you exactly why — the failure mode, the trigger, the runout path, the 
vulnerability of the occupants — information that is simply not recoverable from a machine learning prediction

• Transparency is not merely a scientific virtue — it is a prerequisite for stakeholder trust, regulatory defensibility, and 
meaningful community engagement with risk information

• Most landslide inventories used to train machine learning models are mapping artifacts — polygons drawn around the 
entire affected area of a landslide event, conflating initiation zone, runout path, and deposit into a single undifferentiated 
object

• Why should machines be the only ones that enjoy the pleasure of learning? The process of building and implementing 
MM3 — assembling inputs, calibrating parameters, interrogating outputs — generates deep knowledge about how 
landslides work in a given landscape.



Learn and more about MM3 and how you 
can use this model

Will Pollock


