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Wildland-Urban Interface (WUTI) Fires
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4 + Fire Resistant Design
HARDEN + Community Design

STRUCTURE) + + Ignition/Fire Spread
Resistant Materials

+ Active Systems

Mitigation Approaches: ...

EDUCE

* Reduce FUBIS
* Relocate Fuels \

Defensible Space

Reduce or clear nearby fuels Prevent ignition from small flames/embers 4

BﬁI’k€1€y Hakes, Raquel SP, et al.." Fire technology 53 (2017): 475-515.

“ Fire Research Lab Maranghides, A., et al. (2022). WUI Structure/parcel/community fire hazard mitigation methodology. NIST



Part 1;: Data- Driven WUI Risk to Structures

e Mitigation must be applied to reduce therisk of structurelossesin
the future

o Need methods torelate features/exposureto losses
e Previousanalyses have several drawbacks:

o No quantitative dataranking one mitigation measurevs.
another

o Analysis of losses using only linear correlations or statistics (no
interrelationships)

o No exposure data (fire and embers) from wildland to structures

Berkeley Zamanialaei, M., San Martin, D., Theodori, M., Purnomo, D. M. J., Tohidi, A., Lautenberger, C., ... & Gollner, M.
“ Fire Research Lab  (2025). Fire risk to structures in California’s Wildland-Urban Interface. Nature Communications, 16(1), 8041.




Part 1;: Data- Driven WUI Risk to Structures

- Create a WUI Dataset for Analysis and Model Validation:

m Using DINS (Ground Truth), remotely sensed data and modeled exposure

- Quantify Significance of WUI Features on

. WUI Fire Acres Destroyed
Structure Destruction: Burned | Structures
m Use SHAP Values and feature 2017 Tubbs 36,807 | 5,636

contributions

] _ _ _ 2017 Thomas | 281,893 | 1,063
- Focus on 5 past fires in California:

2018 Camp 153,336 | 18,804

2019 Kincade | 77,758 374

2020 Glass 67,484 | 1,528

Berkeley Zamanialaei, M., San Martin, D., Theodori, M., Purnomo, D. M. J., Tohidi, A., Lautenberger, C., ... & Gollner, M.
“ Fire Research Lab  (2025). Fire risk to structures in California’s Wildland-Urban Interface. Nature Communications, 16(1), 8041.
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Combining and processing datasets

e Structure Features: Roof, siding, windows, vent,
eaves, etc.

e Year Built

Collected
Data

e Airborne LiDAR data for Sonoma County
o 1 m.resolution raster for veg intensity
e  Aerial and Street View Imagery

Defensible Space

Structure Separation e Calculated with MS Structure Footprints
Missing
Data e Generated by reconstructing past fires
Flame and Embers e  Models run with vegetation and limited urban spread -
extract fire intensity and ember cast

e Adding undamaged structures for past fires
(MS Footprints, OSM, Imagery)

Undamaged structures

e DINS

Validation
Data Ground Truth & RS e MODIS, VIIRS, GOES




DefenSible Space ASSCSSInent Zone 0O: First five feet

Zone 1:Within 30 feet

Zone 2: Within 100 feet

13199 OjalRa

g
&

-

No defensible space Zone 0 and 1 clear

Defensible space is the buffer between a

structure and the surrounding area without
vegetation. Used 1 m LIDAR or finer aerial
Not accounting for surface fuels
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Separation Distance

Structure Separation Distance +
Unburned structures

MS Building Footprints - script analysis

Vegetation Separation Distance

LIDAR (Sonoma County)



No inclusion of
[ Current ] exposure from

Exposure from Fire Modeling Limitations | netahboring
structures
Inputs N ( Models A "~ Underlying Validation Input data Structure-to-
» Vegetation « Surface fire L physics data resolution structure spread
» Weather » Crown fire e ;
\—y VAN y,
Observation
Wildfire
model:

ELMFIRE

Outputs
» Spread rate
 Ember cast
* Flame length

— Prediction

B€Ik€1€ Raquel S. P. Hakes, Sara E. Caton, Michael J. Gollner, Daniel J. Gorham, "A Review of Pathways for Building Fire Spread in the Wildland

Urban Interface Part Il: Response of Components and Systems and Mitigation Strategies in the United States," Fire Technology, 53, 475-515,

“ Fire Research Lab 2017. doi: 10.1007/s10694-016-0601-7



Fire Reconstruction: Camp Fire 2018

DINS data
Not Damaged [4078]
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Extracting Significance of WUI Features

- Featuresare inter-related so linear or statistical methods can’t capture their
influence

- Weattempt to fit the data to a machine learning (ML) model using regression and
classification methods and extract theimportance of individual features.

 Itisimportant to first “clean/preprocess” the data and avoid biases, ensuring
compatibility and enhancing the overall performance of the models:

« Imputation was explored due to the presence of numerous NaN valuesinthe
dataset.
- Standardized the numerical variables and Encoded categorical variables

Berkeley
&’ Fire Research Lab




Extracting Significance of WUI Features

- We explore 4 models and use the “best fit”
o Linear/Logistic regression
o Random Forest
o Gradient Boosting/ XGBoost
o CatBoost
o XGBoost showed better resultsinoverall accuracy.
e Weextract feature contributions through SHAP (SHapley Additive exPlanations)
o Interpreting machinelearning models
o Ensuring consistency and localaccuracy

Berkeley

&’ Fire Research Lab



Feature Contributions Using XGBoost and SHAP Values
Stacked WUI data: 5 Past fires (2017-2022)

Structure Separation +1.17
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Year Built

Flame Length

Ember Deposited
Roof Construction
Vent Screen
Vegetation Separation
Window Pane

Eaves

) 0.2 0.4 0.6 0.8 1.0 1.2
mean(|SHAP value|)

Berkeley

&’ Fire Research Lab



Feature Contributions Using XGBoost and SHAP Values

Flame Length
Structure Separation
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Influence of Mitigation Factors

Structure Loss

HE Destroyed
Survived

 MLmodelcanbeusedasa -
predictive tool (~82% accuracy) HEsENRI -S4 HXES

e Potentialinfluence of different

mitigation strategies tested Hardening + Zone 0

* Probability of surviving increases
with hardening + defensible ZoneOOnly 7%
space

« Evenwithout moving (spacing) 75% o

: Hardening Only
structures, can drastically cut

downonlosses

* Does notincorporate dynamic

(spread) orsuppression effects o % p? % % 100
Percentage (%) 23

/ ( Berkeley Zamanialaei, M., San Martin, D., Theodori, M., Purnomo, D. M. J., Tohidi, A., Lautenberger, C., ... & Gollner, M.

20%

No Mitigation

“ Fire Research Lab (2025). Fire risk to structures in California’s Wildland-Urban Interface. Nature Communications, 16(1), 8041.



PART II: New
WU-E Model




Novel coupled WU-E! modeling framework

Wildland-Urban Extension fire model
Geospatial inputs Submodels
* Fuels (wildland) e Surface fire ]
+ Weather + Crown fire J Key outputs

L » Topography + Spotting (firebrands)
+ Rate of spread
r Modeling tool * Heat flux
» Fuels (built) ]— * Ember cast
+ Direct flame contact .
« Radiation . ® T s Vo
+ Spotting (firebrands) s

Model Benefits:

Spreads through structures
Incorporates effects of mitigation
Links wildland-> structures -> wildland '
Integrates with existing management & risk frameworks .

Windows

-----------

Impinge

B€Ik€1€ Purnomo, D., et al. Reconstructing modes of destruction in wildland-urban interface fires using a semi-
&’ Fire Research La

b physical level-set model. Proceedings of the Combustion Institute.



~ y -~
, [ Wildland fire J* N

Purnomo DM et al. (2024 ) Integrating an urban fire model into an operational wildland fire model to
simulate one dimensional wildland—urban interface fires: a parametric study. International Journal of

Wildland Fire 33, WF24102.doi:10.1071/WF24102
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WU-E (cont’d)

Ember landing
probability

Q.: heat received by target [kW]
q.: DFC at target cell [kW]
j’/’ _ / gy': radiation from source [kW/m?]
A' 7

l ’l '
HRR: heat release rate [kW]

e _
ﬂ y A/
a. : DFC coefficient

T 'A ] L a, : radiation coefficient

A;: contact area with flame [m?]

Ax: cell size [m]
{: mean

Rad iation o: std. deviation 27

Purnomo, D. M. J., et. al. (2024). Reconstructing modes of destruction in wildland-urban interface fires using a semi-physical level-set model.
Proceedings of the Combustion Institute, 40(1—4), 105755. https://doi.org/10.1016/j.proci.2024.105755



https://doi.org/10.1016/j.proci.2024.105755

DFC radiation
Qt = a.q. + arqy Ay

WU-E (cont'd) ., _#eR4

Ax?
Ember landing G (r) = SHRR
' 4mR?

probability
wind
-_$ Q.: heat received by target [kW]
DFC At q.. DFC at target cell [kW]

/ z y, qy': radiation from source [kW/m?]
' HRR: heat release rate [kW]

a. : DFC coefficient
a, : radiation coefficient

/ / / / / A;: contact area with flame [m?]

/ / A y A ,,,/ / / / / Ax: cell size [m]
! > mean
Radiation o std. deviation 28

Purnomo, D. M. J., et. al. (2024). Reconstructing modes of destruction in wildland-urban interface fires using a semi-physical level-set model.
Proceedings of the Combustion Institute, 40(1—4), 105755. https://doi.org/10.1016/j.proci.2024.105755
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DFC radiation Ember
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Purnomo, D. M. J., et. al. (2024). Reconstructing modes of destruction in wildland-urban interface fires using a semi-physical level-set model.
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Comparison of WUI model capabilities

HAMADA WU-E
e Provide time of arrival outputs e Provide time of arrival outputs
e Provide ember cast outputs e Provide ember cast outputs
e Provide fireline intensity outputs. e Provide fireline intensity outputs.
e Limited structural property variations e Flexible structural property variations

e Provide fire incident intensity outputs

e Physical framework for improvement

Berkeley

&’ Fire Research Lab



Conclusions

e Significant factors leading to building destruction in the WUI:

O

(@)

(@)

(@)

Structure Separation Distance
m Fire spread in the WUI often depends on building arrangement

Exposure : Fire intensity and firebrands/embers

m Flame Length critical role in determining the intensity and spread of the fire across different landscapes

m  Ember exposure key because a wide area is impacted by embers

Building features (vents, siding, fences, decks, etc.) - Home Hardening

m Importance varies depending on the fire and specific building construction

Defensible Space (Vegetation Separation Distance), particularly in Zone 0, plays a crucial role in mitigation.
Year built: Year that primary structure in parcel was constructed (confounding parameter)

Data-driven ML model useful for some predictions (e.g., response function) and impacts of mitigation

e New model, WU-E, improved previously-used model (HAMADA), by providing fire incident intensity outputs,

flexible structural properties variations, and an adaptable physical framework for spread.

32
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Ornamental Vegetation Test

e Species: Pittosporum tenuifolium (“Kohuhu)
o Common foundation and/or hedge shrubsin
residential landscaping.
o Broad, flat leaves; open architecture
o Characterized as relatively inflammable when

comgared to other New Zealand natives (Sultana et al.
2025)

e Healthy /well-hydrated plants:

o ~168% live fuel moisture content (~3 parts water to 2

arts dry material)

o lrrigated frequently (by nursery) leading up to testing
and each morning of testing (by team, to container
capacity).

o Noaccumulation of dead leaves or twigs.

e Stressed “dry” plants:

o ~65% live fuel moisture content (~1 part water to 2
Rlarjcsdry material). . .

o Noirrigationin the 3weeks leadingup totesting.

o Leafcurlingvisible, butleaves still green and pliable.

o Noaccumulation of dead leaves or twigs.

e Each plant placed in sealed non-combustible box to isolate

effects and prevent ember ignition at base.

Berkele Sultana, Niger, Cate Macinnis-Ng, Sarah J. Richardson, Md Azharul Alam, Xinglei Cui, Sarah V. Wyse, Daniel C. Laughlin, Katherine
Seward, George L.W. Perry, and Timothy J. Curran. “Testing Key Tenets of Pyro-Ecophysiology: Indicators of Drought Response in

[V Fire Research Lab  Rreiation to Shoot Flammability. Annals of Botany (2025).
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Heat Flux Measurements

e Top gauge provides the eave
heat flux. This is the most

(0]
o

common location forignitionin ~ Ee6of
structure to structure spread and 540 i
is not influenced by the plants E
before ignition § 20
e Atthetop/eavelittle difference *
isobserved between abare wall

and awallwith tall plants

e Atthecenter height of the plants 100}

some attenuation of radiation is
observed early in tests compared
to a baseline test, however that
is quickly overcome following
ignition of the vegetation

Berkeley
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Take home points

e In our study, we found that any potential
buffering by a healthy, well-hydrated
woody shrub 5 feet tall and adjacent to
structures was 1) temporary and 2)
overcome by accumulated heat
exposure and ignition of the adjacent
plant.

e Plants in either a healthy, well-hydrated, =
or a stressed condition were observed
to ignite at 15 mph wind speeds with fire
exposures mimicking an adjacent
burning structure in less than 2 minutes

Berkeley

&’ Fire Research Lab



Take home points: Comparison

e IBHS’ recent plant-to-building test, which used healthy
conifer plants at 25 mph, demonstrated that a plant can
provide additive fuel, which resulted in the ignition of a
Chapter 7A wood-based cladding, whereas a control
without the plant did not ignite the siding.

e Our study adds to this data using a common broadleaf
shrub used for hedges and foundation plantings,
demonstrating that another well-hydrated and healthy
plant could be ignited by a 5-foot closer radiant heat
source with 15 mph winds and that any short-term
attenuation of heat by vegetation near a structure is
overcome by the risk of vegetation ignition within Zone

0.
Berkeley
&’ Fire Research Lab




Thank you!

Fire modeling and analysis collaborators:

* Maryam Zamanialaei, Daniel San Martin, Maria Theodori, Dwi Marhaendro Jati Purnomo,
Yiren Qin (UC Berkeley)

* Arnaud Trouvé, Ali Tohidi (University of Maryland)

» Christ Lautenberger (Cloudfire, Inc.)

Zone 0 Experiments:
* Michael Gollner, Wuquan Cui, Mitchell Huffman (UC Berkeley)
« Dave Winnacker (Berkeley Fire Department)

Yana Valachovic, Jessie Godfrey, Bruno Pitton (UC ANR)
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