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Abstract

This study presents a comprehensive experimental and probabilistic analysis of wind-driv-
en building-to-building fire spread, focusing on the interplay between exposure intensity,
duration, and material response. Twenty-three full-scale tests were conducted under varied
wind speeds, separation distances, and material configurations to capture a spectrum of
damage levels and move beyond the conventional binary outcomes of most fire experi-
ments. As fire intensity builds, the target structure experiences increasing heat exposure,
while collapse of the source structure during the growth phase disrupts flame dynamics
and causes abrupt intensity drops. This deviation from the classic growth, steady, and
decay pattern weakens the correlation between observed damage and traditional metrics
such as peak heat flux or long-duration heat load. To address this, damage classifica-
tions from cosmetic to destroyed were mapped to statistical distributions of energy flu-
ence accumulated over a characteristic intermediate timescale, better reflecting material
response under realistic fire conditions. The resulting probabilistic framework supports
risk-informed decisions aligned with the acceptable level of risk. At a separation of 10 ft
(3 m), the tested building materials showed minimal likelihood of survival when exposed
to fires from large, fully loaded sheds. By about 20 ft (6 m), the fire exposure decreases
to a level where resilient building components have a fighting chance, and survival prob-
abilities improve substantially at 30 ft (9 m). This framework provides a statistical view
based on a physics-based interpretation of ignition thresholds to quantify intermediate
damage and assess vulnerability under variable fire exposures, supporting fire-resilient
community design and mitigation.
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1 Introduction

Wildfires that advance into the built environment have caused widespread destruction of
homes, businesses, and infrastructure, long-term environmental harm, and tragic loss of life
of residents and first responders. Over the past century, urban fires have emerged as a grow-
ing global threat, causing widespread structural and economic losses. In Japan, the 1923
Great Kanto Earthquake triggered firestorms that devastated Tokyo’s built environment [1].
Decades later, Australia’s 1983 Ash Wednesday bushfires destroyed thousands of structures
across two states [2]. More recently, the 2016 Fort McMurray Fire in Canada led to the loss
of more than 2000 buildings [3]. In the United States, urban fire disasters have escalated in
both frequency and scale. The 2018 Camp Fire nearly erased the town of Paradise, Califor-
nia [4]. In 2021, the Marshall Fire swept through dense suburban neighborhoods in Colo-
rado, destroying over 1,000 structures [5]. A fire on Maui devastated the town of Lahaina,
becoming one of the deadliest in modern U.S. history [6, 7]. The 2025 Los Angeles County
fires have underscored the escalating financial toll of these fires, with estimated economic
damage of $250 billion.!

Post-event investigations show that initial structure ignitions in affected communities
are often caused by accumulated embers or wind-driven burning debris [4, 6, 8, 9]. Under
fire conducive conditions, ember ignitions can grow into sporadic large-scale fires, and in
extreme fire weather may merge into full scale conflagrations with rapid building to build-
ing spread. Urban fire studies have found both localized clusters of destroyed buildings and
widespread destruction driven by urban conflagration [10].

Thermal exposure from burning structures depends on environmental conditions, includ-
ing wind, topography, and the spatial arrangement of fuels and structures. Wind tilts and
stretches flames, intensifying radiative and convective heat transfer and promoting rapid
spread when flame lengths exceed separation distances. Buildings downstream face the
highest combined exposures, while in the crosswind direction wind driven cooling reduces
net convective heating and flame contact becomes intermittent. While wind and topography
cannot be controlled interventions such as fuel breaks, increased separation distances, and
fire resistant construction can substantially reduce the likelihood and rate of community fire
spread [6, 11-13].

Building-to-building fire spread has been studied with reduced-scale testing [14], model-
ing [15, 16], and limited full-scale experiments [12, 15, 17-21]. Previous work focused on
radiant heat exposures, simplified geometries, or calm-wind conditions [22-27]. The pres-
ent study builds on prior work [28] investigating realistic full-scale configurations under
controlled wind conditions. A detailed literature review of previous experimental studies is
provided in the Supplemental Materials-A.

Much of the standard flammability data available comes from cone calorimeter tests that
use small samples, constant radiant heat, and no wind [29—-33]. These results support various
analyses, including methods that integrate the area under heat flux time history curves to
relate material flammability to cumulative heat exposure [16, 32, 34—40]. Steady and uni-
form heating conditions do not reflect the transient fluxes of wind driven fires, where flame
deflection, structural collapse, and convective cooling continually alter exposure intensity
and duration. A detailed discussion of these flammability data, ignition mechanisms, and

'Roger Vincent, “Estimated cost of fire damage balloons to more than $250 billion,” Los Angeles Times,
January 24, 2025.
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flux time product model assumptions is provided in the Supplemental Materials-B, and their
applicability to this study is addressed in the Discussion section.

Structures’ resilience to fire exposure is often dictated by their most vulnerable compo-
nent. Failure of a single component may lead to flame spread, penetration, and ignition of
the structure’s contents. Effective home hardening must scale with thermal exposure, requir-
ing more robust materials as intensity increases [41]. Some post-fire studies have found that
homes with stucco exteriors, dual-paned windows, tile roofs, and fire-resistant decks tend to
survive WUI fires [42, 43]. However, Knapp et al. [44] reported that compliance with mod-
ern WUI codes (CBC 7A) did not significantly affect survival during the 2018 Camp Fire.
Similarly, analysis of the 2023 Lahaina fire by Hedayati et al. [6] emphasized that extreme
heat exposure, amplified by close spacing and connective fuels, leaves little fighting chance
for even fire-resistant materials. Given that WUI-compliant assemblies are still prone to
failure, several critical questions arise:

® Many building codes address only on-property spacing, overlooking proximity to neigh-
boring structures. How should policy reflect real-world structure size and performance
under extreme wind and weather?

e At what point does separation distance negate the benefits of fire-resistant materials?
Do ignition thresholds measured at small scale apply under large scale fire conditions
where a building is composed of various materials and subject to multiple damage
modes?

e Given the chaotic nature of conflagrations, should they be framed probabilistically, and
which variable best captures their intensity, duration, and material response?

2 Materials and Methods

This experimental campaign examined building-to-building fire spread using ignited 24 ft
by 12 ft (7.3 m by 3.6 m) sheds as fire sources and a 40 ft by 35 ft (12.1 m by 10.7 m)
downwind building as the target. Unlike traditional post fire investigations that often reveal
binary outcomes where structures are either undamaged or destroyed [4] in the absence of
suppression, these full-scale tests captured the progression of damage and failure under
controlled conditions. Both structures were exposed to controlled wind fields generated by
the IBHS wind tunnel, capable of reproducing specific wind time histories [45, 46]. The test
variables in this research campaign are summarized in Table 1. Primary factors investigated
included: building separation distance; shed construction material (steel or wood); and tar-
get building components known to influence fire vulnerability. Wind speed was controlled
at two ranges, 20-30 mph for typical conditions and 50-60 mph for extreme fire spread.
Two building orientations relative to wind direction (0° parallel alignment and 45° angular
exposure) were also tested, as illustrated in Figure 1. Testing continued until damage sta-
bilized or the structure neared destruction, at which point experiments were terminated to
protect equipment.

2Results of cold flow measurements are provided in the Supplemental Materials-C.
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Fig. 1 Test configuration views: a source and target building with the test chamber in the background (b)
and (c¢) show aerial views at 20 ft (6 m) separation for 45° and 0° target orientations; d-e show ground-
level perspectives. In (e) the tarp and heated airflow were used to reduce wood moisture
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2.1 Source Building and Fuel Load

Two shed types, wood and steel, were used as source buildings. Each measured 24 ft by 12 ft
(7.3 m by 3.6 m) with an average roof height of 11 ft (3.3 m). Following [28], each shed con-
tained 15 standardized wood cribs (nominally matching UL 711 Class 6-A) providing a con-
sistent fuel load across tests. The placement of the cribs, however, was not identical between
tests. Over the three-year testing period, procurement constraints made sourcing identical
sheds challenging, resulting in variations in window and door dimensions that influenced
ventilation and collapse behavior. These variations proved beneficial, offering insight into
how ventilation affects fire behavior and structural failure. The diversity of configurations
better represents the range of shed designs found in real neighborhoods, adding practical
relevance to the findings. In all tests, ignition followed a standardized protocol whereby the
centrally positioned wood crib was ignited using a pan containing 300 mL of propanol, after
which internal fire development led to fire spread to all cribs. Figure 2 shows representative
examples of the test configurations, with details for individual tests provided in Appendix A,
Table 1, and additional information on fuel load, shed conditions, and uncertainties in heat
release rate [47, 48] under wind presented in the Supplemental Materials-D.

2.2 Target Building

A 1.5-story test structure with a 1,280 ft*> (119 m?) footprint was built to the requirements
of the California Building Code Chapter 7A Materials and Construction Methods for Exte-
rior Wildfire Exposure [49]. The building featured 9 ft (2.7 m) walls extending to a 13
ft (3.9 m) eave height, with a 2 ft (0.6 m) crawlspace above a 2 ft (0.6 m) elevated steel
I-beam base. While the entire exterior was finished to represent a standard residential build-

(@ (b)

(d)

Fig.2 Examples of shed configurations presented in Table 1 and in Supplemental Materials-D: a configu-
ration a-a at 40ft separation; b Configuration a-a at 30ft separation; ¢ configuration f-a at 20ft separation;
and d configuration i-o at 20 ft separation. The blue arrow indicates wind direction
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ing envelope, the interior remained unfinished except along the fire-exposed wall, which
received complete interior finishing to accurately assess fire penetration through a realistic
building assembly. Prior to testing, all combustible portions of the building were tarped,
and a positive-pressure environment was created using heated airflow to reduce the wood
moisture content below 10%. The structure represents a California Building Code Chapter
7A compliant home; while Chapter 7A compliance exists along a spectrum, this particular
design reflects a mid-range, cost-realistic implementation. Detailed specifications for key
components, including the roof assembly, eave configuration, wall construction, and win-
dow installations, are provided in Table 2 in Appendix A, with additional information on tar-
get building details and construction materials presented in the Supplemental Materials-E.

2.3 Data Collection and Instrumentation

Each experiment used a tailored instrument layout based on the target building’s orienta-
tion and test objectives. Primary thermal data were collected using water-cooled Schmidt-
Boelter heat flux gauges (25 mm, 0-200 or 0-50 kW/m?) positioned at key locations on the
target structure and in the interstitial zone (Figure 3). Wind speed was measured with an
ultrasonic anemometer at the chamber outlet. Figure 3 shows the sensor layout for tests with
target orientations of 45° and 0°, when all calibrated gauges were available. Sensor place-
ment varied between configurations depending on instrument availability, and the specific
layouts used in each test are provided in Table 1 and Figure S4. Fixed-position HD cameras
were used to record fire behavior and the timing of damage events.

The distributed data system featured a master NI PXIe-1095 chassis and two Ethernet-
based cDAQ units (at the chamber outlet and inside the test chamber). The chassis handled
sensors on the target, source, and interstitial zone. Wind sensors were connected to their
local cDAQs. All units used 24-bit ADC modules to read analog voltage and 4-20 mA cur-
rent (wind). Data was sampled at 10 Hz for analysis.

3 Results

As summarized in Table 1, most sheds were positioned with the door facing the target build-
ing to represent typical residential layouts and allow direct flame exposure through the larg-
est compartment opening. Sheds were generally aligned with the wind, since rotating them

Fig. 3 Sensor layout for tests with target building orientations of (a) 45° and (b) 0°. Data from the sensor
outlined in solid lines is used in the discussion section
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90° (Figure 2d) disrupted airflow and reduced exposure, as observed in Test 8. Concentrat-
ing the fuel load on the leeward side near the shed door increased heating of the target,
particularly at a 20 ft (6 m) separation, and this configuration was used in most tests. These
arrangements created a wide range of fire intensities and exposure durations across the test
matrix. Examples of fire behavior for representative wood and steel sheds are provided in
the Supplemental Materials-G.

Fire exposures and the resulting damage were systematically documented across 23
experiments that varied wind speed, separation distance, building orientation, and target
materials. Damage outcomes were classified as No Damage, Cosmetic Damage, Envelope
Damage, or Destroyed. A detailed discussion of fire dynamics, including flame development
and collapse behavior for representative wood and steel sheds, is provided in the Supple-
mental Materials-G. The following section describes each of these damage categories as
observed in the experiments.

3.1 Cosmetic Damage

Figure 4 shows the condition of the target building after tests resulting in cosmetic damage,
which does not impact the use or occupancy of the building and is generally less expensive
and requires minimal time to repair [50]. Figure 4a shows deformed and detached vinyl
glazing. Figure 4b depicts eave vents viewed from the attic where embers accumulated
outside on intumescent-coated screens; some cells expanded, and vent replacement may be
needed. Figure 4c shows soot accumulation and light charring on rafter tails, removable by
pressure washing or sanding.

(b) (c)

Fig. 4 Cosmetic damage examples: a melted vinyl glazing on the ground, b partial vent blockage with
ember penetration, ¢ light charring and soot accumulation on rafter tails
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3.2 Envelope Damage

Figure 5 shows the target building condition following tests that resulted in Envelope dam-
age, generally described as requiring moderate repair time and cost, with potential impacts
on occupancy of the building. Figure 5a and b show damaged fiber cement siding: thermal
exposure caused bowing (7a) and, under higher intensity, visible cracking (7b). Window
damage was common in these experiments. In tests with tempered glass windows, deformed
and detached vinyl glazing compromised pane retention, and continued heat melted the
silicone adhesive, allowing the outer pane to fall out (Figure 5c). In two tests with annealed
glass windows, the outer pane fractured (Figure Se and f). In some cases, the vinyl sash
frame deformed and created a gap which might allow flame or ember penetration.

Fig. 5 Example of Envelope damage: a fiber cement siding bowing and (b) cracking; window damage
including (¢ and d) pane detachment, e glass fracture, and f sash deformation
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3.3 Destroyed

Figure 6 shows the condition of the target building in tests that were categorized as
Destroyed, where repair costs and time equate to full reconstruction, and occupancy of the
structure is indefinitely affected. In Figure 6a, the ignition of the fascia board led to gradual
roof deck consumption over 10 minutes, prompting test termination. A section of the fas-
cia board shielded by a metal gutter during this test remained intact (Figure 6b). Figure
6¢ shows the ignition of an eave, which occurred before window failure. Flames from the
ignited siding (Figure 6d) entered the attic through both the edge and the field of the eave
vent (Figure 6e). Along the edges, gaps allowed early flame entry, highlighting the need
for improved sealing, which has since been proposed and approved for inclusion in the
2027 International Wildland Urban Interface Code (IWUIC) code.> Within the vent field,
the intumescent coating activated about 15 seconds later, but the flame intensity was suf-
ficient to ignite low density fuels inside the attic. In some cases, window damage escalated,
after outer pane detachment (Figure 6f), the inner pane dropped within the frame, leaving a
2-inch (5-cm) opening (Figure 6g), allowing ember or flame entry.

Additional tests with winds at 50-60 mph (22-27 m/s) revealed a window failure mode
that had not previously been observed: heat softened the vinyl window, and wind pressure
pushed the sash inward with both panes still in place (Figure 6h).

3.4 Aggregate Results and Observations

Table 2 in the Appendix summarizes damage modes, peak heat flux, failure time, and
accumulated heat load for each test. Although damage increased as separation distance
decreased, structural collapse altered fire dynamics by reshaping the shed and changing the
local wind flow, which affected heating and cooling at the target building. As a result, the
typical growth steady decay pattern was disrupted, and several tests showed higher damage
levels at lower heat flux values, while exceeding a specific heat flux threshold or heat load
level did not consistently discriminate between damage modes. For instance, in Test 6, the
windowpane fell out at a heat flux of ~7 kW m2, while the vinyl glazing melted at ~11 kW
m2. Similar trends in damage appear in Tests 7, 8, 11, 13, 18, and 20. Additionally, in Tests
10, 17, 20, and 21, exposures above 100 kW m™ did not cause immediate ignition of the
target building, which instead occurred tens of seconds later at lower heat fluxes, highlight-
ing the role of transient, wind-affected conditions. This delay for tests 10 and 17 was about
60 and 90 seconds, respectively.

Assessing heat load, higher values during an individual test often correlate with greater
damage, but no consistent threshold emerges across experiments. Vinyl glazing detached
at heat loads ranging from ~0.1 MJ m™ to ~4 MJ m, and windowpane failures occurred
between ~5 MJ m™ and ~15 MJ m™, depending on exposure duration. Ignition was observed
at~3.2 MJ m in Test 10 but required ~6.4 MJ m™to 17 MJI m™ in Tests 17, 23, and 21. Heat
load alone does not trend with failures, since similar damage levels can be reached over dif-
ferent timeframes. Incorporating time, such as using the slope of the heat load curve, may
offer a more meaningful metric as this can be interpreted as a surrogate for increasing rates
of fire heating vs. wind-based cooling. In cases of linear accumulation, the choice of time

3International Code Council. 2024 International Wildland-Urban Interface Code (IWUIC), Version 2.0.
Washington, DC: International Code Council, 2024.
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(®

Fig. 6 Damage observed on the target building in these experiments corresponds to the destroyed catego-
ry: a-b ignition of the facia board, ¢ ignition of the eave, d-e ignition of the siding and flame penetration
in to the attic through the vents, f-g failure of the first and second window pane, h window sash failing
inwards

frame has little impact. However, nonlinear behavior requires identifying a characteristic
response time that reflects the system’s dynamics. Given the variability, fixed thresholds are
insufficient; probabilistic approaches offer a better representation. This point is examined
further in the Discussion section.

@ Springer



Fire Technology (2026) 62:32 Page 11 0of 37 32

Among all components, windows sustained damage most frequently, with annealed
panes failing at lower heat loads than tempered panes, consistent with prior findings [13,
25]. Annealed panes shattered in place, while tempered panes remained intact but detached
as single pieces, highlighting the need to better secure panes to fully utilize tempered glass
performance. Exterior walls also played a major role in overall vulnerability, with noncom-
bustible siding showing clear advantages over engineered wood. Under similar heat expo-
sure, fiber cement bowed or cracked, while engineered wood ignited and supported flame
spread that extended vertically to rafter tails and the attic and horizontally toward windows.
These results show that heat penetration alone is an inadequate metric of performance and
support re-evaluation of one hour fire rated provisions in building codes, particularly for
exterior wall systems [S1]. Similar behavior has been reported in other studies [13, 26].
Exposed combustible rafter tails showed limited resistance to high heat, especially under
typical wind conditions where buoyant flame tips were not fully deflected, while at higher
wind speeds flame deflection increased, as shown in Fig. 7 where the buoyant region nearly
disappeared.

At higher wind speeds 50—-60 mph (22-27 m/s; Tests 20-23), the outcome was consis-
tently Destroyed. Under these conditions, the combined effects of flame stretch, intermittent
flame contact, and convective cooling became more pronounced. Combustible components
of the target structure were exposed to transient heat fluxes exceeding 100 kW m, yet igni-
tion did not occur. This shows that short duration, high intensity exposure is not sufficient
to trigger ignition when interrupted by convective cooling or when resilient materials pos-
sess a high thermal response parameter (TRP) [52]. In all four tests, heat softened the vinyl

0.007 T T T
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L —Fitted Lognormal PDF _
0.006 Threshold Cosmetic Damage
— Threshold Envelope Damage
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> 0.005 - n
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£0.003+ ! .
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Fig. 7 Energy fluence distributions for high-wind conditions, highlighting extreme exposure despite in-
creased distance
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window frames, allowing wind pressure to cause failure while the tempered glass remained
intact. These results highlight the need to evaluate window assemblies as integrated systems
that account for the combined effects of heat and pressure.

Differences in shed construction also influenced exposure severity. Steel sheds produced
less damage than wood sheds at equivalent separation distances. Testing different configura-
tions showed that reorienting openings away from nearby structures helped deflect flames
until collapse. This finding has been incorporated into the 2027 IWUIC edition. Although
fan input was held constant, wind velocity measured at the outlet, see Table 1, varied with
shed opening size, spacing between structures, and target orientation. Target buildings ori-
ented perpendicular to the wind flow (0°, Figure 1¢) experienced greater damage than those
at 45° (Figure 1b) at the same separation distance, consistent with the heat flux time histo-
ries for Tests 13 and 16 shown in Figure 8.

In the 0° configuration, where the target building was oriented perpendicular to the wind,
heat flux on the exposure wall increased rapidly, likely due to flow stagnation between the
source and target structures. At 45°, the leading corner split the flame path, producing lower
and more gradually increasing heat flux compared to the rapid rise at 0°. After about 16
minutes, once the wood sheds were mostly consumed and bluff body effects diminished,
heat flux measurements for both orientations converged.

Figure 9a-b shows the setups for Tests 2 and 13, both with sensors 20 ft (6 m) from the
fire source. The freestanding sensor in Test 2 recorded higher average and peak heat fluxes
than the wall-mounted sensor in Test 13 shown in Figure 9c. Although Test 13’s fuel crib
was more concentrated toward the target and its upwind windows accelerated fire growth,
Test 2 produced greater total energy at the sensor 20 ft (6.1 m) from the fire source. To
examine the mechanisms behind these differences, flame length and impingement angle
were analyzed during the peak periods (24-32 min for Test 2 and 12—-20 min for Test 13),
with representative frames in Figure 9c—d showing no statistical difference in visible flame
behavior.

Because the visual analysis was used to interpret these thermal differences, image thresh-
olds were set to capture the main flame body given the limitations imposed by the orange
sky background and reflections on glass. As a result, intermittent flame contact visible in

T
* Target at 45° (raw)
60 —Target at 45° (3-sec moving avg) B
= Target at 0° (raw)

- - Target at 0° (3-sec moving avg)

Heat Flux [kW/m?]

5 10 15 20 25 30 35 40
Time [min]

Fig. 8 Comparative heat flux measurements from Tests 13 and 16, two wood shed experiments at 20 ft
(6.1 m) separation, highlighting variations caused by flow pattern differences
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Fig. 9 Influence of bluff-body interactions on heat flux: a freestanding sensor setup, b wall-mounted sen-
sor setup, ¢ corresponding heat flux time histories from Tests 2 and 13, d representative frames from the
video processing analysis for test 2 and 13 respectively, and (e) flame length and angle results during the
8-minute period of peak fire behavior (mean + 1 standard deviation; origin is set at the center of the shed)
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the last frame was not detected but explains brief heat flux spikes. Beyond these spikes, the
freestanding sensor, because of its small projected area, was influenced only by the flow
perturbation of the shed, while the sensor on the target building was also affected by turbu-
lence generated by the building itself. This turbulence created transient wind patterns that
occasionally pushed flames away, allowing cooler diluted air to pass over the sensors and
produce localized convective cooling that lowered the recorded flux values.

Figure 10 shows the probability distribution of damage modes by separation distance,
based on the final condition of the target building across Tests 1 to 19 (wind < 30mph (13.4
m/s)). At 10 ft (3 m), exposure to the target structure was severe, causing ignition within
about 10 minutes. At 40 ft (12.2 m), no damage was observed, indicating that this distance
was sufficient to prevent ignition under similar conditions. At 20 and 30 ft (6 and 9 m),
damage probability varied with shed type, building orientation, and target materials. Results
suggest that at a separation distance of roughly 20 ft (6 m), retrofits such as noncombustible
siding, enclosed eaves, and dual pane tempered windows can substantially reduce ignition
likelihood or envelope failure and help break the chain of conflagration.

Damage typically progressed sequentially as exposure increased, with early ignition of
siding or eaves followed by window failure. Table 2 includes cases where structures tran-
sitioned directly to severe outcomes, skipping intermediate damage modes. In many tests,
damage occurred during the decay phase rather than at peak exposure, emphasizing the role
of cumulative heating over time. While Figure 10 illustrates the influence of distance on
damage severity, its categorical format limits regression or other continuous analysis. This
highlights the need for a probabilistic approach that links heat exposure intensity, duration,
and material response to better capture how buildings respond to large outdoor fires.

. ~
Destroyed - / —1100% I 27%
A4
o N
Envelope Damage - [ L 64% £320%
A
7
Cosmetic Damage ~7 9% L =580%
_
A
No Damage - { 100%
¢ &
L L L 1 I
0 10 20 30 40 50
Distance (ft)

Fig. 10 Maximum observed damage outcomes from wood and steel shed tests (Tests 1-19) conducted
under 20-30 mph wind conditions, categorized by separation distance to illustrate the effect of spacing
on structure survivability
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4 Discussion

When a solid material is exposed to heat, its surface temperature rises rapidly, and energy
begins to conduct into the interior. The development of a temperature gradient affects the
calculation of an ignition time and depends on the heat source and the material’s thermo-
physical properties. If a gradient forms, the material is thermally thick; if not, it is thermally
thin. When the thermal penetration depth does not reach the rear surface and no heat loss
occurs at the back, the material behaves as a semi-infinite solid. Mathematical idealizations
are often used to represent thermally thick behavior in building materials [53, 54].

Experimentally, heat flux (kW m) is the primary driver of thermal exposure and thus
ignition. However, theoretically the potential for ignition is often assumed to occur once a
material receives a minimum energy per unit area (kJ m?), representing the time-integrated
heat flux. Under idealized conditions, this energy, referred to here as fluence following [52],
is treated as a constant for a given material, linking temperature rise directly to accumulated
energy. As temperature increases, materials may undergo physical changes (e.g., softening,
fracture) and chemical changes (e.g., pyrolysis, ignition). While many combustibles ignite
at similar temperatures, their ignitability differs due to variations in thermal inertia, which
governs the rate of temperature rise and the ignition timescale [52]. The following sections
examine how damage modes relate to instantaneous heat flux, cumulative energy, and the
rate of accumulation.

4.1 Limitations of Conventional Metrics and Motivation for Fluence

Figures 11a and b show incident heat flux and energy time histories at the centerline of the
target building for Tests 10, 13, 12, and 2, conducted under 20 to 30 mph wind, and Test 21,
conducted under 50 to 60 mph (22-27 m/s) wind for comparison. The tests are arranged by
increasing separation distance and represent different damage levels. Test duration varied
depending on the observed outcome. If the target building ignited, classified as Destroyed,
the test was terminated to protect equipment. Otherwise, it continued to allow for maximum
heat absorption and to assess whether a delayed failure mode would occur. These five cases
were selected for clarity, although similar trends were observed across all tests.

Regardless of separation distance, the instantaneous heat flux in these examples did not
correlate with damage occurrence, either at the theoretical ignition threshold for wood [55]
or even the peak levels. Several spikes of 100 kW m™>-140 kW m™ were recorded at separa-
tion distances of 10 ft (3 m) (typical wind) and 20 ft (6 m) (high wind), yet failure did not
occur at the time of these peaks. This apparent disconnect is further explained by the fire
dynamics observed in the 20-ft test. Although heat flux trends at 10 ft and 20 ft were initially
similar, the collapse of the asphalt roof around minute 13 in the 20-ft test restricted airflow,
causing a sharp drop in fire intensity. The fire took nearly 8 minutes to recover, by which
time much of the fuel was consumed. This collapse reduced the heating rate on the target
building, demonstrating that significant heat accumulation can occur without corresponding
damage when exposure is interrupted.

Instantaneous heat flux and total accumulated energy typically correlate with damage
in conventional growth-steady-decay fires, where heat flux and energy rise proportionally,
but these relationships weaken under wind driven, collapse influenced conditions where
exposure is irregular, and absorption dynamics are disrupted. Figure 11b shows that steeper
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Fig. 11 a Down-sampled heat flux time histories (dots) with 3-second moving averages, and b integrated
energy accumulation time histories from five tests with varying separation distances and wind conditions

slopes in the energy accumulation curves correspond to more severe damage. The slope
represents the balance between heating and cooling. Over a fixed interval, a steeper slope
indicates higher average heat flux and greater energy absorption, or a larger area under the
heat flux curve during that period. The relevant time scale for evaluating this balance can
be defined by the characteristic thermal response time (At), which provides a basis for cal-
culating energy fluence in a way that couples fire exposure with material behavior: the heat

flux reflects fire intensity, and At represents the material’s ability to absorb and respond to
heat. Mathematically, this relationship is expressed as:® (¢, At) = 2+Atq” (1) dr, where
q" () is governed by the fire, and At by the materials. This approach focuses on physically
meaningful intervals, capturing not just how much energy is accumulated, but how quickly
it is delivered.
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4.2 Physical Basis of Energy Fluence at Characteristic Time Scale

Thermal response time, also referred to as ignition delay time, friction time, or time to igni-
tion, represents the transient period during which a material absorbs enough heat to reach
ignition. This concept is widely applied in wildfire research and other engineering fields
to characterize how solid fuels respond to thermal exposure [56]. The response is primar-
ily governed by three factors: incident heat flux, exposure duration, and material thermal
inertia. Depending on the process scale, from molecular reactions to atmospheric boundary
layer behavior, relevant times range from atto-seconds to mega-seconds [56].

In engineering contexts, ignition studies usually assume steady state heat flux, yielding
well established models for thermally thick and thermally thin materials. For thermally thick
materials, ignition time varies inversely with the square of heat flux, while for thermally thin
materials it varies inversely with heat flux [57]. For example, reducing the incident heat
flux from 70 kW m to 20 kW m? increases ignition time for engineered wood from a few
seconds to several minutes. More recent models incorporate time varying flux profiles, such
as linear or exponential ramps, to better represent fire growth [58, 59].

In WUI fires, heat flux is highly variable (Figure 11a), often showing extended sub-
ignition preheating, rapid spikes, and sharp drops due to structural fuel collapse, changes in
the wind speed/direction, and flame geometry shifts. Under such dynamic conditions, the
thermophysical diversity of building envelope components precludes the use of a single,
fixed thermal response time. However, selecting a characteristic response time for the struc-
ture allows the nonlinear behavior to be discretized into smaller, quasi-stationary intervals,
enabling evaluation of the nominal energy absorbed during each period. Although a single
fluence value may not correlate directly with damage, the statistical distribution of these
fluences provides a probabilistic basis for distinguishing damage modes.

For generality, a 10 second thermal response time window, approximately the average
value from Table 3, was used in this analysis. While other durations could be used, the
selected window is not arbitrary; it lies within the physically justified range of the mate-
rials response times modeled as a semi-infinite solid exposed to different heating ramps.
This choice is further supported by prior empirical and modeling studies, which show that
the “overall” characteristic time for fire behavior spread between structures occurs over 5
seconds to 150 seconds [15]. For large-scale radiative and convective exposures, numerical
models commonly assume response times in the range of 10 seconds to 100 seconds [56].
Similarly, Quintiere [55] reports that ignition of typical furniture under compartment fire
conditions occurs around the one-minute mark. The sensitivity and detailed reasoning of
this assumption is explored in Appendix B.

4.3 Statistical Relationship Between Fluence and Damage

Physical systems can exhibit both deterministic and probabilistic behaviors. While deter-
ministic systems, like those governed by Fourier’s Law, exhibit deterministic behavior,
wind-driven wildfires are fundamentally chaotic due to nonlinear interactions among fuels,
atmospheric dynamics, and localized variability, which effectively “destroys the determin-
istic prediction” [60]. In such systems, probabilistic modeling becomes essential to cap-
ture uncertainty and improve predictive reliability [61]. A core component of probabilistic
modeling is the use of random variables, numerical representations of phenomena rooted in
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physical processes, defined over a sample space that includes all possible outcomes. Each
outcome forms an event with an assigned probability between zero and one, described by a
probability density function (PDF).

The top row of Figure 12a displays the distribution of 10-second energy fluences across
all experiments. The subsequent rows show corresponding events for each damage mode,
along with their fitted lognormal PDFs. The lognormal distribution was selected to model
energy fluence due to its physical basis and strong empirical support in fire research [57].
Additionally, the Bayesian Information Criterion [62, 63], as detailed in the Supplemental
Materials-H, strongly favors the lognormal model.

Energy fluence values were computed by integrating heat flux at the center of the target
building over 10-second intervals, excluding flux values below 1 kW m™. Intervals over-
lapped by 25% to account for temporal correlation. A percentile-based trimming method
was applied to reduce the influence of outliers, removing the lowest 25% and highest 5%
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of values. This asymmetric approach aligns with robust statistical practices [64, 65] and
reflects the characteristics of positively skewed distributions such as the lognormal, where
the upper tail spans a much wider range than the lower [66]. In fire engineering research,
smaller heat flux and energy values are often excluded due to high measurement uncertainty,
limited structural impact, or their role primarily in preheating [32, 67, 68].

The first row of Figure 12a represents the full sample space of all calculated energy flu-
ence values obtained from the 23 tests. Fluence levels below 30 kJ m? have no observable
effect on target materials, as such exposures either dissipate or produce negligible tempera-
ture rise. Cosmetic and Envelope damage appears only within the relevant statistical ranges
shown in the second and third rows of Figure 12a. Some overlap between these distribu-
tions is expected, with the upper tail of the Cosmetic range aligning with the central region
of the Envelope range. For example, a fluence of about 100 kJ m? results in near certain
Cosmetic damage, while Envelope damage remains possible but less likely. Fluence values
must exceed 108 kJ m? to reach the lower bound of the Destroyed category (bottom row of
Figure 12a). Fluence levels below this threshold may contribute to preheating or intermedi-
ate damage limits but are insufficient to cause escalation without subsequent higher expo-
sure. Each fluence value represents the total energy received during the 10 second window,
and its position within overlapping distributions determines the likelihood of a particular
damage level.

Fluence values after the Destroyed condition were excluded since tests ended at that
point. For intermediate damage levels, data were kept to capture progression and over-
lap between modes; as fluence increased to the next distribution, the preceding mode had
already occurred, reinforcing rather than biasing the probability. Pairwise Kolmogorov
Smirnov [69] tests confirm that the four damage categories arise from significantly different
distributions (see the Supplemental Materials-H).

Figure 12b presents the cumulative distribution functions (CDFs) for the three main
damage modes. Although CDF thresholds can be adjusted to reflect risk tolerance, lower
thresholds are typically applied for mission-critical outcomes such as destruction. For con-
sistency, a uniform threshold of 0.01 was used for all damage modes, though different risk
tolerances could be adopted for other applications.

These thresholds yield critical energy fluence magnitudes of 32 kJ m, 45 kJ m, and
108 kJ m™ for Cosmetic, Envelope, and Destroyed distributions, respectively. While the
108 kJ m? threshold is statistically derived, it carries physical significance as it closely cor-
responds to the 11 kW m heat flux threshold commonly associated with transition to igni-
tion. For additional details on the relationship between fluence levels and damage modes,
see Appendix B.

4.3.1 Damage Probability by Separation Distance

Identifying the statistical threshold among all possible energy fluence values enables analy-
sis of their distribution at different separation distances. Figure 13 shows the distributions
for tests conducted at 10, 20, 30, and 40 ft (3, 6, 9.1, and 12.2 m). At a 10-foot (3 m) separa-
tion, the probabilistic analysis produces a deterministic result, with all energy fluence val-
ues exceeding the 108 kJ m™ destruction threshold. This indicates that, under typical wind
driven conditions, a structure with similar fire-resistant features to the target building would
be destroyed when exposed to a comparably fueled shed. At distances of 20, 30, and 40 ft, a
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using the thresholds identified for each damage category at CDF = 0.01

broader range of outcomes appear, with probabilities shifting toward lower damage modes.
At 40 ft (12.2 m), nearly all exposures fall below the Cosmetic damage threshold, demon-
strating the risk reduction achieved through increased separation.

Figure 14 illustrates how damage probability varies with separation distance, using the
thresholds identified in Figure 12b. Each category is treated independently, with only one
damage mode assigned per test. Alternatively, to capture consecutive or overlapping dam-
age modes within this framework, the maximum fluence from each test can be referenced
against the CDF curves to determine the proportion of each damage mode represented in a
single exposure. The data-driven results follow trends similar to Figure 10 but are skewed
toward more severe outcomes because of the conservative threshold (CDF = 0.01); relaxing
it to CDF = 0.1 yields closer agreement with Figure 10. By assigning numerical values to
each damage category, regression analysis between damage and distance becomes possible.
Using weighted averages, one can estimate either the expected damage level at a given
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distance (weighted average per distance) or the typical distance at which a given damage
category is most likely to occur (weighted average per category).

4.3.2 Effects of Extreme Wind on Exposure and Damage

To examine the effects of extreme wind, four additional tests were conducted at 50 to 60
mph (22-27 m/s). Under these conditions, the buoyant upward flow was largely overpow-
ered by the wind when the target building was oriented at 45° (Figure 7a), causing flames
and heat to be redirected horizontally toward the targe structure. The exposure softened win-
dow frames and the wind pressure pushed window assemblies inward, breaching the build-
ing envelope. Figure 7b shows the energy fluence distributions from these high wind tests
at 20 and 30 ft (6.1 and 9.1 m) separations. Exposure levels exceeded the critical threshold,
and all cases were classified as Destroyed. These results highlight the potential for unique
system level failures in full scale fire exposures and the need for performance based stan-
dards for complete window systems, including both glazing and framing, and emphasize
the importance of a layered mitigation strategy that combines greater separation between
combustibles, noncombustible fencing, removal of flammable materials between structures,
and fire resistant retrofits. Only through such measures do materials have a fighting chance
under extreme wind driven fire conditions.

4.4 Component-Level Vulnerability

Building codes typically regulate individual materials or components. In WUI fire condi-
tions, however, the weakest part of the building envelope often determines overall structure
vulnerability, particularly in the absence of active suppression. The proposed probabilistic
framework addresses this by classifying structural damage based on the most vulnerable
element and allowing statistical comparison of component level performance under equiva-
lent energy fluence.

Two tests were conducted under identical conditions, differing only in siding material.
One target building featured a split fagade, half combustible and half noncombustible, while
the other was fully clad in noncombustible siding. As shown in Table 2 (Tests 17 and 18),
both experienced similar heat flux profiles until the combustible siding ignited, leading to a
Destroyed classification, whereas the fully noncombustible structure sustained only Enve-
lope Damage (Figure 15a). Despite comparable energy fluence, the difference in siding
material shifted the outcome from Destroyed to Envelope Damage. The mean and stan-
dard deviation of the corresponding damage distributions (Figure 15b) differ by approxi-
mately 37-52%, highlighting the strong influence of siding configuration on overall damage
outcomes in these experiments. Further validation through additional tests and real-world
observations is needed to confirm these ranges.

5 Limitations and Future Research
This study is limited by its focus on specific construction materials and the fire intensities

associated with the tested shed configurations. Fire exposures were intentionally selected at
the upper end of the intensity range to represent worst case scenarios. While the proposed
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Fig. 15 Impact of siding retrofit: a outcome photos comparing combustible and non-combustible fagades,
b probabilistic damage distributions with 95% confidence intervals

statistical framework allows the selection of different risk thresholds, the results presented
here reflect a conservative case based on the tested conditions.

Although the framework is expected to remain valid under broader scenarios, its applica-
bility is constrained when conditions differ from the tested single compartment fires, includ-
ing variations in building geometry, material systems, connected fuels such as vehicles,
fences, or landscaping, and differing wind environments. Uncertainty in heat flux measure-
ments should also be acknowledged, as each gauge provides only a point measurement, and
spatial variability across even a few meters can result in different heat flux time histories
under these conditions. However, by selecting an appropriate risk threshold, such variability
can be accounted for within the probabilistic framework. The current analysis also considers
only flame driven hazards and does not account for ember exposure. Sensitivity analyses
indicate that uncertainties in distribution fitting and variations in the selected response time
window produce about a five percent change in the final damage classification probabilities.

To address these limitations, ongoing work includes full scale fire spread testing from
larger source structures, such as furnished accessory dwelling units (ADUs), under varied
wind and construction conditions. Complementary radiant panel testing is also underway
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to develop material specific thermal resistance functions that will extend and generalize the
probabilistic framework.

6 Summary and Conclusion

This study presents a series of full scale, wind driven building to building fire spread experi-
ments aimed at quantifying the effect of separation distance on damage modes. While
greater separation reduces the risk of conflagration, land use and infrastructure constraints
often limit its feasibility. This raises a central question: what is the minimum separation
distance at which resilient materials begin to perform effectively, where their benefits are
not overwhelmed by heat exposure, thereby preventing ignition and breaking the chain of
conflagration? The findings have direct implications for performance based design and the
development of risk informed community standards in WUI codes.

The experimental results highlight the limitations of conventional metrics such as instan-
taneous or peak heat flux and total heat load, which do not consistently correlate with dam-
age when materials are exposed to fires that deviate from the typical growth steady decay
pattern. By treating buildings as thermally thick systems and analyzing energy accumula-
tion over a characteristic response time of tens of seconds, a stronger statistical link to dam-
age severity was established. This approach reframes the characterization of fire induced
building damage through a single variable probabilistic framework grounded in the physi-
cal relationship between heat intensity, duration, and material thermophysical properties,
represented by energy fluence. It captures the full continuum of damage, from no damage
to destruction, and supports risk informed design by allowing users to define acceptable
performance thresholds.

Results show that structures built with typical fire resistant materials are unlikely to sur-
vive at a 10 ft (3m) separation when exposed to fully involved shed. At 20 ft (6.1 m), fire
resistant assemblies begin to perform effectively, while unmitigated structures still face high
failure probabilities. At 30 ft (9.1 m), ignition risk is substantially reduced for all configura-
tions, and at 40 ft (12.2 m), exposures in this study produced only Cosmetic damage.

The variety of failure modes observed demonstrates that no single mitigation measure
can ensure structural resilience under wind driven fire exposure, especially given the trad-
eoff between separation distance, land use, and housing density. Despite these challenges,
structure separation remains a primary risk driver. New developments should tailor separa-
tion distances to material use, while existing dense communities should maximize hardening
and minimize potential exposures by eliminating connective fuels, including outbuildings
such as sheds.

Appendix A

Test Configurations, Component Details, and Thermal Measurements

See Table 1
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Table 1 Combinations of test parameters including shed type, separation distance, target orientation, building com-
ponents, and wind speed

Test Shed Configu-  Separation Target Target building components Wind
number ration-Sensor distance building speed
Configuration (ft) angle (deg) (mph)
1 a-o 40 45 Noncombustible with Open Eaves, Tem- 233+
pered Windows 3.0
2 a-o 40 45 Noncombustible with Open Eaves, Tem- 27.0
pered and annealed Windows 34
3 a-o 30 45 Noncombustible with Open Eaves, Tem- 259+
pered Windows 34
4 b-o 30 45 Noncombustible with Open Eaves, Tem- 27.1+
pered Windows 2.3
5 f-a 20 45 Noncombustible with Open Eaves, Tem- 26.0 +
pered Windows 29
6 g-a 20 45 Noncombustible with Open Eaves, Tem- 26.6 £
pered Windows 2.7
7 h-a 20 45 Noncombustible with Open Eaves, Tem- 26.1 +
pered Windows 2.8
8 i-o 20 45 Noncombustible with Open Eaves, Tem- 274+
pered and annealed Windows 2.0
9 c-a 20 45 Noncombustible with Open Eaves, Tem- 27.0+
pered Windows 2.0
10 g-a 10 45 Noncombustible with Open Eaves, Tem- 26.8 +
pered Windows 2.3
11 h-a 20 45 Noncombustible with Open Eaves, Tem- 233+
pered Windows 2.1
12 d-a 30 45 Combustible with Open Eaves, Tempered 259+
Windows 1.2
13 c-0 20 45 Combustible with Open Eaves, Tempered 273+
Windows 2.1
14 c-€ 20 0 Combustible and Noncombustible Open 242+
Eaves, Tempered and annealed Windows 2.3
15 e-0 30 0 Combustible and Noncombustible Open 225+
Eaves, Tempered Windows 1.6
16 e-0 20 0 Combustible and Noncombustible Open 22.1+
Eaves, Tempered Windows 1.5
17 j0 20 0 Combustible and Noncombustible, Open 229+
Eaves, Tempered Windows 1.5
18 j€ 20 0 Noncombustible with Closed Eaves, Tem- 20.1 +
pered Windows 1.0
19 j-€ 30 0 Noncombustible with Closed Eaves, Tem- 21.6+
pered Windows 1.0
20 e-€ 20 0 Noncombustible with Closed Eaves, Tem- 56.6 +
pered Windows 1.1
21 e-p 20 45 Combustible and Noncombustible Closed 56.4 +
Eaves, Tempered Windows 1.2
22 e-a 30 45 Combustible and Noncombustible Closed 60.2 +
Eaves, Tempered Windows 1.4
23 Y 20 45 Noncombustible with Closed Eaves, Tem- 599+
pered Windows 1.2

The letter codes for shed and sensor configuration are described in the Supplementary Material

See Table 2
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Appendix B

Sensitivity to Time Window

The proposed framework builds on the methodology described in Himoto [57], which mod-
els fire spread as the probability that external heating (H) exceeds the resistance (R) of
nearby structures. Due to variability in heating and construction, fully capturing this behav-
ior in real fires is impractical. The main challenge is identifying statistically and physically
meaningful variables for H and R with common units that allow direct comparison and sup-
port the development of vulnerability curves at both component and system levels, similar
to those used for wind, earthquake, and tsunami design [70-72].

As with wind design standards, where the United States uses a three second gust, Japan
a ten minute average, and Australia a 0.2 second peak gust [73, 74], there is likely no single
universal metric for characterizing material response to external heating from large outdoor
fires. The probabilistic framework integrates the heat flux signal over a finite time window
to calculate energy fluence. Selecting an appropriate window length is critical: if it is too
short, brief high flux spikes dominate; if too long, meaningful transients become diluted,
masking materials with lower thermal inertia.

Most engineering models assume uniform or idealized heating, with some incorporating
linear or exponential heat flux profiles. Among these, a linearly increasing heat flux is often
the most practical approximation of real fire behavior, balancing realism with computational
and conceptual simplicity. This assumption and its related mathematical treatment are dis-
cussed further in Reszka et al. [75].

The temperature distribution, 6 (z, t), in semi-infinite solids, a common assumption for
building materials [55, 57], is governed by:

09 (z,t) a629(m, t)

ot Ox?

where « is the thermal diffusivity of the material, and 6 (z,t) =T (x,t) — T'. For a
semi-infinite solid exposed to a linearly increasing heat flux, with no loss and an initial
uniform temperature, the boundary and initial conditions are:

Gpet () = mt; 0 (z,t) = 0, 2 = o0; 0 (,0) = T;

The expression for the time to ignition under these conditions is presented in Reszka et
al. [75], and with some algebraic substitutions and manipulations, the closed-form solution
for this equation becomes:

i %3
3v/miq (kpcy) /2

4m
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Table 3 Thermal response time Ramp rate Window Plywood  PVC Fiber ce-
(sec) of materials to reach the (W/m?:s) glass pane  (300- (115- ment boards
average mentioned failure tem- (93-265°C)  365°C) 245°C)*  (>400°C)
perature range in seconds (failure [77] [78] [79] [80]
tlme)ofrom initial temperature 1000 49.5 5.4 194 33.9
of 20°C
2000 31.2 16 12.2 21.3
3000 23.8 12.2 9.3 16.3
fherma) properties ave laken 4000 19.6 10.1 7.7 133
lirt‘:gr'y[ J & UL-FSRImaterial = 4o, 16.9 8.6 6.6 1.6
*Depending on the size and 6000 15 78 39 10.3
perfection of the crystallites 7000 13.5 6.9 5.3 9.2

where k is the thermal conductivity, p is the density, c,, is the specific heat (numerical
values can be found in Himoto [57], 0 is the ignition temperature, and m is the heating ramp
rate.

Heat ramps were calculated in all tests from the heat flux curves. The 75th percentile
ranged from -2 kW m™ s to 7 kW m™ s7!, with most values between 0.9 kW m™ s and
7 kW m? s™!. Using the positive ramp range, estimated times to reach failure temperatures
for target materials are presented in Table 3. Although the exact failure times vary among
materials, the key finding is that nominal thermal response times fall between instantaneous
heating and the full burn duration, depending on the applied heat-flux ramp rate, consistent
with the trends shown in Figure 10.

A 10 second window, approximately the median value from Table 3, was used in this
study, but the framework remains robust across reasonable time variations. Long integration
windows greater than 100 seconds can obscure critical fluctuations by averaging transient
fire behavior, often missing intermediate damage and emphasizing late stage heat transfer.
They also group a wide range of values into single bins, introducing discontinuities and
reducing the reliability of probability density fitting. Shorter windows avoid this but have
their own limitations. Brief, high intensity spikes from intermittent flame contact (Figure
10) in Envelope damage tests do not cause failure yet disproportionately shift the statistical
distribution to the right. While short windows are not invalid, their correlation with damage
is less reliable when fluence is treated as an independent random variable. In this study, it
was not necessary to incorporate heating history beyond the building’s characteristic ther-
mal response time, as the probabilistic framework produced stable results using the 10-sec-
ond fluence. Nonetheless, the concept of effective fluence, which accounts for cumulative
heating through an exponential memory term, is discussed in the Supplemental Materials-I
as an extension for more variable or gust-driven conditions. Supplemental Materials-I also
presents a sensitivity analysis of fluence duration, showing that variations in integration
window length influence the resulting probabilities by less than 5%, with detailed damage
distributions summarized in Table S4.

Supplementary Information The online version contains supplementary material available at https://doi.org
/10.1007/s10694-025-01854-3.
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