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ABSTRACT 

 

 Wildfires that spread into communities, referred to as Wildland-Urban Interface (WUI) fires, have 

destroyed communities throughout the world.  Large outdoor fires in Japan mainly occur due to post-

earthquake fires, which result in severe urban fires.  Firebrand ignition of structures is a major factor in 

WUI and urban fire spread.  Without standard laboratory test methods, it is impossible to evaluate and 

compare the performance of different building elements and/or vegetative fuels ability to resist firebrand 

ignition.  Before such test standards are developed, detailed full-scale experiments that systematically 

evaluate individual building component vulnerabilities to ignition by firebrand showers are required.  It is 

critical to understand full-scale assembly performance when exposed to firebrand showers since weak 

points in a given assembly can be investigated.  In turn, this will lead to determining the necessary 

configuration of building component mock-ups that can be used in standard laboratory test methods.  As 

wind is a critical component required to transport firebrand showers observed in large outdoor fires, and 

wind plays a major role in whether ignition is observed, full-scale experiments must be able to consider the 

influence of an applied wind field to understand such ignition vulnerabilities.  The basis of this paper is to 

present a comparison of ignition results from full-scale roofing assembly experiments, to mockups using 

the recently developed experimental capability at National Research Institute of Fire and Disaster 

(NRIFD).  The development of more ignition resistant structures in large outdoor fires, not only WUI fires, 

but urban fires in Japan, will greatly benefit fire services as it is envisioned that firefighting resources may 

be better used to battle such fires, since the number of structure ignitions may be reduced significantly.    
 

INTRODUCTION 

 

 Wildland-Urban Interface (WUI) fires have become a problem of great concern worldwide.   Japan 

does not have a specific problem of fires spreading from the wildlands to communities, such as the WUI 

fire problem [1].  After large earthquakes in Japan, many fires may simultaneously occur, leading to severe 

fire spread within urban areas [1]. Once a wildland fire researches a community and ignites structures, 

structure-structure fire spread via firebrand generation occurs in the same manner as in post-earthquake 

fires [1]. 

 

Post-fire studies have identified firebrands as a significant source of structure ignition in both WUI and 
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urban fires [2].  The dynamic process of multiple wind-driven firebrands landing and then being 

transported under non-combustible tiles/gaps as a function of time is not considered in current roofing 

assembly test standards [2].  Manzello et al. [3] revealed the vulnerabilities of curved ceramic tile roofing 

(Spanish tile roofing) assemblies to ignition under a controlled wind-driven firebrand attack using the 

NIST Firebrand Generator.  The interested reader is referred elsewhere to a comprehensive overview of 

recent wind-driven firebrand research [3]. 

 

With many wildland fires propagated by wind-driven firebrands, the resistance of building elements to 

wind-driven firebrands has become a topic of great interest worldwide as evidenced by papers submitted on 

this topic from all over the world to the first ever Special Issue devoted to WUI fires in the fire safety 

science archival literature, as well as a recent ASTM International Workshop on this topic [4-5].  As part of 

an industrial collaboration with NIST and the Tile Roofing Institute (TRI) in partnership with the Roofing 

Tile Institute of Australia (RTAA), concrete tile roofing assemblies (flat and profiled tile) as well as 

terracotta tile roofing assemblies (flat and profiled tile) commonly used in the USA, Australia, and 

elsewhere, were exposed to wind-driven firebrand showers [6].  The results demonstrated that firebrands 

penetrated between the tile gaps and melted the sarking material (see [6] for details of sarking) for both 

types of concrete tile roofing assemblies (flat and profiled tile) and the profiled tile terracotta roofing 

assembly when exposed to wind-driven firebrands.  These experiments used the original NIST batch feed 

firebrand generator, and therefore the duration of the firebrand exposure was limited to around 6 min [6].  

This original batch feed device was used because: (1) industry was interested in a direct comparison to the 

experiment protocols used for the Spanish tile roofing assemblies, (2) the batch-feed version of the 

Firebrand Generator was far less expensive to operate and provided a simple cost-effective tool to 

determine if further work was required (i.e. if firebrand penetration and melting of sarking occurred).  

 

Standard laboratory test methods are required to evaluate/compare the performance of various roofing 

assemblies to resist firebrand ignition.  Before such test standards are developed, detailed full-scale 

experiments that systematically evaluate roofing assembly vulnerabilities to ignition by firebrand showers 

are required.  It is necessary to understand full-scale assembly performance when exposed to firebrand 

showers since weak points in a given assembly can be investigated.  In turn, this will guide the necessary 

configuration of roofing assembly mock-ups that can be used in standard laboratory test methods. 

 

The objective of the present investigation was to: (1) observe the full-scale performance of tile roofing 

assemblies exposed to continuous firebrand showers for wind speeds of 6 m/s and 9 m/s, described in 

detail in [7], and (2) use those results to guide experiments using mock-ups of full-scale roofing assemblies 

using a recently developed reduced-scale experimental facility developed to study firebrand ignition.  The 

overall goal was to determine if similar firebrand penetration vulnerabilities were observed for reduced 

sized experiments. A brief summary of these comparisons were presented at a Japanese conference; this 

paper provides a detailed summary to the international fire safety science community [8]. 

 

EXPERIMENTAL DESCRIPTION 

 

Full-Scale Experiments at the Fire Research Wind Tunnel Facility (FRWTF) 

 

 Complete details of the full-scale roofing assembly experiments are described elsewhere [7].  

However, a brief overview is provided here in order for the reader to possess the requisite understanding 

necessary to follow the comparison to experiments using the reduced-scale experimental facility below. 

 

To generate firebrand showers the full-scale Continuous Feed Firebrand Generator was used.  The 

description differs from descriptions available elsewhere [9-10] since the feeding system was redesigned to 

be able to generate firebrand size and mass distributions using larger wood chips in an effort to produce a 

wider range of exposure conditions; reasons for this are provided below.  The device consisted of two 

parts: the main body and continuous feeding component. The main body of the generator was the same as 

prior investigations (Dragon component); the feeding system was modified. The feeding system was 

connected to the main body and was equipped with two gates to prevent fire spread (described in more 



detail below).  A blower was connected to the main body and the purpose of the blower is described below. 

 A major challenge when constructing this device was designing a completely contained feeding system 

shielded from the wind tunnel flow.   

 

The feeding system consisted of a pneumatic cylinder coupled to a cylindrical container where wood pieces 

were stored (see Figure 1).  Below the wood storage area, a plate was installed that allowed variation in the 

volume of wood to fall from the storage area to the first gate.  This volume was set precisely to allow a 

specific mass of firebrands to fall into this volume.  When the air pressure was applied, the sliding rod of 

the pneumatic cylinder moved forward and separated the wood pieces from the storage area to the first 

gate, where they were then dropped into the second gate that leads to the Dragon where they are ignited 

(see Figure 1).  Care was taken to select the pneumatic cylinder (15 cm bore with 17.8 cm stroke; 

maximum pressure of 1.7 MPa and maximum load of 12 kN; this is about 4 times more force than our 

previous device of 3.1 kN; see [9-10]); smaller sized pneumatic cylinders were observed to be unable to cut 

through the wood and would jam.  The gate system was required to contain the fire from spreading from 

the Dragon to the feed system and each gate was driven by pneumatic cylinders as well.   

 

Figure 1 Schematic of full-scale continuous feed firebrand generator. Wood chips are shown. 

 
 

 

 

 

 

 

 

 

 

 

For all tests, Japanese Cypress wood chips were used to produce firebrands (see Figure 1).  These were 

provided from a supplier and upon arrival, these chips were filtered using a 1 cm mesh to remove very fine 

wood pieces that settled during the shipping process.  The chips were also oven dried, as they were shipped 

under wet conditions; nominal moisture content greater than 70 % on a dry basis. The size of wood pieces 

1 cm 



were selected to produce firebrands with larger projected area at a specific mass than our prior studies 

using continuous firebrand generation [9-10].  An important characteristic of our prior studies was that the 

firebrand size and mass produced using was tailored to those measured from full-scale tree burns, and 

actual WUI fires [9-10].  It is clear that more data is needed for firebrand size/mass distributions from 

various types of vegetation, structures, and actual WUI and urban fires [9]. The authors have begun to 

develop a database of firebrand production from burning structures/structure components.  This paper is 

the first attempt to generate firebrand showers with size and mass commensurate to distributions in this 

structure firebrand data set.  Additional details are provided in the results section below. 

 

As in prior experiments using the NIST Dragon, the new experimental device was installed inside the test 

section of BRI’s Fire Research Wind Tunnel Facility (FRWTF).  The facility was equipped with a 4 m 

diameter fan to produce the wind field.  The cross section of the FRWTF is 5 m wide by 4 m high.   

 

The roofing assemblies were placed at a distance of 2 m downstream of the full-scale Continuous Feed 

Firebrand Generator.  Assemblies located at this distance are known to receive an intense flux of firebrands 

from the Dragon and allow for direct comparison of all prior roofing studies [6, 11].  A custom assembly 

was constructed to mount the roofing assemblies.  In these experiments, USA construction details were 

followed.  The Tile Roofing Institute design manual was followed for all tile roofing assemblies; counter-

battens were used for all tile roofing assemblies in this study [7]. 

 

In the case of the tile roofing assemblies, the base frame was constructed of 2 x 6 boards, and was lined 

with oriented strand board (OSB).  The OSB was not oven dried; nominally 11 % MC.  Felt underlayment 

(No. 30 felt) was applied on top of the OSB sheathing and the wood batten spacing was adjusted 

depending on the type of ceramic or terracotta tile roofing assembly being tested.  Three types of tile 

roofing assemblies were used, including two concrete tile roofing assemblies (flat and profiled tiles) as well 

as one terracotta tile roofing assemblies (flat tiles).  A 25 degree pitch (commonly found in practice) was 

used for all the roofing assemblies for direction comparison to prior work [6, 11].  The overall dimensions 

of each roof assembly were 1.2 m by 1. 2 m.   
 

Reduced-Scale Experimental Facility 

 

A reduced-scale continuous-feed firebrand generator was used to generate firebrand showers.  This 

reduced-scale continuous-feed firebrand generator consisted of two parts; the main body and continuous 

feeding component (see Figure 2). The feeding part was connected to the main body and had two gates to 

prevent fire spread. Each gate was opened and closed alternatively. The efficacy of a smaller sized 

firebrand generator to develop continuous firebrand showers has been described in detail elsewhere [12].  

A conveyor was used to feed wood pieces continuously into the device. For all tests, Japanese Cypress 

wood chips were used to produce firebrands.  These same size wood pieces were used in the full-scale 

roofing assembly study and have been shown to be within projected area/mass of burning structures [7].  

Specifics of the wood feeding rate are provided below. 
 

As the base of the fan used to generate the wind field is located 1.6 m from the floor, the conveyor was 

placed under a custom stage designed for experiments when using the National Research Institute of Fire 

and Disaster’s (NRIFD) wind facility (see Figure 3).  The flow field was measured to be within ± 10 % 

over a cross-section of 2.0 m by 2.0 m. 

 

Experiments were conducted for two types of concrete tile roofing assemblies (flat and profiled), and one 

type of terracotta tile roofing assembly (flat). The dimensions of these mock-ups were half the size of the 

full-scale roofing assembly experiments: 0.6 m (W) and 1. 2 m (L) for the concrete roofing assemblies (flat 

and profiled), and 0.46 m (W) and 1.2 (L) for the terracotta tile roofing assembly (flat).  For all tile roofing 

assemblies, the base frame was constructed of 2 x 4 boards, and was lined with oriented strand board 

(OSB) sheathing.  The OSB was not oven dried; nominally 11 % MC.  Felt underlayment (No. 30 felt) was 

applied on top of the OSB sheathing and the wood batten spacing was adjusted depending on the type of 

ceramic or terracotta tile roofing assembly being tested.   



 

Figure 2 Schematic of reduced-scale continuous feed firebrand generator (front view). 

 
Figure 3 Picture of experimental facility (side view). The stage dimensions were 5.5 m wide, 6.4 m 

long, with a height of 1.6 m. 
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RESULTS AND DISCUSSION 

 

Full-Scale Roofing Assemblies 

 

 The feeding rate was varied to determine the optimal conditions for continuous firebrand showers. 

Based on prior work, a wood mass loading 150 g to 200 g every 15 s resulted in adequate firebrand 

generation [9-10].  In these experiments, 170 g ± 30 g, fed into the Dragon every 15 s provided an 

adequate firebrand generation rate to ignite building materials.  A supply of 170 g corresponded to 

approximately 560 wood pieces deposited every 15 s.  The number flux (number of firebrands 

generated/m2s), at the exit of the device, was measured at a feeding rate of 170 g every 15 s (680 g/min).  

To determine the number flux, the number of firebrands was counted at every frame of the video recording, 

and summed every second.  Based on the analysis, the number flux reached a steady value of 533/m2s 150 

s after feeding began.  The first firebrands began to be generated ~ 20 s after feeding was commenced [7]. 

 

Mass flux data (mass of firebrands generated/m2s) were calculated by multiplying the number flux and the 

average mass of each firebrand at a feed rate of 170g every 15 s. To measure the firebrand mass, another 

set of experiments was conducted using a series of water pans placed downstream of the NIST full-scale 

Continuous Feed Firebrand Generator. Water pans were required in order to quench combustion of the 

firebrands. If the water pans were not used, the firebrands would continue to burn and by the time 

collection was completed; only ash would remain.  After the experiment was finished, the pans were 

collected and the firebrands were filtered from the water, using a series of fine-mesh filters.  Firebrands 

were dried in an oven, at 104 °C, for 16 h.  As in previous work, the mass versus drying time was 

monitored to determine the duration needed to completely dry the firebrands.   

 

Figure 4 displays the projected area of the generated firebrands at 6 m/s.  Image analysis software was 

used to determine the projected area of a firebrand by converting the pixel area using an appropriate scale 

factor. It was assumed that deposited firebrands would rest flat on the ground and the projected areas with 

the maximum dimension and the second maximum dimension of three dimensions were measured (for 

cylindrical and flat shaped firebrands respectively). Images of well-defined shapes (e.g. circular objects) 

were used to determine the ability of the image analysis method to calculate the projected area [7]. Based 

on repeat measurements of different areas, the standard uncertainty in determining the projected area was ± 

10 %.  The mass of each firebrand was measured by a precision balance with 0.001 g resolution. Repeat 

measurements of known calibration masses were measured by the balance which was used for the firebrand 

mass analysis. The standard uncertainty in the firebrand mass was approximately ± 1 %.  The mean mass 

and standard deviation of each firebrand were obtained and observed to be 0.03 g ± 0.02 g.  Therefore, the 

mass flux of generated firebrands was calculated to be 16 g/m2s [7]. 

 

It is important to note that all the generated firebrands that depart the mouth of the Dragon do not land on 

the surface of the roofing assemblies [6].  The average total firebrand mass flux arriving at the roofing 

assembly was estimated from video records to be 0.3 g/m2s.  Approximately 35 % of the firebrand mass 

generated from the Dragon arrived at the roofing assembly surface.  It is of interest to note that that the 

arrival mass of flux of firebrands to the roofing assemblies was the same with prior work using the batch-

feed Dragon [6].  Even though the mass flux departing the Dragon’s mouth was higher than the previous 

batch-feed study (16 g/m2s versus 10 g/m2s for the batch-feed device), less firebrands arrived at the roof 

surface due to the overall larger projected area of the firebrands; such counter-balance produced the same 

arrival mass flux at the roofing assembly for both studies. 

 

For both types of concrete tiles (flat and profiled), as well as the terracotta (flat) roofing assembly, 

firebrands were observed to accumulate in the gaps of the tiles.  The firebrands continued to burn until they 

were able to penetrate the tile gaps and pass onto the underlayment/counter-batten system.  In all tiles that 

were experimented upon, the most severe penetration occurred in the field of the roofing assembly, not at 

the leading edge.   

 

 



Figure 4 Size and mass distribution of generated firebrands for full-scale and reduced-scale firebrand 

generators (comparison at 6 m/s). 
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Figure 5 The number of firebrands that penetrated the tile roofing assemblies as a function of applied 

wind speed (20 min firebrand exposure; data from Suzuki et al. [7]). 
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To attempt to quantify the degree of penetration, the number of firebrands that penetrated the tiles, and 

deposited onto the underlayment/counter-batten system was counted as function of wind speed for each tile 

roofing assembly.  These results are shown in Figure 5.  As can be seen, the terracotta tiles (flat), resulted 

in the most firebrand penetration.  Firebrand penetration resulted in smoldering ignition of the counter-

batten system but a transition to flaming ignition was not observed.   

 

The concrete tiles (profiled) were the most sensitive to the amount of penetration as a function of wind 

speed. At the lower wind speed of 6 m/s, more firebrands were able to accumulate at the tile gaps (see 

Figure 5), which led to more firebrands being able to penetrate the tile gaps.  Naturally, profiled tiles were 

more sensitive to this behavior, due to the raised profile. 

 

Mock-ups of Full-Scale Roofing Assemblies 

 

As indicated, a conveyor was used to feed wood pieces continuously into the device. The conveyor 

belt was operated at 1.0 cm/s, and wood pieces were put on the conveyor belt at 12.5 cm intervals.  The 

wood feed rate was fixed at 80 g/min, near the upper limit of reduced-scale firebrand generator.  These 

same size wood pieces were used in the full-scale roofing assembly study.  Figure 4 displays the projected 

area of the generated firebrands at 6 m/s using the same analysis methods described for the full-scale 

continuous feed firebrand generator (see above). 

 

Figure 6 shows three different types of tile roofing assembly mock-ups experimented with, and Figures 7-

8 are typical photos of experiments. Similar to the full-scale experiments, the duration of the firebrand flux 

was fixed at 20 minutes and the wind speed was varied from 6 m/s to 9 m/s.  For both types of concrete 

tiles (flat and profiled), as well as the terracotta (flat) roofing assembly, firebrands were observed to 

accumulate in the gaps of the tiles.  The firebrands continued to burn until they were able to penetrate the 

tile gaps and pass onto the underlayment/counter-batten system.  In all tiles that were experimented upon, 

the most severe penetration occurred in the field of the roofing assembly, not at the leading edge.   

 

Figure 6 Three different types of tile roofing assembly mock-ups experimented used.  In each case, 

these are half the size of the full-scale roofing assemblies described above. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To attempt to quantify the degree of penetration, the number of firebrands that penetrated the tiles, and 

deposited onto the underlayment/counter-batten system was counted as function of wind speed for each tile 

roofing assembly.  These results are shown in Figure 9.  As can be seen, the terracotta tiles (flat), resulted 

in the most firebrand penetration.  Firebrand penetration resulted in smoldering ignition of the counter-

batten system but a transition to flaming ignition was not observed in any experiments (see Figure 10). 

 

Concrete Tile (profiled) 

0.6 m by 1.2 m 

Concrete Tile (flat) 
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Figure 7 Concrete tile (profiled) roofing assembly exposed to firebrand showers at 6 m/s.  The height 

of the firebrand generator was 68 cm from the base of the stage.  The distance from the firebrand 

generator to the leading edge of roofing assembly was 0.5 m.  Significant firebrand arrival occurred at 

this generator-roof distance. 

 

 
 

 

Figure 8 Concrete tile (flat) roofing assembly exposed to firebrand showers at 6 m/s.  The height of the 

firebrand generator was 68 cm from the base of the stage.  The distance from the firebrand generator to 

the leading edge of roofing assembly was 0.5 m.  Significant firebrand arrival occurred at this 

generator-roof distance. 

 

 
 

 

 



Figure 9 The number of firebrands that penetrated the tile roofing assemblies as a function of applied 

wind speed (20 min firebrand exposure).  Firebrands were counted after the tiles were removed. 
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Figure 10 The Terracotta tile (flat) roofing assembly exposed to firebrand showers at 6 m/s.  20 min 

firebrand exposure. Smoldering ignition of battens - no transition to flaming ignition observed.  The 

batten ignition is circled as are the firebrands that penetrated the tiles. 
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The total number of firebrands that penetrated the roofing section mock-ups was considerably less than the 

full-scale experiments. This was expected since the feeding rate of wood chips was 80 g/min, or 8.5 times 

less than the full-scale experiments.  To further understand these differences, the arrival number flux of 

firebrands was compared between the full-scale experiments to the mock-up roofing assemblies.  In the 

case of the full-scale roofing experiments, the average arrival number flux was 10 /m2s as compared to 7 

/m2s for the mock-ups.  It is natural that overall less firebrand penetration (total number) was observed for 

the mock-up roofing assemblies since: (1) less firebrands actually arrive, and (2) once they arrive, there are 

less tile gaps for the firebrands to penetrate. 

 

SUMMARY 

 

These experiments have demonstrated that similar firebrand penetration behavior/trends were 

observed for mock-ups of full-scale roofing assemblies, as compared to experiments where full-scale 

roofing assemblies were used, all under similar wind speeds.  At the same time, the penetration data will 

serve as part of database of roofing assembly performance to continuous firebrand exposure. 

 

In this work, the total exposure time of firebrand showers was selected to be 20 min, about three times 

longer than was possible using prior bath-feed firebrand generators. Naturally, a representative time for 

firebrand exposure depends on many factors in actual large outdoor fires, such as WUI and urban fires. It is 

believed that different durations of firebrand exposure could serve as the basis for a rating system for use in 

standard test methods for roofing assembly performance.  In particular quantifying firebrand exposure from 

actual WUI and urban fires is required to determine representative firebrand exposure duration, and these 

will be helpful to provide bounds of exposure severity to wind-driven firebrand showers. This premise is 

analogous to what is currently done for various fire safety test methods (i.e. Class A assembly indicates 

most ignition resistant). 
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