
http://dx.doi.org/10.14195/978-989-26-0884-6_76  Chapter 3 - Fire Management 

 

 Advances in Forest Fire Research – Page 673 

 

ψuТldТng vulnОrabТlТtТОs to ПТrОs at tСО wТldland urban ТntОrПacО 

João Laranjeiraa, Helena Cruzb 

 
a Coimbra, Portugal, joaopslaranjeira@gmail.com  
b Laboratório Nacional de Engenharia Civil (LNEC), Av. do Brasil 101, 1700-066, Lisboa, Portugal, 

helenacruz@lnec.pt  

 

Abstract 
Fires on the Wildland Urban Interface (WUI) have caused significant loss of life and colossal property and 

natural environment damages in numerous countries around the world. The solutions to mitigate this fire 

problem are complex, as it results from the fuel source changes from vegetation to structural materials in a fire-

prone environment and it involves the interaction of several factors that act synergistically to increase the 

frequency of fires with severe potential destruction. In order to understand how and why buildings are damaged 

and destroyed under wildland fire attack, several surveys following historical large scale fire events, which 

resulted in significant building damages and/or losses, have been conducted worldwide. This paper aims to 

review and analyse the main characteristics of buildings and other structures that contributed to their 

vulnerability during fires at the WUI, based on the analysis of several post fire studies developed in Australia, 

United States of America and Mediterranean Europe (particularly Portugal, Spain, Greece). The different 

building traditions between the selected countries are discussed, as long as they affect building vulnerability to 

fires. 
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 Introduction 

 

Fires on the Wildland Urban Interface (WUI) have caused significant loss of life and colossal property 

and natural environment damages in numerous countries around the world. Table 1 shows some of the 

worst wildland fire events that, recently, reached WUI areas in Australia, United States of America 

(U.S.A.) and Mediterranean Europe (particularly Portugal, Spain, Greece). 

Table 1. Some recent wildland urban interface fires and side effects in Australia, United States of America (U.S.A.), 

Spain, Greece and Portugal (adapted from Xanthopoulos et al., 2003; Cohen, 2008; CAL FIRE, 2009; Viegas et al., 

2009; Galiana-Martín, 2011; Viegas et al., 2011; Tedim et al., 2012; Trindade et al., 2012; Infoplease, 2014) 

Year Country Localization Mortal victims Burned houses Burned area (ha) 

2001 
Australia New South Wales without data 121 3 000 000 

Greece Northern Attica without data without data 3 397 

2002 U.S.A. 
Lake George, Colorado without data 132 without data 

Heber-Overgaard, Arizona without data 426 468 638 

2003 

Australia Australian Capital Territory (ACT) 4 519 1 300 000 

Portugal 

Monchique Sierra and Silves 1 28 32 700 

Mação 17 12 21 869 

Mafra without data without data 2 891 

Spain Catalonia 5 without data 6 287 

U.S.A. 
Summerhaven, Arizona without data 340 without data 

Southern California 22 3 400 320 000 

2005 

Greece Attica without data 150 1 000 

Portugal Coimbra 18 without data 9 000 

Spain Guadalajara without data without data 12 000 
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2006 

Portugal Famalicão da Serra 6 without data without data 

Spain Galicia 4 without data 80 000 

U.S.A. Texas and Oklahoma 11 723 238 000 

2007 

Greece Artemida 78 3 000 270 000 

Spain Canary Islands without data without data 37 285 

U.S.A. Southern California 17 3 069 210 000 

2009 
Australia Victoria 173 3 500 450 000 

U.S.A. Southern California 2 209 64 983  

2010 U.S.A. Fourmile Canyon, Colorado without data 161 6 181 

2011 U.S.A. Texas  2 1 709 32 000 

2012 U.S.A. Colorado 6 946 262 947 

2013 U.S.A. Toulumne, California without data 112 257 314 

 

The solutions to mitigate this fire problem are complex (Kyle et al., 2008), as it results from the fuel 

source changes from vegetation to structural materials in a fire-prone environment, since the fire 

travels from a wildland area to a rural, peri-urban and/or urban area which borders the wildland area. 

Moreover, the fire spread in a WUI area involves the interaction of several factors (such as topography, 

weather conditions, human behaviour, besides vegetation and building fuels), that act synergistically 

to increase the frequency of fires with severe fire behaviour and potential destruction (Cohen, 2008; 

Maranghides and Mell, 2009). 

In geographical locations with potential fire risk (e.g. rugged topography), the combination of 

prolonged drought conditions and particular strong winds, as a result of climate change, leave 

vegetation particularly vulnerable. Combination of these facts with an increasing number and extent 

of WUI areas, often leads to fuel accumulation that create conditions that are beyond the fire 

suppression capacity of any firefighting mechanism (Xanthopoulos et al., 2011). 

The most effective ways to improve fire safety are preventive actions (White and Dietenberger, 2010). 

The knowledge of the critical aspects that make buildings and other structures vulnerable to fires in 

WUI areas is crucial to reduce or eliminate the risks of ignition, leading to the reduction of their 

potential losses during fire events (Manzello, 2014). 

In order to understand how and why buildings are damaged and destroyed under wildland fire attack, 

several surveys following historical large scale fire events, which resulted in significant building 

damages and/or losses, have been conducted worldwide. However, despite these efforts, more should 

be done to understand the structure ignition potential during fires at the WUI since this problem is 

getting increasingly worse (Maranghides and Mell, 2009; Manzello, 2014). 

This paper aims to review and analyse the main characteristics of buildings and other structures that 

contributed to their vulnerability during fires at the WUI, based on the analysis of several post-fire 

studies. In order to carry out this study, some of the post-fire studies developed in Australia, U.S.A. 

and Mediterranean Europe (particularly Portugal, Spain, Greece) were analysed since these countries 

have extensive WUI areas with severe fire-prone environments (Xanthopoulos et al., 2011), which 

resulted in some of the worst fire events in the WUI (Table 1). Moreover, Australia and the U.S.A. 

have large experience and knowledge in the analysis of fire occurrences (Viegas et al., 2012) and 

learning from the examples in other parts of the world is of great value. 

 

 Building vulnerabilities 

 

 Fire attack mechanisms 

During a fire in the Wildland Urban Interface (WUI), buildings may be a fuel source to initial ignition 

and to the potential for flame-spread. Moreover, some of the components of the building envelope may 

allow fire penetration into it, and consequently, the ignition of materials inside it. 

The main characteristics of a building (and other structures) in the WUI that can significantly 

contribute to its vulnerability under wildland fire attack are its material characteristics (i.e. 
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combustible, non-combustible, fire resistant), design features and details of its different parts and the 

openings or weak points in the building envelope. Furthermore, the susceptibility to ignition of the 

ОlОmОnts Тn tСО buТldТng’s ТmmОdТatО surroundТng may also ТnПluОncО tСО rТsk oП ОxposurО tСat a 
building experience during a fire event. 

Post-fire studies have shown that several fire spread mechanisms may be responsible for ignition and 

propagation of wildland fires into the WUI, as buildings and their immediate surroundings may be 

exposed to firebrands, radiant heat, and/or flame contact, resulting in building damage or destruction. 

Firebrands (or embers, or burning debris) may be produced by vegetation of the type that supports fire 

front spread and/or by the fuel load of other sources from the rural, peri-urban or urban setting. As 

firebrands can be carried by winds and by convective air rising off the fire front (Fairbanks and 

Ingalsbee, 2006), they can be transported ahead of the main fire, creating spot fires in the building 

surrounding close to the building envelope, and even inside the building by entering into it through 

openings or weak points. As an example, during the 2005 Coimbra fire (Portugal), firebrands (from 

the main fire front) crossed Mondego river and caused several spot fires inside the urban area (Viegas 

et al., 2011). 

The risk from firebrands attack is complex, as it depends on the vulnerability of the building , as well 

as from several other factors, such as firebrands quality (i.e. configuration, size), amount and type 

(source), distance from source, and the duration of the attack (Leonard and Bowditch, 2003; Victorian 

Bushfires Royal Commission (VBRC), 2009). Furthermore, weather conditions play a relevant role in 

firebrands propagation (Foote et al., 2011), particularly wind conditions, as it affects firebrands 

generation, transport, and landing (Koo et al., 2010). Despite the complexity of this fire spread 

mechanism, it is well understood that firebrands is the most predominant cause of ignition and loss of 

buildings during fire events at the WUI (Maranghides and Mell, 2009; VBRC, 2009), mainly as this 

type of attack may occur before, during and after a fire front has passed (Blanchi and Leonard, 2005). 

While firebrands offer a discontinuous fire spread mechanism, radiant heat exposure and flame contact 

are continuous ones, originated from the fire front spread and/or from any combustible elements in 

building surrounding (VBRC, 2009; Potter and Leonard, 2010). As a result, the external building 

elements may be ignited or radiant heat and/or flame contact may act on the building envelope until a 

weak point of it opens up, allowing firebrands’ Оntry Тnto tСО buТldТng and tСО ТgnТtТon oП buТldТng 
contents (Potter and Leonard, 2010). Radiant heat and flames present a risk based on the level of 

radiant heat exposure, the time over which this exposure occurs, as well as on the building vulnerability 

under attack (Leonard et al., 2009). 

In the following sections, the main characteristics of buildings (and other structures) and the elements 

in their immediate surroundings, that contributed significantly to their vulnerability during past fire 

events, are reviewed and analysed. The different building traditions between the selected countries are 

discussed, as long as they affect building vulnerability to fires. 

 

 Building construction materials 

The material characteristics (i.e. combustible, non-combustible, fire resistant) used in buildings 

construction (and in other structures) influence the ignition of their external and internal components, 

depending on the material ability to support localised flame development (i.e. material reaction to fire), 

which may be initiated by firebrands attack, radiant heat exposure and/or flame contact. 

In the U.S.A. most buildings are traditionally made with timber (a combustible material). Particularly, 

for exterior wall cladding, wood or wood based products (such as plywood or oriented strand board) 

are commonly used, as well as vinyl or other plastics (also combustible materials) (Quarles et al., 

2010). 

In Australia, building construction traditions changed over years. Early in the 20th Century, with the 

population growth in coastal areas, traditional buildings (particularly in Queensland) were constructed 

of timber with a corrugated iron roofing, large verandas all around, and were elevated on stumps above 

the ground (Xanthopoulos et al., 2011). From the 1930's, in Australian cities (Melbourne, Sydney, 
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Brisbane), particularly where termites existed, instead of timber (as it is a biological termite-prone 

material) buildings were constructed of brick or corrugated iron, and cladded with plaster lined 

fibrocement or brick veneer (Xanthopoulos et al., 2011). 

Post-fire studies have indicated that there is a clear relationship between timber buildings destruction 

and the severity of fire weather conditions, which is a characteristic of fires in the Wildland Urban 

Interface (WUI), since hot, dry, windy weather dries out timber (hygroscopic material) in the same 

way that it dries out vegetation (VBRC, 2009). Moreover, during the fire event, radiation heat exposure 

from surrounding burning fuels also modifies timber temperature and moisture content (Potter and 

Leonard, 2010). Therefore, in these conditions, timber is more easily ignited. Examination of several 

fire disasters in the WUI revealed that buildings clad with timber or even fibrocement or cellulose 

cement sheet, as well as building walls constructed with mud brick (Leonard et al., 2009), have 

responded significantly worse to wildland fire attack than building walls constructed with bricks (Bell, 

1985; Ramsay et al., 1996; Leonard et al., 2009). 

In regard to roof covering materials, several researches indicated that untreated timber roofing material 

(i.e. without impregnated fire retardant treatments), particularly wooden shake and shingle roofs, were 

a major contributor to buildings destruction in past fire events at the WUI (Foote et al., 1991b; Mitchell 

and Patashnik, 2007; Quarles et al., 2013). It has been reported that firebrands were the dominating 

fire spread mechanism on timber roof combustion (Foote et al., 2011). Furthermore, particularly 

during the 1983 Ash Wednesday fires (in Victoria) and the 1994 New South Wales fires, both in 

Australia, buildings with masonry tiles or steel deck roofs survived more often than those with 

corrugated iron or fibrocement roofs (Ramsay et al., 1996). 

Taking into account material characteristics, particularly of combustible ones that may be used in 

building construction in the U.S.A. and Australia, the ignition of the building envelope (cladding 

and/or roof covering) is a major concern during a fire at the WUI (Xanthopoulos, 2004), as the 

buildings themselves can easily become fuel. As an example, Figure 1a shows a building envelope 

damaged that resulted from the 2007 Grass Valley Fire (Southern California, U.S.A.). On one hand, it 

is visible the burned vinyl cladding and underlayment, as well as the burned timber cladding, which 

according to Cohen and Stratton (2008) resulted from the thermal exposure from the nearby 

buildingand the burned surrounding vegetation. On the other hand, it is visible that the burned 

blackened asphalt shingles in the roof valley resulted from the accumulation of pine needles that 

ignited due to the flames spread up along the building wall (Cohen and Stratton, 2008). 

 

   
a b c 

Figure 1. Influence of the construction materials characteristics on building vulnerabilities to wildland fire threats: a) 

building envelope damage due to the combustible construction materials (U.S.A.) (Cohen and Stratton, 2008); b) 

buildings destruction due to house-to-house fire spread (U.S.A.) (Cohen and Stratton, 2008); and c) building 

destruction due to its combustible contents (Greece) (Xanthopoulos et al., 2011). 

Therefore, the proximity of more buildings means concentration of fuel loads (Xanthopoulos et al., 

2011), thus increasing fire risk propagation. Actually, several field investigations in the U.S.A. 

(Mitchell and Patashnik, 2007; Cohen and Stratton, 2008; Texas A&M Forest Service, 2012; Colorado 
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Springs Fire Department, 2013; Quarles et al., 2013) and Australia (Blanchi and Leonard, 2005; 

Leonard et al., 2009), have evidenced house-to-house fire propagation. This fire spread mechanism 

acts in the following way: during the fire event, some buildings on fire (due to the main fire front or 

firebrands attack) provide radiant heat exposure and flame contact to adjacent buildings and/or on their 

surrounding elements, which in turn ignite adjacent buildings, leading to their destruction (Figure 1b) 

(Leonard et al., 2009). Moreover, the building itself can become a significant firebrands source 

(Blanchi and Leonard, 2005; Texas A&M Forest Service, 2012). Besides material characteristics and 

surrounding elements, the close proximity of buildings and the slope of the terrain also influence this 

fire transfer mechanism (Quarles et al., 2013). In the 2012 Waldo Canyon Fire (Colorado, U.S.A.), 

where buildings in peri-urban or urban neighbourhoods were within 10 meters to each other, fire 

propagated through house-to-house (Mitchell and Patashnik, 2007). 

In Mediterranean Europe (particularly Portugal, Spain, Greece), buildings are mostly built with fire 

resistant materials (Xanthopoulos et al., 2011), such as reinforced concrete frame, bricks, stones, tiled 

roofs. However, timber may be found in specific building elements, such as in roof structures, window 

frames, doors, and others (Xanthopoulos et al., 2003). 

When compared with the reality in the U.S.A. and Australia, a high density of buildings in 

Mediterranean Europe generally entails a reduction of the available fuel loads (Xanthopoulos et al., 

2011) to fire propagation, due to the construction material characteristics used in the building envelope 

components. Notwithstanding this, buildings in Mediterranean Europe have also been damaged or 

destroyed during fires in the WUI, but in most cases, it is a consequence of the ignition of the materials 

inside it, as the fire managed to enter the buildings through openings or breakthrough weak points 

(Figure 1c) (Caballero, 2004; Xanthopoulos et al., 2011). 

Other difference between the analysed countries arise from post-fire studies in the WUI, as while in 

the U.S.A. and Australia, a large number of buildings were destroyed and just a few were damaged 

(VBRC, 2009; Quarles et al., 2013), in Mediterranean Europe, building destruction happens in a 

minimum fraction of the number of buildings threatened by fire (Caballero, 2004). 

 

 Building design features and openings or weak points 

Building design features and details of its different parts play an important role in the survivability of 

a structure during a fire at the Wildland Urban Interface (WUI), since any part of a building envelope 

where firebrands can penetrate and/or accumulate is susceptible to ignition and spread, particularly if 

these building parts are combustible. Some building details are also susceptible to dead vegetation 

accumulation (e.g. pine needles or other vegetation), increasing the available fuel loads and leading to 

firebrands spread, thus threatening nearby combustible building elements. Furthermore, openings or 

weak points in the building envelope entail the ignition of building contents due to the opportunity that 

they may present to firebrands penetration into the building. 

  Exterior subfloor systems elevated on stumps above the ground 

Subfloor systems of buildings that are elevated on stumps above the ground, revealed to be a vulnerable 

part of the building during past fire events in the WUI, particularly to firebrands penetration or even 

accumulation on gaps or crannies (Bell, 1985), as buildings on stumps were more likely to be destroyed 

than buildings constructed on slab on ground (Ramsay et al., 1996; Leonard et al., 2009). Ramsay et 

al. (1996) reported that, along with combustible material characteristics of stumps (i.e. timber unlike 

fire resistant concrete slabs on ground), the use of timber gap-boards to enclose the underfloor space 

of timber and the fibrocement clad buildings appeared to contribute to buildings vulnerability. 

  Windows and external doors 
Windows (either open or closed ones) may be a weak point of the building envelope during a fire at 

the WUI, depending on their components, such as framing material (Fairbanks and Ingalsbee, 2006) 

and their conservation conditions (Blanchi and Leonard, 2005), window sills material (Bell, 1985; 
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Ramsay et al., 1996), shutters material and their conservation conditions (Xanthopoulos et al., 2011), 

and the use of metal fly wire screens (Bell, 1985). Moreover, glass type (Blanchi and Leonard, 2005), 

windows dimension (Ramsay et al., 1996), and/or the number of glass panes (Caballero, 2004; 

Xanthopoulos et al., 2011) may also influence their vulnerability. 

Open windows are reported as to be one of the most common entrance point of firebrands in 

Mediterranean Europe (Xanthopoulos, 2003), which usually ignite nylon curtains, rugs, upholstery, 

polyurethane and/or timber furnishings, all quite common inside Mediterranean homes (Xanthopoulos, 

2004). Besides firebrands attack, nylon curtains may also be exposed to radiant heat from the burning 

surrounding elements (Xanthopoulos, 2003). Vinyl and old timber shutters are examples of radiant 

heat sources, as they have shown to be easily destroyed when threatened by fire (Xanthopoulos et al., 

2011). 

In turn, closed windows are weak points when threatened by flame contact (Blanchi and Leonard, 

2005) or by radiant heat exposure (Bell, 1985; Ramsay et al., 1996) from flame front or burning 

surrounding elements, leading to glass to break, which create an entry point to firebrands into the 

building (Texas A&M Forest Service, 2012). As an example, a survey after the 2003 Canberra fires 

evidenced that some windows were broken or cracked from radiant heat, allowing that curtains were 

heat affected and firebrands entered causing burn marks on carpets (Blanchi and Leonard, 2005). 

However, there were situations where fire resistant windows shutters (e.g. aluminium, steel) that were 

closed (either hinged or roll-down), provided optimum protection to glass, timber frames and sills 

(shutters usually cover window sills). Furthermore, the use of metal fly wire screens on windows seems 

to have protected them during the 1983 Ash Wednesday fires, as windows unprotected were found 

apparently cracked and broken by radiation heat exposure (Bell, 1985). 

Combustible window frames may also contribute to (closed) windows vulnerability, either due to 

timber ignition from firebrands accumulation in the re-entrant corner of the window sill, which 

potentiate glass to break by providing radiant heat exposure and/or flame contact (Blanchi and 

Leonard, 2005), or due to vinyl melt, causing the glass to fall out (Fairbanks and Ingalsbee, 2006), 

allowing firebrands to enter into the building. Combustible window sills may also ignite, contributing 

to window vulnerability (Ramsay et al., 1996). Moreover, gaps around window frames are reported to 

bО common ПТrОbrands’ accumulatТon poТnts, as wОll as around wТndows and ОxtОrnal doors (ψlancСТ 
et al., 2006). 

In the same way, combustible external doors, frames and even their assemblies increase the risk of 

ignition and fire spread, as frequently it was observed in re-entrant corners of timber doors, frames, 

and assemblies, due to firebrands accumulation (Blanchi et al., 2006). Door gaps also present an 

opportunity for firebrand’s Оntry (ψlancСТ et al., 2006). Several post-fire field observations evidenced 

that by screening the external door with non-combustible screen door or using low or non-combustible 

materials in door assembly, it is possible to reduce the vulnerability of this building component 

(Blanchi et al., 2006). 

Window dimensions may also affect their vulnerability (Quarles et al., 2010). After the 1983 Ash 

Wednesday fires (in Victoria) and the 1994 New South Wales fires, field observations reported that 

building destruction increased with the increasing glass area of buildings envelope (Ramsay et al., 

1996). 

Finally, there are examples where single pane windows revealed to be more vulnerable to cracking 

and breaking, than dual pane windows (Caballero, 2004; Xanthopoulos et al., 2011; Colorado Springs 

Fire Department, 2013), such as during the 2011 Texas wildland fire season, where dual pane windows 

helped to stop fire spread, as the first pane was compromised, but the inner pane withstood facture 

(Texas A&M Forest Service, 2012). 

  Vents 
Vents revealed to be particularly vulnerable to firebrands penetration into buildings (Quarles and 

TenWolde, 2004; Texas A&M Forest Service, 2012), specially unscreened ones (Bell, 1985; Blanchi 
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et al., 2006). Actually, they were one of the most common entrance points to firebrands in past fires 

in Mediterranean Europe (Xanthopoulos, 2003). 

Field observations revealed that vents are also vulnerable to flames penetration (i.e. flames from 

burning surrounding elements), both vents located in attics or cathedral ceilings, and in crawl spaces 

under buildings (Quarles and TenWolde, 2004; Quarles et al., 2010). 

As an example, the post-fire survey conducted after the 2003 Southern California Fire (U.S.A.) 

evidenced that several buildings were destroyed due to firebrands and flame penetration through vents 

located under wide roof overhangs (Quarles and TenWolde, 2004). The combustible items that may 

be stored in attics or cathedral ceilings, as well as timber trusses, which are easily ignited, due to the 

lower moisture content (attics or cathedral ceilings tend to be dry spaces) (Quarles et al., 2010), 

increase the available fuel load to fire propagation, leading to building destruction. 

  Roof systems 

A complex roof design, e.g. with intersections between roof and walls (e.g. a dormer) (Quarles et al., 

2013) or geometric features such as valleys or gullies (Blanchi et al., 2006), increases roof 

vulnerability to fire as it provides the accumulation of firebrands or even dead vegetation (e.g. from 

overhanging trees), which may be ignited by firebrands. Actually, roofs with multiple ridges (which 

dictate roof valleys) and gullies appeared to perform fare worse than flat roofs, when threatened by 

firebrands (Blanchi et al., 2006). Furthermore, roof systems contain several components that proved 

to be vulnerable to fire penetration into the building (such as roof covering, edge, overhang, gutters, 

chimneys), depending of their material characteristics, as well as other design features and details of 

its different parts. 

Studies from past fire events at the WUI, particularly in Mediterranean Europe, where tiled roofs are 

quite common, evidenced that while tiled roofs in good shape and clean from dead vegetation protected 

buildings from firebrands penetration, along with their fire resistance characteristics, tiled roofs with 

gaps, dislocated or even broken tiles, that presented a fuel continuity to the building interior 

(Xanthopoulos et al., 2011) (e.g. dead vegetation accumulation), allowed firebrands penetration into 

the building (Xanthopoulos et al., 2003), leading to their destruction. It has been reported that the layer 

of bituminous membrane placed between timber trusses and ceramic tiles (to prevent water leaks), 

ignited quite easily from firebrands attack, setting the roof on fire (Xanthopoulos et al., 2011). 

Moreover, poorly maintained timber trusses revealed to increase ignition easiness (Xanthopoulos et 

al., 2003). 

Ceramic roof tiles are commonly supported by timber trusses in southern Europe but concrete roofs 

covered with ceramic roof tiles may also be found, and past fire events evidenced that the last ones 

performed better to exterior fire threats, than ceramic tiled roofs supported by timber trusses 

(Xanthopoulos et al., 2011). 

Spanish tiles (or curved or Mediterranean style) roofs contributed to building destruction through 

firebrands penetration in the 2003 Southern California Fire, as a result of poor construction, missing 

tiles (which created gaps in the roof covering) and/or dislocated "birdstops" (i.e. cement filler that 

blocks the eave openings under concave tiles limiting firebrands entry (Foote et al., 1991a)) (Mitchell 

and Patashnik, 2007). Moreover, they behaved significantly worse than flat-tile/concrete roofs, as well 

as stone-covered steel roofs (Mitchell and Patashnik, 2007). 

Therefore, tiled roofs can be a weak point to the building envelope, during fires in the WUI, 

particularly when they contain many gaps, typically where the tiles overlap (as tiles rarely fit together 

tightly enough to maintain a less than 2 mm gap (Blanchi and Leonard, 2005)), and at the roof edge 

between the roof covering and the roof sheathing (Quarles et al., 2010). Moreover, gaps can also exist 

at the roof ridge (Quarles et al., 2010), where tiles are dislocated or even broken, creating more gaps. 

Roof overhangs may be another weak point of the roof system during fires at the WUI (with or without 

vents (Quarles et al., 2010)), as combustible soffits can either melt or ignite, leading to firebrands 

penetration into attic spaces (as it appears that has occurred during the 2011 Texas wildland fire season 
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(U.S.A.)) (Texas A&M Forest Service, 2012), or eaves area can accumulate firebrands, or even 

concentrate flames from ignited cladding or burning surrounding vegetation (particularly for open eave 

construction) (Quarles and TenWolde, 2004), leading to eaves ignition. Actually, during the 2009 

Black Saturday Bushfire (Victoria, Australia), eaves were reported to be the part of the building that 

most commonly caught fire in the first place (VBRC, 2009). 

Roof gutters evidenced to be a weak point in the roof system, particularly when filled with dead 

vegetation (Xanthopoulos, 2003; Quarles et al., 2010), as after firebrands ignition (Blanchi et al., 

2006), the flames that may result would provide flame contact to the edge of the roof, particularly to 

fascia boards (Bell, 1985), which after destruction, may lead to flames entry into the attic space 

(Quarles et al., 2010). 

Chimneys are also pointed out as a weak point, as firebrands proved to be able to enter through them, 

particularly in the absence of a protective wire mesh (Xanthopoulos, 2003). Actually, they evidenced 

to be one of the most common firebrands entrance points in past fire events in the WUI of 

Mediterranean Europe. 

 

 Building immediate surrounding 

After past fire events in the Wildland Urban Interface (WUI), field observations reported that, either 

the elements in the immediate building surrounding played a role of radiant heat barrier to the building, 

reducing the risk of building destruction (Blanchi et al., 2006), or once ignited, they contributed to fire 

spread to other elements or even to other buildings, leading to their ignition and consequent loss 

(Blanchi et al., 2006; Leonard et al., 2009; Texas A&M Forest Service, 2012). 

Several post-fire surveys highlighted that buildings were more likely to be destroyed as the vegetation 

in the immediate surrounding increases in terms of amount or density (Ramsay et al., 1996; Cohen, 

2000; Leonard and Bowditch, 2003; Mitchell and Patashnik, 2007). This applies to vegetation in direct 

contact with buildings (Texas A&M Forest Service, 2012), overhanging (e.g. trees) and immediately 

adjacent to them (e.g. forest, trees, ground cover such as shrub, mulch bed, dry grass) (Blanchi et al., 

2006; Leonard et al., 2009). Thus the distance between vegetation and buildings plays an important 

role (Blanchi et al., 2006; Leonard et al., 2009). Furthermore, both the type of vegetation (Ramsay et 

al., 1996) and weather conditions (especially long periods of hot dry conditions) (Potter and Leonard, 

2010) influence the fuel loading, fuel moisture content, and heat content (Foote et al., 1991a). Radiant 

heat and flame exposure play an important role in building ignition from burning surrounding 

vegetation (Ramsay et al., 1996; Leonard and Bowditch, 2003; Mitchell and Patashnik, 2007). 

Poor maintenance of the surrounding vegetation has also shown to affect building vulnerability during 

fires in the WUI, as it leads to dead vegetation accumulation, alike the accumulation of dead fuel as a 

result of their cut (Caballero, 2004). Field observations after the 2000 Cerro Grande Fire in Los Alamos 

(U.S.A.) (Cohen, 2000) revealed that in many areas of buildings destruction, ignition of timber 

cladding appeared to be triggered by pine needles fuel beds around buildings, while in some cases, 

whereas pine needles were removed, particularly from the base of timber walls, they did not ignited. 

However, well located and selected plants that are properly maintained can reduce the risk of exposure 

that a building experience during a fire event (Blanchi et al., 2006), e.g., pruning and thinning of ladder 

fuels in Gambel oak (Quercus gambelii) clumps, appeared to be effective in keeping fire on the ground 

and reducing crown fire potential (i.e. fire spread from treetop to treetop) during the 2012 Waldo 

Canyon Fire (Quarles et al., 2013). 

Generally, timber decks or verandas (either solid or composite products) are attached to buildings. 

After firebrands attack (common ignition source), decks ignition (particularly of decks untreated with 

fire retardant products) and even their timber steps (Ramsay et al., 1996), skirting or railings ignition, 

conducted flames right up to the external parts of the building envelope, leading to building destruction 

(Texas A&M Forest Service, 2012). However, while in the U.S.A. and Australia, combustible decks 

are common, in Mediterranean Europe, they do not pose a risk to building destruction, since decks are 
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mostly built with fire resistant materials (Xanthopoulos, 2004) or they are close to non-combustible 

walls. 

Field observations revealed that decks ignition (through flame contact) may also result from the 

burning material stored under it (e.g. firewood piles) or on the top of the deck (e.g. combustible garden 

furniture), or even from burning adjacent vegetation (e.g. trees, bushes) (Colorado Springs Fire 

Department, 2013). 

Timber fencing systems that are adjacent to the buildings, after ignited have the potential to break 

windows, ignite combustible features of the building itself, and/or even spread fire to neighbourhood 

buildings, as it happened in the 2003 Canberra fires (Blanchi et al., 2006). Moreover, timber fences 

with adjacent vegetation are particularly susceptible to ignition (Potter and Leonard, 2010). On the 

other hand, non-combustible fences demonstrated to provide radiation barriers, as well as timber 

fences that were regularly wetted (Potter and Leonard, 2010), either to the main fire front or to the 

burning of an adjacent structure, reducing the potential for fire attack (Blanchi et al., 2006). 

Garages and sheds showed to be more readily lost compared with the main structure, since generally 

they havО morО gaps and opОnТngs, bОТng morО suscОptТblО to ПТrОbrands’ ТgnТtТon (ψlancСТ et al., 

β00θ). χПtОr ТgnТtОd, tСОy bОcamО localТsОd ПlamО, radТatТon and ПТrОbrands’ sourcОs, tСrОatОnТng tСО 
main structure, as a function on their proximity, garage or shed design, size, and materials stored inside 

it (Blanchi et al., 2006). Actually, during the 2011 Texas wildland fire season, garages or sheds after 

ignited, revealed to generate a tremendous amount of heat, as well as combustible garden furniture, 

vehicles, and firewood piles (Texas A&M Forest Service, 2012). 

Non-combustible retaining walls (e.g. brick retaining walls (Texas A&M Forest Service, 2012)), paths 

and gravel borders appeared to be effective in stopping fire spread during past fire events at the WUI, 

particularly in lighter fuel types (Quarles et al., 2013), while combustible retaining walls (e.g. railway 

sleepers) demonstrated to be easily ignited and burned intensely for long durations (Texas A&M Forest 

Service, 2012). 

 

 Conclusions 

 

The main characteristics of buildings (and other structures) in the Wildland Urban Interface (WUI) 

that contributed significantly to their fire vulnerability during past fire events are:  Building material characteristics (i.e. combustible, non-combustible, fire resistant) used 

in their external and internal parts;  Design features and details of their different parts and the openings or weak points in 

buildings envelope, such as gaps or crannies on exterior subfloor systems elevated on 

stumps above the ground, windows frame, glass and sill (particularly in re-entrant 

corners), door frames and assemblies (also in re-entrant corners), gaps around window 

frames and doors, vents, complex roof design with dormers, valleys or gullies, gaps on 

roof covering and edges, and roof overhang, gutters (particularly filled with dead 

vegetation), and chimneys. 

The building vulnerabilities to fire threats may act by themselves or synergistically with each other 

and lead to building damage or destruction, depending on several factors, such as topography, weather 

conditions, human behaviour, and/or fuel loads of the elements in the immediate building surrounding. 

The elements on, attached to and around buildings most susceptible to ignition and fire spread are live 

or dead vegetation, untreated combustible decks or verandas and their steps, skirting and railings, 

firewood piles, timber fences, garages, sheds, awnings, combustible garden furniture, vehicles, and 

combustible retaining walls. 

Despite the colossal property losses that resulted from past fire events at the WUI, several buildings 

survived. The use of non-combustible or fire resistant materials on buildings envelope appeared to 

decrease building susceptibility to fire threats, leading to building survivability. Some of the building 

openings or weak points also appeared to be less susceptible when in good conditions and protected 
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with particular elements, such as fire resistant windows shutters (that were closed during fire event), 

metal fly wire screens on windows, fire resistant screens on vents and doors, wire mesh on chimneys, 

concave tiles filled with cement on eave openings, as well as the use of low or non-combustible 

materials in door assemblies. Furthermore, an adequate maintenance of live and dead vegetation in 

buildings' immediate surrounding, non-combustible fences, timber fences regularly wetted, and 

non-combustible retaining walls, paths and gravel borders appeared to be effective in preventing fire 

spread. 

The materials used in buildings construction (and in other structures) is the main difference observed 

between the analysed countries (i.e. U.S.A., Australia, Portugal, Spain, Greece), that affected directly 

building vulnerability to fires. In the U.S.A. and Australia, the use of combustible construction 

materials, particularly on buildings external parts (i.e. cladding, roof covering and/or decks) clearly 

increased buildings susceptibility to fire, which most probably led to building destruction, either way 

through building ignition from the exterior or from inside. Untreated timber elements (i.e. without 

impregnated fire retardant treatments) were particularly vulnerable to fire, especially as their 

hygroscopicity allowed it to be easily ignited during severe fire weather conditions (i.e. characteristic 

of fires in the WUI). In that context, fire ignition of a building may easily lead to fire propagation to 

adjacent buildings, which was evident in several post-fire surveys. It should be stressed however that 

the ignition of a building is highly influenced by other variables, besides building materials 

combustibility, as above discussed. 

On the contrary, the building envelope components in Mediterranean Europe are generally fire 

resistant, leading to a substantial reduction of the available fuel loads to initial ignition and 

flame-spread to other building components. Actually, from the analysed studies, building destruction 

in Mediterranean Europe generally happened as a result of fire penetration into the building through 

openings or weak points (such as open windows, vents, chimneys without a protective wire mesh, tiled 

roofs with gaps, dislocated or even broken tiles, with dead vegetation accumulation), leading to 

building ignition from inside. 
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