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Abstract 

 

This study reports on the smoldering propensity of commercially available barrier fabrics (BFs) 

in a small-scale mock-up configuration.  Most BFs are smolder resistant when tested alone over a 

standard flexible polyurethane foam (FPUF).  However, when covered with a smolder-prone 

cover fabric (CF), most BFs failed the smoldering ignition test described in the Consumer 

Product Safety Commission’s proposed standard 16 CFR 1634.  Results of this study suggest 

that the smolder-prone CFs, when placed on top of a number of BFs, are capable of releasing 

sufficient heat to initiate the char-oxidation smoldering process of some of the BFs and 

subsequently transmit the heat to the underlying FPUF.  A smoldering index for BFs was derived 

from the measured char volume fraction (CVF) of the FPUF by varying the BF component in the 

FPUF/BF/CF mock-up systems, while holding the other two components constant.   

 

Of the 20 BFs tested in this study, five BFs self-extinguished and passed the smoldering ignition 

test criterion as described in the proposed 16 CFR 1634.  The smoldering index for these BFs 

was zero.  BFs with smoldering index of 1 or more resulted in sustained smoldering in the FPUF.  

The smoldering propensity of BFs and the amount of heat transmitted to the FPUF varied 

depending on the BF structure, fiber content, air permeability, and bulk density.  Flame retardant 

treatments and use of char forming fibers showed a greater tendency for BF smolder in the 

presence of the smolder-prone CF.  BFs with char-forming fiber blends had greater smoldering 

propensity as compared to BFs with low charring fiber blends.  The lower the smoldering 

propensity of the BF, the less likely was the development of sustained smoldering in the FPUF. 

  

 

Keywords: upholstered furniture; barrier fabrics; smoldering;  air-permeability;  char length; mass 

loss 
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1. Introduction 

 

Fire-blocking barrier fabrics (BFs) are predominantly used in soft furnishing products that are required to 

comply with open-flame flammability regulations, for e.g., the 16 CFR 1633,1 Cal TB 129,2 Cal TB 603,3 

Cal TB 133,4 FAR 25.853,5 etc.  These materials interposed between a cover fabric (CF) and the soft 

cushioning modify the thermal response of the upholstery by limiting heat transfer and gas flow in the 

upholstered assembly.  This essentially limits the product involvement in a fire by preventing and/or 

significantly delaying the ignition of interior cushioning materials, lowering the heat release rate, reducing 

the rate of flame spread and/or extinguishing the flames from an exterior CF or ticking.6 Flexible 

polyurethane foam (FPUF) is one of the most flammable materials that contribute to the high heat release 

rates observed when upholstered products catch fire.  Generally, the flammability of FPUF has been 

addressed by adding flame retardants.  However, concerns have recently been raised about potentially 

harmful human health and ecological effects of fire retardants, and the effectiveness of fire retardants at the 

levels typically used in residential upholstered furniture (RUF) meeting the California TB 117 standard has 

been questioned.7,8  As a result of such concerns, California TB 117 has been updated to remove an open-

flame test requirement for RUF soft cushioning materials, which was the primary driver for adding fire 

retardants to RUF in the United States.9  A promising approach for reducing the flammability of residential 

upholstered products, without compromising aesthetics and comfort, is to incorporate a BF.  BFs, also 

known as interliners, have been previously used to comply with Cal TB 133 requirements4 for upholstered 

seating used in public places and vehicles of mass transport.5,10 Most standards issuing authorities in the 

United States, including the Upholstery Furniture Action Council (UFAC), ASTM, and the National Fire 

Protection Association (NFPA), require that BFs pass a smoldering ignition test when a smolder-prone 

cover fabric, referred to as a Class II fabric by UFAC, is used in RUF.   

 

Generally, a polyester batting is used under the cover fabric to provide a barrier to smoldering ignition 

sources and to achieve durability, aesthetic, and comfort effects.11   Polyester battings are less susceptible 

to smoldering as most of the heat from the smoldering cigarette and cover fabric is consumed in melting 

the polyester fibers.  Polyester melts and shrinks away from the heat source12 and moreover, the low density 

structure of polyester batting increases its effectiveness as a thermal insulator.13 

 

Following the introduction of an open-flame regulation for mattresses (16 CFR 16331) in 2007, several new 

fire-barrier technologies, discussed elsewhere,6 have been commercialized.  One of the objectives of this 

study is to assess the potential of incorporating similar BFs to those used by the residential mattress industry 

to improve the fire performance of RUF.  

 

In order to improve upholstered product fire safety, BFs must protect the cushioning layer from both flaming 

ignition and smoldering ignition sources.  In a previous study, we evaluated the potential fire-blocking 

performance of barrier fabrics when exposed to open-flame ignition sources.14  Intrinsic properties that 

influence the heat transfer properties (HTP) of BFs, as related to thermal protection of cushioning 

components in upholstered products, were identified.  When tested for heat transfer characteristics, the area 

density and thickness of BFs had a strong influence.  However, when tested as a composite in a mock-up 

assembly, the performance of active and passive barrier materials showed clear differences.  For 

chemically-active BFs, the construction parameters and material properties such as thickness, air 

permeability, and heat transfer were of little significance.  In the case of passive BFs, however, these 

parameters became decisive.  Results from this study14 suggested that if a BF is not an active fire barrier, 
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then the amount of heat transferred through the BF is critical, i.e., the material should be thermally thick to 

protect the underlying cushioning layers. 

 

BFs used in mattresses generally pass the smoldering ignition test largely because of the use of 

thermoplastic tickings (i.e., covering fabric), and/or polyester batting under the ticking.  Moreover, 

mattresses pass the smoldering ignition test due to the fact that, in a flat configuration, most of the thermal 

energy from the smoldering cigarette used as an ignition source is lost to the environment at ambient 

conditions.  However, smoldering conditions in a crevice formed between two or more cushions, such as 

commonly found in RUF, can be very different from the horizontal configuration of a mattress.  In a crevice 

configuration, the maximum amount of thermal energy from a smoldering ignition source is directed into 

the cushioning layers which, depending on the structure and composition of the cushioning material, can 

act as an insulator to retain heat.  Moreover, in a crevice configuration, the fabric surface contact with a 

smoldering cigarette is roughly twice that of flat configurations15. 

 

This study reports on the smoldering propensity of commercially available BFs in a small-scale upholstered 

seating mock-up configuration.  The focus is to rank the smoldering tendencies of different BFs.  UFAC, 

ASTM, NFPA, BEARHFTI (Bureau of Electronic and Appliance Repair, Home Furnishings and Thermal 

Insulation), and the US Consumer Product Safety Commission (CPSC), have defined tests for barrier fabrics 

wherein a BF component is tested in similar mock-up configurations and pass/fail criteria based on CF char 

length, and/or mass loss of the components and/or of the complete mock-up assembly.  This report provides 

insight into the quantitative properties of the BFs that define their smoldering propensity when used in 

combination with FPUF and CF.  Existing test methods for assessing smoldering ignitability of a BF 

component in upholstered products are discussed in the following section. 

 

1.2. Existing test methods for assessing smoldering ignitability of BFs 

Various test methods that are used to assess smoldering ignitability of BFs are listed in Table 1.  All test 

methods essentially require testing of a BF component interposed between FPUF and a smolder-prone cover 

fabric (Class II cover fabrics16).  The smoldering ignition assessment of a barrier component, as described 

in the test methods listed in Table 1, is generally conducted on a small scale mock-up composite that is 

voluntarily used by many upholstered furniture and fabric manufacturers.   

 

It should be noted that Cal TB 116,17 ASTM 1352,18 and NFPA 26119 require the use of real-scale mock-

ups for smoldering ignition testing. The small-scale mock-up facilitates evaluation of smoldering propensity 

in multi-component systems of complex design.  The mock-up consists of a wooden frame, upholstery 

components such as FPUF, BF, CF, and a lit cigarette covered by a sheeting material.  A covered cigarette 

smolders less intensely, increases the duration of glowing oxidation, and helps the cigarette burn 

completely, thereby increasing the likelihood of sustained smoldering of the FPUF substrate and the 

reproducibility of the test method20.  The pass/fail criteria and the classification norms vary between the 

standardizing authorities.  The barrier test method (Method 321) defined by the UFAC, specifies a maximum 

allowable upward spread of smoldering, i.e., char length on the back cushion CF.  The BF fails if there is 

an obvious smoldering ignition or the vertical char length on the CF exceeds 38 mm upward from the 

crevice21.  The BF passes the test only if it is capable of preventing charring of the CFs.  The ASTM E1353 

standard test method for cigarette ignition resistance of components of upholstered furniture22, classifies 

BFs based on a critical upward char length of 51 mm on the back CF.   
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Table 1. Standards and test methods for assessing smoldering ignitability of BFs. 

Issuing 

authority 

Standard/Test 

methods 

Test specimen Pass/fail/classification criteria. 

UFAC 

 

UFAC Method 321  

Voluntary test methods 

Small-scale mock-up 

Standard cotton velvet cover fabric and standard FPUF 

substrate 

 Vertical char length on CF< 38 mm. 

NFPA NFPA 26023  

Standard 

Small-scale mock-up 

Standard cotton velvet cover fabric and standard FPUF 

substrate 

 Class I barrier material: Vertical char length on CF 

< 51 mm. 

 Class II barrier material: Vertical char length on 

CF > 51 mm 

ASTM ASTM E135322 

Standard 

Small-scale mock-up 

Standard cotton velvet cover fabric and standard FPUF 

substrate 

 Class A barrier material: Vertical char length on 

CF < 51 mm. 

 Class B barrier material: Vertical char length on 

CF > 51 mm or obvious smoldering ignition. 

ASTM ASTM D523827 

Standard test method 

(now withdrawn) 

Cotton battings  Char length on BF < 25.4 mm. 

CPSC 16 CFR Part1634 

(proposed)25 

Test method in proposed 

federal regulation 

Small-scale mock-up 

Standard cotton velvet cover fabric and standard FPUF 

substrate 

 No transition to flaming during 45 min test 

duration. 

 FPUF mass loss < 1 %. 

BHFTI Cal TB 117-20139  

Test method required in 

the state of California. 

Small-scale mock-up For BF to pass: 

 No smoldering after the 45 min test duration. 

 No transition to flaming during 45 min test 

duration. 

 Char length on CF < 51 mm. 

BHFTI Cal TB 11617  

Test method required in 

the state of California. 

Real-scale RUF  No transition to flaming during test duration. 

 Char length on CF < 51 mm. 



4 

 

According to ASTM E1353, materials that develop char lengths of 51 mm or less on the CF are classified 

as Class A barriers and those which develop obvious ignition or have char lengths in excess of 51 mm are 

classified as Class B barriers.  NFPA 26023 classifies barrier materials as Class I or II based on a char 

length similar to that prescribed by ASTM E1353.  The most recent version of Cal TB 117-20139, also 

uses the vertical char length (ASTM E1353) criterion to assess smoldering tendency of barrier materials.  

A BF passes the test if the vertical char length on Type II CF is less than 51 mm.  A failure is recorded if 

the mock-up continues to smolder after the 45 min test duration or transitions to open-flaming.  A Type II 

cover fabric is a smolder-prone cover fabric that fails the cover fabric test (without a barrier fabric) as 

described in Section 1 of Cal TB 117-20139.  None of the test methods described above specifies 

measurement of the char length on the BF.  Moreover, char length measurements tend to have poor 

reproducibility, and possible effects of textile structures, fiber content, and air permeability on smoldering 

combustion are uncertain.24 The BF smoldering resistance test described in the proposed CPSC 16 CFR 

part 163425 is the only test method that uses mass loss of FPUF as its ‘pass/fail’ criterion.  It is, therefore, 

the only test method that uses the smoldering behavior of the cushioning materials to characterize the 

smoldering behavior of a mock-up.  The BF, when tested with a cotton velvet cover fabric (a smolder-

prone (Class II) fabric), passes the test if the mass loss of FPUF is less than 1 % following the removal of 

any charred material and the mock-up does not transition to flaming during the 45 min test duration.  This 

is a very stringent criterion as it requires minimal smoldering within the FPUF. This mass loss criterion 

provides a more quantitative characterization of FPUF smoldering ignition than the criteria described in 

the other test methods26.   

 

ASTM had a barrier component test (now withdrawn) to assess the smoldering ignition resistance of cotton 

battings.  In the ASTM D523827 test method, a lighted cigarette was placed between precut and 

preconditioned pieces of cotton battings and the length of the char was measured as soon as smoke was 

observed.  This test method fails to specify the duration of testing. Failure was defined as char lengths of 

25.4 mm or greater.  This test method was often used by cotton batting manufacturers to spot check their 

products.  This is a severe test as the ignition source is completely enclosed, permitting the cotton batting 

to act as an insulator to retain heat while being porous enough to allow adequate air flow to support 

smoldering combustion.  Only boric acid-treated cotton battings generally passed this test.28 

 

2.  Experimental Materials and Test Methods 1  

 

A range of commercially available BFs were included in this study.  The structural and physical properties 

of BFs such as mass per unit area (aerial density), bulk density, thickness, and air permeability were 

evaluated and are given in Table 2.  For the purpose of this study, the mass per unit area is associated with 

the quantity of material available per unit area, while bulk density is related to the ability of oxygen to 

penetrate to ignition site.  The exact fiber blend compositions are proprietary and thus were not available.  

No chemical analysis of barrier materials was made.  The BFs varied in average thicknesses from 0.1 mm 

to 7.8 mm.   

 

                                                 
1 Certain commercial equipment, instruments or materials are identified in this paper in order to specify the experimental procedure 

adequately. Such identification is not intended to imply recommendation or endorsement by the National Institute of Standards and 

Technology, nor is it intended to imply that the materials or equipment identified are necessarily the best available for this purpose. 

 



5 

 

Table 2. Description of BFs used in soft furnishings.  Uncertainties are reported as Type A uncertainties49,50 with experimental 

standard deviations.  Values are reported with 2σ uncertainty 

Serial 

No 

Sample 

code 

Fiber Blend Structure FR system Thickness, 

mm 

Area 

Density, 

g/m² 

Bulk 

Density, 

g/cm³ 

Air Permeability 

CFM m/s 

1 BF-1 FR rayon/polyester Highloft Passive 4.1 ± 0.1 

 

155 0.038 550 ± 47 2.8 ± 0.2 

2 BF-2 FR rayon/polyester Highloft Passive 6.7 ± 0.2 230 0.034 339 ± 18 2.0 ± 0.1 

3 BF-3 FR rayon/polyester Highloft Passive 7.8 ± 0.6 240 0.031 450 ± 28 2.3 ± 0.1 

4 BF-4 Boric acid treated cotton/ FR 

rayon/polyester 

Stratified Highloft Passive 5.7 ± 0.1 230 0.040 428 ± 52 2.2 ± 0.2 

5 BF-5 Boric acid treated cotton  Highloft Passive 6.9 ± 0.8 230 0.033 248  ± 

20 

1.3 ± 0.1 

6 BF-8 FR rayon/polyester 

 

Needle punched 

nonwoven 

Passive 4.3 ± 0.1 237 0.055 429 ± 16 2.2 ± 0.1 

7 BF-9 FR rayon/polyester 

(needlepunched) 

Needle punched 

nonwoven 

Passive 2.2 ± 0.1 240 0.109 301 ± 8 1.5 ± 0.1 

8 BF-10 FR polyester /FR rayon Stitchbond 

nonwoven 

Active/Passive 0.7 ± 0.1 165 0.236 212 ± 13 1.1 ± 0.1 

9 BF-11 Glass fiber core/ FR acrylic 

fiber (core spun yarn) 

Knitted Active 0.9 ± 0.1 186 0.207 445 ± 8 2.3 ± 0.1 

10 BF-12 Glass fiber core/ FR acrylic 

fiber (core spun yarn) 

Knitted Active 1.6 ± 0.1 237 0.148 564 ± 8 2.9 ± 0.1 

11 BF-13 FR rayon/glass fiber/PLA 

fiber (core spun yarn) 

Knitted Active 1.4 ± 0.1 

 

165 0.118 380  ± 14 1.9 ± 0.1 

12 BF-15 Glass fiber core/ FR acrylic 

fiber  

Woven  Active 0.5 ± 0.1 170 0.340 406 ± 2 2.1 ± 0.1 

13 BF-16 FR rayon/glass fiber/PLA Nonwoven Active 2.9 ± 0.1 290 0.097 381 ± 38 1.9 ± 0.2 

14 BF-17 Glass fiber Woven Passive 0.2 ± 0.1 150 0.750 0 0 

15 BF-18 Glass fiber Woven Passive 0.1 ± 0.1 170 1.700 0 0 

16 BF-19 Glass fiber Woven  Passive 0.3 ± 0.1 320 1.067 0 0 

17 BF-20 Para-aramid/melamine Woven  Passive 0.77 ± 0.02 264 0.343 41 ± 3 0.2 ± 0.1 

18 BF-21 Para-aramid  Nonwoven  Passive 0.67 ± 0.02 69 0.103 414 ± 15 2.1 ± 0.1 

19 BF-22 Meta aramid/para aramid Woven/nonwoven 

composite  

Passive 1.61 ± 0.11 267 0.166 187 ± 27 0.9 ± 0.1 

20 BF-23 Cotton/glass fiber Knitted/ 

backcoated 

Active/Passive 1.5 ± 0.1 284 0.189 0 0 
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The air permeability of components in upholstered products is known to have a significant effect on their 

smoldering propensity.20,29  Air permeability is described as the rate of air flow passing perpendicularly 

through a known area, under a prescribed air pressure differential between the two surfaces of the material.  

Air permeabilities of BFs were measured using an electronic high differential pressure air permeability-

measuring instrument (FAP 5352 F2, Frazier Precision Instrument Co. Inc., Hagerstown, MD).30  The air 

pressure differential between the two surfaces of the material was set to 125 Pa (13 mm of water).  Fabrics 

were clamped in a circular specimen holder, exposing 6.45 cm² to the perpendicular air flow.  Nozzles with 

orifice diameters of 2.0 mm, 3.0 mm, and 6.0 mm were used in order to reach the target pressure drop (125 

Pa).   The value of permeability (ɸ) in terms of volumetric air flow was read in cubic feet of air per square 

foot of sample area per minute (CFM) at about 20 °C and 1 atm and was converted to cubic meters per 

square meter of sample per second or simply meters per second) at a temperature of 20 °C and atmospheric 

pressure of 100 kPa.  Ten readings were taken for each of the BFs and calculated averages are reported.  

 

The smoldering tendencies of BFs were studied in two different experiments.  First, a smoldering cigarette 

was used as an ignition source to initiate smolder directly in the BF.  The second set of experiments was 

designed to determine the ability of a BF to act as a smoldering ignition source of FPUF.  The smoldering 

propensity of a BF in the presence of a smolder-prone cover fabric was tested using the test method 

described in CPSC’s proposed standard 16 CFR 1634,25 which is an adaptation of the UFAC Test Method 

3.16  The test method is designed to assess the barrier performance when placed between a smolder-prone 

cover fabric and a FPUF substrate.  The test method essentially evaluates the likelihood of FPUF smoldering 

in the presence of a BF.  The mock-up consists of a wooden frame, a FPUF, BF, cover fabric, and a lit 

cigarette under a sheeting material.  Note that it has recently been shown that such mock-up assemblies 

where the vertical (back) and horizontal (seat) pieces of FPUF are pressed tightly against the wood 

frame9,16,18,25 do not smolder as readily as mock-ups which are raised above the wooden frame and have 

greater access to the surrounding air.29 

 

Smoldering behavior may be examined in several ways, depending on whether it is characterized by 

smoldering temperatures, smoldering times, char lengths, char areas, or mass loss.31 For the purpose of this 

study, we considered the mass loss of the complete mock-up assembly and the fraction of the FPUF used 

in the mock-up assembly which smoldered during a set time period.  Rate of mass loss is reported in this 

study and has been previously used by Damant et al24 to evaluate the smoldering propensity of upholstery 

fabrics under conditions of cigarette ignition.  Char length measurements on the BFs are also reported.  Char 

lengths on the CFs are not reported since different standards prescribe different methods of measuring char 

lengths as described earlier.   

 

All materials were conditioned, specimens were assembled, and tests were performed at a relative humidity 

(RH) of 55 % ± 5 % and a temperature of 22 °C ± 3 °C.  A detailed description of the equipment used for 

maintaining these environmental conditions is available elsewhere.32 The FPUF foam used in this study 

was a well characterized flexible polyurethane foam32 especially developed for evaluating upholstery 

materials and their tendency to support smoldering or limit flaming combustion.33    

 

The masses of the vertical (203 × 203 × 76) mm³ and horizontal (127 × 203 × 76) mm³ FPUF sections were 

recorded and used later to calculate the fraction that smoldered.  The FPUF was covered with the BF, and, 

in turn, by the cover fabric (Indigo Buckaroo Denim purchased from Jo Ann Fabrics was used in this study), 

and the entire ensemble was placed in the wooden frame.  The 100 % cotton CF had an average aerial 

density of 445 g/m² ± 3 g/m² and air permeability of 0.10 m/s ± 0.02 m/s.  The BF and the cover fabric were 
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carefully placed over the FPUF, and particular attention was paid to avoid formation of any air pockets 

between layers since such pockets tend to behave as insulators and can result in poor reproducibility.34 The 

complete mock-up assembly along with the specimen holder was placed on a mass balance accurate to ± 

0.01g within the normal operating environment of the laboratory used for material conditioning, sample 

assembly, and sample testing.  The smoldering ignition test was carried out inside a poly(methyl 

methacrylate) enclosure, in order to prevent excessive changes in surface ventilation, located under a 

laboratory canopy-type hood.  A lighted cigarette (Standard Cigarette for Ignition Resistance Testing, NIST 

SRM 1196)35 was placed in the crevice formed by the intersection of the vertical (back) and horizontal (seat) 

panels of each test assembly.  Each cigarette was covered with a piece of sheeting fabric (UF-400; 

Testfabrics, Inc.; West Pittston, PA, USA.), a 100 % cotton, white plain weave with 19 threads/cm² to 33 

threads/cm², and an aerial density of 115 g/m²  ± 1 g/m².  The cigarette was allowed to burn its entire length 

(82 mm).  Three specimens were tested for each barrier fabric. 

 

The real-time mass of the complete assembly was recorded manually every two min.  After the 45 min test 

duration, the FPUF (char and non-char) was separated from the other test components (e.g., cigarette ash, 

CF and BF), and the mass of this FPUF was measured.  The char was then removed and the mass of the 

remaining non-charred foam was measured.  The smoldering mass loss ratio was calculated as the difference 

between the non-charred FPUF mass and the original FPUF mass divided by the original FPUF mass.25 The 

percent mass loss of FPUF was defined by Zammarano et al29 as the char volume fraction (CVF).  They 

assumed that the density of virgin FPUF was homogeneous and did not vary during the test.  They also 

showed that the CVF is proportional to the average volumetric rate of smoldering propagation during the 

test and was, therefore, used in this work as a measure of the average smoldering propagation rate. 

 

3.  Results and Discussion 

 

3.1 Cigarette-induced FPUF smolder 

The cigarette-induced smoldering behavior of bare FPUF was tested in the mock-up configuration.  A lit 

cigarette was placed in the crevice of the mock-up assembly and was covered with a sheeting material.  It 

was found that the FPUF used in this study did not develop self-sustained smoldering (visually identified 

as continued production of smoke after the extinguishment of the ignition source).  This is in agreement 

with earlier studies where flexible polyurethane foam had shown good resistance to sustained smoldering 

in the presence of a smoldering cigarette.29,36,37 Although the cigarettes burned their entire length, leaving 

behind a grey ash, the CVF for SRM foams was only 0.3 % ± 0.1 %.  A minimal thermal decomposition of 

FPUF was noted.  The cellular structure of FPUF in the immediate vicinity of smoldering cigarette collapsed 

forming a tar-like liquid instead of a porous char.  It is appears that the FPUF followed the non-oxidative 

pathway prompted by an increase in heating rate in the presence of the smoldering cigarette29.  Once the 

cellular structure, essential for smolder propagation, had collapsed, the thermal influence of the smoldering 

cigarette over the FPUF was lost.  The loss of thermal contact with the smoldering ignition source led to 

smolder suppression.  Previous studies38 have also shown that the rate of heat generated in the smoldering 

process is related to the size of the smoldering zone.  Thus, localized thermal decomposition in FPUF caused 

by a smoldering cigarette was not sufficient to develop self-sustained smoldering in the FPUF.  By 

definition, self-sustained smoldering occurs when the smoldering front has extended to a region beyond the 

thermal influence of the ignition source.29   
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 3.2 Cigarette-induced BF smolder 

The cigarette-induced smoldering behavior of BFs was tested in a small-scale mock-up configuration with 

FPUF/BF composites.  The main purpose of these experiments was to determine whether or not the intensity 

of heat flux from a smoldering cigarette in combination with a given BF was sufficient to initiate sustained 

smoldering in the FPUF.  The SRM cigarette used in this study smolders with sufficient heat flux intensity 

to form char in some of the adjacent BF layers.  However, none of the BFs evaluated in this study resulted 

in self-sustained smoldering in the FPUF.  The insulating properties of charring BFs placed immediately 

under the glowing cigarette may cause excessive heat losses near the smoldering front, leading to 

extinguishment of smoldering within the BF layer.  The mass loss of complete assemblies and the CVF of 

FPUF during these smoldering ignition tests were negligible and, hence, are not reported. 

 

Typical digital images of the char formed and the measured char lengths on the BFs during these tests are 

shown in Table 3.  Generally, most test methods discussed earlier require measurement of vertical char 

length from the crevice or length of char from the nearest point of the original location of the cigarette.  In 

this study however, full length of char on the BFs are reported.  Except for charring in the immediate vicinity 

of the cigarettes, the BFs remained intact and undamaged.  Air permeability levels, fiber blends, and fabric 

structures had no significant effect on char areas on the BFs.  Thus, BFs did not develop significant 

smoldering when placed in direct contact with the cigarette i.e., the heat flux from a smoldering cigarette 

was not sufficient to induce sustained smoldering in the BFs or the underlying FPUF. 

 

3.3  Cover fabric-induced FPUF smolder 

The real-time mass-loss and mass loss rate curves for FPUF covered only by the CF are shown in Figure 

1(a) and Figure 1(b).  It can be noted from Figure 1(a) that the mock-up assemblies did not begin to lose 

significant mass until almost 12 min from the start of the test.  The smoldering process intensified as the 

cigarette burned, generating additional heat as more of the CF began to smolder.  As the smolder front 

propagated laterally and downward into the crevice, the mass loss rate increased.   At around 25 min - 28 

min into the test, the cigarette had burned completely; by this time the CF had become a self-sustained 

smoldering ignition source.  At 35 min, the mock-up assembly mass loss rate began to rapidly increase (see 

Figure 1 (b)) indicating the start of sustained smoldering of the mock-up.29,32 From temperature 

measurements using thermocouples, Zammarano et al. established that the smoldering front reaches depth 

in the FPUF, where the heat losses are minimal and smoldering is likely to be self-sustained.  Based on 

previous studies on smoldering of FPUF, 29,32,39 we propose that the acceleration in mass loss of the complete 

mock-up assembly occurs when the smoldering front has reached a depth in the FPUF where char oxidation 

becomes dominant. 
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Table 3. Digital images and char lengths of charred BFs tested in a mock-up configuration with and without smolder-prone CF 

Highloft Barrier Fabrics Nonwoven Barrier Fabrics Knitted Barrier Fabrics Woven Barrier Fabrics 

Sample 

code 

With CF w/o  CF Sample 

code 

With  CF w/o  CF Sample 

code 

With  CF w/o  CF Sample 

code 

With  CF w/o  CF 

Back Seat Back Seat Back Seat Back Seat Back Seat Back Seat Back Seat Back Seat 

BF-1 

 

 

  

BF-8 

 

 
  

BF-11 

 

 

 
 

 

BF-15 

 

 
 

 
 

83 mm 105 mm 74 mm 74 mm 125 mm 119 mm 75mm 75 mm 165mm 175 mm 74 mm 74 mm 191 mm 171 mm 76 mm  78 mm 

BF-2 

 

  
 

 

 

 

 

 

 

BF-9 

 

   

BF-12 

 

   

BF-17 

 

 
 

 

NT 

110 mm 105 mm 74 mm  74 mm 220 mm 184 mm 73 mm  71 

mm 
193 mm 155 mm 74 mm 74 mm 75 mm 73 mm 

BF-3 

 

   

BF-10 

 

   

BF-13 

 

 
 

 

BF-18 

 

 
 

 

NT 

 

 
132 mm 145 mm 67 mm 67 mm 100 mm 100 mm 80 mm 80 mm 123 mm 115 mm 74 mm 74 mm No char No char 

BF-4 

 

 
 

 

BF-16 

 

 
  

BF-23 

 

 

 
 

 

NT 
BF-19 

 

NT 

 

196 mm 200 mm 73 mm 72 mm 145 mm 141 mm 76 mm 76 mm  No char No char No char No char  

BF-5 

 

   

BF-21 

 

 
  

 

BF-20 

 

 

 

 

143 mm 

 
173 mm 73 mm 73 mm 129 mm 127 mm 68 mm 68 mm 63 mm 63 mm 63 mm 63 mm 

 BF-22 

  

  

103 mm 100 mm 68 mm 68 mm 
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Figure 1. Real-time mass loss (A) and mass loss rate (B) curves for a FPUF/CF mock-up assembly. 

 

At 45 min, the test was terminated, and the CVF was determined as described in the experimental section.   

The CVF for the FPUF was 10 % ± 5 % and the maximum char lengths on the seat and back CFs were 

measured as 100 mm ± 2 mm.  The development of smoldering and the extent of char in the FPUF as a 

function of time was characterized by stopping the tests after 15 min, 30 min, and 45 min.  Results are 

shown in Table 4.  The rapid growth of the CVF over the 30 min period is evident. 

 

 

 

 

 

 

 



11 

 

Table 4. Digital images of FPUF/CF mock-up assemblies and char damage on FPUF at the end of 15 min, 

30 min, and 45 min test durations 

 15 min* 30 min 

 

45 min 

M
o
ck

-u
p
 w

it
h
 F

P
U

F
/C

F
 

   

M
o
ck

-u
p
 w

it
h
 F

P
U

F
 

   

F
P

U
F

 c
h
ar

 

   
Seat panel Back panel Seat panel Back panel Seat panel Back panel 

F
P

U
F

 a
ft

er
 

re
m

o
v
al

 o
f 

ch
ar

 

   
*For clarity, the cigarette has been removed from the crevice. 

The results indicate that this smolder-prone CF and FPUF combination has a significant propensity to 

develop smoldering when in contact with a lit cigarette.  Smoldering ignition of 100 % cellulosic CFs in 

combination with FPUF has been widely reported. 20, 24, 26, 34, 42 A smoldering cigarette produces sufficient 

heat to prompt thermal degradation in the cellulosic CF, followed by formation of a carbonaceous char.   

 

In presence of oxygen, this carbonaceous char undergoes further oxidation and produces more heat.  This 

excess heat is dissipated in the underlying FPUF and in part lost to the immediate surrounding atmosphere.  

The thermal degradation of FPUF in air starts at around 270 °C to 295 °C40 and is the result of two 

competitive decomposition pathways: an oxidative pathway which produces a charred foam-like residue 
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and a non-oxidative pyrolysis which generates liquid tar.  The higher the likelihood of char formation, the 

greater will be the likelihood of the development of sustained smoldering. 15 A higher rate of char formation 

in a smolder-prone cover fabric is thus manifested in a higher smoldering propensity of FPUF.  Furthermore, 

the shape of the cavities formed due to smoldering in FPUF (see FPUF images in Table 4) suggest a 

“concave” smolder front geometry.  As pointed out by Ohlemiller,41 the increasingly “concave” smolder 

front geometry reduces radiative heat losses to the surroundings leading to sustained smoldering in the 

FPUF.   

 

3.4. Cover fabric-induced BF smolder 

The potential contribution of BFs to the smoldering ignition of FPUF was also studied for BFs covered by 

a smolder-prone cover fabric (CF).  In order to assess the protective effectiveness of a BF, the smoldering 

behavior of the FPUF covered by both a BF and CF was characterized by recording the real-time mass- 

loss of mock-ups, BF char lengths, and char volume fraction (CVF) of FPUF.  The mass loss curves for 

complete mock-up assemblies (FPUF/BF/CF) incorporating various BFs are shown in Figure 2.   
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14 

 

 

 

Figure 2. Real-time percent mass loss of complete mock-up assemblies during smoldering ignition 

resistance tests for: (a) highloft, (b) nonwoven, (c) woven, and (d) knitted barrier materials. 

 

The mass loss data in Table 5 show that the smolder-prone CF when placed on top of a number of the BFs 

was capable of releasing sufficient heat to initiate smoldering and subsequently transmit the heat to the 

underlying FPUF.   

 

 

  



15 

 

Table 5.  Mass loss, CVF and derived indices from smoldering ignition resistance test for FPUF/BF/CF composites. Uncertainties are 

Type A uncertainties49, 50 based on experimental standard deviations. Values are reported as 2σ (i.e, coverage factor of 95 %). 
 

Sample 

code 

Initial 

Mass*, 

g 

Mass loss for complete assembly (gaseous mass 

loss), g 

Char volume fraction (CVF), % BF 

smoldering 

index 

Pass/Fail 

classification§ 
Avg. 

Foam 

Back 

Foam 

Seat 

Foam 

20 min 30 min 40 min 45 min Avg., % 

No BF 221 0.91 2.06 3.90 6 ± 2 3 10 ± 5 9 ± 4 12 ± 5 - - 

BF-1 255 0.91 1.88 3.33 7 ± 5 3 17 ± 13 13 ± 10 24 ± 18 1.7 Fail 

BF-2 266 0.93 1.69 3.33 7 ± 5 3 17 ± 8 13 ± 6 22 ± 13 1.7 Fail 

BF-3 269 0.59 1.94 5.77 10 ± 3 4 22 ± 5 18 ± 3 30 ± 8 2.2 Fail 

BF-4 272 1.18 3.29 7.75 13 ± 6 5 33 ± 14 25 ± 10 45 ± 19 3.3 Fail 

BF-5 295 0.93 2.82 7.75 14 ± 4 5 34 ± 8 23 ± 2 51 ± 17 3.4 Fail 

BF-8 267 0.55 1.24 3.32 6 ± 4 2 16 ± 7 12 ± 5 21 ± 9 1.6 Fail 

BF-9 255 0.01 30.0 14.26 31 ± 2 12 < 50 < 50 < 50     < 5.0 Fail 

BF-10 253 0.62 1.13 1.98 4 ± 4 2 11 ± 6 9 ± 5 15 ± 7 1.1 Fail 

BF-11 258 0.79 3.42 12.50 25 ± 5 10 47 ± 11 42 ± 9 51 ± 13 4.7 Fail 

BF-12 274 0.23 1.43 7.09 
17 ± 

13 
6 35 ± 21 31 ± 20 42 ± 24 3.5 Fail 

BF-13 281 0.56 1.49 4.64 8 ± 4 3 17 ± 8 15 ± 6 20 ± 11 1.7 Fail 

BF-15 253 0.98 4.91 14.21 
29 ± 

10 
11 50 ± 22 45 ± 21 58 ± 24 5.0 Fail 

BF-16 275 0.51 3.12 5.95 9 ± 5 3 22 ± 9 19 ± 7 26 ± 12 2.2 Fail 

BF-21 233 1.63 4.17 8.46 13 ± 3 5 24 ± 1 21± 5 29 ± 8 2.4 Fail 

BF-22 267 1.35 2.40 3.94 6 ± 4 2 13 ± 3 11 ± 2 16 ± 4 1.3 Fail 

BF-17 253 0 0.50 1.01 1 ± 0.5 0 0 0 0 0.0 Pass 

BF-18 253 0 0 0 0 ± 0 0 0 0 0 0.0 Pass 

BF-19 277 0 0.65 0.82 1 ± 0.5 0 0 0 0 0.0 Pass 

BF-20 271 1.15 1.84 2.35 2 ± 1 1 0.6 0 0 0.0 Pass 

BF-23 319 0 0 0 0 0 0 0 0 0.0 Pass 
* Initial mass of mock-up components excluding wooden frame. Wooden frames weigh @ 1300 ± 20 g.  
§ Pass/fail classification based on CPSC’s 16 CFR 1634 proposed rule25. 
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The CVFs for mock-ups incorporating various BFs are shown in Figure 3.  The average CVF at the end of 

a 45 min test depended on the smoldering propensity; which depended on the BF structure, fiber content, 

air permeability, and bulk density; of a given BF.  The lower the smoldering propensity of the BF, the less 

likely was the development of sustained smoldering in the FPUF.  The impact of a BF on smoldering 

likelihood of FPUF can be characterized in terms of changes in the CVF for mock-ups tested with and 

without a BF.  Results are shown in Figure 4 as the CVF observed with the CF only minus the value for 

tests when a BF was included.  Positive values indicate that the BF/CF combination resulted in reduced 

FPUF smoldering as compared to using the CF alone.  Similarly, negative values indicate increased 

smoldering with the BF/CF combination.   

 

 
 

Figure 3.  Char volume fraction (CVF) of FPUF during smoldering ignition resistance test for BFs in the 

presence of a smolder-prone cover fabric. 
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Figure 4.  Relative changes in char volume fraction (CVF) of FPUF with and without BFs. 

 

CVFs for FPUF/BF/CF combinations normalized by the CVF for the FPUF/CF combination provide a 

quantitative measure for the relative propensity of BFs to induce smoldering in FPUF and will be referred 

to as the smoldering index.  The smoldering indices for various BFs are given in Table 5.  Zero or close to 

zero values correspond to cases where the FPUF is protected by the BF, and sustained smoldering does not 

develop.  BFs with smoldering index of 1 or more resulted in self-sustained smoldering in the FPUF.  It is 

possible to get sustained smoldering for an smoldering index of less than one, but the smoldering would be 

less intense than without the BF.   

 

In some cases (BF-18, BF-19 and BF-23), the cigarettes self-extinguished in less than 6 min and in others 

(BF-17 and BF-20), the observed burning rate was unusually slow.  It is important to note that the burning 

behavior of a cigarette is known to vary with the type of substrate.  Studies have shown that the cigarette 

linear burning rate varies between 1.3 mm/s to 2.1 mm/s, depending on physical and chemical properties of 

the substrate.42 Salig37 has shown that mock-up assemblies in which convective air flow at the crevice was 

blocked using aluminum foil recorded reduced temperatures by almost 300 °C.  It is evident from this study 

that the air flow barrier provided by the BF can temporarily slow or even completely stop the smoldering 

process in the cigarette and the CF.  All of the tests wherein cigarette self-extinguishment was observed 

included BFs that were almost impermeable to air.   
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3.4.1 Highloft barriers 

The transient mass loss curves for mock-up assemblies provide insight into the smoldering behavior of 

FPUF/BF/CF combinations.  The curves for mock-up assemblies with highloft BFs are plotted in Figure 

2(a).  All mock-ups tested with highloft BFs transitioned into self-sustained FPUF smoldering.  The highloft 

barriers tested contained char-forming fibers, and their high porosity indicates greater surface areas 

favorable for surface oxidation reactions, which is conducive for enhanced smoldering.  The heat flux 

provided by the smoldering BF/CF combinations was more efficient at inducing self-sustained smoldering 

in the FPUF than the smoldering CF alone.  Figure 2(a) shows that different highloft BFs are more or less 

efficient at inducing FPUF smoldering depending on their fiber content and bulk densities.     

 

BF-1, BF-2 and BF-3 contain blends of polyester and flame-retarded rayon fibers.  The smoldering index 

for BF-1 and BF-2 was identical (1.7) and the mass losses of complete assemblies incorporating these BFs 

at 45 min were approximately 7 g ± 5 g.  The CVFs were 17 % ± 13 %.  BF-3, which also contained a 

polyester and flame-retarded rayon blend, showed a slightly higher smoldering index (2.2) compared to BF-

1 and BF-2.  The mass loss for the complete assembly was 10 g ± 3 g, and the CVF at the end of the 45 min 

test was 22 % ± 5 % .  BF-3 has a lower bulk density (0.031 g/cm3) as compared to BF-1 and BF-2.  A 

lower bulk density with a similar fiber blend suggests that BF-3 had a higher thickness and greater porosity.  

Porosity is defined as the ratio of the total amount of void space in a material to the bulk volume occupied 

by the fibers.  It is worth noting here that the permeability value for BF-3 was intermediate to those for BF-

1 and BF-2.  However, the porous nature of BF-3 may permit easier oxygen transport to the reaction site by 

diffusion and convection.  Previous studies43 have shown that the primary means of oxygen permeation 

through a fabric is diffusion, whereas air permeability measurements are based on air flow resistance.  Since 

smoldering in systems such as those studied here is usually an oxygen-limited, surface-area-dependent 

process, the higher porosity provides an explanation for the more extensive smoldering of BF-3 (see Table 

3 for char damage) and intense smoldering of the FPUF as compared to BF-1 and BF-2. 

 

Among the highloft barrier materials, BF-4 and BF-5 contained boric acid-treated cotton.  BF-5 was made 

of 100 % boric-acid treated cotton, whereas BF-4 was a stratified blend of boric-acid treated cotton, FR 

rayon, and polyester.  A layer of FR rayon/polyester blend was sandwiched between layers of boric acid- 

treated cotton battings.  Mock-up with these BFs (BF-4 and BF-5) showed the high mass loss for the 

complete assemblies (13 g ± 6 g), and CVFs were 33 % ± 14 %.    BFs with boric acid-treated cotton exhibit 

enhanced smoldering compared to BFs with only FR rayon and polyester fiber blends.  The boric acid-

treatment of cotton fibers appears to be ineffective in reducing smoldering propensity in the presence of a 

smolder-prone cover fabric.  In the presence of the smolder-prone CF, the additional heat provided by char 

oxidation of the CF along with the heat from the smoldering cigarette was sufficient to induce piloted 

smoldering of boric acid-treated cotton.  The char formation promoted in the presence of boric acid may 

have also encouraged smoldering via oxidation of this char.  Studies have shown that the addition of 

inorganic additives (e.g., boric acid, phosphorus compounds) to cellulose can lead to a wide range of 

reactivities from enhancement to total inhibition of smoldering combustion44,48.  Moreover, Ohlemiller44 

has also shown that the effectiveness of boric acid as a smolder retardant is substantially reduced when used 

over a flammable substrate.   

 

3.4.2 Nonwoven barriers  
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The mass loss curves for complete mock-up assemblies with nonwoven BFs covered with the smolder-

prone CF are shown in Figure 2 (b).  All resulted in self-sustained smoldering of the FPUF by the end of 

the 45 min test.  Among the nonwoven BFs, the mock-up with BF-9 exhibited a peculiar smoldering 

behavior.  This mock-up did not start to lose mass until almost 22 min after the start of the test.  However, 

the rate of mass loss for the mock-up assembly thereafter was very high.  The smoldering was intense; so 

much so that the mock-up was manually extinguished before the end of the 45 min test.  The CVF in this 

case was also higher (> 50 %) than found with the other nonwoven BFs evaluated in this study.  The BF 

smolders along with the CF.  BF-9 is a needle punched nonwoven material that has been treated to reduce 

flammability.  The exceptionally high smoldering index of < 5.0 for BF-9 is in line with previous studies 

wherein flame-retarded fabrics have shown higher smoldering propensities.45 The char of BF-9 was also 

very fragile and brittle.  The digital images of charred BFs in Table 3 show that charred BF-9 lost its 

structural integrity as it decomposed during the smoldering process.  

 

The best performing nonwoven BF was BF-10 in terms of minimum mass loss of the mock-up and CVF 

(11 % ± 6 %).  BF-10 is a blend of flame retarded polyester and flame retarded rayon.  The flame retardant 

systems incorporated in BF-10 may be more effective in lowering the smoldering propensity than those 

used in BF-8 and BF-9.  The maximum char length on BF-10 was 100 mm ± 2 mm, which is similar to the 

maximum char length seen on the CF when tested with FPUF in the absence of a BF.  However, the exact 

interaction between the smolder-prone CF and the BF is not clear at this stage and will be the subject of 

future studies.  As noted from Table 3, BF-10 had a smaller charred area as compared to BF-9, and the 

smoldering index for BF-10 was 1.1.  However, the char of BF-10 was so brittle that the charred portion of 

the BF completely disintegrated while separating components of the mock-up assembly after the test.  

 

Mock-ups including nonwoven BFs (BF-21 and BF-22) consisting of highly flame-resistant para-aramid 

fibers also exhibited sustained smoldering behaviors.  BF-21 is physically and thermally thin as compared 

to the other nonwoven BFs studied.  As a result, heat transfer through this BF would be comparatively 

higher.14 The mock-up assembly with BF-21 showed mass loss in just 5 min after the start of the test, and 

the average CVF was 24 % ± 1 %.  The smoldering index for BF-21 was 2.4, whereas BF-22 yielded a 

value of 1.3.  BF-22 is a composite fabric with two layers of nonwoven para-aramid fibers and a woven 

meta-aramid fabric quilted together.  This type of fabric is used as a thermal liner in fire-fighter’s protective 

clothing and provides thermal insulation that protects the wearer from burn injury.  The mass loss rate in 

mock-up assemblies with BF-22 was lower as compared to a BF with a similar thickness (BF-12).    Better 

thermal insulation of BF-22 resulted in retaining a major proportion of heat within the layers of the BF and 

thereby restricting heat transfer to the FPUF.  However, by the end of the 45 min test, the mock-up assembly 

with BF-22 covered with the smolder-prone CF had developed self-sustained smoldering. 

 

BF-16 is a composite barrier with flame-retarded rayon and poly (lactic acid) fibers needlepunched on a 

woven glass-fiber fabric.  BF-16 acts a passive fire barrier, and the flame-retarded rayon fibers char in place.  

The char forming ability of these fibers is favorable for the smoldering process.  Thus, while the initial mass 

loss rate of the complete mock-up assembly was low, once the BF-16 started to smolder, the heat release 

from exothermic oxidation reactions of the BF char provided the required energy for smolder propagation 

through the barrier and into the FPUF.  Beyond 30 min from the start of the test, significant smoldering of 

the FPUF (CVF = 22 % ± 8 %) was observed.  The char of BF-16 (see Table 3) had better structural integrity 

compared to the other nonwoven BFs (BF-8, BF-9, BF-10, and BF-21) due to the woven glass-fiber 

substrate. 
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3.4.3 Knitted barriers 

Knitted barrier fabrics (BF-11, BF-12 and BF-13) are produced by knitting core-spun yarn, which has an 

inherently fire-resistant fiber core (glass-fiber filament), and a sheath fiber that varies with performance 

requirements.  BF-11 and BF-12 utilized flame-retarded acrylic fibers, whereas BF-13 had a flame-retarded 

rayon sheath.  It can be noted from Table 2 that the knitted BFs have higher bulk densities and higher air 

permeabilities than highloft BFs.  Since knitted fabrics have a loop structure, they have more open pores 

than woven fabrics; therefore, in general, the air permeability of knitted fabrics is higher than that of other 

fabrics of the same weight (compare BF-10 and BF-13).  Thus, higher air permeabilities coupled with high 

bulk densities makes the structure more vulnerable to smoldering.  The smoldering indices for BF-11, BF-

12, and BF-13 were 4.7, 3.5, and 1.7 respectively.  The CVF increased with increasing area density of, BF-

13 (118 g/m3), BF-12 (148 g/m3), and BF-11 (207 g/m3).  The smoldering indices for BF-11 and BF-12 are 

consistent with the longer char lengths recorded (see Table 3).  The lower smoldering propensity for the 

mock-ups with BF-13 may be associated with its lower bulk density and the type of sheath fibers.  Mass 

loss curves for complete assemblies incorporating knitted barriers with smolder-prone cover fabrics are 

shown in Figure 2(d).  BF-11 showed the highest mass loss rate followed by BF-12 and BF-13.  

 

BF-23 is a knitted fabric with a cotton/glass fiber blend.  The base fabric has an area density of 153 g/m2 

and is backcoated with an intumescent flame-retardant system containing phosphorus and acrylic (85 wt % 

add-on).  The coated fabric has an area density of 284 g/m2 and is completely impermeable to air.  With 

BF-23 interposed between FPUF and the smolder prone CF, the cigarette extinguished within 3 min from 

the start of the test, and no smoldering on the CF was observed.  As mentioned earlier, the initial interaction 

between the smoldering cigarette and the substrate leads to reduced cigarette burn rate.46 The degree of 

reduction depends on the characteristics of the underlying materials (thermal conductivity, heat capacity, 

gas permeability, etc.).  The reduction in cigarette burn rate may be minimal or the cigarette may extinguish.  

We propose that the impermeability of backcoated BF-23 to air and other gases is largely responsible for 

extinguishing the cigarette and lowering smoldering propensity.  The mock-up with BF-23 showed no 

change in mass throughout the test duration, and the FPUF was completely protected in the presence of BF-

23.   

 

3.4.4 Woven barriers 

Four out of five of the woven barrier fabrics examined in this study were comprised of woven glass 

filaments.  BF-20 is a para-aramid/melamine fiber-blend fabric generally used as an outer shell in fire fighter 

turnout gear. Such a fabric provides flame protection and serves as a primary defense to mechanical injury, 

heat, and fire.  The inherently fire-resistant fibers in BF-20 have high decomposition temperatures (in excess 

of 350 °C), and it therefore takes longer times to initiate smoldering by a smoldering cigarette.  Only a very 

small amount of localized smoldering was seen in the vicinity of the smoldering ignition source.  The CF 

also did not smolder significantly.  This observation can be attributed to an interaction between the 

smoldering propensities of the CF and the BF.  As mentioned earlier, smoldering in the CF produces enough 

heat to char the adjacent pristine fabric to the point where smoldering can start.  The heat generated is either 

dissipated into the underlying BF or conducted laterally along the CF.  In the case of the FPUF/BF-20/CF 

combination, a large amount of heat was apparently dissipated to the BF, thereby reducing lateral heat 

transfer in the CF and limiting further smolder propagation.  The CVF was negligible (0.6 % ± 0.1 %), and 

the mock-up assembly self-extinguished before the end of the 45 min test.  BF-17, BF-18, and BF-19 consist 
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of woven glass filaments.  These BFs are completely impermeable to gases.  With very small thicknesses 

(< 0.3 mm), these barrier fabrics have bulk densities in excess of 0.750 g/cm3.  Mock-up assemblies 

consisting of such BFs self-extinguish as soon as the cigarette is completely burned or self-extinguished.  

The slight mass losses recorded for the complete mock-up assemblies (< 1 wt %) were either within the 

experimental error or due to gaseous mass loss as a consequence of CF smoldering. 

 

In contrast, mock-ups incorporating BF-15, which is a woven fabric made from core-spun yarn, exhibited 

a high smoldering propensity (smoldering index of 5.0).  BF-15 is a physically and thermally thin barrier, 

and the open weave results in high air permeability.  Once sustained smoldering was established in the CF, 

around 25 min, the mass loss rate of the mock-up assembly increased rapidly (see Table 5).  The FPUF 

smoldered significantly resulting in CVFs of 50 % ± 22 % at the end of 45 min test.    

 

Typical digital images of the char formed on various BFs during the smoldering ignition tests on mock-ups 

consisting of FPUF/BF/CF components are shown in Table 3.   The qualitative analysis of chars on BFs 

suggests that typically highloft and nonwoven structures have very low residual strength, whereas the 

knitted and woven structures had better structural integrity compared to highloft and non-woven fabrics.  

Quantitative analysis of BF char is discussed below.   

   

3.5 Char length on BF and CVF of FPUF 

Values of CVF for the FPUF are plotted against averages of maximum char length on the BFs in Figure 5.  

The CVFs show an almost linear relationship (R2 = 0.90) with non-zero char length values.  It is also clear 

from the data in Figure 5 that highly significant differences in char lengths are produced due to variability 

in barrier fabric types.   BF-9 produced the longest char length of 220 mm ± 44 mm followed by BF-15 

(191 mm ± 20 mm) and BF-11 (175 mm ± 14 mm).  BF-15 and BF-11 have high air permeability levels 

with open woven and knitted structures respectively.  However, both of the BFs are comprised of similar 

core-spun yarn.  The high air permeability and thermal thinness of the two BFs facilitate increased oxygen 

supply to the smolder reaction zone, thereby supporting increased BF smolder rates, which result in greater 

heat release and peak temperature in the reaction zone.41 The increased BF smoldering accelerates the rate 

of smolder spread both laterally over the fabric surface and into the FPUF.  The longer char lengths on BF-

9 are likely attributable to the use of a flame retardant treatment that reduces smoldering resistance.47 
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Figure 5.  CVF of FPUF versus char length on BF 

 

The shortest char lengths (< 75 mm) were produced on BFs having the lowest air permeability and which 

did not lead to sustained smoldering in the FPUF.  Such lengths are comparable to the cigarette smolder 

length.  The results of the char length analysis suggest that for a given BF structure, air permeability level 

has a significant effect on char lengths and smoldering propensity BF and thereby the FPUF.   

 

3.6 Air permeability of BF and CVF of FPUF 

 

Figure 6 shows a plot of CVF of FPUF after the 45 min smoldering ignition test versus the air permeability 

for the BFs.  The BF smoldering propensity and the CVF of FPUF are almost (R2 = 0.5) linearly related 

with air permeability, which suggests that additional parameters such as chemistry of fiber, fabric structure, 

and/or bulk density are responsible for the observed variations.  Thus, air permeability is not a sufficient 

condition for smolder propagation in BFs, at least for configurations considered in this study.   A low 

permeable BF structure restricts oxygen transport to the FPUF, thereby suppressing smolder propagation in 

the FPUF.  The FPUF is mostly protected from smoldering with very little discoloration due to thermal 

impact.  Studies20,42,48 that have varied air permeability levels of selected upholstery fabrics while keeping 

the fiber composition the same have reported differences in smoldering times, char lengths and char areas.  

Donaldson et al42 found that decreasing air permeability by a factor of 8 reduced the smoldering rate by 

14 %.   
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Figure 6.  CVF of FPUF at the end of 45 min smoldering ignition tests versus air permeability. 

 

4   Conclusions and Future Work 

 

The smoldering propensity of BFs were assessed in terms of char length produced on BFs, mass loss of the 

standard mock-up assembly, and the CVF of the FPUF substrate when tested in a mock-up configuration 

using a cigarette ignition source.  A smoldering index for BFs has been derived from CVF by varying the 

BF component in the FPUF/BF/CF mock-up systems, while holding the other two components constant.  

Smoldering could only be initiated in the FPUF when the BF was covered with a smolder-prone CF.  Results 

of this study suggest that the smolder-prone CFs when placed over a number of BFs are capable of releasing 

sufficient heat to initiate the char-oxidation smoldering process in the BF, which can subsequently transmit 

the heat to the underlying FPUF.  The smoldering propensity of BFs and thereby the amount of heat 

transmitted to the FPUF varies depending on the BF structure, fiber content, air permeability, and bulk 

density.  The lower the smoldering propensity of the BF, the less likely is the development of self-sustained 

smoldering in the FPUF. 

 

Of the 20 BFs tested in this study, mock-ups with five BFs self-extinguished and passed (see Table 5) the 

smoldering ignition test criterion described in CPSC’s proposed regulation for RUF (16 CFR 1634).  The 

BFs that exhibited self-extinguishing behaviors contained inherently fire resistant fibers and had air 

permeability values of less than 0.2 m/s.  BF-9, BF-11 and BF-15 had the highest smoldering propensities, 

resulting in charring of a large fraction of the FPUF.   

 

BFs with highloft structures, which have higher porosity, favor surface oxidation reactions and hence 

extensive smoldering.  Compared to their performance in residential mattresses, the boric acid treated cotton 

battings were less effective in reducing the smoldering propensity of the mock-up configuration in this 
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study, i.e., containing smolder-prone FPUF and CF.  Other flame retardant treatments and use of char 

forming fibers showed a greater tendency for BF smolder in the presence of the smolder-prone CF.  For 

BFs with similar fiber composition and similar structures, the smoldering propensity increased with an 

increase in bulk density.  A less permeable BF structure restricts oxygen transport to the FPUF, thereby 

suppressing smolder propagation in the FPUF.  However, air permeability is not a sufficient condition for 

smolder propagation.    

 

It is clear from the above discussion that smoldering ignition of FPUF by BFs is influenced by incident heat 

flux, oxygen availability, and BF properties.  BF properties such as structure, density, type of weave, surface 

treatment, compressibility, air permeability, and fiber chemistry (charring, low charring and non-charring 

fibers) influence thermal properties such as thermal diffusivity, thermal resistance, and thermal 

conductivity.  Both thermal diffusivity and thermal resistance are derived parameters and are functions of 

thermal conductivity.  Thermal diffusivity is defined as the ratio between thermal conductivity and the 

volumetric heat capacity.  Thermal resistance is the ratio of thickness and thermal conductivity of a fabric. 

Thermal conductivity is an intrinsic property of a material that indicates its ability to conduct heat (energy 

per unit area per unit time) divided by the temperature gradient. For textile materials, air within the fabric 

structure is the most important factor controlling the conductivity and is strongly influenced by the fabric 

structure.  The fabric thickness, density, and heat capacity all play a role in determining the thermal 

conductivity and hence thermal resistance and thermal diffusivity of barrier fabrics.  It is expected that the 

study of aforementioned thermo-physical properties will be useful in further understanding mechanisms of 

smoldering in barrier fabrics.  Future work is planned to determine explicit relations between BF’s ability 

to convey heat from a CF/covered cigarette to the FPUF, such as to induce smoldering in the FPUF. 
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