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ABSTRACT 

Firefighters rely on their protective clothing to provide them with maximum protection 

while carrying out their duties. New pieces of firefighters’ protective clothing are constructed to 

meet various standards and regulations. However, degradation will occur over time due to a 

number of factors. As most textile tests are destructive, non-destructive test methods are needed 

to monitor degradation levels and provide useful data for determining the time to retirement 

especially given the high replacement cost of firefighters’ protective clothing. The focus of this 

study was thermal ageing of outer shell fabrics due to high heat fluxes including the effect of the 

duration of exposure. Tensile strength of three Kevlar/Polybenzimidazole (PBI) outer shell 

fabrics was measured before and after exposures to heat fluxes of 10 to 40 kW/m2 in the cone 

calorimeter for 30, 60, 90, 120, and 300s durations. Fabrics exposed to a low heat flux of 

10 kW/m2 did not show significant change in the tensile strength. For higher exposure levels of 

20 to 40 kW/m2, the fabric strength fell below standard requirements (i.e. less than 623N) for the 

RS Black and RS Natural fabrics while the remaining strength for SCI PBI Max fabrics stayed 

above 623N up until the 40kW/m2 heat flux exposure. 

The reflectance and transmittance properties of fabrics were measured using near infrared 

(NIR) spectroscopy and correlations with the remaining tensile strength of the fabrics were 

developed. Changes in the NIR spectrum over the 800-2000 nm wavelength range along with 

fabric temperature measurements, thermogravimetric analysis and optical microscopy were used 

to examine the effects of heat flux and duration of exposure on performance of these fabrics. 

Methods of analyzing NIR data, used in the group’s previous research were evaluated: 

percentage shift in absorbance, absorbance feature characteristic changes (area and prominence) 

and slope change based on a normalized difference index method. Results from the normalized 

difference index slope change method showed a consistent relation to the original tensile strength 

for all three types of fabric investigated. Finally, it is expected that results from this research will 

be used for developing practical devices for non-destructive evaluations of firefighters’ 

protective clothing. 
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1. INTRODUCTION 

A firefighters’ personal protective equipment plays an important role in preventing fire 

injuries and death while working in a fire and other environments. According to the National Fire 

Protection Association, the United States of America recorded an estimated $25 billion in 

property damage because of fire and public fire departments responded to over 1.3 million fire 

emergencies in 2018 (Evarts, 2019). However, figures also indicate that firefighting operations 

resulted in 15 deaths and over 24,000 injuries to firefighters in 2016 (Fahy et al., 2018). These 

statistics highlight the importance of the firefighting profession and the safety of its personnel 

during firefighting operations. Firefighters are considered as heroes of our communities because 

they have the courage to respond to dangerous fire emergencies. Strict regulation such as ISO 

13506, 2008 and NFPA 1971, 2018 are followed when constructing these outfits so as to protect 

the end user from hazards (e.g. steam, heat, chemicals) in the fire environment and still provide 

the user a high degree of mobility. Despite these regulations this protective clothing does have its 

limitations and its performance will degrade over time because of a number of factors. 

Some typical firefighting operations are structural or wildland (forest, grassland and 

farmland) firefighting. This research focuses on pants and coats used by structural firefighters. 

Structural firefighting operations come with many risk factors and these should be minimised in 

order to ensure the safety of firefighters on the fireground. Protective clothing (i.e. pants and 

coats) is a critical piece of equipment used in the prevention of injury or death while responding 

to fire incidents. The typical construction of firefighters’ coats consists of three layers (Figure 1): 

the outer shell, moisture barrier and an inner thermal liner or comfort layer. The outer shell is 

made of high strength, flame resistant material, such as an aramid (Kevlar®, Nomex®) and/or 

polybenzimidazole (PBI), and it is designed to protect the firefighter against heat, flame, cuts, 

and abrasion. Moisture barrier fabrics include a thin breathable membrane such as e-PTFE 

(expanded polytetrafluoroethylene) laminated or coated onto a substrate such as an aramid, 

which serves to protect the membrane. The substrate layer is in contact with the outer shell while 

the membrane is in contact with the thermal liner. The moisture barrier is designed to reduce the 

possibility of steam burns to skin and heat stress injuries by allowing perspiration to escape from 

the body while keeping liquid water away from the firefighter as shown in Figure 1-1. The 
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thermal liner or comfort layer acts as an insulating layer and protects the firefighter from heat or 

cold. 

 

Figure 1-1: Layers of firefighters' protective clothing (adapted from Rezazadeh, 2014). 

A major challenge faced by fire professionals is the in-use condition of their turnout or 

thermal protective gear. It is necessary for firefighters to know how well their main source of 

protection will perform under a wide range of conditions. A newly purchased set of firefighter’s 

protective clothing is required to meet strict performance standards before it can be used in 

active service (NFPA 1971, 2018). However, end users are not only concerned with product 

performance when new but are interested in the continued performance of individual garments 

over their entire useful life (Fulton et al., 2018). Fire departments rely on some qualitative cues 

provided in (NFPA 1851, 2014) and other documents, in order to determine whether to retire in-

use protective clothing. This evidence includes the manufacturers’ stated useful life span 

(typically 5-10 years), contact with chemical and biological agents and radioactive materials, 

cost of repairs and visual examination for signs of ageing (e.g. tears, rips, discolouration). These 

criteria may not completely show the level of damage done to a firefighter’s ensemble because it 

is possible that the performance level of the textile may drop before signs of degradation become 

visible (Slater, 1991). This may result in underestimation of the degree of degradation, which is a 

safety risk for firefighters. These garments are expensive and if they are retired too early, it may 
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result in unnecessary financial losses. Currently, there are no clear guidelines for assessing in-use 

protective clothing and this raises questions related to its continued performance. 

It is important to develop techniques for evaluating the performance of firefighters’ 

protective clothing to help solve this problem. One challenge with evaluating performance of 

protective clothing is that most methods are destructive. Due to the role these garments play in 

firefighter safety and their high cost, it is important to develop quantitative test methods, which 

are non-destructive, to determine whether to retire in-use firefighters’ garments. 

1.1. BACKGROUND CHEMISTRY OF PROTECTIVE FABRICS 

This section provides a brief review of the base chemical constituents (Kevlar®1 and 

PBI) of outer shell fabrics materials such as those investigated in this study. Kevlar® and PBI 

based fabrics are known to have good abrasion resistance, flame resistance and other properties 

that make them suitable for application in the construction of firefighters’ protective clothing 

(Federal Trade Commision, 2009). 

Kevlar® is a member of a family of polyamide (aramid) fibers, a type of synthetic 

polymer. Kevlar® belongs to the poly (phenyleneisophtal-amide) group with a long chain 

polyamide structure and amide linkages (-CO-NH-). More than 85% of these amide linkages are 

connected directly to two aromatic rings (Federal Trade Commision, 2009). Typically, the 

orientation of this amide linkage in the chemical structure can occur in two different ways known 

as the meta and para oriented phenylene arrangement. Meta and Para nomenclature defines the 

orientation of the amide group in relation to the phenyl group. Kevlar® has a poly (para- 

phenylene-amide) structure as shown in Figure 1-2, meaning that the amide groups are attached 

to each other on the opposite sides of phenyl group to form the long chain structure (i.e. carbons 

1 and 4). 

                                                 
1 Kevlar® is a trademark of Dupont de Nemours. Inc., Wilmington. DE 
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Figure 1-2: Molecular structure of Kevlar® adapted from (Ormond & Gabler, 2017). 

Polybenzimidazole (PBI) is a synthetic polymer with excellent fire and chemical 

resistance properties and is produced from the synthesis of aromatic monomers that form a long-

chain aromatic polymer with the chemical structure – (C20 N4 H12) n – (Federal Trade 

Commision, 2009) as shown in Figure 1-3. In addition to its chemical and flame resistance 

properties, PBI2 has relatively high mechanical strength and other desirable performance features 

similar to that of Kevlar®. More background information on these and other firefighters’ 

protective clothing layer materials are contained in previous works (Torvi, 1997; Thorpe, 2004; 

Rezazadeh, 2014). 

 

Figure 1-3: Molecular structure of SCI PBI Max adapted from (Ormond & Gabler, 
2017). 

1.2. AGEING OF TEXTILES 

A textile's normal lifecycle begins with processing, which is followed by wear, use, 

laundering and disposal. Textile materials are exposed to different ageing conditions during this 

                                                 
2 PBI is a trademark of PBI Performance Products Inc., Charlotte. NC 
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lifecycle that could degrade or improve some of its features (i.e. thermal protection performance) 

(Vogelpohl, 1996). The deterioration of textiles has often been referred to as textile degradation 

in many references and such drop in the performance of fabrics has been attributed to its 

exposure to different degradation mechanisms. Due to ageing, textiles used in firefighters 

protective clothing experience changes such as tear, charring and dye removal which are visible 

effects of degradation which lead to a drop in performance thereby posing severe safety concerns 

for the end user. 

Degradation pathways of textiles may vary due to differing chemical and physical 

structure, manufacturing processes, treatments and end use (Smith & Thompson, 2017). 

However, the main focus of this research is on degradation of in-use textiles used in construction 

of firefighters’ protective clothing. Descriptions of the different degradation mechanisms and a 

number of factors which may cause the degradation of active firefighters’ protective clothing can 

be found in the literature (Fulton et al., 2018). This thesis will focus on exposures to high 

temperature and heat fluxes which are known to cause degradation in the performance of outer 

shell fabrics. 

1.2.1. Tests for Textile Ageing 

The service life of a material is defined as the time after which its service function ends 

or replacement of the material is mandatory (Mora, 2007). As discussed in earlier sections, 

ageing affects the time to replacement of textiles and it is influenced by different factors. For 

example, a newly constructed firefighters’ protective clothing is expected to provide adequate 

protection for its end user. However, it is expected that the fabrics will degrade over time while 

exposed to certain conditions, (i.e. high temperature and heat flux) throughout its service life. 

The degradation of textiles is a continuous process and because these textile products play an 

important role in providing safety for its end user, their ageing process has to be monitored. 

Visual inspection is a common method typically used by firefighters or fire departments 

to identify a potential drop in performance or deterioration of their personal protective clothing. 

However, research has shown that the performance of a firefighters protective clothing may drop 

to an unacceptable level before such damage can be detected visually. Slater developed a chart to 

describe the relation between the drop in textile performance and the visible degradation as 

shown in Figure 1-4. The functional level describes the minimum performance threshold for a 
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fabric while the visual level indicates the point at which fabric degradation (tear and colour 

change) can be detected using visual inspection. 

 

Figure 1-4: Performance levels for fabric degradation (Slater, 1986). 

In a scenario where the functional and visible levels do not coincide, a serious safety 

concern could exist for the firefighter. For example, visual inspection could not determine the 

level of deterioration (i.e. loss in mechanical strength) outer shell fabrics experience when 

exposed to ultraviolet radiation (Davis et al., 2010). However, a drop in the tensile and tear 

strength was recorded as compared to results from new outer shell fabrics. In contrast, tests 

performed on active garments have shown improvement on the Thermal Protective Performance 

over the life of the garment (Vogelpohl, 1996). 

As Fulton, 2017, suggests, a comprehensive study of the effect of ageing on textile 

performance should generally involve two phases. The first phase requires either sampling active 

textiles or accelerating the expected ageing process using laboratory tests. The second phase is to 

evaluate the performance of the aged textile, and compare this performance to the same textile 

when it was new, or to some performance standard. Some research on the evaluation of active or 

retired firefighters’ protective clothing has been performed in the past (Vogelpohl, 1996; 

McQuerry et al., 2015) and these garments were sampled to determine how well they would 

comply with the specific requirements regarding retirement of garments outlined in some 

national and international standards (e.g. ISO 13506, 2008; NFPA 1851, 2014; NFPA 1971, 

2018). A maximum wear life not greater than ten years was suggested for firefighters’ protective 
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clothing (NFPA 1851, 2014). Although sampling of retired garments can provide test samples 

exposed to a combination of different degradation factors, there are still some uncertainties on 

the different type of exposure conditions and level of degradation that the garment experienced 

in practice. 

The use of laboratory accelerated ageing for evaluation of textiles has been a popular 

choice in this research area because it provides the user more detailed information about the level 

of degradation at varying exposure conditions. Accelerated textile ageing in the laboratory also 

provides control over the degradation mechanism and thereby reduces the number of 

uncertainties in results. For the purpose of this research, the next sections (i.e. 1.3 -1.8) will 

discuss conditions firefighters’ protective clothing is exposed to (e.g. high temperature and heat 

flux), laboratory methods to simulate those conditions and standard methods of evaluating the 

performance of the turnout gear. Examples of research in which these and other methods used to 

evaluate the effect of thermal ageing on performance of textiles will be highlighted. Information 

on other textile ageing mechanisms can be found in the literature (e.g. Fulton, 2017). 

 

1.3. FIREFIGHTING CONDITIONS (THERMAL AGEING) 

When active, firefighters’ protective clothing is repeatedly exposed to a wide variety of 

combined degradation factors that include: high temperatures and heat fluxes, extreme cold, 

sharp objects, chemical exposure and water exposure. However, high temperature and heat flux 

exposures are more common to firefighters’ protective clothing which result in thermal ageing. 

In practice, the level of degradation caused by thermal ageing (i.e. high temperatures and heat 

flux) varies due to differences in fire dynamics, firefighters’ roles, exposure intensity, duration 

and geographical region. In order to simulate thermal ageing in the laboratory, an understanding 

of the possible temperatures and heat fluxes that could occur in field firefighting is important. 

Therefore, selecting a suitable temperature, heat flux intensity and duration of exposure will help 

provide laboratory simulation results that can be better related to the likely performance in the 

field. 

1.3.1. Intensity of thermal ageing 

Day et al. (1988) identified the need to understand and describe conditions on the 

fireground to provide active firefighters with a better understanding of the level of protection 
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their clothing can provide, assuming that reasonable precautions are taken regarding the care of 

the garment. A major hazard that the turnout gear is designed to protect from is high temperature 

and heat fluxes. Studies have been done to provide quantitative data that can be used to describe 

these field conditions. In 1958, researchers at the National Research Council of Canada 

performed one of the most comprehensive field fire studies commonly known as the St Lawrence 

burns (Shorter et al, 1960). This was one of the earliest studies to quantify the levels of heat flux 

and temperature in a real-world situation. Data from this study may not provide a complete 

picture of current structural fighting conditions because of the significant differences in the 

materials used in a building in that time period and the materials used currently (Lawson, 1997). 

The heat fluxes and temperatures firefighters are subjected to on the fireground have been 

classified as routine, ordinary and emergency conditions (Veghte, 1988). Each classification 

comes with a range of temperature and heat flux levels that can be adapted for laboratory 

simulations of thermal ageing as shown in Figure 1-5. These conditions can be defined based on 

temperatures and heat fluxes as routine (i.e. 20-60℃ and 1-2 kW/m2) and ordinary (i.e. 60-300℃ 

and 2-25 kW/m2) respectively. Any exposure with temperatures or heat fluxes higher than the 

values for an ordinary condition was considered as an emergency (i.e. >300℃ and > 25 kW/m2). 

 

 

Figure 1-5: Classification of firefighting conditions (Thorpe, 2004). 
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In addition, full-scale fire testing, such as that done by the University of Saskatchewan 

Fire Research Group (Threlfall et al., 2004; Fulton et al., 2017a; Fulton et al., 2017b), provide 

valuable data that can be used to determine conditions that structural fire fighters face while 

performing their duties on the fireground. It is important to note that environmental conditions 

(i.e. ambient temperature, wind speed and direction, humidity) and other degradation factors 

present in a field fire test are difficult to control at the time of testing. Irrespective of the 

uncertainties associated with field fire testing, it is a significant tool for understanding conditions 

on the fire ground. More detailed information on thermal ageing conditions can be found in 

works done by previous researchers (Fulton et al., 2018). 

1.3.2. Duration of thermal exposure 

Depending on the firefighters’ role on the fireground, the duration of thermal exposure 

would vary. On average, firefighters spent 1924 min/year on the fireground and depending on the 

geographical location, the duration may increase or decrease (Austin et al., 2001). For example, 

firefighters stationed in the least busy firehalls spent about 900 min/year on the fireground while 

personnel from the busiest firehalls spent about 2700 min/year. Previous research work has been 

summarized by the National institute of Standards and Technology (NIST) to classify the 

duration of safe work for firefighters’ in different thermal environments (Donnelly et al., 2006).  

This classification shows that duration depends on the conditions on the fireground and the 

limitations of their Self Contained Breathing Apparatus (SCBA). Based on previous studies, the 

maximum duration of safe work in routine firefighting conditions (i.e. 10-60℃ and 1-2 kW/m2) 

is recommended to be 30 min and this time reduces as the intensity of heat flux increases 

(Donnelly et al., 2006). Typically an SCBA tank is designed to provide the user with enough air 

for approximately 15 min (Austin et al., 2001; Mensch et al., 2011). Hence, a maximum duration 

of 15 min is recommended for a firefighter working in an environment that requires the use of 

SCBA. Hence, the need to refill the SCBA tanks and adherence to safe duration of exposure 

shows the importance of investigating the effect of duration on the performance of a firefighters’ 

protective clothing.  

1.4. LABORATORY SIMULATION OF THERMAL AGEING 

Ageing of textiles can be simulated using two main laboratory procedures: full scale or 

bench scale testing. Large structures or ensembles can be tested using full scale tests and these 
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tests can provide more detailed information on the performance of an entire piece of firefighters’ 

protective clothing. However, they have a relatively large cost and require a large testing facility. 

For bench scale tests, a small piece of the entire ensemble can be tested. However, it can be 

difficult to extrapolate results to the entire ensemble. Bench scale tests do have the advantage of 

being less expensive and test facilities are more widely available. Since the focus of this research 

is on thermal ageing, this section will discuss studies on the laboratory simulation of high 

temperature and heat flux exposures on firefighter protective clothing. 

1.4.1. Thermal Ageing 

A major hazard that firefighters are exposed to on the fireground is high temperatures and 

heat fluxes. High heat or flame exposures could be responsible for degradation processes since 

such conditions may provide sufficient energy for physical and chemical changes in fabrics. 

Studies suggest that the intensity, temperature, duration, and frequency of exposure will all 

influence thermal ageing of fabrics (Rezazadeh, 2014). This is one of the reasons why many 

research studies on protective fabrics focus on effects of thermal ageing. 

Laboratory procedures for evaluating the thermal protective performance of a new 

firefighters’ turnout gear can be used to simulate thermal ageing. They are basically grouped into 

two main categories: Full scale manikin testing and bench scale testing. The development of 

instrument manikin like Thermo-man (DuPont), Donghua University Flame manikin and the 

Harry Burns (University of Alberta) have been major advances in full scale testing (Udayraj et 

al., 2016). Standards from international organizations such as American Society for Testing 

Materials and International Standards Organization provides guidelines on performing full scale 

manikin testing (ASTM F1930-15, 2015; ISO 13506, 2008). For example, the ASTM method 

suggests that at least 100 heat flux sensors are placed on the surface of the stationary manikins 

and exposed to an average heat flux of 84 kW/m2 for up to 20 s using a minimum of eight 

propane burners in order to simulate actual conditions encountered by firefighters (ASTM 

F1930-15, 2015). 

Bench scale tests are also used for evaluation of fabrics. Apparatuses used in Thermal 

protective performance (TPP) (ASTM F2700-08, 2008), Radiative protective performance (RPP) 

(ASTM F1939-15, 2015) tests for fabrics can be applied to simulate thermal ageing of protective 

fabrics. Depending on the test requirements, specimens are exposed to either a heat flux from a 
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convective (e.g. laboratory burner), radiative (e.g. quartz tubes) or a combined convective and 

radiant heat source. Other researchers have used different radiative heat sources to produce heat 

fluxes, such as the conical heater of the University of Saskatchewan’s cone calorimeter, a piece 

of fire testing equipment typically used to test building materials (ASTM E1354-15a, 2013; 

Torvi et al., 2016). While performing a comparison of laboratory and field exposures, the 

wavelengths of thermal radiation and convective and radiative components should be considered 

(Torvi et al., 2016). As discussed earlier, bench scale tests are convenient, relatively inexpensive 

and facilities are more widely available. However, results from bench scale tests may not account 

for performance of some clothing features (e.g. zippers, seams) that would be found in a full 

scale test sample specimen. 

Studies show that the flame resistance and mechanical properties of fabrics deteriorate 

more severely through thermal exposure than other aspects of performance (Rezazadeh & Torvi, 

2011). However, other researchers have recorded in some cases an initial increase in the Thermal 

Protective Performance of fabrics after thermal ageing. The severe effect of thermal exposures 

on fabric properties justifies why most research on firefighters’ protective clothing focuses on 

effects of thermal ageing. Table 1-1 summarizes research work done on the effects of thermal 

ageing on fabrics and serves as a continuation of previous reviews (Rezazadeh & Torvi, 2011; 

Fulton, 2017). 
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Table 1-1: Examples of current research on effects of thermal ageing on textile. 

Investigator(s) 
Thermal ageing 

method 
Duration Parameters studied 

(Ormond & Gabler, 

2017) 

Radiant heat flux of 

0.2 cal/cm2s 

(8.4 kW/m2) 

10, 25 and 50 s  
Trapezoidal Tear Strength 

FTIR spectroscopy 

(Fulton, 2017) 
Radiant heat fluxes 

of 10-70 kW/m2 
60 s 

Mechanical properties 

(tensile strength) 

SEM evaluation 

NIR reflectance 

(Dolez et al., 2018) 
Convection oven 

150-300℃ 
1-500 hr 

Mechanical properties 

(tensile and tear strength) 

TGA 

FTIR spectroscopy 

(Han et al., 2019) 
Radiant heat flux of 

84 kW/m2 
4 s exposures  

TPP 

Coating strength 

Ease of ice removal 

SEM evaluation 

(Klosowski et al., 

2019) 

Convection oven 

80-90℃  
12 weeks 

Mechanical properties 

(tensile strength, 

stiffness) 

 

1.5. METHODS FOR EVALUATING PERFORMANCE 

Performance studies are based on standards for new textiles (CAN/CGSB-155.1., 2001; 

ISO 13506, 2008; NFPA 1971, 2018). For example, the constant rate of- extension (CRE), 

tensile test (ASTM D5034-09, 2013), and thermal protective performance testing methods are a 

few of the over fifty destructive test methods outlined by NFPA 1971, 2018. For the purpose of 

this research, tensile testing would be the key aspect of performance selected for destructive 

evaluation of thermally aged fabrics. Other aspects of performance testing outlined by NFPA 

1971 include thermal protection, flammability, thermal shrinkage resistance, water resistance and 
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tear strength. Most standard tests used to evaluate protective fabrics are destructive and are not 

fit for evaluation of in-use ensembles (Fulton et al., 2018). To tackle this concern, research has 

been conducted into potential non-destructive tests that can be correlated with results from 

destructive testing (Rezazadeh, 2014; Fulton, 2017). Some of the non-destructive techniques 

which have been investigated are visual inspections, x-ray diffraction, colour measurements, 

infrared spectroscopy and Raman spectroscopy. Investigation of non-destructive methods for 

evaluating in-use garments is an area of ongoing research and the next sections will discuss some 

of the promising research performed in this area. 

1.6. NON-DESTRUCTIVE EVALUATION 

Non-destructive testing (NDT) “is the process of inspecting, testing, or evaluating 

materials, components or assemblies for discontinuities, or differences in characteristics without 

destroying the serviceability of the part or system” (American Society for Nondestructive 

Testing, 2019). A non-destructive test is an evaluation method that gauges the properties of a 

material without influencing future performance (Rezazadeh, 2014). Materials have properties 

that tend to deteriorate while in use or over time. Identifying a quantifiable change in these 

properties relative to the physical degradation process of a material will help provide an estimate 

of its current state and remaining service life. 

NDT has been applied successfully in many engineering applications to determine in-use 

conditions of materials, and some of these techniques can be applied to evaluate the integrity of 

textiles in active service. In the case of textiles used in construction of firefighters’ protective 

clothing, standards such as NFPA 1851, 2014, provide non-destructive guidelines for their post-

use performance evaluation, but these may not be completely sufficient. As discussed in earlier 

sections, standards for evaluating new firefighters’ protective clothing are available. However, 

many of these tests for new fabrics are destructive which makes such methods not suitable for 

evaluating textiles that are actually being put into service. Therefore, the development of NDT 

techniques would help provide a more reliable solution for evaluating in-use firefighters 

clothing. 

The potential of different non-destructive testing methods for evaluating textiles has been 

investigated in the past and a comprehensive summary of these studies can be found in (Fulton et 

al., 2018). Previous research done by the University of Saskatchewan Fire Research Group to 
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develop non-destructive methods to predict the performance of firefighters’ protective fabrics in 

small-scale tests specified in standards for new clothing are discussed in the next section 

(Thorpe, 2004; Rezazadeh, 2014; Fulton, 2017). 

1.7. PREVIOUS UNIVERSITY OF SASKATCHEWAN RESEARCH 

Developing potential non-destructive methods for evaluating firefighters’ protective 

clothing has been a major area of research for the University of Saskatchewan Fire Research 

Group. Most of the experiments were performed on small-scale samples of textile materials used 

in construction of turnout gear. These samples were exposed to different conditions to simulate 

ageing followed by non-destructive and destructive tests for performance evaluation. 

Thorpe (2004) conducted one of the earliest investigations of NDT techniques for 

evaluating firefighters’ protective clothing at the University of Saskatchewan. He explored the 

potential of digital image analysis and colorimetry as possible options for diagnostic tests of 

turnout gear. He exposed firefighters’ ensemble specimens to heat fluxes between 5 to 30 kW/m2 

for durations ranging from 30 to 3600 s, using a radiant heat source from a radiant protective 

performance (RPP) apparatus. The tensile strength of outer shell fabric specimens dropped below 

values specified in NFPA 1971 after exposures to 20 kW/m2 heat flux for 60 s. Most of the 

moisture barrier specimens retained their tear strength. However, outer shell fabrics subjected to 

30 kW/m2 radiant exposures for 60 seconds or more failed the tear resistance tests (i.e. Trapezoid 

test) (ASTM D5587-15, 2019). Specimens exposed to a 30 kW/m2 heat flux for 45 s and longer 

failed the water penetration test (ASTM F 903-18, 2018). Four different non-destructive testing 

techniques were performed on the exposed outer shell specimens (optical microscopy, Raman 

spectroscopy, colorimetry and digital image analysis). 

Results from optical microscopy and Raman spectroscopy were not considered as 

valuable as other tests because of some limitations. With optical microscopy, changes in the 

surface fiber texture and colour of the fabrics were observed but this method was not considered 

as a potential practical tool because these changes were not quantitative. Although Raman 

spectroscopy was considered based on its history of success with other fabrics, applying this 

technique was difficult because the fluorescence was too great to retrieve meaningful results 

(Thorpe, 2004). The other two techniques (i.e. colorimetry and digital image analysis) showed 

promising results. Using a colorimeter, outer shell fabric colours were measured and quantitative 
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information on the change in the colour was provided. A manually drawn curve was used to 

demonstrate the relation between colour change and tensile strength for each fabric as shown in 

Figure 1-6. 

 

Figure 1-6: Correlation between the Commision Internationale de l’Eclairage’s L*a*b 
system colorimetry and breaking force for 60%Kevlar®/40%Nomex® fabric specimens (Thorpe, 

2004). 

Colour measurements also formed the basis of the digital image analysis technique and 

produced results similar to colorimetry as predicted. This method utilized a digital scanner, 

personal computer and MATLAB software to examine the change in colour in the outer shell 

material. Scanned images of aged and unaged specimens were subjected to analysis using the 

RGB and the CIE L*a*b system. Data from RGB analysis proved inefficient because RGB 

values are difficult to visualize. Hence, the CIE L*a*b colour model was preferable because 

calculations of colour difference can be easily performed. The L*a*b colour space was modeled 

after a colour opponent theory stating that two colours cannot be red and green at the same time 
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or yellow and blue at the same time (Konica Minolta Sensing Americas, Inc, 2019). Using the 

CIE L*a*b system, the colour difference calculations are done by determining the magnitude of 

the vector between two colours. Mathematically, the colour difference (ΔE) can be written as 

(Konica Minolta Sensing Americas, Inc, 2019), 

 
�� = (��� + ∆�� + ∆��)

�
� (1.1) 

Where ΔL is the difference between the luminance values of the two points in question 

and Δa and Δb are the chromatic differences. A correlation of the colour differences with results 

from destructive testing was performed which can be used to form the basis for determining the 

end of service life of a firefighters’ protective clothing. 

Rezazadeh (2014) studied the potential of colour measurements and near infrared (NIR) 

spectroscopy as techniques for non-destructive evaluation of the in-use performance of outer 

shell fabrics used in fire fighters’ protective clothing. The fabrics were thermally aged at 

different heat fluxes (i.e. 10, 20, 30, 40 kW/m2) for durations ranging from 10 to 2400 s, using 

radiant heat from the cone calorimeter. Tensile strength of the fabrics were measured before and 

after thermal aging. 

Colour measurements were done using the CIE L*a*b colour space model and the same 

MATLAB code as Thorpe (2004). This research was a continuation of Thorpe’s investigation to 

see the efficiency of the model on a wider range of fabric type and colour. Correlations between 

colour change and tensile strength showed two trends which were dependent on the initial colour 

of the fabric, colour of the undyed fibres and the colour of char. For blue and black coloured 

fabrics, the colour difference increased during dye removal but then decreased as charring 

appeared as shown in Figure 1-7. Red, yellow and light brown (undyed) coloured fabrics showed 

continuous increase in colour difference as dye removal occurred and char appears (Figure 1-8). 
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Figure 1-7: Correlation between tensile strength and colour difference of royal blue 
Nomex® fabrics (photo insert) exposed to 10-40 kw/m2 heat fluxes (Rezazadeh, 2014). 

 

Figure 1-8: Correlation between tensile strength and colour difference of red Nomex® 
fabrics (photo insert) exposed to10-40 kw/m2 heat fluxes (Rezazadeh, 2014). 
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Near infrared spectroscopy was performed on fabric specimens in the reflectance mode. 

Correlations were developed using multi-variable linear regression models to predict tensile test 

results. Regression models were developed using reflectance values at various numbers of 

wavelengths. It was found that models that utilized as little as three wavelengths could do a 

reasonable job of predicting tensile strength values. For example, Figure 1-9 shows the 

relationship between measured and predicted tensile strength values for a royal blue Nomex® 

fabric. The prediction model was developed using reflectance values at 1600, 1700, 1750 nm and 

tensile strength values for fabrics exposed to 5, 15 and 25 kW/m2 heat fluxes (open square data 

points). This wavelength region (i.e. 1500-2000 nm) is in agreement with major absorption bands 

of the functional groups (i.e. -CH, -OH, and –NH) of fabric specimens. 

 

Figure 1-9: Comparison of tensile strength measured for blue Nomex® with values 
predicted using three wavelength regression model (Rezazadeh, Bespflug, Fulton, Noble, & 

Torvi, 2018). 

Another set of fabrics aged using 5, 15, and 25 kW/m2 heat fluxes were used to evaluate 

the model (shown using solid square data points). Fabric tensile strength values between 600 and 

800 N were predicted within 20% accuracy using the model but a larger deviation in accuracy 

occurred at lower tensile strengths. This deviation was because the model was based on fewer 
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data points for tensile strength values of 400 N or less. However, this research showed the 

possibility of developing practical devices that could predict tensile strength of firefighters’ 

protective fabrics based on reflectance measurements at a relatively small number of 

wavelengths. 

Fulton (2017) studied the potential of near infrared spectroscopy as a tool for predicting 

the tensile strength of outer shell fabrics consisting of 60/40% Kevlar®/PBI blends (i.e. RS 

Natural, RS Black and SCI PBI Max) subjected to thermal and UV exposure conditions. This 

research is a continuation of work done by Rezazadeh’s (2014) investigation to show the 

practicality of using NIR spectroscopy on other fabric blends and using a different statistical 

approach for correlating data with tensile strength. Thermo-gravimetric analysis of the three 

fabric types under investigation was performed. Figure 1-10 to Figure 1-12 show the TGA 

curves for RS Black RS Natural, and SCI PBI Max fabric specimens from Fulton’s (2017) work 

at the University of Saskatchewan. Initially a slight weight loss occurred beginning at 50℃ 

which can be attributed to the removal of moisture. Between 200 and 400℃ a small weight loss 

was observed which can be attributed to the onset of dye removal and other materials used for 

fabric surface finishes. Base fabric material decomposition began to occur as the fabric 

temperature approached 450℃, as indicated by a significant change in mass loss rate. 
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Figure 1-10: TGA results for RS Black (Fulton, 2017). 

 

Figure 1-11: TGA results for RS Natural (Fulton, 2017). 
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Figure 1-12: TGA results for SCI PBI Max (Fulton, 2017). 

Near infrared measurements were taken in the 800 – 2000 nm region in reflectance mode. 

As seen in the previous studies, there were significant changes in spectral reflectance results for 

thermally aged specimens. Different statistical methods (i.e. percentage change in reflectance, 

absorbance feature analysis and a normalized-difference index method) were used to evaluate the 

changes in the spectral data obtained from the NIR spectroscopy, and produce correlations with 

tensile strength. Key wavelengths (i.e. 1130, 1520, 1660 nm), along the NIR reflectance spectra, 

related to chemical bond formation in the fabrics, were chosen for this investigation. For 

example, percentage shift analysis (shown in Figure 1-13) at key wavelengths was found to be 

quick and easy to use but results can be uncertain due to inconsistent changes in the spectrum for 

some fabrics. This was done by relating the percent change in original tensile strength to the ratio 

of unaged reflectance (��) to aged reflectance (��). Although each method had its advantages 

and disadvantages, the normalized difference index method showed the most promise for 

predicting the effects of ageing on the fabric types examined in this study.  
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Figure 1-13: Exponential relationship between percentage of original tensile strength to 
the change in absorbance at 1100 nm of RS Black fabrics (Fulton, 2017). 

Scanning electron microscopy was also used between magnifications of 350-3000 x to 

examine microstructural degradation of the aged fabrics. As the thermal exposure conditions 

increased, microstructural crack development was seen to be prominent which could be used to 

explain significant changes in tensile strength of the fabrics. In addition, SEM images could be 

related to the shifting behaviour of NIR results. For example, an increase in cracks and holes in 

the individual fibers would result in increased absorbance and simultaneously lower the 

reflectance values. A number of important questions for future research were raised by these 

authors over their course of study and this research project will aim to answer some of them. 

1.8. SCOPE AND OBJECTIVES OF THIS RESEARCH 

Outer shell layer fabrics used in firefighters’ protective clothing serve as the first line of 

defence for firefighters on the fireground and degradation of this layer will affect the 

performance of inner layers in full multi-layer ensembles. The goal of this research is to improve 
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the understanding of the degradation of outer shell fabrics and develop methods for practical 

non-destructive testing of the firefighters’ protective fabrics. In this work, emphasis will be 

placed on investigating the effects of thermal ageing on the performance of outer shell protective 

clothing specimens using a bench scale laboratory simulation. Three types of fabric specimens 

studied in this research are selected from common materials used for construction of outer shell 

layers of firefighters’ protective clothing (i.e. 60/40% Kevlar/PBI Blends). Accelerated ageing 

will be done by exposing new unlaundered fabrics to a primary radiative heat source and a range 

of exposures were selected to represent different firefighting conditions. After ageing, 

performance of the fabrics will be evaluated using both non-destructive and destructive testing 

methods. For non-destructive evaluations, near-infrared spectroscopy of fabrics in the diffuse 

reflectance and transmittance mode was used. Tensile testing (ASTM D5034-09, 2013; NFPA 

1971, 2018) will be the main destructive testing method for performance evaluation. Finally, 

different statistical methods (i.e. percentage shift, absorbance features and normalized difference 

index) will be used to evaluate test results and correlate the results from the group of tests 

performed. 

This research aims to supplement previous work done by Fulton (2017) whereby the 

effect of thermal ageing and duration of exposure on the performance of firefighters’ protective 

clothing are evaluated. 

The main objectives of this research are; 

 To evaluate the effects of thermal ageing exposure conditions and duration of 

thermal exposure on the continued performance of firefighters’ outer shell 

protective fabrics with a focus on the remaining mechanical strength of the fabrics 

as a key performance indicator; 

 To investigate the potential of near-infrared spectroscopy as a non-destructive 

technique for evaluating performance of aged fabrics; and 

 To produce correlations of tensile strength test data with NIR spectroscopy 

results, which could be used to predict the time to retirement of protective fabrics. 

This thesis describes all experimental methods performed, results obtained, methods for 

correlating data, and suggested future area of research. Chapter 1 of this thesis provides critical 
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background information for understanding the ageing of firefighters’ protective clothing and how 

their performance can be evaluated. Chapter 2 provide details of the outer shell fabric material 

investigated in this study and the experimental instrumentation and methodology employed at the 

Universities of Saskatchewan and Alberta. Chapter 3 covers experimental results from thermal 

ageing procedures, photographic images of fabrics, microstructural evaluation using optical 

microscopy, near-infrared investigations and tensile testing of the fabric specimens. Chapter 4 

details methods and analysis provided for establishing correlations between destructive tensile 

testing results with non-destructive near-infrared spectroscopy. Chapter 5 summarizes the 

research project, conclusions reached, implications of this research and possible areas for future 

research. 
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2. EXPERIMENTAL MATERIALS AND METHODS 

This chapter explains the background information on the protective clothing outer shell 

specimens, experimental apparatus utilized and detailed testing techniques applied in this study. 

2.1. FEATURES OF THE OUTER SHELL TEXTILE SPECIMENS 

The firefighters’ protective garment is constructed using three layers of fabrics, which are 

the outer shell (OS), the moisture barrier (MB) and the thermal liner (TL). As noted in Chapter 1, 

the outer shell fabric is well known to provide thermal protection against heat and flame. When 

exposed to a fire environment, the OS layer is the first line of protection against external hazards 

and often is impacted the most by exposures that cause degradation. The focus of this study will 

be on the OS. Textiles used in OS layer can be constructed using different materials and weave 

patterns. A detailed characterization of the fabrics selected for this study was performed in 

previous studies (Fulton, 2017) as shown in Table 2-1. 

Table 2-1: Important outer shell layer fabric features (Fulton, 2017). 

Feature RS Black RS Natural SCI PBI Max 

Mass/unit area, g/m2 274 272 260 

Average thickness, mm (inch)  
0.80 ± 0.03 

(0.031 ± 0.001) 

0.69 ± 0.03 

(0.027 ± 0.001) 

0.54 ± 0.05 

(0.021 ± 0.002) 

Air Permeability (L/m2∙s)  69.2 ± 9.0 145.6 ± 12.0 50.1 ± 2.0 

Fabric count 22 warp x 19 weft 17 warp x 14 weft 19 warp x 19 weft 

Weave Plain Plain 2/1 Twill 

Yarn structure zzS twist zzS twist z and zzS twist 

 

Three different fabrics were used: Ripstop (RS) Black, Ripstop (RS) Natural, and SCI 

PBI Max each of which is a 60/40% Kevlar/PBI woven fabric blend. RS fabrics are woven 

fabrics with raised rib reinforcement patterns (square in this case) that helps prevent ripping and 

tearing in the fabric structure. RS fabrics have a favorable strength to weight ratio and small tears 

cannot easily spread. The SCI PBI Max fabrics are woven fabrics without raised rib 

constructions. These fabrics, which were also used in Fulton’s research, were selected to 
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examine the impact of material dye, weave patterns and construction process on the performance 

of protective clothing. 

2.2. SPECIMEN PREPARATION AND CONDITIONING 

The three fabric types originally arrived factory treated and were cut into 145 x 150 mm 

sizes to fit the thermal ageing specimen holder. The fabric was left unlaundered in order to 

investigate the effect of factory surface finish. Woven fabrics, with a few exceptions are 

constructed by interlacing lengthwise yarns and crosswise yarns at right angles. Warp yarns are 

lengthwise-direction yarns and the weft yarns are crosswise direction yarns (Coiller et al., 2009). 

An arrow was placed in the bottom right corner to indicate the warp direction of the specimen. A 

diagram showing the warp and weft arrangement of the textiles considered in this study is shown 

in Figure 2-1. The specimens were cut from the fabric roll leaving 5 cm to the selvedge and 10 

cm to the factory cut-edge. 

 

Figure 2-1: Warp and weft directions of fabric as received in rolls. 

In order to compare specimen performance along similar warp direction, cutting was 

made in an increasing diagonal pattern instead of making random cuts across the textile surface 

(Figure 2-2). With this cutting pattern, 60 specimens were cut from each 2 m fabric roll and 100 

individual tensile testing strips per fabric type. 
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Figure 2-2: A sketch of increasing diagonal cutting pattern for fabric specimens (Fulton, 
2017). 

Before thermal ageing, the specimens were preconditioned according to (ASTM D1776-

16, 2016) at 22 ± 2℃ and 65 ± 5% RH at the University of Saskatchewan using a small 

conditioning chamber that contained a magnesium salt (MgCl) and water mixture (0.6-0.8 g/L 

salt concentration) in a manner similar to (ASTM E104-02, 2012). After thermal ageing, the 

specimens were stored and transported in sealed plastic bags to a conditioning chamber at the 

University of Alberta’s environmentally controlled laboratory (i.e. 22 ± 2℃ and 65 ± 5% RH), 

where they were further cut down to 35 × 150 mm sizes as shown in Error! Reference source n

ot found.. With this cutting technique three test strips for were made available as required for 

tensile strength evaluation. 
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Figure 2-3: Sketch of specimen strip cut out dimensions for tensile strength testing 
(adapted from Fulton, 2017). 

2.3. CONE CALORIMETER 

The cone calorimeter is a modern device used for small-scale study of the fire behavior of 

different materials. It is a widely used apparatus in test standards for fire safety research such as 

ASTM E1354-15a, 2013. The working principle of a cone calorimeter is based on the 

measurement of the decreasing oxygen concentration in the combustion products of a sample 

subjected to a given heat flux. (Dewaghe et al., 2011) The UofS Fire Testing Technologies Dual 

Cone Calorimeter (Figure 2-4) has a heating coil wound in the form of a truncated cone (conical 

heater element) that can produce heat flux levels from 0-100 kW/m2. This device uses internal 

and external Agilent 34970 data acquisition systems with HP 34970A Multiplexers for data 

acquisition and its conical heater element can be oriented vertically or horizontally depending on 

the experiments. 
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Figure 2-4: The University of Saskatchewan cone calorimeter. 

The UofS apparatus has a specially designed air-cooled shutter system that protects 

specimens from heating up before the start of heat flux exposure and also to control the duration 

of exposure of specimens. During heat flux exposure, gaseous by-products from off-gassing or 

pyrolysis are evacuated using a ventilation system connected to an exhaust vent located above 

the cone calorimeter. The cone calorimeter has been adapted for testing of fabric specimens 

(Torvi et al., 2016) by constructing as specially designed specimen holder (Figure 2-5). 
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Figure 2-5: The specimen holder for vertical mounting of fabrics for thermal ageing. 

2.3.1. Thermal Ageing with the Cone Calorimeter 

The radiative heat flux produced by the UofS cone calorimeter has been experimentally 

determined (Rezazadeh, 2014) to be relatively uniform over the surface of specimens placed 

25 mm below the cone heater element. A former undergraduate research assistant at the UofS 

Thomas Ingold (Rezazadeh, 2014) investigated the heat flux distribution across the specimen 

exposure window. Results from this previously completed work (Rezazadeh, 2014) showed that 

for a 7.5 by 7.5 cm exposure window, 90% of the incident heat flux measured at the centre was 

recorded at the outer edges. 
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The procedure for thermal ageing with the cone calorimeter was similar to methods used 

in previous research (Thorpe, 2004; Rezazadeh, 2014; Fulton, 2017). Specimens were cut into 

specific sizes from larger fabric rolls as previously discussed and were conditioned for a 

minimum of 24 hr at 22 ± 2℃ and 65 ± 2% relative humidity (RH) in a conditioning chamber. 

Specimens were exposed to incident heat fluxes in the cone calorimeter within 5 minutes of 

exposure to ambient conditions. Heat fluxes from the cone heater were measured using a water 

cooled Schmidt-Boelter heat flux gauge (GTW-10-32-485A, Medtherm, Huntsville, AL) placed 

25 mm away from the the heating element during calibration and the fabric was located at the 

same distance away from the cone heater during thermal aging. Before testing, a comparison of 

heat fluxes measured using the working gauge and a calibration gauge was performed and the 

results from the working gauge were within 2% of the calibration gauge. With the conical heater 

mounted in a vertical orientation and the air-cooled shutter closed, each specimen was mounted 

on the specimen holder prior to the start of testing. Opening of the air-cooled shutter marked the 

beginning of each test. 

 The heat fluxes (10, 20, 30 and 40 kW/m2) were selected based on temperatures at which 

thermochemical reactions are seen to occur during thermo-gravimetric analysis of the fabrics 

(Fulton M, 2017) , the expected range of conditions of exposure for firefighters’ protective 

clothing on the fireground as discussed in Section 1.3.1., and to cover the critical region where 

the fabrics’ mechanical strength is expected to drop below the value in the NFPA 1971 standard 

(NFPA 1971, 2018). As discussed in section 1.3.2., the duration of exposure to a thermal 

environment varies and is critical to the safety of a firefighter. Hence, a wide range of durations 

of thermal exposure was chosen to simulate the effect of duration on the performance of the 

firefighters’ protective clothing. The exposure durations of 30, 60, 90, 120, and 300 s were 

selected in this research to be within the range of durations investigated by Fulton and another 

previous researcher. (Rezazadeh, 2014; Fulton, 2017). Temperature measurements were recorded 

on the back of the fabrics using a Minolta Cyclops 300bAF (Dronfield, UK) infrared 

thermometer with a maximum range of 1050℃ and emissivity set at 0.9. 

The adaptation of the cone calorimeter to simulate thermal ageing of fabrics for this study 

has a number of benefits over the use of ovens. Ovens may contain temperature gradients which 

may vary with the size of the heated compartment. The time for temperature to recover should be 
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accounted for while using conventional ovens which may slow down the testing and add some 

uncertainties to the results but this issue can be mitigated by the use of radiant heat source from 

the cone. 

2.4. TENSILE TESTING 

Tensile strength testing of the OS fabric specimens was conducted to determine the 

minimum breaking strength of the fabrics using the Instron 5565 tensile testing apparatus (Figure 

2-6) located in an environmentally controlled laboratory in the Department of Human Ecology at 

the University of Alberta. This experiment was performed according to NFPA 1971 (2018) 

which recommends the use of the ASTM D5035 standard (ASTM D5035-1, 2015). NFPA 1971 

(2018) specifies a minimum breaking strength of 623 N for outer shell fabrics. The Instron 5565 

tensile testing apparatus has a load capacity of 5 kN and was used after being zeroed and 

balanced before the start of each trial set. Calibration of the Instron apparatus was last done by an 

Instron technician in August 2016. 
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Figure 2-6: The University of Alberta's Instron 5565 tensile testing apparatus. 

Test specimens were cut into 35 mm x 150 mm strips as shown in Error! Reference s

ource not found. to ensure that the thermally aged area remains at the center of the strip and 

were further reduced to 25 mm x 150 mm as required by the test standard. This was done by 

carefully removing yarns from both sides of the 150 mm strip such that there were five squares 

(i.e. five ripstop patterns) for RS Black, four squares (i.e. four ripstop patterns) for RS Natural 

and 17 bright yellow yarns for SCI PBI Max across the 35 mm strip (Figure 2-7). 
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Figure 2-7: Specimen preparation for L-R, SCI PBI Max, RS Black and RS Natural prior 
to tensile testing. 

Prepared OS specimens were placed in anti-slip jaws and subjected to a Constant Rate of 

Extension (CRE) at 60 mm/min rather than the specified 300 mm/min (ASTM D5035-1, 2015). 

The strip jaw has dimensions of 25 mm x 75 mm (1” x 3”) and a pneumatic clamping system, 

which was set at 517 kPa (75 psi). A fixed gauge length of 75mm was used for testing. The strip 

jaw was rubber faced to avoid compression of material during testing. A common problem with 

this testing method is slippage of the rubber faced jaws clamping system (Rezazadeh, 2014; 

Fulton, 2017). This issue increases the uncertainty of tensile testing results. Rubber faced jaws 

performed well for RS Black and RS Natural fabrics but sandpaper faced grips (100-150 grit) 

were used for the SCI PBI Max fabrics in order to provide extra grip on the filament yarns. 

Finally, the test was setup to record results after a 40% drop in the applied load was reached. 

2.5. NEAR INFRARED SPECTROSCOPY 

Specimens were preconditioned using a method similar to ASTM E104-02, 2012 for at 

least 24 hr. at 22± 2 and 65 ± 2% relative humidity. These samples were thermally aged (as per 
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section 2.3.1) within 5 minutes of removal from the conditioning chamber. After thermal ageing 

was completed, fabric specimens were sealed in a plastic bag and stored for a minimum of 24 hrs 

before carrying out non-destructive tests. The diffuse reflectance and transmittance of new and 

thermally aged sample were measured at the UofS using a dual beam UV-VIS-NIR 

spectrophotometer equipped with an integrating sphere (AgilentCary 5000 Palo Alto, CA) as 

shown in Figure 2-8Error! Reference source not found.. This device is equipped with an 

integrating sphere configured for diffuse reflectance and transmittance measurement of OS fabric 

specimens exposed to the equipment’s light source. Both reflectance and transmittance 

measurements were performed as two separate measurements with the fabrics are placed at 

different spots in the equipment. A baseline zero calibration was performed prior to scanning, 

with the baseline set to an SRS-99 spectralon reference (Labsphere, North Sutton NH) and the 

zero measurement taken with the sample beam blocked. For each fabric type exposed to the same 

heat flux and duration, three specimens were tested and NIR reflectance and transmittance results 

were acquired by taking the average of results from these three specimens. The 

spectrophotometer scanning parameters were set as indicated in Table 2-2, while the fabric 

samples were placed in the sample holder in such a way that the centre of the area exposed 

during thermal ageing was the area of investigation for this experiment. 
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Table 2-2: Spectrophotometer scanning parameters. 

Scanning Parameter Value 

Slit height Reduced 

Beam mode Double 

Start wavelength range 2000 nm 

Stop wavelength 400 nm 

Scan rate 300 nm/min 

Data interval 1 nm 

Source change over 350 nm 

Detector change over 800 nm 

Spectral bandwidth (SBW) 2 nm 

Baseline Zero/baseline correction 

Spot size Approximately 12.5 mm Height 

x 7.5 mm Width 

 

 

Figure 2-8: The University of Saskatchewan's Cary 5000 UV-VIS- NIR 
spectrophotometer. 
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2.6. OPTICAL MICROSCOPY 

After NIR evaluation, the surface structure of new and thermally aged RS black, RS 

natural and SCI PBI Max fabrics were investigated at the University of Saskatchewan using a 

40x-500x Polarizing Metallurgical Microscope (United Scope LLC, Irvine CA ) as shown in 

Figure 2-9 to evaluate their degradation. Before testing the equipment was setup to capture 

images in the RGB mode and an image size of 2456 by 1842 was selected. Images were taken at 

a 50x magnification in order to expand the field of view while using polarizing filters to reduce 

the surface reflectance. The fabrics were placed flat in the horizontal position on the 

microscope’s specimen holder, a side screw on the scope was adjusted to position the image in 

focus and finally images were captured using an 18MP APTINA (colour) CMOS digital camera 

mounted on the microscope. 

 

Figure 2-9: An optical microscope from The University of Saskatchewan. 
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3. EXPERIMENTAL RESULTS 

This chapter discusses the results from thermal ageing, near infrared spectroscopy, 

optical microscopy and tensile tests performed on the RS Black, RS Natural and SCI PBI Max 

fabrics. 

3.1. THERMAL AGEING AND TEMPERATURE MEASUREMENTS 

The selected heat flux levels and durations for thermal ageing were 10, 20, 30 and 

40 kW/m2, and 30, 60, 90, 120 and 300s respectively. Temperatures on the back of the fabrics 

were measured using an infrared thermometer, as described in Section 2.3.1. Temperatures 

recorded on the back of the fabrics indicate the possibility of thermochemical changes to the 

fabrics occurring which can be related to the onset of significant fabric weight loss during TGA 

(e.g. approximately 200℃ to 500℃), as described in Section 1.7. The temperature of fabric 

specimens during cone calorimeter exposures approached steady-state within 20 s after the air 

cooled shutter was opened. This heating rate is much higher than the TGA procedure. The time 

to reach steady state is dependent on the heat flux exposure. Repeatability of temperature 

measurements on the back of the fabrics during thermal ageing was investigated and the average 

temperature profile for PBI Max can be seen in Figure 3-1. There was approximately a 10% 

difference in the measured temperature on the back of the fabrics over three trials for each fabric 

using the IR thermometer which demonstrates the repeatability of these measurements. Figure 

3-2 to Figure 3-4 show temperatures on the back of RS Black, RS Natural and PBI Max fabrics 

at different heat fluxes and durations. 
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Figure 3-1: Repeatability for 10 kW/m2 exposure temperature measurements taken on the 
back of PBI Max fabric using an IR camera. 

 

Figure 3-2: Temperature measurements taken on the back of RS Black fabric using an IR 
thermometer during exposures to heat fluxes from 10-40 kW/m2. 
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Figure 3-3: Temperature measurements taken on the back of the RS Natural fabric using 
an IR thermometer during exposures to heat fluxes from 10-40 kW/m2. 

 

Figure 3-4: Temperature measurements taken on the back of SCI PBI Max fabric using 
an IR thermometer during exposures to heat fluxes from 10-40 kW/m2. 
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Visual inspection of all three fabric types during and after exposure showed that after 

exposure to a heat flux of 10 kW/m2 specimens appeared to retain their original physical 

features. According to Figure 3-2 to Figure 3-4 fabrics exposed to 10 kW/m2 heat flux had 

steady-state temperatures of approximately 222℃ which is around the lower range of 

temperatures where dye removal is expected to occur. Hence it is expected that the fabric retains 

its original colour. As the exposure levels increased (i.e. greater than 20 kW/m2), off gassing was 

observed and visible evidence of degradation (i.e. colour change and charring) began to appear. 

Understanding the relationship between the incident heat flux and fabric steady state 

temperatures will provide more information on the degradation process. 

A summary of steady state temperatures recorded on the back of the fabrics can be found 

in Table 3-1. There was a maximum of 8% increase in steady state temperatures as the duration 

increases from 30 to 300s at low heat flux exposures of 10 kW/m2. At higher heat flux exposures 

(i.e. 20-40 kW/m2), a maximum of 5% increase was recorded as the duration of thermal exposure 

increased. The sample standard deviation values were within 2.5% of the average temperature 

values at low heat flux level of 10 kW/m2 and as the heat fluxes increased from 20 to 40 kW/m2, 

the sample standard deviation values were within 1% of the average temperature values. 

There are some differences in the average temperatures recorded on the back of the 

fabrics when compared to results from previous work done by Fulton (2017). Steady state 

temperatures recorded in this study at a heat flux of 10, 20, 30 and 40 kW/m2 and duration of 

60 s were approximately 11%, 13%, 16% and 15% higher respectively when compared to the 

results in Fulton’s (2017) study. This difference may be attributed to the replacement of the cone 

heating element used by Fulton (2017) with a new one which may cause an increased rate of 

heating and the use of unlaundered fabrics for this experiment may have also influenced test 

results as the washing process may alter the structure or change the emissivity. In addition, 

uncertainties in measurements such as variations in exposure time because timing was done 

manually with a stopwatch and heat flux values could also be responsible for such differences. 
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Table 3-1: Average steady state temperatures for all three fabric types during thermal 
ageing. 

 Steady State Temperatures (℃) 

Fabric Type RS Black RS Natural SCI PBI Max 

Heat Flux 

(kW/m2) 
Time (s) AVG Std. Dev AVG Std. Dev AVG Std. Dev 

10 

30 207.6 0.4 204.4 0.4 208.2 0.7 

60 218.0 3.6 217.7 4.6 220.1 0.5 

90 218.7 3.2 218.8 3.6 219.6 0.4 

120 219.8 2.8 220.8 3.5 219.5 0.7 

300 222.2 1.7 222.6 2.0 221.0 0.4 

20 

30 311.6 0.2 313.1 0.1 312.1 0.2 

60 313.9 1.0 316.7 0.9 315.2 0.5 

90 313.0 0.6 317.1 0.9 315.2 0.6 

120 314.2 0.6 318.2 0.5 315.9 0.5 

300 315.1 0.7 319.2 0.8 315.3 0.7 

30 

30 388.0 0.2 381.2 0.0 378.5 0.4 

60 387.0 0.7 384.8 0.8 380.1 0.4 

90 389.2 0.6 386.1 0.5 379.4 0.6 

120 388.1 0.6 387.3 0.6 381.5 0.8 

300 389.7 1.2 386.1 0.8 382.3 0.4 

40 

30 436.3 0.1 431.2 0.0 428.9 0.2 

60 437.4 0.7 432.6 0.5 429.0 0.4 

90 440.2 0.4 433.4 0.4 428.2 0.6 

120 438.2 0.6 433.4 0.6 426.0 0.7 

300 440.6 0.7 433.8 0.7 424.1 0.5 
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3.2. PHOTOGRAPHS OF THERMALLY AGED FABRICS 

After thermal ageing, images of RS Black, RS Natural and SCI PBI Max specimens were 

taken for visual examination and record keeping. The images in Figure 3-5 to Figure 3-8, which 

were taken with an IPhone 6 camera (Apple, Cupertino, CA), show the development of the 

degradation process on different fabric types. Also, photographs showing the effect of duration 

of exposure at 20 kW/m2 heat flux on RS Natural fabrics can be seen in Figure 3-8. Additional 

photographs of the fabric specimens can be found in Appendix A. 
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Unaged 

 
10kW/m2@120s 

 
20 kW/m2@120s 

 
30 kW/m2@120s 

 
40 kW/m2@120s 

Figure 3-5: Photographs of aged and unaged RS Black specimens. 
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Unaged 

 
10kW/m2@120s 

 
20 kW/m2@120s 

 
30 kW/m2@120s 

 
40 kW/m2@120s 

Figure 3-6: Photographs of aged and unaged RS Natural specimens 
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Unaged 

 
10kW/m2@120s 

 
20 kW/m2@120s 

 
30 kW/m2@120s 

 
40 kW/m2@120s 

Figure 3-7: Photographs of aged and unaged SCI PBI Max specimens. 
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Unaged 

 
20kW/m2@30s 

 
20kW/m2@60s 

 
20kW/m2@90s 

 
20kW/m2@120s 

 
20kW/m2@300s 

Figure 3-8: Photograph of fabrics showing the effect of duration at 20 kW/m2 thermal 
exposure. 
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3.3. NEAR INFRARED SPECTROSCOPY 

As soon as thermal ageing was completed, the fabrics were stored in a plastic bag and 

near-infrared spectroscopy was performed on the exposed area of each fabric specimen after 

24 hr. of storage. This method is based on the principle that when materials are exposed to an 

incident light beam (i.e. within the NIR wavelength), they reflect, absorb or transmit the incident 

light. As fabrics age, changes in its physical and chemical properties begin to occur and this may 

cause a variation in their response to incident light. Near infrared evaluation was done in two 

modes, diffuse reflectance and transmittance, at wavelength range of 400-2000 nm. This range 

was selected to include the visible light spectrum and the NIR spectrum. Fulton (2017) in his 

study performed NIR scans at similar wavelength range while Rezazadeh (2014) looked at a 

larger wavelength range of 250-2500 nm to include the ultraviolet region. Diffuse reflectance has 

been utilized in this study because the literature indicates that spectral features of rough surfaces 

(e.g. textiles) have been successfully measured in the diffuse reflectance mode (Frank, 1997). 

Transmittance features were also measured to provide more information on the spectral behavior 

of thermally aged fabrics as well as a possible alternative to diffuse reflectance measurements. 

In general, spectral differences were more pronounced in the visible range of the 

spectrum (400-750 nm), because of the change in the specimen colour. One concern with using 

colour change as a performance indicator in the field is the confounding effects of dye and 

soiling of the textile. (Bespflug, et al., 2020). In addition, colour change measurements are 

dependent on the initial colour of the fabric (Rezazadeh, 2014); dark fabrics become lighter as 

dye removal occurs but become darker as charring happens. On the other hand, lighter fabrics 

become darker as thermal exposure increases. While wavelengths in the NIR region do not 

coincide with colour, some dyes may have spectral characteristics that extend into it. In selecting 

wavelengths for detecting changes in tensile strength, one must be aware of potential extraneous 

effects of dyes and soiling extending into the NIR region. 

The results from near-infrared spectroscopy discussed in this research are average values 

of measurements taken on three different fabrics specimens exposed to the same heat flux level 

and duration. This technique has been applied in previous studies (Rezazadeh, 2014; Fulton, 

2017) and there was a good level of repeatability in the measurements with a standard deviation 

within less than 1% of average reflectance and transmittance values. Changes in the spectra with 
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thermal ageing and duration can be related to chemical and microstructural changes that occur 

within the fabric specimen. 

3.3.1. Diffuse Reflectance Measurements 

Figure 3-9 to Figure 3-11 show the diffuse reflectance spectra of RS Black, RS Natural 

and SCI PBI Max fabrics after thermal exposure to 10,20, 30 and 40 kW/m2 heat fluxes for 

durations of 30, 60, 90, 120 and 300 s in comparison with that of unexposed (new) specimens. 

 

Figure 3-9: Reflectance spectra for RS Black specimens before and after thermal ageing 
at different heat fluxes (colours) and durations (line type). 
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Figure 3-10: Reflectance spectra for RS Natural specimens before and after thermal 
ageing at different heat fluxes (colours) and durations (line type). 

 

Figure 3-11: Reflectance spectra for SC PBI Max specimens before and after thermal 
ageing at different heat fluxes (colours) and durations (line type). 
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The reflectance properties of the outer shell fabrics under investigation in the 1100-

1400 nm wavelength region changed with increasing heat flux as well as increasing duration. 

Unexposed specimens for all three fabric types reflected approximately 70% of the incident light. 

Across all three fabric types, low heat flux exposures (10 kW/m2) caused a difference in 

reflectance of less than ±5% when compared to unaged fabrics. In addition, valleys in the spectra 

were still visible and slope changes were not pronounced. As discussed earlier in Section 1.7, 

fabric temperatures recorded at 10 kW/m2 exposures were below key temperatures in the TGA. 

Therefore, only small changes may be expected in the corresponding physical properties (i.e. 

tensile strength) and molecular structure of the fabric even after prolonged exposures which are 

later discussed in sections 3.3.3 and 3.4. As the level of thermal exposure increases (20-

30 kW/m2) the magnitude of the reflectance spectra starts to show significant changes. Fabric 

temperatures measured at 20 kW/m2 were above 300℃ and this change corresponds with TGA 

analysis which indicates the onset of dye removal at that temperature. As heat flux levels 

increased (30-40 kW/m2), valleys in the spectra began to change significantly at certain 

wavelengths (1000-1400 nm), which may be indicative of thermochemical changes in the fabric 

properties. 

3.3.2. Transmittance Measurement 

Figure 3-12 to Figure 3-14 shows the transmittance spectra of the three types of fabric 

specimens investigated in this study after thermal exposure to 10, 20, 30 and 40 kW/m2 heat 

fluxes for durations of 30, 60, 90, 120 and 300 s in comparison with that of unexposed (new) 

specimens. Transmittance results show some similarities to diffuse reflectance measurements. 

For unaged fabrics, all three fabric types transmitted approximately 22% of the incident light 

over the 1100 to 1400 nm wavelength region. Initially, for all three fabric types after exposures 

to lower heat fluxes (i.e. 10-20 kW/m2), there was less than a 3% change in the magnitude of 

transmittance values as compared to the unexposed specimen. Based on TGA it is expected that 

the temperature measured on the back of fabric specimens during 10 kW/m2 exposures may not 

be high enough to cause significant changes to the fabric properties. TGA suggests the onset of 

dye removal at 20 kW/m2 exposures, (i.e. average steady-state temperatures of 300℃) and 

photographic images for RS Black fabrics after an exposure to this heat flux support this claim. 

In addition, differences in the magnitude of the transmittance spectra were smaller when 

compared to differences in the diffuse reflectance measurements. This is because a larger portion 
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of the incident light was reflected and absorbed by the exposed fabrics than was transmitted. As 

exposure levels increased (i.e. 30 kW/m2), changes in the magnitude of the transmittance spectra 

become more apparent (i.e. greater than 5%). 

  

 

Figure 3-12: Transmittance spectra for RS Black specimens before and after thermal 
ageing at different heat fluxes (colours) and durations (line type). 
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Figure 3-13: Transmittance spectra for RS Natural specimens before and after thermal 
ageing at different heat fluxes (colours) and durations (line type). 

 

Figure 3-14: Transmittance spectra for SCI PBI Max specimens before and after thermal 
ageing at different heat fluxes (colours) and durations (line type). 
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NIR spectroscopy was performed in the transmittance mode to provide more information 

on the optical properties of thermally aged fabrics as well as a possible alternative to diffuse 

reflectance measurements. Transmittance measurements show spectral data that is easier to work 

with across the wavelength region of investigation. There are more downward shifts which can 

be observed over a wider range of wavelengths as compared to results from reflectance spectra. 

The shift in magnitude of transmittance measurements is more apparent at higher wavelengths as 

compared to reflectance measurements. In addition, transmittance measurements could be a 

potential NDT method for evaluating the performance of the entire ensemble as well as different 

layers of the firefighters’ protective clothing. 

3.3.3. Absorbance 

The relation between the NIR spectra and changes in chemical concentration and physical 

properties of measured samples are typically interpreted by the amplitude of absorbance 

(Workman & Weyer, 2012). This method helps provide a basis for establishing correlations 

between spectrophotometer response and properties of the fabric samples (Rezazadeh, 2014; 

Fulton, 2017). The amplitude of the absorbance at any particular wavelength is determined by its 

absorptivity and the number of molecules encountered within the beam path of the measuring 

instrument. This can be expressed using Beer’s law as; 

 � = ��� (3.1) 

Where A is the absorbance of the material, � is molar absorptivity in units of 

L·mol-1·cm-1; � is the concentration of molecules in the spectrometer beam in units of mole·L-1; 

and �, the thickness in units of cm of measured sample at specific concentration. Spectroscopy 

measurements are based on the assumption in equation 3.1 and data can be displayed in either 

reflectance or transmittance mode (Workman & Weyer, 2012). For the purpose of this research, 

absorbance is calculated from reflectance results based on the assumption that the transmittance 

value is zero while absorbance is calculated from transmittance values on the assumption that 

reflectance value is zero. In this context, the absorbance basically represents the inverse 

logarithm of either reflectance or transmittance values. Hence, absorbance can be obtained by 

using a mathematical relationship as shown in equation 3.2 and 3.3: 

 
�� = log �

1

�
� (3.2) 
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�� = log �

1

�
� (3.3) 

Where �� and �� are calculated absorbance values and � and �  represents the reflectance 

or transmittance values. Typically, the chemical analysis of fabric specimens can be done using 

diffuse reflectance or transmittance (Zhou et al., 2018). Since both spectra show similarities in 

features, only the absorbance features calculated from reflectance results will be discussed in this 

section. Figure 3-15 to Figure 3-17 show the calculated absorbance spectra of the three types of 

fabric specimens ( based on reflectance values) investigated in this study after thermal exposure 

to 10, 20, 30 and 40 kW/m2 heat fluxes and durations of 30, 60, 90, 120 and 300 s in comparison 

with that of unexposed (new) specimens. Calculated absorbance spectra for the three fabric types 

based on transmittance values can be found in Appendix B. 

 

Figure 3-15: Calculated absorbance (��) spectra for RS Black fabrics based on 

reflectance values at different heat fluxes (colours) and durations (line type). 
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Figure 3-16: Calculated absorbance (��) spectra for RS Natural fabrics based on 

reflectance values at different heat fluxes (colours) and durations (line type). 

 

Figure 3-17: Calculated absorbance (��) spectra for SCI PBI Max fabrics based on 

reflectance values at different heat fluxes (colours) and durations (line type). 
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Analysis of the absorption band spectra in the NIR region (800-2000nm) can be used to 

describe the molecular interactions of specific bonds in the chemical structure of the three fabric 

specimens. The properties measured in the NIR region are the overtone and combination bands 

of fundamental molecular vibrations, especially stretching and bending (Workman & Weyer, 

2012) as shown in Figure 3-18. Key wavelengths where specific molecular bonds are active can 

be identified by looking at the absorption spectra of unaged fabrics. For the purpose of this 

research five wavelength bands (i.e. 1130, 1420, 1520, 1670, and 1920 nm) were identified as 

regions with pronounced spectral peaks which suggest that molecular bonds are most active. 

Table 3-2 identifies several peaks of interest at different wavelengths for Kevlar/PBI based 

polymer, based on the literature. 

Table 3-2: Active bonds present in the molecular structure of Kevlar/PBI blend fabric 
specimens (Workman & Weyer, 2012). 

Wavelength (nm) Band Assignment 

1130 C-H stretching, second overtone in aromatic ring 

1420 O-H stretching, first overtone 

1520 N-H stretching, first overtone in secondary amide 

1670 C-H stretching, first overtone in aromatic ring 

1920 C=O stretching of carboxylic acid  



58 
 

 

 

Figure 3-18: Wavelength regions with spectral peaks representing active bonds and their 
vibrational quantum number (overtones) on RS Black fabrics thermally aged for 30s duration 

(Workman & Weyer, 2012). 

The absorbance features for unaged fabrics were very similar for all three fabrics and 

their different peaks of interest well pronounced. Exposing all three fabric types to a low heat 

flux (i.e., 10 kW/m2), caused a change of less than 3% to the absorbance amplitude at the peaks 

of interest as compared to the spectra for unaged specimens. As inferred in previous sections, 

temperature measurements and TGA show that the fabrics during 10 kW/m2 exposures do not 

experience enough intensity of thermal exposure for significant change to occur. As the heat flux 

increases to 20 kW/m2, the absorbance amplitude for RS Natural and SCI PBI remained 

unchanged at different durations but RS Black specimens at wavelength of 1130 nm experienced 

up to 10% change in magnitude. Changes in absorbance amplitudes become more prominent at 

higher heat flux levels (i.e. 30-40 kW/m2). As the heat flux and duration increases, changes of 

over 10% in the magnitude of the absorbance peaks in the spectra occur. The absorbance 

amplitude at the peaks of interest (i.e. 1130, 1420 and 1520 nm) begin to drop significantly. This 

drop may be associated with the decomposition of active molecules (i.e. C-H, O-H and N-H 

bonds) present in the fabric specimen. One challenge in using this technique is that previous 
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research has shown that moisture entrainment, dirt and carbon deposits on fabric specimens and 

other materials could cause a bias in measurements and thereby influence absorbance results 

(Bespflug, et al., 2020). 

3.4. TENSILE TESTING 

As discussed earlier in section 1.5, for the purpose of this research, tensile testing was the 

major aspect of performance selected for destructive evaluation of outer shell fabrics. This 

section provides the results from tensile testing performed on RS Black, RS Natural and SCI PBI 

fabric specimens to determine the minimum breaking strength. Based on standards (NFPA 1971, 

2018), the minimum breaking strength requirement for fabrics used in construction of the outer 

shell layer in firefighters’ protective clothing is 623 N. Figure 3-19 to Figure 3-21 show the 

average tensile strength of the three types of fabric specimens investigated in this study after 

thermal exposure to 10, 20, 30 and 40 kW/m2 heat fluxes and durations of 30, 60, 90, 120 and 

300 seconds in comparison with that of unexposed (new) specimens. 

 

Figure 3-19: Average tensile strength results for RS Black fabrics following thermal 
ageing procedures. 
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Figure 3-20: Average tensile strength results for RS Natural fabrics following thermal 
ageing procedures. 

 

Figure 3-21: Average tensile strength results for SCI PBI Max fabrics following thermal 
ageing procedures. 
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The average tensile strength of unaged specimens appear around 850 N for RS Black, 

790 N for RS Natural and 950 N for SCI PBI max fabrics. The error bars indicated in this study 

represents the standard deviation of the data set. At lower heat flux levels (i.e. 10 kW/m2), the 

tensile strength of the fabrics dropped up to 20% of its original strength across all three fabric 

types at maximum duration of 300 s. However, testing of fabrics exposed to heat flux of 

20 kW/m2 showed significant reduction in mechanical strength (i.e. 50% loss for RS Black, 45% 

loss for RS Natural and 25% loss for SCI PBI Max from original tensile strength) at 300 s 

duration. RS Black and RS Natural fabrics failed to meet the standard (NFPA 1971, 2018) 

requirement for tensile strength (i.e. 623 N) after 20 kW/m2 exposures at 300 s duration while the 

SCI PBI fabrics passed the requirements. Exposure to heat flux of 20 kW/m2 results in fabric 

temperature of approximately 300℃ and this corresponds to a slight increase in the mass loss in 

the TGA results. A further increase in the heat flux exposure resulted in further decrease in the 

fabric tensile strength. The strength of RS Black and RS Natural fabrics dropped below the 

recommended standard losing up to 65% and 56% of its original tensile strength respectively 

while the SCI PBI Max fabrics recorded tensile strength above the recommended standard. At 

40 kW/m2 exposures, the tensile strength of the fabrics decreased further with only about 20% 

and 30% of its original tensile strength remaining for RS black and RS Natural fabrics 

respectively while the SCI PBI Max fabrics had up to 67% of original strength left. 

Effects of duration of thermal exposure at different heat fluxes on the tensile strength of 

the outer shell fabric specimens were visible. Initially, at lower heat flux (i.e. 10 kW/m2), there 

was no significant change (i.e. < 5%) in the tensile strength of the fabrics as duration of exposure 

increased from 30 s to 300 s. However, at a heat flux of 20 kW/m2, changes to the fabric tensile 

strength became more pronounced (approximately a decrease of 30% for RS Black, 25% for RS 

Natural and 20% for SCI PBI Max) as the duration of exposure increased from 30 s to 300 s. 

With further increase in the heat flux levels (i.e. at 30 kW/m2), the effect of duration on 

mechanical strength was not significant (i.e. < 10% decrease) for RS Natural and SCI PBI Max 

specimens, but RS Black fabrics experienced a significant decrease of approximately 25% as 

duration increases from 30 s to 300 s. For fabrics exposed to 40 kW/m2 heat, there was 

approximately 5%, 27% and 60 % decrease in the tensile strength of SCI PBI Max, RS Natural 

and RS Black fabrics respectively as the duration increased from 30 s to 300 s. 
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The relation between average tensile strength values, duration and original percentage of 

tensile strength can be seen in Table 3-3. The tensile strength results are compared to results 

from previous work done by Fulton (2017) as shown in Table 3-4. 

Table 3-3: Average tensile strength values their standard deviation (SD) and percentage 
of original tensile strength. 

  Tensile Strength (N) 

Fabric Type RS Black RS Natural SCI PBI Max 
HF 

(kW/m2) 
Time 

(s) 
AVG SD % TS AVG SD % TS AVG  SD % TS 

0 0 847.4 19.7 100.0 788.0 26.9 100.0 944.2 26.3 100.0 

10 

30 728.0 43.0 85.9 599.1 29.8 76.0 871.6 25.5 92.3 

60 772.2 25.9 91.1 698.4 38.7 88.6 911.6 22.7 96.5 

90 761.2 40.8 89.8 672.1 20.2 85.3 903.3 9.1 95.7 

120 764.6 24.9 90.2 697.8 13.7 88.6 904.0 31.9 95.7 

300 748.4 66.5 88.3 633.0 39.8 80.3 904.3 33.5 95.8 

20 

30 637.5 36.4 75.2 549.9 25.7 69.8 874.5 36.3 92.6 

60 553.2 46.7 65.3 533.3 30.1 67.7 847.7 22.9 89.8 

90 523.9 15.1 61.8 450.7 16.4 57.2 827.8 15.9 87.7 

120 477.5 39.6 56.3 438.1 21.1 55.6 791.8 32.5 83.9 

300 425.7 33.3 50.2 417.8 8.1 53.0 733.1 32.3 77.6 

30 

30 388.3 13.0 45.8 382.7 14.7 48.6 745.6 33.2 79.0 

60 372.7 21.7 44.0 361.6 25.6 45.9 730.5 30.6 77.4 

90 333.5 23.6 39.4 373.0 20.6 47.3 680.7 53.6 72.1 

120 341.6 15.0 40.3 376.9 14.9 47.8 692.6 37.3 73.4 

300 303.0 15.6 35.8 350.9 31.4 44.5 682.9 27.6 72.3 

40 

30 375.1 7.6 44.3 341.2 21.3 43.3 667.3 16.0 70.7 

60 340.7 11.6 40.2 356.7 16.0 45.3 688.5 28.5 72.9 

90 294.3 9.8 34.7 333.1 30.9 42.3 632.9 36.2 67.0 

120 275.2 13.3 32.5 309.4 38.7 39.3 663.8 14.2 70.3 

300 157.1 8.2 18.5 248.4 6.4 31.5 634.3 36.4 67.2 
 

 For 10, 20 and 30 kW/m2 heat flux exposures, there was a decrease in the tensile strength 

of RS Black and RS Natural fabric while the SCI PBI Max fabrics had higher tensile strength 

values when compared to Fulton’s result. At 40 kW/m2 exposures, the tensile strength values 

recorded for RS Black and SCI PBI Max were higher while the RS Natural fabric experienced a 

decrease in tensile strength values when compared to Fulton’s values. In both studies, the 

mechanical strength of RS Black and RS Natural fabrics failed to meet NFPA 1971 requirements 
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after 30 and 40 kW/m2 exposures while the SCI PBI max fabrics maintained strength values 

above the recommended standard. A comparison of results from this research to tensile tests 

performed by Rezazadeh (2014) on black and brown Kevlar/ PBI fabrics exposed to heat flux of 

20 kW/m2 and 60 s duration shows that both had values below the recommended NFPA 1971 

standard (Rezazadeh, 2014). 

Table 3-4: A comparison of average tensile strength of fabrics from present work (P) to 
Fulton's work (F) (Fulton, 2017). 

Heat Flux  
(kW/m2) 

Time 
(s) 

RS Black RS Natural SCI PBI Max 

  P F % diff. P F % diff. P F % diff. 
Unexposed  847 936 9.5 ±2.9 788 1069 26.3 ±4.2 944 910 3.7 ±3.5 

10 60 772 898 14.0 ±4.2 698 1066 34.5 ±6.9 911 904 0.7 ±3.1* 

20 60 553 632 12.5 ±10.5 533 796 33.0 ±7.0 847 832 1.8 ±3.4* 

30 60 372 382 2.6 ±7.2* 361 572 36.8 ±8.8 730 716 1.9 ±5.2* 

40 60 340 312 8.9 ±4.2 356 494 27.9 ±5.6 688 659 4.4 ±5.1* 

*There is no significant difference between tensile strengths at α=0.05 based on a 2 tailed t-test. 

From Table 3-4 it can be inferred that SCI PBI Max maintains a much higher percentage 

of its original strength when compared to the RS Black and RS Natural fabrics across all heat 

flux levels and durations considered. This difference in performance when compared to other 

fabrics may be as a result of its unique weave pattern or high PBI content of the filament yarn 

(Fulton, 2017). A look at results from present work shows that tensile strength of fabrics exposed 

to 10 to 40 kW/m2 heat fluxes indicates differences of a maximum of approximately 15%, 37% 

and 5% in tensile strength values for RS Black, RS Natural and SCI PBI Max fabrics, 

respectively between the present and Fulton’s (2017) work (Table 3-4). The disparity in the 

tensile strength results as compared to that of Fulton (2017) may be due to the use of 

unlaundered fabrics in this study, degradation resulting from fabric storage conditions and 

potentially slippage of clamps during tensile strength testing. In addition, differences in 

temperatures recorded at the back of the fabrics could cause differences in the level of thermal 

degradation. As discussed in section 3.1, temperatures measured on the back of each fabric in 

this present work were higher than that recorded by Fulton (2017). Hence, RS Black and RS 

natural fabrics recorded lower tensile strengths as expected. On the other hand SCI PBI Max 
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fabric strength values were higher than Fulton’s (2017) measurements. Slippage of the jaw 

clamps during tensile testing may have affected the results of the tensile tests of SCI PBI Max 

fabrics. In all there is a clear relationship between the heat flux levels, duration of exposure and 

the change in the original tensile strength of the RS Black, RS Natural and SCI PBI Max Fabrics. 

3.5. OPTICAL MICROSCOPY 

The surface characteristics of the RS Black, RS Natural and SCI PBI Max fabrics were 

investigated to explain the behavior of the fabrics in relation to exposure to different heat flux 

levels and at different durations. Images were taken for all aged and unaged fabrics to show that 

increased heat flux exposure and durations produced increased damage in the fiber structure. 

Figure 3-22 to Figure 3-24 show the ageing history of RS Black, RS Natural and SCI PBI Max 

fabrics at magnification of 50x. More images of the fabrics specimens taken with the optical 

microscope can be found in Appendix C. 
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Unaged 50x 10kW/m2@300s 

 
20 kW/m2@300s 

 
30kW/m2@300s 

 
40kW/m2@300s 

Figure 3-22: Surface imaging of RS Black yarns under 50x magnification using optical 
microscopy. 
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. 

 
Unaged 50x 

 
10kW/m2@300s 

 
20 kW/m2@300s 

 
30kW/m2@300s 

 
40kW/m2@300s 

Figure 3-23: Surface imaging of RS Natural yarns under 50x magnification using optical 
microscopy. 



67 
 

 
Unaged 50x 

 
10kW/m2@300s 

 
20 kW/m2@300s 

 
30kW/m2@300s 

 
40kW/m2@300s 

Figure 3-24: Surface imaging of SCI PBI Max yarns under 50x magnification using 
optical microscopy. 
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These surface images for all three fabric specimens were focused at a magnification level 

of 50x to detect changes in the textile structure on the surface such as charring of yarn. It was 

observed that RS Natural and SCI PBI fabric yarns became progressively darker as the level of 

heat flux exposure increased which could indicate charring. In contrast RS Black fabric became 

lighter as dye disappeared and became darker as the heat flux increased. Charring was easier to 

see in fabrics aged by previous researchers (Rezazadeh, 2014; Fulton, 2017) due to the nature of 

the fabrics investigated (e.g. Nomex®) and exposure to higher heat flux levels. Increasing the 

magnification of the images to capture the fibers was not found to be helpful in this study 

because weaving of fabrics caused the yarns to appear parabolic in shape which made it difficult 

to bring the entire fabric structure into focus. 

Interpretation of optical images for evaluation of aged fabrics can be very subjective. A 

lot of processes are involved in the production of fabric fibers and the weaving of fabrics which 

may cause some unavoidable microstructural damage before being used as textiles for 

constructing firefighters’ protective clothing. Although a 50x magnification cannot be 

sufficiently used to describe the condition of fabrics at the fiber level, a look at the fabrics on the 

weave level would cover a larger fabric area and may provide more surface level information. 

The effect of thermal ageing at yarn level was mostly seen in colour changes as the yarn 

structures looked physically unchanged. Therefore, optical microscopy could help distinguish 

soiling of fabric specimens from charring. 

3.6. THE EFFECT OF THERMAL EXPOSURE DURATION ON PERFORMANCE 

OF OUTER SHELL FABRICS 

The effect of the duration of thermal exposure duration was not examined by Fulton 

(2017) in his research. In this study, thermal ageing was performed for 30, 60, 90, 120, and 300 s 

durations to provide information on how duration of thermal exposure affects the performance of 

firefighters’ protective clothing. Results from fabric temperature measurements (Table 3-1) 

showed that across all fabrics types, steady state temperatures were approached after 30 s 

duration. Increasing the duration of exposure did not alter the steady state temperature of the 

fabrics at each heat flux exposure. Because fabric steady- state temperatures cannot be directly 

related to the duration of exposure, temperature measurements alone would not be suitable for 

predicting a change in performance of firefighters’ protective clothing. Photographic images of 
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fabrics in Figure 3-5 to Figure 3-8 shows changes to fabric colour around the exposure window 

as the heat flux duration increases. The use of photographic images to quantify the level of 

degradation of outer shell fabrics can be unreliable because changes in appearance may also be 

as a result of dye removal, surface finishes and soiling of the fabrics. 

Spectral properties from near infrared spectroscopy changed as the duration of exposure 

was increased. The effect of varying the duration of exposure on reflectance and transmittance 

values of fabrics aged at low heat flux level of 10 KW/m2 was insignificant (i.e. <3%), across all 

three fabric types. The effect of duration became pronounced as the heat flux level increased (i.e. 

20-30 kW/m2) for RS Black, RS Natural and SCI PBI Max fabrics. Across certain wavelength 

range (i.e. 1100-1400 nm), the magnitude of the reflectance spectra showed a downward shift as 

the duration increased. The absorbance peaks at 1130 nm wavelength region begin to flatten 

(Figure 3-15 to Figure 3-17) and the spread of this change becomes more pronounced as duration 

increases from 30-300 s. At 40 kW/m2 the changes in magnitude becomes less evident but the 

absorbance peaks completely disappear. 

At 10 kW/m2 heat flux, changes to the tensile strength of aged fabrics were insignificant 

and values remained above the recommended standard irrespective of the duration of thermal 

exposure. No significant change (i.e. approximately 5% for RS Black and SCI PBI, and 8% for 

RS Natural) occurs at the first level (i.e. 10 kW/m2) of thermal exposure as duration increases 

from 30 to 300 s. However, at 20 kW/m2 changes to the tensile strength were more pronounced. 

As the duration increases, RS Black fabrics experienced 15% decrease in tensile strength after 

60s and up to 30% at 300 s and RS Natural showed a decrease of 20% after 90 s and up to 30% 

at 300 s when compared to tensile strength values at 30 s. In the case of SCI PBI Max fabrics, the 

effect of duration was not significant (<5% reduction) until about 300 s (i.e. loss of 15% tensile 

strength). Overall, the effect of duration at the 20 kW/m2 exposure level is interesting because 

the tensile strength of both RS Black and RS Natural fabrics dropped below the recommended 

level as the duration increases. This can be related to exposing fabrics to temperatures and heat 

fluxes at which the onset of thermochemical changes begin to occur. Although SCI PBI Max 

fabrics have a similar blend as RS Black and RS Natural fabrics, a 20 kW/m2 exposure could not 

cause tensile strength to drop below the value in the NFPA 1971 standard. This high strength 

property may be due to a variation in the yarn composition or weave pattern of both fabric types. 
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As the heat flux increases (i.e. 30 kW/m2) the effect of duration on the tensile strength of fabrics 

became less significant (i.e. loss of 22% for RS Black, loss of 10% for RS Natural and loss of 

SCI PBI Max 9%) between 30 to 300 seconds as compared to results from 20 kW/m2 heat flux. 

Varying the duration of thermal exposure caused significant changes to the tensile 

strength results for all three fabric types after 20 kW/m2 heat flux exposures but the effect of 

duration was less apparent at the other heat flux exposure levels investigated in this study. This 

phenomena can also be seen in the NIR spectroscopy results as it took a heat flux of up to 

20 kW/m2 to cause a change in the magnitude of the spectra at the 1100 nm wavelength values 

and as the highest heat flux level of exposure is approached the changes to the spectral values as 

a function of duration became less apparent. Photographic images also showed that for undyed 

fabrics (RS natural and SCI PBI Max fabrics), changes to the fabrics became evident as the 

20 kW/m2 heat flux level was approached. Similar occurrences were not visible in the results of 

steady state temperatures measured on the back of the fabrics. The effect of a 20 kW/m2 radiant 

heat flux exposure at different durations on a Kevlar/PBI fabric blend was also investigated by 

Rezazadeh (2014); the tensile strength of fabrics were seen to decrease below 623 N after a 30s 

exposure. Photographs showed evidence of dye removal across all durations at 20 kW/m2 while 

changes to the magnitude of NIR spectra were apparent as the duration of exposure increased. 

TGA results showed significant changes as temperatures similar to those recorded on the back of 

the fabrics during thermal exposures of 20 kW/m2 were approached (approximately 320℃). 

However, it is important to also note that TGA tests use a much slower heating rate than fabrics 

undergo when exposed to the cone heater and this difference may make it difficult to directly 

compare effects of fabric temperatures from both experiments. Steady-state fabric temperatures 

recorded at 20 kW/m2 do not seem to indicate that a significant decrease in tensile strength 

would be expected, but the effect of exposure duration on tensile strength was apparent. A more 

detailed examination of fabrics at this heat flux would be a suggestion for future work. 

3.7. SUMMARY OF EXPERIMENTAL RESULTS 

Results from thermal ageing experiments, tensile strength, measurements, photographic 

images, optical microscopy and NIR spectroscopy of RS Black, RS Natural and SCI PBI Max 

fabrics are discussed in this section. IR temperature measurements on the unexposed side of the 

fabrics show that it takes about 30 s for all three types of fabrics to approach steady state across 
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all heat flux levels. The steady state fabric temperatures increased as the heat flux from the 

radiation heat source increased. A comparison of these values with TGA provides information on 

the expected thermochemical and physical changes that occur in the fabric as it is exposed to 

different thermal ageing conditions. 

Photographic images were taken to show how changes (i.e. discoloration due to removal 

of dye or charring) occur in the fabric as the condition of ageing varies (i.e. across heat fluxes of 

10-40 kW/m2 and durations of 30 -300 s). The images showed features like onset of dye removal 

and charring of fabric as a result of degradation. Discolouration was more pronounced on RS 

Black fabrics (i.e. dyed fabrics) at lower heat flux level of 10 kW/m2 and as the duration 

increases this discolouration becomes more visible. For RS Natural and SCI PBI Max fabrics 

(i.e. undyed fabrics), changes due to thermal degradation became visible as soon as the fabrics 

approached temperatures that are expected to produce charring. 

Near infrared spectroscopy provided another method for evaluating the degradation of 

fabrics after thermal exposure. Reflectance and transmission measurements showed that for all 

three fabric types and durations, ageing at low heat flux levels (i.e. 10 kW/m2) did not cause a 

significant change in the magnitude of the spectra and other features like absorbance peaks as 

well as slope. As the heat flux increases, changes in the spectral properties became more 

pronounced (i.e. difference in magnitude, peak prominence, and slope). These spectral peaks can 

be related to certain chemical bonds (Table 3-2) in the chemical structure of the fabrics and the 

change in the prominence of these peaks can be related to thermochemical changes to the 

structure of the fabrics. In addition, measurements in the transmittance mode also showed 

changes in the spectra as heat flux and duration of exposure varied and this helps provide an 

alternative for performing non-destructive testing on protective clothing in the field. Although 

not reported in this study, preliminary work has been done to measure the spectral response of 

thermally aged moisture barrier fabrics in both the transmittance and reflectance mode. In many 

wavelength ranges reflectance will first increase and decrease as the level of thermal exposure 

increases which could make it difficult to use those part of measurements as part of NDT 

method. The magnitude of the transmittance spectra showed a consistent downward shift for 

moisture barrier fabrics as the heat flux level increased. 
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Results from tensile testing were used to determine the performance of fabrics exposed to 

thermal ageing. For all three fabric types, thermal ageing at low heat flux levels caused minor 

losses in their tensile strength when compared to unaged fabrics. As there was an increase in the 

heat flux levels (20-40 kW/m2), all three fabric types showed significant reductions in tensile 

strength. In addition, RS fabrics (i.e. RS Black and RS Natural) failed to meet the performance 

standards as required by NFPA 1971 but SCI PBI Max fabrics maintained its strength above the 

NFPA 1971 threshold. The difference in the strength of SCI PBI Max fabrics can be attributed to 

the variation in the yarn composition or weave pattern as compared to RS fabrics. 

These results indicate the relationship between thermal ageing and change in the 

performance of outer shell fabrics. Because changes were not pronounced for exposures at low 

heat flux levels, it can be inferred that steady-state fabric temperatures must be below those 

needed to cause significant decomposition of Kevlar®/PBI fibers. This relation can be clearly 

observed in discolouration (i.e. photographic images), NIR spectral features and the tensile 

strength results. One of the major objectives of this research project is to determine a correlation 

between these performance variables (i.e. destructive and non-destructive testing). Just as 

discussed in earlier sections, determining the relation between tensile strength and the NIR 

spectroscopy results for all three fabrics type would help provide practical solutions for 

determining the in-use condition of a piece of firefighters’ protective clothing. Therefore the next 

chapter will discuss ways to predict the tensile strength of fabrics based on NIR spectroscopy. 
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4. CORRELATIONS OF NEAR INFRARED AND TENSILE STRENGTH 

RESULTS 

It was discussed in earlier sections that mechanical strength is an important aspect of 

performance of outer shell fabrics. Developing practical relationships between non-destructive 

testing results (i.e. NIR reflectance, transmittance and absorbance) and the tensile strength of 

fabrics is one of the major objectives of this research. Similar studies has been done in the past to 

relate tensile strength with NIR spectral properties of textiles (Rezazadeh, 2014; Fulton, 2017). 

In this research three type of Kevlar/PBI blend woven fabrics (i.e. RS Black, RS Natural and SCI 

PBI Max) were examined. This study was an extension of Fulton’s initial research by looking at 

performance of similar fabrics over a wider range of exposure durations and investigating the 

potential of NIR transmittance measurement as an alternative NDT method. 

The purpose of this chapter is to identify quantitative correlations between NIR and 

tensile strength results for RS Black, RS Natural and SCI PBI Max. NIR spectral peak features 

(i.e. amplitude and width) from calculated absorbance spectrum could be used to evaluate 

thermochemical changes caused by exposure to different heat flux levels. In addition, changes in 

the magnitude of the absorbance spectrum can be related to the tensile strength of the three fabric 

specimens. Four different methods which has been previously investigated by Fulton, percentage 

difference in absorbance, continuum removed absorbance feature area changes, absorbance 

feature prominence changes, and a normalized difference index evaluation of NIR reflectance 

slope changes, were applied for analyzing results from NIR spectroscopy and how they can be 

related to tensile strength (Fulton, 2017). 

4.1. PERCENTAGE DIFFERENCE IN ABSORBANCE 

Evaluation of NIR results discussed in the previous chapter show that as the exposure 

level and duration increases, changes in the magnitude of the spectrum begin to occur. The 

absorbance magnitude for all three fabric types experienced changes based on the exposure 

conditions. A wavelength region around 1100 nm was chosen for evaluating the shift in the 

absorbance which is the same as in Fulton’s study. This region was chosen to represent the area 

of the graph where changes in magnitude of spectra were more pronounced. This wavelength is 
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also near a Gaussian feature (i.e. 1100-1160 nm) with band assignments for active C-H chemical 

bonds (Workman & Weyer, 2012). 

The percentage change in the magnitude of absorbance for aged fabrics was evaluated in 

comparison with the absorbance magnitude of new fabric specimen. The percent difference in 

absorbance can be expressed mathematically as; 

 
%�� = �

�� − ��

��
� × 100 (4.1) 

 

Where ��, is the absorbance of exposed fabric and  �� represents the absorbance of new 

fabrics. For the purpose of correlation, the remaining tensile strength (i.e. percentage of original 

tensile strength) was determined and this can be expressed mathematically as; 

 
%�� = ��

��

��
� × 100� (4.2) 

Where ��, is the tensile strength of exposed fabric and �� represents the tensile strength 

of new fabrics. An illustration of the difference in absorbance magnitude for the fabric 

specimens can be seen in Figure 4-1. 

 

Figure 4-1: Graph illustrating calculation of difference in absorbance spectrum results 
for RS Black fabrics at 30s duration of thermal exposure. 
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From previous sections, the absorbance spectrum at the wavelength of investigation (i.e. 

1100 nm) showed slight changes at lower heat fluxes and these changes became more significant 

as the heat flux increased. The effect of duration on the absorbance magnitude was less 

pronounced at a heat flux level of 10 kW/m2 but was significant at heat flux levels of 20, 30 and 

40 kW/m2. The correlation between the percentage shift in the absorbance magnitude at 1100nm 

wavelength region, the remaining tensile strength and the thermal ageing condition can be 

viewed in Figure 4-2. 

 

 
Figure 4-2: Percent changes in tensile strength and NIR absorbance from thermal 

exposure (0-40 kW/m2) for RS Black at 1100 nm wavelength. 
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Figure 4-3: Percent changes in tensile strength and NIR absorbance from thermal 
exposure (0-40 kW/m2) for RS Natural, at 1100 nm wavelength 

 

Figure 4-4:Percent changes in tensile strength and NIR absorbance from thermal 
exposure (0-40 kW/m2) for SCI PBI Max at 1100 nm wavelength 
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This method of analysis provides some information for relating tensile strength and 

absorbance spectra because it shows an inverse relationship as the heat flux and duration of 

exposure increases. It can be inferred that for RS Black and RS Natural fabrics, a change of ≥ 

50% in the magnitude of absorbance at 1100 nm wavelength could be related to a corresponding 

drop in the fabric’s tensile strength below NFPA 1971 standard. Although not achieved in this 

study change in absorbance of SCI PBI Max fabrics may increase up to 150% based on 

extrapolation of the results of this study and could lead to a drop in the performance below the 

recommended standard. Other key wavelength regions can be looked at using this technique to 

see how the results compare to each other. A polynomial curve fit was used to directly compare 

the two variables (i.e. tensile strength and difference in absorbance) as shown in Figure 4-5 to 

Figure 4-7. The relation of the tensile strength and difference in absorbance (i.e. the log ratio of 

unaged reflectance (ρo) to aged reflectance (ρn)) for all three fabric specimens can be found in 

Figure 4-5 to Figure 4-7. 

 

Figure 4-5: The relation between percentage of original tensile strength to the difference 
in absorbance at 1000 nm, 1100 nm and 1200 nm of RS Black fabrics (polynomial fit equation 

can be found in Table 4-1). 
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Figure 4-6: The relation between percentage of original tensile strength to the difference 
in absorbance at 1000 nm, 1100 nm and 1200 nm of RS Natural fabrics (polynomial fit equation 

can be found in Table 4-1). 

 

Figure 4-7: The relation between percentage of original tensile strength to the difference 
in absorbance at 1000 nm, 1100 nm and 1200 nm of SCI PBI Max fabrics (polynomial fit 

equation can be found in Table 4-1). 

Equations were fit to describe the correlation between changes in difference in 

absorbance with tensile strength across all fabric trials. Three different wavelength values (1000, 
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1100, and 1200 nm) were evaluated which included the same wavelength values Fulton 

investigated (i.e. 1100 nm). The choice of looking at multiple wavelength values was made to 

show the sensitivity of this method in determining the relationship between change in absorbance 

and tensile strength. 

The curves were similar to each other at different wavelength values for RS black and RS 

Natural fabrics. For example, a piecewise fit of data points for RS Black fabrics at the 1100 nm 

wavelength were plotted in Figure 4-8 at different heat flux levels on the graph to show the 

behavior of the fabrics’ tensile strength values in relation to the difference in absorbance. It can 

be seen that there was no significant difference in absorbance values for 10 kW/m2 exposures at 

different durations but as the heat fluxes increased to 20-30 kW/m2 the changes became 

apparent. It can be inferred that a heat flux of 20 to 30 kW/m2 provided enough energy to cause 

changes to the fabrics and the effect of duration of exposure provides enough reaction time to 

cause changes to the magnitude of the reflectance. At a heat flux of 40 kW/m2, the effect of 

duration on changes to the magnitude of reflectance began to decrease after 60s as fabrics 

experienced a sharp drop in original tensile strength at difference in absorbance values of 0.3, 0.4 

and 0.45 at wavelengths of 1200, 1100 and 1000 nm. 

 

Figure 4-8:Graph showing piecewise fit relating percent tensile strength and difference 
in absorbance of RS Black fabric specimens at 1100 nm after exposures to various heat fluxes. 
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This type of trend requires a higher order polynomial equation to fit the data as shown in 

Figure 4-5. However, SCI PBI max fabrics showed a linear relation between the logarithm of 

absorbance ratio at 1100 nm wavelength and percentage change in tensile strength. Although 

Fulton (2017) used a linear equation to curve fit all of his data, this study showed that only data 

points for SCI PBI Max fabric were approximately linear. 

Table 4-1: Polynomial relations between percent change in tensile strength to percent change in 
absorbance for 1100 nm wavelength region. 

Fabric Type Equation for the Curve Fit 

RS Black TS = -62772[log(ρo/ρn)] 5 + 48570[log(ρo/ρn)] 4 – 14389[log(ρo/ρn)]3 + 

3067.8[log(ρo/ρn)] 2 - 592.16[log(ρo/ρn)]  + 92.842 

RS Natural TS = -1269log[(ρo/ρn)] 5 - 3119.3[log(ρo/ρn)] 4 + 155.69[log(ρo/ρn)] 3 + 

1330.7[(log(ρo/ρn)] 2 - 448.88[log(ρo/ρn)] + 86.286 

SCI PBI Max TS = -186.72[log(ρo/ρn)] + 91.958 

 

4.2. CONTINUUM REMOVED ABSORBANCE FEATURE 

Continuum removal is typically performed to normalize reflectance spectra so you can 

compare individual absorption features from a common baseline. This section shows how 

techniques used in other research areas such as remote sensing will be used to determine a 

relationship with percent original tensile strength. This is done by evaluating the local peak and 

trough features of the absorption spectra observed with increased ageing. The wavelength region 

were selected based on well-defined absorbance peaks in the spectra for unaged fabrics (e.g., 

Figure 4-9) and the absorbance feature area and prominence were calculated using Microsoft 

Excel. The feature area and prominence were normalized to the unaged feature area and 

prominence for each wavelength region of investigation. An inverse of the normalized feature 

area of prominence was calculated and related to the percent original tensile strength of the 

fabric specimens. 

4.2.1. Continuum removed absorbance feature area (Reflectance) 

This is one method for evaluating NIR absorbance results with the aim of establishing a 

relation with the percentage change in tensile strength. This technique analyze the area of the 

absorbance peaks prominent in specific wavelength regions to show how they change for each 
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fabric trial. The wavelength regions judged to have the most well-defined absorbance peaks 

visible for RS Black and RS Natural fabrics (i.e. 1100-1160 nm, 1380-1460 nm, 1460-1580 nm, 

1600-1740 nm) and for SCI PBI fabric types (i.e. 1100-1160 nm, 1380-1460 nm, 1460-1580 nm, 

1870-1970 nm) were selected. A sketch of the absorbance feature area can be seen in Figure 4-9. 

 

Figure 4-9: A sketch showing absorbance feature area changes in the spectra. 

In this study, Microsoft Excel was used to calculate the continuum removed area. The 

absorbance feature area is calculated as; 

�� = � � ��∆�

��

����

� − ��
��� + ���

2
� (�� − ��)� (4.3) 

Where �� is the feature area, ��� and ��� represents the absorbance magnitude at the 

minimum and maximum wavelength range at the base of the peak, ∆� is the incremental 

difference in wavelengths (i.e. 1 nm) and �� and �� are the wavelength values at the shoulders of 

the feature peaks. A look at the absorbance features in chapter 3 shows that at key wavelength 

regions, changes occurred to the area of the peaks across different fabric trials and this behavior 

may be related to changes in tensile strength. These changes in feature area for each wavelength 

were then related to the incident heat fluxes as can be seen in Figure 4-10. For each wavelength 

of investigation, the absorbance feature area of aged fabrics was normalized to the feature area of 

unaged fabrics. In addition, the relation between the remaining tensile strength and the 
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normalized absorbance feature area can be seen in Figure 4-10 which helps provide correlations 

with tensile strength. The use of an inverse of the normalized absorbance feature area helps scale 

the graph in a way that corresponds with a drop in tensile strength. Across all graph in Section 

4.2, a single wavelength value was used in the legend and they represent the midpoint of the 

wavelength regions judged to have the most well defined absorbance peaks. It is important to 

note that while using this technique, there is a possibility of selecting peak features with 

overlapping Gaussian features. As mentioned earlier in Section 3.3.3, moisture entrainment, dirt 

and carbon deposits on fabric specimens may also cause a bias in measurements and thereby 

influence absorbance results (Bespflug, et al., 2020). 
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Figure 4-10:Absorbance feature area (based on reflectance) changes in relation to(left) 
heat flux and (right) remaining tensile strength for the (a) RS Black (b)RS Natural and (c)SCI 

PBI Max. 

  

(a) 

(b) 

(c) 
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A few trends can be visible from the evaluation of feature area plots for the key 

wavelengths for RS Black, RS Natural and SCI PBI Max fabric types. At a key wavelength of 

1130 nm, the feature area began to disappear after higher heat flux exposures. For example there 

was a 20% decrease in the feature area for RS Natural after exposures to 30 kW/m2 and for SCI 

PBI Max fabrics after exposures to 40 kW/m2. There was a 20% increase in feature area after 

exposure to 40 kW/m2 heat fluxes for the RS Black fabric, but this increase may be due primarily 

to the magnitudes of the uncertainties in the absorbance measurements and the feature area 

calculation method relative to the magnitude of the absorbance of the unaged fabric (Figure 3-

15). This disappearance of the feature at 1130 nm could be attributed to the decomposition of 

active C-H bonds present in the fabrics caused by thermal ageing (Workman & Weyer, 2012). 

Although the feature peaks at 1420 nm were maintained longer than at 1130 nm the feature area 

declined by up to 40% across the three fabric types. The Gaussian feature area disappears as the 

heat flux increases and this can be attributed to the decomposition of active O-H bonds 

(Workman & Weyer, 2012). In the 1520 nm wavelength region, the percent original feature area 

dropped by over 50% for RS Black and RS Natural fabrics and about 15% for SCI PBI Max 

fabrics as the heat flux approaches 40 kW/m2. The feature area around another key wavelength 

for RS Black and RS Natural fabrics (1670 nm) showed a gradual decrease of up to 40% as the 

heat fluxes increased from 10-40 kW/m2 while the wavelength region at 1920nm (for SCI PBI 

Max) declined by 20% of its original feature area. 

4.2.2. Absorbance feature prominence (Reflectance) 

The absorbance feature prominence is seen to change in relation to the ageing condition 

of the different fabric trials. This method evaluates the change in the prominence of the 

absorbance peaks at key wavelengths where the changes are more pronounced. A sketch showing 

the peak prominence can be seen in Figure 4-11. 
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Figure 4-11: Sketch showing changes in absorbance feature prominence of a spectrum. 

For this analysis, Microsoft Excel was used to calculate the peak prominence for each 

fabric trial. The peak prominence is calculated as; 

 
�� = ��� − �

��� + ���

2
� 

(4.4) 

where, �� is the absorbance peak prominence, ��� is the absorbance value at mid-range 

wavelength while, ��� and ��� represents the absorbance magnitude at the minimum and 

maximum wavelength range at the base of the feature peaks. A graphical representation of the 

relation of the changes in the peak prominence and heat flux exposures for all fabric trials can be 

seen in Figure 4-12. For each wavelength of investigation, the absorbance feature prominence of 

aged fabrics was normalized to the feature prominence of unaged fabrics. The use of an inverse 

of the normalized absorbance feature prominence helps scale the graph in a way that corresponds 

with a drop in tensile strength. In addition, the tensile strength of the fabric specimens can be 

related to the peak prominence using the normalized absorbance feature prominence is shown in 

Figure 4-12. 
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Figure 4-12:Absorbance feature prominence (based on reflectance) changes in relation to(left) 
heat flux and (right) remaining tensile strength for the (a) RS Black (b)RS Natural and (c)SCI PBI Max. 

  

(a) 

(b) 

(c) 
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There are some trends that are visible from the evaluation of feature prominence plots for 

key wavelengths for RS Black, RS Natural and SCI PBI Max fabric types. Absorbance feature 

prominence at the key wavelengths showed a slight decline (i.e. less than 20%) at lower heat flux 

levels (10kW/m2) across all three fabric types. As the heat flux levels increase, changes to the 

feature prominence are more significant. The absorbance feature prominence at the 1130nm 

wavelength shows significant decrease (approximately 95% for RS Black, 80% for RS Natural 

and 60% SCI PBI Max) as the heat flux exposures approach 40 kW/m2 up to a point that it 

disappears. A look at 1420 nm wavelength region shows a similar trend; fabrics exposed to 

40 kW/m2 heat flux showed significant changes (approximately 90% for RS Black, 80% for RS 

Natural and 60% SCI PBI Max). At the 1520 nm wavelength the effect of high heat flux 

exposure on the absorbance feature prominence varied slightly across all three fabric types (i.e. 

approximately 65% for RS Black, 25% for RS Natural and 20% SCI PBI Max). The feature 

vanishes by the 40 kW/m2 exposure for RS Black, but is still measurable for the RS Natural and 

SCI PBI Max fabric. The feature at 1620 nm shows slight changes in the prominence 

(approximately 40% for RS Black) as the heat flux level approaches 40 kW/m2 but this was not 

enough to cause the features to disappear. RS Natural and SCI PBI Max fabrics showed slight 

changes (approximately 15% for RS Natural and 15% SCI PBI Max) in the feature prominence 

in the 1930 nm wavelength region. 

4.2.3. Continuum removed absorbance feature area (Transmittance) 

The absorbance feature calculated from data obtained during transmission measurements 

was also evaluated to establish a relation with the percentage tensile strength of the fabrics. The 

techniques used were similar to that described in section 4.2.1. Although there was a reasonable 

increase in the magnitude of absorbance for all fabric trials, the key wavelength regions judged 

to have the most well-defined absorbance peaks visible across the spectrum were the same as 

section 4.2.1. The normalized absorbance feature area changes in relation to heat flux of 

exposure and remaining tensile strength for all fabrics can be seen in Figure 4-13. 
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Figure 4-13:Absorbance feature area (based on transmittance) changes in relation to (left) 
heat flux and (right) remaining tensile strength for the (a) RS Black (b)RS Natural and (c)SCI PBI Max 

fabrics. 

Data from the graphs show trends that can be related to the variation in the absorbance 

feature area at key wavelength regions. The absorbance feature areas at the key wavelengths 

(a) 

(b) 

(c) 
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show slight changes (i.e. up to 10% for RS Black, 20% for RS Natural and 5% SCI PBI Max) at 

lower heat flux levels 10 kW/m2 across all fabrics. Changes to the feature area at 1130 nm were 

not pronounced for RS Natural (i.e. 5%) and SCI PBI Max (i.e. 6%)  but were larger for RS 

Black (i.e. 23%) as the heat flux increased up to 40 kW/m2. At the 1420 nm wavelength, the 

feature area also changed (by approximately 30% for RS Black, 25% for RS Natural and 22% 

SCI PBI Max) as the heat fluxes increased to their maximum value. Increasing the heat flux up to 

40 kW/m2 resulted in a significant change in the feature area at 1520 nm for RS Black fabrics but 

the changes were less significant for RS Natural and SCI PBI Max fabrics (approximately less 

than 15%). The feature area for RS Black fabric trials at 1670 nm showed up to a 40% decline as 

the heat flux increased to 40 kW/m2. In the case of RS Natural and SCI PBI Max, the feature 

area at the 1920 nm wavelength showed a decline of 10% and 25%, respectively at 40 kW/m2. 

4.2.4. Absorbance feature prominence (Transmittance) 

The absorbance feature prominence deduced from transmittance measurements was also 

evaluated to provide a relation between the tensile strength. A similar technique to that described 

in section 4.2.2 was used for determining this relationship. The changes in the absorbance feature 

prominence with heat flux for all fabric trials and the relationship between tensile strength and 

normalized absorbance feature can be seen in Figure 4-14. 
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Figure 4-14:Absorbance feature prominence (based on transmittance) changes in relation 
to(left) heat flux and (right) remaining tensile strength for the (a) RS Black (b)RS Natural and (c)SCI PBI 

Max fabrics. 

Evaluating the plots shows some trends that provide a relation between the absorbance 

prominence and tensile strength of RS Black, RS Natural and SCI PBI Max fabrics. Feature 

(a) 

(b) 

(c) 
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prominence at low heat flux levels (10 kW/m2) shows little change in the peak prominence for all 

fabric samples and key wavelength regions and as the heat flux increases, the changes become 

more pronounced. At 1130 nm the feature prominence shows significant changes (approximately 

95% for RS Black, 70% for RS Natural and 45% SCI PBI Max) as the heat flux approaches 

40 kW/m2. Changes to the feature prominence at 1420 nm were significant (approximately 85% 

for RS Black, 40% for RS Natural and 45% SCI PBI Max) as the heat flux levels increased up to 

40 kW/m2. The feature at 1520 nm showed significant changes (approximately 50%) for the RS 

Black fabric trials but little changes (approximately 10%) were seen for RS Natural and SCI PBI 

Max fabrics. Feature prominence for RS Black fabric trials at 1670 nm showed changes of up to 

20% as the heat flux increased. At 1920 nm the prominence shows an approximately 10% 

decline for both the RS Natural and SCI PBI Max fabrics. 

4.3. NORMALIZED DIFFERENCE INDEX 

A look across the NIR reflectance spectra shows that at certain wavelength regions there 

are slope changes in the spectra as the thermal exposure intensity and duration changes across all 

fabric trials. These changes can be analyzed using the normalized difference index technique 

(NDI). This technique has been investigated in previous studies (Fulton, 2017) to evaluate the 

slope change and relate it to the remaining tensile strength of the fabrics. It is possible for two 

fabric specimens to have similar slope change. Hence, the use of the normalized difference helps 

to account for shifts in the magnitude of the reflectance spectrum. 

This investigation was performed in the 1160 to 1360 nm region of the reflectance 

spectra and the NDI calculated was related to the remaining tensile strength and the heat flux for 

all fabric trials Figure 4-15 and Figure 4-16. For this analysis, Microsoft Excel was used to 

calculate the normalized difference index. The normalized difference index was calculated using 

the equation: 

 ��� =
����� − �����

����� + �����
 (4.5) 

Where ����� represents the magnitude of reflectance at 1360 nm and ����� represents the 

magnitude of reflectance at 1160 nm wavelength. 
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Figure 4-15:Normalized difference index (NDI) of the reflectance slope change between 
1160 and 1360 nm reflectance readings in relation to remaining tensile strength following 

thermal ageing. 

There are a number of trends that can be observed while investigating the slope change of 

the reflectance features for RS Black, RS Natural and SCI PBI Max. As the tensile strength of 

the fabrics decreases, the normalized difference index increases across all fabric trials. It can be 

deduced that the reflectance spectra for RS black fabrics at the key wavelength range (1160 to 

1360 nm) showed significant change in the slope when compared with RS Natural and SCI PBI 

Max. Plots from Figure 4-16 show the relation of slope changes to thermal exposure conditions 

for all three fabric specimens. The NDI for all three fabrics in this study appeared to reach values 

of less than 0.02 for exposure conditions of 10 kW/m2 heat flux. As the exposure condition of the 

fabrics approaches 40 kW/m2 the NDI values also increases (up to 0.15 for RS Black, 0.12 for 

RS Natural and 0.055 for SCI PBI Max) for all fabric trials. 

The distribution of data points in Figure 4-15 and Figure 4-16 also shows that the NDI 

technique is sensitive to both duration and heat flux. At all four heat flux levels, the NDI values 

tend to progressively increase with duration of exposure for all the different fabric trials. 
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Figure 4-16:Normalized difference index (NDI) of the reflectance slope change between 
1160 and 1360 nm reflectance readings in relation to the heat flux of exposure. 

A relatively low heat flux of 10 kW/m2 causes changes to the NDI values which were not 

significant but after 20 kW/m2 exposures the effect of duration on the NDI values for all three 

fabric types began to be apparent. NDI values at 40 kW/m2 heat flux exposure shows the most 

changes in relation to the duration of exposure. It can be inferred that the duration of heat flux 

exposure can influence changes to the slopes in the reflectance spectra. In agreement with 

Fulton’s suggestion (Fulton, 2017), the NDI method shows the best relation between the NIR 

results and percentage changes in tensile strength and the heat flux. Although the NDI of this 

selected slope region have results that appear to reach different values for thermally aged RS 

Black, RS Natural and SCI PBI Max fabric specimens, the relation between tensile strength and 

slope change seem to be less sensitive to a change in fabric type as they all have similar trends. 

Using this method of investigation requires only two reflectance values from select wavelengths 

to determine the condition of a fabric specimen. 

When developing practical devices for fabric performance evaluation, the NDI technique 

has its benefits. The evaluation of select wavelength values makes the normalized difference 
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index technique beneficial for developing relatively low cost practical devices. Developing a 

device that requires scanning a large wavelength range would be expensive for many fire 

departments, but a device that limits the scan range would be relatively affordable. 

4.4. SUMMARY OF THE DIFFERENT CORRELATION TECHNIQUES 

The application of each of these approaches to establish a relation between fabric 

performance with results from the NIR spectroscopy has its advantages and disadvantages, 

which can be summarized in the table below. 
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Table 4-2: Advantages and disadvantages of using the different correlation techniques. 

Correlation 
Technique 

Advantages Disadvantages 

Percentage 
difference in 
absorbance 
(Section 4.1) 

This technique is relatively quick 
and easy to apply. A polynomial 
fit can be used to describe the 
relation between absorbance and 
tensile strength. 

It is difficult to relate the changes to 
the magnitude of reflectance to 
thermochemical decomposition of the 
fabric specimens. This technique is 
sensitive to changes in the 
wavelength of investigation at higher 
heat flux exposure. 

Absorbance 
feature area 
(Section 4.2) 

The relation of feature peaks to 
the base chemicals present in the 
fabrics was done using 
information in literature 
(Workman & Weyer, 2012). Data 
from this technique shows similar 
trends across all fabric types. 

Results depend on the position of the 
feature as a change in the location of 
peaks can occur due to the ageing 
condition of a specimen which makes 
it difficult to assign wavelength 
bounds around the peaks thereby 
influencing the results. The presence 
of carbon deposits and other 
materials may cause a bias in the 
measurements. 

Absorbance 
feature 
prominence 
(Section 4.2) 

Application of this technique is 
not influenced by the change in 
location of the peaks (feature 
position) and the prominence 
change can be related to the 
ageing conditions of the fabrics. 

 

There is a possibility of selecting 
peak features with overlapping 
Gaussian features. The feature peak 
may become asymmetric as exposure 
conditions changes which can 
influence the results. Moisture 
entrainment, dirt and carbon deposits 
on fabric specimens could influence 
absorbance results. 

Normalized 
difference index. 
(Section 4.3) 

Results can be easily obtained 
based on two wavelength 
measurements and method shows 
trends that are similar across the 
three fabric types. Trends in the 
data seems to be similar 
irrespective of the type of fabrics 
investigated. 

This technique cannot be directly 
related to thermochemical changes in 
the fabric due to the lack of 
background information on its 
application to textiles. Literature does 
not provide information on how slope 
changes relate to the fabric chemistry 
of the material. 
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5. CONCLUSIONS AND FUTURE WORK 

Although the minimum performance requirements for a newly purchased protective 

clothing worn by firefighters on the fireground are well defined, there is no standard quantitative 

procedure for evaluating the performance and estimating the time to retirement of in-use 

protective clothing. For each individual garment, the retirement timeline is unique, and 

overestimating the time to retirement would be a major concern to the safety of the end user, 

while underestimating the time to retirement could have financial implications for fire 

departments. Firefighters deserve to know the condition of their protective clothing at all times. 

Hence, it is important to develop quantitative methods for evaluating the degradation of in use 

firefighters’ protective clothing. 

This research has been focused on examining the effects of thermal ageing on the 

performance of firefighters’ protective clothing, with emphasis on the relation between heat flux, 

duration of exposure and tensile strength. This was done with the aim of developing quantitative 

methods for evaluating aspects of performance of firefighters’ protective clothing. Emphasis was 

on 60/40% Kevlar/PBI blend fabrics used for the construction of the outer shell layer of 

firefighters’ protective clothing. The goal was to simulate the degradation process of the fabrics 

due to thermal ageing and to carry out a performance evaluation based on tensile testing. Visual 

observations, optical microscopy, temperature measurements, thermal gravimetric analysis and 

NIR Spectroscopy were also used in the study. Correlations between fabric tensile strength and 

near-infrared spectroscopy parameters were developed using multiple methods of analysis. 

5.1.  CONCLUSIONS 

The following conclusions can be made from the research described in this thesis; 

1. RS Black, RS Natural and SCI PBI Max fabric temperatures were measured 

during thermal ageing using the cone calorimeter. It was observed that the 

incident heat flux level influenced the time to reach steady state temperatures and 

the magnitude of the peak temperatures recorded at the back of the fabrics. As the 

heat flux increased, the time to reach steady state temperature decreases while the 

magnitude of the fabric steady state temperature increases. At low heat flux levels 

(10 kW/m2), the average steady state temperatures recorded for the three fabrics 
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were not sufficient to cause significant thermochemical changes as indicated by 

TGA results. At a heat flux of 20kW/m2 the temperature on the fabrics increased 

to the point required to initiate thermochemical changes. With further increase in 

heat flux (i.e. 30-40 kW/m2), the changes caused by thermal exposure became 

more significant. 

2. Tensile strength measurement results served as a key performance indicator after 

thermal exposure to determine the extent of fabric degradation. Fabrics exposed to 

low heat flux (10 kW/m2) did not show significant change (i.e. 20%) in the tensile 

strength. For higher exposure levels (i.e. 20-40 kW/m2), the fabric strength fell 

below standard requirements (NFPA 1971 2013) for RS Black and RS Natural 

fabrics. There were smaller decreases in the remaining strength for SCI PBI Max 

fabrics as their strength remained above performance requirements (NFPA 1971 

2013) up until the 40 kW/m2 heat flux exposure. 

3. Photographic images of aged and unaged fabrics show colour changes as one of 

the observable physical changes that occurs because of thermal ageing. Dye 

removal and progressive charring of fabrics were observed as the heat flux 

exposure levels and duration of exposure increases. Microstructural changes to 

the fabric weaves were not apparent when viewed through an optical microscope. 

However, results from tensile strength and NIR Spectroscopy suggest that 

changes occurred in the fabrics. Hence, it can be inferred that temperatures 

experienced by the fabrics were high enough to cause thermochemical changes 

but not changes to its physical structure. 

4. Non-destructive analysis of aged and unaged fabrics was performed using near 

infrared spectroscopy measurements in the reflectance and transmittance mode. 

Spectral data were taken in the 400-2000 nm region, but analysis were performed 

in the 800 – 2000 nm range for the purpose of avoiding regions sensitive to colour 

change. Results from spectral measurements show significant changes in the 

thermally aged specimens. Investigation of key wavelength regions related to 

chemical bonds (absorbance peaks at 1130, 1420, 1520, 1670, 1920 nm) present 
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in the fabrics showed evidence of thermochemical changes with increased thermal 

ageing exposure conditions. 

5. Correlations between NIR results with tensile strength were developed using 

multiple methods of analysis (percentage shift, absorbance feature area, feature 

prominence, and normalized-difference index method). Each method has its own 

advantages and disadvantages. For example, changes to the spectral features in 

relation to heat flux and duration can be seen when all four correlation techniques 

are applied. Of the methods investigated, the normalized difference index slope 

method showed the most potential for predicting the remaining tensile strength of 

the three fabrics. Finally, the use of the NDI method would be a recommended 

choice for evaluating the performance of outer shell fabrics exposed to thermal 

degradation. 

5.2. FUTURE WORK 

A number of issues have been raised over the course of this research which could serve as a lead 

for extension of this work: 

1. Thermal ageing was performed in a range of primarily radiative heat exposures at 

different durations. The use of a primarily convective heat source or a 

combination of both radiative and convective heat source would be worth 

investigating. The test matrix in future studies should include a smaller step 

increase at heat flux levels between 15-30 kW/m2, and the inclusion of multistage 

exposures (Rezazadeh, 2014) which will provide more detailed information on the 

degradation process in outer shell materials. In this range of heat fluxes, the 

temperatures on the back of the fabrics increased enough to cause thermochemical 

changes and the tensile strength of RS Black and RS Natural fabric specimens 

began to drop below the value specified in the NFPA 1971 standard while the SCI 

PBI Max fabrics strength remained above the recommended standard. 

2. Near infrared spectroscopy was used as a method for non-destructive testing. 

Carrying out a comprehensive evaluation of performance based on detailed 

analytical chemistry procedures to outline the thermochemical and mechanical 
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ageing process experienced by the outer shell fabric material in firefighters’ 

clothing would provide a clearer understanding of the degradation process. 

3. Although the outer shell fabrics provide major protection against heat, the 

performance of other layers of the firefighters’ clothing ensemble are important to 

the safety of the firefighter while carrying out their duty. Transmittance 

measurements is a potential non-destructive test method for determining the 

performance of multi layer fabrics. Hence, the in-use performance of moisture 

barrier, thermal liner should also be investigated (Rezazadeh.M, 2014). 

4. A proof of concept test was carried out during this research to investigate the 

possibility of measuring spectral behaviour of the fabrics in real time. Initially a 

spectrometer was used to look at the transmittance of RS Natural fabrics when 

exposed to 10 and 25 kW/m2 heat flux levels using a cone calorimeter. It was 

observed that there was little or no transmittance recorded by the spectrometer. 

This issue was suggested to be as a result of the cone heating element not 

generating enough light that can be transmitted through the fabric. The test setup 

was adjusted to solve this issue by including a light bulb behind the cone heater 

thereby providing an additional light source. Results from the second set up were 

promising as changes to the transmittance could be detected as the heat flux levels 

and duration increases. However, there was an increase in the results as it was 

noticed that the light bulb generated an additional heat flux of approximately 

10 kW/m2. A further investigation of real time transmittance would provide more 

information on the fabric behaviour during exposures to heat fluxes. 

5.  The findings of this and other research on the use of NIR to predict the tensile 

strength of fabrics could be used as the basis for developing a relatively low cost 

practical device for quantitative non-destructive testing of firefighters’ protective 

clothing in the field. 
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APPENDIX A: PHOTOGRAPHIC IMAGE OF FABRIC SPECIMEN 

 
Unaged 

 
10kW/m2@30s 

 
10kW/m2@60s 

 
10kW/m2@90s 

 
10kW/m2@120s 

 
10kW/m2@300s 

Figure A-1: Photographs of aged and unaged RS Black fabrics at 10 kW/m2. 
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Unaged 

 
20kW/m2@30s 

 
20kW/m2@60s 

 
20kW/m2@90s 

 
20kW/m2@120s 

 
20kW/m2@300s 

Figure A-2: Photographs of aged and unaged RS Black fabrics at 20 kW/m2. 
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Unaged 

 
30kW/m2@30s 

 
30kW/m2@60s 

 
30kW/m2@90s 

 
30kW/m2@120s 

 
30kW/m2@300s 

Figure A-3: Photographs of aged and unaged RS Black fabrics at 30 kW/m2. 

 



109 
 

 
Unaged 

 
40kW/m2@30s 

 
40kW/m2@60s 

 
40kW/m2@90s 

 
40kW/m2@120s 

 
40kW/m2@300s 

Figure A-4: Photographs of aged and unaged RS Black fabrics at 40 kW/m2. 
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Unaged 

 
10kW/m2@30s 

 
10kW/m2@60s 

 
10kW/m2@90s 

 
10kW/m2@120s 

 
10kW/m2@300s 

Figure A-5: Photographs of aged and unaged RS Natural fabrics at 10 kW/m2. 



111 
 

 
Unaged 

 
20kW/m2@30s 

 
20kW/m2@60s 

 
20kW/m2@90s 

 
20kW/m2@120s 

 
20kW/m2@300s 

Figure A-6: Photographs of aged and unaged RS Natural fabrics at 20 kW/m2. 
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Unaged 

 
30kW/m2@30s 

 
30kW/m2@60s 

 
30kW/m2@90s 

 
30kW/m2@120s 

 
30kW/m2@300s 

Figure A-7: Photographs of aged and unaged RS Natural fabrics at 30 kW/m2. 
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Unaged 

 
40kW/m2@30s 

 
40kW/m2@60s 

 
40kW/m2@90s 

 
40kW/m2@120s 

 
40kW/m2@300s 

Figure A-8: Photographs of aged and unaged RS Natural fabrics at 40 kW/m2. 
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Unaged 

 
10kW/m2@30s 

 
10kW/m2@60s 

 
10kW/m2@90s 

 
10kW/m2@120s 

 
10kW/m2@300s 

Figure A-9: Photographs of aged and unaged SCI PBI Max fabrics at 10 kW/m2. 
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Unaged 

 
20kW/m2@30s 

 
20kW/m2@60s 

 
20kW/m2@90s 

 
20kW/m2@120s 

 
20kW/m2@300s 

Figure A-10: Photographs of aged and unaged SCI PBI Max fabrics at 20 kW/m2. 
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Unaged 

 
30kW/m2@30s 

 
30kW/m2@60s 

 
30kW/m2@90s 

 
30kW/m2@120s 

 
30kW/m2@300s 

Figure A-11: Photographs of aged and unaged SCI PBI Max fabrics at 30 kW/m2. 
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Unaged 

 
40kW/m2@30s 

 
40kW/m2@60s 

 
40kW/m2@90s 

 
40kW/m2@300s 

 
40kW/m2@300s 

Figure A-12: Photographs of aged and unaged SCI PBI Max fabrics at 40 kW/m2. 
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APPENDIX B: ABSORBANCE SPECTRA BASED ON 

TRANSMITTANCE 

 

Figure B-1: Calculated absorbance (��) spectra for RS Black fabrics based on 
transmittance values at different heat fluxes (colours) and durations (line type).. 
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Figure B-2: Calculated absorbance (��) spectra for RS Natural fabrics based on 
transmittance values at different heat fluxes (colours) and durations (line type).. 
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Figure B-3: Calculated absorbance (��) spectra for SCI PBI Max fabrics based on 
transmittance values at different heat fluxes (colours) and durations (line type).. 
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APPENDIX C: FABRIC IMAGES FROM OPTICAL MICROSCOPE 

Unaged 
 

10kW/m2@30s 

 
10kW/m2@60s 

 
10kW/m2@90s 

 
10kW/m2@120s 

 
10kW/m2@300s 

Figure C-1: Photographs of aged and unaged RS Black fabrics at 10 kW/m2. 
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Unaged 20kW/m2@30s 

20kW/m2@60s 20kW/m2@90s 

20kW/m2@120s 20kW/m2@300s 
Figure C-2: Photographs of aged and unaged RS Black fabrics at 20 kW/m2. 
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Unaged 30kW/m2@30s 

30kW/m2@60s 30kW/m2@90s 

30kW/m2@120s 30kW/m2@300s 

Figure C-3: Photographs of aged and unaged RS Black fabrics at 30 kW/m2. 
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Unaged 40kW/m2@30s 

40kW/m2@60s 40kW/m2@90s 

40kW/m2@120s 40kW/m2@300s 

Figure C-4: Photographs of aged and unaged RS Black fabrics at 40 kW/m2. 
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Unaged 10kW/m2@30s 

10kW/m2@60s 10kW/m2@90s 

10kW/m2@120s 10kW/m2@300s 

Figure C-5: Photographs of aged and unaged RS Natural fabrics at 10 kW/m2. 
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Unaged 20kW/m2@30s 

20kW/m2@60s 20kW/m2@30s 

20kW/m2@120s 20kW/m2@30s 
Figure C-6: Photographs of aged and unaged RS Natural fabrics at 20 kW/m2. 
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Unaged 30kW/m2@30s 

30kW/m2@60s 30kW/m2@90s 

30kW/m2@120s 30kW/m2@30s 
Figure C-7: Photographs of aged and unaged RS Natural fabrics at 30 kW/m2. 
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Unaged 40kW/m2@30s 

40kW/m2@60s 40kW/m2@90s 

40kW/m2@120s 40kW/m2@300s 
Figure C-8: Photographs of aged and unaged RS Natural fabrics at 40 kW/m2
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Unaged 10kW/m2@30s 

10kW/m2@60s 10kW/m2@90s 

10kW/m2@120s 10kW/m2@300s 
Figure C-9: Photographs of aged and unaged SCI PBI Max fabrics at 10 kW/m2. 
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Unaged 20kW/m2@30s 

20kW/m2@60s 20kW/m2@90s 

20kW/m2@120s 20kW/m2@300s 
Figure C-10: Photographs of aged and unaged SCI PBI Max fabrics at 20 kW/m2. 
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Unaged 30kW/m2@30s 

30kW/m2@60s 30kW/m2@90s 

30kW/m2@120s 30kW/m2@300s 
Figure C-11: Photographs of aged and unaged SCI PBI Max fabrics at 30 kW/m2. 
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Unaged 40kW/m2@30s 

40kW/m2@60s 40kW/m2@90s 

40kW/m2@120s 40kW/m2@300s 

Figure C-12: Photographs of aged and unaged SCI PBI Max fabrics at 40 kW/m2. 
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