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Abstract 

Despite the outstanding mechanical properties of composites, their structural application 

has been hindered by their poor structural performance in fire. A gap analysis identified 

the need to (i) develop a small-scale fire resistance test to be used before full-scale 

standardised fire tests, (ii) develop a novel method to measure thermal diffusivity, and 

(iii) develop and validate the thermal-mechanical model of aerospace grade unidirectional 

carbon fibre epoxy composites exposed to high heat fluxes. In this sense, the “small-scale 

propane burner fire test” was developed, with repeatable calibration method, to allow for 

a material development framework at low-cost. Furthermore, the “step-change method” 

was developed for simple and cost-effective thermal diffusivity measurements. The 

thermal and mechanical properties of carbon fibre epoxy composites at high temperature 

have been measured, with both traditional and developed techniques, to be implemented 

in COMFIRE-50, a 1D finite difference thermo-mechanical modelling software which 

takes into account heat transfer through conduction, gas mass flow and endothermic 

decomposition processes. The mechanical models implemented in COMFIRE-50 are the 

post-fire model and the strength based model, used to predict, respectively, compressive 

post-fire and survivability times during fire. Thermal model optimisation and validation 

with long-fire-exposure experiments to high heat flux has been performed with good 

results. On the other hand, setup issues and limited number of replicates limited the 

validation of the mechanical fire model, in spite of showing encouraging results under the 

tested conditions, i.e. no anti-buckling guides, high heat fluxes (between 70 and 180 kW 

m-2), low loading conditions compared to RT failure load, one sided heat flux and short 

survival times. Further to this validation for carbon fibre epoxy composites at high 

temperature, a graphic user interface has been developed for COMFIRE-50 (COMFIRE-

50-GUI), allowing for user-friendly thermal and mechanical calculation through library 

and totally custom chosen parameters, supporting the wider use of this free software. 

Future work should focus on extending the temperature range of the thermal-mechanical 

property measurements, both in terms of the step-change method and mechanical testing 

methods. 
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Chapter 1 Literature review 

1.1 Introduction 

Interest in composite materials has risen greatly over the past few decades, being of 

widespread use nowadays, from day-to-day items to high performance applications. Fibre 

reinforced plastics are used in applications where a high strength-to-weight ratio, a high 

stiffness-to-weight ratio and corrosion resistance are critical (Burns et al., 2010; Mouritz 

et al., 2001; Mouritz and Mathys, 2001; Mouritz, 2003) such as in the transport industry, 

offshore platforms, pipelines, repairs, race competition, prostheses and individual 

protection devices. However, in spite of their advantages, one of the recognised 

drawbacks is fire resistance and how to model it to support design strategies (Cao et al., 

2009; Dodds et al., 2000; Fisher, 1993, Mouritz and Gibson, 2006, Lyon, 1996, Mouritz 

et al., 2006, Mouritz et al., 2009, Sorathia et al., 1996). In the case of fire exposure, fibre 

reinforced polymer (FRP) materials lose their compressive strength above Tg (Mouritz 

and Gibson, 2006) and flammable and toxic decomposition products are developed 

(Mouritz and Gibson, 2006, Mouritz et al., 2006, Mouritz et al., 2009, Sorathia et al., 

1996). The phenomenon of flaming drips may also occur, which for applications in mass 

transport sectors is an important factor to be taken into account, since it affects fire spread 

and fire control. 

Structural applications seem to be the most suitable for composites when a lightweight 

design is required; however they are not used as structural components where fire hazard 

is a possibility, the issue being mainly their behaviour in compression rather than in 

tension, since compression properties are matrix dominated. No FEM model is capable 

of modelling composites behaviour with good accuracy at temperature above 350°C 

because they do not take decomposition into account both for the thermal part and for the 

structural part (Urso Miano, 2011). Structural behaviour of composites in fire is complex 

and according to Mouritz et al. (2009) the occurring phenomena can be grouped in 

thermal, chemical, physical, and failure processes, this will be detailed ahead. 
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In this chapter the difference between fire reaction and fire resistance properties is 

addressed and a literature review of the associated testing methods along with 

characterisation of decomposition and modelling procedures is presented. A literature 

review on modelling fire behaviour of composite materials will then be presented, 

focusing on the thermo-decomposition models which are initial and the most important 

part. The outputs of the thermo-decomposition models could then be used as inputs of a 

mechanical model of different sort such as FEM or other types. 

1.2 Fire reaction vs fire resistance 

The expressions “fire reaction” and “fire resistance” are often encountered in the literature 

but sometimes they are misused. Fire reaction properties of a composite material are those 

properties that upon exposure to a heat source may cause fire start-up and/or harm to 

people. Instead, fire resistance properties characterise the capability of a material to 

withstand exposure to fire in terms of keeping structural integrity and/or hindering fire 

penetration and heat conduction throughout the material. Table 1.1 summarises the main 

types of fire test grouping them into the two main categories of fire resistance and fire 

reaction tests. 

Fire 
Reaction 

Oxygen index LOI 

Start-up and 
fire progress Small-scale, 

low cost 
tests 

Combustibility LOI 
Time-to-ignition Cone calorimetry 
Surface spread of 
flame 

Flame spread 

Peak heat release  Cone 
Calorimetry 

Average heat release  Cone calorimetry 
Single burning item SBI 
Smoke generation  NBS Human 

survivability Toxicity index  FTIR 

Fire 
Resistance 

Pool fire   Structural 
failure or 
insulation 

failure 

Large-scale, 
expensive 

Tests 

Burner tests   
Furnace tests   
Jet-fire tests   

Table 1.1: Fire reaction and fire resistance differences. 
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Table 1.1 also highlights the main difference between the 2 different types of test: fire 

reaction tests tends to be small-scale and low cost tests compared to fire resistance tests 

that are rather large scale (if not in full-scale) and expensive tests. 

1.2.1 Fire reaction tests 

In the following section fire reaction testing techniques and standards are presented. Fire 

reaction testing methods are characterised by being either small-scale to intermediate-

scale benchmark tests. They are presented starting from the most important/relevant one, 

the cone calorimeter. 

1.2.1.1 Cone calorimetry 

Based on the oxygen consumption principle, the cone calorimetry technique is capable of 

measuring time of ignition (ti), Heat Release Rate (HRR), CO and CO2 yield, Smoke 

density (Ds), and several other properties. The Cone Calorimeter, see Figure 1.1 a), is the 

apparatus used to perform this test which is ruled by ISO 5660-1, 2002, Second Edition 

and ISO 5660-3, 2012. 

It consists of a conical radiant electrical heater rod capable of creating a constant heat flux 

(0 to 100 kW m-2) on a limited surface beneath it. The heated sample will then start to 

decompose and, when the critical gas concentration will be reached, ignition is triggered 

by an electrical spark. The gas products are aspirated by a hood, then analysed to measure 

CO and CO2 yield. Depending on the equipment connected to it, other 

decomposition/combustion products can eventually be analysed. The mass loss is 

monitored by a balance holding the sample in place for all the duration of the test. A laser 

in the extraction duct is used to measure the smoke production. 
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a) b) 

Figure 1.1: a) FTT cone calorimeter (FTT Ltd, 2014); b) Schematic of a cone Calorimeter. 

With all these embedded capabilities, the cone calorimeter is considered the most versatile 

of the bench scale testing equipment for measuring fire reaction properties of combustible 

materials (Mouritz and Gibson, 2006). Due to the fact the test runs in an atmosphere 

which is considered representative of a vast majority of the actual fire scenarios, 

especially those characterised by a well-ventilated room, the cone calorimeter results are 

mandatory for any material used in transport modes (Mouritz and Gibson, 2006). The 

outcomes are also very useful in the validation of fire models (Mouritz and Gibson, 2006). 

However as highlighted by Mouritz and Gibson (2006) the limitation of this method is 

the fact that the sample maximum size is of 100mm x 100mm and different thicknesses 

so full or section of structures cannot be tested with this method to assess fire resistance. 

1.2.1.2 Intermediate-Scale cone Calorimeter 

The intermediate-scale cone calorimeter (ASTM E1623-11, 2011) is an alternative 

method that overcomes the limitation of the cone calorimeter on being a bench scale test. 

The cone calorimeter is a very useful tool but it does not give information regarding a full 

structure of components because of the small size of the sample. The capability of the 

intermediate-scale cone calorimeter of testing sample as large as 1.0 m x 1.0 m and 
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different thicknesses permits to test small structures or final components to study the 

overall assembly fire behaviour. 

1.2.1.3 Single Burning Item Test 

The Single Burning Item (SBI) test (BS EN 13823:2010+A1:2014), is a procedure where 

2 flat specimen are tested against a fire that simulate a fire coming from a waste-paper 

bin corresponding approximately to 50 kW m-2. 

 

Figure 1.2: Schematic of the SBI test (Mouritz and Gibson, 2006) 

Although it is more a fire resistance test, the outputs are very similar to the cone 

colorimeter, compressive dead-loads can be applied on the panels to measure stiffness 

loss and time to failure of the wall panels which are fire resistance characteristics. The 

main limitation of this method is that just flat specimens can be tested, which makes it 

not suitable for complicated shape components. 

1.2.1.4 OSU calorimeter 

The Ohio State University calorimeter is a bench scale fire test that measures HRR of 

combustible materials (ASTM E906 / E906M - 10, 2010). The OSU Calorimeter consists 

of an adiabatic chamber, see Figure 1.3 b), where the bench-scale sample is placed and 

exposed to the heat radiated from 4 electrical rods and ignited by a high temperature pilot 

flame impinging on the sample surface. Figure 1.3 shows a picture of the OSU 

Calorimeter and a schematic of the adiabatic chamber. The apparatus can perform tests at 
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heat flux up to 100 kW m-2 although tests are usually performed at around 35 kW m-2. 

Heat release and smoke production can be measured continuously during the test. This 

apparatus is widely used although its results are prone to greater errors compared to the 

cone calorimeter (Mouritz and Gibson, 2006). 

a) b) 

Figure 1.3: a) OSU Calorimeter, picture taken from FTT website; b) schematic of OSU calorimeter 

adiabatic chamber (Babrauskas, 2000). 

Despite the non-perfect results, the OSU is widely used to assess fire performance of 

composites. The Federal Aviation Agency (FAA), for instance, has made it their reference 

fire safety standard of aircraft cabin materials at 35 kW m-2 heat flux. 

1.2.1.5 Smoke density chamber 

Smoke is an important factor in fire reaction measurements mainly because, depending 

on the thickness of the smoke, it limits visibility and so reduces people capability to 

escape and fire fighters to locate and suppress the fire. Although smoke production can 

be measured using the cone calorimeter, OSU Calorimeter and radiant panel flame 

techniques, the most widely used test apparatus for this purpose is the N.B.S. smoke 

chamber. This consists of a sealed chamber where a bench-scale size specimen in a 

vertical position is exposed to a radiant incident heat flux up to 50 kW m-2 (ASTM E662, 

2013; ASTM F814-84B, 1995; BS 6401, 1983; NFPA 258, 2001). The smoke produced 
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is measured in terms of light transmittance in the chamber using an optical laser and a 

photo detector, the result is then converted in specific optical density, a dimensionless 

quantity. 

1.2.1.6 LOI 

Limiting Oxygen Index (LOI) is a test that assesses the flammability of a combustible 

material (ASTM D2863-13, 2013; ISO 4589-2, 1999). It represents the minimum amount 

of oxygen, in terms of volume percentage, necessary to just support candle like sustained 

flaming of the specimen. Figure 1.4 shows an example of the LOI apparatus which usually 

consists of a vertical specimen (the red material in the chimney), ignited from the top 

inside an oxygen-nitrogen controlled atmosphere chamber. The oxygen percentage is 

regulated in the chamber until a candle like sustained flame is achieved. 

 

Figure 1.4: view of LOI apparatus. Photograph taken from FTT website 

Although it is a widespread test, it has several deficiencies. The most relevant one is that 

it does not correlate to any real full scale fires. Its relevance is also questionable because 

of the downwards burning which is again not representative of any real fire scenario. It 

has to be noticed that most of the tests are run at oxygen concentration above the normal 

oxygen content of air which never happens in any fire hazard. For these reasons this test 

is not useful, except very rare cases, to predict a real fire performance of a material (it is 

not a fire reaction property). 
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1.2.1.7 UL94 

UL94 is another flammability test which can be performed in horizontal (ISO 9772) or 

vertical orientation (ISO 9773). A schematic representation of the test is reported in 

Figure 1.5. The specimen is held upright by the top while the bottom part of the specimen 

is exposed to a small flame from a burner for a certain time. The flame is then removed 

and the time to extinguishment is recorded. 

 

Figure 1.5: schematic representation of UL94 test. Source: Troitzsch J, "Plastics Flammability Handbook 

Principles, Regulations, Testing, and Approval", 3rd edition, Hanser 2004 

Depending on the burning behaviour a material can be classified in a scale from V0 to V2 

as summarised in Table 1.2. UL94 classification is mandatory for combustible materials 

used for cable insulation and electronic components although it cannot be correlated to 

any full-scale fire scenarios (Mouritz and Gibson, 2006). 
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Alternatively UL94 tests can be performed in horizontal orientation as well and in that 

case it measures the flame spread of the material although, as stated previously, it is not 

correlated to any full-size fires (Mouritz and Gibson, 2006). 

Table 1.2: UL94 classification and meaning. 

UL94 
Classification Extinction time Dripping particles 

V0 <10 seconds Allowed but 
extinguished 

V1 <30 seconds Allowed but 
extinguished 

V2 <30 seconds Allowed although on fire 
 

The test does not measure any fire reaction properties because the results are very 

dependent on the orientation of the specimen and thickness of the specimen. In fact a 

specimen classified as V1 or V2 could result as self-extinguishing and become even a V0 

if tested in vertical position but ignited from the top rather than from the bottom. 

1.2.1.8 Flame spread 

Flame spread tests usually involve flat rectangular specimens exposed to a gas fired 

radiant panel and ignited on just one of the borders (ASTM D3675-14, 2014; ASTM E162 

- 13 2013). Typical flame spread tests are performed in a vertical direction with the 

specimen ignited from the top and measuring the downwards flame spread as the time it 

takes for the flames to travel downwards. The meaningfulness of this test is questionable 

because the higher risk on a real fire is the upwards flame spread which is far quicker 

compared to the downwards flame spread (Mouritz and Gibson, 2006). Other fire tests 

have been developed to create a more realistic fire scenario. One of these is NASA 

Upward Flame Propagation test (NASA-STD-6001, 1998) while other national standards 

include the lateral flame spread (ASTM E1321-13, 2013; BS 476-7; BS 476-6) and the 

fire tunnel (ASTM E84-13a, 2013). 
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1.2.1.9 Other fire reaction tests 

The SBI is performed on samples of 1.5 m x 1.0m and 1.5m x 0.5 m, so still not a full-

scale specimen. For this reason other room fire tests have been developed to recreate a 

real full-scale final product fire test to assess the whole structure of buildings and ship 

compartments against fire. 

Other specialised fire reaction tests and standards exists for very specialised applications 

such as for electrical cables installation, for material used in transport sectors like seats 

and in the OilGas industry. Examples are the Glow Wire Flammability Test, Glow Wire 

Ignitability Test for testing upholstery used in the transport sector. 

1.2.2 Fire resistance tests 

In the following section fire resistance testing techniques and standards are presented. 

Fire resistance testing methods are characterised by being large-scale tests. Fire resistance 

tests are also known to be expensive, the reason is to be found on the large amount of fuel 

used to perform the tests at heat flux up to 200 kW m-2 for exposure times up to hours, on 

the number of sensors and data collection equipment to assess the fire resistance 

performances and on the full-scale sample dimensions. Fire resistance tests usually 

measure burn-through and time to failure of certify materials and structures against fire. 

1.2.2.1 Furnace tests 

Furnace tests are fire resistance tests where the component to be assessed against specific 

fire requirements is inserted in a furnace capable of reproducing standardised 

temperature-time curves associated with certain fire scenarios, examples are the cellulosic 

curve and the hydrocarbon curve shown in Figure 1.6. 

During a test, the sample temperature evolution through time is monitored using 

embedded thermocouples at different location in the through-thickness dimension. In the 

meantime the gas flux into the furnace is regulated through a very sophisticated 
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temperature sensors and electronic valve actuator network to achieve the wanted furnace 

temperature throughout the test. 

a) b) 

Figure 1.6: a) Fire resistance test furnace from FTT website; b) hydrocarbon fire and cellulosic fire 

curves (Mouritz and Gibson, 2006). 

Plate thermometers are used to monitor the temperature evolution of the furnace. These 

plate thermometers are claimed to protect the thermocouples from the radiation and 

convection. The issue with furnaces is that an instantaneous rise of temperature is not 

possible due to the thermal inertia of the furnace itself. The initial part of the temperature 

curve can be more or less steep but step-change cannot be achieved. 

The furnace temperature is regulated because each fire scenario is characterised by a 

different fire growth as it can be noticed in Figure 1.7 a) and b). Fire reaction bench scale 

tests, such as the cone calorimeter, are not capable of reproducing the same fire condition 

of a compartment fire because of aeration conditions and other factors. This is the reason 

why once a material is developed using the low cost bench scale tests, then a full scale 

fire test is necessary and the SBI or the furnace tests are recognised as the fire resistance 

standard tests. 
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a) b) 

Figure 1.7: Schematic representation of temperature vs time in different fire scenarios: a) typical curve 

for enclosure fire; b) annotated fire growth diagram illustrating what fire resistance properties 

assess in a fire scenario. 

It can be noticed in Figure 1.7 b) how bench scale tests can just measure fire properties 

until the very beginning of the fully developed fire, whereas large scale fire tests can 

measure fire properties until the end of a fire scenario, which occurs when all the 

combustible material has been consumed and no combustible products are left. 

1.2.2.2 Aerospace burner tests 

The aerospace industry has the necessity of assessing their products against real fire 

scenarios that may be generated by an engine failure or other similar accidents that may 

happen either during airborne or taxiing. For this reason several standards from the 

Federal Aviation Agency (FAA) have been developed to replicate different fire scenarios 

from the in-flight fire to the post-crash fire situation. 
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a) b) 

Figure 1.8: a) FAA Finalised insulation burn‐through test apparatus with a Park DPL 3400 burner 

(Marker et al., 2008); b) Calibration of an ISO 2685 gas burner from 

http://www.ase.uc.edu/~firetest/ftc/iso.html. 

Figure 1.8 a) shows a kerosene aerospace burner capable of creating a heat flux of up to 

185 kW m-2 whose test results correlate well with full-scale fire tests on the whole 

fuselage section fully furnished (La Delfa, 2010). Figure 1.8 b) shows a special aerospace 

burner that can be used for small to intermediate scale tests (ISO 2685, 1998). This ISO 

2685 burner is characterised by having a very complicated design to allow a controlled 

mixture of air and gas to ignite through several small hoses creating a very stable flame 

temperature and hence a very stable heat flux. The sample usually stands in front of the 

burner at a distance between 50 and 75 mm, so that the heat transfer happens almost 

entirely by radiation since there is no impingement of hot high speed gases on the 

specimen surface. Fire requirements are different depending on the burner used in fact 

with the Park burner the heat flux has to be higher than 106 kW m-2 instead with the 

ISO2685 burner the heat flux has to be higher than 116 kW m-2. This highlights that the 

two tests do not replicate exactly the same conditions, as investigated by Le Neve (2008). 

Le Neve (2008) showed that although ISO2685 is used by the aerospace industry to show 

compliance with FAR/CS requirements, tests performed with different burners and 

standards, such as oil and gas burners according to FAA-AC20-135, 1990 and ISO2685, 

using the same samples and sample mounting setups would give different results. In 

particular the study showed that the ISO2685 test is less severe and sample would be 

classified as passed whereas the Park burner is more demanding and the same sample 

would be classified as failed. As the Park burner is no longer produced the FAA had to 

find a substitute for it. The “NexGen” burner, see Figure 1.9, has been designed, 

manufactured and assessed against the Park burner showing that recreates the same 
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conditions of the Park burner, with a more stable flame profile (Kao et al., 2012; Ochs et 

al., 2009). 

 

Figure 1.9: CAD model of the “NexGen” Burner. 

Anyway the harmonisation of the type of the burner, the fuel, the thermocouples for 

calibration and the heat flux meter type should be made to avoid discrepancies among 

laboratories and material fire certification. 

1.2.2.3 Jet fire 

The Jet fire test is one of the most severe and expensive fire resistance tests and consists 

of natural gas or propane gas coming out of a small hole on a high-pressure pipe. The 

sample is placed half way down the flame length where it is exposed to not only a very 

high heat flux, up to 300 kW m-2, but to high velocity impinging gas flow, up to 50 ms-1, 

creating an additional ablation effect on the exposed surfaces of the component (Mouritz 

and Gibson, 2006). This makes the jet fire testing condition the most severe of all the fire 

tests. 
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a) b)

c) 

Figure 1.10: Jet fire tests in progress: a) from Hydrocarbon Processing; b) from DNV websites; c) 

impact of the flame on a full scale steel pipe with fire protection 

In Figure 1.10 a) and b) the scale of a jet fire can be appreciated. The pictures have all 

been taken from far away to allow the whole flame length, few meters, to be captured in 

one shot. In Figure 1.10 c) can be noticed how the high-speed gases generated during the 

test are pushing on the flame impinged test specimen causing an ablation effect on the 

sample surface. This phenomenon may cause material removal if the material is not strong 

enough (the same way as the wind erosion effect has on rocks but on a much quicker time 

scale), causing faster loss of fire protection and/or load bearing capacity. The 

requirements vary according to the industrial sector where the component and/or material 

is applied, anyway the main sectors are the maritime transportation sector and the Oil and 

Gas offshore sector. Further information regarding jet fire tests can be found in British 

Gas plc, 1996; ISO 834-3, First edition, 1999; ISO 834-1, 1999; ISO 22899, 2007; 

MATHER, 1997. 

Jet fire tests can last up to 2 hours and the main output is the fire protection level, in terms 

of the time needed to achieve a certain temperature on the opposite side of the sample. 

Rarely load bearing capacity of the structure on fire is assessed while subjecting the test 

specimen to the real load as if it would be in service. 
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1.2.2.4 Other fire tests 

There are several other types of fire tests, standardised and non-standardised, that try to 

recreate particular fire scenarios. A huge interest is in the development of small-scale fire 

scenarios for the development of fire resistant material. Such a trial will be proposed 

further in the development of this work. 

1.3 Composites in fire 

As already mentioned, fibre reinforced polymers (FRP) are widely used for their 

advantageous stiffness to weight ratio, strength to weight ratio and good corrosion 

resistance (Burns et al., 2010; Mouritz et al., 2001; Mouritz and Mathys, 2001; Mouritz, 

2003). The Oil and Gas industry uses composites for piping, pipe repairing and floor 

gratings because of their light weight and their corrosion resistance especially in the case 

of offshore platforms (Gibson et al., 2013; Mableson et al., 2000; Majid et al., 2011; 

Mistry et al., 1992). Wind turbine blades are made of composites because of their low 

density. It allows increasing their performances either by increasing their peripheral speed 

or by increasing their blade length making them more efficient and more productive 

(Stewart, 2012). Offshore wind farms have sea water corrosion problem as well and this 

turns into an advantage for composite materials applications. Other transport industries 

would take advantage of using composites in structural design because it will allow them 

either to decrease the energy consumption for the same payload or to increase the payload 

keeping the same energy consumption (Hudson et al., 2010; Mangino et al., 2007). 

Mouritz et al. (2001) presented a review of composite structural application in naval ships 

and submarines stating the advantages and disadvantages of composites against 

traditional ship building materials. A wider use of composites in engineering structures is 

mostly affected by their fire performance (Fisher, 1993; Lyon 1996; Mouritz and Gibson, 

2006; Mouritz et al., 2006; Mouritz et al., 2009; Sorathia et al., 1996). Fire exposed FRPs 

start degrading at temperatures around 300-400 °C losing mass to create volatiles that can 

be ignitable and so representing a fuel source in the fire event (Bai et al., 2008; Mouritz 

et al., 2006b; Urso Miano, 2011). The gas decomposition products cannot be determined 

with high accuracy because the composition of the gases depends on the polymer matrix 
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type, on the reinforcement and on the ventilation conditions (Mouritz and Gibson, 2006). 

Depending on the nature of the polymer used as matrix, a certain amount of residual char 

can be produced once decomposition has fully occurred (Mouritz and Gibson, 2006). The 

amount of char goes from as little as around 5% of the original mass, in the case of vinyl 

esters and polyesters, to as high as around 50% in the case of phenolics and or aerospace 

epoxies (Easby et al., 2007; Urso Miano, 2011). 

Since composite material tensile properties, such as tensile strength and tensile modulus, 

are fibre dominated properties, whereas compression properties, such as compression 

strength and compression modulus, are matrix dominated properties, char formation may 

significantly enhance residual post-fire compression type properties compared to tension 

type properties. Comparing results from Mouritz and Mathys (2001) and Mouritz and 

Mathys (2000) it can be noticed that polyester based composites completely lose their 

compression strength whereas phenolic based composites, a naturally high charring resin 

type, retain between 10% and 20% of their compression strength in the same fire 

conditions and fire exposures. In fact, the high amount of char production of the latter 

type of composites is what enables them to retain some residual load bearing capacities 

in compression, as the char still holding the fibres together produces a weak but still 

present composite effect (Easby et al., 2007; Gibson et al., 2013; Urso Miano, 2011). 

As previously mentioned, according to Mouritz et al. (2009) composite structural fire 

behaviour can be grouped in 4 main processes: thermal, chemical, physical and failure. 

The thermal processes comprise of heat conduction onto and through the composite, heat 

generation/absorption from decomposition reaction, convective heat loss from the 

escaping hot gases/vapour and heat generated by char formation and ignition of 

flammable gases (Mouritz et al., (2009). The chemical processes (which are linked to the 

thermal processes) comprise of viscous softening, melting, decomposition and 

volatilisation of polymeric material, formation, growth and oxidation of char, char-fibre 

reactions and carbon fibre oxidation (Mouritz et al., (2009). The physical processes 

comprise of thermal expansion/contraction, internal pressure built up due to 

decomposition gases/vapour, matrix cracking, fibre-matrix debonding, delamination, 
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surface ablation and melting/fusion of fibres (Mouritz et al., (2009). The failure processes 

depend a lot on the fire temperature, time of exposure, loading type and magnitude and 

geometry of the composite structure. It is a very complex problem to take into account all 

of these phenomena which are highly dependent on the composite type and architecture 

so they cannot be generalised for any type of composite. The present study will focus on 

measuring thermal and mechanical properties at high temperature and then use some 

proven literature decomposition data to model a unidirectional carbon fibre composite 

sample subjected to fire and load at the same time. In the following section a literature 

review is presented from decomposition reaction happening in composites and how to 

characterise it to available fire structural models. 

1.4 Decomposition: characterisation and reactions 

Here a brief introduction to methods to characterise decomposition and a summary of 

decomposition reaction on composites and in particular on carbon fibre composites is 

presented. 

1.4.1 Characterisation of decomposition 

Composite decomposition can be characterised using various methods. The most 

common used techniques are TGA (ThermoGravimetric Analysis), DSC (Differential 

Scanning Calorimetry), DMA (Dynamic Mechanical Analysis), DMTA (Dynamic 

Mechanical Thermal Analysis), GC-MS (Gas Chromatography-Mass Spectrometry). 

Each of these techniques gives a different understanding of the thermo-decomposition 

reactions of a composite. 

1.4.1.1 TGA 

Thermogravimetric analysis (TGA) is a standardised technique where the sample is 

heated up at a constant heating rate to measure the mass loss and mass loss rate of the 

sample as a function of temperature. Residual mass after decomposition can be measured 

through TGA. Polymers decomposition is heating rate dependent so measurements at 

different heating rates on the same material are necessary to fully analyse the 
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decomposition behaviour of a polymer material. The tests can be run in an oxidative 

environment, such as oxygen or air, if the oxidation reaction is required to happen, or in 

an inert atmosphere, such as in nitrogen, if the oxidation reaction has not to occur. TGAs 

run in nitrogen are more realistic of fire conditions since decomposed composites tend to 

present a certain amount of char, which is a result of an oxygen deprived environment 

(Mouritz and Gibson, 2006). Polymers decomposing with multiple stages can be analysed 

through the TGA curve identifying all the different steps. TGA results are usually fitted 

with the Arrhenius equation that can be used to model the decomposition reaction of a 

polymer material at different heating rates. 

1.4.1.2 DSC 

DSC or differential scanning calorimetry is a standardised technique (ASTM E1269-11, 

2011; BS EN ISO 11357-1:2009, 2009) to measure specific heat capacity of non-

decomposing solid or liquid materials by comparison with a well-known reference 

material. The sample is usually heated up with a constant heating rate and the heat flow 

in the sample is measured along with the temperature rise. This technique also allows 

measuring the glass transition temperature (Tg), the melting point and the percentage of 

crystallinity of a polymer. Henderson et al. (1982) showed how to use the DSC technique 

to measure specific heat capacity and heat of decomposition of decomposing materials 

using a well-known reference material, such as sapphire, and TGA results through 

Equation 1.1Error! Reference source not found.. 
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Here cP,S(T) and cP,STD(T) are the specific heat of the sample and the standard material at 
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the standard material respectively, m(T)S and mSTD are the mass of the sample at 

temperature T and the standard material respectively. 

1.4.1.3 DMA/DMTA 

The DMA or dynamic mechanical analysis (DMTA dynamic mechanical thermal 

analysis) is a method that applies a sinusoidal force or stress (see Equation 3.17 or 

Equation 3.18 respectively) to the sample to measure the elastic and damping response of 

materials (Gabbott, 2008; Menard, 2008) and it is particularly used for polymers. It also 

allows measuring the Tg of a material. Since the Tg measured with the DSC and the Tg 

measured with the DMA are based on slightly different phenomena to occur, although 

both accounting for a transition from a glassy to rubbery behaviour, a difference of up to 

25°C is perfectly normal. 

1.4.2 Decomposition reactions 

The main effect of fire on composites is polymer matrix decomposition until 350-400°C. 

Above 400-500°C then significant fibre weakening can occur for both glass and carbon 

fibres (Feih et al., 2007a; Feih et al., 2007c; Feih and Mouritz, 2012). Different polymers 

show different decomposition reactions which corresponds to the scission of the 

macromolecule bonds in different location along the polymer chain. One beneficial 

decomposition reaction is the cross-linking (between 100 °C and 200 °C) which increases 

the bond network thus giving rigidity and strength to the final polymer. This generally 

happens during the post-curing process. The different decomposition reactions rule the 

TGA curve which has a high influence on the post-fire mechanical performances. 

If composite fibre reinforcement is made of polymeric fibres, then decomposition 

reactions will occur in the fibres as well. In the case of non-organic or non-combustible 

fibres such as glass fibres and carbon fibres other phenomena occur. Glass fibres 

experience a gradual strength loss once heated up until around 600°C where their residual 

strength becomes negligible (Feih et al., 2007a; Feih et al., 2007c). Glass fibres are not 

the objective of this study so their softening mechanisms and failure modes will not be 

researched further. Carbon fibres exposed to high temperature in an oxidative 
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environment experience diameter and length reduction due to oxidation reaction and 

fibrillation phenomenon (Feih and Mouritz, 2012). Indeed Feih and Mouritz (2012) found 

that their tensile modulus remains almost unchanged in inert environment, whereas in an 

oxidative environment the oxidation of the outer fibre layer with a highly-oriented layer 

is responsible for modulus loss with temperature. On the other hand, tensile strength 

decreases with temperature regardless of the type of environment (Feih and Mouritz, 

2012). The same authors attribute the decrease in tensile strength to sub-micron surface 

flaws already partially present on the carbon fibres rather than an intrinsic temperature 

softening phenomenon. 

1.5 Modelling fire response of composites 

Modelling composite fire response is a complex and demanding task. According to Bai 

et al. (2008) it can be decoupled in two main different fire responses: the thermal response 

which accounts for the thermal conduction, degradation and chemical-physical 

phenomena; and the mechanical response which accounts for structural integrity which is 

highly dependent on temperature and degree of degradation. The thermal response is the 

basic response which then can be used for mechanical predictions (Bai et al., 2008; 

Vizzini and Milke, 1991). This is the reason why modelling the thermal response is the 

main focus of this work, followed by the modelling the mechanical response. 

1.5.1 Thermal response of composites at high temperature 

Composite fire behaviour is complex as chemical, physical, thermal and mechanical 

processes happen all at once and their modelling is not easy (Mouritz et al., 2009). 

Polymer mechanical and thermal properties versus temperature are very important 

because they rule the heat transport and the mechanical failure of composites at the same 

time (Mouritz et al., 2009). Although they are intimately correlated, in some models the 

two responses can be treated as separate problems and then put together to obtain the 

global response. 
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Several studies exist on thermal properties of carbon fibre epoxy composites with 

different stacking sequences, carbon fibre types and epoxy resins (e.g. Berlin et al., 1992; 

Fanucci, 1987; Pilling et al., 1979; Kalogiannakis et al., 2004; Rolfes and 

Hammerschmidt, 1995; Zalameda., 1999). Although different types and batches of carbon 

fibres and epoxy resins may result in slight different thermal transport properties due to 

the non-determinist manufacturing processes (Grange et al., 2016), these publications 

represent a useful starting point in measuring and modelling thermal transport properties 

of carbon fibre epoxy composites. 

Composites mechanical properties are constant until near the matrix Tg, at which 

temperature they start softening and a steep decay of the mechanical response is 

experienced (Bai et al., 2007; Bai et al., 2008; Berlin et al., 1992; Poropatic and Brayden, 

1989; Street et al., 1988). At the pyrolysis temperature the polymer starts decomposing, 

creating combustible and non-combustible gases and a certain percentage of solid char 

depending on the matrix type. For long-fire-exposure and in an oxidative environment 

even the char may totally oxidise. At this point the only material left would be the fibres, 

if not made of carbon or glass, meaning that the composite effect is lost and the material 

properties rapidly decay. Carbon fibres will eventually oxidise (Dao et al., 2013; Feih and 

Mouritz, 2012) and disappear for long time fire exposure in an oxidative environment. 

Combustible fibres, such as aramid fibres, will decompose and burn away and the material 

thickness will just be reduced until it will completely become char and/or disappear, 

depending on fire temperature and time of exposure. 

Figure 1.11 represents the various reaction processes and their location in composites 

exposed to a heat source. If a picture of a hot decomposing polymer composite going 

from the exposed surface towards the unexposed one could be taken, there would be a 

layer on the exposed face where the gaseous products ignite, followed by a layer of fibres 

and char, that sits there because all the decomposition reactions have happened. Beneath 

this, a decomposing reaction front would travel towards the cold face creating a thicker 

layer of fibre-char layer and reducing the virgin material thickness and in the other end 

there would be a virgin material zone (Mouritz et al., 2009). 
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Figure 1.11: Through-thickness reaction processes diagram of a decomposing polymer composite 

(Mouritz et al., 2009). 

1.5.1.1 Fire models 

There exist different models of composites in fire, from 1D to 3D, each taking into 

account different aspects of thermal transport and fire induced damage. Unfortunately not 

all the occurring phenomena are considered in all the models simultaneously.  

One of the first attempts to model transient heat conduction on CFRP (carbon fibre 

reinforced polymers) exposed to rapid heating was performed by Griffis et al. (1981). 

After this, many other models have been developed trying to insert different phenomena 

occurring during fire. The models of Henderson et al. (1985), Tant et al. (1985), 

Henderson and Doherty (1987), Henderson and Wiecek (1987), Florio et al. (1989) and 

Gibson et al. (1995) all include heat conduction through virgin and charred material, 

matrix and fibres decomposition effects and heat transfer due to gas flow through the 

composite. In particular the studies performed by Henderson and co-workers (Henderson 

et al., 1985; Henderson and Wiecek, 1987) on glass fibre phenolic composite exposed to 

radiant electrical heaters showed very good agreement between measured and modelled 

temperature (Bai et al., 2008). 
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The models of Sullivan (1990), Sullivan (1993), Sullivan and Salamon (1992a), Sullivan 

and Salamon (1992b), Dimitrienko (1995) and Dimitrienko (1997) include thermal 

expansion/contraction and pressure rise effects as well. Pering et al. (1980), McManus 

and Springer (1992a), McManus and Springer (1992b) models further added ablation 

effects. Vizzini and Milke (1991) also modelled thermal response of composites but since 

the heat fluxes used in their work were no higher than 17.6 ± 0.1 kW m-2, melting, 

ablation, or ignition of the surface did not occur and the model may not give accurate 

predictions in real fire scenarios. The model also does not consider pyrolysis explicitly, 

it included pyrolysis effects because they were indirectly encountered in the thermal 

properties, the so called effective or apparent thermal properties, using results from Chen 

et al. (1985). 

According to Sikoutris et al. (2012), one of the first studies of composite structures in fire 

was done by Dodds et al, (2000). Glass reinforced composite panels of different 

thicknesses were fire tested using a furnace reproducing the standard hydrocarbon fire 

curve and their thermal profiles were modelled using Gibson et al. (1995) model. 

Decomposition kinetic parameters of the different matrix type used were measured. The 

cooling effect of the decomposition reaction was highlighted and, although room 

temperature single point thermal properties for both resin, char and fibres were used, cold 

face modelled results were in agreement with measured temperatures for most of the tests. 

Exception was made when a high delamination phenomena occurred (i.e. in the phenolic 

composites, locally changing the thermal conduction properties through the panels) effect 

that the model did not take into account. Finally a design chart against thermal response 

of composites in fire was produced in order to make fire protection design and testing 

cheaper. 

Bai et al. (2007) and Bai et al. (2008) also modelled fire response of composites applying 

the Fourier heat transfer, law without taking into consideration ablation and 

decomposition reactions explicitly. Material degradation was implicitly taken into 

consideration by adopting apparent thermal properties (Chen et al., 1985; Fanucci, 1987; 

McManus and Coyne, 1982; Vizzini and Milke., 1991) which were function of the 
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temperature and the residual mass, degraded using an Arrhenius type law. Bai’s et al. 

(2008) model novelty resides on the fact that the implicit finite differences solution 

method, rather than the explicit one, was used eliminating instability associated with 

wrong choice of discretisation parameters. Furthermore their model results had good 

agreement with the measured temperatures on glass reinforced polyester with both natural 

and forced convection. 

More recent studies have focused on developing sophisticated 3D models of real 

components using the above mentioned analytical composite fire models. Sikoutris et al. 

(2012) performed a decoupled CFD-FEM (Computational fluid dynamic–finite element 

modelling) study of CFRP on fire. The study consisted on characterising the BS ISO 2685 

flame temperature pattern with CFD and experimental tests, then the results of the CFD 

model were used as thermal load on an FEM model using 2 different materials, aluminium 

and CFRP composite panels. The FEM model took into consideration decomposition 

effects, in the sense that a progressive damage material model was used based on 

Arrhenius type decomposition model (Bai et al., 2007; Mouritz and Gibson, 2006b). 

Although the authors claim that decomposition was taken into consideration by changing 

the thermal properties according to the progressive damage model, the effect of hot gases 

abandoning the composite and heat of decomposition were not included since the model 

just updated the thermal properties according to the damaged status or the decomposition 

status. Nevertheless it has to be noticed that there is good agreement between 

experimental and calculated temperatures trends, with the final measured temperature 

being 100 K lower than the simulated ones. The authors claim that this discrepancy could 

be reduced if the assumption of a constant sample absorbed heat flux during the whole 

simulation time would not have been made since, during the tests and CFD simulations, 

it was observed that as time elapsed the absorbed heat flux decreased. 

Grange et al. (2016) performed a fireproof study of an aerospace APU (Auxiliary Power 

Unit) made of carbon-phenolic composite using 3D CFD approach to investigate possible 

engineering solution to achieve fireproof certification according to standard BS ISO 2685 

and FAA-AC20-135. Their effort was more focused in finding the most suitable flame 
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turbulence model then accurately modelling composite fire behaviour and the model did 

not include pyrolysis and flame interaction effects. Compare to Vizzini and Milke (1991), 

it is not clear if pyrolysis is implicitly included in the thermal conductivity and heat 

capacity by using the thermal properties at high temperature measured by Engelke et al. 

(1967) or not, since the authors do not clearly state it in their work nor they define the 

range of temperature their estimated thermal properties vs temperature function is valid. 

1.5.1.2 Henderson-Gibson model 

The basis of heat transfer through a decomposing material can be found in earlier studies 

on wood fire behaviour (e.g. Kung et al., 1972; Murty Kanury et al., 1972; Fredlund, 

1993). Henderson et al. (1985) formulated a one dimensional model for the heat transport 

in phenol-formaldehyde/carbon composite which takes into account for the contribution 

of the endothermic polymer decomposition and the gas mass transport. Later on these two 

terms were rearranged and simplifying the expression, the modified Henderson equation 

is obtained (Henderson et al., 1985; Mouritz and Gibson, 2006b; Urso Miano, 2011) and 

reported in Equation 1.2 below. 
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Equation 1.2 

Here ρ is the density of the composite [kg m-3], cp is the specific heat of the composite [J 

kg-1 K-1], T is the temperature [K], t is the time [s], x is the through-thickness coordinate 

[m]; kcom is the thermal conductivity [W m-1 K-1]; gM  is the volatiles mass flow rate [kg 

m-2 s-1]; cpg is the specific heat of the volatiles [J kg-1 K-1]; Qp is the heat of decomposition 

and it is negative for endothermic reaction [J kg-1]; hcom and hg are the enthalpy of the 

composite and the volatiles respectively [J kg-1]. 

The equation describes the heat transport through a composite that, once it starts 

decomposing, has 3 main terms contributing to the energy balance of the composite: 
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• Internal energy evolution function of temperature (term on the left hand side); 

• Conduction contribution to the change in internal energy which usually results in 

a positive contribution (first term on the right hand side); 

• Convective cooling contribution due to the hot gas products abandoning the 

material from the cold face towards the hot face (second term on the right hand 

side); 

• Cooling contribution of the endothermic reaction (Mouritz and Gibson, 2006) 

and the enthalpy change (third term on the right hand side). 

It is clear in Equation 1.2 that the thermal transport properties, such as thermal 

conductivity and specific heat, are treated as function of temperature. A variation of the 

Henderson equation was proposed by Gibson et al. (1995) by expressing the change in 

density using a single stage Arrhenius model (Henderson et al., 1985) that can be found 

in Equation 1.3 below, higher order reactions need a multi-stage Arrhenius model. 
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Equation 1.3 

Here ρ is the density [kg m-3], ρ0 is initial value of the density [kg m-3], ρ0 is final value 

of the density [kg m-3], A is the pre-exponential factor [s-1], n is the reaction order [-], E 

is the activation energy [J mol-1], T is the temperature [K] and R is the universal gas 

constant [J mol-1 K-1]. 

The Arrhenius equation parameters can be found from TGA measurements but their 

values are not unique since different combination of A, E and n can best fit the TGA 

results. Methods to estimate kinetic parameters go from simplified graphic methods to 

very refined genetic algorithms to fit the data. Although they are very different in between 

each other, all methods have in common the need to measure three different TGA at three 

different heating rates to make the estimated parameters independent of the heating rate 
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used during the measurements. The set of kinetic parameters that would fit a TGA set of 

data is not unique in fact different sets of kinetic parameters may well fit the same set of 

data. A complete review, comparison and validation of different methods has been 

presented by Matala et al. (2013) and Matala et al. (2012). Chemically speaking, a 

reaction order greater than one has no sense but most of the time there are more than one 

reaction happening at the same time. Reaction orders other than one are used to model 

several simultaneous reactions with just one set of kinetic parameters (Matala et al., 

2013). Once the kinetic parameters are estimated, they are used to model the mass loss, 

mass loss rate and gas mass flux, quantities used in the second and third term of the left 

hand side of the modified Henderson equation, Equation 1.2. The mass loss is also used 

to update the thermal transport properties of the decomposing material. 

A composite material exposed to fire is subjected to a fast temperature rise. As stated 

before, the thermal properties have to be used as temperature dependent and most of the 

time the thermal transport properties are known for the fibres and the matrix separately. 

These properties can still be used to estimate the thermal properties of a composite 

laminate using the mixing rule and the serial/parallel model in the following manner (Lua 

et al., 2006; Mouritz and Gibson, 2006): 
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Here Vf is the fibre volume fraction, ρ is the density [kg m-3], k is the thermal conductivity 

[W m-1 K-1], Cp is the specific heat [J kg-1 K-1] and the subscripts f, m and comp stands 

for fibres, matrix and composite respectively.  

Equation 1.5 is not perfectly correct since the model is neither totally serial nor parallel 

in the through-thickness direction, but it is accurate enough to have a good estimate of 

the composite thermal conductivity if measurements are not available (Mouritz and 

Gibson, 2006). 

When decomposition starts, the density changes and so the thermal properties change, not 

only as function of temperature but as function of the remaining resin content (RRC) and 

char formed. These phenomena have to be taken into account to make a more accurate 

temperature prediction. In this work the thermal transport properties are treated as single 

point value if they have not previously been measured. 

The mathematical problem can be solved through the finite element method, using 

apparent thermal diffusivity (ATD) in 1.5.1.4, which involves solving the exact 

mathematical problem applied to a simplified structure and/or component; or it can be 

solved using the finite difference approach which simplifies the mathematical problem 

without approximating the structure or the component. The latter was the method applied 

in this work. The model is developed for 1-D although 2-D and 3-D model can be solved 

as well. The main issues in extending the model in more that 1-D is establishing in which 

directions the gases are swept away from the material, which is not an easy task, and 

specifying a 2-D or 3-D geometry in a finite difference model is a very demanding task. 

Finite element models can solve the geometry issue and adding permeability effects could 

help in solving the gas mass flow direction issue. 

1.5.1.3 COMFIRE_40 

COMFIRE_40 is a FORTRAN program that has been developed at the Centre for 

Composite Materials Engineering (CCME) at Newcastle University in the past years 
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which predicts the transient thermal response of composite laminates. The model solves 

the modified Henderson equation using a 1-D finite difference model; it takes into account 

degradation effects through the Arrhenius equation where the reaction order is assumed 

to be 1. If a higher reaction order characterises the material degradation behaviour, then 

the decomposition has to be broken in 2 stages, finding the kinetic parameters 

independently for each phase and then the four kinetic parameters can be input in the 

program with the percentage of RRC at which stage 1 finishes and stage 2 starts. 

Full description of the analytical problem, boundary conditions, degradation model and 

thermal properties at high temperature can be found in Urso Miano, (2011). 

1.5.1.4 ATD 

ATD stands for apparent thermal diffusivity and it is a model that, rather than using all 

the three thermal transport properties, density, thermal conductivity and specific heat, 

uses just one thermal property which is the ratio between them, see Equation 1.7, ignoring 

the gas mass flux term. 

( ) ( )
( ) ( )TCT

TkT
pρ

α =  
Equation 1.7 

Adopting these simplifications the heat conduction equation can be simplified as a 

Laplace equation, see Equation 1.8, where all the decomposition effects in the thermal 

transport properties are lumped into one property, the apparent thermal diffusivity. This 

allows the decomposition effects to be simply modelled as a temperature dependent 

property rather than temperature and temperature rate dependent property. 
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This formulation allows implementation of this model in commercial FEM software such 

as ANSYS or ABAQUS for instance. Good agreement has been found by Urso Miano, 

(2011). 

1.5.2 Mechanical response of composites at high temperature 

One of the main concerns in using polymer composites in structural applications is the 

low softening temperature of the matrix which may be affected by distortion, weakening 

and failure of heavily loaded structures to moderate fire’s temperatures, i.e. over 150-200 

°C. There exist multiple theoretical and experimental studies on structural laminate and 

sandwich composites in fire, mainly focusing on glass fibre reinforced polymers fire 

behaviour under compression where the thermal softening of the polymeric matrix 

dominates the mechanical failure (Anjang et al., 2014; Anjang et al., 2015; Asaro et al., 

2009; Boyd et al., 2007a; Boyd et al., 2007b; Easby et al., 2007; Feih et al., 2007a; Feih 

et al., 2007b; Feih et al., 2007c; Gu and Asaro, 2009; Liu et al., 2006; Lua et al., 2006; 

Mouritz and Gibson, 2006; Mouritz et al., 2009; Gibson et al., 2004; Gibson et al., 2006). 

Tensile behaviour of glass fibres composites is instead dependent on both fibres and 

matrix thermal softening, as reported by Feih et al. (2007c). 

On the other hand fewer, studies have been reported on structural integrity of carbon fibre 

laminate and sandwich materials (Burns et al., 2010; Berlin et al, 1992; Feih and Mouritz, 

2012; Griffis et al., 1986; Johnston et al., 1999; McManus and Springer 1992b; Mouritz, 

2003; Nawaz, 2011; Pering et al., 1980; Seggewiss, 2004; Tranchard et al., 2015). The 

main difference between mechanical performance of glass fibres and carbon fibres during 

and after fire is the fact that carbon fibres oxidise compared to glass fibres (Feih and 

Mouritz, 2012). 
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A comparative study between post-fire structural performance of carbon and glass fibre 

composites exposed to low-to-medium heat fluxes (up to 60 kW m-2) can be found in 

Berlin et al. (1992). The authors found that for thermosetting unidirectional laminates, no 

visible damage means no degradation in flexural mechanical properties whereas for cross-

ply and thermoplastic composites mechanical properties may be affected even though 

damage could not be visually detected. They were also capable of predicting well the time 

of appearance of visible damage with an empirical formula (based on thickness, minimum 

heat flux and a material constant) for the laminates they , which could be used to predict 

the onset of flexural properties degradation for the unidirectional laminate. The authors 

also concluded that, since damage of both UD carbon and glass epoxy composites 

occurred at around 300°C, the loss in flexural properties at high temperature is highly 

dependent on the chemical degradation phenomenon of the polymeric matrix rather than 

on the fibre reinforcement type. 

Furthermore Burns et al. (2010) and Nawaz (2011) studied the fire under compression 

loading of carbon fibres. The authors found that the structural integrity of carbon fibre 

composites is highly dependent on matrix softening, upon any other effect, which occur 

at relatively low intensity fire. These findings match what has already been reported on 

glass fibres reinforced composites structural behaviour on fire by several authors (Asaro 

et al., 2009; Boyd et al., 2007a; Boyd et al., 2007b; Easby et al., 2007; Feih et al., 2007a; 

Feih et al., 2007b; Gu and Asaro, 2009; Johnston et al., 1999; Lua et al., 2006; Mouritz 

and Gibson, 2006; Mouritz et al., 2009; Gibson et al., 2004; Gibson et al., 2006). 

Burns et al. (2010) further investigated carbon fibre laminate fire behaviour under 

compression at relatively low heat fluxes, 10, 25 and 50 kW m-2 corresponding to fire 

temperature of 270, 480 and 650°C respectively, well below postcrash fire conditions in 

the range of 1000-1200°C. However it has to be noticed that their study was performed 

using a non-aerospace grade material. The present work deals with aerospace grade 

unidirectional carbon fibre laminates which provides an opportunity to add new research 

insight into fire behaviour of composite materials. 
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In regards to isothermal tensile properties of carbon fibre composites, these have been 

measured by Cao et al. (2009), Nakada et al. (2002) and Yoon and Kim (2000). Yoon and 

Kim (2000) mainly investigated thermal expansion properties of carbon epoxy laminates 

up to 150°C whereas Cao et al. (2009 ) and Nakada et al. (2002) works investigated 

carbon epoxy composites tensile behaviour from room temperature up to 200°C,  all 

temperatures well below any real fire condition. In particular Cao et al. (2009) used a very 

low Tg epoxy resin based carbon fibre composites and so they found a constant tensile 

strength loss from room temperature up to 60°C at which temperature the tensile strength 

remained constant up to 200°C. 

While a good amount of work has been performed in investigating carbon fibres 

behaviour at temperature higher than 1500°C, especially for carbon-carbon composite 

applications, not much has been done between 400°C and 1100°C (Feih and Mouritz, 

2012), which is the temperature range of most fire hazards. Feih and Mouritz (2012) 

findings on tensile properties of carbon fibres and carbon fibre composites in fire partially 

confirms findings of previous studies of Fitzer (1998), Sauder et al. (2002) and Sauder et 

al. (2004) which claim that carbon fibres retain their tensile strength and their tensile 

stiffness at temperatures up to 2000°C in inert atmospheres or vacuum conditions. 

Although both Fitzer (1988) and Cao et al. (2009) state that carbon fibre tensile strength 

remains constant up to 2000°C and their tensile stiffness increases up to 2500°C, no 

experimental or literature validation is given in their work. At the same time Sauder et al. 

(2002) and Sauder et al. (2004) both confirmed that carbon fibres tensile stiffness remains 

fairly constant up to the range 1000-1200°C, depending on the type of fibre precursor, 

after which it experiences a rapid loss in tensile stiffness up to 2000°C-2400°C. On the 

other hand carbon fibre tensile strength instead increases with temperature up to 1600°C 

or higher depending, once again, on the type of fibre precursor. 

Feih and Mouritz (2012) investigated the tensile behaviour of carbon fibres and carbon 

fibre composites from room temperature up to 700°C and found that, in the absence of 

oxidisation phenomena, carbon fibres retain their stiffness up to 700°C, confirming 

literature evidence of Fitzer (1998), Sauder et al. (2002), Sauder et al. (2004) and Yoon 
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and Kim (2000). On the other hand their findings on tensile strength do not align with 

Fitzer (1998), Sauder et al. (2002) and Sauder et al. (2004) since their tensile strength is 

constant up to around 400°C, temperature at which it decreases until 600°C reaching a 

stable value corresponding to around 60% of the room temperature value despite of the 

type of environment (inert or not). They also found that structural performance of carbon 

fibres composites in fire does not match their findings on carbon fibres tensile properties 

at high temperature. In fact, the composites exposed to two heat fluxes of 35 kW m-2 and 

50 kW m-2, representative of two typical fire temperatures of 500°C and 600°C 

respectively, failed at around 50% and 35% of their room temperature tensile failure load 

respectively, compared to the 60% capacity retained by the carbon fibres. They attributed 

the early failure to shear lag effects due to matrix softening which might significantly 

reduce tensile strength of composites, as shown in Feih et al. (2007c) for glass fibres 

composites exposed to fire. 

There is vast consensus in the literature that structural failure of composite in fire under 

compression load is dominated by creep effects in the case of low heat flux (up to 20 kW 

m-2) and low loading conditions; whereas for medium to high heat flux fires (above 20 

kW m-2) failure is generally dominated by matrix decomposition effects (e.g. Bausano et 

al., 2005; Bausano et al., 2006; Burns et al., 2010; Nawaz, 2011; Feih et al., 2007a; Feih 

et al., 2007b). 

Fire structural models of composites in fire can be divided into two main families, 

structural models during fire and after fire, usually called post-fire models. Structural 

models of composites during fire try to take into consideration changes of material 

properties and eventual structural failure during fire exposure. This means they take into 

account changes of physical properties and mechanical properties as function of 

temperature and eventually time. On the other hand, post-fire structural models try to 

model room temperature residual mechanical failure of composites damaged by fire. In 

the case of structural models during fire it should be highlighted that composite fire 

behaviour is different depending on the type of loading. For these models, composite 

properties at high temperature are modelled differently depending on the type of loading, 
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tension or compression. This is usually done by performing the so called isothermal 

mechanical properties measurements, which give the values of mechanical properties at 

different, constant temperatures. 

Composites mechanical properties are also known to be fairly constant up until matrix Tg, 

at which temperature they experience a steep drop. One of the first models to take into 

account for this behaviour was developed by Mahieux et al. (2001) and Mahieux and 

Reifsnider (2002) which describes the general temperature dependent property using a 

cumulative Weibull distribution function of temperature, see Equation 1.9 below. 

( ) ( )
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

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

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
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
−−+=

m

RUR T
TPPPTP

0

exp  
Equation 1.9 

Here P  is a particular property and the subscript U  and R  stands for unrelaxed (low 

temperature) and relaxed (high temperature) respectively, 0T  is the relaxation 

temperature and m  is the Weibull exponent, it has to be noticed that the temperatures in 

here are in kelvin. This model was then modified by Gibson et al. (2006), which 

introduced the use of the tanh function, and reported in Equation 1.10 below (a more 

thorough description is given in section 2.2.9.2). 
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Equation 1.10 

where ( )TP  represents a general composite property function of temperature, UP  and RP  

are the unrelaxed and relaxed properties, k  is a constant representing the breath of the 

relaxation, 'T  is the transition temperature, R  is the remaining resin content and n  is an 

empirical constant. 
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The model takes into consideration softening due to both viscous and resin decomposition 

phenomena and it does not take into consideration time dependent failure such as creep, 

meaning that it is suitable to model medium to high heat fluxes composite fire exposure. 

Gibson et al. (2006) found good agreement between modelled and experimental results 

but it should be noticed that the two models are valid for materials experiencing a single 

stage softening mechanism, i.e. not for phenolic based composites. In the case of multiple 

stages softening mechanisms Gibson et al. (2006) model can be extended introducing 

further terms on the right hand side of Equation 1.10. 

All composite structural fire models are based on the idea of evaluating the thermo-

mechanical properties as function of temperature at different location through the 

thickness. The differences are in the way that failure is estimated. The following sections 

will introduce composites in fire-under-load models, both in tension and compression, 

and post-fire structural models. 

1.5.2.1 Composites fire-under-compression structural models 

There are several studies on modelling behaviour of composite in fire under compression 

loading and the most relevant are described below. 

Liu et al. (2006) studied and modelled the effect of a restrained vertical composite column 

subject to a linear temperature distribution through the thickness, i.e. not considering 

transient thermal transport. They were capable of predicting the complicated out-of-plane 

movement of the beam, due to both thermal load and neutral axis movements. They 

discovered that as the equivalent heat flux that would generate a certain linear temperature 

distribution would go from low to high, the thermal induced deflection of the beam would 

go from away from the heat source to towards the heat source, while the mechanical 

induced deflection induced by eccentric loading is always away from the heat source. 

Summers (2010) extended Liu et al. (2006) model to include various temperature fields, 

boundary conditions and specimen length. 
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Bausano et al. (2005) and Bausano et al. (2006) investigated and modelled compressive 

failure of glass-vinyl ester quasi isotropic composites under sustained heating at different 

heat fluxes from 5 to 30 kW m-2. They predicted time to failure using both FEA (finite 

element analysis) and CLT (classic laminate theory) in their work, focussing in predicting 

the kinking failure of the 0° laminae, as they observed this phenomenon being the cause 

of failure of their laminates. Both models predicted the time to failure reasonably well for 

heat fluxes above 10 kW m-2 and for compression stresses above 13 MPa since their 

model did not accounted for time dependent failure mechanisms, such as creep. 

Boyd and co-workers (Boyd et al., 2007a; Boyd et al., 2007b) further added creep effects 

on the work of Bausano and co-workers (Bausano et al., 2005; Bausano et al., 2006) 

improving the time to failure prediction at low heat fluxes although the development of 

delamination affected some tests and for which the model did not accounted for. Bai and 

Keller (2011) presented a different approach to model compression failure of composites 

in fire. 

A general model to predict time to failure of composites in fire under compression loading 

is the so called average strength model. This calculates the average residual strength of 

the composite according to temperature and remaining resin content (other effects might 

be included depending on the formulation of the constitutive laws and failure criteria) and 

compares it to the applied stresses/load so that when the latter reaches or goes over the 

former, failure is predicted. Several works have been published following this model by 

Burns et al. (2010), Feih et al. (2007a), Feih et al (2007b) and Gibson et al. (2012). 

In particular Gibson et al. (2012) used a semi empirical relation to describe the stresses 

in the laminate which was then averaged along the thickness, finding good agreement 

with both tensile and compression time to failure for different glass based composites 

exposed to 50kW m-2 heat flux. Feih et al. (2007a) and Feih et al. (2007b) used the 

Simpson integration technique to compute an average strength along the thickness of the 

laminate, to then compare it to the applied stress. They found good agreement with 

experimental results for high heat fluxes, since the model does not include time dependent 
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mechanisms. Burns et al. (2010) applied the same model used by Feih et al. (2007a) and 

Feih et al. (2007b) to carbon fibres composites also reporting good results between 

calculated and experimental time to failure for heat fluxes above 10kW m-2. 

Due to the simplicity of application, the good predictions found in literature and the high 

heat fluxes used in the experimental characterisation (from 70 to 180 kW m-2, according 

to literature compression failure is not dependent on time dependent effects such as 

creep), the average strength method seems the most appropriate method and will be used 

for modelling carbon fibre composites fire behaviour under compressive load.  

1.5.2.2 Composites fire-under-tension structural models 

There has been much less research into tensile properties and tensile structural modelling 

of composites in fire compared to the available literature on compression. Feih et al. 

(2007a), Feih et al. (2007c), Feih and Mouritz (2012), Gibson et al, (2006) and Gibson et 

al. (2012), modelled tensile properties of composite laminate in fire under tension loading, 

finding that composites tensile behaviour in fire is a lot more complicated than the one in 

compression. Gibson et al. (2006) used the classic laminate theory to predict time to 

failure of composites in fire and tensile loading. In spite of encouraging results using an 

averaging method, the model still needs improvement though. Feih et al. (2007a) and Feih 

et al. (2007c) used a slightly different model for tensile strength which takes into 

consideration not only the matrix softening but also the glass fibres softening. Despite the 

high intrinsic scatter of experimental data regarding time to failure, the model predicts 

reasonably well the life of fibreglass composites in fire except in the case of low heat flux 

(below 25kW m-2) and low loading. In this conditions time dependence failure is 

predominant and the model does not include those effects. 

1.5.2.3 Post-fire structural models 

The most used post-fire structural model is the so called “two layer model” first 

introduced by Mouritz and Mathys (1999) and then validated in several other works 

(Gibson et al., 2003; Gibson et al., 2004; Mathys et al., 2002; Mouritz and Mathys, 1999; 

Mouritz and Mathys, 2001). The model is very suitable for estimating residual 
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compression strength at room temperature of composites exposed to medium to high heat 

flux because it ignores time dependent effects such as creep, viscoelasticity, 

viscoplasticity, etc. A more detailed description and implementation in the COMFIRE-

50-GUI, developed and used in this study, is given in section 2.2.9.1. 

1.6 Project aims 

Thanks to their high stiffness-to-weight ratio, high strength-to-weight ratio and corrosion 

resistance compared to traditional metal materials composites are very suitable alternative 

when light-weight design is required but their structural fire performance is yet to be fully 

characterised and thermo-mechanical modelling software such FEM and CFD models 

lack in fire-mechanical models. 

Although Bai et al. (2008) stated that thermal response of composites in fire needs to be 

understood and predicted, fire reaction behaviour of structural composites has been 

thoroughly investigated by several authors (e.g. Chen et al, 1985; Dao et al., 2013; Fisher, 

1993; Gibson and Hume, 1995; Grenier et al., 1998; Griffis et al, 1981; Griffis et al, 1986; 

Hshieh,1997; Le Bras et al., 1998; Lyon, 1996; Mouritz and Gibson, 2006; Mouritz et al., 

2006; Pering et al, 1980;Ventriglio, 1982). Progress in modelling fire reaction has also 

been done by Lyon et al. (2005) and Mouritz and Gibson (2006) in trying to predict heat 

release rate, mass loss and ignition time in particular. However the state of the art in fire 

resistance modelling is not as developed as the fire reaction modelling one. There exists 

CFD software capable of modelling the fire reaction behaviour but not the structural one. 

On the other hand, FEM packages are capable of accurately modelling composite 

mechanical behaviour but no fire model exists. This is the reason why a coupling tool has 

been developed in the Fire Resist project that passes the temperatures calculated with 

FDS (for what concerns the fire simulation) to the FEM grid of Ansys or Abaqus or 

similar software to perform the structural calculations. Recent attempts to develop fire 

models for engineering structures have been performed by Gutkin et al. (2014), 

McGrattan et al. (2010), Nawaz (2011) and Prasad and Baum (2005). Mouritz et al. 

(2009) also presents a comprehensive review of fire structural modelling of polymer 

composites. 
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Additionally there is extensive literature on carbon fibres and carbon fibres epoxy 

composites, thermal transport properties, mechanical properties, fire reaction and fire 

resistance with different carbon fibres types and epoxy matrices types. However, though 

some studies involve relatively low heat fluxes (corresponding to low temperature fires), 

no comprehensive study has measured thermal transport properties, mechanical 

properties at high temperature and have used them to model the fire resistance behaviour, 

validating it with fire-under-load tests. In fact, the present study aimed to address this gap 

focusing on unidirectional aerospace grade carbon fibre laminates. There are no studies 

measuring the structural behaviour of unidirectional aerospace grade carbon fibre 

laminates in fire under compression load at high heat flux since both Nawaz (2011) and 

Burns et al. (2010) used cross-ply carbon epoxy composites and heat fluxes of up to 50 

kW m-2, generated by a radiant heater rather than an actual fire. In addition Burns et al. 

(2010) used a non-aerospace matrix with a low Tg of around 65°C which is not 

representative of an aerospace grade carbon fibre based material. 

The present work has focused on: 

- Measuring thermal and mechanical properties vs temperature of a unidirectional 

aerospace grade carbon fibre reinforced polymer (Cytec MTM44-1 UD laminate) 

by means of innovative techniques; 

- Building a thermo-mechanical model in Matlab® which takes into account both 

resin decomposition and gas mass flow effects, along with thermal properties 

changes with temperature for the thermal model, and mechanical properties losses 

due to temperature dependency and resin decomposition. 

- Validating the model with high heat flux fire tests under compressive load; 

- Developing an innovative, low cost small scale propane burner technique capable 

of recreating fire conditions similar to standardised aerospace full scale fire tests. 

The main aim is to create software tool capable of solving the thermo-mechanical problem 

for research and/or first material design screening purpose, so that composite fire 

resistance behaviour could in future be easily modelled and predicted. 
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To tackle these scientific shortcomings, unidirectional aerospace grade carbon-epoxy 

have been manufactured by material producer. Since it is reported in literature that 

knowing thermal transport and mechanical properties is crucial to obtain a good fitting 

between experimental and modelled results, effort has been made to measure their thermal 

and mechanical properties at high temperature within restriction of material availability 

and school health and safety restrictions. COMFIRE-50, a Matlab based software has 

been created to model thermal and mechanical behaviour of composites in fire and a new 

innovative, low cost small scale propane burner technique has been developed to perform 

fire-under-load tests to validate COMFIRE-50 modelling software. 

The first of the following chapters contains a detailed description of the COMFIRE-50, a 

Matlab developed software and where it comes from. Although it is based on the same 

mathematical model and structure of the previous COMFIRE40, additional functionalities 

and the GUI have been added to spread the tool for free to the research and industrial 

community. Chapter 3 contains an explanation of the experimental techniques used to 

measure thermo-mechanical properties and to perform fire-under-load tests. Most of them 

are standard techniques with the exception of the fire-under-load tests which uses a 

innovative, low cost small scale propane burner technique with a repeatable calibration 

procedure. Chapter 4 contains a description of the material used, the results or the thermal 

and mechanical characterisation tests and finally the fire resistance test. Chapter 5 reports 

the modelling results using COMFIRE-50 for both thermal and time to failure prediction. 

Finally Chapter 6 presents discussion on the results obtained in this work, draws some 

conclusions and suggests the way forward. 
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Chapter 2 COMFIRE-50 

COMFIRE40 is a piece of software which solves the modified Henderson equation, see 

Equation 1.3previously shown, using the finite difference method (FD). For the reasons 

previously mentioned in section 1.5.1, COMFIRE40 is applied on a 1-D physical 

problem. The code was originally written in FORTRAN and takes into account 

conduction, degradation effects and gas mass flow effects. Several types of boundary 

conditions can be incorporated such as constant heat flux, convection and radiation. In 

this work the core FORTRAN code has been translated into Matlab® language, creating 

COMFIRE-50, bugs were fixed and new features and extended cold face boundary 

options have been inserted. Furthermore a new user friendly graphic user interface (GUI) 

has been developed during these three years’ work and the new program is called 

COMFIRE-50-GUI. 

2.1 COMFIRE40 

2.1.1 Introduction 

COMFIRE was initially developed in 1994 for predictions of thermal resistance of thick 

GFRP laminates when exposed (with one of its two faces) to hydrocarbon fire only, based 

on the 1-D model (Gibson et al., 1995) using finite difference numerical analysis 

approach. COMFIRE40 can be used to predict thermal responses of composite laminates 

exposed to different heating sources. Resin systems and fibre reinforcements involved 

can be of different types. A database of thermal properties for the most common resins 

and fibres systems is embedded in the program. 

2.1.2 Governing equation 

Hereafter is presented the development of the mathematical model in the through-

thickness direction. A 1D FD element cut from the composite laminate under examination 

with a unit cross-sectional area and a finite length of Δx is shown in Figure 2.1. 
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Figure 2.1: One 1D FD element 

The rate of change of internal energy in a 1D FD composite element is given by: 

( )( )xh
t compcomp ∆

∂
∂ ρ  2.1 

where ρcomp is density of the composite material [kg m-3] and hcomp is the enthalpy of the 

material [J kg-1]. The internal energy change of the single element is due to three main 

different contributions: the conventional heat transfer through conduction, 2.2, gaseous 

mass flow (from the cold side to the hot side), 2.3, and heat generation or absorption, 2.4 

shown and annotated hereafter. 
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where kcomp represents thermal conductivity of the composite material [W m-1 K1-], T is 

the temperature of the body [K], gM
•

is gaseous mass flux, or rate of gaseous mass flow 

[kg m-2s-1], hg is enthalpy of the gases generated during decomposition [J kg-1] and Qp is 

heat of decomposition and it is negative for endothermic reaction [J kg-1]. 

Assuming that there is no gas accumulation in the composite during fire exposure and 

considering the energy conservation of the element under examination leads to the 

following non-linear partial differential equation: 
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Equation 2.5 

The term on the left hand side of Equation 2.5 can be re-written as shown in Equation 

2.6. 
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and the second term on right hand side of Equation 2.5 can be re-written as shown in 

Equation 2.7. 
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Here, cpg represents specific heat of the generated gases. Through considering mass 

conservation over the element, this gives: 
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Equation 2.8 

and therefore, the gas mass flux, gM
•

, at any position, x, and at any time, t, may be 

calculated by integrating Equation 2.8: 
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Equation 2.9 

Substitution of Equation 2.6, Equation 2.7, Equation 2.8 and Equation 2.9 into Equation 

2.5 leads to the following governing equation adopted in the program: 
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Equation 2.10 

2.1.3 Decomposition effects through Arrhenius equation 

When a composite sample reaches a sufficiently high temperature, chemical reactions 

begin to occur and its resin component degrades to form gaseous products. An nth order 

Arrhenius equation was adopted in thermal analysis to simulate the decomposition 

process of the resin system involved: 
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Equation 2.11 

Here m is the mass of the resin [kg], m0 is the initial mass of the resin [kg], mf is the final 

mass of the resin at the end of decomposition [kg], A is the pre-exponential factor [sec-1], 

T is the temperature of the resin [K], n is the order of the chemical reaction, E is the 

activation energy [J mol-1], R is the gas constant (8.314 [J mol-1 K-1]). The governing 

equation, Equation 2.10, must be solved simultaneously with Equation 2.11 to fully 

describe the fire behaviour on terms of temperature. 

2.1.4 Kinetic parameters 

The four kinetic parameters appearing in Equation 2.11, i.e. activation energy, E, pre-

exponential factor, A, order of the chemical reaction, n and final mass of the resin at the 

end of decomposition, mf, can be derived from thermogravimetric data using either 

Anderson’s single heating rate technique (Anderson et al., 1959) or Friedman’s multiple 

heating rate technique (Friedman, 1964). In the present version, 1=n  has been assumed 

and the other kinetic parameters derived since, as previously mentioned, different sets of 

kinetic parameters can fit the same TGA data. These kinetic parameters of the resin 

system derived from processing TGA data, in theory, should be independent from the 

heating rate. One may have the kinetic parameters of a resin system required for running 

this program by averaging values derived from relevant TGA data with different heating 

rates (Matala et al., 2012; Feih et al., 2005). 

2.1.5 Thermal boundary conditions 

There are two mechanisms of heat transfer at the boundaries, radiation and convection. 

Depending on the temperature range, one contribution can usually be neglected compared 

to the other and/or vice versa. The boundary conditions inserted in the program are the 

same for both the hot face (HF) and the cold face (CF) and involved free radiation and 

natural convection, see Equation 2.12.  
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( ) ( )cscnccmsms TThTTq −+−= 44 εαεσ  Equation 2.12 

Here q is heat flux into the hot face of the sample [W m-2], Tsc is the surrounding 

temperature [K], Tc is the temperature on hot face of the sample [K], Ts is the heating 

source temperature [K], hnc is the heat transfer coefficient through natural convection [W 

m-2 K-1], εs is the emissivity of the heating source, αm and εm are the absorptivity and the 

emissivity of the sample HF respectively and σ is the Stefan-Boltzmann constant, equal 

to 5.67×10-12 [W m-2 K-4]. 

Radiation is the main heat transfer contribution in a fire scenario especially compared to 

natural convection; the software does not deal with forced convection. Hence in the 

program there are different boundary options depending if it is dealing with the hot face 

or with the cold face. Hot face boundary conditions are either just radiation or radiation 

and natural convection where the convective heat transfer coefficient for a vertical wall 

of not over 1m high from the ground is described by an empirical formula (Eastop 

McConkey, 1978; Perry and Green, 2008), see Equation 2.13 below. 

( )3/131.1 θ=nch         for 109 < Gr < 1012 Equation 2.13 

where θ is the temperature difference between the heating source and the HF of the sample 

[K], and Gr  is the Grashof number. Using Equation 2.13 means that the flow boundary 

layer of circulating air on the vertical surface due to natural convection is turbulent, 

resulting in large Grashof number. 

For lower range of Grashof number, i.e. for laminar flow on the boundary layer of the 

sample surface, the following equation may be used for evaluating the heat transfer 

coefficient (Eastop et al. 1978) (not used in the program), see Equation 2.14 below. 
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Equation 2.14 

where l  is the characteristic linear dimension in the particular case. For example, l  may 

be taken as the distance between the centre of the exposed hot face and the floor during 

the test. 

The software offers a choice of different hot face conditions such as a constant heat flux, 

which can be input by the user of the program, typical standard curves such as the SOLAS 

curve, the Hydrocarbon Curve, a more general ambient measured temperatures data file 

or the temperature-time evolution of the hot face boundary node. 

The cold face can be thermally insulated, can be subjected to natural convection and free 

radiation, or it can be in thermal contact with a heat sink (user input). The convective heat 

transfer coefficient for the cold face is estimated using Equation 2.15 below. 

20001.0003.0 TThh in ++=  Equation 2.15 

Where hin is the initial heat transfer coefficient that for natural convection is in between 

5 and 10 [W m-2 K-1] and T [K] is the temperature of the cold face. 

Once all the input files have been written and saved in the correct format and file 

extension, COMFIRE40 reads these files, calculates the thermal response of the model 

and returns output files as TXT files where all the major information are reported 

depending on the enabled model option chosen. Typical outputs are the temperature 

profiles of 7 of the 50 finite difference nodes, their remaining resin content (RRC) and 

the gas mass flow time evolution. 
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2.1.6 Discretisation and numerical scheme adopted 

In the 1D modelling, the laminate is discretised automatically by the program in the 

through-thickness direction with 51 nodes, forming uniform 50 one-dimensional FD 

elements or layers in any case. The non-linear partial differential Equation 2.10 (Gibson 

et al., 1995) governing the heat transfer process from a heating source to a composite 

laminate is numerically solved using a straightforward explicit finite difference method. 

2.1.7 Thermal properties at high temperatures 

It is clear that thermal properties of FRP composites are resin volume fraction-dependent. 

These properties may vary considerably at high temperatures due to changes in resin 

volume fraction, and changes in composition of the materials due to chemical reactions. 

In this program the initial density, thermal conductivity and specific heat of a given virgin 

composite material are evaluated for a specified fibre volume fraction, Vf, according to 

the Rule of Mixtures: 

( )fmffcomp VV −+= 1ρρρ  Equation 2.16 
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Equation 2.18 

Optionally, thermal properties can be inserted as function of temperature in a table format 

and the software will perform a linear interpolation between the values of the table to find 

the estimated value of the thermal properties for every node. Re-evaluation of density of 

the composite material is repeated at each node and each time-step during computation to 

account for changes caused by resin decomposition. The predicted Remaining Resin 
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Content [%] at a certain time and for a layer at a given depth in the through-thickness 

direction of the composite is called RRC in the analysis.  

No density change in E-glass fibres is expected for temperatures up to about 1000 oC. 

Carbon fibres and aramid fibres may undergo oxidation or decomposition action at high 

temperatures, resulting in changes in density of the composite material. However such 

effects are not included in the analysis for the time being since carbon fibres do not 

decompose in inert environments up to 1000 °C such as the inner part of a decomposing 

composite (Feih and Mouritz, 2012). Effects of gases or air filled in the voids within the 

body of the composite material on density change during fire exposure are also ignored. 

Although it has been found unsatisfactory to use single point thermal property values, in 

this program through-thickness thermal conductivity and specific heat at high 

temperatures, for simplicity, are assumed derived from initial values and independent of 

temperature. 

The inaccuracy in predictions caused by the above simplification assumption can be 

resolved either by directly inputting measured thermal properties of the composite at high 

temperatures when running the program, or by adopting a modified Rule of Mixtures in 

the program for evaluating thermal conductivity and specific heat of composites 

undergoing decomposition at high temperatures. 

It is expected that adopting the initial value of thermal conductivity of virgin composite 

material at room temperature as those at high temperatures might lead to an over-

estimation of the actual thermal conductivity of the porous laminate, resulting in a 

conservative prediction of thermal responses of the composite material in fires. It is 

suggested that at least, the following two factors are to be taken into account in 

formulating a modified Rule of Mixtures:  
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• The existence of gases or air in the voids generated during decomposition of the 

composite material; 

• Different type of fibre reinforcement in the composite, leading to different ways 

of contact of one individual fibre with another in the through-thickness direction. 

2.1.8 Type of heating source 

Five different types of heating source are considered in COMFIRE40 and these include: 

• The hydrocarbon (HC) curve, which is automatically defined by the program;  

• The SOLAS fire curve, which is automatically defined by the program; 

• A constant incident heat flux, which is specified by the value of heat flux and the 

relevant emissivity of the heating source;  

• An experimentally or theoretically defined temperature vs time curve as an input 

data file describing the thermal environment surrounding the front surface of the 

composite sample under examination.  

• An experimentally or theoretically defined temperature vs time curve as an input 

data file describing temperatures on the front hot surface of the composite sample. 

The final type is associated with no particular heating source. This special type of ‘heating 

source’ is designed for predictions to be compared with predictions obtained from running 

commercial FEA or FDA packages in a conventional thermal analysis, where thermal 

boundary conditions are usually defined as temperatures on boundary surfaces as a 

function of time. For thermal analysis in most commercial packages, effects of 

decomposition reactions in materials at high temperatures are usually not included. 

2.1.9 Stability criterion and Fourier Number in Heat Transfer Analysis 

The suggested value of dimensionless Fourier number in heat transfer analysis when 

running this program is between 0.02 and 0.05 (if a value greater than 0.5 will be chosen 

Page 51 

 



the model will be unstable (Croft et al., 1977)). These values are found suitable in most 

of cases with laminate thickness ranged from a few mm to about 25 mm. Reducing the 

value of the Fourier number may lead to an improvement in accuracy in predictions for a 

given time-step. However, the accumulative error in predictions may increase when using 

a larger number of time-steps. It exists a certain number of time-steps where the reduction 

in the error in each single time-step does not compensate for the additional error of the 

additional time-step. Compromise seems to be the right decision. 

2.2 COMFIRE-50 

COMFIRE has been translated in Matlab® and upgraded producing a COMFIRE-50 

release with new functionalities: 

•  A Fourier number stability criterion check has been introduced; 

• Number of total nodes for the discretisation can be chosen; 

• Thermal conductivity and specific heat can vary with RRC and temperature; 

• Constant initial heat transfer value can be input for the cold face boundary 

condition option (even forced convection could be modelled with the appropriate 

convective heat transfer); 

• Optimisation can be performed at the script level of COMFIRE-50; 

• A contact resistance cold face boundary option can be input and has been validated 

against the experimental data of Browne (2006), using a copper block heat sink 

as cold face boundary condition; 

• A liquid heat sink of known volume and exposed face has been added to the cold 

face boundary condition option; 

• Flashover phenomenon has been included as a HF boundary condition option; 

• Mechanical model; 

• FDS user guide validation. 

Page 52 

 



2.2.1 Fourier number stability criterion routine check 

The Fourier number is a dimensionless number which is a measure of the dimensionless 

time as previously mentioned. In the case of FDE the value of the Fourier number rules 

the stability of the FD model. It can be shown that depending on the boundary conditions 

the Fourier number has to be chosen in a certain range of values otherwise the model will 

result unstable (Croft et al., 1977) meaning that the transient solution may pass from a 

positive value of the temperature to a negative value and vice versa. This range depends 

on the boundary conditions as well and the different ranges are reported in Equation 2.19, 

Equation 2.20, Equation 2.21 and Equation 2.22. 

5.0≤Fo     for conduction within the thickness Equation 2.19 

( )Bi
Fo

+
≤

12
1     for convective boundary condition 

Equation 2.20 

( )3
012

1
RT

Fo
+

≤     for radiative boundary condition 
Equation 2.21 

( )312
1

oRTBi
Fo

++
≤     for radiative and convective condition 

Equation 2.22 

where Bi is the dimensionless number related to convection and the product 3
0RT  is the 

dimensionless number related to radiation. In particular kxR ∆= εσ  and T0 is the 

temperature of the CF [K]. The Fourier number links together the time increment and the 

space increment of the problem. Since the choice was made to always have 50 inner FD 

nodes, the Fourier number establishes the time increment used in the model, see Equation 

2.23. 
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2xtFo ∆∆= α  Equation 2.23 

The software checks that the user input Fourier number is lower than any of the above 

expression and if it is not, it assigns to it the lowest value among all of them to avoid 

instability by user mistake. 

2.2.2 Selectable number of total nodes for the discretisation 

The number of total nodes in which to divide the thickness of the model has been inserted 

as a user input rather than a program constant. This update comes from the necessity to 

model very thin samples in a reasonable computational time. Using 51 nodes to model a 

very thin laminate will generate very little space increments, x∆ , which turns into a very 

small time increment, see Equation 2.23, producing too many time-steps and increasing 

the computational time in an exponential manner. This phenomenon is highlighted in the 

particular case where the material properties are not taken as single points but as function 

of temperature and all the nodes material properties matrices have to be updated at every 

time-step. It is good practice not to do a spatial discretisation with space increments 

smaller than 0.2 mm. For thicknesses above 10 mm, 51 nodes can easily be used to reach 

a solution in a reasonable computational time. If the space increment is too small then the 

time increment will be too small generating a round-off error which makes the simulation 

non-realistic. 

2.2.3 Thermal conductivity and specific heat temperature evolution 

Thermal conductivity and specific heat change with respect to temperature and 

decomposition state of the composite. For this reason the following three options have 

been introduced in COMFIRE-50: 

• Thermal properties function of temperature using polynomial functions; 

• Thermal properties function of RRC using a modified rule of mixture; 

• Thermal properties function of virgin and char material properties. 
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2.2.3.1 Thermal properties function of temperature using polynomial functions 

Thermal conductivity and specific heat capacity can now be function of temperature as 

polynomial functions, rather than table format. Polynomial functions are very useful to 

fit experimental data and now thermal properties function of temperatures can now be 

used in COMFIRE-50 as input to obtain better results. 

2.2.3.2 Thermal properties function of RRC using a modified rule of mixture 

Density, thermal conductivity and specific heat capacity can now be updated during 

calculation according to RRC using a modified rule of mixture which takes into account 

the thermal properties of the decomposition gas products in the calculation as well, see 

Equation 2.24 to Equation 2.26 below. Similar thermal properties functions have been 

used in works by Bai et al. (2007), Bai et al. (2008), Mouritz and Gibson (2006b) and 

Sikoutris et al. (2012). 

ggmmff VVV ρρρρ ++=  Equation 2.24 

gmfgmfgmf

gmf

VkkkVkkkV
kkk

k
++

=⊥  
Equation 2.25 

ggmmff

gpggmpmmfpff
p VVV

cVcVcV
c

ρρρ
ρρρ

++
++

= ,,,  
Equation 2.26 

Here V is the volume fraction [%] of fibre, matrix and decomposition gas products for 

the subscripts f, m and g respectively; k is the thermal conductivity [W m-1 K-1] of fibre, 

matrix and decomposition gas products for the subscripts f, m and g respectively; ρ is 

the density [kg m-3] of fibre, matrix and decomposition gas products for the subscripts f, 

m and g respectively; cp is the specific heat capacity [J kg-1 K-1] of fibre, matrix and 

decomposition gas products for the subscripts f, m and g  respectively. Thermal properties 

of fibre, matrix and gas decomposition products can be function of temperature as well. 
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Figure 2.2 shows an example of variation of thermal properties in function of RRC when 

the thermal properties of carbon fibres, epoxy resin and gas decomposition products have 

been considered single value properties according to Table 2.1. Hot air properties can be 

found in Gupta et al. (1991). 

Table 2.1: Room temperature thermal properties used for prediction of thermal properties function of 

RRC. 

 
ρ 

[kg m-3] 

cp 

[J kg-1 K-1] 

k 

[W m-1 K-1] 

Carbon fibres 1750 660 0.32 

Epoxy matrix 1300 1850 0.35 

gas 1.2 2386 0.02 

 

The contribution of the gaseous products in the evaluation of the density and the specific 

heat capacity according to Equation 2.24 and Equation 2.26 is negligible and therefore in 

the program the density will only change according to RRC to simplify the calculation 

(as also done by Bai et al. (2008)). Thermal conductivity instead is highly dependent on 

considering the gases in the calculation or not therefore thermal conductivity has to be 

calculated according to Equation 2.25 (as also done by Bai et al. (2008)). 

The values of the thermal properties in function of RRC in the two cases of taking into 

account the contribution of the gaseous products or not, are reported in Figure 2.2 and 

Figure 2.3 respectively. In the program density variation is calculated according to 

Arrhenius equation, since the influence of the gaseous products is negligible whereas 

thermal conductivity and specific heat capacity variations are calculated according to 

Equation 2.25 and Equation 2.26 since they are calculated out of the results of Arrhenius 

equation. 
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Figure 2.2: Example of thermal properties considered as single point value in respect to temperature but 

function of the RRC according to the modified rule of mixture in Equation 2.24 to Equation 

2.26 using carbon fibre, epoxy resin and air properties at room temperature see Table 2.1. 

 

Figure 2.3: Example of thermal properties considered as single point value in respect to temperature but 

function of the RRC without considering the contribution of the gaseous decomposition 

products. 

2.2.3.3 Thermal properties function of virgin and char material properties 

Thermal conductivity and specific heat capacity can now be updated during calculation 

using the rule of mixtures applied to the material considered as homogeneous and 

composed just of virgin and char thermal properties, eventually function of temperature 

(Mouritz and Gibson, 2006); 
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Equation 2.27 

( )vcpvvpp VcVcc −+= 1,,  Equation 2.28 

Here Vv is the volume fraction [%] of virgin material in the decomposing composite, k is 

the thermal conductivity [W m-1 K-1] of virgin and char for the subscripts v and c 

respectively; cp is the specific heat capacity [J kg-1 K-1] of virgin and char for the 

subscripts v and c respectively. 

f

f
v mm

mm
V

−
−

=
0

 
Equation 2.29 

where m is the mass of the decomposing composite [kg], mf is the final decomposed mass 

[kg], m0 is the initial mass of the composite [kg]. 

Virgin and char thermal properties can also be function of temperature rather than just of 

the decomposition status, making predictions more accurate. 

2.2.4 Constant initial heat convective transfer value 

A constant initial convective heat transfer value can now be selected as an option on the 

cold face, to simulate the case where the cold face is in contact with a fluid and the 

convective boundary condition is known. The program will keep the cold face convective 

heat transfer as a constant value all the way during the calculation. This means that, as far 

as the convective heat transfer is known and constant, any fluid in contact with the cold 

face, whether in laminar or turbulent regime, can be modelled in any orientation so that 

forced convection can be taken into account as well. 
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2.2.5 Optimisation 

If COMFIRE-50 is used at a Matlab® script level then it can be used for optimisation 

purposes. The variables that can be changed for the optimisation are the convective heat 

transfer and the decomposition constants used to model the resin decomposition with the 

Arrhenius equation. The results of every calculation can be compared with experimental 

data available and the best fit can be detected. Depending on the parameters to optimise, 

whether temperature profiles or TGA, then the ad hoc script needs to be written to get the 

best fit. 

2.2.6 Contact resistance 

COMFIRE-50 is capable of matching the experimental data of Browne et al. (2006) about 

the calibration of a propane burner heat flux through a copper block. It is assumed that 

during the calibration procedure the energy losses are negligible due to the surrounding 

insulation, see Figure 2.4. 

 

Figure 2.4: Copper block 

The increase in temperature of the copper block during t∆  time interval is calculated 

according to the Equation 2.30 below. 
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Equation 2.30 

where T’ is the actual calculated temperature of the copper block after t∆  [K], QCF is the 

heat flux from the cold face sample into the copper block [W m-2], A is the contact area 

of the copper block [m2], Δt [s] is the time-step used in the simulation, Cp  is the specific 

heat of copper [W kg-1 K-1], V is the volume of the copper block [m3], ρ is the density of 

copper [kg m-3] and T  is the temperature of the copper block at the previous time-step 

[K]. 

 

Figure 2.5: Thermocouple output from a 30 minute test on 7mm thick composite fire protection. Upper 

curve is the measured temperature 10 mm in front of the hot face (mean value 868ºC). Lower 

curve: copper block temperature (multiplied by 10); figure reported from Browne et al. (2006). 

The heat flux exchanged between the cold face of the sample and the exposed face of the 

copper block is calculated in the end of each time-step through the thermal gradient in the 

CF. The temperatures of the exposed face of the sample are reported in Figure 2.5. As 

input temperatures of the exposed face of the sample, the hydrocarbon curve has been 

used due to lack of experimental data. The hydrocarbon curve has a mean temperature of 
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1100 °C so it has been multiplied by a factor equal to 868/1100, to adjust for the highest 

temperature of the input file. In a first run the final temperature of the model was around 

25 °C higher than the experimental data. This may be explained by the fact that the 

thermal contact between the cold face of the sample and the copper block surface was not 

a perfect thermal contact but a contact resistance affected the heat transfer. In a second 

model, a contact resistance has been inserted in between the two surfaces. The contact 

resistance is applied according to Equation 2.31. 

CFcontcont QRT =∆  Equation 2.31 

Thus the temperature previously calculated through Equation 2.30 can be recalculated as 

follows: 

contTTT ∆−′=′  Equation 2.32 

The value that allows matching the experimental results with the simulated results is a 

contact resistance of 0.0003 [m2 K/W] (Cengel, 2003). This value is in the range of 

estimated contact resistances found in the literature (Croft et al., 1977 and Cengel, 2003). 
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Figure 2.6: Temperatures for a 7 mm thick Glass -Polyester composite Fibres, Vf= 30%. 

The calculated temperatures of the model, with the contact resistance option enabled, are 

reported on Figure 2.6. The differences between the model and the measured temperatures 

cannot be evaluated point by point in quantity because of the lack of experimental data. 

Independently the difference between the final calculated temperature and the 

experimental final temperature is of around 4 °C higher than the evaluated experimental 

final temperature, which is around 54 °C, which is within experimental error. 

 

Figure 2.7: Comparison between experimental results and modelled results with COMFIRE-50. 
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2.2.7 Liquid heat sink 

Sometimes it is important to know the temperature rise of a liquid which is in contact 

with the CF of a composite exposed to fire. An example would be the case of an aircraft 

post-crash fire scenario, where the flames are impinging on the wing box which contains 

the fuel. This is the reason why this option has been implemented. If the liquid heat sink 

boundary condition is selected, an input file has to be provided by the user with the 

following input parameters: exposed area [m2], volume of the liquid [m3], density of the 

liquid [kg m-3], cp of the liquid [J kg-1 K-1]. 

 

Figure 2.8: Liquid heat sink (HS) calculated temperatures through an epoxy-carbon laminate (66% fibre 

volume fraction) of 8 mm thickness, exposed to 116 kW m-2 heat flux. 

Table 2.2: Liquid heat sink physical properties. 

Parameter name Value 
Exposed area [m2] 0.05 
Liquid volume [m3] 0.005 
Liquid density [kg m-3] 1000 
cp of the liquid [J kg-1 K-1] 4200 
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A calculated temperature profile is shown in Figure 2.8. The heat sink was made of water 

with the characteristic reported in Table 2.2. 

The numerical model adopted is the same as reported previously in Equation 2.30. Where 

the physical properties used are the one of the liquid and not the one of the copper. 

Although convective currents inside the liquid heat sink were not modelled, the modelled 

temperatures agree with the experimental curves. 

2.2.8 Flashover 

Flashover is an important phenomenon that occurs when, once the specimen has started 

decomposing and releasing flammable gases, the concentration of decomposition 

products in air has reached a critical value enough to be ignited. The flames due to ignition 

of those gases create an added heat flux towards the hot face. The temperature rise is 

steeper than not considering ignition feedback in the simulation. 

 

Figure 2.9: Temperature profile of a 3 mm thickness pure polycarbonate exposed to 75 kW m-2 on one 

side and insulated on the other side. 

Once the gases are released out of the HF they ignite and they give a heat flux as feedback 

that is calculated according to Equation 2.33. 
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combgign HmH =  Equation 2.33 

where mg is the gaseous mass flow [kg s-1 m-2] towards the hot face, Hcomb is the heat of 

combustion [kJ kg-1] and Hign is the heat flux back to the HF [kW m-2]. Figure 2.9 shows 

simulation results using data form the FDS user guide about pure polycarbonate with 

boundary conditions cone calorimetry testing condition. The ignition clearly affects the 

heat conduction through the sample as can be seen on Figure 2.9. The thermo-

decomposition behaviour is affected by the temperatures and therefore ignition effects 

have to be taken into account to obtain accurate thermo-decomposition modelled results 

to be used in further thermo-mechanical modelling. 

2.2.9 Mechanical response/model 

Mechanical prediction has been added to COMFIRE-50 to predict compression failure of 

UD laminates loaded in the fibre direction. After the thermal model has finished the 

thermal prediction for every node and time-step, then a mechanical prediction is 

performed and the time to failure is calculated. The implemented mechanical models are 

two: the two layer model, for post-fire mechanical prediction, and the average strength 

model for mechanical prediction during fire (Mouritz and Gibson, 2006). There are 

several more sophisticated models that consider effects such as the effects of the stacking 

sequence of the laminate (Laminate Theory Model) and or to include creep, fire induced 

damage, viscoelastic and viscoplastic effects but they are out of the scope of this work. 

2.2.9.1 Two layer model 

The two layer model, see Figure 2.10, only applies for post-fire mechanical properties 

and not during fire, and assumes a char forming front advancing in the material from the 

fire exposed face towards the unexposed face (Gibson et al., 2003; Gibson et al., 2004; 

Mathys et al., 2002; Mouritz and Mathys, 1999; Mouritz and Mathys, 2001). It is usually 

assumed that once a node of material reaches 400 °C or the polymer matrix mass loss 

reaches 20% then full decomposition occurs dropping the char mechanical properties to 

0 or to a very low value, while the remaining part of the material is assumed to preserve 
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the virgin room temperature mechanical properties, since thermal softening is assumed to 

be fully recovered to the pre-fire state. 

 

Figure 2.10: Schematic of the two layer model 

The two layer model is represented in Equation 2.34 which is basically a rule of mixture 

applied to a material which changes the char content according to the fire exposure time. 

The final char thickness is function of the temperature reached in the nodes and the 

decomposition status in terms of RRC, according to the Arrhenius equation, and the time 

of exposure. 
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
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 −

=  
Equation 2.34 

where )(compcσ , )0(cσ  and )(charcσ  are the compressive strength of composite, virgin and 

char respectively [MPa], x and xc are the thickness of the original composite and of the 

char portion respectively [mm]. 

This model is particularly suitable for post-fire compressive residual strength since it 

ignores the change of mechanical properties as function of temperature and as function 
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of time such as creep, viscoelasticity, viscoplasticity etc. Depending on the heat flux of 

the heating source the sample could be exposed for a very long time developing 

delamination or other fire damage induced phenomena and this model does not consider 

these factors for the mechanical prediction. Buckling failure is taken into account using 

Equation 2.35 and Equation 2.36 below. 
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Equation 2.35 
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Equation 2.36 

where Pcomp,Buckling is the buckling load [N], C is the end boundary condition constant, 

Ec(comp), Ec(0) and Ec(char) are the compressive moduli of composite, virgin material and 

char respectively [MPa] , x and xc are the thicknesses of the original composite and of the 

char respectively [mm], b is the width [mm] and the product KL is the unsupported length 

[mm]. 

The time to failure by buckling is calculated by calculating the residual compressive 

modulus according to Equation 2.35 and comparing the corresponding stresses caused by 

the Eulerian buckling load, see Equation 2.36, to the increased applied stresses due to the 

virgin material thickness loss according to Equation 2.37. 

( )c

app
app xx

x
−

=
σ

σ '  
Equation 2.37 

where σ’app is the revised applied stress [MPa] considering the loss of virgin material 

thickness during fire exposure, σapp is the original constant applied stress [MPa]. 
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2.2.9.2 Average strength model 

The average strength model instead considers the laminate and its elastic characteristics 

as function of temperature and remaining resin content (RRC) and for this reason only 

applies for mechanical properties during fire and not post-fire. The model uses the 

mechanical properties in function of temperature using Gibson et al. (2006) model 

reported in the equation below. 

( ) ( ) ( )( )( ) n
RURU RTTkPPPPTP ′−−−+= tanh5.0  Equation 2.38 

Here P(T) represents a general composite property function of temperature and R
remaining resin content , PU and PR are the unrelaxed and relaxed properties, k is constant 

representing the breath of the relaxation (the smaller, the wider), T’ is the transition 

temperature (temperature corresponding to 50% reduction in property), R is the remaining 

resin content and n is an empirical constant. 

Using Equation 2.38 the compressive strength of every node can be calculated in function 

of the temperature and the RRC in that node and then averaged along the whole thickness. 

The average residual compressive strength can be calculated through a trapezoidal 

numerical integration or using Simpson rule (Feih et al., 2007a; Feih et al., 2007b; Gibson 

et al., 2011). The trapezoidal integral was chosen for this program thanks to its simple 

implementation compared to the Simpson rule. The applied stresses are then compared to 

the average residual strength vs time of the composite and when the latter falls below the 

applied stresses, then the composite is supposed to fail. This model takes into account 

effects of mechanical properties in function of temperature but no other effects, such as 

time dependent softening and/or fire induced damage effects are considered. 

Buckling failure is taken into account by averaging residual compressive modulus, 

calculated according to Equation 2.38, along the thickness and comparing the 

corresponding stresses caused by the Eulerian buckling load, see Equation 2.36, to the 

increased applied stresses due to the virgin thickness loss according to Equation 2.37. 
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2.3 COMFIRE-50-GUI 

The program has then been integrated with a graphic user interface (GUI) to be more user 

friendly, then it has been compiled, creating an executable file that can be installed and 

run in any computer (either 32bit or 64bit) even though Matlab® and/or Matlab® license 

file are not installed. 

2.3.1 Installation 

It is not necessary to have Matlab® installed. In the case Matlab® is not installed, the 

Matlab Compiler Runtime (MCR) of the correct version (7.17 in this case)1 has to be 

installed to run UICOMFIRE_50.exe. The MCR has not been included in the installation 

package because it would be too big to share by email or upload on the BAL.PM tool. 

The MCR may be of different versions in future developments but the correct information 

can be read on the readme.txt file that is created opening UICOMFIRE_50_1_6_pkg.exe 

of further upgrades. 

The MCR can be downloaded from the following link to the Matlab official website 

(http://www.mathworks.co.uk/supportfiles/MCR_Runtime/R2012a/MCR_R2012a_ 

_installer.exe). There is no license to be bought, it is free and totally legal to be 

downloaded and used, for any additional information consult the website 

(http://www.mathworks.co.uk/products/compiler/mcr/index.html?s_cid=BB). Once it is 

downloaded, install the MCR following the installation wizard. Do not change the 

installation folder of the MCR and if asked to create the folder, just chose yes. Once the 

MCR is installed, the UICOMFIRE.exe file can be executed and a GUI like the one 

reported on Figure 2.11 will appear. 

1 The executable has been compiled in 32 bit to allow all machines to run it; this means that whatever the 

machine architecture is, the installed MCR has to be the 32 bit version. 
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2.3.2 I/O 

As can be seen in Figure 2.11 the left part of the graphic user interface is entirely 

dedicated to the input parameters, while the right part is dedicated to the starting 

button, the exporting button and the visualization of the results of the simulation. 

 

Figure 2.11: GUI of developed COMFIRE_50_1_6GUI. 

The GUI needs to be filled in with the information of the case to be investigated. Details 

of the field are reported and explained in the table below: 

Table 2.3: Input parameters and description of COMFIRE-50-GUI. 

Field name Information required Suggestion 
Jobname Any string of characters used as the name of the 

file: “Jobname_Results for 
sample_thickness_of_Thickness_mm.mat”. The 
program will save a result file of the simulation in 
the same folder where it has been lunched 

 

Coordinate system Choose between “Cartesian” for flat geometry or 
“Cylindrical” for cylindrical symmetry 
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Thickness [mm] Thickness of the model in mm  

Radius [mm] Outer radius of the model in mm  

Fibre type Choose among a range of fibres whose properties 
are already embedded in a library or chose “Other” 
and a pup up window will appear and ask to insert 
all the physical properties required for the 
calculation. 

 

Fibre volume fraction 

[0:1] 

Insert the fibre volume fraction of your material 
from 0 (0% so just resin) to 1 (100% of fibres). 

 

Hot face emissivity Emissivity of the hot face from 0 to 1, typically 
around 0.8 

 

Resin type Choose among a range of resin whose properties 
are already embedded in a library or chose “Other” 
and a pup up window will appear and ask to insert 
all the physical properties required for the 
calculation. 

 

Initial temperature 

[°C] 

Insert the initial temperature of the model in °C.  

Hot face absorptivity Absorptivity of the hot face from 0 to 1, typically 
around 0.8 

 

Hot face boundary 

condition 

Choose among the boundary condition nearer to 
your case of study. 

 

Heat flux [kW m-2] If the chosen boundary condition is of constant 
heat flux then enter the value of the heat flux. 

 

Source emissivity Emissivity of the heating source from 0 to 1, 
typically around 0.8. 

 

Convection on the hot 

face 

Tick if natural convection on the hot face has to be 
taken into account. 

 

Flames Tick if flame feedback due to ignition of the hot 
gases on the hot face has to be taken into account. 

 

Cold face boundary 

condition 

Choose among the boundary condition nearer to 
your case of study. 

 

Contact resistance 

[Km2 W-1] 

If the model is in contact with the copper block a 
contact resistance may be inserted in the 
calculation. 

 

Steel plate boundary 

condition 

If the “attached to a steel plate” boundary 
condition has been chosen then chose the cold face 
boundary condition on the steel plate. 

 

CF heat transfer 

coefficient 

Insert the starting value of the cold face convection 
heat transfer coefficient. 

 

Thickness steel plate 

[mm] 

Insert the thickness of the steel plate.  

Fourier number Insert the Fourier number for the calculation. Suggested values 
between 0.02 and 0.05, 
anyway no more than 
0.5. 

Duration [min] Insert the duration of the simulation in minutes.  

Figure starting number   

Degradation effects Tick if the degradation effects have to be taken into 
account in the calculation. 
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Mass flow effects Tick if the mass flow term has to be taken into 
account in the calculation. 

 

Water vaporization Tick if water vaporization effect has to be taken 
into account. 

 

Water content [%] Insert the percentage of water.  

Half range of moisture 

dispersion [°C] 

Typically 50  

K and Cp vs 

Temperature 

Tick if files containing thermal transport properties 
vs temperature are available. 

 

Heat transfer 

coefficient vs 

Temperature 

Tick if a file containing a table with heat transfer 
coefficient values vs temperature is available. 

 

Nodes Chose the nodes you want to display and save in 
the results file from 2 to 51. 

 

Structural calculation  Tick if compressive structural calculation has to be 
performed 

 

Buckling constraint 

constant 

Chose the constraint type wanted  

Structural fire model Chose which structural fire model has to be used: 
2 layer model or average strength model 

 

Width [mm] Insert sample width in mm  

Length [mm] Insert the sample length [mm] (mainly for 
buckling calculation) 

 

Stresses [MPa] Insert applied stresses [MPa]  

Char strength [MPa] Insert the strength of char [MPa]  

E char [MPa] Insert the char modulus [MPa]  

Virgin properties 

Strength [MPa] 

Insert the virgin unrelaxed composite strength 
[MPa] 

 

Virgin properties E 

composite [MPa] 

Insert the virgin unrelaxed composite modulus 
[MPa] 

 

Average strength model 

Strength [MPa] 

Insert the relaxed strength according to Gibson 
model [MPa], it can implement 3 transitions, insert 
up to 3 different values, each separated by a 
comma 

 

Average strength model 

E [MPa] 

Insert the relaxed modulus according to Gibson 
model [MPa], it can implement 3 transitions, insert 
up to 3 different values, each separated by a 
comma 

 

Average strength model 

T [°C] 

Insert the transition temperature, it can implement 
3 transitions, insert up to 3 different values, each 
separated by a comma 

 

Average strength model 

k stresses 

Insert the stresses transition broadness parameter  

Average strength model 

n stresses 

Insert the stresses remaining resin content power 
parameter 

 

Average strength model 

k E 

Insert the modulus transition broadness parameter  
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Average strength model 

n E 

Insert the modulus remaining resin content power 
parameter 

 

 

The results file can be exported in various formats for further use: Matlab file “.mat”, 

Spreadsheet file “.xls”, Text file “.txt” and Comma Separated Values “.csv”. If results are 

exported in EXCEL, TXT or CSV format then the exported results will be saved as one 

point for every second. This is necessary since excel does not support spreadsheets longer 

than 1048575 rows, which is a number easily achieved with the typical Fo used. 

Plots can also be generated in the GUI by pressing the button at the bottom of the plotting 

area. It can be chosen if the plot has to be generated in the GUI window or in a separate 

window through the popup menu below the figure. 
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Chapter 3 Experimental Techniques 

To model fire behaviour of composites thermal and mechanical properties at high 

temperatures is essential. Accurate measurements of thermal properties at high 

temperatures are very important to accurately predict the thermal and mechanical 

response of a material/component exposed to high temperature environments. 

Furthermore, measurements of mechanical properties at high temperatures are as 

important to predict mechanical behaviour during fire. This chapter presents the methods 

employed in this study to measure thermal and mechanical properties at high temperature 

needed for modelling composites fire behaviour and the fire-under-load testing method 

used to validate model predictions. 

3.1 Heat transport property characterisation 

Heat transport properties are very important for understanding the behaviour of 

composites in fire. Composites are less conductive compared to metals but unfortunately 

composite materials degrade and lose strength at much lower temperatures than metals. 

Heat transport properties are thermal conduction, specific heat, density and thermal 

diffusivity. Although thermal diffusivity is the ratio of the previous three properties, its 

measurement as function of temperature is very important because it is the heat transport 

property used for thermal calculations in FEM codes such as ANSYS®.  

Thermal diffusivity can be measured using different methods. One method is the TPS or 

Hot-Disk method which allows thermal diffusivity, thermal conductivity and specific heat 

capacity measurements in 2 principal directions using one test only provided that the 

sample has a cylindrical symmetry in the fibres orientation. Another method is the step-

change method which measures thermal diffusivity in just one direction. A new and very 

expensive method to measure thermal diffusivity is the laser flash method which uses a 

laser to create the heat wave propagating in the material. None of the established, 

standardised methods to measure thermal transport properties was available and therefore 

the step-change method was used to measure thermal diffusivity. A summary of 

techniques to measure thermal transport properties is reported in Table 3.1 
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Table 3.1: Summary of techniques to measure thermal transport properties. 

Methods α k cp 

TPS/Hot Disk    

DSC    

Guarded hot plate    

Laser flash    

Step-change    

 

Other ways of measuring the thermal diffusivity would be to measure thermal 

conductivity at different temperatures and in all the different principal directions, specific 

heat and density at the same temperatures of the thermal conductivity and then calculating 

the ratio of these three properties. The issue is that even considering the density as 

constant it requires a lot of effort to measure the other 2 properties separately. For the 

purpose of comparing the results from the step-change method, the guarded hot plate 

method was used to measure thermal conductivity and DSC was used to measure specific 

heat. 

3.1.1 Step-change method 

The step-change method developed in Newcastle University is based on the solution of 

the Laplace’s equation, in the case of 1-dimensional heat flow in the laminate z-direction 

(through-thickness direction), Equation 3.1. 

( ) ( ) 2

2

2

21
z
T

z
Tk

TcT
T zz

P ∂
∂

=
∂
∂

= α
ρ

  
Equation 3.1 

Where ρ is the density [kg m-3], cp is the specific heat [J kg-1 K-1], kz is the thermal 

conductivity in the generic z-direction [W m-1 K-1], αz is the thermal diffusivity in the 

generic z-direction. 
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The solution of a step-change experiment can be easily expressed in terms of the 

dimensionless centre line temperature, given by: 

( ) ( )
0TT
tTTt

−
−

=
∞

∞θ  
Equation 3.2 

Where T(t) is the centreline temperature at time t, T0 is the initial uniform temperature in 

the slab and T∞ is the temperature suddenly imposed at the slab surface. θ, therefore, 

varies from 1, at the start of the test, to 0, at long times, regardless of whether the slab is 

heated or cooled. The principal factor determining the variation of temperature with time 

is the Fourier number, which is given by: 

2b
tFo α

=  
Equation 3.3 

Here b is the slab half-thickness [m] (the distance from the surface to the centreline), t [s] 

is the time and α is the thermal diffusivity [m2 s-1] in the through-thickness direction. The 

Fourier number can be regarded as a dimensionless measure of time. In the well-known 

solution of Equation 3.1, for the case of the centreline temperature of an infinite plate, the 

centreline temperature of the slab is given by the Fourier series: 
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Equation 3.4 

For values of Fo exceeding ~0.2 this series can be truncated to the first term without 

significant loss of accuracy, so: 

Page 76 

 








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
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π
θ  

Equation 3.5 

This solution is restricted to the situation where the surface temperature is brought 

instantaneously to T∞. In practice it is seldom possible to change the surface temperature 

quickly enough to determine this boundary condition exactly. When the temperature 

change is accomplished through contact with a fluid, the rate of heat flow into or out of 

the solid is influenced by the coefficient for convective heat transfer at the surface. The 

relative importance of the resistance to surface heat transfer and the resistance to heat 

flow through the solid are described by the Biot number, which is given by: 

αρ PC
hb

k
hbBi ==  

Equation 3.6 

where h is the surface convective heat transfer coefficient [W m-2 K-1] and k is the thermal 

conductivity of the material at the surface [W m-1 K-1]. Bi can be regarded as the 

resistance to internal heat flow, divided by the resistance to external heat flow. A large 

value of Bi, exceeding about 100, would be required for Equation 3.5 to apply with 

sufficient accuracy to enable the thermal diffusivity to be calculated from such a step-

change experiment. A small value of Bi, less than about 0.1, would correspond to the case 

where surface heat transfer was the main limiting effect. In this case the main temperature 

change would be through the film of fluid at the surface, with very little temperature 

variation across the solid. Although efforts were made in the present work to maximise 

the surface heat transfer coefficient the situation of Bi>100 is difficult to achieve, so it 

was necessary to allow for the effect of surface resistance to heat flow. Heisler (1947) 

provided an analytical modification to Equation 3.1 that allows for this. In the case where 

Fo>0.2, Equation 3.5 for the centreline temperature with Heisler (1947) modification 

becomes: 
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( )FoC 2exp ζθ −=  
Equation 3.7 

where ζ and C are functions of Bi. ζ relates to the roots of the following equation: 

ζζ tan=Bi  
Equation 3.8 

and 

ζζ
ζ

2sin2
sin4
+

=C  
Equation 3.9 

Equation 3.7 implies a linear relationship between log(1-θ) and the Fourier number. It 

forms the basis of the well-known Heisler plots (Heisler, 1947) which were widely used 

for heat transfer calculations, and which still appear in many heat transfer books. Equation 

3.8 poses the minor difficulty of having Bi as a function of ζ, rather than the reverse. The 

actual values of Bi  encountered in the present study were in the range, 0.3-80. 

For -3<ln(Bi)<3, which correspond to 0.05<Bi<20, Liukov (1968) proposed the 

following expression as an approximation of the first root of Equation 3.8: 
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π

ζ  
Equation 3.10 
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Although the equation is stable even for very small Bi , it gives acceptable values of ζ for 

Bi≤100. Below that the error in the estimate of ζ is greater than 1%. It is unknown the 

error introduced in the calculation of the Fourier coefficients, Equation 3.9. 

Yovanovich (1996) showed that the expression reported below is capable of calculating 

with great accuracy the value of ζ for very large or very small Bi regardless of the values 

of the parameter n. In the intermediate range a suitable value of the parameter n has to be 

estimated to obtain an accurate relationship between ζ and Bi. 
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Equation 3.11 

In particular, in the range of 55.0 << Bi , ζ can be accurately described, with an error of 

less than 0.4%, by the following expression: 
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Equation 3.12 

Re-arranging Equation 3.7 gives the following direct relationship, which can be used to 

determine α from a step-change experiment. 
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Equation 3.13 

From each set of experimental measurements, three time values were calculated, 

corresponding to θ values of 0.4, 0.3 and 0.2. Equation 3.13 was used to find three values 

of α for each set of measurements, from which the mean value of α  was taken. This 

relationship applies for heat flow in any of the three principal laminate directions, as long 

as one-dimensional heat flow conditions are achieved. 

The calculation process involves an iterative step, since, from Equation 3.5, the thermal 

diffusivity or conductivity of the material must be known in order to calculate the Biot 

number. The iterative procedure is the following: 

1. Estimate a value of ζ; 

2. Calculate Bi and C using Equation 3.8 and Equation 3.9 respectively; 

3. Calculate the three thermal diffusivities corresponding to the times of the 40% 

30% and 20% of the dimensionless temperature curve using Equation 3.13; 

4. Calculate the average of the three thermal diffusivities; 

5. Calculate the thermal conductivity, if the density and specific heat are known, 

Equation 3.6; 

6. Calculate Bi, Equation 3.6; 

7. Calculate ζ, Equation 3.12; 

8. If the initially estimated ζ  is the same of the calculated one then the iteration is 

finished, otherwise restart from point 1 with a different value; 

It has to be highlighted that known or estimated values of density and specific heat are 

required for this calculation at point 5. Considering the density as constant does not 

reflects on large errors, typically below 1%, see paragraph 4.2. Knowing specific heat 

versus temperature is very important to have good estimates of the thermal diffusivity. 
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Another parameter that has to be known or measured for this technique to be used is the 

convective heat transfer coefficient at the point 6. 

A flat slab of a material with a high conductivity, such as an aluminium slab, can be used 

to measure the convective heat transfer coefficient provided that the step-change is small 

enough to consider Newton’s law of cooling applicable. The slab can be considered as a 

lumped parameter system. In this case the solution of the dimensionless temperature can 

be written in the following exponential form: 











−−=

pcb
h
ρ

θ exp1  
Equation 3.14 

By rearranging Equation 3.14 it can be shown that a linear relation exist between ln(1-θ) 

and 
pcb

h
ρ

− , with a simple linear regression the value of the convective heat transfer 

coefficient can be calculated. 

To avoid measuring or estimate the density and specific heat, another procedure could be 

applied. The use of 2 samples of the same material but of two different thicknesses would 

allow finding the thermal diffusivity ignoring the heat capacity (ρcp) of the material. The 

steps are the following: 

1. Guess/estimate Bi for the thinner (thicker) sample; 

2. Calculate ζ and C through Equation 3.12 and Equation 3.9 respectively; 

3. Calculate the three thermal diffusivities, Equation 3.13, corresponding to the 

times of the 40% 30% and 20% of the dimensionless temperature curve; 

4. Calculate the averages of the three thermal diffusivities; 

5. Scale up Bi for the thicker (thinner) sample using Equation 3.6; 

6. Calculate ζ, C and α as in points 2 to 4 for the thicker (thinner) sample; 
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7. Compare the thermal diffusivities found for the 2 different thicknesses and if 

necessary restart from point 1 with a different value of Bi; 

The convergence of the thermal diffusivities is found using Newton-Raphson method. 

The drawback of this technique is that the starting time (step time application) of the 

transient response has to be as accurately as possible recorded with the same accuracy for 

both experiments regarding the 2 different thicknesses. If an error is introduced, the 

procedure will not converge with a good accuracy on the correct thermal diffusivity value 

or may not converge at all. 

3.1.2 Guarded hot plate 

The guarded hot plate is an experimental method used to measure the thermal resistance 

of a material in a disk shape. The sample has to be cylindrical of a diameter of 50.8mm 

(corresponding to exactly 2 inches) with a thickness that can be adjusted to obtain the 

optimal range of thermal resistance to be measured. 

 a)  b)  c) 

Figure 3.1: a) UNITHERM® model 2022 equipment for thermal resistance measurement (picture of 

Paolo Vollaro ); b) sample positioning in the UNITHERM® model 2022 machine (picture of 

Paolo Vollaro); c) measuring principle diagram. 
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In this case, the UNITHERM® model 2022 (UNITHERM, 2006) was used to measure 

the thermal conductivity of the samples. The measuring principle is very similar to the 

one to measure electrical resistance. The sample is insulated on the sides and a 

temperature difference is applied to circular faces of the sample. Once the sample has 

reached the thermal equilibrium then the heat flow is measured with a heat flow meter 

and the thermal resistance is measured from that, see Equation 3.15. Thermal conductivity 

can be calculated from the thermal resistance, see Equation 3.16. 

Q
TR ∆

=  
Equation 3.15 

R
dk =  

Equation 3.16 

Where R is the thermal resistance [W m-2 K-1], ΔT is the temperature difference [K], Q is 

the heat flux measured through the sample [W m-2], d is the thickness of the sample [m] 

and k is the thermal conductivity [W m-1 K-1]. 

3.2 Mechanical characterisation 

To model composite mechanical response to fire, mechanical characterisation needs to be 

performed at room temperature and high temperature as well. This characterisation 

represents the starting point in feeding the model in order to obtain an accurate response. 

3.2.1 Mechanical tests at room temperature 

The mechanical tests performed include tensile and compressive tests. The tensile tests 

have been performed according to BS EN ISO 527-5, 1997 using 2 mm/min crosshead 

speed. Trials were carried out at Newcastle University but due to the thickness and fibre 

orientation of the samples (2 mm) an adhesive with a very high lap-shear strength was 

necessary. Tests were then carried out by Cytec at their premises in Heanor 
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(Nottinghamshire, UK) because high lap-shear strength adhesive and adequate cutting 

tools were necessary to prepare the samples in order to successfully perform the tests. 

 a)  b) 

 c)  d) 

Figure 3.2:a) picture of the mounted compression test jig; b) picture showing the inside of the 

compression test jig; c) schematic of working principle according to BS EN ISO 14126 method 

2; d) exploded view of CAD model of the compression test jig. 

Due to short material availability just 10 samples of nominally 15 mm X 2 mm X 200 

mm could be tested (one sample for each temperature). Compression strength tests were 
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performed at Newcastle University on small coupon size samples, nominally 40 mm X 

25 mm X 2 mm, trying to replicate the condition described in BS EN ISO 14126 method 

2, BS EN ISO 14126, 1999, see Figure 3.2 a) to d), using a crosshead speed of 2 mm/min. 

Also in this case due to shortage of material available no more than one sample could be 

tested. A grub screw was used to tighten the steel plates to the sample in order to apply 

enough load on the surface to avoid crushing of the edges during the tests as shown in 

Figure 3.2 c) and d). The Mechanical testing machine used was a hydraulic INSTRON 

model 8801 fitted with 100kN load cell, particular compression platens where not needed 

due to the perfect alignment of the piston-cylinder mechanism. 

3.2.2 Mechanical tests at high temperature 

The standardised method would require a furnace that would heat up not only the sample 

to be tested but the jaws as well, see Figure 3.3.  

 

Figure 3.3: Tensile testing jaws enclosed in the furnace, picture taken at Cytec premises, Heanor, UK. 

This means that the adhesive used to apply the tabs would also be at the same temperature 

of the furnace, which may cause pull out of the tabs since usually the lap shear strength 

of the adhesive used decays faster than the resin used for the composite manufacturing. 
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At Newcastle University an ad hoc solution to promote the localised heating up in the 

sample length has been designed, see Figure 3.4. It is made of 2 steel half jackets that 

surround the samples. The two half jackets are heated up by two cartridge heaters which 

inserted in a tight hole and powered up by a PID temperature controller which keeps the 

jackets temperature stable during the test. This solution allows heating up the sample 

length without heating up the tabs area and the jaws so that the adhesive keeps the same 

characteristics. 

 

Figure 3.4: CAD model of the tensile test furnace adopted at Newcastle University: left side exploded 

view, assembled view; picture reproduced from (Browne et al., 2006). 

Annotated pictures of the full testing setup are reported in Figure 3.5 a) where the furnace 

has also been insulated by wrapping it with Fiberfrax® and vacuum bagging film hold 

together with masking tape. The insulation allows for a more stable temperature profile, 

minimising the losses and protecting the mechanical testing machine and fixtures. Since 

the samples were rectangular, the furnace internal chamber allowed to slide in and out the 

samples to be tested. A thermocouple type K was attached to each sample to monitor the 

sample temperature and once the reading reached the furnace temperature the sample was 

left heating up for at least 15 mins before applying the tensile load. Tests have been 

performed from room temperature (around 20 °C) to 200 °C in steps of 20 °C. The 

insulation has proven to be very effective and in fact the masking tape adhesive did not 
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show any sign of degradation even at 200°C. Unfortunately the issue observed during the 

tests at room temperature was recurrent at high temperature as well; the tabs were pulled 

out during the tests so Cytec also performed the tensile tests at high temperature with the 

standardised method described above. 

a)  b) 

Figure 3.5: Tensile testing setup: a) annotated picture of the furnace thermally insulated with the sample 

inside ready to be tensile tested; b) detail of the insulated furnace. 

Compression tests were performed using the same compression jig described before and 

reported in Figure 3.2 a) to d) where a cartridge heater and a PID temperature controller 

were used to bring the jig at the desired temperature to perform the tests. Measurements 

were taken at the same temperature chosen for the tensile tests at high temperature and 

the sample was left at the desired temperature for at least 15 minutes before applying the 

compression load. 

3.2.3 DMA/DMTA 

DMA was used to mechanically characterise the composite at various temperature. The 

machine, a PerkinElmer DMA8000, applies a sinusoidal stress or strain, see Equation 

3.17 and Equation 3.18 respectively, and register the elastic and dumping response. 
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( )δωσσ += tsin0  Equation 3.17 

( )tωεε sin0=  Equation 3.18 

where t is the time [s], ω is the pulsation [rad/s] of the applied force and δ is the phase 

angle [rad] between stress and strain. 

Polymers are materials with time dependent properties. Composites behaviour was 

investigated and since composites are partially made of polymer and partially made of 

elastic fibres (no aramid fibres were used) the behaviour will tend more to the elastic than 

to the plastic model, at least until a certain temperature. The storage modulus, see 

Equation 3.19, measures the stored energy which represents the elastic portion of the 

behaviour, whereas the loss modulus, Equation 3.20, measures the energy dissipated as 

heat and represents the viscous portion of the behaviour.  

( )δ
ε
σ cos'

0

0=E  
Equation 3.19 

( )δ
ε
σ sin"

0

0=E  
Equation 3.20 

The modulus of a viscoelastic material can be expressed using a complex notation as: 

"' iEEE +=  Equation 3.21 
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The Young modulus could be estimated from it calculating the modulus of the complex 

modulus. The output of the DMA are the stored modulus and the tg(δ). From these two 

measurements, all the necessary properties can be evaluated using the equations above. 

Tg of polymers can also be estimated through DMA measurements performing a so called 

“temperature scan”. The Tg is the temperature at which maximum of the tg(δ) curve 

occurs. The characterisation of the storage and the loss moduli at different temperature is 

the starting point to model the mechanical behaviour of a composite structure subjected 

to mechanical and thermal loads at the same time. 

3.3 Fire under compressive load (time to failure) 

Fire resistance properties characterise the capability of a material to withstand exposure 

to fire in terms of keeping structural integrity and/or hindering fire penetration and heat 

conduction throughout the material (fire barrier). Fire penetration/propagation is 

measured by the time it takes to reach a certain temperature on the non-exposed face of a 

component. Structural integrity on fire is usually measured by the time it takes for a 

component/sample to fail under a certain load. The test usually called fire-under-load test 

and the corresponding characteristic is called time to failure. The time to failure is the 

time the component can withstand the applied load under a fire before failure occurs. 

The load could be of any kind but, since the lower mechanical characteristic is the 

compression strength, tests are usually performed under compression for whatever plies 

stack sequence used. In this work the focus was on fire-under-load test and measurement 

of time to failure at different heat fluxes and loads. The typical heat flux used in the 

aerospace standards is 116 kW m-2. For other industries this may be different. In the 

present work tests were performed using 3 different heat fluxes 70, 116 and 180 kW m-2. 

The applied load is a constant compressive load or stress that is reported as a percentage 

of the room temperature compressive failure load or strength of the material. The room 

temperature failure load is usually reported in the graphs as the load corresponding to the 

0 time to failure. 
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3.3.1 Flame calibration 

The heat flux calibration of the flame was performed following the principles suggested 

in ISO2685, 1998. The sample is substituted by a ceramic board and a type N 

thermocouple is positioned around 1cm far away from it. The gas is allowed to flow out 

of a Bullfinch and the pressure adjusted to obtain the temperature corresponding to the 

desired heat flux, according to the Stephan-Boltzmann relation, Equation 3.22. Once the 

temperature of the thermocouple is stable at the desired temperature the signal from the 

thermocouple is registered for at least 3 minutes. The recording is then analysed to be 

sure that the average temperature or heat flux falls in the allowed range for the test to be 

run. 

4Tq εσ=  Equation 3.22 

where q  [W m-2] is the heat flux radiated by the flames, ε is the emissivity of the flames 

typically between 0.7 and 0.9, σ is the Stephan-Boltzmann constant [W m-2 T-4], and T is 

the temperature of the flames [K]. 

For the purpose of this study an average flame emissivity of 0.8 has been used. The final 

combinations of pressure-heat flux are reported in Table 3.2 below. 

Table 3.2: Flame temperature and other propane gas circuit parameters calibration table to obtain the 

required heat fluxes of 70, 116 and 180kW m-.2 

Parameters Values 

Heat flux [kW m-2] 70 116 180 

Flame temperature [°C] 840 1000 1140 

Cylinder regulator Pressure 

[bar] 

Not legible due to the 

scale of the gage 
≈ 0.2 ≈ 0.8 

Pressure gage [bar] ≈0.1 (0.08) ≈ 0.175 (3 lb in-2) ≈0.6 (9 lb in-2) 

Gas flow [l min-1] Just below 6 ≈ 9 ≈13.5 

 

Page 90 

 



The distance used between the Bullfinch burner and the sample surface was set at 320mm 

and never changed. Some adjustments were required in the height of the burner to 

compensate for the buoyancy effect of the flames. 

3.3.2 Buckling 

It has been considered whether to use anti-buckling guides, as reported by Browne et al. 

(2006) and in Figure 3.6, or not. Due to the dimensions of the test specimens, the 

compressive modulus of the material, see appendix 8.1, and the maximum loading 

capacity of the rig (300 kN), the buckling failure load would always be higher than either 

compressive strength at room temperature or the maximum loading capacity of the rig. 

For this reason tests were performed without anti-buckling guides. 

 

Figure 3.6: on the left schematic of compression tests sample mounting (note the anti-buckling guides); 

on the right schematic of sample ready for fire exposure under load, picture reproduced from 

Browne et al. (2006). 

It is anyway recommended that compressive tests should always be performed using some 

anti-buckling guides, when available, following the same principle found in ASTM7137, 

2012, which regulates the test to measure compression after impact (CAI) strength. 
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3.3.3 Testing procedure 

Once the sample has been positioned between the two plates, see Figure 3.8 a), and the 

compression load is applied, the burner is lit and the test starts. Flame temperature, cold 

face temperature and load were recorded using an IOTech DAQ Shuttle 55 connected to 

a laptop. The three channels were monitored using the pDaqView software available for 

the DAQ device. The software allowed to monitor different sensors/transducers at the 

same time so the thermocouples were monitored using an internal subroutine whereas the 

load was measured by an ad hoc circuit and subroutine. Figure 3.7 shows a block diagram 

representing hydraulic and signal monitoring circuits of the in house compression testing 

machine used to perform fire tests. 

 

Figure 3.7: hydraulic and signal monitoring circuits block diagram of the in house compression testing 

machine used to perform fire tests. 

a) 

fluid Pump 
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b) 

Figure 3.8 compression testing machine used to perform fire tests: a) annotated picture; b) simplified 

diagram. 

The compression testing machine for fire testing is shown in Figure 3.8 a) and b) above. 

The hydraulic pump generates a constant hydraulic pressure at the inlet of the hollow 

hydraulic cylinder which then turns into a constant compressive load applied to the 

crosshead plate. In this way the sample sitting in between the 2 plates is subjected to a 

constant load, function of the constant pressure at the inlet of the hydraulic cylinder and 

the effective area according to Equation 3.23 below. 

effpAF =  Equation 3.23 

Where F is the applied load on the sample [N], p is the pressure at the cylinder inlet [N 

mm-2] and Aeff is the effective area of the cylinder, specified in the cylinder data sheet, 

[mm-2]. 
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Chapter 4 Material characterisation: thermal, mechanical and 

fire resistance properties 

In this chapter material characterisation is described. Thermal and mechanical properties 

have been measured at room temperature and at high temperature. Fire resistance has 

been measured in terms of time to failure as discussed previously in section 3.3. 

4.1 Materials 

Materials used for the thermal transport properties measurements and for the fire 

resistance characterisation are reported below: 

• MTM44-1FR® 145gsm 12K HTS5631 UD (based on Tenax® –E HTS 5631 a 

family of PAN based high strength carbon fibre) laminates were supplied by 

Cytec®, laminates were cured according to manufacture datasheet (see paragraph 

8.1) as unidirectional flat laminates, with approximate fibre volume fraction of 

58.76%, and then used to make samples with the following nominal 

measurements of 100 mm x 100 mm x 10 mm for thermal diffusivity 

measurements and fire-under-load tests, 100 mm x 100 mm x 8 mm for thermal 

diffusivity measurements, 200 mm x 15 mm x 2 mm for tensile tests, 40 mm x 25 

mm x 2 mm for compression tests, 50 mm x 5 mm x 2 mm for DMA tests and 

Ø50.8 mm x 10 mm for thermal conductivity tests; 

• CEMTHERM® board, a rigid non-flammable ceramic material with a very low 

conductivity used for insulation purpose; 

• Thermocouples Type-K for temperature measurements; 

• Heat transfer compound to improve thermal contact between the thermocouple tip 

and the sample unexposed surface; 

• Araldite®2015 for longitudinal CFRP sample manufacturing, thermocouple and 

insulation installation. 
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4.2 Thermal characterisation 

Thermal characterisation was performed on a unidirectional carbon-epoxy system, 

MTM44-1FR® supplied by Cytec®. The orthotropy of the material required 

measurements in the two principal directions, longitudinal and transverse direction. The 

samples manufactured by Cytec were in the shape of a flat slab of 100 mm x 100 mm x 

10 mm, see Figure 4.1 a). To measure the properties in the longitudinal direction, the slab 

was cut across the fibres to obtain long stripes in the transverse direction. Each stripe was 

then rotated of 90° around their length and reassembled stacking every stripe in a way to 

obtain a sample which had the fibres coming out of the exposed surface, see Figure 4.1 

b). The samples were instrumented with a thermocouple type K measuring the centre line 

temperature and insulated all around with 10 mm thick CEMTHERM® board, see Figure 

4.1. To promote the thermal contact between the thermocouple and the specimen a heat 

transfer compound was used. 

a) b) 

Figure 4.1: CFRP sample ready for thermal diffusivity measurements: a) through-thickness direction; b) 

along the fibres. 

To apply the step-change the samples were left 12 hours or more inside a temperature 

controlled chamber at a certain temperature (T0) to reach thermal equilibrium, then very 

quickly transferred to a temperature controlled agitated water bath at a new temperature 

(T∞). The recirculation of the water ensured the highest possible convective heat transfer 

coefficient to apply the step-change method, see section 3.1.1. For temperatures higher 

than 100 °C, a fluidised sand bath was used instead of the water bath. 
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  a)  b) 

Figure 4.2: a) Step-change experiment setup picture: temperature controlled environment, DAQ-PC 

system, digital temperature controlled agitated water bath and samples; b) typical step-change 

temperature curve used for thermal diffusivity calculation. 

The measured property was quoted at the average of the temperatures used for the step-

change. The step needed to be small enough to consider the thermal diffusivity, as well 

as the other thermal properties, and constant during the experiment, but large enough to 

be sensed by the thermocouple. Acceptable step amplitudes were found in practice to be 

between 10 °C and 20 °C. To record the transient thermal response an IOTech DAQ 

Shuttle 55 was used. During each experiment the sample centreline temperature and the 

water bath temperature were recorded at a sampling frequency of 4 Hz. Three replicates 

were performed for each specimen at each temperature step. From each transient response 

the thermal diffusivity was measured according to section 3.1.1 (either with one thickness 

sample routine or with two different sample thicknesses routine) and then the average of 

the three thermal diffusivities was taken as the thermal diffusivity of the material at the 

average of the temperature step. Thermal conductivity was estimated using Equation 1.7 

where the density has been considered as constant and found to be equal to 1498 kg m-3 

using specific gravity bottle (manufacturer nominal density is 1520 kg m-3). The specific 

heat, as function of temperature, has been calculated using Equation 4.1 as result of DSC 

measurements performed by SP in the Fire Resist project (Sjöström, 2013). Similar curves 

with similar values have been reported for similar material in the same range of 

temperatures of this study by Kalogiannkis et al. (2004). 
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65.885*10.3 += Tc p  Equation 4.1 

where cp is the specific heat [J kg-1 K-1] and T is the temperature [°C]. 

A comparison between the transverse thermal diffusivity results obtained using just one 

sample, of 10 mm thickness, and two samples of different thickness, 10 and 8 mm thick, 

is reported in Figure 4.3 below. It shows that the two methods are comparable and results 

agree with each other and with results found in literature by Fanucci, (1987), 

Kalogiannakis et al. (2004), Mouritz et al. (2006), Pilling et al. (1979) and Rolfes and 

Hammerschmidt (1995), on similar materials in the same range of temperatures used in 

this study. For this reason the other measurements have been performed using just one 

thickness sample technique, the above mentioned constant density and SP measured cp, 

reported in Equation 4.1. 

 

Figure 4.3: Comparison of transverse thermal diffusivity measured using the step-change method with 

one thickness sample of 10 mm, using cp according to Equation 4.1, and two different 

thicknesses of 10 and 8 mm; error bars represent deviation from the average value. 
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Although measurements above 100°C were performed, their results are not reported due 

to large errors introduced by the fluidised sand bath. These errors are most likely due to 

the fact that the fluidised sand bath heat transfer coefficient is not high enough for the 

mathematical solution to be valid. In addition to that, it has been observed during 

measurements of the heat transfer coefficient using an aluminium slab, that if the sample 

is not properly shaken during the test while immersed in the fluidised sand bath, a sand 

boundary layer may be formed. This phenomenon changes the heat transfer from 

convection to conduction and invalidates the analysis of the test results. 

Additional sources of measurements errors might include: 

• the thermocouple delay response time; 

• the thermocouple non-perfectly centred in the middle plane; 

• the transition time from the high temperature environment to the water bath; 

• the recording of starting time of the step temperature and; 

• the density and cp values function of temperature. 

The error regarding the delay response time has been minimised by using thermocouples 

with a very small tip (no more than 0.3 mm probe diameter) to minimise the delay in the 

response time and at the same time allowing a very tight fitting to the drilled hole which 

was filled with thermal conductive paste to improve thermal contact. This may have 

caused the starting time to be recorded with a small delay typically between 0.1 and 0.5s. 

If the thermocouple is not perfectly placed at half the thickness, an error is introduced in 

the evaluation of the thermal diffusivity starting from Equation 3.4 which is valid just for 

the centre line temperature. In this case an additional term would be needed in the solution 

which makes the calculation a bit more complicated, adding a periodic term to the 

solution, which is function of the coordinate of the measuring point and the convective 

heat transfer coefficient. The error regarding the non-perfectly centred thermocouple was 
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minimised by paying particular attention to drilling the hole as centred as possible to the 

middle plane of the sample. 

The error regarding the transition time between the high temperature environment and the 

water bath was minimised by minimising the distance between the two environments and 

by moving the sample as fast as possible between the two environments. A very short 

initial transient response in air may be caused by this error. However, thanks to the very 

low convective heat transfer in air and to the very short time the sample was subjected to 

this undesired transitory, the associated error is considered as negligible. 

The starting time was recorded by taking note of the scan number when the sample 

touched the water, which might have caused a maximum of 1 s delay in recording the 

actual transient starting time. 

Regarding the error caused by considering the density constant, it can be easily shown to 

be negligible following the Equation 4.2 below. 
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Equation 4.2 

where ρ0 and ρf are the initial and final densities respectively [kg m-3], m0 is the initial 

mass [kg], V0 and Vf are the initial and final volumes respectively [m3], a, b and c are the 

dimension of the generic slab respectively [m], ΔT is the temperature increase [K], and 

β11, β22 and β33 are the linear longitudinal and transverse expansion coefficients 

respectively [K-1]. 
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Assuming that decomposition reactions do not occur in the range of temperatures of this 

study, the density decreases linearly with temperature (see Figure 4.4) with a factor of, in 

first approximation, twice the transverse linear thermal expansion coefficient which, for 

high strength carbon fibre reinforced polymers with a volume fraction of around 60%, is 

in the range of 25 to 30x10-6 [K-1] since the longitudinal linear thermal expansion 

coefficient is negligible and between -0.25 and -0.3x10-6 K-1 (Bowles and Tompkins, 

1989; Karadeniz and Kumlutas, 2007; Rogers et al., 1977; Yates et al., 1978a; Yates et 

al., 1978b). Considering the linear thermal expansion coefficients as constant at the 

highest values, it can be observed that the assumption of constant density in the range of 

temperature used in this study corresponds to an overestimation of the density of less than 

0.6%, this proves it is negligible for the purpose of this study. Since cp values as function 

of temperature have been used in this work, there are no associated correlated errors 

affecting this work and for this reason its influence will not be considered further. 

 

Figure 4.4: Approximate and exact density variation in function of ΔT according to Equation 4.2. 
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The overall error among the transverse thermal diffusivity measurements at each 

temperature is anyway within ±5% of the measured values as it is shown in Table 4.1 

below and it is considered satisfactory enough for the purpose of this work. 

Table 4.1: Through-thickness thermal diffusivity (α), its deviation from average and error [%] using 1 

thickness technique (10 mm thick sample) and 2 thicknesses technique (10 and 8 mm thick 

samples). 

 1 sample  2 samples  

Temperature

[C] 
α 

[mm2 s-1] 

Deviation 

[mm2 s-1] 

Error 

[%] 
α 

[mm2 s-1] 

Deviation 

[mm2 s-1] 

Error 

[%] 

30 0.370 ±0.008 ±2.15 0.375 ±0.009 ±2.36 

40 0.376 ±0.020 ±5.44 0.347 ±0.011 ±3.08 

60 0.354 ±0.003 ±0.85 0.316 ±0.002 ±0.55 

80 0.351 ±0.007 ±1.91 0.358 ±0.002 ±0.70 

 

Furthermore, the error in using the manufacturer declared density of 1520 kg m-3 rather 

than the measured value of 1498.88 kg m-3 was investigated (see Figure 4.5 and Figure 

4.6) and the overall error is within ±3.5% for both the through-thickness and in plane 

thermal diffusivity, ±2% for the through-thickness thermal conductivity and ±5% for the 

in plane thermal conductivity. The actual error in the measured thermal diffusivity 

introduced by using nominal density, rather than the measured one, on the routine using 

just one sample of 10mm thickness, would be equal or inferior to 0.003-0.004 mm2 s-1 

(lower or equal to 1% of the actual measurements). This proves that accurate measured 

values of density of the tested sample are not critical to measure thermal diffusivity using 

the step-change technique as long as a good estimate or manufacturer nominal density 

value is available. 
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Figure 4.5: Through-thickness thermal diffusivity measurements comparison using nominal and 

measured density using step-change technique using just one thickness of 10mm; error bars 

represent deviation from average values. 

 

Figure 4.6: Through-thickness thermal diffusivity measurements comparison using nominal and 

measured density using step-method technique using 8 and 10mm samples routine; error bars 

represent deviation from average values. 

Thermal diffusivity in the two principal directions and the estimated thermal conductivity 

using Equation 4.1 are reported in the Figure 4.7 a) and b). Room temperature and high 

temperature values are in agreement with values found in the literature for similar 
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materials by Mouritz et al. (2006) (room temperature in-plane thermal conductivity 

between 8 and 12 W m-2 K-1 depending on fibre content), Kalogiannakis et al. (2004), 

Zalameda (1999), Rolfes and Hammerschmidt (1995), Fanucci (1987) and Pilling (1979). 

 a) 

 b) 

Figure 4.7: Thermal diffusivity and estimated thermal conductivity: a) through-thickness; b) in-plane; 

error bars represent deviation from average. 

It can be noticed that the through-thickness thermal conductivity increases with 

temperature as found by Yamane et al. (1996) and Kalogiannakis et al. (2004), whereas 

the through-thickness thermal diffusivity decreases at increasing temperature as reported 

by Kalogiannkis et al. (2004) for a similar material in the same temperature range. The 

decrease in thermal diffusivity shows that the higher is the temperature of the CFRP, the 
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more insulating the material becomes to heat conduction in the through-thickness 

direction as reported by Fanucci (1987). Comparison between measured and literature 

values of in-plane and through-thickness thermal diffusivity and thermal conductivity is 

presented later on, see Figure 4.11, Figure 4.12 and Figure 4.13. 

To compare the results obtained with the step-change method, thermal conductivity was 

measured using the guarded hot plate method. Samples were cut in the required shape, 

see Figure 4.8, at Newcastle University and sent to IMAST in Naples where Dr. Paolo 

Vollaro performed the measurements in the COCET-PON020000293206086 project. 

 a)  b) 

Figure 4.8: CFRP samples, dimension of Ø50.8mm x 10mm, for thermal conductivity measurements using 

guarded hot plate method: a) through-thickness direction; b) in-plane direction. 

Due to the different measuring principles the temperatures at which the properties were 

measured with the two different methods are slightly different to each other but close 

enough to qualitatively compare the measurements. Results are reported in Figure 4.9 and 

Figure 4.10 and it can be noticed that the measurements with different principles agree 

with each other until 100°C. Measurements above 100°C, as previously mentioned, are 

affected by the same issue of low heat transfer coefficient and sand boundary layer 

formation described previously using the fluidised sand bath and for this reason they are 

not reported in the graphs. It has been assumed that the density is constant in the range of 

temperature of the measurement performed, however, as it has been mentioned before, 

this has no sensitive influence on the final results. 
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Figure 4.9: Comparison between through-thickness thermal conductivity measured by different methods; 

error bars represent deviation from average for the step-change method and accuracy limits of 

±8% for the guarded hot plate. 

 

Figure 4.10: Comparison between in-plane thermal conductivity measured by different methods; error 

bars represent deviation from average for the step-change method and accuracy limits of ±8% 

for the guarded hot plate. 
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thermal diffusivity which may explain the small differences among the measurements 

performed with the two different methods. 

Furthermore, Rolfes and Hammerschmidt (1995) also found small discrepancies 

measuring the thermal conductivity of similar CFRPs using the guarded hot plate and 

transient hot strip method. Their discrepancies were similar to the one found in this study 

with the transient method consistently measuring slightly higher values than the steady-

state technique. The thermal property values found in this study are comparable with 

literature values found by Mouritz and Gibson (2006), Kalogiannakis et al. (2004) (linear 

equation below Tg), Zalameda (1999), Rolfes and Hammerschmidt (1995), Fanucci 

(1987), and Pilling et al. (1979) as it can be seen in Figure 4.11, Figure 4.12 and Figure 

4.13. 

 

Figure 4.11: Comparison of measured through-thickness thermal diffusivity using step-change method  

with 1 sample of thickness 10mm and literature values from Zalameda (1999) and 

Kalogiannakis et al. (2004); error bars for stet-change method are as previously mentioned, 

error bars for literature values are according to source values if available. 
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Figure 4.12: Comparison of measured through-thickness thermal conductivity using step-change method 

with 1 sample of thickness 10mm and literature values from Rolfes and Hammerschmidt 

(1995), Pilling et al. (1979), and Kalogiannakis et al. (2004), Fanucci (1987) is not present in 

the figure but reported a constant estimated value of around 0.74 [Wm-1K-1] up to 343.3ºC; 

error bars for step-change method are as previously mentioned, error bars for literature 

values are according to source values. 

 

Figure 4.13 Comparison of measured in-plane thermal conductivity using step-change method  with 1 

sample of thickness 10mm and literature values from Pilling et al. (1979); error bars for step-

change method are as previously mentioned, error bars for literature values are according to 

source values. 
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4.3 Mechanical characterisation at high temperatures 

Although unmodified epoxies decompose at temperature above 350-400 °C, carbon fibres 

start to loose strength at around 500-550°C. Mechanical characterisation of the composite 

samples was performed from room temperature until just 200 °C due to project 

restrictions, health and safety issues and limited material availability. Three different tests 

were performed on the CFRP UD specimens available: tensile, compression and DMA 

tests. 

4.3.1 Tensile tests 

Tensile tests, mentioned before, were attempted at Newcastle University but due to the 

high strength of the UD CFRP laminate, the samples had to be sent back to Cytec for 

testing using an adhesive with higher lap-shear strength, in particular Cytec used the 

Hysol EA9394 with a dry Tg of 78 ºC. Table 4.2 reports the Hysol EA9394 lap shear 

strength at different temperatures, see appendix 8.3. 

Table 4.2: Lap shear strength of Hysol EA9394 at high temperature according to product datasheet. 

T [°C] 25 82 93 121 149 177 204 

LSSσ  [MPa] 28.9 20.7 20.0 15.8 11 8.3 4.1 

 

Tensile test results are reported in Figure 4.14 a) and b) and Table 4.3. It can be noticed 

that the tensile strength does not decay until 160 °C where the first noticeable tensile 

strength drop occurs. Although the adhesive Tg is well below the temperature range of 

this study, thanks to its good lap shear strength retention at high temperatures, the 

adhesive kept working until 160 ºC for the purpose of measuring tensile strength and until 

180ºC for the purpose of measuring the tensile modulus. In fact at 180 ºC and 200 ºC the 

failure occurred by tabs pull out invalidating the test results for 180 ºC tensile strength 

and 200 °C tensile strength and tensile modulus. The 180 ºC tensile modulus is considered 

correct since the modulus was calculated from 0.1% up to 0.3% strains measured with the 

extensometer, as reported in appendix 8.2, and tabs pull out phenomenon did not occur 
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yet. However it is likely that the tensile strength measured at 180 °C is the first stage 

relaxed property value of a 2 stage transition Gibson model (Gibson et al., 2006) since 

the Tg of the resin is exactly 180 °C and carbon fibres do not loose their strength up to 

400 °C and above 550 °C their tensile strength reduces to 60% of the room temperature 

one (Feih and Mouritz, 2012). 

a) b) 

 c) 

Figure 4.14: Tensile test results on 2mm thick UD CFRP samples at different temperature from 20°C to 

200°C at intervals of 20°C: a) Tensile stresses vs Strains; b) Applied load vs Strains; c) 

Picture of the tested samples at different temperature showing the pulled-out tabs. 
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In fact, the tensile strength as function of temperature reported in Figure 4.15 shows that 

both tensile strength and tensile modulus are constant until 160 °C, as reported by Cao et 

al. (2009), Feih et al. (2007), Feih and Mouritz (2012) and Yoon and Kim (2000), for 

tensile strength and tensile modulus respectively of CFRP. Above this temperature 

nothing can be established since the test results are not valid in this study due to tabs pull 

out failure. However it is very likely that the change in tensile strength would not be 

noticeable until around 500ºC which is the softening temperature of carbon fibres, as 

reported by Feih and Mouritz (2012). 

Table 4.3: Tensile strength [MPa] and tensile modulus [GPa] at different temperatures 

T [°C] RT 40 60 80 100 120 140 160 180 200 

σU [MPa] 2254.80 2051.01 2015.19 2090.49 2025.72 2098.78 1945.82 1830,57 - - 

E [GPa] 140.99 132.32 134.46 138.21 140.28 136.72 138.25 139.34 136.92 - 

 

 a) 

 b) 

Figure 4.15: Tensile propeties vs temperature of 2mm thick UD CFRP: a) tensile strength; b) tensile 

modulus. 
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The dashed line in Figure 4.15 a) and b) represent the Gibson model predictions, reported 

in Equation 2.38, for tensile strength and tensile modulus respectively. Equation 2.38 is 

modified as reported in Equation 4.3 and Equation 4.4 to describe the tensile strength and 

the tensile modulus respectively, the parameters values used for the fitting in Figure 4.15 

are reported in Table 4.4. 

( ) ( ) ( )( ) ( ) ( )( )( ) n
RRRURU RTTkTTkT 'tanh'tanh5.0 221112 −−−−−−+= σσσσσσσ  Equation 4.3 

( ) ( ) ( )( )( ) n
RURU RTTkEEEETE 'tanh5.0 −−−+=  Equation 4.4 

Table 4.4: Values used to fit the tensile strength (tensile modulus) reported in Figure 4.15. 

Parameters 
σU (EU) 

[MPa] 

σ1R (ER) 

[MPa] 

σ2R 

[MPa] 
k 

T’ 

[°C] 
R n 

Values 2100 (141) 2100 (100) 1274 0.05 (0.05) 190 (190) 1 (1) 0.5 (0.5) 

 

The remaining resin content values, R, are reported in Table 4.5. All the results, with the 

exception of the 160 ºC tensile strength, are within 10% of the modelled curve. This error 

might be due to the fact that the adhesive used to attach the tabs may have started to soften 

enough to alter the tensile strength causing a larger error in this measurement. 

Table 4.5: Remaining resin content values corresponding to sample temperature. 

T [°C] RT 40 60 80 100 120 140 160 180 200 

R 1 1 1 1 1 1 1 1 1 0.98 

 

Figure 4.15 a) and b) also reports a theoretical value which is the value of tensile strength 

and tensile modulus respectively, calculated according the rule of mixture formula, see 
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Equation 4.6, using the room temperature values for the fibres but putting the tensile 

strength and the tensile modulus of the resin to the worst case scenario of non-contribution 

to load bearing capacity, which is 0. It can be noticed that, since tensile properties are 

fibre dominated properties, if there is no fibre softening then the tensile properties of the 

fibre result almost unchanged. In fact, it has been shown by Feih et al. (2007) that glass 

fibre softening influences mechanical strength of glass fibre reinforced polymers. 

However, as found by several authors (Cao et al., 2009; Fitzer, 1988; Feih and Mouritz, 

2012; Sauder et al., 2002 and Sauder et al., 2004), carbon fibres do not soften in inert 

atmosphere up to 700 °C or eventually higher temperatures. In oxidising environment 

they start softening at about 500-550 °C because of the loss of the outer layer which is 

made by a highly oriented carbon structure (Feih and Mouritz, 2012). The authors 

observed tensile strength loss regardless of the atmosphere used to heat the carbon fibres, 

the tensile strength (considering the fibre diameter loss) decreased between 400 ºC and 

600 ºC, reaching a steady state value of around 60% of the original strength beyond 600 

ºC. The temperatures of these tests were well below the softening point of carbon fibres 

and just above the Tg point of the resin and in fact the results are in line with the expected 

behaviour considering literature findings. 

4.3.2 Compression tests 

Compression tests were carried out using the in-house jig shown in Figure 4.2 and 

described in chapter 3.2.2. Compressive stresses vs crosshead displacement and pictures 

of the tested samples are reported in Figure 4.16 and Figure 4.17, respectively. 
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Figure 4.16: Compression tests results on CFRP samples at different temperature from 20°C to 200°C at 

intervals of 20°C. 

Figure 4.16 reports the compression tests as function of the crosshead displacement. Due 

to the testing setup, it was not be possible to measure sample strains and consequently the 

modulus at high temperatures. All the tests curves are characterised by an initial plateau 

which can be explained by the fact that the steel plates may not have developed enough 

gripping force on the sample surfaces to keep the sample in place. This means that once 

the load started to be applied to the top cylinder of the jig, the sample started to slip 

between the steel plates until the edges rested on the top and bottom surfaces of the jig, 

corresponding to method 2 of BS ISO 14126:1999. After this initial plateau another, 

plateau can be observed which may be explained by the fact that, although effort was 

made to avoid crushing of the edges, the edges started to crash, increasing the area of the 

applied load until the load could rise again until failure. Effort was made to obtain samples 

according to standard tolerances on the edges to avoid edge crushing but unfortunately 

this phenomenon happen since the machining tools available are not adequate to cut 

carbon fibres samples in the required precision. 
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 a) 

 b) 

Figure 4.17: Compression tested samples at high temperature from 20°C to 200°C at intervals of 20°C 

from left to right : a) Tested samples front view; b) tested samples side view. 

Pictures of the tested samples are reported in Figure 4.17 a) and b) where the previously 

discussed edge crushing phenomenon can be observed. It can also be noticed that, with 

the exception of the last specimen on the right hand side of the pictures in Figure 4.17, all 

the other specimens did not break in the correct area, i.e. away from gripping area, and in 

the correct way according to standards. A few tests were replicated trying to apply a 

higher grip with the grub screw but this instead caused a little imprinting on the steel 

plates and on the samples causing premature failure of some specimens. The fifth sample 

from the left presents an almost acceptable failure but it is exactly at the edge of the 

gripping steel plates so the test was repeated but the result was not good anyway. As 

expected, above 100 °C, failure surface was characterised by kink bands inclined between 

45° and 60°compared to the mid-plane but they were localised in the gripping area which 

is not good to be considered as valid test results. 
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 a)  b) 

Figure 4.18: Magnified pictures of 200°C tested sample showing the classic fibre kinking bands with 60° 

angle inclination: a) face and side view showing the continues compression kink band; b) 

tested sample side view with highlighted kink bands and inclination angle. 

The only sample that failed correctly was the sample tested at 200 °C as can be seen in 

the sample magnified pictures reported in Figure 4.18. This can be considered as the 

compression strength of the material at 200 °C. The MTM44-1 datasheet compression 

strength at room temperature is reported as 1330 MPa which is roughly double of what 

has been found in these tests. Although sample dimensions were chosen to avoid buckling 

failure, the slenderness of the samples might have introduced buckling during the tests, 

hence reducing the room temperature failure load. 

Nawaz (2011) found that room temperature compressive strength of CFRP is dependent 

on sample dimensions and in particular the length and slenderness of the tested samples 

play an important role. According to the author, the more slender the sample the more the 

compressive failure mode passes from pure compression to shear of the plies and 

buckling, influencing the results of the tests. Hancox (1975) and Piggott and Harris (1980) 

studied the dependency of compressive strength on slenderness using carbon fibre epoxy 
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and polyester based composites respectively. Nawaz (2011) findings align with Hancox 

(1975) and Piggott and Harris (1980) findings. 

Since the actual test results are not good until high temperature 200 °C, compressive 

strength data were kindly available from the manufacturer at 20 and 90 °C and reported 

in Figure 4.19. It can be noticed how the compressive strength at temperature lower than 

100 °C is not constant as the tensile strength but it decreases linearly with increasing 

temperature. Yoon and Kim (2000) found similar trends for CFRP longitudinal and 

transverse moduli. This phenomenon is dependent on the fact that, as discussed in the 

literature review, composite compressive properties are matrix dominated properties and 

matrix properties are highly dependent on temperature. This means that composites 

compressive properties are more temperature dependent compared to tensile properties 

which, on the other hand, are fibre dominate. According to Yoon and Kim (2000), this 

temperature dependency could be described by a linear equation such as: 

( ) ( )00, TTmT UU −+= σσ  Equation 4.5 

Here ( )TUσ  and 0,Uσ are the unrelaxed compressive strength function of temperature and 

the unrelaxed compressive strength at T0 [MPa], m is the slope of the unrelaxed 

compressive strength function of temperature [MPa °C-1], T0 is the reference temperature 

(20°C) and T is the  temperature [°C]. 

Table 4.6: Values used to fit the compression strength represented in Figure 4.19, values of . 

Parameters σU0 [MPa] m σR [MPa] k T’[°C] R n 

Values 1330 -3.2 140 0.08 160 1 0.5 
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Figure 4.19: Compression strength at high temperature of CFRP samples using data form manufacturer 

and from experiments. 

If Equation 4.3 is used to fit these data with a single transition where the unrelaxed 

compressive strength is function of temperature according to Equation 4.5, using the 

values in Table 4.6, then a very good estimate of the compressive strength at high 

temperature can be performed, as it can be seen in Figure 4.19. To rigorously validate the 

model, more data are needed both at lower and higher temperature than 200 °C. 

Nevertheless, although there is no study on compressive strength of unidirectional 

aerospace grade CFRP, the results align with findings on other materials by Burns et al. 

(2010), Feih et al. (2007a), Feih et al. (2007b) and Nawaz (2011) in the sense that, since 

compressive properties are matrix dominated properties, a gradual, small decrease in 

compressive strength occurs from room temperature up to near transition temperature 

because of resin behaviour with increasing temperature. The steep loss of compressive 

failure occurs between transition temperature and resin Tg. The transition temperature, 

the temperature corresponding to 50% compressive strength loss, has been reported 

between 0.7 to 0.9 of Tg for different type of composites (Burns et al., 2010; Feih et al., 

2007b; Nawaz et al., 2011) and the findings of this work align with literature reported 

data. 

4.3.3 DMA tests 

DMA tests, using a three point bending fixture, were carried out on samples to measure 

mechanical properties as function of temperature in 2 principal directions only, along the 
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fibres and across the fibres, since the CFRP samples have a unidirectional reinforcement. 

For each principal direction three samples were investigated at 3 different frequencies, 

0.1, 1 and 10 Hz to highlight any differences in frequencies. No substantial differences 

were noticeable so just the results for 1 Hz are reported in Figure 4.20 and Figure 4.21 

for longitudinal and transverse storage moduli respectfully. 

The transverse modulus of Sample 7 above 210 °C has some negative values which is 

physically wrong and impossible because it would mean that to an applied load in a 

positive direction, it corresponds a displacement in the opposite direction (creation of 

energy). This might have been caused because of several reasons which are going to be 

discussed. The machine software has a broken sample detector routine (it stops the test if 

a very small or null modulus is detected) which was disabled otherwise the test would 

have stopped at around Tg, before having measured this phenomenon. The vibrational 

pattern suggests that vibrations might have affected the measurements at high temperature 

since the sample stiffness is very small. In fact the DMA8000 is not placed on a vibration 

free lab bench and there is other equipment around which other lab users may use. 

Building works were necessary on the lab roof and the associated vibrations might also 

have affected the results at temperature above Tg since the stiffness is very small. The 

fixture used is optimal for stiff samples, nominally with storage modulus between 10-1 

and 102 GPa as stated by PerkinElmer user guide. At temperature above Tg the sample 

stiffness falls below the optimal range lower limit. All these phenomena might have 

affected the results in the way it is reported in Figure 4.21. 

Since transverse properties are matrix dominated properties it is expected that the 

transverse modulus is highly affected by resin behaviour compared to the longitudinal 

one, in fact, the results reported here are in line with what reported by Li et al. (2000) and 

Zhou et al. (2007) for modulus vs temperature up to 200 °C of epoxy adhesive and neat 

resin respectively and Yoon and Kim (2000) for CFRP moduli up to 140 °C. 
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Figure 4.20: CFRP longitudinal storage (elastic) modulus versus temperature, the large modulus drop 

around 
gT  is due to the shear component of the deflection eclipsing the bending component. 

 

Figure 4.21: CFRP transverse storage (elastic) modulus versus temperature: sample 7 fluctuations below 

zero after Tg might be due, vibrations in the surroundings the DMA8000; loss of accuracy 

because of the high temperature modulus falls out of the optimal range for the used fixture. 

The small differences in between the storage moduli of the samples might be due to small 

misalignment of the fibres within the sample shape and/or within the fixture used for 
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testing. From both figures, the Tg can be extrapolated and corresponds to around 180 °C, 

confirmed by the material datasheet. Figure 4.20 shows the results for longitudinal 

direction and it can be noticed that before the Tg a glassy plateau can be observed. Once 

the Tg is reached, the longitudinal storage modulus decays until another plateau between 

230 °C and 260 °C, usually called the rubbery plateau. After that, another transition 

occurs which is usually associated with thermoplastic polymers rather than thermosets. 

The material datasheet of the MTM44-1 reports the composite as a toughened epoxy. 

Epoxy resins are usually toughened for aerospace applications in different ways. 

Toughening can be achieved for instance by adding thermoplastic or elastomer additives 

or chemically modifying the network structure to achieve a higher ductility. It is not 

mentioned in the datasheet of MTM44-1 how the toughening is achieved so the behaviour 

after the rubbery plateau which is half way between thermosets and thermoplastics cannot 

be certainly attributed to thermoplastic or elastomer additives. 

The glassy plateau of the transverse modulus is not exactly a plateau but constantly decays 

until the Tg. This is due to the fact that transverse properties of unidirectional composites 

are matrix dominated properties which are highly temperature dependent properties. After 

Tg the same phenomena are not present in Figure 4.21 compared to Figure 4.20 because 

the transverse modulus, as all matrix dominated properties, decays drastically after the 

Tg. The machine is not capable to follow the small modulus values reached after Tg with 

the same loading configuration to measure the properties in the transverse direction before 

Tg occurs. 

It also has to be noticed that the first longitudinal modulus drop is quite large and 

anticipated considering that just the resin loses flexural rigidity while carbon is stable 

until very high temperatures. If the CFRP modulus is calculated using the rule of mixtures 

previously introduced, Equation 4.6, and the matrix modulus temperature dependency is 

described by Equation 4.7, it should be noticed that the modulus should not drop 

considerably since it is a fibre dominated property. 
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( ) LmfLffLcomp EVEVE ,,, 1−+=  Equation 4.6 

( ) ( ) ( )( )( ) n
RmUmRmUmm RTTkEEEETE 'tanh5.0 ,,,. −+−+=  Equation 4.7 

Here Ecomp,L, Ef,L and Em,L are the longitudinal modulus of composite, fibres and matrix 

respectively [MPa], Vf is the fibres volume fraction [-], Em,U and Em,R are the unrelaxed 

and relaxed moduli of the matrix [MPa]. 

If the values in Table 4.7 are input into Equation 4.7 which then is input into Equation 

4.6, the longitudinal modulus of the CFRP can be estimated. Figure 4.22 shows the 

longitudinal modulus vs temperature according to Equation 4.6 and Equation 4.7. It can 

be noticed how the composite should experience a very small drop in modulus compared 

to what was measured. 

Table 4.7: Values used to plot longitudinal modulus in Figure 4.22 

Parameters fV  UmE ,
 

[MPa] 

RmE ,  

[MPa] 

fE  

[GPa] 
k 

'T  

[°C] 
R n 

Values 0.6 3100 0 238 0.1 180 
According to 

Arrhenius 
0.5 

 

As it has been observed in Figure 4.21 the transverse modulus has a steady drop until 

nearby Tg after which the modulus drops to zero. This may be due to the fact that the 

transverse modulus is a matrix dominated property and according to the rule of mixtures 

its value at room temperature can be expressed by Equation 4.8 (Mouritz and Gibson, 

2006). We can also observe that, as found by Yoon and Kim (2000), the transverse 

modulus drop before Tg looks linear so if Equation 4.9 is used to describe the unrelaxed 

resin transverse modulus and input it in Equation 4.7 then it can be input in Equation 4.8 
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to describe the composite transverse modulus function of temperature and degradation 

status. 

( ) 1

,,
,

1
−






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
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 −
+=

Tm

f

Tf

f
Tcomp E

V
E
V

E  
Equation 4.8 

( ) ( )00,,,. TTmETE UmUTm −+=  Equation 4.9 

Here TcompE , , TfE , , TmE , , UTmE ,,,  and 0,,UmE  are the composite transverse modulus, fibre 

transverse modulus, matrix transverse modulus, the unrelaxed matrix transverse modulus 

and the unrelaxed initial matrix transverse modulus (for T=T0) respectively [MPa], m is 

the slope of the modulus function of temperature [MPa °C-1], T0 and T  are the initial 

(20°C) and final temperature [°C] 

Table 4.8: Values used to plot transverse modulus in Figure 4.22 

Parameters Vf 
Em,U,0 

[MPa] 

Em,T,R 

[MPa] 

Em,T 

[GPa] 

m 

[MPa °C-1] 
k 

T’ 

[°C] 
R n 

Values 0.6 4500 0 10 -10 0.08 180 
According to 

Arrhenius 
0.5 

 

The composite longitudinal and transverse moduli as function of temperature and 

decomposition stage are shown in Figure 4.22. 
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Figure 4.22: CFRP moduli simulating DMA conditions; on the left the longitudinal modulus is calculated 

according to Equation 4.6 and Table 4.7; on the right the transverse modulus is calculated 

according to Equation 4.8 and Table 4.8. 

The large drop of the experimental results may be due to the shear deformation 

contribution which cannot be isolated using a three point bending fixture. The deflection 

of a beam subject to three point bending is function of two different contributions: the 

bending and the shear deflection. The total deflection equation function of the two terms 

can be found in Mouritz and Gibson (2006) and is reported in Equation 4.10. 
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Here δ is the total deflection [m], F is the centre load [N], L is length of the span between 

the two supports [m], E is the flexural modulus [Pa], B is the width of the section [m], t 

is the height of the section [m] and G is the shear modulus [Pa]. If E and G would be 

expressed in [MPa] and all the other geometric parameters on the right hand side would 

be expressed in [mm], then the deflection would results in [mm] as well. 
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Mouritz and Gibson (2006) reported that, for unidirectional carbon fibre composites, the 

ratio E/G at room temperature is of the order of 60, so for beams with L/t of the order of 

10 the shear component of the deflection may be as high as 72% of the total deflection. 

The ratio E/G changes greatly after Tg since the shear modulus is more resin dependent 

than the axial modulus, which might cause the shear deflection term to eclipse the bending 

deflection term. Compensation has to be made when measuring elastic properties at high 

temperature using flexural arrangements or different fixtures should be used such as the 

four point bending fixture for instance. 

4.4 Fire Resistance tests 

Fire resistance tests were performed on nominally 100 mm X 100 mm X 10 mm flat 

unidirectional samples with the load applied in the longitudinal direction, i.e. along the 

fibres. Although the RT failure stress measured in section 4.3.2 is not the real value of 

the material property, it has been chosen as the RT failure condition for this work because 

the fire tests setup is very similar to the setup used to measure compression strength at 

high temperatures since edge crushing may occur. This does not invalidate the fire test 

and/or the modelling results because it just influences the compression time to failure 

prediction and not the buckling failure time which is what rules the mechanical behaviour 

at such very low applied loads as it will be shown later in this work. 

The usual procedure would be to choose loads of 60%, 40% and 20% of the RT failure 

load but since the RT strength was found to be 1330 MPa, even the 20% would be too 

high for the capacity of the loading frame which is 300 kN. For this reason the three 

different loads have been chosen as 15%, 10% and 5% of the room temperature failure 

load corresponding to around 200 kN, 120 kN and 80 kN respectively. Three different 

heat fluxes were used, 70 kW m-2, 116 kW m-2 and 180 kW m-2 as described previously 

in section 3.3. Due to thickness, dimensions and the RT elastic modulus (140 GPa), of 

the samples, the Eulerian buckling load (Asaro et al., 2009), see Equation 4.11, is around 

1150 kN, higher than the highest applied load so the use of anti-buckling fixture was not 

necessary to perform the tests. It was chosen not to use anti-buckling fixture also because 

the sample was too thick to fit in the fixture. 
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( )2

2

KL
EIF π

=  
Equation 4.11 

Where F  is the buckling load [N], E  is the elastic modulus [MPa], I  is the area 

moment of inertia [mm4], K  is column effective length factor [-], taken as 1 since the 

edges were free to rotate, and L  is the length of the sample [mm]. 

4.4.1 Heat flux calibration 

The flame heat flux calibration procedure has been presented in section 3.3.1. If the heat 

flux [kW m-2] is plotted against the flame temperature [°C] a perfect empirical exponential 

fitting function can be found using non-SI units, see Figure 4.23. It is important to 

highlight that although a perfect fit has been found, it should be verified doing other 

calibration procedures at different heat fluxes and see how the empirical formula performs 

in terms of predictions. 

 

Figure 4.23: Heat flux [kW m-2] vs Flame Temperature [°C] showing a very good empirical fit using an 

exponential function with no-SI units. 
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Figure 4.24: Flame Temperature [°C] and Gas Flow [l min-1] vs Heat flux [kW m-2] showing an 

empirical perfect fit using exponential and linear function respectively using non-SI units. 

It can also be noticed in Figure 4.24 that the inverse relationship is obviously a 

logarithmic function which has a perfect fit with the experimental data as well. In addition 

to that, if the gas flow is plotted against the heat flux generated, a linear equation can be 

found linking the gas flow and the heat flux. The relations reported in Figure 4.24 are 

more useful compared to the one in Figure 4.23 because all the time a fire test has to be 

performed then the flames have to be calibrated. These relations allow estimating the gas 

flow needed to achieve the required heat flux before even running a calibration routine. 

These results are valid for the distance between burner and samples used in this work, 

which is 320 mm. If a different distance is used then a new calibration and/or calibration 

chart should be produced. 

4.4.2 Fire-under-load Results 

The samples, previously instrumented with a thermocouple on the cold face to register 

the temperature profile, see Figure 4.25, were inserted in the middle of the two plates, see 

Figure 3.8, paying particular attention in reaching a good alignment between fibres 

orientation and loading direction. Once the correct load is achieved then the propane 

burner was lightened up and the test would start. 
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Figure 4.25: CFRP sample for Fire-under-load testing. 

It was not possible to mark or record with accuracy the ignition time of the samples due 

to the setup of the fire tests; however effort was made to note approximate values with an 

error of ±4-5 [s], see Table 4.9. It can be noticed that the ignition time consistently 

decreases with increasing heat flux. The differences within the same heat flux can be 

explained by the thermal influence of the testing rig, see section 5.1 and 5.2 for a thorough 

explanation. Insulation could not be used because it would have inserted misalignment 

between the sample loading direction and the sample longitudinal axis. 

Table 4.9: Approximate ignition times [s] for each test condition. 

Load [%FL] 

Heat flux [kW m-2] 

70 116 180 

15 45 17 Non detectable 

10 35 24 15 

5 30 24 15 

 

Samples suffered catastrophic failure. Pictures of the fire-under-load tested sample after 

failure are reported in Figure 4.26 where it can be noticed that all the samples tested 

present the characteristic fibre kinking as failure mode. Just in 2 cases fibre kinking is 
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followed by delamination which could be attributed to the fact that, once the sample starts 

decomposing and losing strength, local micro-buckling may occur which leads to local 

bending of the sample and then delamination. Just in one case, the 116 kW m-2 at 15% 

failure load, the sample crushed most likely due to delamination, hence loss of strength 

and catastrophic failure as if the sample would shatter on itself. It can also be noticed that 

when the tested sample is not shattered, a typical fibre kinking band can be observed with 

a rotation angle very similar to 60° as reported by Mouritz and Gibson (2006). 

 

Figure 4.26: Fire-under-load tested sample side view. 
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Figure 4.27 reports fire-under-load test results for a compressive load of 5% of the failure 

load (FL) and 70 kW m-2 incident heat flux. It has to be highlighted that the initial ramp 

up of the flame temperature is not due to a real flame measurement but to the response 

time of the thermocouple which, to withstand such high temperatures, has to be a sheathed 

type thermocouple which introduces a time delay in the readings. Due to the procedure 

reported in section 3.3.1 the sample surface was instantaneously exposed to the final 

flame temperature, which, after the initial delayed response, is constantly at the required 

temperature depending on the desired heat flux. 

 

Figure 4.27: Fire-under-load test results for the case of 5%FL and 70kW m-2 heat flux. 

A thermal lag can also be noticed in the thermal response of the material in Figure 4.27. 

This characteristic could be used to measure an apparent thermal diffusivity at high 

temperatures Gibson et al. (2015). 

A comparison between the thermal profiles of the CFRP material at the different heat 

fluxes applying a constant load of 5% FL is reported in Figure 4.28. The sample exposed 

to the 70 kW m-2 calibrated flames, as expected, has a slower cold face temperature rise 

compared to the responses to the other two heat fluxes. The thermal profiles registered 
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during the tests at 116 and 180 kW m-2 are similar, which could be due to the thermal 

influence of the testing rig (see section 5.1 and 5.2 for a thorough explanation). 

 

Figure 4.28: Comparison of cold face thermal responses during fire tests under load at a constant 

compressive load of 5%FL and different heat fluxes adopted in this study. 

It can also be noticed that compressive failure at 70 kW m-2 and 116 kW m-2 occurs at the 

same cold face temperature. It has been reported in literature that structural collapse of 

composite in fire usually occurs when a certain temperature on the non-exposed face has 

occurred (Gutkin et al., 2014). This can find an explanation on the fact that if the 

unexposed faces of two samples of the same material have reached similar temperatures; 

it means that the two composites have reached a similar decomposition state in the 

through-thickness direction which, according to Gibson model reported in Equation 2.38, 

also means that they have a similar residual strength left. When this temperature reaches 

the critical point where the residual strength equals the applied stresses, failure occurs. 

The fact that for the 180 kW m-2 test the failure occurs at a lower temperature might be 

explained by the thermal influence of the testing rig which may modify the actual 

through-thickness temperature distribution and so the actual decomposition state despite 

having the same cold face temperature. 
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This is reflected in the results of time to failure. In fact, at different heat fluxes, the time 

necessary to reach a certain temperature is different, being shorter at higher incident heat 

fluxes. Time to failure results of the fire tests under load are reported in Figure 4.29, 

where the time to reach failure, and to reach 120 °C on the cold face, is longer in the case 

of 70 kW m-2 and shorter in the case of 116 kW m-2. 

 

Figure 4.29: Compressive load vs time to failure at different heat fluxes. 

 

Figure 4.30: Time to failure vs compressive load at different heat fluxes. 

Time to failure reported in Figure 4.29 are single experiment data, repetition could not be 

possible due to scarcity of material and multitude of tests required during the Fire Resist 

project. Large scatter of experimental data has been reported in fire tests by Bausano et 

al. (2005), Bausano et al. (2006), Feih et al. (2007a) and Nawaz (2011) and so these results 
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unfortunately are inconclusive to establish a general behaviour and to fit the data with 

some particular curve to be claimed as model for time to failure under compressive load 

of UD CFRP. Further studies with more replicate, using thermocouple and infrared 

camera and insulated compression after impact fixture (ASTM D7137) should be 

performed, using eventually different thicknesses as well. It has to be noticed that apart 

from the 10%FL at 180 kW m-2, all the other results are in the correct trend in the sense 

that at the same stress condition, a higher heat flux corresponds a smaller time to failure 

as reported in many scientific works that have been reviewed in Chapter 1. Although it is 

believed that the results at 10%FL and 180 kW m-2 is affected by a heating effect of the 

jig surrounding the sample, it might actually be part of the large scatter encountered in 

fire tests under load as reported by Bausano et al. (2005), Bausano et al. (2006), Feih et 

al. (2007a) and Nawaz (2011) or both effects eventually but due to limited test data 

available, nothing can be concluded and further tests are needed. 

4.4.3 Long-fire-exposure tests 

Long-fire-exposure tests were performed to monitor the thermal profiles for long time 

since the fire-under-load lasted for a very short time. The purpose was to validate 

COMFIRE-50 for long exposure as well as short exposure times since it has been reported 

in literature that the model is accurate for short times but for long times fails to fit with 

experimental data. Figure 4.31 shows the results for long exposures at nominal heat fluxes 

of 70 and 180 kW m-2 for both heat source and the cold face temperatures. Due to a 

substituted gas cylinder regulator the temperature corresponding to 180 kW m-2 could not 

be achieved this time but 188 kW m-2 was achieved. Since this is within the standard 

limits this was kept as a nominal 180 kW m-2 but for the simulation purpose 188kW m-2 

is used to validate the model. 
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Figure 4.31: Flame temperature and cold face temperature for the long-fire-exposures at both 70 and 

180 kW m-2; the increase in the cold face corresponding to 180 kW m-2 is due to the starting of 

decomposition and burning of the resin used to install the thermocouple. 

It can be noticed that there is a peak in the cold face temperature corresponding to the 

180kW m-2 heat flux which does not corresponds to a corresponding peak in the flame 

temperature of the heat source. This was due to a brief flame penetration between the 

sample edges and the insulation. There was no more material left to repeat the test but the 

effects lasted anyway for a very short time and both transient response before flame 

penetration and steady state response after flame penetration can be considered correct 

and usable for validating the model in the respective time frames. 

For these tests additional equipment, an infrared (IR), camera was available and cold face 

temperature were monitored using the infrared camera as well as using the thermocouple, 

to highlight any differences between the two measurements, see Figure 4.32. 

0

200

400

600

800

1000

1200

1400

0

100

200

300

400

500

600

0 300 600 900 1200 1500 1800

Fl
am

e 
T

em
pe

ra
tu

re
 [°

C
]

C
ol

d 
fa

ce
 te

m
pe

ra
tu

re
 [°

C
]

Time [s]
70 kW/m2 180 kW/m2 70 kW/m2 flame 180 kW/m2 flame

Page 133 

 



 

Figure 4.32: Temperature profile for long time fire exposure with both thermocouple and infrared (IR) 

camera; the flat constant initial temperature of the IR camera is due to the cold face 

temperature being lower than the minimum threshold of the chosen IR camera temperature 

range (125-900 °C) and not corresponding to an actual surface temperature; it can also be 

noticed that both thermocouple and IR measurements are confirming the short flame 

penetration for the 180 kW m-2 and that the IR measurements are constantly 10-20 °C lower 

compared to thermocouple ones. 

The IR camera used was an Optris PI 160 (from www.optris.com/thermal-imager-pi160) 

with a temperature range from -20 to 900 °C. Unfortunately the measurements modes are 

three, -2 to 100 °C, 0 to 250 °C and 150 to 900 °C. This means that one range does not 

cover the whole range of cold face temperature of these experiments so the range of 150-

900 °C was chosen to correctly monitor most of the tests and this is the reason why the 

IR camera measurements start at 150 constant for a certain time. 

Figure 4.32 confirms the short side flame penetration with both thermocouple and IR 

measurements, despite this the most important phenomenon to be noticed is that IR 

measurements are constantly between 10-20 °C lower, compared to the thermocouple 

measurements. Since the accuracy of the type K class 1 thermocouple used, in the range 

of temperature of this study, is within ±1.5 °C, this discrepancy is most likely due to the 

small insulation effect of the resin keeping in place the measuring thermocouple. This 

effect is clear in the IR camera snapshots, see Figure 4.33 and Figure 4.34, where it is 
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evident that the resin surrounding the thermocouple (the small colder blob like shaped 

area on the left side of Area 1) is colder than the rest of the surface of the sample, and this 

might have locally risen the temperature actually sensed by the thermocouple. Also in 

Figure 4.34 the side flame penetration effect that occurred for the 180 kW m-2 test can be 

noticed from the fourth to the sixth snapshot counting from top left to bottom right. 

As a result of these findings, not to affect fire tests results, it is advisable to use non-

contact measurements techniques or finding a way to just have the thermocouple sensing 

tip in contact with the cold face. The best way to use contact measurements sensors such 

as thermocouples or Fibre Bragg Grating sensors would be to place the sensor during the 

manufacturing process in the middle of the fibres. Although it is not an easy task because 

of the problems arising on sealing the vacuum bag for the curing process, it is the best 

way to avoid this local hot spots due to sensor installation. Another option for high 

temperature measurements of up to 300 °C would be to use a “cement on polyimide thin 

film thermocouple – aerostructure grade” (e.g. from www.TCDirect.co.uk) which, being 

characterised by having a very small amount of resin for its installation, would reduce the 

local hot spot effects and improve the temperature measurement accuracy. 
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Figure 4.33: Long-fire-exposure tests at 70 kW m-2 IR snapshots at different time instants: top right and 

bottom left numbers are the average temperature in Area 1, which is considered representative 

of the cold face temperature; top left corner is the temperature at the cursor which is at the 

centre of the image; bottom right is a time temperature graph of the average temperature in 

Area 1; colours are automatically adjusted according to max and min temperature each time. 
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Figure 4.34: Long-fire-exposure tests at 180 kW m-2 IR snapshots at different time instants: top right and 

bottom left numbers are the average temperature in Area 1, which is considered representative 

of the cold face temperature; top left corner is the temperature at the cursor which is at the 

centre of the image; bottom right is a time temperature graph of the average temperature in 

Area 1; colours are automatically adjusted according to max and min temperature each time. 
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Chapter 5 Modelling the fire behaviour of composites 

Modelling the fire behaviour of composites is a demanding task, especially when 

mechanical prediction is involved as well. To model the total fire behaviour, thermal 

modelling has to be performed as accurately as possible, followed by a mechanical model 

function not only of temperature but of the status of the decomposing composites, and 

depending on the material behaviour, of other parameters. What happens to the composite 

exposed to fire is a rise in temperature, followed by the onset of decomposition and 

mechanical damage. The typical mechanical damage depends on fabric and laminate 

layup used for composite manufacturing as well as fire intensity (Berlin, 1992; Burns et 

al., 2010; Mouritz and Gibson 2006; Nawaz, 2011). However it is usually characterised 

by resin weakening and the consequent loss of strength due to temperature dependent 

mechanical properties followed by delamination. If fire intensity and load are low then 

time dependent failure such as creep may be relevant for mechanical failure as explained 

in the literature review. Due to these mechanical damages, a realistic structural model 

should not only be updating according to mechanical and thermal properties as function 

of temperature and degree of decomposition, but take into consideration changes in 

geometry as well, e.g. delamination and out of plain thermally induced deformation (Liu 

et al., 2006; Nawaz, 2011; Summers, 2010; Summers et al., 2012). The COMFIRE-50 

model does not take into account changes in geometry or out of plane deformation as this 

is out of the scope of this work. The two mechanical failure models considered (the two-

layer model and the average strength model, Burns et al. (2010)) give surprising good 

prediction although ignoring fire induced damages and model geometry modifications. 

The modelling results have been performed with COMFIRE-50. The mechanical models 

used have been discussed previously in section 2.2.9. 

5.1 Thermal response 

This section describes the thermal model results. COMFIRE-50 has been used to fit the 

cold face temperature profiles of the fire-under-load and the long-fire-exposure tests 

previously described in section 4.4.2 and 4.4.3 respectively. The long-fire-exposure tests 

are used to find the best combination of Arrhenius parameters and heat of decomposition 

value that best fits the experimental results. First, an investigation with single point 
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thermal properties is performed, and then thermal properties function of remaining resin 

content will be investigated as well. The measured thermal property values in this work 

are not used because the range used, due to health and safety school regulations, is too 

narrow compared to the real temperature experienced by the composite exposed to fire. 

5.1.1 Long-fire-exposure and optimum Arrhenius and heat of decomposition 
parameters fitting 

The effect of the Arrhenius equation and heat of decomposition parameters, in fitting the 

experimental data, were investigated. Initially, the Arrhenius equation parameters and the 

heat of decomposition were investigated using single point thermal property values and 

they varied according to Table 5.1, while the other parameters were kept constant and are 

reported in Table 5.2. 

Table 5.1: Investigated Arrhenius and resin heat of decomposition parameters. 

Parameter Units Initial value Final value Increment 

Epoxy Arrhenius pre-exponential factor ( A ) [s-1] 0 5000 500 

Epoxy resin activation energy ( E ) J mol-1 0 105 104 

Epoxy resin heat of decomposition (Qp) J kg-1 -11723000 0 106 

 

The modelled problem corresponds to an infinite composite slab, subject to two different 

one sided heat fluxes, 70 and 188 kW/m-2, with single point room temperature thermal 

property values. The difference between the composite measured density and the 

modelled density according to the rule of mixture and single matrix and fibre densities 

and percentage is very small, 1498 and 1564 kg m-3 for measured and modelled 

respectively. Although according to Ramroth et al. (2006), material density has a sensitive 

impact on the modelled results, and a higher density than the real one will lead to lower 

predicted temperatures, the choice of using the modelled density is dictated by the fact 

that the model degrades just the polymeric matrix mass and not the fibres (although 

polymeric or carbon fibres degrade as well depending on conditions as explained in 

Chapter 1). For this reason COMFIRE-50 needs to have resin mass and fibre mass as 
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separate entries for degradation calculation purpose. In this case the assumption of fibres 

not degrading is validated by the fact that carbon fibres experienced almost no mass loss 

in nitrogen atmosphere for temperature up to 1000 °C and a limited mass loss of lower 

than 20% up to 800 °C in air to (Feih and Mouritz, 2012). Since just the exposed face is 

going to be exposed to a somehow oxidising atmosphere, while the rest of the composite 

is in an oxygen deprived environment not experiencing any oxidation, the hypothesis of 

not degrading fibres is verified and justified in this work and in works of Burns et al. 

(2010) and Nawaz (2011). 

Table 5.2: Constant parameters. 

Parameter Units Value 

Epoxy resin density ( mρ ) kg m-3 1300 

Epoxy resin Specific Heat ( mpC , ) J kg-1 K-1 1850 

Epoxy Resin Thermal conductivity ( mk⊥ ) W m-1 K-1 0.35 

Final epoxy resin residue % 2 

Gas Specific Heat ( pgC ) J kg-1 K-1 2386.5 

Resin Heat of combustion ( gH ) J kg-1 22.11 

Carbon Fibre density ( fρ ) kg m-3 1750 

Carbon fibre specific heat ( fpC , ) J kg-1 K-1 660 

Carbon fibre bulk thermal conductivity ( fk⊥ ) W m-1 K-1 0.32 

Thickness mm 10 

Fibre volume fraction ( fV ) % 58.76 

Constant Heat flux kW m-2 70; 188 

Thermal properties option ( k and pc ) - Treated as single point value 

Simulation duration min 30 

Fourier number - 0.1 

Room starting temperature °C Depending on experimental value 

Flames heat flux feedback - Included 

Mass flow effects - Included 

Decomposition effects - Included 

Heat source emissivity - 0.8 

Hot face absorptivity - 0.8 
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Hot face emissivity - 0.8 

Hot face boundary condition - Convection + radiation 

Cold face boundary condition - Free convection + radiation 

Number of nodes - 11 

 

The search for the best fit with the experimental measurements was performed calculating 

the results for each heat flux and combination of A, E and Qp parameter values. Then 

thermocouple and IR camera results were separately compared to the corresponding heat 

flux modelled results and the error calculated according to Equation 5.1. Both 

experimental and calculated signal sampling frequencies were 1 Hz so for each A, E and 

Qp combination, the whole comparison was performed using 2 x 1801 points for 

thermocouple measurements and IR camera measurements respectively. 
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 Equation 5.1 

Here Er is the dimensionless error, N is the number of points (in this case 2 x 1801) and 

Tmeas,k and Tmeas,k are the kth simulated and measured temperature respectively. 

Since the error function is a function of 3 independent variable, it cannot be represented 

as whole in a 3 dimensional graph although results can be wrapped and represented in a 

2D plot where the horizontal axis represents the iteration number (embedding A, E and 

Qp values) and the vertical axis is the corresponding average error, see Figure 5.1 and 

Figure 5.2. 
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Figure 5.1: Average error for thermocouple measurements function of A, E and Qp. 

 

Figure 5.2: Average error for IR camera measurements function of A , E and pQ . 

It can be noticed that except for A=0, corresponding to the first 132 iterations, for each 

value of A, the error function has the same trend, with quite regular peaks and valleys. 

The initial constant value of the error function is independent of the values of E and Qp 

because A=0 means that there is no change in mass and/or decomposition, removing any 

effect that varying E and Qp would have on the error function. The minimum error for 

thermocouple was found to be 0.021 while for the IR camera was 0.011, and they were 

found for A, E and Qp values reported in Table 5.3. Despite the error calculated here is 

affected by the short period that some flames passed on the cold face, the overall error is 
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remarkably low. The corresponding error considering just the 70 kW m-2 results for the 

thermocouple and IR measurements are 0.017 and 0.008 respectively. 

Table 5.3: Optimum and literature (Dodds et al., 2000 and Looyeh et al., 2001) Arrhenius and heat of 

decomposition values for single point thermal properties model. 

Parameter Units Thermocouple IR camera literature 

Epoxy Arrhenius pre-exponential factor (A) s-1 1000 500 500 

Epoxy resin activation energy (E) J mol-1 4 104 4 104 6.05 104 

Epoxy resin heat of decomposition (Qp) J kg-1 -7.23 105 -7.23 105 -2.3446 106 

 

It is worth noticing that both set of optimum Arrhenius parameters are aligned with values 

reported in the literature by Dodds et al. (2000). The optimum heat of decomposition 

differs instead from literature value reported by Looyeh et al. (2001) by one order of 

magnitude. The difference between the optimum value of heat of decomposition found 

and the literature one, might be explained by the fact that this value corresponds to the 

energy used by the matrix in the decomposition process and, since it is endothermic, it 

corresponds to a subtraction of energy which might implicitly correct the wrong 

assumption of single point resin thermal properties. Figure 5.3 represents the error 

function just for the 2 different A optimum values according to Table 5.3 and it can be 

highlighted that what influences the most the error is the value of E, rather than the one 

of Qp. In fact, choosing the wrong value of E (namely each tooth of the saw tooth curve 

represents the error as function of Qp, keeping A and E constant) may make the error 

become too high if a compensating value of Qp is not chosen. On the other hand, choosing 

the correct value of E keeps the error more contained and the correct choice of Qp may 

just further lower the error which is already low. These findings are confirmed by the 

work of Ramroth et al. (2006) about sensitivity analysis on the same mathematical model 

used here, but solved with the finite element method. In fact, Ramroth et al. (2006) found 

that, while the values of E, cpg, kv, kchar, ρv and ρchar play an important role in the model 

prediction and their values should be evaluated accurately, the values of A and cp have 

relative importance and cp,char, n and Qp are the least important. 

Page 143 

 



 

Figure 5.3: Error function for varying E and Qp and the two values of A  corresponding to the minimum 

error according to Table 5.3. 

A 3D surface plot and a contour plot of the error as function of each optimal A  value and 

changing E and Qp for both thermocouple and IR camera measurements are reported in 

Figure 5.4 and Figure 5.5 respectively. It is noticeable that it exists a region, i.e. a range 

of combinations of E  and Qp that tends to minimise the error, no matter their actual value. 

 

Figure 5.4: 3D surface and contour plots of average error function in respect to thermocouple 

measurements for A=1000 s-1. 
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Figure 5.5: 3D surface and contour plots of average error function in respect to IR measurements for 

A=500 s-1. 

Although it has been stated before that the sets of Arrhenius parameters that fit a TGA 

curve can be several and made of different values, these and Ramroth et al. (2006) 

findings reveal that an accurate evaluation of E should be made otherwise the models may 

not predict the temperature vs time behaviour as accurately, if a compensating value of 

Qp is not chosen. The experimental temperature measurements and the best calculated 

temperature profiles are reported in Figure 5.6 and the corresponding error percentages, 

according to Equation 5.2, are reported in Figure 5.7. 

1% −=
meas

sim

T
TEr  

Equation 5.2 

Here Tsim and Tmeas are the simulated and measured temperature respectively. A positive 

error means that the calculated temperatures are over estimated while a negative error 

means that they are underestimated 
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Figure 5.6: Long-fire-exposure temperature profiles for both 70 and 180 kW m-2 using thermocouple and 

IR camera results: the black lines are the 70 kW m-2 and the blue lines are 180 kW m-2 results; 

calculated temperatures were produced using the 2 sets of parameters reported in Table 5.3. 

 

Figure 5.7: Temperature error percentage between the measured and calculated temperature using the 

best fitting Arrhenius and resin decomposition parameters for both thermocouple and IR 

camera measurements reported in Table 5.3. 
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Since Ramroth et al. (2006) found that the model is very sensitive to correct values of 

thermal properties, another optimisation by varying, A, E and Qp along with thermal 

conductivity, specific heat capacity and density according to remaining resin content was 

performed. The values of A, E and Qp were varied according to Table 5.1, while the 

thermal properties were function of the decomposition state according to Equation 2.24, 

Equation 2.25 and Equation 2.26 but not function of temperature, since the range of 

temperature used during their evaluation in section 4.2 is limited compared to a real fire 

scenario. Error results along the whole wide spectrum of Arrhenius and heat of 

decomposition parameters are reported in Figure 5.8 and Figure 5.9. 

 

Figure 5.8: Average error for thermocouple measurements function of A, E, Qp and thermal properties 

function of decomposition state. 

It can be noticed that the shape of the saw tooth curve has slightly changed but the overall 

trend remains the same. In this case the optimum set of parameters has been found for the 

same values for both thermocouple and IR camera measurements and reported in Table 

5.4. In this case, the optimum values to minimise the error are closer to literature values 

compared to the ones found when considering the thermal properties as constant room 

temperature single point values. 
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Table 5.4: Optimum and literature (Dodds et al., 2000 and Looyeh et al., 2001) Arrhenius and heat of 

decomposition values for thermal properties function of remaining resin content. 

Parameter Units Thermocouple IR camera Literature 

Epoxy Arrhenius pre-exponential factor (A) s-1 500 500 500 

Epoxy resin activation energy (E) J mol-1 105 105 6.05x104 

Epoxy resin heat of decomposition (Qp) J kg-1 -1.723x106 -1.723x106 -2.3446x106 

 

 

Figure 5.9: Average error for IR measurements function of A, E, Qp and thermal properties function of 

decomposition state. 

The case of constant optimum value for A=500 s-1 is reported in Figure 5.10 and the 

minimum error values are 0.019 and 0.010 for thermocouple and IR camera 

measurements respectively. Discarding the values of the 188 kW m-2 which are affected 

by the short flame on the cold face as well, the error values for the 70 kW m-2 are 0.011 

and 0.005 respectively for thermocouple and IR camera measurements. Just varying the 

thermal properties according to remaining resin content, reduces the overall minimum 

error by a small amount but finds the same Arrhenius parameters and heat of 

decomposition which is correct since dealing with the same material. The influence on 

changing thermal properties as function of remaining resin content on improving the error 

is even greater if just the 70kw m-2 results are considered, in fact the improvement is 

between one third to half of the error of the single point thermal properties model. 
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Figure 5.10: Error function for varying E and Qp , A =500 s-1 and thermal properties function of 

decomposition state. 

Figure 5.11 and Figure 5.12 represent the error function as a 3D surface graph and a 

contour plot for both thermocouple and IR camera measurements separately, they both 

show similar patterns to each other. 

 

Figure 5.11: 3D surface and contour plots of average error function in respect to thermocouple 

measurements for A=500 s-1. 
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between calculated and measured temperature, with the error of the IR camera 

measurements being always lower compared to the thermocouple one. 

 

Figure 5.12: 3D surface and contour plots of average error function in respect to IR measurements for 

A=500 s-1. 

 

Figure 5.13: Long-fire-exposure temperature profiles for both 70 and 180 kW m-2 using thermocouple 

and IR camera results: the black lines are the 70 kW m-2 and the blue lines are 180 kW m-2 

results; calculated temperatures were produced using the parameter sets reported in Table 5.4. 
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Figure 5.14: Temperature error percentage between the measured and calculated temperature using the 

best fitting Arrhenius and resin decomposition parameters for both thermocouple and IR 

camera measurements reported in Table 5.4. 

Measured and optimum calculated temperature are reported in Figure 5.13. Figure 5.14 

reports the error in percentage of the measured temperature according to Equation 5.2. 

Although objectively the overall error function value of the predicted temperatures with 
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the response, the error is between ±30% for the calculated temperatures with thermal 

properties as function of remaining resin content and between -30% to 20% for the single 

point one. This might be due to the fact that the model with the optimum parameters found 

for thermal properties changing with remaining resin content, better predicts the final 

thermal properties then the one with single point values. On the other hand the thermal 

properties evolution with remaining resin content during the transient state are not yet 

well captured, in fact the single point thermal properties model better captures this 

behaviour, almost perfectly for the 70 kW m-2 tests. 

Another optimum search was performed, using narrower range of variation of A, E and 

Qp around the optimum values already identified, see Table 5.5, and changing thermal 

properties according to remaining resin content, while the other parameters were kept 

constant according to Table 5.2. 

Table 5.5: Investigated Arrhenius and resin heat of decomposition parameters. 

Parameter Units Initial value Final value Increment 

Epoxy Arrhenius pre-exponential factor ( A ) s-1 300 700 100 

Epoxy resin activation energy ( E ) J mol-1 104 105 104 

Epoxy resin heat of decomposition (Qp) J kg-1 -2.5x106 -1.5x106 105 

 

This further optimisation led to the results reported in Figure 5.15 to Figure 5.21. The sets 

of optimum parameters realising the minimum error are reported in Table 5.6. 

Table 5.6: Optimum and literature (Dodds et al., 2000 and Looyeh et al., 2001) Arrhenius and heat of 

decomposition values for thermal properties function of remaining resin content. 

Parameter Units Thermocouple IR camera literature 

Epoxy Arrhenius pre-exponential factor (A) s-1 300 300 500 

Epoxy resin activation energy (E) J mol-1 105 105 6.05 104 

Epoxy resin heat of decomposition (Qp) J kg-1 -1.5x106 -1.7x106 -2.3446x106 
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Figure 5.15 Average error for thermocouple measurements function of A, E, Qp and thermal properties 

function of decomposition state. 

 

Figure 5.16 Average error for IR measurements function of A, E, Qp and thermal properties function of 

decomposition state. 
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Figure 5.17: Error function for varying E and Qp , A =300 s-1 and thermal properties function of 

decomposition state. 

 

Figure 5.18: 3D surface and contour plots of average error function in respect to thermocouple 

measurements for A=300 s-1. 
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Figure 5.19: 3D surface and contour plots of average error function in respect to IR measurements for 

A=300 s-1. 

 

Figure 5.20: Long-fire-exposure temperature profiles for both 70 and 180 kW m-2 using thermocouple 

and IR camera results: the black lines are the 70 kW m-2 and the blue lines are 180 kW m-2 

results; the calculated temperatures were produced using the parameter sets reported in Table 

5.6. 
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Figure 5.21: Temperature error percentage between the measured and calculated temperature using the 

best fitting Arrhenius and resin decomposition parameter sets reported in Table 5.6. 

The overall minimum error is 0.018 and 0.008 for Thermocouple and IR measurements 

respectively, lower than the previous minimum errors. The search could be continued for 

further refinements but since the error between the two last searches is similar to each 

other, this last set of parameters and thermal properties evolution will be kept to model 

the fire-under-load tests as well. 
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transient response. Lattimer et al. (2011) and Cain and Lattimer (2010) used a reverse 

engineering approach to find the best fitting thermal property vs temperature functions 

that would best fit their experimental results with good agreement. Although it is a very 

interesting and valuable approach, Nawaz (2011) found inconsistency with results 

following the same approach of Lattimer et al. (2011) and Cain and Lattimer (2010). In 

fact, Nawaz (2011) optimisation of the thermal property functions of temperature, fitting 
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the experimental fire results on carbon fibre epoxy laminates, led to different thermal 

property functions dependent on the thickness of the samples. This phenomenon was not 

observed by the previously mentioned authors since they used just one thickness. Having 

different sets of thermal properties for different thicknesses of the same material is not 

physically possible so this route will not be followed in this work since it leads to 

physically unacceptable results. 

5.1.2 Thermal modelling of fire-under-load tests 

Using the final Arrhenius and heat of decomposition parameters found and reported in 

Table 5.6, the thermal modelling of the fire-under-load tests was performed and a 

comparison with experimental data revealed good results. The model inputs are reported 

in Table 5.7. The modelled mathematical problem corresponds to an infinite composite 

slab made of carbon fibres (considered not reacting or decomposing) and epoxy resin 

(decomposing according to Arrhenius parameters optimised in the previous section) 

exposed to one sided constant heat flux. Resin decomposition is allowed, thermal 

properties are changing according to remaining resin content and the initial uniform 

temperature of each simulation depends on the initial temperature of the different samples 

tested. 
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Table 5.7: Parameters values used to obtain the results reported in Figure 5.22 and Figure 5.23. 

Parameter Units Value 

Epoxy resin density ( mρ ) kg m-3 1300 

Epoxy resin Specific Heat ( mpC , ) J kg-1 K-1 1850 

Epoxy Resin Thermal conductivity ( mk⊥ ) W m-1 K-1 0.35 

Final epoxy resin residue % 2 

Epoxy Arrhenius pre-exponential factor ( A ) s-1 300 

Epoxy resin activation energy ( E ) J mol-1 10000 

Epoxy resin heat of decomposition ( pQ ) J kg-1 -1700000 

Gas Specific Heat ( pgC ) J kg-1 K-1 2386.5 

Resin Heat of combustion ( gH ) J kg-1 22.11 

Carbon Fibre density ( fρ ) kg m-3 1750 

Carbon fibre specific heat ( fpC , ) J kg-1 K-1 660 

Carbon fibre bulk thermal conductivity ( fk⊥ ) W m-1 K-1 0.32 

Thickness mm 10 

Fibre volume fraction ( fV ) % 58.76 

Constant Heat flux kW m-2 70; 116; 180 

Thermal properties option - Function of remaining resin content 

Simulation duration min 3 

Fourier number - 0.1 

Room starting temperature °C According to experimental value 

Flames heat flux feedback - Included 

Heat source emissivity - 0.8 

Hot face absorptivity - 0.8 

Hot face emissivity - 0.8 

Hot face boundary condition - Convection + radiation 

Cold face boundary condition - Free convection + radiation 

Number of nodes - 11 
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Figure 5.22: Fire-under-load cold face temperature profiles and simulated cold face temperature at 

different heat fluxes and applied loads for 10mm thick UD CFRP samples. 

Cold face experimental temperatures and simulated results are reported in Figure 5.22. It 

can be noticed how the simulated results for the 70 kW m-2 and 116 kW m-2 fire tests have 

particularly good agreement with the experimental results compared to the 180 kW m-2. 

The errors between the predictions and the experimental measurements, in percentage of 

the measured temperatures of each experiment, are reported in Figure 5.23, visually 

confirming the good temperature estimation for the 70 kW m-2 and 116 kW m-2, with an 

average absolute error within 15%, with the exception of 116 kW m-2 10%FL and 180 

kW m-2 5%FL tests which have both an error below 25%. The trends in terms of 

temperature profiles and associated error for the fire-under-load tests are the same 

observed in the transient response of the long-fire-exposure tests. Although, due to the 

high compressive load used, the insertion of an insulating material could not be used 

(because it would have caused imprinting and eventually crushing of the CFRP sample in 

the insulating material with subsequent possible rotation of the sample edges, causing a 

premature failure) the results do not seem to have been significantly affected by heat 

conduction between the samples and the testing rig. The test results might have been 

affected by either a loss of heat towards the testing rig, resulting in a slightly colder 

unexposed face temperature, or by a positive heat conduction form the testing rig towards 

the sample when the testing rig would get hotter than the sample. 
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Figure 5.23: Error between simulated and experimental results in % of the measured temperature. 

Once again the thermal profiles seem not to have been considerably affected by this effect, 

with the exception of the test of 180 kW m-2 and 10%FL, which was tested after a couple 

of hours of cooling down time of the rig. Evidently this time was not enough and in fact 

this tests has a markedly higher starting temperature than all the others. 

5.2 Mechanical response 

This section describes the mechanical prediction results. Once the thermal problem had 

been solved, the mechanical module of COMFIRE-50 was used to fit the failure time 

predictions of the fire-under-load tests, previously described in section 4.4.2. The 

software inputs, parameter values and model options to evaluate the mechanical response 

are reported in Table 5.8. Time to failure, buckling failure time and compression failure 

time for every test conditions are reported in Figure 5.24.
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Table 5.8: Parameters values used to obtain the results reported in Figure 5.24 and Figure 5.25. 

Parameter Units Value 

Initial thickness mm 10 

Sample width mm 100 

Composite failure load (FL) kN 1330 

Applied stresses %FL According to applied test load 

Mechanical model type - Average Strength Model with 1 

transition stage 

End boundary condition constant - 1 (simply supported) 

Unsupported sample length mm 100 

Unrelaxed Compressive strength MPa Equation 4.5 with data from Table 4.6  

Relaxed compressive strength MPa 140 

Strength transition temperature (T’) °C 160 

Breath of strength transition constant (k) - 0.08 

Strength RRC sensitivity exponential factor (n) - 0.5 

Unrelaxed compressive modulus MPa Equation 4.9 and data from Table 4.8  

Relaxed compressive modulus MPa 0 

Modulus transition temperature (T’) °C 160 

Breadth of Modulus transition constant (k) - 0.08 

Modulus RRC sensitivity exponential factor (n) - 3 

 

Failure time predictions have been performed according to the average strength model 

explained in section 2.2.9.2. The input mechanical properties used for the modelling are 

the ones reported in section 4.3.2 and 4.3.3. It can be noticed that the time to failure 

predictions for the 70 kW m-2 are well aligned with the time to buckling failure, this being 

the first cause of failure for any applied load. This phenomenon is constant for all the heat 

fluxes used, which means that to measure the time to failure as mechanical property (i.e. 

in terms of compressive failure), buckling failure should be avoided either by using 

different mechanical edge restraining methods, e.g. a CAI fixture, and/or by performing 

tests on thicker samples or an appropriate combination of these two options. 
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As mentioned before, the accumulated thermal energy of the testing rig may have caused 

a different temperature distribution across the thickness which might result in a different 

residual compressive strength and compressive modulus distribution in the through-

thickness direction. This phenomenon may explain the earlier testing failure compared to 

the modelled predicted failure of the tests at 116 kW m-2 and 180 kW m-2, although 

intrinsic scatter in fire-under-load tests may be the cause of these discrepancies, as can be 

found in works by Bausano et al. (2005), Bausano et al. (2006), Feih et al. (2007a) and 

Nawaz (2011), the buckling prediction predicts surprisingly well the 70 kW m-2 and 

almost all the tests at 180 kW m-2. 

 

Figure 5.24: Experimental time to failure and COMFIRE-50 failure time prediction according to 

modelling parameters reported in Table 5.7 and Table 5.8; “o” are experimental 

measurements, “ ” are the buckling failure predictions while the compressive failure 

predictions are not visible because out of x axis range. 

Other effects that could justify variations between experimental and modelled results 

include the non-perfect parallelism between the sample edges and the compression plate 

surfaces, due to sample manufacturing or plate alignment, and the non-perfect fibre 

alignment with the load direction for every sample. 
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Figure 5.25: Experimental time to failure, normalised residual compression and normalised buckling 

strength curves for the different heat fluxes and loads used for the fire-under-load tests; o are 

experimental measurements, continues line is the normalised compressive strength and the 

dashed line is the normalised buckling strength. 

Figure 5.25 shows the residual buckling failure loads and residual compressive strength 

function of time, along with the time to failure registered during the tests, for all the tests 

conditions. The apparently different results Figure 5.24 and Figure 5.25 are due to the 

fact that (as explained in section 2.2.9) to find the correct time to failure, the remaining 

buckling and/or compressive strength is compared to the increased applied stresses due 

to the loss of material in the through-thickness direction, assuming width and height are 

constant. 
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Chapter 6 General discussion and conclusions 

This study represents the only work on long-fire-exposure tests and fire tests under load 

of aerospace grade unidirectional carbon fire epoxy composites at high heat fluxes. 

Thermal transport properties are very important for modelling purposes, especially when 

high temperatures are involved. Though there is data available in literature on the value 

of composite thermal properties at high temperature, little information is available for 

CFRP. However it has been shown that measurements of different authors on nominally 

similar materials might lead to different results and according to Ramroth et al. (2006) 

good accurate values of thermal transport properties are necessary to achieve good 

thermal modelling results. For this reason, thermal property measurements have been 

performed in this work with a new technique and validated against measurements with 

standardised techniques with good results. Although the measurements could only be 

performed up to 90 °C, because of the School’s Health and Safety regulations, the results 

found are comparable to published results for similar materials, proving that the 

measuring technique is valid in this range of temperatures; however extension to higher 

temperatures seems to be straight forward. In the present study, measuring mechanical 

properties of high performance materials, such as aerospace grade UD CFRP, was 

challenging for the reasons noted below and special equipment is needed to achieve the 

correct result, according to standards. The difficulty lays on the fact that aerospace grade 

UD CFRP from prepregs have a tensile failure of 2000 MPa or higher, which makes it 

difficult to test 2 mm thick samples since the failure load of a standard BS EN ISO 527-

5 (1999) size sample would be of around 65 kN, with a necessary adhesive lap shear 

strength for the tabs higher than 40 MPa and constant up to temperature above 200 °C. 

Though a thinner sample would have solved the problem, there was no possibility to 

obtain more material from Cytec. Nevertheless the techniques and methods developed in 

this work have proven to be valid despite the technical limitations. 

The aims of the PhD thesis have been accomplished, such as the development of 

innovative techniques to measure thermal diffusivity, the execution of low-cost fire tests 

with a repeatable heat flux calibration technique and the development of a software to 
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predict thermal and mechanical behaviour, in spite of some difficulties with mechanical 

testing and fire-under-load testing, which limited model validation. The Matlab® 

program capable of performing thermo-mechanical modelling of composites under 

compressive load developed is available for the scientific community in a user friendly 

GUI with several inputs options and with the capability of using material data in table or 

function format. Validation of the thermal model for UD CFRP has been successful, while 

validation of the mechanical model using fire-under-load tests is not conclusive, in spite 

of the promising results shown. The following paragraphs will deal in more detail with 

the findings of this work. 

6.1 Thermal characterisation 

Thermal diffusivity measurements have been performed using a new technique, the step-

change method. Possible causes of error have been identified and minimised or their 

influence estimated when possible. Measurements showed low error. Comparison with 

the guarded hot plate, a standardised measuring method, has been performed and the 

results showed good agreement. Further comparison with available literature data from 

Fanucci (1987), Kalogiannakis et al. (2004), Pilling et al. (1979), Rolfes and 

Hammerschmidt (1995) and Zalameda (1999), for similar material has been performed, 

confirming that the step-change technique is valid at least in the range of temperature 

used in this work. Since, to the knowledge of the author, there are no detailed literature 

data regarding thermal conductivity or diffusivity above 125 °C, with the exception of 

Fanucci (1987) which reported just 2 equal constant points between 510 and 3315 °C, 

further attempts to extend the measurements using a fluidised sand bath were attempted 

without encouraging results due to a too low convective heat transfer coefficient of the 

sand bath and possible sand boundary layer formation. The step-change technique has 

proven to be a valid and low-cost alternative to measure thermal diffusivity of UD CFRP 

materials although further experiments using high boiling point liquids should be 

performed to validate the technique at higher temperatures. Unfortunately this was not 

possible in this study due to health and safety regulations but, since the technique is based 

on basic physical principles, the validation at high temperatures should not be an issue in 

future studies. It has also been found that in general, thermal diffusivity of materials tends 
Page 165 

 



 

to increase with increasing temperature, with the exception of CFRPs thermal diffusivity 

in the through-thickness direction, which seems to decrease with temperature according 

to Kalogiannakis et al. (2004) and in agreement with present results. The only two studies 

of thermal diffusivity vs temperature are of Zalameda (1999), which used room 

temperature thermal diffusivity measurements to detect defects in the laminate, and 

Kalogiannakis et al. (2004) which measured thermal diffusivity just up to 125 °C. Just 

Kalogiannakis et al. (2004) measured the CFRP through-thickness thermal diffusivity at 

high temperatures and confirmed that it decreases with temperature. Most of the other 

studies focused on thermal conductivity but without the corresponding value of specific 

heat and density at the different temperatures, and for this reason thermal diffusivity 

comparison is not possible. It has also been shown, and confirmed by literature data, that 

CFRP thermal diffusivity is strongly anisotropic with the thermal diffusivity along the 

fibres direction being 10 to 12 times higher compared to the one across the fibres, as it 

can be noticed comparing Figure 4.7 a) and b). The marked anisotropy of carbon fibres is 

the reason of this behaviour as stated by Kucner and McManus (1994) and Mouritz and 

Gibson (2006). 

The step-change technique has proven to be a low cost and valid alternative to other 

techniques to measure thermal diffusivity without measuring any other material thermal 

property. Sources of errors have been identified and minimised, successfully measuring 

thermal diffusivity, and estimating thermal conductivity, of aerospace grade UD CFRP 

by comparing the results with guarded hot plate method and the available literature data. 

6.2 Mechanical properties 

Tensile strength and tensile modulus of 2 mm aerospace grade UD CFRP have been 

measured at temperatures from RT to 200 °C. During fire, the sample experiences 

temperatures far higher than the ones used in this work but due to project restrictions, 

health and safety issues and limited material availability the tests could not be performed 

at higher temperatures. Tensile strength was be measured up to 160 °C, while tensile 

modulus was be measured up to 180 °C. After 160 °C the high lap shear strength adhesive 
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was not capable of transmitting the load up to sample failure and tabs pull out 

phenomenon invalidated the results at temperature higher than 180 °C. Results show that 

both tensile strength and modulus agree with manufacturer and literature values and that 

CFRP can still bear tensile load at high temperature. In fact, several authors (Cao et al., 

2009; Fitzer, 1988; Feih and Mouritz, 2012; Sauder et al., 2002 and Sauder et al., 2004) 

found that carbon fibres do not soften in inert atmosphere up to 700 °C or eventually 

higher temperatures. In oxidising environment they start softening at about 500-550 °C 

because of the loss of the outer layer which is made by a highly oriented carbon structure 

(Feih and Mouritz, 2012). The authors observed tensile strength loss regardless of the 

atmosphere used to heat the carbon fibres, the tensile strength, considering the fibre 

diameter loss, decreased between 400 ºC and 600 ºC, reaching a steady state value of 

around 60% of the original strength beyond 600 ºC. In a fire, the inner fibres are not 

exposed to an oxidising atmosphere and so it is expected that CFRP retain most of their 

tensile modulus up to 700 ºC or higher and their tensile strength at least up to 400 ºC or 

higher. The proposed tensile strength and modulus function of temperature are reported 

in Figure 6.1. 

 

Figure 6.1: Tensile strength and modulus vs temperature for UD CFRP according to Equation 4.3 and 

Equation 4.4, respectively. 
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Compressive modulus could not be measured and therefore only the compressive strength 

was measured, in the same range of temperature used for the tensile properties 

measurements and for the same reasons. The in-house testing method did not work 

properly for the whole range of temperature and the only good result was the test at 200 °C. 

Compressive strength from RT to 200 °C was then evaluated using the RT and 90 °C 

compressive strength from material manufacturer as well as 200 °C compressive strength 

from the tests. Yoon and Kim (2000) found similar trends for CFRP longitudinal and 

transverse moduli vs temperature. This phenomenon is dependent on the fact that 

composite compressive properties are matrix dominated properties and matrix properties 

are highly dependent on temperature. This means that composites compressive properties 

are more temperature dependent compared to tensile properties which, on the other hand, 

are fibre dominated. According to the same authors, this temperature dependency could 

be described by a linear equation. A good agreement has been found using Gibson model, 

assuming the unrelaxed property not as a constant, but as a linear function of temperature, 

and fitting this linear equation with the points at RT and 90 °C. This approach is validated 

also by the DMA results on the transverse modulus, which linearly decreases up close to 

Tg. To rigorously validate the model more data is necessary, covering the full temperature 

range experienced by composites in fire scenarios. Nevertheless, although there is no 

study on compressive strength of unidirectional aerospace grade CFRP, the results align 

with findings on other materials by Burns et al. (2010), Feih et al. (2007a), Feih et al. 

(2007b) and Nawaz (2011) in the sense that, since compressive properties are matrix 

dominated properties, a gradual, small decrease in compressive strength occurs from 

room temperature up to near transition temperature because of resin behaviour with 

increasing temperature. The steep loss of compressive failure occurs between transition 

temperature and resin Tg. The transition temperature, the temperature corresponding to 

50% compressive strength loss, has been reported to vary between 0.7 to 0.9 of Tg for 

different type of composites (Burns et al., 2010; Feih et al., 2007b; Nawaz et al., 2011) 

and the findings of this work (in the tested temperature range) align with literature 

reported data. 
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DMA measurements have been performed in the 2 principal directions of the UD CFRP 

samples using 3 different frequencies. There was no considerable difference between the 

responses to the different frequencies and therefore only the results at 1 Hz have been 

reported. These align with literature data from Li et al. (2000) and Zhou et al. (2007) for 

modulus vs temperature up to 200 °C of epoxy adhesive and neat resin, respectively, as 

well as Yoon and Kim (2000) for CFRP moduli up to 140 °C. It has been found that 

longitudinal modulus experiences a sensitive reduction around Tg although this should 

not happen, as it is a fibre dominated property. The reason being that the shear 

contribution of the displacement after Tg eclipses the bending one (see section 4.3.3 and 

Mouritz and Gibson (2006)) and this is not taken into account by the machine program 

therefore correction or a different fixture, e.g. four point bending or tension/compression, 

should be applied. Fixture choice is dictated by the accuracy wanted and the expected 

stiffness of the sample so a trade-off is always necessary. DMA measurements are an 

effective valid option, which is simple to use and requires minimum material to 

characterise material behaviour vs temperature even at high temperatures. Apart from 

measuring Tg, DMA results are useful to model composite behaviour on fire by giving 

indication on moduli evolution vs temperature. In this work Tg identification has been 

successful in finding the same value as declared by the manufacturer and the DMA results 

have been important to highlight the different behaviour of fibre and matrix dominated 

properties, in agreement with literature data. 

6.3 Fire tests 

Long-fire-exposure and fire-under-load tests were performed to validate COMFIRE-50. 

The small scale fire testing technique developed in this work has proven to be inexpensive 

in the implementation, repeatable and very useful for material screening and development. 

The fire calibration technique to achieve the required heat flux used in this work is 

validated by several standards in terms of flame temperature, it is repeatable and the 

prediction of heat flux can be made based on the gas flow expressed in l min-1 with a 

simple linear dependency. Some fire tests are characterised by flames impinging on the 

surface of the specimen, such as the jet fire test and the aerospace Park or “NexGen” 

burner, while on others the flames do not impinge on the sample surface, such as the 
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ISO2685 burner or radiant gas/electrical panels. The small scale propane burner tests is 

characterised by hot gases generally impinging on the sample surface at high speed. 

Although radiation is considered the main mean of heat transfer in the case of fire, because 

convection effects are usually negligible compared to radiation contributions, when the 

hot gases have a certain speed and the convection passes from natural to forced, the 

thermal contribution due to convection becomes not negligible anymore and can lead to 

underestimation of the actual heat flux sensed by the sample of more than 10%. There are 

no current techniques that takes into account this phenomenon and this might be one of 

the reasons why different methods lead to different results and why modelled results may 

differ from experimental results (Le Neve, 2008). 

Long-fire-exposures were performed just at 70 and 180 kW m-2 because of the lack of 

material for further testing. However, if the thermal simulation is in good agreement in 

both extreme heat fluxes, then it should keep being in agreement with all the intermediate 

heat fluxes. For these tests an IR camera was available and the temperature was measured 

with both thermocouple and IR camera. This showed that the IR camera measurements 

which represent the cold face temperatures are constantly between 10-20 °C lower, 

compared to the thermocouple measurements. Since the accuracy of the type k class 1 

thermocouple used, in the range of temperature of this study, is within ±1.5 °C, this 

discrepancy is most likely due to the small insulation effect of the resin keeping in place 

the measuring thermocouple. This effect is clear in the IR camera snapshots, see Figure 

4.33 and Figure 4.34. In the case of the unavailability of non-contact measurements 

techniques capable of avoiding this effect, other temperature measuring devices or other 

techniques have been suggested, such as embedding thermocouple or fibre Bragg gratings 

in the manufacturing process or using thin film thermocouples with a very thin and 

conductive adhesive layer. 

The setup of the fire tests under load, the thickness of the samples and the loads used did 

not allow for anti-buckling guides and thermal insulation between testing rig and sample 

interface to be used, as explained previously. This allowed buckling failure to occur 
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before compressive failure could be achieved. To obtain accurate measurements of fire 

resistance properties the sample has to be insulated from the testing rig, especially in the 

case of a very conductive material among composites such as CFRP (see Figure 6.2 

(Ashby et al., 2013)), and anti-buckling fixtures should be used since, upon fire exposure, 

buckling is the first failure phenomenon to occur and it is dependent on geometry and 

thermally induced out of plain displacement (Nawaz, 2011). Due to scarcity of material, 

just one sample per condition could be tested and since according to Bausano et al. (2005), 

Bausano et al. (2006), Feih et al. (2007a) and Nawaz (2011) fire-under-load tests are 

characterised by intrinsic scatter, the results found in this work are not conclusive but 

they should be further supported by future tests to assess the actual time to failure scatter. 

Nevertheless the results are interesting and the trends align with literature data on other 

carbon fibres laminates with different layups. 

 a) b) 

Figure 6.2: Ashby plots for engineering materials: a) thermal conductivity vs electrical resistivity; b) 

thermal conductivity vs thermal diffusivity, (pictures taken form GRANTA booklet at 

http://www.mie.uth.gr/ekp_yliko/2_materials-charts-2009.pdf). 

6.4 Modelling 

Modelling of both long-fire-exposure tests and the fire tests under load has been 

performed. Arrhenius parameters (A and E) and heat of decomposition (Qp) values were 

changed to best fit the long-fire-exposure tests. In a first optimisation, the thermal 

properties were kept constant and then varied according to remaining resin content. 

Findings reveal that the model is not very sensitive to the values of A while it is quite 
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sensitive to the combination of the values of E and Qp. The transient response was best 

fit with single point thermal properties, while the steady response was best fit with thermal 

properties changing according to remaining resin content. This suggests that, although 

physically thermal properties are function of temperature, the range of variability might 

be small during the initial transient response. On the other hand, the model that changes 

the thermal properties as function of the remaining resin content fits better the steady state 

response, suggesting that the variation of thermal properties influences more the steady 

state response than the transient response. These findings align with sensitivity analysis 

performed by Ramroth et al. (2006) using a finite element method to solve the same 

mathematical problem used in this work. 

Fire-under-load tests were modelled using the best optimised Arrhenius parameters and 

heat of decomposition with thermal properties changing with remaining resin content, 

although the model with single point thermal properties fits better the thermal transient 

response and the fire-under-load tests lasts less than the whole transient response time. 

Although the fire-under-load tests were not done in replicate (for the reason stated in 

section 6.3) and are usually characterised by having intrinsic large scatter (Bausano et al. 

2005, Bausano et al. 2006, Feih et al. 2007a and Nawaz 2011), the calculated buckling 

survival times are well predicted for the 70 kW m-2 heat flux tests and for the 180 kW m-

2 heat flux tests (with the exception of the 10% FL); on the other hand the model 

prediction for the 116 kW m-2 heat flux are not as good. As stated before, this might just 

be because of intrinsic scatter of fire tests and since replicate tests were not possible, this 

results are inconclusive in stating if the model well replicate the physical problem. 

Nevertheless the results are encouraging and further studies should be done, performing 

further tests in the same conditions using the same material, using anti buckling devices 

and insulation on the sample sides. 

The model has predicted well the thermal behaviour UD CFRP at high heat fluxes, in 

particular at 70 and 180 kW m-2. Fire resistance modelling in terms of hindering fire 

penetration and heat conduction throughout aerospace grade UD CFRP was performed 
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with good results for high heat fluxes between 70 and 180 kW m-2 and for times up to 30 

minutes. In regards to modelling fire resistance in terms of structural survivability to a 

compressive load (time to failure) results are not conclusive, but limited to the data 

available and to the tests conditions used in this work, i.e. low compressive load (max 15% 

of RT compressive failure load), high heat flux (between 70 and 180 kW m-2), short time 

to failure and hence low cold face temperature. The model ignores any time dependent 

material behaviour, though these are not expected to affect material failure at heat fluxes 

of 50 kW m-2 and above, as it is the case in this study. 

6.5 Future recommendations 

Recommendations have been given throughout the thesis and the most significant one are 

recalled below. 

The step-change method used to measure thermal diffusivity is both simple and low-cost, 

but future developments are recommended in order to use the step-change technique with 

lower Bi  or changing the convective heat transfer coefficient by using high boiling point 

liquids such as oils or liquid metals. 

Thermal and mechanical properties should be measured at temperature above 200 °C to 

improve the modelling of thermal and mechanical response of carbon fibre composites in 

fire. Although Burns et al. (2010) had good agreement using the strength based model 

used in this work, this is contrary to Nawaz (2011), who further implementing other 

models, such as the progressive failure model. Implementation of other models than the 

strength based one should be further explored to include other factors that may affect 

failure of composites in fire such as thermally induced bending moments, delamination, 

thermal gradient, thermal expansion and progressive failure. 
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For a better fit between modelled and experimental data, further tests are needed and fire 

under load tests should be performed using an insulating material between sample edges 

and testing rig to avoid any heat loss or gain due to conduction between sample and testing 

rig. It is advisable to use a CAI fixture with smaller sample thickness (or a modified CAI 

fixture allowing testing of 10mm thick samples or thicker) and inserting a thin layer of 

Rockwool or Fiberfrax® between the sample edges and the CAI fixture. In this way the 

CAI fixture will at the same time avoid global buckling and thermal contact, so that no 

heat conduction will occur between sample and CAI fixture. These suggestions has been 

applied to fire tests under load on quasi isotropic CFRP laminates after this PhD work 

had finished, and though results are protected by intellectual property agreement and 

cannot be used, scatter was clearly decreased. Further to this, an IR camera is advisable 

to accurately measure the cold face surface temperature. In fact, recent IR cold face 

temperature measurements on burn-through tests have shown that the actual surface 

temperature is considerably and consistently lower than the one recorded using 

thermocouples. 

The experimental techniques and the modelling tool presented in this work have the 

potential to become a standard for measuring composites thermal and mechanical 

properties at high temperature. In particular the small-scale propane burner technique 

could be the first step to a new cheaper material development fire testing framework 

before performing the final full-scale certified fire tests. In fact, it has already been 

modified, analysed and improved by Tranchard et al. (2015). The model, on the other 

hand, could be used to predict fire resistance performances of carbon fibre composites in 

terms of thermal insulation and/or fire penetration. It might also be useful to further 

understand composite in the design stage of composites components that may be exposed 

to fire, helping to decide on different parameters, such as materials to be used, fibre 

volume fraction, thickness, among others. 
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