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Chapter 1 

“Structural engineering is the art of modeling materials we do not wholly 

understand, into shapes we cannot precisely analyze, so as to withstand forces 

we cannot properly assess, in such a way that the public at large has no reason 

to suspect the extent of our ignorance." 

 

  A.R. Dyke, 1976  

 

1.0  Introduction 

There are few subjects for which the epigraph of this thesis enjoys greater reality than in 

the discipline of fire safety.  Despite decades of research, the extreme severity and 

variability of fire events has eluded our ability to even fundamentally understand fire’s 

influence on structures. From a material perspective, the low conductivity of reinforced 

concrete (RC) makes it a highly suitable material for fire protection; however, fire’s 

influence on concrete’s strength and strain is still not fully understood.  Large debates exist 

regarding the mechanisms of explosive spalling, cooling rates, exposure duration, and the 

host of available additives (Kodur, 2014).  From an analysis perspective, our ability to 

evaluate elements has vastly improved with the implementation of computational 

capabilities.  Performance-based models, such as that developed by El-Fitiany and Youssef 

(2009), promise simple and efficient analysis of RC members.  Yet still, the building code 

and standard practices rely on prescriptive fire ratings, focusing on temporary protective 

measures, as opposed to designing buildings to withstand fire.  And finally, from a force 

perspective, testing performed in furnaces during the early 1920’s is still considered as the 

standard for representing the development of building fires (CAN/ULS-S101, 2014).  

Rudimentary models for predicting the scale of realistic fire events do exist in the literature 

and design standards (EN 1991-1-2, 2002); but, the specifics of accurately modelling fire 

development and its spread within a building, is still largely untrodden ground 

(Dai et al., 2017). 
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From 2005 to 2014, Statistics Canada (2017) reported over 200,000 structural fires and 

1,490 structural fire-related fatalities.  Although these numbers are considered an 

improvement over the decades before, giving the public the impression of success, further 

innovation is still possible and necessary.  To overcome the gaps in our understanding, 

research into material mechanics, analysis, and fire development is needed in the field of 

fire safety.  This thesis examines the influence of fire development on RC sections, 

covering the later of the three research gaps. 

 

 

1.1  Research Objectives 

With the recent focus on performance-based structural fire design, engineers are in need of 

simple, but accurate methods of assessing concrete’s performance during fire events.  The 

proposed research aims to: 

 

1. Present a literature review detailing the influence of natural fire events on the stress-

strain relationship of normal strength concrete (NSC), 

2. Determine an equivalent standard fire duration (time equivalent) for a natural fire 

acting on RC beams, 

3. Evaluate the influence of variable RC beam dimensions on the average internal 

temperature profile and the time equivalent, 

4. Assess the accuracy of the proposed time equivalent in calculating the sectional 

moment-curvature response, 

5. Repeat steps 2 through 4 to determine and assess a time equivalent for RC columns. 
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1.2  Methodology 

The proposed research is performed using the computational models developed Alhadid 

(2017) and El-Fitiany and Youssef (2009).  Their models allow for analytical evaluation of 

the thermal and structural response of RC elements exposed to fire loading.  The current 

study adapts these programs to apply natural fire events and identify the effect on RC 

sections.  Models were developed in MATLAB, C++, and Fortran.  To validate results, an 

ABAQUS finite element model was utilized in Chapter 4. 

 

 

1.3  Outline of Thesis 

This thesis is prepared in an “Integrate-Article Format” following the guidelines described 

in the Western University – School of Graduate and Postdoctoral Studies (SGPS), General 

Thesis Regulations. 

 

 

1.3.1  Chapter 2 

A literature review is presented in this chapter exploring the effects of natural fires on the 

stress-strain response of concrete.  Background regarding standard and natural fire curves 

is presented detailing their usage and parameters.  The four main variabilities of fire: 

heating rate, maximum temperature, duration at maximum temperature, and cooling rate 

are individually explored.  The chapter summarizes the impact of each variable in 

comparison to one another and provides conclusions about ongoing work. 

 

 

1.3.2  Chapter 3 

In the first section of the chapter, a brief literature review is conducted providing the 

background and limitations of past time equivalent (te) methods.  Noting the shortcomings 

of the existing methods, this chapter introduces a new time equivalent method based on the 

actual internal thermal gradients that develop in a RC beam during fire exposure.  An 



4 

 

 

 

average internal temperature profile (AITP) is a technique used to simplify a section’s two-

dimensional thermal gradients into a one-dimensional profile.  Using a section’s AITP, 

time equivalency is determined based on mean or conservative criteria.  The mean criterion 

accurately matches the AITP of a design fire to that of a standard, while the conservative 

criterion selects the shortest duration standard fire that produces equal or larger 

temperatures at every point in the AITP.  Following a parametric study, two equations are 

presented to calculate the AITP te.  Further evaluation regarding the influence of section 

dimensions on the value of the te revealed the importance of accounting for section width.  

The section concludes with a study comparing the developed te against the existing 

methods for RC beam sections.   

 

 

1.3.4  Chapter 4 

A parametric study is presented to assess the proposed AITP te for RC beams.  Using a 

sectional analysis program developed by El-Fitiany and Youssef (2009), sample RC beam 

sections are modelled and tested.  The sectional moment-curvature responses of the beams 

are compared for given design fires and corresponding time equivalent fires.  The results 

were found to be in good agreement lending to the validity of the AITP method.  The work 

is further assessed in comparison to existing time equivalent methods to demonstrate the 

improved suitability of the AITP method.  Finally, a case study is presented demonstrating 

the application of the time equivalent in the use of performance-based design. 

 

 

1.3.5  Chapter 5 

The AITP time equivalent method is investigated for usage with RC columns.  The te from 

Chapter 3 is tailored for RC beams undergoing three-sided fire exposure.  RC columns 

typically undergo four-sided exposure, which greatly influences their internal thermal 

gradients.  A parametric study was undertaken to assess the AITP te methodology for the 

application of RC columns.  It was found that the conservative te is still valid four-sided 

heating, while the mean te is wholly unsuitable.  An alternative to the mean te is explored, 
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but ultimately found to be unfeasible due to the large errors that arise.  The conservative te 

is assessed based the mechanical response of RC columns and in view of existing time 

equivalent methods.   
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Chapter 2 

2.0  Literature Review 

In North America, the current practice for structural fire safety involves the implementation 

of prescriptive methods, requiring compliance with fire-resistance ratings and suppression 

system specifications.  Although this approach has been largely successful in delaying the 

propagation of fires, allowing for the safe evacuation of occupants, it provides no 

knowledge about the behavior of the fire-exposed structure.  To ensure structural integrity, 

the North American industry is moving towards performance based structural fire design; 

as included in the most recent publication of ASCE 7-16 (2016).  Implementation of 

performance design requires knowledge of the general stress-strain relationships for 

concrete at high temperatures, which are presented within EN 1992-1-2 (2004) and by 

Youssef and Moftah (2007).   However, the major deficiency of these relationships is that 

they were developed based on the application of standard fire scenarios, ignoring the 

variability of natural fire events.  To develop a clear understanding of these formulations 

and their application in the performance-based approach, this chapter summarizes the 

impact of natural fires on the stress-strain response of concrete. 

 

 

2.1  Standard vs. Natural Fire Definition 

To evaluate the fire ratings of different construction elements, standard temperature-time 

curves are prescribed as in ASTM E-119 (2018) and ISO 834 (2014).  These standard 

curves were generated in the early 1900’s based on observations of the temperature-time 

relationship measured in laboratory furnaces.  By their very nature, standard curves do not 

even remotely represent the trends of a naturally occurring fire.  Instead, they were adopted 

to simplify and standardize the representation of a severe heating scenario; which was 

deemed as a conservative assumption of the natural fire, and thus, suitable for design 

(Cooper and Steckler, 1996).   
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In contrast to the standard curves, natural fire curves represent the true temperature-time 

relationship for a compartment, which, ASCE 7-16 (2017) edicts as essential for 

conducting structural fire analysis.  Figure 2.1 compares the standard fire curve prescribed 

by ISO 834 (2014) with that of a typical natural fire profile.  Considering that every 

compartment is different, each natural fire curve has its own unique profile; however, the 

main three stages of growth, full development, and decay are always present 

(Purkiss, 2007).   EN 1991-1-2 (2002) provides a simplified approach for the development 

of natural fire curves based on a number of compartment specific parameters such as floor 

area, number of openings, and fuel load.  In contrast to the simplicity of standard curves, 

the extensive quantity of data required to generate natural relationships has been a large 

barrier to their implementation.  But with the advent and prevalence of modern computing 

power, the ability to evaluate every unique compartment is now highly feasible. 

 

 

Fig. 2.1: Standard vs. Natural Fire Temperature-Time Curve 

 

 

 

0

200

400

600

800

1000

1200

0 10 20 30 40 50 60 70 80 90

Fi
re

 T
em

p
er

at
u

re
 (

°C
)

Time (min)

Standard Fire Natural Fire

Fully 

Developed
Growth

Stage

Decay 

Stage



8 

 

 

 

2.2  Fire Influence on Concrete Stress-Strain Relationship 

Throughout a fire event, concrete properties continue to degrade at all stages.  Since 

standard curves are identical regardless of the structure or the fire, they fail to accurately 

represent the impact of a realistic fire on concrete's stress-strain relationship.  By contrast, 

the temperature-time curve of a natural fire has four main variabilities that affect the 

stress-strain relationship of concrete: rate of heating, maximum temperature, duration of 

maximum temperature, and rate of cooling (Zhang et al., 2001).  During the growth stage, 

variable rates of heating can occur, ranging from near instantaneous to very slow heating.  

At full development, the value of the maximum temperature as well as its duration play an 

important role in the degradation of concrete.  And finally, in the decay phase, variable 

rates of cooling can be present ranging from slow air cooling in a smoldering compartment 

to rapid water cooling from firefighting efforts.  Each of these four variabilities play a 

significant and different role in the deterioration of concrete. 

 

A typical ambient stress-strain relationship for NSC is presented in Figure 2.2.  The key 

points defining the curve are identified by the Eurocode (EN 1992-1-2, 2004) as the 

maximum compressive strength (f’c), the corresponding strain at max strength (Ɛc), and the 

ultimate strain (Ɛcu).  When the concrete is at elevated temperatures, these points are 

denoted as f’cT, ƐcT, and ƐcuT.  When the concrete specimen has undergone a full heating and 

cooling cycle back to ambient temperature, the residual concrete variables are denoted as 

f’cR, ƐcR, and ƐcuR.  Concrete properties at residual and hot conditions will exhibit notably 

different responses depending on the natural fire exposure.  Following the ambient profile 

given in Figure 2.2, the Eurocode provides tables to interchange the three key points at 

various temperatures for both residual and hot conditions.  Connecting the key points, the 

initial ascending portion of the curve can be calculated using equations found in the 

Eurocode and the declining portion of the curve can be modeled as a straight line joining 

the peak of the curve to the ultimate strain.   
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Fig. 2.2: Illustrative Stress-Strain Relationship for Concrete under Elevated 
Temperatures (EN 1992-1-2, 2004) 

 

 

2.3  Experimental Work 

Researchers have experimentally tested concrete at elevated temperatures for an extensive 

range of circumstances.  Naus (2005) identified fifteen main parameters that affect the 

response of concrete at elevated temperatures.  In this chapter, these parameters have been 

divided into two groups, variable and controlled.  During this chapter’s study, variable 

parameters were assessed at different levels while controlled parameters were locked into 

a specific state. 

 

Variable parameters were identified based on their critical impact on the properties of 

normal strength concrete (NSC) and/or the definition of the natural fire curve.  They are: 

(a) aggregate type (siliceous or calcareous), (b) heating rate, (c) cooling rate, (d) maximum 

temperature, (e) exposure duration, (f) mechanical testing time relative to the fire event, 

and (g) initial ambient compressive strength. 

 

Controlled parameters reflect: (a) unstressed tests, (b) unconfined tests, (c) unsealed 

moisture tests, (d) ordinary portland cement (OPC) specimens (no additives such as fly ash, 

silica, fibers, etc.), and (e) NSC.  NSC concrete is assumed to be defined as having a 

compressive strength up to 50 MPa.   
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Table 2.1 displays a list of the experimental tests investigated during this literature review.  

Figure 2.3 outlines the main parameters used in the table.  “Residual” testing time indicates 

that testing occurred after the specimen cooled back to ambient temperature.  The specific 

number of days from cooling to residual testing is provided for each experimental work.  

“Hot” testing occurs at maximum temperature after the heating duration has been applied.  

“Uniform” duration is defined as exposing the test specimen to the maximum temperature 

until a uniform internal temperature is achieved within the specimen.  Typically, cylinder 

specimens heated for longer than a 1-hr duration are considered to have reached a uniform 

internal temperature (Fu et al., 2005; Diederichs et al., 1988).  An “instant” heating rate 

indicates that the specimen was placed in a furnace preheated to the maximum temperature 

such that no rate of heating is experienced in the furnace or compartment.  Cooling rate is 

stated as either “slow”, “ambient”, or “rapid”; comprehensive definitions of those three 

rates are provided in Section 2.4.4.  It should be noted that the heating and cooling rates 

refer to the temperature change of the testing compartment, not the specimen itself. 

 

 

Fig. 2.3: Typical Furnace Heating Profile during Specimen Testing 
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Table 2.1 List of Evaluated Experimental Work with Test Parameters 

Author f’c  
(MPa) 

Aggregate Specimen Size Duration 
(hr) 

Testing Time Heating Rate 
(°C/min) 

Cooling Rate 

Abramowicz and Kowalski (2010) 30.0, 45.0 Siliceous 103x200 mm cylinder uniform  residual (0 days) 3.0 varied 

Abrams (1971) 27.0, 44.0 Both 75x150 mm cylinder uniform hot & residual (0 days) measured 1 natural 

Anderberg and Thelandersson (1976) 50.0 Siliceous 75x150 mm cylinder uniform hot  1.0, 5.0 null 

Bingol and Gul (2008) 20.0, 35.0 Calcareous 100x200 mm cylinder 3.00 residual (0 days) 12.0 - 20.0 varied 

Botte and Caspeele (2017) 50.0 Siliceous cube and cylinder 2 uniform residual (0 & 56 days) 2 1.0 varied 

Carette et al. (1982) 45.0 Calcareous 102x203 mm cylinder varied residual (0 days) 0.3 natural 

Castillo and Durrani (1990) 31.0 Calcareous 50x102 mm cylinder 0.17 hot 8.0 null 

Chang et al. (2006) 27.0, 40.0 Siliceous 150x300 mm cylinder 2.00 residual (30 days) 3.0 natural 

Culfik and Ozturan (2010) 37.5 Calcareous 100x200 mm cylinder 3.00 residual (0 days) 1.0 slow 

Diederichs et al. (1988) 32.9 Siliceous 80x300 mm cylinder 2.00 hot 2.0 null 

Fu et al. (2005) 35.0 Siliceous 75x100 mm cylinder 1.00 hot 2.0 null 

Furumura et al. (1995) 21.0, 42.0 Siliceous 50x100 mm cylinder 2.00 hot 1.0 null 

Harada et al. (1972) 30.0 Both 50x100 mm cylinder uniform residual (30 days) 1.5 natural 

Jaesung et al. (2006) 30.0 Siliceous 100x200 mm cylinder 4.00 residual (0 days) 2.0 varied 

Khaliq (2012) 50.0 Calcareous 75x150 mm cylinder 2.00 hot 2.0 null 

Li et al. (2004) 42.5 Siliceous 100 mm cube none residual (0 days) 10.0 varied 

Mohamedbhai (1987) 35.0 Siliceous 100 mm cube varied residual (14 days) varied varied 

Molhotra (1956) 25.0 - 50.0 Siliceous 100x200 mm cylinder 1.00 hot & residual (0 days) measured 3 natural 

Morita et al. (1992) 19.6 - 41.0 Unknown 100x200 mm cylinders 1.00 residual (0 days)  1.0 natural 

Nassif (2005) 45.0 Both 75x150 mm cylinders uniform residual (0 days) 9.0 varied 

Netinger et al. (2011) 45.0 Both 40x40x160 mm prism 1.50 residual (0 days) instant  natural 

Noumowe et al. (1996) 37.1 Calcareous 110x220 mm cylinder 1.00 residual (0 days) 1.0 natural 

Phan et al. (2001) 50.0 Calcareous 102x204 mm cylinder uniform hot & residual (0 days) 5.0 natural 

Savva et al. (2005) 34.7 Siliceous 150 mm cube 2.00 residual (0 days) 2.5 slow 

Shen (1991) 28.0 Siliceous 300x100 mm prism 0.50 residual (0 days) 8.0 rapid 

Tan (1990) 28.0 Siliceous irregular prism "T" section 0.50 residual (0 days) 2.0 natural 

Xiaoyong and Fanjie (2011) 35.0, 20.0 Siliceous 150x300 mm cylinder 2.00 residual (0 days) 5.0 natural 

Yao (1991) 40.0 Siliceous irregular prism "plus" section 0.50 hot 5.0 null 

Zhang et al. (2000) 50.0 Siliceous 100 mm cube varied residual (0 days) instant natural 

 
1. Heating was applied such that maximum difference in internal temperatures never exceeded 3%. 
2. Residual strength tests on 150 mm cubed specimens at 0 days.  Residual strain tests on 106x330 mm cylinder specimens at 56 days. 

3. Heating was applied such that maximum difference in internal temperatures never exceeded 100°C. 1
1 
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2.4  Effect of Natural Fire Stages on the Concrete Stress-
Strain Relationship 

In this section, the influence of natural fires on the stress-strain relationship of concrete is 

explored.  The stress-strain response is evaluated based on the four main variabilities of 

natural fires: heating rate, maximum temperature, duration at maximum temperature, and 

cooling rate.  The experimental tests from Table 2.1 are isolated to individually investigate 

the influence of each natural fire variability. Considering that residual and hot tested 

specimens record fundamentally different responses; experimental work is initially 

separated based on these two conditions, with later comparisons provided.  The 

stress-strain relationship is assessed based on the key points of f’cT/R and ƐcT/R.  The full 

stress-strain relationship is not considered due to limitations of experimental results in the 

literature.  Likewise, the ultimate strain is not commonly recorded prohibiting any 

meaningful assessment of its response during natural fire.   

 

 

2.4.1  Heating Rate 

At the onset of the heating phase, the temperature within a concrete element is uniform and 

equal to the ambient temperature, typically assumed to be 20°C.  As heating is undertaken, 

a temperature gradient arises between the outer concrete layers and the inner core.  This 

gradient induces thermal stresses, which in turn influences the section’s stress and strain 

response.  The formation and severity of the internal temperature gradient is largely based 

on the rate of heating (Phan and Carino, 2003).    

 

To evaluate and compare the effect of variable rates of heating, this chapter divides 

experimental work into slow and rapid rates.  The definition of slow and rapid heating was 

entirely based on the median heating rate of the available experimental work.  As such, a 

slow heating rate is defined as having a rate less than or equal to 2°C/min; while rapid 

heating is greater than 2°C/min up to instantaneous heating.  For comparison, the standard 

curve defined by ISO 834 (2014) has an average heating rate of 34°C/min between 0°C 

and 800°C.  Experimental work is further divided into hot tested specimens and residually 

tested specimens.  
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Figures 2.4 and 2.5 display the influences of slow and rapid heating on the residual relative 

strength of concrete.  The work is reported for siliceous aggregate samples, unless 

otherwise labelled as calcareous (cal.).  The profiles of these experiments for both slow 

and rapid heating were found to be in good agreement with one another.  Figure 2.6 displays 

the averaged results.  No significant disparity is observed between the two averages, with 

both rates indicating comparable strengths at all temperatures.  Considering the average 

loss across all temperatures, slow heating causes slightly greater average strength loss at 

38 %, compared to rapid heating at 35 %.  The largest disparity in strength loss occurs at 

800°C, wherein slow heating resulted in a strength reduction that is 11 % greater than rapid 

heating.  Figure 2.6 also shows the recommended strength by EN 1992-1-2 (2004) with 

values adjusted from hot to residual conditions as described in Implementation of 

Eurocodes (2005).  Results from Netinger et al. (2011) are presented to compare against 

instantaneous heating, the most sever heating rate possible.  The high correlation of 

Netinger’s work gives indication that even highly rapid heating of concrete will exhibit 

similar responses to that of slower rates. 

 

 

Fig. 2.4: Relative Residual Strength of Concrete after Exposure to Slow 
Rates of Heating and Natural Cooling 
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Fig. 2.5: Relative Residual Strength of Concrete after Exposure to Rapid 
Rates of Heating and Natural Cooling 

 

 

Fig. 2.6: Relative Average Residual Strength of Concrete after Exposure to 
Slow or Rapid Heating and Natural Cooling 
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Figures 2.7 and 2.8 present the relative strength versus temperature at slow and rapid 

heating under hot conditions.  The strength of the slow and rapid samples was found to be 

in reasonably good agreement with one other.  Greater fluctuation is observed as compared 

to the residual tests, possibly due to the greater difficulty of hot testing or larger variation 

in specimen specific properties.  Figure 2.9 features the averaged slow and rapid profiles, 

with EN 1992-1-2 (2004) provided as a baseline.  Similar to the residual results, the three 

curves follow a very similar path without significant deviation.  Slow heating still results 

in a slightly greater average strength loss of 28 %, as compared with rapid heating at 23 %.  

The largest and only notable disparity occurs at 400°C, wherein slow heating results in 

20 % higher strength loss as compared to rapid heating.  The exact cause of this 

proportionally high strength increase for the rapidly heated samples can be attributable to 

the short maximum temperature duration applied to all three evaluated samples. 

 

 

Fig. 2.7: Relative Hot Strength of Concrete after Exposure to Slow Rates of 
Heating and Natural Cooling 
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 Fig. 2.8: Relative Hot Strength of Concrete after Exposure to Rapid Rates 
of Heating and Natural Cooling 

 

 

Fig. 2.9: Relative Average Hot Strength of Concrete after Exposure to Slow 
or Rapid Heating and Natural Cooling 
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Figures 2.10 and 2.11 display the relative strain (ƐcT/R) for hot and residual testing 

conditions.  Under hot conditions, strain increases relatively linearly at all temperatures.  A 

similar trend appears for residual samples up until about 400°C, at which point greater 

fluctuation emerges.  Due to a shortage of applicable strain data, the development of slow 

and fast averages for both hot and residual was not feasible.  Although many experimental 

studies have been carried out on concrete under varying heating rates, strain and/or stress-

strain responses are very rarely reported in full detail.  With the limited strain records 

available, no clear relationship emerges differentiating the effect of heating rate on strain.   

 

Based on the observed literature, it can be concluded that heating rates have a minimal 

effect on the strength of concrete.  On average, slow heated samples had slightly lower 

strengths than fast heated specimens.  But at any given temperature, the effect of heating 

fluctuated, producing either higher or lower strength between the two heating regimes.   A 

justification for the changing impact of heating rates has been proposed by Mohamidbai 

(1986).  Slow heating rates apply temperatures over a longer duration, generating strength 

reduction by long term moisture loss.  Alternatively, higher heating rates result in large 

thermal gradients causing strength reduction by micro cracking.  These two phenomena 

result in similar degradation for slow rates as compared to faster rates.   

 

It appears then that the main influence of heating rate is not on the stress-strain response, 

but on explosive spalling.  Explosive spalling is a phenomenon in which exterior portions 

of a concrete specimen violently spall off during heating, greatly reducing the elements 

cross-section.  The full mechanisms of explosive spalling are still not fully understood; 

however, heating rate is often cited as a major influencer in the spalling process 

(Jansson, 2013).  Phan and Carino (2003), Castillo and Duranni (1990), and Diederichs et 

al. (1988) all reported notable explosive spalling in their HSC samples, but not in their 

NSC.  Noumowe et al. (1996) even observed explosive spalling in HSC specimens at a 

heating rates as low as 1°C/min.  It is well documented in the literature that NSC is often 

unaffected by spalling compared to HSC (Kodur, 2014).  However, due to the severity of 

explosive spalling on RC, further consideration is recommended with regards to heating 

rate. 
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5.4.2  Study Methodology 

Using the structural analysis program of Section 5.4.2, RC columns were evaluated during 

both natural and standard fire exposure.  The natural design fire is defined by the Eurocode 

approach using selected compartment parameters (EN 1991-1-2, 2002), and the standard 

fire is applied at a given conservative AITP te duration.   

 

Comparison of a section’s M-φ and P-ε relationships during natural and standard fire 

exposure is used to assess the accuracy of the AITP te.  Considering the impracticality of 

presenting full M-φ and P-ε relationships for a large number of cross-sections and fire 

exposures, four key responses are identified from the relationships for general evaluation.  

These responses are the equivalent thermal induced strain recorded at section mid-height 

(εT), the axial capacity at elevated temperature (PT), the moment capacity at elevated 

temperature (MT), and the initial curvature at elevated temperature (φiT).  For each section, 

these four responses are identified from the M-φ and P-ε relationships.  It is necessary when 

analyzing columns to consider various axial load levels, of which, there are three load 

levels of particular importance: pure axial (1.0P), pure bending (0.0P), and the balanced 

condition (0.4P).   It was identified by Yemen et al. (2008) that the balance condition at 

ambient temperature falls within a range of 30 % and 50 % of the maximum axial load.  

El-Fitiany and Youssef (2018) observed a similar range for columns evaluated at elevated 

temperatures.  In this study, the balance condition is taken as approximately 40 % of P.  

Evaluation of a section at these three load levels allows for determination of the pure axial 

capacity (PrT) at 1.0P, the balance condition axial capacity (PbT) at 0.4P, the corresponding 

balanced condition moment capacity (MbT) at 0.4P, and the pure moment capacity (MrT) at 

0.0P.  Knowing these responses, a section’s moment-axial (M-P) relationship can be 

approximated defining the section’s load capacity.  Considering the four responses and the 

three axial load levels, twelve responses are recorded in total for each cross-section and 

fire exposure. 
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5.4.3  Study Parameters 

Five column sections were selected for evaluation, Table 5.3 displays their properties.  The 

studied parameters are: concrete strength at ambient temperature (f’c), section width (bc), 

section height (hc), steel reinforcement ratio (ρs), and aggregate type (agg.) of either 

siliceous (sil.) or calcareous (cal.).  Thermal properties for normal strength concrete (NSC) 

with siliceous and calcareous aggregate are applied from Lie (1992).  The steel ratio was 

represented as six bars, with three on the top and three on the bottom.  The bars were spaced 

symmetrically about the centerline at 55 mm on center from the column edge surfaces.  A 

general cross-section detail is presented in Figure 5.6. 

 

Table 5.3 Parametric Study Column Properties 

ID Fy f'c bc hc ρs agg. 

 MPa MPa mm mm % --- 

C1 

400 

30 
300 300 2.0 

sil. C2 400 400 1.5 

C3 
40 

600 600 1.5 

C4 600 600 1.5 
cal. 

C5 30 500 800 1.0 

 

 

Fig. 5.6 Cross Section of Parametric Study RC Beam 

 

 

 

 

bc 

hc 

55 mm 
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For the fire exposure conditions, five design fires are identified in Figure 5.7.  The five 

fires were developed using the Eurocode approach (EN 1991-1-2, 2002) to represent a 

range of possible natural fires as presented by Dembsey et al. (1995), Kirby et al. (1994), 

Lennon (2014), and Implementation of Eurocodes (2005).  The fires can be broadly 

classified as medium, big, small, rapid hot, and long cool.  To determine the conservative 

AITP te, the key points of tmax, tfinal, and Tmax can be graphically identified from the fire 

curves in Figure 5.7 and substituted into Equations 5.1 and 5.2.  Table 5.4 records the AITP 

te duration with the applied φsize for the given design fires and cross-section dimensions.  In 

total, the study considers 125 test cases using the five column sections, five design fire 

exposures, five time equivalent standard fire exposures, and three axial load levels. 

 

 

Fig. 5.7 Representative Design Fire Profiles 

 

Table 5.4 Conservative AITP te for Study Design Fires and Cross-Sections 

 Conservative te (min)  

 300 x 300  400 x 400  600 x 600  500 x 800  

FR 2 67.0 68.9 72.7 70.8 Moderate 

FR 3 195.5 195.5 195.5 195.5 Large 

FR 4 10.4 11.1 12.4 11.7 Small 

FR 5 128.4 128.4 128.4 128.4 Rapid Hot 

FR 6 90.2 96.2 108.2 102.2 Long Cool 
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5.4.4  Moment-Axial Assessment  

Figure 5.8 displays the full results for C1 exposed to the medium design fire FR 2 and the 

conservative te standard fire.  The ambient response is also provided as a baseline.  The 

figure shows good correlation between the two fire events.   

 

For the P-ε response, the two fires induce a near identical trend and value throughout.  At 

the initial point when no axial load is applied, the thermal strain (εT) is found as -0.005 for 

both exposure fires.  Strain increases with axial load similarly for both fires until the 

maximum axial load is identically reached at 2440 kN.  For the M-φ response, the 

relationship at 0.0P shows a strong correlation with the AITP te recording only minorly 

conservative values throughout.  At 0.4P, the AITP te deviates from the design fire 

response, but does so conservatively with lesser moment capacity and larger curvature.  

The final M-P relationship defines the load capacity of the section.  The four responses 

used to approximate the curve are identified and labelled.  The AITP te closely 

approximates the response of the design fire, with minorly conservative moment and axial 

responses.   

 

Figures 5.9 to 5.12 display the comparison of the design fire and time equivalent standard 

fire in view of the four responses of εT, φiT, PT, and MT.  For each of the 125 test cases, the 

AITP te conservatively approximates the design fire result.  This entails lesser moment and 

axial capacities, and larger initial curvatures and fire induced strains.  The εT displays the 

greatest variability, as concrete strain is highly susceptible to small changes in temperature.  

These figures confirm the application of the conservative AITP te in approximating the 

mechanical response of RC columns undergoing four-sided fire exposure. 
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Fig. 5.8 (a) C1 Axial-Strain Relationship, (b) C1 Moment-Curvature 
Relationship, (c) C1 Moment-Axial Relationship 
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Fig. 5.9 Design vs. Time Equivalent Influence on εT 

 

 

Fig. 5.10 Design vs. Time Equivalent Influence on φiT 

 

 

Fig. 5.11 Design vs. Time Equivalent Influence on PrT 
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Fig. 5.12 Design vs. Time Equivalent Influence on MrT 

 

 

5.5  Comparison with Existing Methods 

There are a number of time equivalent methods already existing in the literature; the earliest 

of which was proposed by Ingberg (1928).  These methods vary greatly in their 

methodology, basing time equivalency on maximum element temperature, energy transfer, 

and load capacity.  Chapter 3 of this thesis presents a brief literature review on the existing 

time equivalent methods.  Despite the range of existing methods, few are applicable for 

reinforced concrete sections, and to the best of the author’s knowledge, none consider the 

effect of 4-sided fire exposure.  In this section, a comparison is provided with two major 

existing time equivalent methods to demonstrate the accuracy of the AITP te and the 

importance of considering the unique effects of 4-sided fire exposure for RC columns.   

 

The existing methods presented by the Eurocode (EN 1991-1-2, 2002) and by Kodur et al. 

(2010) were selected for comparison.  The Eurocode method was derived based on the 

work of Pettersson (1975) for protected steel columns.  A modification factor is provided 

in the code for application to RC sections.  Despite the code’s stated applicability to RC 

sections, Thomas et al. (1997) and Xie et al. (2017) have proven the method provides 

unreliable time equivalent values for RC members when assessing load capacity during 

natural fire exposure.  In Chapter 3, the suitability of the method in representing the AITP 

of RC beams was found to be unacceptable.  Regardless, the wide spread use of the 
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Eurocode makes it a highly suitable method for comparison.  Kodur et al.’s method (2010) 

was derived for RC beams based on the energy transfer of a fire event.  This method was 

found in Chapter 3 to be reasonably accurate in representing the AITP of sections 

undergoing 3-sided fire exposure.  Comparison with Kodur’s method will best demonstrate 

the importance of considering 4-sided fire exposure when determining a time equivalent 

value.   

 

Figure 5.13 displays the comparison between the conservative AITP te, EN 1991-1-2 

(2002), and Kodur et al. (2010).  The comparison was made for column C2 (400 x 400 

mm) based on exposure to the five design fires given in Figure 5.7.  Each of the four key 

responses is assessed at the axial load levels of 1.0P, 0.4P, and 0.0P.  The key responses 

are recorded as a percent error from the value calculated using the design fire.  A positive 

error indicates the time equivalent overestimates the actual design fire response, and a 

negative error indicates the opposite.  It should be noted that some of the responses do not 

apply for every load level, therefore the figure is left blank for those cases.  Furthermore, 

the εT response is identical for each load level because it is only affected by temperature, 

not load.  

 

The results presented in Figure 5.13 highlight the conservative nature of the AITP te in 

relation with the existing methods.  For every section response, design fire and axial load 

level; the AITP te resulted in a conservative estimate of the design fire severity.  In contrast, 

the Eurocode method rarely produced conservative results, often significantly over-

approximating the section capacity and under-approximating the developed stains.  Given 

the derivation of the Eurocode method for steel section’s, this lack of applicability for RC 

columns is expected.  Kodur’s method is far more accurate than the Eurocode, but still 

demonstrates a fair number of unconservative results.  There does not appear to be any 

pattern in Kodur’s method for when it conservatively or un-conservatively approximates a 

design fire.  As such, the method cannot be used to reliable approximate the severity of a 

concrete section undergoing 4-sided fire exposure. 
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Fig. 5.13 M-P Response of C2 for Existing Time Equivalent Methods 
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5.6  Conclusion 

During a fire event, typical interior RC columns undergo 4-sided fire exposure.  The 

existing time equivalent methods are entirely focused on protected steel members or 

concrete beams undergoing 3-sided fire exposure.  Due to the unique thermal properties of 

concrete, the methods derived for protected steel members, such as given in 

EN 1991-1-2 (2002), are highly unreliable.  Also, the methods developed for RC beams 

undergoing 3-sided exposure, are equally inaccurate in representing fire severity as they 

ignore the additional thermal gradients that develop during 4-sided heating.  To address the 

gap in the literature, a new AITP time equivalent method is proposed.  The method is based 

on the actual internal gradients that develop within a concrete column section during 4-

sided fire exposure.  Using a section’s AITP, which defines the sections average 

temperature as a function of height, the AITP te is identified as the shortest duration 

standard fire that generates equal or greater average temperatures at every layer along the 

section’s height.  Following a parametric study, a general equation is presented to calculate 

the AITP te within the valid fire ranges of 350°C ≤ Tmax ≤ 1200°C, 15 min ≤ tmax ≤ 115 min, 

20 min ≤ tfinal ≤ 240 min.  To account for variable RC column dimension, a size adjustment 

factor was proposed to be used in conjunction with the te within the valid size ranges of 

200 ≤ bc ≤ 800 mm and 200 ≤ hc ≤ 800 mm.  The suitability of the AITP method was 

evaluated using a sectional analysis method.  When assessing the moment-curvature, axial 

load-axial strain, and moment-axial load relationships; the AITP te always produced 

conservative results in comparison to the true design fire response.  Based on the results of 

the study, it is concluded that the proposed time equivalent method allows designers to 

reliably approximate the severity of a natural fire on an RC column for performance-based 

design. 
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Chapter 6 

6.0  Thesis Conclusion 

Performance-based fire design provides engineers with the means to design structures to 

withstand fire events without the need for prescriptive measures.  This thesis presented 

simple, practical, and rational methods to facilitate the evaluation of reinforced concrete 

(RC) elements during natural fire exposure.  Considering the internal temperature gradients 

that develop within RC sections, a time equivalent (te) has been proposed to approximate 

the severity of a given natural fire event in terms of an equivalent standard fire duration.  

The methodology of this process was assessed for a range of natural fires, RC beam-

sections, and RC column-sections.  The proposed method has been assessed in view of 

existing experimental work and finite element analysis.  In the following sections, the work 

completed in each chapter of this thesis is summarized, highlighting the important 

conclusions.  The author’s recommendations for future work are also included at the end 

of this chapter. 

 

 

6.1  Literature Review 

A literature review was conducted to investigate the influence of natural fires on the stress-

strain relationship of concrete.  Natural fire events were identified to have four main 

variabilities that influence the response of concrete: heating rate, maximum temperature, 

fire duration, and cooling rate.  From the existing literature, experimental work was 

selected to evaluate the influence of each of the four variabilities.  Given the large range of 

reported testing scenarios and mix designs, collected experimental work was limited to the 

following criteria: (a) unstressed tests, (b) unconfined tests, (c) unsealed tests, (d) ordinary 

portland cement (OPC) specimens (no additives such as fly ash, silica, fibers, etc.), and (e) 

normal strength concrete (NSC) specimens.  The conclusions of the literature review found 

that maximum temperature has the most significant impact on the stress-strain relationship 

of concrete.  At lower temperatures, circa 500°C, cooling rate has a comparable influence 

as maximum temperature, but, this impact diminishes greatly with increasing temperature.  
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Exposure duration only impacts strength until a uniform internal temperature gradient is 

reached.  Long term exposure was not found to lead to further degradation.  Heating rate 

was identified to have no noticeable impact on the stress-strain response.  Given the impact 

of natural fires on the stress-strain relationship of concrete, properly identifying and 

accounting for these four fire variabilities will assist engineers in the future evaluation of 

concrete at elevated temperatures. 

 

 

6.2  Equivalent Standard Fire Duration to Evaluate Internal     

Temperatures in Natural Fire Exposed RC Beams 

A new time equivalent method was proposed in this chapter based on the internal 

temperatures that develop within an RC beam exposed to a natural fire event.  The basis of 

the proposed method lays in the evaluation of a section’s average internal temperature 

profile (AITP).  AITP’s record a section’s average temperature as a function of section 

depth.  Using AITP’s, two-dimensional temperature gradients can be simply approximated 

by a single profile, greatly simplifying sectional analysis.  The AITP time equivalent 

method is derived following two criteria: mean and conservative.  Mean criterion was 

based on accurately matching the internal temperature profiles of a natural fire to that of a 

standard; while the conservative criterion was based on selecting the shortest duration 

standard fire that produces equal or larger temperatures at every point in the section.  A 

parametric study was conducted to numerically determine the AITP te for a variety of 

natural fires.  The study resulted in the development of two equations that allow for the 

simple calculation of the AITP te for mean and conservative criteria.  The influence of beam 

dimensions was also considered.  Beam height demonstrated no influence on the te 

duration, but beam width had a major effect on the required duration.  A size adjustment 

factor (ψsize) was subsequently derived to be used in conjunction with the AITP te.  The 

thermal predictions of the proposed AITP te was then compared to those of existing time 

equivalent methods.  To the best of the author’s knowledge, the AITP te is the only time 

equivalent that considers the influence of cross-section dimensions.  The comparison 

demonstrated the existing methods’ lack of suitability for RC beams and the importance of 

considering beam dimensions.  Using the proposed AITP te and size adjustment factor, 

designers will be capable of quickly evaluating the severity of a natural fire for a RC beam. 
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6.3  Assessing the Flexural Response of Fire-Exposed RC 

Beams using an Equivalent Standard Fire 

To assess the suitability of the proposed AITP te in representing the severity of a natural 

fire event, selected flexural responses were evaluated using natural fire properties and the 

AITP equivalent standard fire.  A simple sectional analysis method, developed by El-

Fitiany and Youssef (2009), was used to calculate the moment-curvature relationship of 

RC beams during fire exposure.  A parametric study was undertaken for a variety of natural 

fires and RC sections.  For each test case, three key points from the moment-curvature 

profile were recorded for comparison: maximum moment, initial curvature, and initial 

stiffness.  These points were identified as the critical points to define the relationship and 

allow for performance-based design.  The study found the predictions based on the mean 

te to be in good agreement with the responses calculated using the design fire exposure.  

The initial curvature and stiffness demonstrated greater variability, but their error on the 

conservative side was less than 10 %.  The conservative time equivalent led to conservative 

predictions for all cases.  The chapter concluded with a case study demonstrating the 

application of the AITP te in the simplified analysis of an RC beam.  The simplified analysis 

proceeded by determining the natural fire severity, calculating the section internal 

temperatures, and evaluating the sectional moment capacity.  The approach was validated 

using a finite element model and experimental findings from Ellingwood and Lin (1991).  

The conclusions of the chapter indicate the validity of the AITP te and its suitability in the 

performance-based design process.   
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6.4  Equivalent Standard Fire Duration to Evaluate Internal     

Temperatures in Natural Fire Exposed RC Columns 

In this chapter, the proposed time equivalent method for RC beams was assessed for RC 

columns.  During fire exposure, a major change arises for typical interior columns, as they 

are heated from all four faces, not just from the three lower faces as is experienced by a 

typical beam.  The additional exposure face was found to greatly influence the internal 

thermal gradients that develop within a section.  For RC columns, the mean criterion 

methodology was found to be no longer suitable for application, as the internal gradients 

that developed were too variable to be represented accurately by an equivalent standard 

time.  The conservative criterion methodology however, was found to work perfectly for 

RC columns.  A study was undertaken to assess the conservative te equation for column 

sections of 300 x 300, 400 x 400, 600 x 600, and 800 x 800 mm.  The study determined 

that the existing conservative time equivalent equation from Chapter 3 is still valid for RC 

columns.  Similar to Chapter 4, the mechanical response of columns during time equivalent 

exposure was assessed based on the sectional moment-curvature, axial load-axial strain, 

and moment-axial load relationship.  The three relationships were assessed at three load 

levels: pure axial; pure bending; and the balance condition, which was assumed to occur at 

40% of the maximum axial load.  For every section response, load case, cross-section, and 

natural fire considered, the conservative AITP te produced a conservative approximation 

of the natural fire result.  A comparison with existing methods was further provided 

demonstrating the improved suitability of the AITP te for RC columns undergoing four-

sided fire exposure.   
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6.5  Thesis Limitations 

The proposed AITP te and size adjustment factor were derived based on a parametric study.  

As such, the method has a well-defined valid range based on the extents of the study:   

 

The method is valid for natural fires within: 

▪ 350°C ≤ maximum temperature ≤ 1200°C,  

▪ 15 min ≤ time at maximum temperature ≤ 115 min 

▪ 20 min ≤ overall fire duration ≤ 240 min 

 

The method is valid for RC sections within: 

▪ 200 mm ≤ beam width ≤ 800 mm 

▪ 200 mm ≤ beam height ≤ 800 mm 

▪ 300 mm ≤ column width ≤ 800 mm 

▪ 300 mm ≤ column height ≤ 800 mm 

 

Furthermore, the AITP methodology is only applicable for elements resisting un-axial 

bending.  Columns resisting bi-axial bending were not considered in this study.  The 

parametric study was only undertaken considering NSC, which allowed for the omission 

of explosive spalling. 
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6.6  Recommendations for Future Work 

This thesis has revealed that additional experimental and analytical work is needed in the 

following subjects: 

 

1) Further experimental testing is needed on the stress-strain response of concrete 

during natural fire exposure. 

2) Experimental testing of RC elements exposed to natural fire exposure.  To the best 

of the author’s knowledge, no experimental work is readily available recording the 

flexural or shear failure of RC elements during natural fire exposure. 

3) Assessment of the AITP method for plane RC elements such as walls and slabs. 

4) Extending the AITP method for T or I shaped beam sections. 

5) Consideration of the AITP method for application with high-strength concrete 

(HSC), which will require consideration of explosive spalling. 
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Appendix A 

Finite Difference Modelling 

In this thesis, a simple heat transfer model from Lie (1992) was implemented to determine 

the section internal temperatures of a concrete element during fire exposure.  This appendix 

describes the implemented finite difference method (FDM), the validation approach, and 

method limitations.  A full description of the equations needed for the FDM is provided by 

Lie (1992).   

 

To calculate section temperatures, the cross-section is first divided into a fine two-

dimensional mesh (Figure A.1).  The mesh is oriented at 45 degrees, with square elements 

used in the interior and triangular elements used at the surface.  Heat retention and transfer 

is conducted at the center of the square mesh elements.  For the triangular elements, transfer 

is conducted at the center of the hypotenuse.  This location of the triangular elements 

represents the boundary nodes of the section.   

 

 

Fig. A.1 Heat Transfer Mesh Detail 
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Mesh size (Δξ) was determined by a sensitivity analysis.  Evaluating the internal 

temperatures of the section during standard fire exposure, the mesh size was iteratively 

decreased until a temperature change of less than 1% was observed.  Based on the 

sensitivity analysis, the number of required horizontal mesh divisions can be related to the 

section width using equation A.1; where bc is the section width in meters.  Individual mesh 

size can be subsequently determined assuming a square mesh shape.   

 

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑚𝑒𝑠ℎ 𝑑𝑖𝑣𝑖𝑠𝑖𝑜𝑛𝑠 = 𝑏𝑐 ∗ 200  (A.1) 

 

Application of the FDM requires knowledge of several concrete thermal properties.  They 

include: the thermal conductivity (k), specific heat (cs), and density (ρ).  Temperature 

dependent relationships for these material parameters were implemented into the model 

based on equations presented in Lie (1992).  Additional constants such as the Stefan 

Boltzmann constant (σ), the conductivity constant (hmax), and the emissivity (εf) were also 

specified based on the recommendation of Lie (1992). 

 

Fire conditions are imposed on the section using a temperature-time relationship.  At a 

given time, the temperature of the fire is identified, and applied evenly to the desired 

boundaries of the element.  Depending on element geometry, the fire exposed boundaries 

(3-side heating, 4-side heating, etc.) are specified during implementation.  The maximum 

time step for fire iteration is specified in the method based on mesh size, section geometry, 

and material properties. 

 

Lie (1992) provides an Energy Equation to account for heat transfer due to conduction and 

radiation.  Heat flow (q) due to conduction and radiation is undertaken consistent with the 

general energy relationships presented in Equations A.2 and A.3.  Starting at the section 

boundaries, heat transfer is evaluated from the compartment fire to the exterior triangular 

mesh elements.  Subsequent interior elements are solved for by iteratively applying the 

head transfer until the full section is evaluated.  The time step is then increased, and the 

process continued until the final fire duration is reached. 
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𝑞𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 = 𝜀𝜎(𝑇𝑒
4 − 𝑇𝑟

4) (A.2) 

𝑞𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = 𝑘(𝑇𝑒 − 𝑇𝑟) (A.3) 

 

Validation of the FDM was accomplished using the standard temperature profiles presented 

in the Implementation of Eurocodes (2005) handbook.  These standard profiles are 

provided for a variety of specific aggregate types, section dimensions, and fire exposures.  

Evaluation of the FDM using the same parameters of these studies validates the accuracy 

of the implemented method in determining section internal temperatures.  

 

The limitations of the proposed method are as follows: 

1. Moisture movement within the section is omitted.  This is a conservative 

assumption, as it leads to higher internal temperatures.  Furthermore, for an 

established concrete structure, it is reasonable to assume moisture levels would be 

negligible. 

2. The energy equation for radiation transfer is assumed for that of an ideal black 

body.  This was shown my Lie (1992) to produce only very minor errors. 

3. Fire is applied as a uniform temperature along the section’s boundaries.  This is 

consistent with the commonly implemented uniform compartment temperature.  

4. The valid temperature range of the method is governed by the limitations of the 

specified material properties.   

5. Heat transfer due to convection is ignored at the element’s surface.  This is proven 

be Lie (1992) to result in only very minor errors. 

6. A stability equation is provided by Lie (1992) as a general limitation for the 

method.  The equation accounts for mesh size, thermal properties, and iteration 

time step. 

7. Normal strength concrete (NSC) is assumed, thus allowing for the omittance of 

explosive spalling. 
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Appendix B 

Finite Element Modelling (ABAQUS) 

A finite element (FE) model was utilized in Section 4.0 as part of the presented case study.  

This appendix describes the FE modelling and validation techniques implemented as part 

of that work. 

 

The FE model was implemented in ABAQUS, a widely utilized FE software package.  In 

order to capture the variation in heat transfer within the RC-section, solid elements were 

specified in the model.  RC sections consist of both concrete and reinforcing steel.  These 

elements were modelled as separate solid parts, and subsequently merged together as a 

combined assembly.  Mechanical constraints were applied to the end faces of the element 

consistent with pin and roller connections.  The roller connection permits the release of 

thermal expansion stresses, allowing for the model and case-study to omit the influence of 

restrain actions.   

 

Material properties for the steel and concrete were implemented in ABAQUS consistent 

with values presented in Lie (1992).  Materials were defined as temperature-dependent, 

allowing for greater accuracy during the fire event.  Fire exposure was applied along the 

bottom and two side faces of the beam section.  Considering the assumption of a uniform 

compartment temperature, the fire event was applied uniformly over the selected 

boundaries.  Fire exposure was defined as a temperature-time relation.  Along the element 

boundaries, heat transfer between the compartment and the beam was specified for 

radiation and conduction conditions. 
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Final mesh layout and sizing was selected based on a sensitivity study.  Mesh size plays an 

important role in both the heat transfer and stress analysis, therefore both responses were 

evaluated in the sensitivity study.  Element temperature was evaluated at the location of 

the steel reinforcement and the maximum deflection was recorded during ambient 

conditions for a uniform surface load.   These responses were measured for a variety of 

mesh layouts, until a difference of less than 1 % was recorded between iterations.  The final 

selected mesh is presented in Figure B.1.  Due to stress concentrations at the steel location, 

a finer mesh is utilized in this region.   

 

 

 

Fig. B.1 Element Meshing in Cross-Section and Elevation View 
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Running the model involves a two-step process: heat-transfer and stress analysis.  In the 

heat-transfer step, the beam is exposed purely to the fire scenario and the internal 

temperatures are recorded with time.  Secondly, the internal temperatures are loaded into 

the model as a pre-define condition, and a stress analysis is completed.  In order to 

determine the moment capacity of the fire exposed section, a constant uniformly distributed 

load is applied to the top face of the element during the stress analysis.  This load is 

manually increased between runs until failure is observed based on strain non-convergence.  

ABAQUS does allow for a coupled loading event in which both heat transfer and stress 

analysis can be completed simultaneously.  However, both approaches provide identical 

results, and it is the author’s opinion that this two-step process provides better 

compartmentalization for error checking. 

 

Model validation was undertaken at both steps of the analysis.  In the heat-transfer step, 

validation was performed by comparing section temperatures with the finite difference 

model (FDM) from Appendix A and the experimental work performed by Ellingwood and 

Lin (1991).  In the stress analysis step, validation was undertaken with and without the fire 

exposed pre-defined condition.  Doing so allowed for the moment capacity of the section 

to be easily validated at ambient temperatures, and then subsequently validated during the 

fire-exposed condition.  At the fire exposed-condition, validation was achieved by 

comparison with the proprietary structural analysis program described in Section 4.1 of 

this thesis. 
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