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This paper presents an investigation of the structural response of a long span 

cellular beam with varying section geometries while subject to various temperature-time 

curves.  This type of beam is under investigation, in part, because of its increased use in 

long span building construction and its unique thermal response when protected with 

intumescent coatings; but more importantly, to provide an increased understanding into 

how these beams affect the surrounding structure in fire conditions.  

A nonlinear, finite element computational analysis of a steel-frame composite 

structure incorporating a long span cellular beam with a composite deck was examined 

to investigate local buckling behavior, midspan displacements, and connection forces of 

the long span cellular beam, and to compare the results with a similar I-shaped member 

with no web openings.  

This study appears to indicate that long span cellular beams exposed to fire 

experience two buckling events prior to undergoing large displacement behavior and 

catenary action. In addition, global and local response of these beams is largely 

controlled by local web stiffness particularly in pre-buckling behavior.   
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Chapter 1: Introduction 

 

 

1.1 Overview 

Historically, analysis of the performance of steel and composite structures in fire 

has primarily been based on the structural and thermal response of a single 

element under a prescribed standard time-temperature curve [1].  However, little 

work has been conducted to determine how the structural fire response of 

individual elements affect the surrounding structure.  Due to the limitations and 

costs associated with traditional fire performance methods and tests, engineers 

and researchers have been relying more heavily on computer modeling.  Advances 

in this technology, particularly with the use of computational fluid dynamics and 

finite element packages for fire applications, has enabled more reliable insight into 

the global and local response of structures to realistic fire scenarios.  These 

methods of analysis are becoming increasingly important as modern construction 

continues to push the envelope of design, geometry, space, size and materials.  

One such advance in modern construction has been the increased demand for 

large open spaces. 

 

In recent years, the use of cellular steel beams has become increasingly popular in 

building design primarily to achieve longer spans and to reduce overall building 

height and steel weight costs.  A cellular beam, as seen in Figure 1, is typically a 

wide flange beam with regular circular openings.  Unlike castellated beams, cellular 

beams have more flexibility in opening pitch, diameters and location [2]. These  

beams offer the flexibility offer multiple internal floor configurations, as well as, a 

reduction in construction cost by minimizing the number of columns and structural 
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walls (See Figure 1).  In addition, the web openings enable the reduction in overall 

building height by allowing building services (mechanical, electrical, plumbing etc.) 

to pass within the structural depth of the beam as opposed to being hung from the 

bottom of the elements.  These added benefits make cellular beams an efficient 

and cost-effective material for modern building construction. 

Figure 1 - Typical long span design using cellular beams. (image from Westok Ltd.) 

 

While it is evident that cellular beams offer tremendous advantages – longer 

spans, reduced construction costs, etc – their reduced shear capacity as a result of 

the web openings and Vierendeel effects make them more susceptible to shear 

failure and lateral torsional buckling under ambient conditions, let alone under fire 

conditions. Like any other structural beam element, cellular beams are required to 

achieve a certain level of fire-resistance depending on the building’s construction 

type, occupancy, level of active and passive protection systems, and exposure to 

external fire loads.  This fire resistance has historically been assessed using single 

element tests, where a single beam element is evaluated under the standard fire 

curve [3].  However, it is difficult to extrapolate this structural test performance to 

real fire scenarios and building geometries where loading conditions, continuity, 
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end conditions and local beam geometry markedly affect structural performance.  

In addition, typical compartments limit beam sizes to 4 meter spans, which may not 

predict the performance of cellular beams in long span applications. 

 

Further compounding the issue are the results from recent tests on cellular beams. 

In these tests conducted independently by cellular beam manufacturers (Fabsec 

and Westok), Colin Bailey and the Steel Construction Institute (SCI), the web of the 

beams between the holes (commonly referred to as the web-post) experienced 

higher than expected temperatures [4, 5, 6, 7].  As evident from the studies, the 

temperature distributions through the cross-section of cellular beams is not fully 

understand, let alone the structural performance of this beam type in a range of 

structural applications and geometries.  The higher web temperatures may be a 

result of the failure of the intumescent coatings around the web openings, the small 

length scale of the web opening thickness, or the airflow characteristics of the 

testing camber.  This makes the task of providing a level of fire-resistance with any 

degree of confidence difficult. 

 

Predictive models and analysis tools are necessary to evaluate structural fire 

characteristics (structural performance and solid phase temperatures), coupled 

with fire models to predict realistic gas temperatures.  Developments in 

computational fluid dynamics (CFD) modeling and finite element modeling (FEM) 

make it possible to simulate the gas behavior of fires and structural fire 

performance with a high degree of fidelity.  However, before these tools can be 

used effectively for structural fire analysis, the mechanics and physics involved in 

the behavior of structures to fire must be clearly understood. 
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Empirical data based on a few experiments [4-7], can be used as preliminary 

predictive models; however, they have a limited range of validity and are weakly 

dependent on many effects that may influence the structural behavior of the 

cellular beams to fire.  This paper, through a parametric study using the finite 

element model ABAQUS [8], attempts to better understand the structural behavior 

of cellular beams under a wide range of time-temperature exposures, temperature 

distributions and structural geometries.  While full-scale tests were not conducted 

to validate the parametric study, ABAQUS 6-5.4 is a well validated finite element 

program used for a wide-variety of structural engineering problems and 

applications. 

 

1.2 Literature Review 

3.1.1 Background of  Cellular Beams 

Cellular beams were introduced into the steel construction industry in 1987, 

by the steel manufacturer Westok (Ltd) [10].  These beams are the 

successor of the castellated beam which was developed in the early 1950’s. 

These types of beams have been used in over 3500 projects in over twenty 

countries and their primary use has been in secondary floor beams to 

achieve long spans and service integration.  They are also used as roof 

beams beyond the range of portal frame construction, curved roofs, tapered 

members, gable columns and wind-posts.[2]  Full-scale destructive tests 

have been conducted to verify structural integrity and design criteria at 

Bradford University in 1988, Leeds University in 1995 and the University of 

Manchester Institute of Science and Technology in 2000, with the 

supervision of the Steel Construction Institute (SCI) in the UK.[2] 
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Cellular beams are currently manufactured by two processes.  Like its 

predecessor the castellated beam, a cellular beam can be manufactured as 

an expanded member achieved by welding together the two halves of a 

universal beam (or wide flange beam) with a variety of specified opening 

configurations. This enables the cellular beam to be up to 1.6 times deeper 

than the parent solid beam.  In the other manufacturing process, the cellular 

beams are fabricated as built-up members from steel plates using 

automated plate cutting and welding techniques.  The flange plates are 

welded to the webs using a double-sided process in which a thin wire 

submerged arc creates a 7 mm fillet weld in a single pass.  Butt welds are 

used to achieve the desired lengths and flame cutting is used to achieve the 

required width of the plates and the openings. [11] 

 

 
 

 

 

 

 

Figure 2 - (left) Cellular beam manufactured from cutting and expanding a standard 
universal beam (Westok). (right) Cellular beam fabricated from steel plates cut and 
welded (Fabsec Ltd.) 
 

3.1.2 Early Tests and Data on Cellular Beams 

Limited experimental work has been conducted to characterize the heat 

transfer characteristics and structural performance of cellular beams in fire 

conditions [4-7].  Much of the early work was conducted by the Steel 

Construction Institute (SCI) in conjunction with the Association for Specialist 
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Fire Protection and the Fire Test Study Group on castellated beams and 

was extended to cover cellular beams.  This work is proprietary and has 

largely been done in the UK, where the market size for cellular beams has 

significantly increased in recent years to approximately 30,000 tonnes [2].  

Based on these preliminary tests, beams with webs openings, including 

castellated beams, cellular beams with circular web openings, and beams 

with multiple openings of varying size and shape have traditionally been fire 

protected using the guidance given by Fire Protection for Structural Steel in 

Buildings, commonly referred to as the “Yellow Book”.  This guide was 

based on the limited tests conducted by SCI which studied loaded 

castellated beams protected with a thick, insulating, spray applied, fire 

protection materials, but was extended to cover cellular beams. [12] 

 

In recent years, several tests have been conducted on cellular beams by 

Fabsec Ltd, Westok Ltd and Ameron International.[4-7]  In the Fabsec 

study, five loaded fire resistance tests were conducted on protected 

composite cellular beams at Warrington Fire Research Center (WFRC), 

along with a number of unloaded, protected short sections tested at WFRC 

and W & J Leight’s test furnace.[11]  The 4.2m cellular composite beams 

were loaded and tested for a 120-min fire exposure with Firetex FB120 

intumescent coatings.  Figure 3 is a schematic drawing of the general test 

layout for tests 1-3.  All three tests had similar parameters; however, test 2 

incorporated rectangular openings as opposed to circular openings, and 

test 3 incorporated slightly larger circular openings with ring stiffeners.  As 

seen in Figure 4, the beams failed due to excessive deflections between 

117 minutes to 135 minutes.  While global failure was indicated by runaway 
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deflections, the failure mechanisms differed.  Table 1 indicates the failure 

mechanism observed for each test; Figure 5 illustrates the observed failure. 

 

Figure 3 - General arrangement of Fabsec Beam Test 1 – 3. 

 

Figure 4 - Central deflection of the beams in the Fabsec fire tests. 
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Figure 5 - (top left) Shear failure in beam 

test 1. (top right) Vierendeel buckling in 

beam test 2. (left) Overall buckling in 

beam test 3. (photos courtesy: Fabsec 

Ltd.) 

 

 

 

 

Table 1: Failure Mechanisms for Beam Tests 1 -3 (reproduced from Fabsec 

Design Guide) 

Beam Test Failure Mechanism 

1 Shear Failure at opening 

2 Vierendeel Bending (local failure around openings due to 

transferring of shear forces) 

3 Overall bending (test reached deflection limit of L/30) 
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Figure 6 illustrates the general set-up for Tests 4 and 5.  In these tests, the 

web post size and affect of thinner intumescent coatings was evaluated.  In 

Test 4, the beam failed after 57 minutes due to the buckling of the narrower 

web-post.  Test 5 was similar to test 4 but with a thinner coating.  Test 5 

failed at 47 minutes due to web crushing.  Figure 7 illustrates the observed 

failure mechanisms for each test. 

 
Figure 6 - General arrangement for Fabsec Tests 4 & 5 
 

 

 

 

 

 

 

 

 

Figure 7 - (left) Web-post buckling failure Fabsec Beam #4.  (right) Web crushing 

failure Fabsec Beam #5.. 
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In the Westok and Ameron International study, a series of unloaded tests 

were conducted on unprotected and protected beams, and compared with a 

similar solid beam. The focus of these tests was on the temperature 

distribution in the cellular beams, particularly around the web openings.  

These temperatures were compared relative to the temperatures observed 

in a solid beam section.  Figure 8 illustrates a typical test setup.  These 

tests were conducted on beam elements of approximately 1m in length and 

were not studied for structural behavior. 

 

Figure 8 - General arrangement of unprotected cellular beams tests (Westok). 
 

 

 

The results from both studies indicate that greater than expected 

temperatures were observed in the web-post of cellular beams in 

comparison to the flange temperatures.  However, there does not appear to 

be any evidence suggesting that the web posts of unprotected cellular 

beams heat at a faster rate than an identical solid beam of similar 
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dimensions [4].  This is likely due to the fact that the exposed surfaces for 

the cellular beam is not much different than that of a solid beam of the 

same size. That is, the additional surfaces created by adding a web 

opening, is comparable to the area of the web taken away from the solid 

web.  For unprotected cellular beams, as with solid beams, the web 

appears to be approximately 5% greater than the adjacent web. 

 

In protected cellular beams, the ratio between web-post temperature and 

adjacent flange temperatures appears to be significantly higher.  Figure 9 

shows the ratio of web-post temperature to adjacent flange temperature for 

the relevant Fabsec and Westok tests.  The Fabsec tests are expressed in 

terms of buckling temperature and average bottom flange temperature, and 

the Westok tests are expressed as average web post temperatures and 

bottom flange temperature.   These ratios are also plotted with the design 

value assumed by SCI.  As seen in the figure, the ratio between the web-

post and bottom flange temperature increases as web-post length 

decreases.  While this data seems to indicate a substantial increase in web-

post temperatures of cellular beams of up to 40%, the results may be 

misleading.  In both Fabsec and Westok tests, the intumescent coatings 

began to detach and develop cracks around the openings.  The 

performance of the intumescent coatings may be the cause of the 

significant temperature differences. 
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Figure 9 - Summary of data on ratio of web-post temperatures to bottom flange 

temperatures for protected cellular beams (Fabsec, Westok and SCI design curve). 

Image courtesy:  SCI Document RT983 

 

1.3 Research Objectives 

This paper, through a parametric study using the finite element code ABAQUS, 

attempts to contribute to the understanding of the global behavior of long span 

cellular beams under fire conditions and to appreciate the controlling mechanisms 

that lead to local failure and possibly runaway failure.  The process of this study 

included: 

 
• Investigation of the sensitivity of section geometry on the structural 

behavior of long span cellular beams exposed to a standard fire  

• Investigation on whether varying the heating rate or maximum 

temperature plays a significant role on structural response of these beam 

types 
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• Investigation on whether increased web temperatures observed in recent 

fire tests significantly affect the structural fire behavior of long span 

cellular beams.  

 

1.4 Outline of thesis chapters 

Chapter 2  

Fundamentals of Structural Fire Analysis  

This section provides a background to the basic important understanding of 

structural fire analysis with respect to the dynamics of building fires, temperature 

effects on structural materials and thermo-mechanics.   

 

Chapter 3 

Methodology – Cellular Beam Study 

The model to be used for the analyses is described in detail, including geometry, 

material behavior, thermal loading, and output to be expected.  

 

Chapter 4  

Analysis and Interpretation of Results 

Presentation and analysis of the results is given in this chapter.  Each model is 

presented and compared with other models within the parametric group.  Each 

group is then compared against the base models (cellular beam and solid beam 

models).  The analysis focuses on the initial failure mechanism, displacements, 

stress concentrations and forces that affect the behavior of the cellular beam in 

question.  Analysis of the supporting frame is not included.    

 

Chapter 5 
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Conclusions and further work 

This chapter summarizes the results of the analyses as discussed previously and 

states the conclusions of the study.  Also included are suggestions for additional 

work to be undertaken. 

 



15 

Chapter 2:  Fundamentals of Structural Fire Analysis 

 

 

In performing a structural fire engineering assessment, it is of interest to explore the 

expected fire scenarios, thermal response of the structural elements, and the mechanical 

or structural response of the structural system or building component.  Developments in 

computational fluid dynamics (CFD) and finite element methods (FEM) have made it 

possible to simulate the continuous phase behavior of fires and the mechanical 

response of a structure with a high degree of reliability, respectively.  In the fire analysis, 

it is important to understand the dynamics of building fires insofar as they influence the 

expected fire exposure scenarios.  This will be briefly discussed in Section 2.1.   

 

In the structural fire analysis, as noted by Buchanan [13], the methods of assessment 

are essentially similar to the analysis techniques used during ambient condition design.  

That is, the methods to determine the deformations and internal forces induced by the 

applied loads are conceptually the same.  However, the main differences at the time of 

fire, as highlighted by Buchanan are as follows: 

• Reduced applied loads 

• Thermally induced internal forces 

• Reduced strengths of materials 

• Reduced cross-section areas by charring and spalling 

• Deflections are less critical 

• Different failure mechanisms dominate 

 

These factors manifest themselves differently depending on the materials used in 

construction and the types of boundary conditions.  Historically, it was believed that the 



16 

thermal effects on material properties dominated the global behavior of the structure.  

However, with the increase in research and understanding of thermo-mechanics, the role 

of boundary conditions appears to play a more significant role in structural response to 

fire.  

 

Much of this recent work on understanding the behavior of structures under fire 

conditions has been conducted by Usmani et al at the University of Edinburgh in 

Scotland, who participated in the “Cardington tests” [14] sponsored by British Steel PLC 

(now CORUS) following the 1990 Broadgate fire in London [15].  Their analysis of the 

Cardington tests provides new insights into the response of structures to fire, particularly 

with respect to elongation and thermal curvature.  As noted by Usmani, et al.[16]: 

 

“Behavior of composite structures in fire has long been understood to be 

dominated by the effects of strength loss caused by thermal degradation, and 

that large deflections and runaway resulting from the action of imposed loading 

on a ‘weakened’ structure.  Thus ‘strength’ and ‘loads’ are quite generally 

believed to be the key factors determining structural response (fundamentally 

no different from ambient behavior).  The new understanding … is that 

composite framed structures of the type tested at Cardington possess 

enormous reserves of strength through adopting large displacement 

configurations.  Furthermore, it is the thermally induced forces and 

displacements, and not material degradation that govern structural response in 

fire.”   

 

Usmani, et al., lay down some of the most important and fundamental principles that 

govern the behavior of composite frame structures in fire.  Section 2.2 will address the 
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thermal effects on material properties, and Section 2.3 will discuss thermo-mechanics.  

Among these, the performance criteria are crucial to providing the objectives for the 

desired structural performance.  However, there is currently no general performance 

criteria established in the U.S., with limited guidance in Europe.  Furthermore, large 

scale testing data on the global response of structures to fire is limited.  Development of 

a general understanding of the global response of cellular beams to fire will be the focus 

of this study.  The structural response will be sensitive to the fire exposure, beam 

geometry, support conditions, loading, and material response.  

 

2.1 Dynamics of Building Fires 

In order to assess structural performance in fire, it is necessary to understand the 

thermal boundary conditions to which the structure will be subjected. This exposure 

depends on a number of factors, including those identified in the ASTM E119 fire 

resistance test standard [17], and as listed below: 

 

1. Fuel load—amount and type; 

2. Distribution of the fuel load; 

3. Specific surface characteristics of the fuel load; 

4. Ventilation, as determined by the size and shape of openings; 

5. Geometry of the fire compartment—size and shape; 

6. Thermal characteristics of the enclosure boundaries; 

7. Relative humidity of the atmosphere. 

 

In buildings, the confinement effects give rise to four stages of enclosure fires, 

which are defined by Mowrer [18] as: 

• Fire plume / ceiling jet period 
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• Enclosure smoke filling period 

• Preflashover vented period 

• Postflashover vented period 

 

In the post-flashover or “fully developed” fire virtually all exposed fuel surfaces 

have ignited during the flashover process.  In this period, the burning rate within 

the enclosure is usually regulated by the rate of air flow into the enclosure rather 

than by the rate of fuel released from the burning surfaces.  During this stage of the 

fire, the gas temperatures and radiant heat fluxes in the enclosure are typically at 

their highest and can be assumed to be uniform throughout the enclosure. 

[Buchanan: 61]  The temperature, however, varies at any given time and depends 

on the balance between the heat released and the heat lost.   

 

As mentioned before, developments in CFD have made it possible to characterize 

the gas phase temperatures in a compartment with high fidelity.  Post-flashover 

temperatures can be determined; however, in order to conduct a structural fire 

analysis solid phase temperatures are required.  Despite the advances in CFD and 

FEM packages, there is still a disconnect between the gas phase temperatures 

calculated in CFD models and the solid phase temperatures required for the 

structural analysis.  While it is relatively simple to model the expected fire 

scenarios and model the structural response of a system separately, it is difficult to 

streamline the transition from the gas phase temperature outputs from CFD to the 

solid phase input temperatures for the structural assessment.    

 

The following sections of this report will address the effects of solid phase 

temperatures on the material and mechanical properties of structural systems.  
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Section 3.3 will discuss how the disconnect between the gas phase temperatures 

and solid phase temperatures is resolved.  

 

2.2 Temperature Effects On Structural Materials 

In this study, a long span cellular beam is evaluated in a composite steel and 

concrete structural bay.  While the cellular beam is the focus of the paper, the 

concrete aspects of the system significantly influence the overall response of the 

structural system.  Therefore, the material properties of both steel and concrete are 

presented in this section.   

2.2.1 Steel 

When steel is exposed to fire, the steel temperatures increase resulting in the 

reduction of the strength and stiffness of the steel.  This material response to 

fire can lead to possible deformations and failure, depending on the applied 

loads, temperature profile, and support conditions.  The increase in steel 

temperatures depends on the severity of the fire, the section factor (area of 

exposed steel) and the amount and type of applied fire protection materials.  

 

In general, unprotected steel structures perform poorly in fires relative to 

other structural materials such as concrete, gypsum, and timber.  This poor 

performance can be partly attributed to the thinner elements used, the higher 

thermal conductivity of steel and high thermal expansion.[13]  Despite the 

vulnerability of steel as a material, steel structures have historically performed 

well structurally in fire scenarios, in particular protected steel structures (i.e. 

First Interstate Bank [19], One Meridian Plaza [20], Cardington tests [14], 

Broadgate fires [15], Mercantile Credit Insurance Building [21] etc); that is 

there has only been one reported structural steel building collapse where fire 
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was the main cause (World Trade Center 7, 2001) and two partial collapses 

[21].  

 

The main material properties affected by fire, as they relate to structural 

behavior, will be discussed further in this chapter.  

 

2.2.1.1 Thermal Properties 

Density 

The density of steel does not vary much with temperature and can 

be assumed constant at 7850 kg/m3. 

 

Specific Heat 

The specific heat of steel varies according to temperature as show 

in Figure 10, reproduced from Eurocode 3, 1995 [22].  For simple 

calculations, the specific heat ca can be taken as 600 J/kg-K. 

However, it is more accurate to use the following equations (1), 

where ta ,θ  is the steel temperature in degrees Celsius: 
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Figure 10 - Specific heat of steel at elevated temperatures (EC3:1995) 
 

Thermal conductivity 

The thermal conductivity of steel varies according the temperature 

as shown in Figure 11, reproduced from EC 3, 1995.  For simple 

calculations, the thermal conductivity aλ  can be taken as 45 W/m-

K.  However, for more complex calculations, the following 

equations can be used, where ta ,θ  is the steel temperature in 

degrees Celsius, and λa is in W/m-K.  
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Figure 11 - Thermal conductivity of steel at elevated temperatures 
(EC3:1995) 

 

2.2.1.2 Mechanical Properties 

2.2.1.2.1 Thermal strain 

Thermal strain is the well-known phenomenom that occurs 

when most materials are heated.  At room temperature, the 

coefficient of thermal expansion for steel can be taken as 

14.0x 10-6 /°C from Eurocode 3 (1995).  At higher 

temperatures, the coefficient increases, resulting in the 

thermal strain as seen in Figure 12, reproduced from the 

Eurocodes (EC3:1-2, 1995).   
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Figure 12 - Thermal strain of steel at elevated temperatures (EC3:1995) 

 

2.2.1.2.2 Creep Strain 

At ambient temperatures, creep plays a relatively 

insignificant role in structural steel performance.  However, 

from tests conducted by Poh (1996), Kirby and Preston 

(1988)[13] creep is shown to become very important at 

temperatures over 400°C or 500°C.  As seen in Figure 13 

creep is not only dependent on temperature but also on the 

stress level of the element.   
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Figure 13 - Creep strain figure from Buchanan 
 

As noted by Buchanan, the importance of creep 

deformations in fire-exposed structures, while significant, is 

often not explicitly included in computer based fire design 

processes. It is typically assumed that the stress-strain 

relationships are “effective “and are implicitly capturing the 

deformations from creep during the fire exposure (EC3, 

1995).  

 

2.2.1.2.3 Yield Strength  

At higher temperatures, the yield strength decreases, while 

the ultimate tensile strength increases slightly at moderate 

temperatures, before decreasing at higher temperatures.  

Typical stress-strain relationships for structural steel at 

elevated temperatures are show in Figure 14.  As seen in the 

figure, the well-defined yield strength at ambient 
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temperatures tends to disappear at elevated temperatures.  

Similar relationships are available for prestressing steel, but 

are not presented here in this report.  

 
Figure 14 - Stress-strain relationships for steel at elevated 
temperatures. (Buchanan) 
 

The structural Eurocode for steel (EC3, 1995) has more 

detailed expressions, with equations for the stress-strain 

relationship of various steels and a table of reduction 

factors for steel at elevated temperatures.  The reduction 

factors are relative to the appropriate value at 20°C, and 

are as follows: 

• Relative effective yield strength:     yyy ffk /,, θθ =  

• Relative proportional limit:             ypp ffk /,, θθ =  

• Relative Elastic modulus:             ataE EEk /,, =θ  

The reduction values in Table 2 are then used to determine 

the stress-strain relationships supplied in Figure 15. These 
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relationships and ultimately affect the tension, 

compression, moment and shear capacity of a structural 

element.  

Table 2: Reduction factors for stress strain relationships for 
steel at elevated temperatures.  (EC3, 1995) 
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Figure 15 - Stress-strain relationships for steel at elevated temperatures (EC3:1995) 

 

 

Alternatively, the Eurocode 3 provides an approximate 

curve for the reduction in yield strength and is given by: 
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( )[ ]( )[ ] 833.3/1
, 13.39/482exp19674.0 −−+= Tk Ty               (4) 

  

In general, steel retains strength and stiffness 

approximately equal to 50 percent of its strength and 

stiffness at ambient conditions at a temperature of 593 °C.  

At 704 °C, steel retains about 20 percent strength and 

stiffness and loses all strength at approximately 1,204 °C.   

 

In some cases, it is convenient to represent the variation of 

yield strength, modulus or elasticity, and proportional limit 

as a function of temperature and as a fraction relative to 

the steel strength at ambient temperature, as shown in 

Figure 16 and Table 2.   In this figure, it is interesting to 

note that the modulus of elasticity reduces more quickly 

than the yield strength as temperature increases.  This 

plays a significant role in how a structural system behaves 

at elevated temperatures and predicting the failure 

mechanism. That is, this figure suggests that the stiffness 

of the structural element will be the limiting factor in the 

performance of the system.  This may result in increased 

deflections and deformations as temperatures increase.    
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Figure 16 - Relative mechanical properties at elevated 
temperatures in comparison to ambient conditions. (Buchanan) 

   

2.2.1.2.4 Modulus of Elasticity 

As eluded to in the above section, the modulus of elasticity 

decreases with increasing temperatures.  The reduction in 

modulus shows the same trend as the reduction in yield 

strength; however, the modulus tends to reduce at a 

slightly more rapid rate (See Figure 16).   Table 2 and 

Figure 15 from the Eurocode can be used for design 

purposes in determining the temperature history of the 

elastic modulus.  

2.2.2 Concrete 

Concrete is non-combustible and has a low thermal conductivity.  In addition, 

the cement paste undergoes an endothermic reaction when heated as the 

embedded water changes phase.  This reaction helps reduce the 

temperature rise in fire-exposed concrete structures in the early stages of the 
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fire.  However, this reaction can also lead to spalling, which will cause the 

core of  the concrete element to heat faster.  If spalling is limited, then the 

cover concrete tends to protect the inner core of the structural element and 

insulate the reinforcing steel from higher temperatures. In this way, the 

concrete structure is able to maintain load bearing capacity for longer 

duration fires.    

 

Figure 17 -  Collapsed textile factory in Alexandria, Egypt (BBC News, 2000) 
 

The global performance of concrete structures, as with steel, is 

dependent on several factors: the applied loads, the elevated 

temperatures of the concrete and reinforcing steel, the mechanical 

properties of both materials, and support conditions.  While catastrophic 

failures for reinforced concrete structures in fire are rare, some 

occasionally occur (e.g. Papaioannou, 1986, Berto and Tomina, 1988, 

Alexandria Egypt, 2000) [21].  A NIST (National Institute of Standards and 

Technology) survey of 22 fire collapsed buildings since 1970 indicated 
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that 7 of these buildings were of reinforced concrete construction (one 

being the Pentagon) [23].  

 

Figure 18 - Katrantzos Department Building in Athens, Greece, 
After 1980 Fire (Papaioanmoa, 1986) 

 
The main material properties affected by fire, as they relate to structural 

behavior, will be discussed further in this chapter.  

 

2.2.2.1 Physical Process 

Spalling 

The loss of cover in fire conditions is one of the more difficult 

phenomena to characterize and predict in concrete structures.  This 
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event plays a critical role in a concrete structure’s ability to withstand 

a thermal assault. In some cases, the spalling of the cover concrete is 

related to type of aggregate or to thermal stresses near corners; 

however, according to Buchanan it is more often connected to the 

response of the cement paste.  

 

In general, most spalling occurs when water vapor within the concrete 

microstructure is driven off from the cement paste during heating.  

The changing of phase of the embedded water creates high pore 

pressures in the concrete matrix and produces tensile stresses in 

excess of the tensile strength of the concrete.  Experiments from 

Malhotra (1984) and Phan (1996) have shown that concrete is more 

susceptible to spalling as a result of high moisture content, rapid rates 

of heating, slender members, and high concrete stresses.  In addition, 

high strength concrete tends to be more vulnerable to spalling than 

normal strength concrete due to the reduced porosity, which inhibits 

the diffusion of the water vapor through the concrete. [24, 25] 

 

2.2.2.2 Thermal Properties 

2.2.2.2.1 Density 

When concrete is heated to 100°C, the density of most 

concretes reduces by up to 100 kg/m3 from the evaporation 

of the free water.  This event, however, has little effect on 

thermal response.  As the temperature increases, the density 

of the concrete undergoes minor changes, except for 
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calcareous aggregate concrete that decomposes above 

800°C (Buchanan).  

 

2.2.2.2.2 Thermal Conductivity 

The thermal conductivity of concrete changes with 

temperature, as seen in Figure 19 [26].  This property varies 

with temperature and depends on the aggregate, moisture 

content, and mix proportions of the concrete (Schneider, 

1988). Approximate values for design purposes are 1.6 W/m-

K for siliceous concrete, 1.3 W/m-K for calcareous aggregate 

concrete, and 0.8 W/m-K for lightweight concrete. (Eurocode 

2, 1993) [26]. 

 

 
Figure 19 – Thermal conductivity of varying types of concrete 
(Reproduced from EC2, 1993) 
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2.2.2.2.3 Specific Heat  

The specific heat of concrete also varies broadly with 

temperature and depends on the moisture content.  Figure 

20, from Eurocode 2 1993 (EC2:1993), illustrates the design 

values.  The peak between 100°C and 200°C takes into 

consideration water evaporation during the heating process. 

Approximation for design purposes are: 1000 J/kg-K for 

siliceous and limestone aggregates, and 840 J/kg-K for 

lightweight concrete from EC2 1993 [26].  

 

Figure 20 – Specific heat of concrete (Reproduced from EC2, 1993.) 
 
 

2.2.2.3 Mechanical Properties 

The deformation of concrete at elevated temperatures is slightly more 

complex than that of steel, due to the inclusion of transient strain.  

According to Buchanan, the deformation of concrete can be described 

by the total strain ε consisting of four components: 



35 

 

  ),(),,(),()( TtTTT trcrth σεσεσεεε σ +++=                  [5] 

 

Where )(Tthε is the thermal strain as a function of temperature, 

),( Tσεσ is the stress related strain, ),,( tTcr σε is the creep strain, and 

),( Ttr σε is the transient strain. Creep strain and transient strain are 

closely linked.  Creep is typically measured in tests in which the load 

is kept constant and the deformations over time are measured.  

Transient creep occurs when the specimen is subjected to an initial 

load, then the temperatures are increased at a constant rate while the 

load is maintained.  These strains are also discussed by Anderberg 

1976, Schneider 1988 and Khoury et al. 1985).  

 

2.2.2.3.1 Thermal Strain 

The thermal strain of concrete varies with temperature. 

Figure 21 from Eurocode 2 illustrates the variation of the 

thermal elongation with temperatures.  Expressions for these 

strains (εc) are as follows for siliceous and calcareous 

aggregates: 
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Figure 21 - Thermal elongation for siliceous and calcaerous 
concrete at elevated temperatures (EC2:1993) 

 
 

Where Curve 1 is for siliceous concrete and Curve 2 is for 

calcareous concrete.  These above expressions include 

both shrinkage and thermal strain effects.  

 

2.2.2.3.2 Creep Strain and Transient Strain 

Like structural steel, concrete experiences creep strain; 

however, concrete also undergoes transient strains.  

These two strains are closely linked and are often coupled 



37 

in experiments. Figure 22 from Schneider (1988) [27] are 

of tests conducted on concrete specimens that were 

heated under load and show the combination of strain 

components described above.  

 

 
 
 
 

Figure 22 – Total deformation in different concretes during 
heating (Reproduced from Schneider (1988) 

 
 

Measurements of creep strains are illustrated in Figure 23 

for gravel concrete, lightweight concrete, and cement 

paste.  These tests were conducted by Khoury et al. (1985) 

[28], which capture both creep and transient strains. 
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Transient strains occur during the first time heating of 

concrete under load at around 600C.   

 

Figure 23 – Creep in concrete one day after loading at 10% of the 
initial strength (Reproduced from Khoury and Sullivan (1988)). 

 
 

2.2.2.3.3 Stress-Related Strain 

2.2.2.3.3.1 Yield Strength  

Typical stress-strain curves of normal weight concrete 

at elevated temperatures can be seen in Figure 24.  As 

seen in the figure, the ultimate compressive strength of 

concrete drops at higher temperatures, while the strain 

at peak stress increases.  This reduction in 

compressive strength can also be seen in Figure 25. 

produced from tests conducted by Schneider [27].  For 

well-confined concrete, no specific studies have been 

conducted to determine if confined concrete has 
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enhanced strength and ductility at elevated 

temperatures as it does at ambient conditions [13, 27].  

 

 

Figure 24 - Stress-strain relationships for concrete at elevated 
temperatures (EC 2, 1993)  

 

Figure 25- Reduction in compressive strength with temperature 
(Reproduced from Schneider (1988).) 
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For the compressive strength at elevated temperatures 

simple expressions can be used such as expressions  

6 and 7 from BS 8110 (BSI, 1985)[29]: 
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These expressions can be seen in the following figure. 

 

Figure 26 - Design values for reduction of compressive temperature 
(Reproduced from EC2, 1993). 
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Alternatively, for more complex simulations, equations 

in the Eurocodes (EC2, 1993) can be used and as 

seen in Figure 27. 

 

Figure 27 -Relative strength of concrete from ambient 
conditions. (EC2, 1993) 
 

For design purposes, the tensile strength of concrete 

can be assumed to be zero.  Alternatively, Eurocode 2 

and Eurocode 4 give the expressions 8 for tensile 

strength f t̀: 
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Figure 28 -Relative tensile strength of concrete to ambient strength 
conditions as a function of temperature.  

While EC 2 and EC 4 provide strength reduction factors 

for concrete tensile capacity, little information is 

available on the elastic behavior and strain limits.  

 

2.2.2.3.3.2 Modulus of Elasticity 

As seen in the stress-strain diagrams in Figure 24-28, 

the modulus of elasticity also decreases with increasing 

temperature.  The following equations from BS 8110 

(1985), provides a simplification of the modulus of 

elasticity at elevated temperatures: 
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This simplification can be applied to lightweight, normal 

weight, and high strength concretes.  More complex 

expressions are available in Eurocode 2, 2005.  As 

seen Figure 29 from Buchanan [13], the modulus of 

elasticity reaches zero before the strength of concrete 

reaches zero. Due to this disconnect, Inwood (1999) 

has proposed an extension (which appears in the 

dotted line) [30].  

 

Figure 29 - Design values for reduction of modulus of elasticity 
with temperature. (Reproduced from Buchanan) 

 
 
2.3 Thermo-Mechanical Response 

In recent years, a great deal of research has been conducted to understand the 

mechanics of global structural behavior under fire conditions.  This research strongly 

indicates that material degradation has less of a role than the thermally induced 

mechanical forces from boundary conditions that occur in a structure under fire 

conditions.  As mentioned earlier, Usmani, et al. [16] have laid the ground work for 

the most fundamental principles that govern the response of structures in fire.  The 
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most basic of these principles is:   
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So, when a structural element is thermally unrestrained with no externally applied 

mechanical loads, the total strain on the structure is only a function of the thermal 

strain. That is, 

 (11)                                                                                 thermaltotal εε =  

In this case the axial expansion or thermal curvature (“bowing”) only depends on the 

thermal strains.  On the other hand, when a structural element is fully restrained with 

no externally applied mechanical loads, the basic equation appears as: 
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As indicated by the above equations and suggested by Usmani et al [16], the most 

critical factor in the real response of a structure to heating is the manner in which it 

responds to the thermal strains induced during fire conditions.  These thermal strains 

can produce thermal expansion leading to the elongation of the structural element 

(under an average centrodial temperature rise), and/or a thermal curvature in which 
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the hotter lower surfaces expand more than the cooler upper surfaces (under a 

thermal gradient through the section depth) that leads to “thermal bowing” and may 

lead to large displacements.   Depending on the element boundary conditions, the 

structure may undergo any number of responses – expansive displacements, 

thermal curvature, and/or a combination of both – all of which can lead to large 

lateral and/or axial displacements and increased stress states.  These structural 

responses, as mentioned before, are highly dependent upon the element boundary 

conditions and the element’s cross-sectional thermal state.  Therefore, different 

structural responses can be expected given certain end restraints and cross-

sectional thermal profiles.  The following sections will develop these concepts in 

greater detail. 

 

2.3.1 Pure Thermal expansion 

For most structural materials, when a uniform temperature rise is applied to a 

material a thermal expansion strain, Tε , is induced.  This strain is given by: 

 

      TT ∆= αε                       (13) 

 

2.3.1.1 Thermal expansion with no axial restraint 

If the uniform temperature rise, T∆ , is applied to a simply supported 

beam along its length, L, with no axial restraint, the beam will expand 

axially, as illustrated in Figure 30.  This axial expansion, L∆ , is given 

by: 

                 

(14)                                                                      TLL ∆=∆ α   
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where α  is the coefficient of thermal expansion for the material and 

T∆  is the temperature rise above ambient.   

 

 

Figure 30 - Thermal expansion of simply supported beam with no axial restraint. 
 

 

Therefore the total strain is equal to the thermal strain, 

  thermaltotal εε = , which indicates that the element has a zero stress 

state.  Note: Only mechanical strains can produce stresses.  

 

2.3.1.2 Thermal expansion against rigid lateral restraint 

In most structural applications, beams are laterally restrained and not 

free to elongate.  In this case, when a laterally restrained beam is 

heated uniformly along its length, the total strain is equal to zero, as 

indicated by Equation 12.  Due to the restrained end conditions, the 

thermally induced strain,   thermalε , is counter-acted by an equal and 

opposite mechanical strain   
mechanical

ε  such that 

mechanicalthermal εε −= .  Unlike the prior example, the beam is unable to 

expand freely inducing a uniform mechanical strain, mechε , resulting in 

L TLε  
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an axial stress equal to E mechε .  This stress is associated with a 

compressive force, P, as seen in Figure 31, with a magnitude given 

by:       

 

   TEAEAEAP thermalmechanical ∆−=−== αεε          (15) 

 

where, E is the modulus of elasticity and A is the cross-sectional area 

of the beam. See Section 2.2 for material properties as a function of 

temperature.      

 

 

 

Figure 31 - Compressive force P arising in a rigidly restrained beam. 
 

This compressive force, if large enough, can lead to structural failure 

of the element, either by yielding of the cross-section or buckling.  As 

in ambient structural analysis, these failure thresholds are dependent 

upon the slenderness of the beam or element.  

1. For relatively slender beams, the elastic limit state will 

typically be yielding of the member before buckling.  

The time at which yielding occurs can be determined 

by calculating the stress state of the section and 

comparing it with the yield stress of the material.  The 

stress state is determined by :         TE ∆= ασ       (16) 
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Or more precisely, with the inclusion of material 

degradation as a function of temperature: 

   TTTE ∆= )()( ασ                        (17) 

 

This stress state can then be compared with the yield 

stress of the material with temperature degradation 

considered. 

 

2. For stocky beams, the elastic limit state will typically be 

buckling before yielding.  The critical Euler buckling 

load for a beam or column as in Figure 31 is: 

         
2

2 )(
L

ITE
Pcr

π−=                             (18) 

where the elastic modulus changes as a function of 

temperature.  This equation can be equated to the 

restraining force P as described in equation 15 

)( TEA ∆− α .  This expression is valid for other end-

restraint conditions provided L is considered as the 

effective length of the structural member.  

 

If the critical buckling load is reached in a beam 

element and the temperature further rises, the total 

restraining force will remain constant provided the 

material is elastic and there is no material degradation.  
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As the temperature rises, the thermal strains increase 

and the beam deflects further as in Figure 32.  

 

 

Figure 32 -Buckling of an axially restrained beam subjected to uniform 
heating. 

 

In purely elastic slender restrained beams, a pre-buckling and post-

buckling response can be seen in the axial load, deflection and 

moment time histories. Figures 33 and 34, reproduced from Rotter et 

al [31], illustrate this pre-buckling/post-buckling behavior in the 

deflection, axial force and moment time histories. In these figures a 

uniformly distributed load is imposed on a beam, which results in an 

initial displacement and increasing axial force.  Once buckling occurs, 

the midspan moment continues to rise consisting mostly of P-δ 

moment produced by the axial restraint force times the midspan 

deflection.   
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Figure 33  - Deflection of axialy restrained elastic beams subjected to heating: 
(top) Single beam, (bottom) three beams of varying slenderness. Reproduced 
from Usmani 2001). 
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Figure 34 - Forces in an axially restrained elastic beam subjected to 
heating: (top) axial forces, and (bottom) moments. (Reproduced from 
Usmani 2001). 
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If the beam is elastic perfectly plastic, then the deflections and axial 

force vary as in Figure 35 and Figure 36.  If the properties are elastic 

but undergo uniform temperature degradation, then the element 

behaves as in Figure 37 and Figure 38.  Ultimately, from these figures 

the real response of composite beams subjected to restrained thermal 

expansion will be a combination of the response presented here. This 

behavior can be seen in Sanad et al [32].  As can be seen in the 

figures above, the reduction in stiffness of the material properties by 

heating reduces the magnitude of the axial compression force in 

restrained beam elements.  When the material reaches it yield value, 

there is a more rapid reduction in the restraining force with a 

corresponding rise in deflections due to P-δ.    

 

Figure 35 - Deflections in an axially restrained elastic-plastic beam. Reproduced 
from Usmani 2001). 
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Figure 36 - Axial forces in an axially restrained elastic-plastic beam. Reproduced 
from Usmani 2001). 

 

Figure 37 - Defelctions in a restrained beam with reducing elastic stiffness. 
(Reproduced from Usmani 2001). 
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Figure 38 - Axial forces in a restrained beam with reducing elastic stiffness. 
(Reproduced from Usmani 2001). 

 

2.3.1.3 Thermal expansion against finite lateral restraint 

In realistic structures perfectly rigid end conditions do not exist.  A 

partial restrained beam can be represented by a translational spring 

stiffness kt.  The compressive axial stress developed by thermal 

expansion is then expressed by: 

 

Lk
EA

a

TE

t

T

+

∆= ασ      (19) 

    

And the critical buckling temperature is now given by: 
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From equation (11) it can be seen that in structures with translational 

restraint of stiffnesses (kt) comparable to the axial stiffness of the 

member (EA/L), the buckling and post-buckling phenomena should 

occur at moderate fire temperatures. Figure 40 illustrates the critical 

buckling temperature plotted against element slenderness ratios with 

restraint stiffness varying from 
L

EA
 (stiffness comparable to axial 

stiffness) to ∞ (infinitely rigid supports).  From the results it is clear 

that for slender elements the effect of end restraint on buckling is less 

critical, however, the likelihood of buckling in these elements is very 

likely in typical fires where temperatures can easily exceed 100°C and 

the axial stiffness reduces due to heating.      

 

 
       Figure 39 - Heating of beam with finite axial restraint. (Reproduced from Usmani 2001). 
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Figure 40 -Buckling temperatures for thermal expansion against finite 
lateral restraint. (Usmani 2001) 

  

2.3.2 Pure Thermal bowing 

In realistic fire scenarios and building geometries, structural elements do not 

typically experience a uniform temperature rise.  The temperature distribution 

within the structural elements is contingent on several factors, some of which 

include: material properties, geometry, construction and design (i.e. 

insulation).  For example, concrete beams/slabs and masonry walls can be 

subjected to very high temperature gradients due to their low conductivities.  

This thermal characteristic causes the exposed surfaces to be at a much 

greater temperature than the surfaces on the unexposed side of the 

compartment.  The hotter inner surfaces, ultimately, expand more that the 

cooler outer surfaces, and is called thermal bowing.   

 

This effect is one of the main causes of deformations in concrete and 

masonry structures and can play a more significant role in composite building 
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construction, where large temperatures differences can occur due to the 

varying materials used in the composite system.  In composite beams/slabs 

assemblies, the differences in temperatures of the steel joist and the slab can 

lead to significant thermal bowing particularly in the early stages of the fire 

where the steel retains most of it strength.  

 

Figure 41 - Simply supported beam subjected to uniform thermal gradient 
 

2.3.2.1 Thermal bowing in simply supported beam (no rotational restraint) 

As noted by Usmani et al [16], relationships can be derived for 

thermal bowing.  Figure 41 illustrates a beam subjected to a uniform 

temperature gradient through its depth (d) along its whole length (L).  
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Assuming simply supported end conditions, the following relationships 

can be derived: 

1. Assuming a linear temperature distribution, the thermal 

gradient (T,y) over the depth can be described as: 

d
TT

T y

−
= 2

,                                                    (21) 

 

2. Assuming a linear temperature profile through the depth of the 

section, the new lengths of the top and bottom can be 

described in terms of a constant thermal expansion and angle 

of curvature, as follows:  
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where, Lo is the original length of the element, To is the original 

temperature, R is the radius of curvature, θ  is the arc angle of 

the beam and α is the coefficient of thermal expansion.  By 

evaluating the difference in the two lengths, the angle of 

curvature can be described as: 
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3. Due to this curvature, the horizontal distance between the 

ends of the beam will reduce.  If this reduction is interpreted as 

a contraction strain, θε , then the value of the strain can be 

determined as follows: 
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L

                                              (24) 

 

2.3.2.2 Thermal bowing in laterally and/or rotationally restrained beams 

In the case of a laterally restrained beam, a uniform thermal gradient 

T,y will result in a thermally induced tensile force at the supports 

(Figure 42), as opposed to, a compressive force in the case of a 

uniform temperature rise on the same beam (Figure 31).. This effect is 

a result of the restrained end conditions against the contraction strain 

( θε ) induced by the thermal gradient.  

 

Figure 42 -Laterally restrained beam subjected to a uniform thermal gradient 
 

 

For a fixed end beam subjected to a uniform temperature gradient, the 

uniform thermal curvature yT,αθ =  described for the simply supported 

beam, will now be counteracted by the support moments.  In this 

case, the fixed end beam remains ‘straight’ with a constant moment of 

M=EIφ  along its length.  



60 

   

Ultimately, the effect of boundary conditions is critical in determining 

the response of a structural member to thermal actions. If a structural 

member is unrestrained, then the thermal strains will be manifested as 

displacements; if the member is restrained by end conditions, then the 

thermal strains will results in stresses. 

   

2.3.2.3 Thermal bowing in finite lateral restraint 

As discussed earlier for laterally restrained systems, perfect rotational 

restraint is not realistic or easily achievable in typical building 

construction.  Figure 43 illustrates a beam that is rotationally 

restrained by rotational springs of stiffness kr.  In this case, the 

restraining moment in the springs, as described by Usmani et al, as a 

result of a uniform thermal gradient can be found to be: 
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This equation suggests that if the rotational restraint stiffness is equal 

to the rotational stiffness of the beam (EI/L) then the moment it 

attracts will be about a third of a fixed support moment.  

 

Figure 43 - Beam with finite rotational restraint with a uniform thermal 
gradient. (Usmani 2001). 
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2.3.3 Deflections 

One of the most compelling aspects of structural fire response is the large 

deflections that the structure undergoes as it is heated.  Under ambient 

conditions, large deflections are typically associated with the loss of strength 

or stiffness.  However, in the case of fire, the relation between section state 

and deflections is not so simple.  While thermal expansion and thermal 

bowing result in large deflections, the element’s stress states subjected to 

varying degrees of these two mechanisms is not unique for a given 

deflection.  In addition, there are a large range of stress states that can exist 

depending on the temperature distribution, material properties and restraint 

conditions [16]. 

 

In typical construction where structural members are restrained from 

elongating, the main cause of large deflections under fire conditions is due to 

the structure attempting to accommodate the additional length generated by 

thermal expansion.  

 

2.3.3.1 Simply supported beams with uniform temperature profile 

For slender beams with a uniform temperature profile and restrained 

against lateral translation (Figure 32), the deflection can be 

approximated by: 

 
2

2 2
tot

tot

L εε
π

δ +=                                                          (26) 
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This approximation, as presented by Usmani et al [16], uses the 

sine curve of length L(1+εtot) where the total strain of the system 

(εtot), is only comprised of thermal axial strain caused by thermal 

expansion ( Ta ∆= αε ).   

 

2.3.3.2 Simply supported beams with uniform thermal gradient 

For simply supported slender beams under a uniform thermal 

gradient, the deflection tends to be limited by the tensile P-δ effects 

that restrain the curvature imposed by the thermal gradient.  

Structural response is ultimately determined by the axial-bending (P-

M) interaction of the element.  In this case, the same approximation 

used above for deflection can be used; however, the total strain on 

the system (εtot) is now comprised of axial strain from thermal 

expansion ( Ta ∆= αε ) and strain from thermal bowing (- yzκ ).  That 

is for 2-D analysis: 

yzatot κεε −=                                                               (27) 

 

In fire scenarios, the total strain tends to be dominated by the strain 

from thermal curvature causing a tensile force on the member. This 

total strain is related to force by:  

 
EA
P

tot =ε           (28) 

After determining the deflection of the system using the sine curve 

approximation, the tensile force can then be determined from 

equation 2: 
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Alternatively, the deflection can be determined using Euler-Bernoulli 

beam theory. For simply supported beams with no axial restraint 

and subjected to a uniform curvature (φ ), deflection is as follows: 

  φ=2

2

dx
yd

                                                               (30) 

 

For simply supported beams with lateral restraint, the deflection 

equation will be the same except with the addition of the tensile 

force causing a moment Py over the length of the beam: 

 

EI
Py

dx
yd −= φ2

2

                                                              (31)   

 

The solution to this equation, as presented by Usmani et al [16], is: 

 

 �
�

�
�
�

� +−−−= 1coshsinh
sinh

1cosh
)(

2
kxkx

kl
kl

k
xy

φ
                         (32) 

 

2.3.4 Combinations of thermal expansion and thermal bowing 

In previous sections, thermal elongation and thermal bowing were discussed 

in isolation. However, in realistic structures, a combination of these 

mechanisms will exist. For composite frame structures, the composite action 

of the steel joists, framing into an interior column, with a continuous slab, 
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produces conditions similar to a fully fixed system as shown in Figure 44.  In 

this case, the beam is restrained both in rotation and translation.    

 

Figure 44 - Combined thermal expansion and bowing in a fully fixed beam. 
(Usmani, 2001). 

 

If this type of beam is subjected to a mean temperature rise and a through 

depth thermal gradient, then the beam will experience a uniform compressive 

force due to the restrained thermal expansion, and a uniform moment as a 

result of the thermal gradient.  As seen, in Figure 44, the bottom of the beam 

will experience high compressive forces while the top of the beam can 

experience anywhere from significant compressive forces to significant 

tensile forces.  

 

The scenario described above was witnessed in the Cardington [33] tests and 

other fires [14].  Due to the high compressive forces in the bottom of the 

beam, local buckling of the bottom flanges occurred early in the fires.  This 

inevitably changed the end restraints from fully-fixed to pinned which was 

indicated by the change in stresses at the ends of the beams. This resulted in 

the relief of the negative moment by the newly formed hinges leading to large 

rotations at the supports coupled with large deflections at midspan.  Because 

this behavior tends to happen early in the fire, Usmani et al. [16] suggest that 
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composite beams under fire loading behave similar to simply supported 

beams with lateral restraint.  

 

Due to local buckling phenomena of the bottom flange, the following section 

will discuss the combination of thermal expansion and thermal bowing with 

regards to laterally restrained beams – the system that dominates structural 

behavior in composite structures. 

 

2.3.4.1 Combination of thermal expansion and thermal bowing – lateral 

restrained beams 

As discussed in previous sections, two opposite stress regimes can 

occur depending on the thermal regime applied; that is, thermal 

expansion can lead to compressive forces, where as, bowing results 

in tensile forces.  The main parameter governing these stress states 

are the average temperature rise ( T∆ ) and an average equivalent 

thermal gradient ( )yT, .  A procedure for determining these 

parameters in beams is given by Usmani  [16] 

     

In a study conducted by Usmani et al [16], the effective strain ( )effε  

of a beam element for different values of thermal gradient was 

plotted against the mean temperature as it increased from 0°C to 

400°C.  Figure 45 illustrates the results from this study, in which the 

effective strain is the strain state of the element considering strains 

from both thermal expansion (which produces positive strain) and 
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thermal bowing (which produces negative strain) in laterally 

restrained beams.  This effective strain is calculated as follows: 

   

strain; bowing  thermal theis            

and strain;expansion   thermal theis  where,

(33)                                                                         

T

φ

φ

ε
ε

εεε −= Teff

 

As seen in the Figure, even at a low thermal gradient of 5°C/mm the 

effect of thermal bowing appears to dominate the behavior of the 

beam element early in the fire. This thermal gradient is low for 

realistic fire scenarios in which the thermal gradients tend to be 

greater, as seen in the 2-D analysis conducted on a concrete slab in 

this report.  Steel, on the other hand, has a high thermal conductivity 

 and typically had thermal expansion dominating the response.   

  

Figure 46 is a summary of the main types of deflection responses in 

laterally restrained beams exposed to fire conditions with varying 

degrees of thermal expansion and thermal bowing.  For example, 

Figure 45 - Effective expansion strains (Reproduced from Usmani [16]) 
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when there is only thermal expansion ( Tε ), the beam undergoes 

distinct pre-/post-buckling regions and has the lowest deflection 

response.  If the beam is dominated by thermal bowing strains ( φε ), 

then the structural response history of the beam will be dominated 

by tensile forces and large displacements.  See Reference [16] for 

more details.  

 

Figure 46 - Temperature deflection responses for combinations of 

φεε  and T  (Usmani, 2001) 

 

In the above sections, the effects of the relative axial and flexural 

stiffnesses of the beams are not explicitly considered.  The actual 

response of the beam, as in ambient conditions, is highly dependent 

upon the relative values of axial and flexural stiffness of the beam.  

A slender beam has low flexural stiffness and cannot overcome the 

tensile axial stiffness and develop curvature as much as a stocky 
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beam.  Therefore, bowing deflection will be much lower in slender 

beams than in stocky composite beams.  

 

2.3.5 Membrane action 

In a number of investigations and studies [16],[34-37] composite structures 

exposed to real fires experienced no collapse or failure.  This behavior can 

largely be attributed to the compressive and tensile membrane action of 

concrete slabs, which can ultimately prolong the structural stability of a 

building during fire events.  

 

While composite members in steel framed buildings are designed for flexure, 

they have considerably more load-carrying capacity due to the “arching” or 

compressive membrane action of the concrete decks that are laterally 

restrained.  This additional capacity can be as much as 2 to 10 times that 

predicted by the yield line theory [35]. However, what is interesting to note is 

that these slabs do not have to be fully restrained in order to develop 

membrane forces.  As indicated by Guice [37], restraint against lateral 

movement is sufficient to develop tensile stresses with large deflections in 

reinforced concrete slabs.  

 

While lateral restraint alone can increase load bearing capacity of concrete 

slabs, the substantial increases in capacity are typically seen with restraint in 

both translation and rotation.[36] 
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Chapter 3:  Methodology – Cellular Beam Study 

 

3.1 Overview 

As mentioned in Chapter 1, the primary goal of this study is to develop an 

understanding of the global behavior of long span cellular beams under fire 

conditions and to appreciate the controlling mechanisms that lead to local failure 

and possibly runaway failure.  Using the finite element software, ABAQUS, this 

study will investigate the sensitivity of varying cellular beam characteristics (i.e. 

web post size, hole diameter, end post size, span, number of holes, etc.), varying 

compartment temperatures, and varying temperature profiles with respect to global 

response.  Achieving the primary goal consisted of a three step process: 

 

• Evaluation of the expected fire exposure conditions (i.e., gas 

temperatures) to which structural elements are subjected as a function of 

time; 

• Evaluation of the thermal response of protection materials and structural 

elements to the fire exposure conditions; 

• Analysis of the structural response of the structure to the thermal 

conditions developing in the structural elements. 

 

3.2 Solver Used 

An ABAQUS implicit solver was used for all model runs [8].  The ABAQUS 

standard Newton-Raphson implicit solver was used to capture the global response 

of each cellular beam simulation.  As with any finite element analysis, the choice 

between using the implicit and explicit solver is dependent upon the problem and 

the efficiency in which the problem can be solved.  Due to the small size of the 
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proposed model, the implicit solver was chosen due to its efficiency in computation 

costs (i.e. time), despite the convergence problems from contact and/or material 

complexities.  Where time permitted, the explicit solver was used to determine 

additional post-buckling behavior, large displacement behavior and failure 

mechanisms.  The explicit solver was not used as the main ABAQUS solver due to 

the computational costs (i.e. time).  For the basic structural system described in the 

proceeding section (and later referred to as the “base” model), the explicit solver 

was necessary particularly to capture the complete behavior of the system for the 

duration of the simulation.  

 

The results obtained from the implicit analysis matched the explicit analysis up until 

the point that the implicit model was stopped; therefore, the use of the explicit 

solver is proposed to be reasonable, and will not be discussed any further here. 

 

3.3  Model Background 

The structural system modeled in this study consisted of a single, interior bay 

incorporating one long span cellular beam (18m), two supporting columns, 2 edge 

beams (5m), 2 half-bay cellular beams (9m) and a corresponding 5 m wide 

concrete slab that was continuous over the supports (See Figure 47). 
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Figure 47 - Structural model rendered in ABAQUS (slab is removed for clarity) 
 

This model included as much of a realistic long span structure while small enough 

to run in a reasonable time, allowing for a detailed parametric study.  In addition, 

the focus of the study is on the structural performance of the cellular beam, and so, 

the supporting frame elements are intended to provide a realistic environment 

where continuity, load transfer, support conditions, heat transfer, and restraint 

contribute to the performance of the beam.  Future work could include different 

support conditions (i.e. exterior bay or corner bay) for a more detailed analysis.  

 

3.4 Fire and Heat Transfer Models 

3.4.1 Analysis Fire Models 

Due to the limited fire test data available for cellular beams, particularly in 

long span applications, a more generalized approach was used for the 

analysis fire models.  For a preliminary study, the heating phase of the fire 
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was only considered. Given this constraint, several heating conditions were 

created for this analysis based on two general fire curves: the standard fire 

(ISO 834) [3] and a generalized exponential curve.  The ISO 834 curve is 

represented as follows: 
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The generalized exponential curve suggested by Usmani et al [38] is given 

by: 

 

( )( )t
oo eTTTtT α−−−+= 1)( max      (35) 

 

where, Tmax is the maximum compartment temperature, To is the initial or 

ambient temperature, α is an arbitrary ‘rate of heating’ parameter and t 

represents the time over which the model is analyzed.  This curve provides a 

temperature-time relationship representing a post-flashover compartment fire, 

for input to the heat transfer analysis.  In this form, the artificially generated 

“rate of heating” term coupled with the Tmax term is used to provide a 

sensitivity analysis that can capture an envelope of different fires or different 

levels of insulation, as indicated by Usmani et al [38].  Figure 48 illustrates 

how the rate of heating term (α) can be varied to achieve a wide range of fire 

scenarios.  Similarly, the Tmax term can be varied to achieve hotter fires.  
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Figure 48 - The generalized exponential time temperature curve is plotted 
with varying rates of heating against the ISO 834 standard fire curve. 

 

While heat-flux vs. time curves are a more appropriate measure for 

determining the energy input into the structure, the use of equation (35) is a 

justified approach for doing a parametric study for a significant range of heat 

fluxes and rates of change of heat flux.  These temperature time curves 

should not be taken as representations of realistic fires, but just a mechanism 

to assign in a systematic manner different heating conditions.  In this way, 

numerous fire scenarios can be analyzed without formally resolving the gas 

phase temperature and solid phase temperature disconnect [38]. 

 

Figure 48 illustrates the gas compartment temperatures examined in this 

study.  These compartment time-temperature curves provide a wide range of 

heating rates and maximum temperature fires. A range of Tmax (1200°C, 

1000°C, and 800°C) and a range of heating rates (0.005, 0.0015, 0.0007) 
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were used in this study. The variations of the generalized exponential time 

temperature curve appear to envelope the standard fire curve, and are 

therefore assumed reasonable.  

 

Figure 49 - Examined gas compartment time-temperature curves 
        

3.4.2 Major Assumptions 

In this study, a 2-hour fire exposure was assumed in a single structural bay.  

Therefore, the cellular beam, edge beams and bottom half of the columns 

were assigned time-temperature curves based on the Eurocode 3 (1995) 

heat transfer models for protected and unprotected steelwork [9]. For the 

composite deck, a 1-D heat transfer analysis was conducted for each design 

fire to determine the temperature profile over the depth of the slab.  The 

remainder of the structure was assigned ambient conditions of 25° C. 
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Initially, the standard fire and generalized time-temperature curves described 

earlier were going to be applied to the cellular beam models directly, with 

minor adjustments to the parameters to capture protected and unprotected 

time-temperature curves.  However, in considering the inclusion of the 

supporting structural frame and their major role in the performance of the 

cellular beam, it was decided to use the heat transfer assumptions for 

protected and unprotected steelwork stipulated in Eurocode 3:1995 [9] to 

determine solid phase time-temperature curves of the unprotected cellular 

beam and the protected supporting steel elements.  

 

While the Eurocode 3 heat transfer model may not be entirely valid, separate 

solid phase time-temperature curves for the cellular beam, in question, and 

the remaining structure are necessary to ensure that the surrounding 

structural elements were not the limiting factor in the behavior of the cellular 

beam, in question.  Essentially, assigning the entire structure to a single solid 

phase time-temperature curve would have biased the structural performance 

of the cellular beam; and as mentioned previously, the purpose of the 

supporting frame is to provide realistic boundary conditions.  In a later study, 

a more detailed heat transfer analysis should be conducted and coupled with 

the structural fire analysis.  

 

In addition, the columns were assumed to be uniformly heated along the 

length with no thermal gradient across the depth, as would be experienced in 

a fully developed fire.  If the columns were located in an external bay of the 

structure, a thermal gradient across the depth in addition to a reduced 
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temperature profile would have been more appropriate.  Also, the exposed 

beam elements were assumed uniformly heated along the length and depth 

(except in Scenario III) due to the high thermal conductivity of steel.  While a 

thermal gradient is likely to occur across the depth of the steel beams in an 

actual building fire, this approach has generally been accepted in practice to 

simplify the analysis and is representative of a mean temperature rise in the 

structure.  The thermal gradient, that occurs in a real building fire, is typically 

captured by modeling the slab with the actual thermal gradient.  

 

For the structural elements in the system, heat transfer analyses were 

conducted on the elements separately. So, the bottom of the concrete slab 

will have a different time-temperature curve than the top of the steel beam.  

This method of analysis approximates the actual heat transfer that will occur 

in a building fire, and is the accepted industry approximation for this complex 

analysis.  

 

3.4.3 Heat Transfer Model for Steelwork 

As discussed earlier,  the heat transfer model presented in Eurocode 3, 1995 

[9] was used to determine the solid phase time temperature curves for the 

“unprotected” cellular beam and the “protected” supporting elements from the 

design curves described above.   The assumptions made by Eurocode 3 are 

not discussed in this paper; however, the equations used to determine the 

relative time temperature curves for the cellular beam and surrounding 

elements are reproduced below for convenience.  
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Both the standard fire curve (ISO 834) and generalized exponential curves in 

Figure 48 were used to calculate the solid phase temperatures of the 

protected and unprotected steel members using Equation 4.21 and 4.22 of 

Eurocode 3 Part 1-2, respectively.  These equations are reproduced below, 

for reference.  See Appendix for details. 

Unprotected steel: 

Equation 4.21: ∆θa.t

Ap

V

ca ρ a⋅
qnet3⋅ ∆t⋅

        (36) 

 

Protected steel: 

Equation 4.22: ∆θa.t
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 (37) 
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is the net heat flux per unit area [W/m^2]qnet3

is the unit mass of the fire protection material [kg/m^3]ρ p

is the unit mass of steel [kg/m^3]ρ a

is the thermal conductivity of the fire protection material [W/mK]λp

is the increase of the ambient gas temperature during the time 
interval ∆t

∆θg.t

is the ambient gas temperature at time t;θg.t

is the steel temperature at time t;θa.t

is the time interval [s]∆t

is the thickness of the fire protection material [m]dp

is the specific heat of the fire protection material [J/kgK]cp

is the specific heat of steel [J/kgK]ca

is the appropriate area of FP material per unit length of memberAp

is the section factor for steel members insulated by FP materials
Ap

V
where:

φ
cp ρ p⋅

ca ρ a⋅
dp⋅

Ap

V
⋅with

 

The parameters used for this heat transfer model are provided in Table 3.  

The material properties of steel were varied as a function of temperature as 

described in Section 2.2 of this report.  The Hp/A values represent the 

section factors of the steel elements.  Note: The fire duration is a 2-hour fire 

and the initial temperature of the study is assumed at 25°C.  The material 

properties for the fire protection materials are for a generic cemetitious 

spray-applied fire protection material [39].  These properties are used to 

determine the amount (thickness) of protection material to simulate 
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intumescent paint behavior. This method is typically used in industry to 

determine the heat transfer for protected steelwork. These material values 

are reported in Table 4.   

 

Table 3 : Heat Transfer input data for steel. 
 

STRUCTURAL STEEL ELEMENTS 

Beams 

VARIABLE 

cellular solid 

Columns 

To (C) 25 25 25 

dt (s) 5 5 5 

Total section Hp/A (m-1) 96.843 104.119 53.7 

Top Flange Hp/A (m-1) 45.721 46.059 N/A 

Web Hp/A (m-1) 166.67 222.222 N/A 

Bottom Flange Hp/A (m-1) 87.387 87.725 N/A 

 

Table 4: Fire protection material properties (39) 
Fire Protection Properties Values 

Thickness of Protection, dp (m) 0.02 

Specific Heat, cp (J/kg-K) 900 

Density, ρp (kg/m3) 700 

Thermal conductivity, λp (W/m-K) 0.1 

 

The net heat flux calculation from the Eurocodes [40] is determined by 

considering thermal radiation and convection from and to the fire 

environment. The net heat flux is determined from equations 38 

reproduced below from ENV 1991-2-2:1995 [40]:  
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  The radiative heat flux is determined from equation 7: 
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These equations were applied to the standard fire curve and the 

generalized exponential curves described earlier.  Due to assumptions 

stated before, these equations were also applied to the generalized time- 

temperature curves.  Further work should be conducted to validate the 

use of these equations in other applications. Table 5 includes the 

parameters used in the net heat flux calculations. 

 
Table 5: Heat Flux Calculations Variables (ENV 1991:2-2:2001) 
 

Heat Flux Variables Values 

Configuration factor, Φ  1 

Resultant emissivity, εres 0.56 

Heat transfer coefficient, αc 25 W/m2-K 

Factor cn,γ  1 

Factor rn,γ  1 

 

3.4.4 Heat Transfer Model for Concrete 

In all the analysis models, the concrete slab has a realistic temperature 

distribution applied through its depth rather than using a mean 

temperature/gradient system.  This is done by applying individual time-

temperature curves to 5 different points through the depth of the slab (top, 

bottom, and ¼ points).  The time temperature distributions used in this 

analysis were taken from a 1D heat transfer analysis, based on the input gas 

temperature curves described in Figure 49.  

 

The slab used in the heat transfer analysis was 3000 mm in length with an 

effective depth of 120 mm and a density of 2250 kg/m3.   The input thermal 
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properties were those described in Section 2.2 of this report. In the ABAQUS 

model, a convective heat loss on the unexposed side and exposed side were 

assumed to be 10 W/m2K and 25 W/m2K, respectively from Eurocode 1 Part 

1-2 (1995).  Radiation was also considered with emissivities of 0.1 and 0.8 for 

the unexposed and exposed sides, respectively. 

 

The following figures illustrate the time-temperature curves for five (5) equally 

spaced points through the depth of the slab.  Figure 50 is for the standard fire 

and Figures 51-55 are for the generalized exponential time temperature 

exposures seen in Figure 49.  In the input data section for thermal loading, 

the concrete temperature profiles were divided into three heating time steps 

to simplify the thermal profiles through the depth of the slab.    
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Figure 50 - Slab temperatures from standard fire case 
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Figure 51 - Slab temperatures from case 1 fire 
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Figure 52 - Slab temperatures from case 2 fire 
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Figure 53 - Slab temperatures from case 3 fire 
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Figure 54 - Slab temperatures from case 4 fire 
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Figure 55 -Slab temperatures from case 5 fire 
 

3.5 Structural Model – Input Data 

3.5.1 Base Model Geometry  

The “base” model consisted of a single, long span cellular beam with 

supporting frame elements (i.e. columns, edge beams etc.). The cellular 

beam is 18m in length and is a 690mm x 370mm/370mm x 179.9 kg/m 

355MPa steel member designed using FBEAM [41], a structural analysis 

tool developed by FABSEC [41], to optimize and design cellular beam for 

ambient and fire conditions. The details of this beam are as follows and can 

be seen in the Figure 56: 
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Scenario  Span Depth Bottom Web Flange  No. of Hole Web  
End 
Post 

    of  Flange Thickness Thickness Holes Diameter Post Size 
    Member Width         Size   
  [mm] [mm] [mm] [mm] [mm]   [mm] [mm] [mm] 

Base 
Model 18000 690 370 12 24 24 450 295 900 

 

 

 

 

 

  

   Figure 56 - Cellular beam 
geometry 

 

 

 

The supporting edge beams, as indicated in Figure 57, are 5 m in length 

and are 670 mm / 370mm/370 mm x 183.4 kg/m S355 MPa steel member.  

The half-bay cellular beams have the same characteristics as the main, 

long span cellular beam but are 9m in length.  The columns are universal 

columns, UC 356 x 406x 467 [42].  The columns were modeled as 

continuous over two stories, with a length of 8000m.   

 

The concrete deck is continuous over the edge beams and extends the 

length of the model [36872 mm = 18000mm (cellular beam span) + (2) 

436mm (column lengths) + (2) 9000mm (half-bay lengths)].  The slab is 

modeled as a two-way slab, 130mm thick slab of normal weight C40 

24 Holes 

End post 
web post 
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(40MPa) concrete with reinforcement explicitly included as welded wire 

fabric with 6 mm bars at 200 mm pitch running in both direction.   One layer 

was provided in both the top and bottom of the slab with 30mm of cover. 

 

 
 
 
Figure 57 - Base cellular beam model geometry 

 

In addition to the “base” cellular beam model, a solid beam model was also 

created for comparison.  This model had the same geometric and material 

characteristics as the cellular beam model, with the exception of a solid, 

long span beam.  This beam is also 18m in length and is a 670 mm x 

370mm/370mm x 183.4 kg/m 355 MPa steel member designed using 

FBEAM, a structural analysis tool developed by FABSEC [41]. 

 

Table 1A is a summary of the structural members investigated.  See 

Appendix for load calculations and design sheets used to determine the 

member sizes.  All structural members were designed using the design 

guides and governing structural codes (BS 5950, EC3:1995, EC2:1995 and 

EC 4:1995).  

Edge beams 

Half-bay cellular beam 

2-story column  
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  Table 1A: Structural members used in analysis  

STRUCTURAL 
ELEMENT 

DESCRIPTION DESIGN 
REFERENCE 

Beams 

    Cellular 

    Solid 

    Edge 

(depth x flange width/bottom flange width) 

670 x 370/370 

690 x 370/370 

690 x 370/370 

 

FBEAM (See 

Appendix for 

calculations) 

Column UC 356x406x467 BS 5950 Part 1 

Slab 130 mm two-way slab EC 2 (1995) 

 

3.5.2 Cases for Analysis 

This section outlines how the “base” cellular beam model was varied during 

the analysis.  Three (3) basic scenarios were examined for this study and 

are listed in Table 1.   In Scenario I, several parameters of the “base” 

cellular beam model were varied and included: hole diameter, end post 

size, number of holes, web thickness, flange thickness, bottom flange 

width, span and span.  The models of Scenario I were exposed to the 

standard fire curve that was applied to the structural elements uniformly 

across the depths and lengths.  

Table 1: Brief outline of analyses conducted in structural fire model 

��������	 
���	

�������	

����������	

������	

�������	

������������	

I Standard Fire Varied Uniform 

II General Curve Single system Uniform 

III Standard Fire + 

Test Data 

Single system Gradient across 

depth; uniform 

along length 



89 

 

In Scenario II, the “base” cellular beam model was then exposed to a 

generalized exponential time-temperature curve (described earlier), from 

which five (5) different fire exposures were applied.  In this scenario, the 

generalized fire curve was applied to the structural elements uniformly 

across the depths and lengths.     

 

In Scenario III, the “base” cellular beam model was exposed to the standard 

fire curve.  However, in this case, the fire exposure was varied over the 

depth of the cellular beam based on the thermal profiles observed by the 

early work conducted by Fabsec Ltd. and Westok Ltd. (described in 

Chapter 1).   In this scenario, solid phase temperature profiles were 

calculated separately for the bottom flange, web and top flange. (See Fire 

Scenarios section for more detail)  

 

All three scenarios, discussed in further detail in §3.5.7.1, were conducted 

on the simple structural bay illustrated in Figure 47, with the central long-

span cellular beam element being the emphasis of this report.  Table 2 

shows the testing matrix used in the analyses of the base model in greater 

detail. Note: Case h in Scenario I was discarded. Since the model consisted 

of an internal bay, loading the columns more would not have affected the 

structural response of the cellular beam. In this study, the column plays an 

insignificant role.  
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Table 2: Test Matrix 

Scenario  
  
  
  

Case 
  
  
  

Implicit/ 
Explicit 

  
  

Fire Exposure 
Standard Fire - SF 

Generalized Fire - G 
  

 

Uniform (U) 
or 

Thermal 
Gradient 

  
  

Hole 
Diameter 

  
[mm] 

End 
Post 
Size 

  
[mm] 

No. 
of 

Holes 
  
  

Web 
Thickness 

  
[mm] 

Flange  
Thickness 

  
[mm] 

Bottom 
Flange 
Width 
[mm] 

Span 
  
  

[mm] 

Column 
Load 

  
  

[N/mm] 
Base 
Model  I SF U 450 900 24 12 24 370 18000 7.9 
Solid 
Beam  I SF U n/a n/a o 9 24 370 18000 7.9 

I a I SF U 150 900 24 12 24 370 18000 7.9 
    E SF U 150 900 24 12 24 370 18000 7.9 
    I SF U 300 900 24 12 24 370 18000 7.9 
    I SF U 500 900 24 12 24 370 18000 7.9 
  b I SF U 450 100 24 12 24 370 18000 7.9 
    I SF U 450 400 24 12 24 370 18000 7.9 
    I SF U 450 1400 24 12 24 370 18000 7.9 
    E SF U 450 1400 24 12 24 370 18000 7.9 
  c I SF U 450 900 12 12 24 370 18000 7.9 
    I SF U 450 900 30 12 24 370 18000 7.9 
    E SF U 450 900 30 12 24 370 18000 7.9 
  d I SF U 450 900 24 8 24 370 18000 7.9 
    E SF U 450 900 24 8 24 370 18000 7.9 
    I SF U 450 900 24 20 24 370 18000 7.9 
  e I SF U 450 900 24 12 12 370 18000 7.9 
    I SF U 450 900 24 12 48 370 18000 7.9 
    E SF U 450 900 24 12 48 370 18000 7.9 
  f I SF U 450 900 24 12 24 270 18000 7.9 
    E SF U 450 900 24 12 24 270 18000 7.9 
    I SF U 450 900 24 12 24 470 18000 7.9 
  g I SF U 450 900 24 12 24 370 6150 7.9 
    I SF U 450 900 24 12 24 370 12000 7.9 
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  h I SF U 450 900 24 12 24 370 18000 9.085 
    I SF U 450 900 24 12 24 370 18000 10.27 
     Tmax αααα                  

II 1 I G U 450 900 24 12 24 370 18000 7.9 
      1200 0.005                   
  2 I G U 450 900 24 12 24 370 18000 7.9 
      1000 0.005                   
  3 I G U 450 900 24 12 24 370 18000 7.9 
      800 0.005                   
  4 I G U 450 900 24 12 24 370 18000 7.9 
      1000 0.0015                   
  5 I G U 450 900 24 12 24 370 18000 7.9 
      1000 0.0007                   

III 1 I SF 

Thermal 
Gradient - 
Protected 450 900 24 12 24 370 18000 7.9 

  2   I  SF 

 Thermal 
Gradient - 

Unprotected 450 900 24 12 24 370 18000 7.9 
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3.5.3 Material Properties 

In this study, the properties of both steel and concrete varied with 

temperature and were described in detail in Section 2.2.  The values input 

into ABAQUS were the design values stipulated in Eurocode 2: 1993 [26] 

and Eurocode 3:1995 [9] for concrete and steel structures, respectively.   

 

3.5.4 FEM Element type and Meshing 

The element type used for all members of the analyses is a 4-node double 

curved general purpose shell, termed S4.  This comprises 4 integration 

points within each element allowing increased accuracy in results.  

 

All the element meshes in the model except the columns were generated 

by ABAQUS at a fineness of 300 mm.  The column mesh had a resolution 

of 100 mm.  These resolutions were chosen based on efficiency in 

computation time but not at the expense of the accuracy of the results.  

 

3.5.5 Boundary Conditions 

All the beams in the model were connected continuously along the web to 

the columns, which were oriented in strong axis bending for the long span 

cellular/solid beam.  In addition, the top surfaces of the beams also were 

tied to bottom of the concrete slab.  

 

Symmetry boundary conditions were applied to the edges of the slab, edge 

beams and half-bay cellular beams; that is, the elements were restricted 

from translating along their main axis and rotating laterally.  The columns 
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were assumed fully-fixed at the base, with the tops of the columns free to 

translate vertically, while restricted from rotating about the vertical axis.   

 

3.5.6 Ambient Loading 

The dead and live loads were factored in accordance with the structural 

Eurocodes (EC1:1994, EC2:1995, EC3:1995).   For ambient conditions, the 

solid and cellular beams were designed using the follow load combination: 

           1.4 Dead Load + 1.6 Live Load 

For fire conditions, the loads were factored in accordance with BS 5950 

Part 8(2004) [43] for office buildings as follows: 

1.0 Dead Load + 1.0 Permanent Imposed Load +0.5 Non-

Permanent Imposed Load 

Typical loads were applied to the structure, and are as follows: 

      Dead Load (DL) = 3.0 kN/m2  

       Live Load (LL) = 4 kN/m2  

The loads applied in the fire limit state are: 

  (3.0 x 1) + (0.5 x 4) = 5 kN/m2 

Because this bay could potential be located anywhere within a building and 

at any floor level, the columns were assumed to be loaded to 50% of their 

ambient capacity from the floors above.  According to BS 5950 [42], a UC 

356 x 406 x 467 has an axial load capacity of 19,100 kN.  Half of this load 

was applied to the tops of the columns.  

 

3.5.7 Thermal Loading 

The methods for determining the solid phase time-temperature curves for 

the steel and concrete slab in the models were explained in detail in 



94 

Section 3.4.  This section illustrates the time-temperature curves that were 

input in the ABAQUS structural analysis models for each scenario.  As 

mentioned in the thermal assumptions section, this study consisted of a 2-

hour fire exposure in a single structural bay.  Therefore, the cellular beam, 

edge beams and bottom half of the columns had thermal loadings.  The 

cellular beam was considered “unprotected” while the columns and edge 

beams were “protected”. By applying “unprotected” steel temperatures to 

the cellular beam, failure will occur sooner in the beam.  In this way, the 

structural fire performance of the beam can be assessed more readily.  

Section 3.4.7.1 describes the time-temperature curves for Scenario I; 

Section 3.7.4.2, for Scenario II; and Section 3.4.7.3, for Scenario III.  

  

3.5.7.1 Scenario I 

3.5.7.1.1 Steel Time-Temperature Curves 

In Scenario I, the standard fire curve (ISO 834) was used to 

calculate the solid phase temperatures of the protected and 

unprotected steel members using Equation 4.21 and 4.22 of 

Eurocode 3 Part 1-2, respectively.  These solid phase time-

temperature curves were applied uniformly across the length and 

depth of the members 

 

As illustrated in Figure 58, the solid phase time-temperature 

curves for each structural element given their level of protection is 

provided.  These curves are plotted against the assumed 

compartment time temperature curve. Given this standard fire 

exposure, a parametric study was then conducted on the 
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structural characteristics of the cellular beam (number of holes, 

web post thickness, end post thickness, size of hole, etc.) and how 

these parameters affect local and global behavior of the system.   

 

 

Figure 58 - Protected and Unprotected steel time temperature curves for 
Scenario I.  The standard fire curve (ISO 834), representing the gas phase 
temperatures, is plotted for reference. 

 

3.5.7.1.2 Concrete 

As mentioned in the fire scenario section of this report, the 

concrete slab was modeled with a thermal gradient through 

the depth of the section at five equally-spaced points.  The 

time-temperature curves from the heat transfer analysis for 

Scenario I were simplified as illustrated in Figure 59.  
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Figure 59 - Temperatures through depth of concrete (Scenario I) 
 

3.5.7.2 Scenario II 

In Scenario II, the generalized exponential time-temperature curve 

described in Equation 35 was used to artificially capture a range of 

gas temperatures that may result from varying heat fluxes and rates of 

heating.  By adjusting the Tmax and α terms in Equation 35, an 

envelope of time-temperature curves were produced and applied to 

the “base” cellular beam model, where the standard fire curve was 

used as the benchmark (See Figure 49).  

 

3.5.7.2.1 Steel Time-Temperature Curves 

A total of five (5) generalized exponential time temperature curves 

were created.  Similar to a standard and hydrocarbon fire, the 

generalized curves were used to calculate the solid phase 

temperatures of the protected and unprotected steel members 
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using Equation 4.21 and 4.22 of Eurocode 3 Part 1-2, respectively.  

These solid phase time-temperature curves were applied 

uniformly across the length and depth of the members.  

Table 6 summarizes the five (5) cases studied in this scenario.   

 

Table 6: Input Parameters for generalized time-temperature curve 

�����������	����������	�����

����������	������	

����	

����	

���	

αααα    

1 1200 0.005 
2 1000 0.005 
3 800 0.005 

4 1000 0.0015 

5 1000 0.0007 

 

Figures 60-64, illustrate the assumed time temperature profiles for 

each structural member given one of the above compartment 

time-temperature curves.  

 

Figure 60 - Steel Temperatures given a generalized time temperature curve 
with Tmax= 1200°C and the rate of heating parameter = 0.005. 
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Figure 61- Steel Temperatures given a generalized time temperature curve 
with Tmax= 1000°C and the rate of heating parameter = 0.005. 

 

Figure 62 - Steel Temperatures given a generalized time temperature curve 
with Tmax= 800°C and the rate of heating parameter = 0.005. 
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Figure 63 - Steel Temperatures given a generalized time temperature curve 
with Tmax= 1000°C and the rate of heating parameter = 0.0015. 

 

 

Figure 64 - Steel Temperatures given a generalized time temperature curve 
with Tmax= 1000°C and the rate of heating parameter = 0.0007. 
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3.5.7.2.2 Concrete Time-Temperature Curves 

The time-temperature curves from the heat transfer analysis for 

Scenario II were simplified as illustrated in Figure 65-69 for each 

generalized exponential time temperature case. 
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Figure 65 - Temperatures through depth of slab (Case 1) 
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Figure 66 - Temperatures through concrete slab (Case 2) 
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Figure 67 - Temperatures through concrete slab (Case 3) 
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Figure 68 - Temperatures through concrete slab (Case 4) 
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Figure 69 - Temperatures through concrete slab (Case 5) 
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3.5.7.3 Scenario III 

In Scenario III, the test findings from FABSEC Ltd. , Westok Ltd., and SCI 

were analyzed.  As discussed in Chapter 1, the early fire tests on 

protected cellular beams indicated [4] that the web of the beams between 

the holes (commonly termed the web-post) heats up more quickly than 

expected in some cases by 100°C more than the bottom flange.  This 

phenomenon was also witnessed in unprotected beams but to a lesser 

extent.  To simulate these time-temperature differences between the web 

and flange, the solid-phase time-temperature curves were determined 

using the section factors of the flanges and webs separately.  Essentially, 

the same calculations described in Section 3.4 were performed with the 

exception of using the individual Hp/A values for the webs and flanges, as 

opposed, to the total Hp/A value for the entire section.   

 

The standard fire curve was used for the gas compartment temperatures. 

(See Table 3 for the section factors used for the webs and flanges).  Two 

cases were analyzed in this section – one for protected cellular beams 

and one for unprotected cellular beam.  
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3.5.7.3.1 Steel Time Temperature Curves 

Figure 70 illustrates the solid phase time temperature curves for the 

protected and unprotected cases in Scenario III. 

 

Figure 70 - Steel Temperatures for the top flange, web, bottom flange of the 
cellular beam section given a standard fire exposure, the top curves are for 
unprotected and the bottom are for protected. 

 

3.5.7.3.2 Concrete Time Temperature Curves 

In Scenario III, the concrete slab temperatures are the same as in 

Scenario I.  The gas compartment temperatures are from the standard 

time-temperature curve, and therefore, the heat transfer analysis is 

the same.  As with the other cases, the temperature distributions were 

simplified (See Figure 71).   
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Figure 71 - Temperatures for concrete slab in Scenario III tests 
 

ADDITIONAL COMMENTS 

Although the results from Bailey/Westok and Fabsec Ltd will not 

be explicitly tested in this report, the envelope of time-temperature 

profiles will be analyzed to cover both ends of the spectrum. 

Figure 72 is a reproduction of the data presented by Bailey for 

protected cellular beams; and, Figure 73 reports the temperatures 

output by Fabsec’s cellular beam software (FBEAM) at 30s, 60s, 

90s, and 120s.  The temperatures provided by FBEAM are 

interpolated from the limited test data conducted in the fire tests, 

discussed in Chapter 1.  These data points were outputted by the 

software program for the “base” cellular beam in this study.    

 

Figure 74 illustrates the wide range of time-temperature curves 

analyzed in this report. While the exact test data was not 
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incorporated into the analysis, as can be seen in Figure 74, the 

FABSEC and Bailey curves appear to fall well within the bounds of 

the temperature-time curves that were investigated. This seems to 

be a reasonable assumption. 

 

Figure 72 - Protected Steel Temperatures for bottom flange and web from 
Bailey/Westok Ltd. 

 

Figure 73 - Protected Steel Temperatures for the top flange, web, 
bottom flange of the cellular beam section obtained from FABSEC. 
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Figure 74 - Envelope of time-temperature curves investigated in this report. 
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Chapter 4:  Results and Discussion 

 

4.1 Overview 

The structural fire analysis conducted in this study is an uncoupled model, which 

means that the solid phase temperatures are calculated in a separate heat transfer  

analysis independent of the mechanical analysis.  But in a fully coupled model, the 

calculated solid phase temperatures would be continuously updated and calculated 

based on the state of the fire and the gas phase temperatures.  Nevertheless, the 

structural fire analysis conducted in this study reveals interesting insight into the 

structural response of cellular beams; it provides a sense of how these structural 

elements behave and which parameters play a more critical role in the response.   

 

The cellular beam structural model is evaluated from several perspectives in this 

study to determine its sensitivity to several parameters.  The displacements, 

deformations, connection forces, and stress concentrations of each case study are 

compared with the base cellular beam model and a solid beam mode.  These 

details will indicate the effects varying parameters have only on global response 

and also local response of the cellular beam.  This study will also reveal insight into 

the role of the surrounding structure to the response of the cellular beam, in 

question.  As mentioned before, traditional structural tests are conducted on single 

elements, which markedly underestimate the reserved capacity of the structure as 

a continuous system.  Support conditions, continuity, load transfer and structural 

redundancy that exist in typical structures are often neglected in historical 

structural fire analysis methods.   
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4.2 Results and Discussion  

A summary of the models analyzed in this study are provided in Table 8 below.  

This table includes the distinguishing parameter studied, type of analysis method, 

simulation time, and if convergence was reached.  Refer to Table 2: Test Matrix for 

more details regarding the beam characteristics.   

 

As seen in Table 8, most of the analyses examined are conducted using the 

implicit solver in ABAQUS.  Although most of the analyses do not go to completion, 

local failure mechanisms and general structural behavior is still observed.  The lack 

of convergence in the implicit models are typically indicative of abrupt changes in 

the structure and/or material complexities.  That is, any rapid changes in geometry 

or material properties.   

 

Section 4.2.1 will discuss the results of the cases analyzed in Scenario I.  The 

structural response of the “base” cellular beam model and solid beam model will be 

discussed in detail.  Structural responses that are unique to the base models will 

be highlighted. For more specific details on each individual tests, refer to the 

Appendix.  Section 4.2.2 will discuss the results of Scenario II; and Section 4.2.3 

will detail the results of Scenario III.  
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Table 8: Computational results of the analyses 

Scenario  Case Parameter Implicit/ Analysis 
Converge 

/ 
    Tested Explicit Time No Conv 
        [s]   

Base  Model A   I 2010 NC 
Base  Model     E 7200 C 
Solid Beam B   I 7200 C 

I a.1 hole diameter = 150mm I 1918 NC 
  a.2 hole diameter = 300mm I 1966 NC 
  a.3 hole diameter = 500mm I 7200 C 
  b.1 end post = 100mm I 1790 NC 
  b.2 end post = 400mm I 7200 C 
  b.3 endpost = 1400mm I 1030 NC 
  b.3DE endpost = 1400mm E 7200 C 
  c.1 # of holes = 12 I 2000  C 
  c.2 # of holes = 28 I  7200 NC 
  d.1 web thickness = 8mm I 1828 NC 
  d.2 web thickness = 20mm I 2046 NC 
  e.1 flange thickness = 12mm I 7200 C 
  e.2 flange thickness = 48mm I 1633 NC 
  f.1 bottom flange width = 270mm I 1990 NC 
  f.2 bottom flange width = 470mm I 1991 NC 
  g.1 span = 6150mm I 7200 C 
  g.2 span = 12000mm I 7200 C 
II 1 Tmax = 1200C, a = 0.005 I 1635 NC 
            
  2 Tmax = 1000C, a = 0.005 I 7200 C 
            
  3 Tmax = 800C, a = 0.005 I 1098 NC 
            
  4 Tmax = 1000, a = 0.0015 I 2008 NC 
            
  5 Tmax = 1000, a =0.0007 I 2295 NC 
            
III 1 Increased web temperature (protected)   4380 NC 

  2 
Increased web temperature 

(unprotected)   1030 NC 
 

 

4.2.1 Cellular Beam  Model Analysis 

The “base” cellular beam model was used as the reference case throughout 

the study.  It is described in detail in section 3.5.1.  The geometric variables 

of the model (hole diameter, end post length, number of holes, web 
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thickness, flange thickness, bottom flange width, and span length) are 

presented and discussed independently.  

 

Figure 75 - Base cellular beam model (image from Abaqus) 
 

Figures 76 and 77 show the displacement of the entire structural system 

after loading and after the 2-hour fire exposure, along with the 

corresponding deformation of the cellular beam at the final stage.  At the 

end of the fire simulation, the cellular beam has undergone significant 

lateral torsional buckling, as seen in Figure 78.  Snap shots of the 

deforming beam over time can be seen in Table 9, and provide insight 

into the mechanisms that initiate local failure of the beam.  In addition 

Table10, illustrates the Von Mises stresses over time highlighting 

significant times in which the stress concentrations indicate local failures, 

particularly the 1st failure mechanism.  As indicated and seen in Table 9 

and 10, the initiating failure mechanism appears to be the buckling of the 
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web post.  Figure 79 is an enlarged image of the end-post at the initiation 

of buckling failure (at t=515s and t=536s). This appears to occur at 515s 

with a steel temperature of 319C.  After this point, the stress 

concentrations spread into the length of the beam from the end supports; 

the web posts near the end supports begin to buckle in succession 

leading to significant lateral torsional buckling (Figure 80).  After 2600s, 

additional lateral torsional buckling is minimal and the beam appears to 

displace in catenary action.  

 

  

 

Figure 76 - Vertical displacement of "base" cellular beam model after loading. 
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Figure 77 - Vertical Displacement and Deformation of base model after the 2-hour fire 
exposure. 

 

Figure 78 - Lateral torsional buckling of cellular beam at the end of the simulation. 
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Table 9: Deformations Time History of “Base” Cellular Beam Model 

 
Time = 0 sec, Temp = 25 C,  
Localized stress concentrations at bottom of 
beam at end supports 

 
Time = 515 sec, Web Temp = 319 C 
Bottom flange starts to lateral displace; end post 
appears to be buckling. Lateral torsional buckling is 
initiated. Stress concentrations are near the 
supports. Web posts near the support are starting 
to buckle 

 
Time = 1030 sec, Temp = 542C 
Significant lateral torsional buckling. After last 
slide, web posts began to buckle rapidly. Bottom 
flange appears to be buckling too. High stress 
concentrations at supports 

 
Time = 1867 sec, Temp =821 C  
As the stress concentrations spread along the web 
of the beam, more web posts buckle. Significant 
web and flange buckling. Significant lateral torsional 
buckling and displacement.  

 
Time = 2600 sec, Temp =894 C  
Stress concentrations throughout the length of 
the beam.  Significant lateral torsional buckling.  
 

 
Time = 7200 sec, Temp = 1051C 
Stress concentrations throughout beam. No 
increase in lateral torsional buckling. Catenary 
action witnessed. No global failure of system. End 
of simulation. 
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Table 9: Von Mises Stress Time History of “Base” Cellular Beam Model 

 
Time = 0 sec, Temp = 25 C,  
Localized stress concentrations at bottom of beam 
at end supports 

 
Time = 515 sec, Web Temp = 319 C 
Bottom flange starts to lateral displace; end post 
appears to be buckling. Lateral torsional buckling is 
initiated. Stress concentrations are near the supports. 
Web posts near the support are starting to buckle 

 
Time = 1030 sec, Temp = 542C 
Significant lateral torsional buckling. After last 
slide, web posts began to buckle rapidly. Bottom 
flange appears to be buckling too. High stress 
concentrations at supports 

 
Time = 1867 sec, Temp =821 C  
As the stress concentrations spread along the web of 
the beam, more web posts buckle. Significant web 
and flange buckling. Significant lateral torsional 
buckling and displacement.  

  
Time = 2600 sec, Temp =894 C  
Stress concentrations throughout the length of the 
beam.  Significant lateral torsional buckling.  
 

 
 
Time = 7200 sec, Temp = 1051C 
Stress concentrations throughout beam. No increase 
in lateral torsional buckling. Catenary action 
witnessed. No global failure of system. End of 
simulation. 
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Figure 80 – At t=1030s, stress concentrations spreading from the supports. Web posts are buckling 
and the beam is undergoing lateral torsional buckling. (T=542C) 

 

After this ultimate buckling event, deflection begins to grow at a higher rate 

which is also supported by the displacement-time curve and displacement-

temperature curves (Figures 81 and 82).   In addition, this event seems to be 

Figure 79 – At 515s, end post buckling of base cellular beam model. This appears to be the 
initiating failure mechanism. (Note: T = 319C) (Right) At 536s, the web posts near the support 
begin to buckle. 
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coupled with the steel beam reaching its ultimate axial capacity, which is 

occurring around 350C.   
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Figure 81 - Midspan displacement of cellular beam with time 
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Figure 82 - Midspan displacement of cellular beam with temperature. 
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Figure 83 shows the axial forces at various points along the height of the 

heated steel beam, all of which begin to decline as the steel strength and 

stiffness degrades from heating. 
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Figure 83 - Axial force in cellular beam as a function of temperature. 
 

In the paper by Usmani and Lamont [33], an initial local buckling event of 

the lower flange is described as being one of the first structural events to 

occur in steel beams with composite decks.  This study examined the event 

in detail by considering a secondary beam from the Cardington restrained 

beam tests. From the analysis, the stress in the bottom flange at 150°C was 

calculated as 573 MPa which was clearly over the yield stress of the steel 

(318 MPa).  The analysis in this paper would suggest that the initial local 

buckling event would occur at around 120°C and was clearly evident by the 

reduction in axial forces (Figure 84) and a significant increase in deflection 

rate.[33]  
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Figure 84 - Axial forces at different locations in Cardington steel beam test. 
[Usmani,] Ref.33 
 

This local buckling behavior appears to be evident in the base cellular 

beam model and is suggested by the force-temperature history in Figure 

83, where a “kink” occurs even before 100°C.  The yielding of bottom flange 

may be occurring at an earlier time in the fire in the cellular beam model 

than the temperature suggested by Usmani [33] because the holes in the 

cellular beam may be increasing the local compressive forces in 

comparison to a solid beam.  

 

However, this behavior is not visible in the deformation/stress time history 

analysis, or in the displacement temperature history.  In these figures, there 

does not appear to be a significant increase in displacements after the 

initial yielding event.  The second major event, the buckling of the web-post, 

appears to be the more significant event that leads to increased deflection 

rates and ultimately significant P-delta moments.     
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In terms of global failure of the system, the deflections appear to be 

increasing rapidly with very small increases in temperature, as seen in 

Figure 82.  This phenomena of runaway displacement is an indication that 

global structural failure is occurring.  

  

4.2.2 Solid Beam Model 

In addition to the base cellular beam model, the solid beam model was 

used throughout the study for comparison.  The solid beam model was 

analyzed in a similar fashion to the cellular beam model analysis, as 

presented above. For brevity the detailed deformations, displacements, and 

stress concentration snap-shots are provided in Appendix D.  This section 

will highlight the main differences observed between the two models.  

 

Figure 85 - Solid beam model 
 

In analyzing, the failure mechanisms of the solid beam model in 

comparison with the base cellular beam model, the solid beam model 

does not appear to have a distant first local yielding event described by 

Usmani [33] of the bottom flange.  At around 100 – 150°C, the solid beam 
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is continuing to have increased compression axial forces as seen in 

Figure 88 with no increased displacement rates visible in Figures 89 and 

90.  Also, the magnitude of the axial forces in the early stages of the fire 

are substantially less than those in the cellular beam.  These factors 

maybe suggesting that there is not a significant compression force 

localizing at the bottom flange and causing a sudden buckling of that 

section, as was the case with the cellular beam.   This may be a result of 

the increased depth (690mm) of the solid beam relative to the beams 

tested in the Cardington tests which may be causing the axial forces to be 

distributed more evenly in the web and bottom flange.  With respect to the 

cellular beam, the solid beam has the full depth of its web to transfer 

forces, reducing the likelihood of force localization.  

 

As with the cellular beam model, the significant increases in displacement 

appear to occur at a second buckling event around 350°C.  For the solid 

beam, the second event appears to be the buckling of the bottom flange 

near the support and is a more gradual failure mechanism than that 

experienced in typical composite beam fire tests.    

  

 Figure 86 , taken at t = 790 s, illustrates that the high stress 

concentrations are located near the support and that the bottom flange of 

the beam is yielding, evident by the lateral torsional buckling.  

 

As seen in Figure 87, the cellular beam model has substantial web post 

buckling, end post buckling, and bottom flange buckling.  This snap-shot 

is approximately 700 s into the fire exposure.  
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Figure 86 - Bottom flange buckling in solid beam model. 
 

 

 

Figure 87 - Endpost, web post, and bottom flange buckling in cellular beam model (t 
= 700s, T=350-400°C  ) 
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Figure 88 - Axial force vs. temperature of solid beam and base cellular beam models. 
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Figure 89 - Midspan displacement vs. time for solid and cellular beam models 
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Figure 90 - Midspan displacement vs. Temperature comparison of solid beam and cellular 
beam. 

 

Overall, the solid beam appears to behave relatively better than the base 

cellular beam model.  Because there is a delay in the buckling/yielding, 

the structure appears to be more stable – less displacements, lower 

displacement rates and less localization of forces – which may limit the 

likelihood of a sudden global failure.   

 

4.2.3 Scenario I  Parametric Study  

The variables in this scenario were web opening diameters, end post 

length, number of holes, web thickness, flange thickness, bottom flange 

width, and span length.  Each variable was analyzed similar to that 

conducted in the base cellular beam model and solid beam model.  Each 

variable is presented and discussed independently.  Case specific results 
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will be discussed in the following sections.  General observations common 

to all tests with be discussed in the summary section. 

 

4.2.3.1    Vary Diameter of Holes 

In this case study, various web hole diameters were studied.  The sizes 

tested were 150 mm, 300 mm and 500 mm. The base cellular beam 

model had web opening diameters of 450 mm.  All other aspects of the 

structural system and geometry were maintained. However, in order to 

keep the end post length and number of holes, the web post lengths 

were adjusted to accommodate the new diameters.  The web post 

lengths were 548 mm, 391 mm, and 183 mm of the 150 mm diameter 

case, 300 mm and 500 mm case respectively.  The base model had a 

web post length of 235 mm.  Refer to Table 8 and Appendix D for details 

of the analysis.   Figure 91 is a visual representation of each case 

analyzed.  

 

 

 

 

 

 

 

 

 

 



126 

 

 

Case a.1 

Case a.2 

Case a.3 

 

Figure 91 - Web hole diameter case study. Web holes tested 
include: 150mm, 200mm, 300mm, and 500mm 



127 

Figure 92 shows that web hole diameter does not have an effect on axial 

forces until the web opening becomes too large at 500 mm.  All the diameters 

have similar axial force behavior until the axial forces began reversing at 

around 300°C, which coincides with the second buckling event described 

earlier.  After this event, the 500 mm case rapidly changes from compression 

to tension.  This may suggest that large diameter openings in webs, once 

local buckling has occurred, will immediately go into catenary action or have 

a sudden failure.  Global structural failure, however, is not evident in Figures 

93 and 94 for the 500 mm diameter case.   

 

Figure 94 shows the vertical displacement for various web opening diameters 

over time.  It can be seen that diameter does not affect the displacement of 

the beam up to around 380°C, apart from the 500 mm case which displaces 

much sooner at 250°C.  The differences in displacement after this point may 

be a result of the mechanism of failure (i.e. the second buckling failure 

mode).   The 150 mm, 300 mm, and solid beam models all had similar failure 

mechanisms in that they had bottom flange yielding at similar temperatures 

(~350°C), as seen in Figure 95.  The 500 mm and 450 mm (base model) 

cases had web-post buckling as the dominant failure mechanism as seen in 

Figure 96.  In addition, the main buckling event for the 500 mm case occurred 

at 250°C.  This may be an explanation for the displacement behavior seen in 

Figure 94.    

 

Also, in Figure 94 the 500 mm does not appear to experience runaway 

displacement throughout the duration of the simulation. This case involves 

the largest diameter holes and therefore is the weakest beam for this case 
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study.  As such, it is reasonable to assume that the cases with smaller 

diameter holes will not experience runaway displacement as well.  However, 

explicit models should be conducted to verify this assumption. 
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Figure 92 - Axial forces vs. Temperature of cellular beams with varying web opening 
diameters. 
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Figure 93 - Midspan displacement of cellular beams with varying web opening 
diameters vs. time 
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Figure 94 - Displacement vs. Temperature for various web opening diameters 
 

  

Figure 95 - Web post buckling evident in 500 mm diameter case. This occurred at 250°C. 
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Figure 96 - Bottom flange yielding and end post buckling initiating in 150 mm diameter 
case. This occurred at ~ 350°C 

 

4.2.3.2 Vary End Post Length 

In this case study, various end post lengths were examined.  The end 

post, as commonly referred to, is the distance from the end of the beam 

to the edge of the first web opening.  The sizes tested were 100 mm, 400 

mm and 1400 mm. The base cellular beam model had an end post 

distance of 900 mm.  All other aspects of the structural system and 

geometry were maintained.  However, in order to keep the original hole 

diameter and number of holes, the web post lengths were adjusted to 

accommodate the new end post lengths.  All three trials were run using 

implicit analysis. Refer to Table 8 and Appendix D for details of the 

analysis.  Figure Y is a visual representation of each case analyzed. 
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Figure 97 – End post length case study. End posts tested include: 
100mm, 400mm, 900mm, and 1400mm 

 

Case b.1- End post = 100mm 

 

Case b.2-  End post = 400mm 

 

Case b.3- End post = 1400mm 
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Figure 98 shows that increasing the end post length results in greater 

axial forces at the mid-height of the support with temperature.  An end 

post length of 100mm induces an axial compressive force of 

approximately 2kN, while an end post length of 1400mm, an axial force 

of 4.5kN is seen.  This is most likely a result of the forces being taken at 

the mid-height of the web, where the axial forces would be low for 

beams with holes near the support.  The tensile and compressive forces 

would mostly be transferred to the support through the flanges.  As the 

end post increases to 900 mm and 1400 mm the forces appear to be 

similar, until the solid beam case.  Further study would need to be 

conducted to determine if a more efficient force distribution in the solid 

beam is the discrepancy in the forces.  

-6000

-5000

-4000

-3000

-2000

-1000

0

1000

2000

0 200 400 600 800 1000 1200

Temperature [C]

Fo
rc

e 
[N

]

Endpost = 100mm

Endpost = 400mm

Endpost = 1400mm

Endpost = 900mm

Solid Beam

 

Figure 98 - Axial forces vs. temperature for varying end post lengths 
 

It is interesting to note in Figure 98 that the 400 mm end post test 

appears to indicate the first local buckling event described by Usmani 
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[33]; whereas, the other cases appear to have two buckling events. 

(See Summary Section for further discussion.) 
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Figure 99 - Displacement vs. time for varying end post lengths 
 

Figures 99 and 100 appear to indicate that smaller end posts result in 

lower displacements over time, as well as, lower displacements with 

respect to temperature.  However, in analyzing the deformations, 

stresses and buckling behavior of the beams, the correlation between 

end post length and displacement behavior is misleading.  The smaller 

end posts had buckling of the bottom flange similar to the solid beam 

tests; the larger end posts, had web-post buckling behavior.  These 

failure mechanisms and the associated displacements also occurred in 

the previous variable study.  Table 9 shows the web-posts for the 

various tests, the mode of failure and relative displacement.  It can be 

seen that there is a strong correlation between web post size, type of 

failure mechanism and the resulting displacements.   
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Table 9: Type of failure mechanism and web-post length 

Scenario  
  
  
  

Case 
  
  
  

Parameter 
Tested 

  
  

Type of 
Failure 

Mechanism 
  

Web 
post 

Length 
  
  

Relative  
Displacement 

  
  

I a.1 hole diameter = 150mm bottom flange yielding 548 Less 
  a.2 hole diameter = 300mm bottom flange yielding 391 Less 
 base hole diameter = 450mm web post buckling 235 Larger 
  a.3 hole diameter = 500mm web post buckling 183 Larger 
  b.1 endpost = 100mm bottom flange yielding 304 Less 
  b.2 endpost = 400mm bottom flange yielding 278 Less 
 Base endpost = 400mm web post buckling 235 Larger 
  b.3 endpost = 1400mm web post buckling 191 Larger 

 

From Figures 98, 99, and 100 the effect of end post length does not 

appear to be clearly defined.  Additional studies should be conducted to 

better determine the effects of end post length on beam response 

where they are not coupled with the web post thickness.  End post 

length may play a significant role where shear is high near the supports. 

 

An interesting failure mechanism was observed in the explicit model of 

the 1400 mm end post case.  As seen in Figure 101, the cellular beam 

experienced some asymmetric web post buckling and lateral torsional 

buckling. 
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Figure 100 - Displacement vs. Temperature for varying endpost lengths. 
 
 

 
Figure 101 - Asymmetric web post buckling and lateral torsional buckling of 1400 mm 
endpost test. 
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4.2.3.3 Vary Number of Holes 

In this case study, the number of holes along the length of the beam was 

studied.  The number of holes tested was 12 and 28 holes. The base 

cellular beam model had 24 holes.  All other aspects of the structural 

system and geometry were maintained.  However, in order to keep the 

original hole diameter and end post length, the web post lengths were 

adjusted to accommodate the new opening count.  Refer to Table 8 and 

Appendix D for details of the analysis.   Figure 102 is a visual 

representation of each case analyzed. 

 

Figure 102 – Number of web openings case study. No. of openings include: 
0, 12, 24, 28 

 

 
Case c.1 – 12 web openings 

 
 

Case c.2 – 28  web openings 
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Figure 103 suggests that the number of web openings does not have an 

effect on axial forces during pre-buckling behavior.  However, in post-buckling 

the effect of the number of holes is more evident.  During post buckling, the 

beams with an increased number of holes have reduced axial stiffness and 

therefore increase in deflections and unload rapidly.  The difference in axial 

force after the local buckling event, described earlier, is also associated with 

the failure mechanism.  Similar to the previous two cases, the variation of this 

parameter was coupled with the web post lengths.  

 

Table 10 is an update of Table 9 and indicates the web post lengths and 

observed failure mechanism.  From these results, it can be seen that the 

increase in holes and the decrease in web-post length leads to web post 

buckling failure and ultimately larger displacements than beams with larger 

web posts. By increasing the number of holes and subsequently decreasing 

the web post size, you not only reduce the horizontal shear capacity of the 

beam, but also, decreasing the moment capacity and flexural stiffness of the 

section.  This behavior is evident in Figure 104 and 105, as well as Figure 

109.   

   

Aside from the web post sizes, Figure 105 seems to indicate that increasing 

the number of holes results in greater deflection in the initial stages of the fire 

exposure.  Because of the reduced flexural and axial stiffness of these 

beams, the displacements should be larger both in pre-buckling and post-

buckling regimes. It is therefore reasonable to assume that this will continue 

in later stages of the fire.  The base model appears to be experiencing 

runaway displacement; and being the more conservative model, it may be 
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reasonable to assume that the 28 hole case will have runaway failure as well.  

An explicit model for both the 12 and 28 hole case should be run to validate 

this theory.  

 

Table 10: Failure mechanisms and web post lengths (updated) 

Scenario  
  
  
  

Case 
  
  
  

Parameter 
Tested 

  
  

Type of 
Failure 

Mechanism 
  

Web 
post 

Length 
  
  

Relative  
Displacement 

  
  

I a.1 
hole diameter = 

150mm bottom flange yielding 548 Less 

  a.2 
hole diameter = 

300mm bottom flange yielding 391 Less 

 Base 
hole diameter = 

450mm web post buckling 235 Larger 

  a.3 
hole diameter = 

500mm web post buckling 183 Larger 
  b.1 endpost = 100mm bottom flange yielding 304 Less 
  b.2 endpost = 400mm bottom flange yielding 278 Less 
 base endpost = 900mm web post buckling 235 Larger 
  b.3 endpost = 1400mm web post buckling 191 Larger 
  c.1 # of holes = 12 bottom flange yielding 982 Less 

 base # of holes = 24 web post buckling 235 Larger 
  c.2 # of holes= 28 web post buckling 133 Larger 
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Figure 103 - Axial forces vs temperature for varying number of web openings. 
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Figure 104 - Displacement vs. time for varying # of holes 
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Figure 105 - Displacement vs. temperature for varying # of holes 
 

 
 
 
 

Figure 106 - Deformations of case with 28 web openings 
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4.2.3.4 Vary Web Thickness 

In this case study, the thickness of the web was studied.  The web 

thicknesses tested included: 8 mm and 20 mm.  The base cellular beam 

model had a web thickness of 12 mm.  All other aspects of the structural 

system and geometry were maintained. In addition, the time-temperature 

curve for these beams were maintained despite the change in mass of 

each beam. Refer to Table 8 and Appendix D for details of the analysis. 

Figure 107 is a visual representation of each case analyzed. 

 
Figure 107 - Vary web thickness study (8mm, 12 mm, 20mm) 

 

Case d.1 

 

 

 

 

 

Case d.2 

 

Figure 108 shows the change in axial force at the support of the beam 

for increasing temperature.  By increasing the web thickness from 8 mm 

to 20 mm the axial forces on the column increased from 2 kN to 8 kN.  

Web thickness = 8mm 

Web thickness = 20mm 
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This should be expected, because by increasing the web the flexural 

stiffness of the beam should increase, providing better pre-buckling 

behavior.  Since these cellular beams are dominated by lateral torsional 

buckling increases in web thickness should post-pone web buckling.  

Flexural moment capacity should also increase.  By increasing the 

stiffness of the member, this will inevitably attract more forces as the 

beam will continue to expand against the column.  This increase in 

forces could over stress the supporting columns and surrounding 

structure.  However, the thinner webs are buckling at lower 

temperatures and are therefore unloading sooner.  

 

The increase in web thickness should also increase post-buckling 

behavior due to the increase in axial stiffness (EA), which can be seen 

by the delay of the forces from transferring from axial compressive 

forces into catenary action.  Although, the displacement-time or 

displacement-temperature curves (Figures 109 and 110) do not 

illustrate the post-buckling benefit, it is reasonable to assume that this 

will occur. Additional explicit models should be run to verify this 

assumption.   

 

Note, Figures 111 and 112 show the difference in buckling behavior 

between the 20mm web and the 8mm web. As expected, the thinner 

web experienced web-post buckling and the thicker web had bottom 

flange yielding.  
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Figure 108 - Axial forces vs Temperature for varying web thickness 
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Figure 109 - Displacement vs. Time for varying web thicknesses 
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Figure 110 - Displacement vs. Temp for varying web thicknesses 
 

 

Figure 111 - Bottom flange yielding of 20 mm web thickness beam. 
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Figure 112 - Web post buckling behavior in 8 mm web thickness case. 
 

 

4.2.3.5 Case e – Vary Flange Thickness 

In this case study, the thickness of the flange was studied.  The flange 

thicknesses tested included: 12 mm and 48 mm.  The base cellular 

beam model had a flange thickness of 12 mm.  All other aspects of the 

structural system and geometry were maintained. In addition, the time-

temperature curve for the cellular beams in this case was not altered, 

despite the change in mass due to the changing flange thicknesses. 

Both trials were run using implicit analysis.  Figure 113 is a visual 

representation of each case analyzed. Refer to Table 8 and Appendix D 

for more details of analysis. 
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Figure 113 - Varied flange thickness study (12 mm, 24 mm, and 48 mm) 

 

Case e.1 

 

 

 

 

 

Case e.2 

 

As mentioned before, the dominant mode of failure for long span 

cellular beams appears to be lateral torsional buckling of the web.  

Therefore, the increase in flange thickness should not have an effect on 

pre-buckling behavior. As evident in Figure 114, the behavior of the 

axial forces in pre-buckling are all similar.  However, in the post-

buckling regime, the effect of flange thickness is more apparent.  By 

increasing the flange thickness, the axial stiffness and axial capacity 

increase.  This could provide added benefits in the post-buckling regime 

where the increased axial stiffness should provide more benefits in 

catenary action.  This behavior is not evident in the displacement 

graphs (Figure 115, and 116) and should be verified in an explicit 

flange thickness = 12 mm 

flange thickness 
= 48 mm 
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     Figure 114 - Axial forces vs. temperature 
 

It is interesting to note that the thickest flange (48 mm) quickly unloaded 

after initial buckling failure.  This may be a result of the web-post 

buckling behavior that would be expected for increased flange thickness 

(See Figure 118). The web-post failure may have caused this rapid 

reduction in axial compressive forces, resulting in catenary action 

sooner than the other beams in this case.   This local buckling, 

however, is not indicative of structural failure of the global system.  

Further investigation is needed in the post-buckling region to determine 

is stability is maintained.  It is also interesting to see that as the flange 

thickness is decreased to 12 mm, the web-post buckling behavior seen 

in the base model change to bottom flange yielding (See Figure 117) 
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Figure 115 - Displacement vs. time 
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Figure 116 - Displacement vs. temp
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Figure 117 - Bottom flange buckling in thin flange 
 

 

Figure 118 - Web buckling in thick flange case 
 

4.2.3.6 Vary Bottom Flange Width 

In this case study, the width of the bottom flange was studied.  The 

bottom flange widths tested included: 270 mm and 470 mm.  The base 
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cellular beam model had a flange width of 370mm.  All other aspects of 

the structural system and geometry were maintained.  Both trials were 

run using implicit analysis.  Figure 119 is a visual representation of each 

case analyzed. 

 

Similar to the previous case, the increase in bottom flange width should 

not have an effect on pre-buckling behavior given the “base” models 

web-post buckling mode of failure.  By increasing the bottom flange 

width, the flexural capacity and flexural stiffness should increase, which 

would affect pre-buckling behavior.  However, in the “base” cellular 

beam model, the beam buckling is due to web-post buckling which is a 

local web stiffness issue around the openings.  Therefore, an increase 

in bottom flange width would provide no major benefit in this respect.  

This is evident in the following axial-temperature, displacement-time, 

and displacement-temperature curves.  

 

On the other hand, an increase in flange width should increase post-

buckling behavior due to the increase in axial stiffness and capacity (as 

was the case in the previous example).  This added benefit is not 

evident from the implicit models and should be verified with explicit 

models.   In addition, the failure modes for the bottom flange thickness 

were similar to the results of the previous case.  
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Figure 119 - Vary bottom flange thickness. (270 mm, 370 mm, and 470 mm) 

 

Case f.1 
 

 

 

 

 

 
Case f.2 
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Figure 120 - Axial force vs temperature for varying bottom flange width 

 

Bottom flange 
width = 270 mm 

Bottom flange 
width = 470 mm 
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Figure 121 - Displacement vs. Time for varying bottom flange thicknesses 
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Figure 122 - Displacement vs. Temp for varying bottom flange thicknesses 
 

 

4.2.3.7 Vary Span 

In this case study, the span of the cellular beam was studied.  The span 

lengths tested included: 6150 mm (~20 ft) and 12000 mm (~39 ft).  The 
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base cellular beam model had a span of 18000 m (~59 ft).  Both trials 

were run using implicit analysis.  Figure 123 is a visual representation of 

each case analyzed. 

 

Figures 124 and 125 illustrate the displacements of the various span 

beams with respect to time and temperature, respectively.  As would be 

expected, increasing span length would increase displacements.  The 

shorter span case has the same section as the longer span member.  

Therefore, the shorter span will no longer be governed by flexural 

behavior, resulting in reduced deflections and reduced susceptibility to 

thermal bowing.  This is evident in Figure 126 where buckling is delayed 

in the shorter spans and the axial forces are lower.  In addition, pos-

buckling capacity should also increase due to the higher capacity of the 

over-sized beam in the shorter spans tested.   

 

Additional studies should be conducted on shorter spans with the 

suitable beam size for that application.  The variables in this test should 

be examined to observe differences in local and global structural 

response.  
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Figure 123 - Varying Span Lengths tested. 

 

Case g.1 – Span = 6150 mm 

 

Case g.2 – Span = 12000 mm 
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Figure 124 - Displacement vs time for varying spans 
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Figure 125 - Displacement vs. Temp for varying spans 
 



156 

-5000

-4000

-3000

-2000

-1000

0

1000

2000

0 200 400 600 800 1000 1200

Temperature [C]

Fo
rc

e 
[N

]

Span = 6150mm

Span = 12000mm

Span = 18000mm (Base Model)

Span = 18000mm (Solid Beam)

 

 

4.2.4 Scenario II – Parametric Study 

The variable in this scenario was the thermal exposure which was applied 

to the “base” cellular beam model.  Five heating scenarios were created 

from the generalized exponential time temperature curve: 

( )( )t
oo eTTTtT α−−−+= 1)( max .  Each case was analyzed similarly to 

analysis conducted in the base cellular beam model and solid beam model.  

Figure 126 are the curves tested and is provided for reference.  
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Figure 126 - Heating curves tested in this scenario 
 

Figure 127 shows the displacement change in mid-span displacement 

with time.  The Case 2 model appears to not increase in displacement 

with time after around 1030s.  This same phenomenon occurs in the 

solid beam model and may be indicative of an error in the model.  

However, the data prior to this event may still be useful.  



158 

-2500

-2000

-1500

-1000

-500

0
0 1000 2000 3000 4000 5000 6000 7000 8000

Time [s]

D
is

pl
ac

em
en

t [
m

m
]

Case 1, Tmax=1200, a = 0.005
Case 2, Tmax=1000, a = 0.005
Case 3, Tmax=800, a = 0.005
Case 4, Tmax=1000, a = 0.0015
Case 5, Tmax=1000, a = 0.0007
Base Model
Solid Beam
Base Model (Implicit)

 

Figure 127 - Displacment vs. Time for various heat rates and maximum temperature fires. 
 

In Figure 127, Case 1 appears to have an extremely high rate of 

deflection.  The fire curve for this model is similar to a hydrocarbon fire, 

which heats up fast and to a high temperature.  In this figure and in Figure 

128, the Case 1 model appears to be having runaway deflection at 1635 s 

(27.25 min).  At the end of the simulation, the Case 1 fire scenario 

induces a deflection of 2.1 m, while a deflection of 274 mm is seen for the 

Case 5 fire at that same time.  However, in Figure 128 the displacements 

of each case are plotted against temperature.  It appears that the 

displacement behavior of the cellular beam is a function of the 

temperature and not of the fire scenarios tested.  It is interesting to note 

that the explicit model of the “base” cellular beam (where the standard 

ISO834 curve was used) does not collapse around the other heating 



159 

curves studied.  However, the implicit model of the same beam appears 

to follow the other curves.  Additional tests should be conducted to 

determine this discrepancy.   

 

In addition, there does appear to be some slight differences in the 

displacement in the post-buckling regime, which occurred around 350°C, 

as seen in Figure 128 and in the axial force vs. temperature plot (Figure 

129.)  In analyzing the deformation and stress concentration animations, 

all the Cases 1, 3, 4, and 5 had buckling occur in the end post near the 

support (Figure 130).  Case 2 appeared to have bottom flange yielding 

prior to web post buckling that initiated the ultimate buckling event (Figure 

131).  
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Figure 128 - Displacement vs. temperature for various heating curves. 
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This behavior may explain the slight difference in the displacement of the 

Case 2 beam immediately after buckling.  It is interesting to note that in 

observing the failure mode in the explicit base model versus the implicit 

base model the modes were different.  The implicit model appeared to fail 

similar to Cases 1, 3, 4 and 5; whereas, the explicit model failed in web 

post buckling. The difference in local buckling modes may be a result of 

the dynamic effects that are captured in the explicit analysis and not in the 

implicit model. 

 

Figure 129 shows that there is no significant difference in the axial forces 

within the pre-buckling phase.  In the post-buckling regime, there are 

slight differences, but all the fire scenarios appear to follow the same 

trend.  
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Figure 129 - Axial forces vs. temperature for varying fire scenarios 
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Figure 130 - Buckling of web near supports observed in Case 1, 3,4 and 5. 
 

 

Figure 131 - Endpost and bottom flange buckling in Case 2
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4.2.5 Scenario III – Parametric Study 

In this scenario, two cases were analyzed and were based on experimental 

observations conducted in earlier cellular beam studies that indicating 

higher than expected web temperatures in cellular beams. Therefore, two 

cases (protected and unprotected) were studied in which the web 

temperatures were hotter than the flange temperatures.   

 

Figures 132 and Figures 133 illustrate the midspan deflection of the cellular 

beam over time and temperature, respectively.  Figure 132 suggests that 

the hotter web temperatures for unprotected cellular beams do not affect 

the displacement rate or the displacement with respect to temperature.  

This is also evident in Figure 133 for the axial forces with temperature.  The 

“unprotected” hotter web temperature case has similar pre-buckling and 

post-buckling behavior to the base model where the temperatures were 

uniform across the depth of the section.   

 

For the “protected” hotter web temperature case, the displacement rate of 

the beam is lower than the base model; however, this is a function of the 

temperature (as seen in Figure 133).  Similarly to the unprotected case, the 

pre-buckling behavior is also similar.  However, these is a slight difference 

in the post-buckling behavior observed in Figure 133.  This case appears to 

unload at a faster rate than base model and the “unprotected” model, 

initially.  This may be a result of differences in the axial capacity of the 

protected beam versus the unprotected cases, at these temperatures.  

Axial stiffness and capacity are critical factors in the post-buckling behavior 

of the beam.  The temperature differences between the web and flanges in 
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the “protected” case were higher than in the “unprotected” case.  This 

difference may explain the initial difference in post-buckling behavior, where 

the axial forces are declining as the steel strength and stiffness degrade 

with heating.  Near the end of the simulation, all the curves appear to follow 

the same trend. 

 

Also, the displacement curves do not appear to indicate runaway failure of 

this system.   
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Figure 132 - Midspan deflection vs. time for beams with web temperatures hotter than the 
flanges. 
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Figure 133 - Midspan deflection vs. temperature for beams with web temperatures hotter 
than the flanges. 

-5000

-4000

-3000

-2000

-1000

0

1000

2000

0 200 400 600 800 1000 1200

Temperature [C]

Fo
rc

e 
[N

]

Protected Cellular Beam

UnProtected Cellular Beam

Base Model

Solid Model

 

Figure 134 – Axial forces vs. temperature for beams with web temperatures hotter than the 
flanges. 
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4.3 Summary of Results and General Observations 

The structural model as described above was evaluated from several perspectives 

to determine its sensitivity to different parameters.  For the purpose of this paper, 

only general trends in buckling behavior, axial forces, and midspan displacements 

were presented as they related to variations in cellular beam section geometry and 

an equivalent solid beam.  These trends provide an insight into the parameters that 

govern the local response of cellular beams in fire, as well as the implications they 

have for the surrounding structure.  

 
4.3.1 General Buckling Behavior  

Table 11 indicates the observed trends in buckling behavior with respect to 

buckling/yielding events, buckling mode, and buckling/yielding 

temperatures for each parameter analyzed in this study.  In all the cellular 

beam cases listed in Table 11, two buckling events were observed, where 

the first event was buckling or yielding of the bottom flange, and the second 

event was either buckling of the web post, end post or overall lateral 

torsional buckling (LTB) of the beam member (See Fig. 135).  This 

response differs from the single buckling event witnessed in the solid beam 

tests at Cardington.[33]  In these tests, the lower flange buckled near the 

supports at approximately 120-150°C resulting in an increased rate of 

deflection and an unloading of the axial forces in the beam (towards 

tension).   

 

However, in this study, the buckling/yielding of the bottom flange in the 

cellular beams occurs at around 95-105°C but does not result in an 

increased rate of deflection or load reversal, as will be discussed in detail 
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later (See Figure 138).  It is not until a second buckling event – the limiting 

event – that an increased rate of displacement and a trend toward catenary 

action is observed.  This behavior may be attributed to the increased depth 

of the beams in this study (690 mm), which allow the high compressive 

axial forces to redistribute into the web and temporarily stabilize the beam 

response. This critical buckling event, as indicated in Table 11, seems to 

occur at around 300°C, which is significantly lower than that typically sited 

as the limiting temperature for load bearing structural steel members (~600-

650°C)[5,6,7,44].  This lower temperature is likely the result of the realistic 

end conditions coupled with the increased slenderness of long span cellular 

beams relative to the shorter span beam configurations tested in standard 

fire tests.   

 
Table 11: Trends in observed buckling behavior 

Buckling Events 
1st Event 2nd Event 

Scenario  
  
  
  

Case 
  
  
  

Parameter 
Tested 

  
  

Description 
  

Temperature  
 °C 

Description 
  

Temperature  
 °C  

Solid 
Beam     

 Overall 
buckling ~350  n/a   

I Diameter =150mm Overall LTB 327  
 Diameter =300mm Overall LTB 321  

 Diameter =450mm 
web post + end 

post 319 
 

a 

Diameter =500mm 

 
95-100 

 
web post 257 

  Endpost = 100 95-100  end post 329 
 Endpost = 400 130 end post 319 

 Endpost = 900 95-100 
web post + end 

post 319 
 

b 

Endpost = 1400 95-100 web post 285 

  No. of Holes = 12 
 end post + 
overall LTB 287  

 No. of Holes = 24 
web post + end 

post 319 
 

c 

No. of Holes = 30 

95-100 

web post 202 

  
Web Thickness = 

8mm  70  web post  191 

 

d 

Web Thickness = 12 
mm 

Bottom 
flange 

buckling 
 

95-100 
web post + end 

post 319 
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Web Thickness = 20 

mm 130 Overall LTB 314 

  
Flange Thickness  = 

12 mm 
Local bottom 

flange 215-365 

 
Flange Thickness  = 

24 mm 
web post + end 

post 319 

 

e 

Flange Thickness  = 
48 mm 

95-100 

web post 260 

  
Bottom Flange 

Width = 270 mm web post  260-353 

 
Bottom Flange 

Width = 370 mm 
web post + end 

post 319 

 

f 

Bottom Flange 
Width = 470 mm 

95-100 

web post 357 
  Span = 6150 mm  207 Overall LTB 411 

   Span = 12000 mm  139 Overall LTB 292 

 

g 
 

Span = 18000 mm 95-100 
web post + end 

post 319 

II 1 
Tmax  = 1200°C, α = 

0.005 
End post + web 

post 328 

 2 
Tmax  = 1000°C, α = 

0.005 Bottom flange* 309 

 3 
Tmax  = 800°C, α = 

0.005 
End post + web 

post 316 

 4 
Tmax  = 1000°C, α = 

0.0015  
End post + web 

post 312 

 5 
Tmax  = 1000°C, α = 

0.0007 

Bottom 
flange 

buckling 
 

95-100 

End post + web 
post 297 

III 1 Protected beam 
End post + web 

post 307-354 

 2 Unprotected beam 

Bottom 
flange 

buckling 
95-100 

End post + web 
post 345 

* In this scenario, the bottom flange appears to be the dominant buckling mode.  Additional 
analysis should be conducted to determine the cause of this mode, and if it is significant.  
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(a) Overall lateral torsional buckling 
(LTB) 

 
(b) Web post buckling  

(c)  End post buckling (d)  Local bottom flange buckling 

Figure 135 - Modes of behavior of cellular beams at fire limit state 
 

As indicated in Table 11, the mode of buckling in cellular beams appears to 

occur in the web particularly the posts between the openings.  This buckling 

mode is expected due to the reduced shear capacity as a result of the web 

openings and Vierendeel effects inherent in cellular beams.  Therefore, 

parameters that increase web stiffness and/or strength (such as cases a-d 

in Table 2) have a more significant affect on the local buckling mode and 

overall beam response in the early stages of the analysis.  In cases e-f, 

where the flange width and thickness were varied, little to no change was 

observed in the buckling mode because the limiting factor continued to be 

the local web stiffness and strength.  So, increasing the flange width or 

thickness will have little benefit on local buckling modes, where the 

controlling parameter will still be the web stiffness.  While increasing flange 

thickness or width may have little influence on pre-buckling response, there 
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may be some benefit in the post-buckling region where catenary action 

dominates the overall structural behavior.   

 

The web post buckling observed for the cellular beams differs to the solid 

beam, which experienced overall lateral torsional buckling – a more 

ductile/stable buckling mode [45]. Unlike the solid beams tested in 

Cardington, the solid beam in this study does not appear to have a distinct 

localized buckling event.  The solid beam is seen to undergo overall lateral 

buckling initiating at approximately 350°C.  This behavior may also be 

attributed to the increased depth of the member studied.  Unlike the cellular 

beams, the solid beam has the full depth of its web to transfer forces, 

thereby reducing the likelihood of force localization at the bottom flange.   

 

4.3.2 Cellular Beam Axial Forces And Midspan Displacements 

Figure 136 illustrates the axial forces against temperature near the column 

of the cellular beams with varying web opening diameter. Initially at 20°C, 

there is a local concentration of compressive forces at the bottom flange of 

the beam due to an initial hogging moment from the load.  As the 

temperature in the compartment increases, the compressive forces in the 

beam further increase due to restrained thermal elongation and thermal 

bowing.  This compressive force increases until local buckling of the lower 

flange occurs and is typically observed for solid beams at 120-150°C, as 

described in the literature [33]. However, in Figure 136 and Table 11 this 

local buckling of the bottom flange appears to occur much earlier in the fire 

for the long span cellular beams - at around 90-100°C.  This could be the 

result of shear forces from Vierendeel bending causing a local increase in 
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stress concentrations in the bottom flange near the support.  For the solid 

beam model, this local buckling of the bottom flange is not evident until 

350°C.  This may be a result of the increased depth (690 mm) of the solid 

beam in this study which may be causing the axial forces to be distributed 

more evenly in the web and bottom flange.  

 

After the local buckling event, the axial forces at the column appear to 

stabilize as the thermal expansion induces increased deflections instead of 

compression.  As the beam continues to heat, the deflection rate is seen to 

increase and a second buckling event is observed at around 350°C.  At this 

point, the web posts are starting to buckle as the local web stiffness and 

shear capacity is overcome by the high shear forces near the supports (Fig 

135b). After this point, the deflection rate grows at a higher rate and P-� 

moments increase rapidly as subsequent web-posts buckle along the 

length of the beam towards its center and the material properties degrade 

with increased temperature.  These buckling events are also evident in the 

displacement vs. temperature plots, such as those in Figures 138 and 139.  

The conventional composite flexure mechanism is now replaced by tensile 

(catenary) mechanisms [33].  It is interesting to note, that the system 

completely changes to catenary action at around 500°C.  In previous tests 

such as those at Cardington, this event occurred much later [33]. However, 

the Cardington tests incorporated a composite deck with universal beam 

sections at a maximum span of 9m, where tensile membrane action of the 

slab contributed to the performance of the structural system. 
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As indicated in Figure 136, the axial forces in the cellular beams do not 

appear to be particularly sensitive to the diameter of the web openings in 

the pre-buckling region of the response history. However, once buckling 

has occurred the larger hole diameter beam (500 mm) appears to unload 

(change from compression to tension) at a greater rate than the smaller 

diameter cases.  This response is likely due to the reduced web flexural 

stiffness of the beam with larger holes relative to the beams with the 

smaller holes.  The buckling of the 500 mm case occurs more rapidly and 

the beam transitions from a flexural mechanism to a tensile mechanism, as 

seen in the graph. These observations were also apparent in the 

displacement histories, where the 500 mm case resulted in larger 

displacements.  Similar trends occurred for the other parameters tested.  

 

The variation in different aspects of the section geometry, except for the 

web thickness (Figure 137), had little affect on the pre-buckling forces in the 

beams.  The post-buckling behavior, as discussed above for various hole 

diameters (Fig 136), was also observed in the other parameters studied.  

That is, the beams with reduced web flexural stiffness (longer end posts*, 

more holes*, thinner webs) experienced a more rapid transition into tensile 

mechanisms than the flexurally stiffer beams. (*Note: The variation of these 

parameters affected the dimension of the web post length, so the beams 

with longer end posts and the ones with more holes had shorter web posts.  

These web post characteristics dominated the beam behavior and were the 

controlling parameter for these beams.) 
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Figure 136 - Connection forces of cellular beams with various web opening diameters 
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Figure 137 - Connection forces for cellular beams with various web thicknesses 

  
 

Figure 137 illustrates the significant affect that increasing web thickness 

plays on the magnitude of the axial forces in the cellular beam.  As to be 

expected, increasing the web thickness increases the axial force in the 

beam due to the increase in axial stiffness.  Although increasing web 

thickness has resulted in increased axial forces, the buckling mode 

changes from web post buckling to overall lateral torsional buckling (See 

pre-buckling 

 

1st  event 
2nd  event 

1st  event 2nd  event 

post-buckling 
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Fig 135.c and Table 11).  This may prove to be beneficial, as lateral 

torsional buckling tends to be a more ductile buckling mechanism [45].  

Further investigation however is needed.   

 

In Figures 136 and 137, the solid beam axial forces appear to be less than 

those of the cellular beams tested.  One would anticipate that the solid 

beam axial forces would be greater due to it’s increased axial stiffness 

relative to the cellular beams.  However, in this study the solid beam was 

selected to achieve a similar load ratio to that of the “base” cellular beam.  

This resulted in a solid beam that is slightly smaller than the “base” cellular 

beam. This is likely the cause of the discrepancy in the axial force 

comparison.   
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   Figure 138 - Displacement versus temperature for varying web thicknesses 
 

 
As described earlier, the displacement history is closely linked with the 

overall behavior of the structural system.  Figure 138 illustrates the vertical 

displacement of cellular beams of varying web thicknesses with respect to 

Web posts 
buckle at 191 C 
(web thickness 
= 8mm) 

1. End post buckles at 319 C (web 
thickness = 12mm)  
 
2. Overall LTB at 314 C (web 
thickness = 20mm)  
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temperature.  Figure 139 plots the displacements versus temperature for 

cellular beams with varying bottom flange width.  These figures reveal not 

only the initiation of buckling events, but also, the implications of different 

buckling modes on structural behavior.  That is, the type of buckling mode 

appears to affect the displacement response of the beams.  

 

-1200

-1000

-800

-600

-400

-200

0
0 100 200 300 400 500 600 700 800 900 1000

Temperature [C]

D
is

pl
ac

em
en

t [
m

m
]

Bottom Flange width = 270mm
Bottom Flange width = 370mm
Bottom Flange width = 370mm (Solid Beam)
Bottom Flange width = 470mm

 
Figure 139 - Displacement versus temperature for varying bottom flange widths 

 
The thinner webbed cellular beams had web post buckling at around 191oC 

and subsequently experienced greater displacements than the thicker 

webbed beams that underwent end post and/or overall lateral torsional 

buckling modes (Fig 138).  The latter buckling modes are typically more 

stable/ductile as evident by the lower displacement rates.  The 

displacement vs. temperature plots from the varying diameter, number of 

holes, and end post simulations revealed similar results – the simulations 

that experienced web post buckling tended to have increased displacement 

relative to those that underwent more stable buckling modes (i.e. overall 

lateral buckling, end post buckling, etc.)  As seen in Figure 139, the 
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displacement histories of the cellular beams with varying bottom flange 

widths had similar responses.  In these simulations, all the scenarios 

experienced web post buckling.  Similar trends were also observed for the 

cellular beams with varying bottom flange thickness.  

 

These observations coupled with the axial force plots seem to suggest a 

strong correlation between buckling mode and displacement response 

initially after a buckling event has occurred.  This correlation may alter as 

the simulation continues further into the post-buckling region, where 

catenary action becomes the dominating structural mechanism.  This trend 

can already be seen in Figures 138 and 139, where the displacement 

histories are beginning to coincide.  The full displacement history (up to the 

global failure of the structure) should be investigated.  

 

4.3.3 Affect of Various Heating Curves and Thermal Profiles 

In Scenario II and Scenario III, different time-temperature curves and 

thermal gradients were applied to the same cellular beam model.  As 

discussed earlier, the response of the cellular beam is largely influenced by 

the temperature.  Therefore, the models with higher maximum 

temperatures experienced larger displacements; and the models that 

experienced higher heating rates, experienced larger displacements sooner 

than those that experienced lower heating rates.  In most of the cases, the 

local buckling mode and axial forces were similar.   

 

In Scenario III, higher web temperatures were artificially created and 

applied to one of the cellular beam models to simulate the data observed in 
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recent cellular beam fire tests.  From this analysis, the hotter web 

temperatures appeared to influence the behavior of the cellular beam 

immediately after the 2nd local buckling event.   As observed in Figures 

133, the displacement of the “protected” beam (the beam with hotter web 

temperatures) appears to initially have higher displacements immediately 

after the 2nd buckling event.  However, as the simulation continues the 

response begins to coincide with the other simulations. Similarly, in the 

axial force plot (Figure 134) , the “protected” beam appears to unload at a 

slightly greater rate than the other beams tested.  This behavior is a more 

unstable response, and is indicative a more sudden event in the response 

history.  Further research should be conducted to determine if the hotter 

web temperatures affect the structural response in the post-buckling region.  
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Chapter 5:  Conclusions 

 

A long span cellular beam model is evaluated from several perspectives in this study to 

determine its sensitivity to different parameters.  The displacements, local buckling 

modes and connection forces of each case study were compared with a solid beam 

model, and general trends were observed.  These details indicate the effects varying 

parameters have not only on global response, but local response of the cellular beam.   

 

This study suggests that the characteristics of a cellular beam’s web play a more 

significant role in the structural fire behavior not only in terms of the local beam response 

but ultimately on the surrounding structure. While other parameters do influence the 

structural response, it appears that the cellular beam web characteristics dominate the 

beam behavior, connection forces, and displacements particularly after a buckling event 

has occurred.  While the web characteristics appear to markedly affect the pre-buckling 

behavior, they may not have much of a significant role in the post-buckling region where 

catenary action dominates the global structural response.   

 

Additional work should be conducted on these long span cellular beams to determine 

how these parameters affect the post-buckling response where catenary action becomes 

the dominant structural mechanism.  The parameters that influence pre-buckling 

behavior may have little to no influence in the post-buckling region.  Various spans (12-

20m) should be tested, in addition, to various locations in the building (such as an 

external bay, or a bay near the core).  Building location can play a significant role, not 

only, on the local response of the cellular beam, but also on the surrounding structure 

(i.e. external columns will have not have lateral support from the surrounding structure).  
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The affects on the surrounding structure will be markedly different, than that presented 

here.  

 

More realistic fire scenarios should also be tested/analyzed.  This study only observed 

the influence of the heating regime.  Additional work should include the cooling phase, 

as well.  
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APPENDIX A:  Heat Transfer Calculations 
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Scenario I – Heat Transfer (Matlab script file) 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%% 
% Case 1 - STANDARD TIME TEMPERATURE CURVE  
%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
clear all; 
clc; 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%   PROPERTIES 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
% Steel Properties - constant 
% Physical properties 
    rho_a = 7850;            % Density of steel [kg/m^3] 
  
% Thermal Properties 
% Convection Coefficients 
    alpha_c = 25;       %[W/m^2-K] 
    gamma_hc = 1;        
  
% Radiation Coefficients 
    eps_f = 0.8; 
    eps_m = 0.7; 
    eps_res = 0.56; 
    gamma_hr = 1; 
    PHI = 1; 
    stef_bolz = 5.67e-8; 
  
% Hp/A Values (Section Factors) 
  
% Total Section Factor Value or Hp/A Value(whole section) 
% Cellular Beam 
 sf_cell = 96.843;       % Total Heated Perimeter [m]/ Total x-sectional area [m^2} 
  
% Solid Beam Hp/A 
  sf_beam = 104.119; 
  
% Column Hp/A 
  sf_col = 53.7; 
  
%Section Factor Matrix 
  sf=[sf_cell;sf_beam;sf_col]; 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% CALCULATION FOR STEEL TEMPERATURE CURVES 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%  UnProtected Steel  %%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% In this portion of the analysis, the only unprotected member is  
% the cellular beam and solid beam of study. The edge beams, columns, 
% and slab will always be protected throughout the study.  
  
% Number of element in this section to be calc 
ne= 2;              %cellular and solid 
  
%Section factors used 
  sf=[sf_cell;sf_beam]; 
  
% The unprotected steel temperatures were derived from  
% Eurocode 3: Part 1-2 Equation 4.21 
  
% Extract Gas Temperatures from TT_Asif file 
[T, Tg_2, Tg, To, t, dt] = Temps;  
  
% Calculate Unprotected steel temperatures 
T = T + 273;                 % Gas temperature [K] 
Ts_u(1,1:ne) = To+273;       % Initial Temperature of Steel [C] 
i=1; 
j=1; 
hc(1,1:ne)= 0; 
hr(1,1:ne) = 0; 
hnet(1,1:ne) = 0; 
for j=1:ne 
    for i=1:length(t)-1 
        if Ts_u(i,j) < 873 
            c_a(i,j) = 425 + (7.73e-1)*Ts_u(i,j) - 1.69e-3*(Ts_u(i,j)^2) + 2.22e-6*(Ts_u(i,j)^3); 
            hc(i+1,j) = alpha_c*(T(i+1)-Ts_u(i,j)); 
            hr(i+1,j) = PHI*eps_res*stef_bolz*(T(i+1)^4-(Ts_u(i,j))^4); 
            hnet(i+1,j) = gamma_hc*hc(i+1,j)+gamma_hr*hr(i+1,j); 
            dTs_u(i,j) = sf(j)/c_a(i,j)/rho_a*hnet(i+1,j)*dt; 
        elseif Ts_u(i,j)>=873 & Ts_u(i,j)<1008 
            c_a(i,j) = 666+ (13002/(738-Ts_u(i,j))); 
            hc(i+1,j) = alpha_c*(T(i+1)-Ts_u(i,j)); 
            hr(i+1,j) = PHI*eps_res*stef_bolz*(T(i+1)^4-(Ts_u(i,j))^4); 
            hnet(i+1,j) = gamma_hc*hc(i+1,j)+gamma_hr*hr(i+1,j); 
            dTs_u(i,j) = sf(j)/c_a(i)/rho_a*hnet(i+1,j)*dt; 
        elseif Ts_u(i,j)>=1008 & Ts_u(i,j)<1173 
            c_a(i,j) = 545 + (17820/ (Ts_u(i,j) - 731)); 
            hc(i+1,j) = alpha_c*(T(i+1)-Ts_u(i,j)); 
            hr(i+1,j) = PHI*eps_res*stef_bolz*(T(i+1)^4-(Ts_u(i,j))^4); 
            hnet(i+1,j) = gamma_hc*hc(i+1,j)+gamma_hr*hr(i+1,j); 
            dTs_u(i,j) = sf(j)/c_a(i)/rho_a*hnet(i+1,j)*dt; 
        else  
            c_a(i,j) = 650; 
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            hc(i+1,j) = alpha_c*(T(i+1)-Ts_u(i,j)); 
            hr(i+1,j) = PHI*eps_res*stef_bolz*(T(i+1)^4-(Ts_u(i,j))^4); 
            hnet(i+1,j) = gamma_hc*hc(i+1,j)+gamma_hr*hr(i+1,j); 
            dTs_u(i,j) = sf(j)/c_a(i)/rho_a*hnet(i+1,j)*dt; 
        end 
        Ts_u(i+1,j)= dTs_u(i,j) + Ts_u(i,j); 
        i=i+1; 
    end 
    j=j+1; 
end 
Ts_u = Ts_u - 273; 
  
     
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%  Protected Steel  %%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%    
% Number of element in this section to be calc 
ne= 2;              %cellular and column 
  
%Section factors used 
  sf=[sf_cell;sf_col]; 
   
% Fire Protection Material Properties: Firetex FB120 
% Note: Properties given by ARUP & Partners 
dp = 0.02;          % Thickness of material [m] 
c_p = 900;              % Specific Heat [J/kg-K] 
rho_p = 700;            % Density [kg/m^3] 
lamda_p = 0.17;         % Thermal conductivity [W/m-K] 
  
% Calculate Protected steel temperatures 
Ts_p(1,1:ne) = To+273;       % Initial Temperature of Steel [C] 
i=1; 
j=1; 
for j=1:ne 
    for i=1:length(t)-1 
        if Ts_p(i,j) < 873 
            c_a(i,j) = 425 + 7.73e-1*Ts_p(i,j) - 1.69e-3*Ts_p(i,j)^2 + 2.22e-6*Ts_p(i,j)^3; 
            phi(i,j) = (c_p*rho_p)/(c_a(i,j)*rho_a)*dp*sf(j); 
            dTs_p(i,j) = ((lamda_p*sf(j))/(dp*c_a(i,j)*rho_a)*(T(i)-Ts_p(i,j))/(1+phi(i,j)/3)*dt)-
(exp(phi(i,j)/10)-1)*(T(i+1)-(T(i))); 
        elseif Ts_p(i,j)>=873 & Ts_p(i,j)<1008 
            c_a(i,j) = 666+ (13002/(738-Ts_p(i,j))); 
            phi(i,j) = (c_p*rho_p)/(c_a(i,j)*rho_a)*dp*sf(j); 
            dTs_p(i,j) = ((lamda_p*sf(j))/(dp*c_a(i,j)*rho_a)*(T(i)-Ts_p(i,j))/(1+phi(i,j)/3)*dt)-
(exp(phi(i,j)/10)-1)*(T(i+1)-(T(i))); 
        elseif Ts_p(i,j)>=1008 & Ts_p(i,j)<1173 
            c_a(i) = 545 + (17820/ (Ts_p(i,j) - 731)); 
            phi(i,j) = (c_p*rho_p)/(c_a(i,j)*rho_a)*dp*sf(j); 
            dTs_p(i,j) = ((lamda_p*sf(j))/(dp*c_a(i,j)*rho_a)*(T(i)-Ts_p(i,j))/(1+phi(i,j)/3)*dt)-
(exp(phi(i,j)/10)-1)*(T(i+1)-(T(i))); 
        else  
            c_a(i,j) = 650; 
            phi(i,j) = (c_p*rho_p)/(c_a(i,j)*rho_a)*dp*sf(j); 
            dTs_p(i,j) = ((lamda_p*sf(j))/(dp*c_a(i,j)*rho_a)*(T(i)-Ts_p(i,j))/(1+phi(i,j)/3)*dt)-
(exp(phi(i,j)/10)-1)*(T(i+1)-(T(i))); 
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        end 
        if dTs_p(i,j) < 0 
           dTs_p(i,j) = 0; 
           Ts_p(i+1,j)=dTs_p(i,j)+Ts_p(i,j); 
           i=i+1; 
        else 
           Ts_p(i+1,j)= dTs_p(i,j) + Ts_p(i,j); 
           i=i+1; 
        end 
    end 
    j=j+1;  
end 
Ts_p = Ts_p -273; 
T = T-273; 
  
figure 
plot(t,T,t,Ts_u(:,1),'--',t,Ts_u(:,2),'-.',t,Ts_p(:,1),t,Ts_p(:,2)) 
xlabel('Time [s]','Fontsize',16) 
ylabel('Temperature [C]','Fontsize',16) 
title('Scenario I - Protected and UnProtected Steel Temperatures, Standard Curve','Fontsize',18) 
legend('Standard Curve','Unprotected - Cellular Beam','Unprotected - Solid Beam','Protected - 
Edge Beams','Protected - Column',0) 
  
  
[success]=xlswrite('N:myhome/Thesis/Calcs/Matlab/Scenario I/UnProtected Steel 
Temps.xls',Ts_u,'Sheet1','B4:C1445') 
[success]=xlswrite('N:myhome/Thesis/Calcs/Matlab/Scenario I/Protected Steel 
Temps.xls',Ts_p,'Sheet1','B4:C1445') 
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Scenario II – Heat Transfer (Matlab script file) 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%% 
% Scenario II - GENERALIZED EXPONENTIAL CURVE     
%%%%%%%%%%%%%%%%%%%%% 
% Case B -    Rate of heating: 0.005, 0.0015, 0.0007 with Tmax=1000C  
% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%% 
  
clear all; 
clc; 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%   PROPERTIES 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
% Steel Properties - constant 
% Physical properties 
    rho_a = 7850;            % Density of steel [kg/m^3] 
  
% Thermal Properties 
% Convection Coefficients 
    alpha_c = 25;       %[W/m^2-K] 
    gamma_hc = 1;        
  
% Radiation Coefficients 
    eps_f = 0.8; 
    eps_m = 0.7; 
    eps_res = 0.56; 
    gamma_hr = 1; 
    PHI = 1; 
    stef_bolz = 5.67e-8; 
  
% Hp/A Values (Section Factors) 
  
% Total Section Factor Value or Hp/A Value(whole section) 
% Cellular Beam 
  sf_cell = 96.843;       % Total Heated Perimeter [m]/ Total x-sectional area [m^2} 
  
% Solid Beam Hp/A 
  sf_beam = 104.119; 
  
% Column Hp/A 
  sf_col = 53.7; 
  
%Section Factor Matrix 
  sf=[sf_cell;sf_beam;sf_col]; 
               
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% CALCULATION FOR STEEL TEMPERATURE CURVES 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%% Gas Temperatures 1 - alpha = 0.005, Tmax = 1000C %%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%  UnProtected Steel  %%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% In this portion of the analysis, the only unprotected member is  
% the cellular beam and solid beam of study. The edge beams, columns, 
% and slab will always be protected throughout the study.  
  
% Number of element in this section to be calc 
ne= 2;              %cellular and solid 
  
%Section factors used 
  sf=[sf_cell;sf_beam]; 
  
% The unprotected steel temperatures were derived from  
% Eurocode 3: Part 1-2 Equation 4.21 
  
% Extract Gas Temperatures from TT_Asif file 
[T, Tg_2, Tg, To, t, dt] = Temps;  
  
% Calculate Unprotected steel temperatures 
Tg = Tg + 273;                 % Gas temperature [K] 
Ts_u(1,1:ne) = To+273;       % Initial Temperature of Steel [C] 
i=1; 
j=1; 
hc(1,1:ne)= 0; 
hr(1,1:ne) = 0; 
hnet(1,1:ne) = 0; 
for j=1:ne 
    for i=1:length(t)-1 
        if Ts_u(i,j) < 873 
            c_a(i,j) = 425 + (7.73e-1)*Ts_u(i,j) - 1.69e-3*(Ts_u(i,j)^2) + 2.22e-6*(Ts_u(i,j)^3); 
            hc(i+1,j) = alpha_c*(Tg(i+1,1)-Ts_u(i,j)); 
            hr(i+1,j) = PHI*eps_res*stef_bolz*(Tg(i+1,1)^4-(Ts_u(i,j))^4); 
            hnet(i+1,j) = gamma_hc*hc(i+1,j)+gamma_hr*hr(i+1,j); 
            dTs_u(i,j) = sf(j)/c_a(i,j)/rho_a*hnet(i+1,j)*dt; 
        elseif Ts_u(i,j)>=873 & Ts_u(i,j)<1008 
            c_a(i,j) = 666+ (13002/(738-Ts_u(i,j))); 
            hc(i+1,j) = alpha_c*(Tg(i+1,1)-Ts_u(i,j)); 
            hr(i+1,j) = PHI*eps_res*stef_bolz*(Tg(i+1,1)^4-(Ts_u(i,j))^4); 
            hnet(i+1,j) = gamma_hc*hc(i+1,j)+gamma_hr*hr(i+1,j); 
            dTs_u(i,j) = sf(j)/c_a(i)/rho_a*hnet(i+1,j)*dt; 
        elseif Ts_u(i,j)>=1008 & Ts_u(i,j)<1173 
            c_a(i,j) = 545 + (17820/ (Ts_u(i,j) - 731)); 
            hc(i+1,j) = alpha_c*(Tg(i+1,1)-Ts_u(i,j)); 
            hr(i+1,j) = PHI*eps_res*stef_bolz*(Tg(i+1,1)^4-(Ts_u(i,j))^4); 
            hnet(i+1,j) = gamma_hc*hc(i+1,j)+gamma_hr*hr(i+1,j); 
            dTs_u(i,j) = sf(j)/c_a(i)/rho_a*hnet(i+1,j)*dt; 
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        else  
            c_a(i,j) = 650; 
            hc(i+1,j) = alpha_c*(Tg(i+1,1)-Ts_u(i,j)); 
            hr(i+1,j) = PHI*eps_res*stef_bolz*(Tg(i+1,1)^4-(Ts_u(i,j))^4); 
            hnet(i+1,j) = gamma_hc*hc(i+1,j)+gamma_hr*hr(i+1,j); 
            dTs_u(i,j) = sf(j)/c_a(i)/rho_a*hnet(i+1,j)*dt; 
        end 
        Ts_u(i+1,j)= dTs_u(i,j) + Ts_u(i,j); 
        i=i+1; 
    end 
    j=j+1; 
end 
Ts_u = Ts_u - 273; 
  
     
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% 
%%%%%%%%%  Protected Steel  %%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%    
% Number of element in this section to be calc 
ne= 2;              %cellular and column 
  
%Section factors used 
  sf=[sf_cell;sf_col]; 
  
% Fire Protection Material Properties: Firetex FB120 
% Note: Properties given by ARUP & Partners 
dp = 0.02;          % Thickness of material [m] 
c_p = 900;              % Specific Heat [J/kg-K] 
rho_p = 700;            % Density [kg/m^3] 
lamda_p = 0.17;         % Thermal conductivity [W/m-K] 
  
% Calculate Protected steel temperatures 
Ts_p(1,1:ne) = To+273;       % Initial Temperature of Steel [C] 
i=1; 
j=1; 
for j=1:ne 
    for i=1:length(t)-1 
        if Ts_p(i,j) < 873 
            c_a(i,j) = 425 + 7.73e-1*Ts_p(i,j) - 1.69e-3*Ts_p(i,j)^2 + 2.22e-6*Ts_p(i,j)^3; 
            phi(i,j) = (c_p*rho_p)/(c_a(i,j)*rho_a)*dp*sf(j); 
            dTs_p(i,j) = ((lamda_p*sf(j))/(dp*c_a(i,j)*rho_a)*(Tg(i,1)-Ts_p(i,j))/(1+phi(i,j)/3)*dt)-
(exp(phi(i,j)/10)-1)*(Tg(i+1,1)-(Tg(i,1))); 
        elseif Ts_p(i,j)>=873 & Ts_p(i,j)<1008 
            c_a(i,j) = 666+ (13002/(738-Ts_p(i,j))); 
            phi(i,j) = (c_p*rho_p)/(c_a(i,j)*rho_a)*dp*sf(j); 
            dTs_p(i,j) = ((lamda_p*sf(j))/(dp*c_a(i,j)*rho_a)*(Tg(i,1)-Ts_p(i,j))/(1+phi(i,j)/3)*dt)-
(exp(phi(i,j)/10)-1)*(Tg(i+1,1)-(Tg(i,1))); 
        elseif Ts_p(i,j)>=1008 & Ts_p(i,j)<1173 
            c_a(i) = 545 + (17820/ (Ts_p(i,j) - 731)); 
            phi(i,j) = (c_p*rho_p)/(c_a(i,j)*rho_a)*dp*sf(j); 
            dTs_p(i,j) = ((lamda_p*sf(j))/(dp*c_a(i,j)*rho_a)*(Tg(i,1)-Ts_p(i,j))/(1+phi(i,j)/3)*dt)-
(exp(phi(i,j)/10)-1)*(Tg(i+1,1)-(Tg(i,1))); 
        else  
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            c_a(i,j) = 650; 
            phi(i,j) = (c_p*rho_p)/(c_a(i,j)*rho_a)*dp*sf(j); 
            dTs_p(i,j) = ((lamda_p*sf(j))/(dp*c_a(i,j)*rho_a)*(Tg(i,1)-Ts_p(i,j))/(1+phi(i,j)/3)*dt)-
(exp(phi(i,j)/10)-1)*(Tg(i+1,1)-(Tg(i,1))); 
        end 
        if dTs_p(i,j) < 0 
           dTs_p(i,j) = 0; 
           Ts_p(i+1,j)=dTs_p(i,j)+Ts_p(i,j); 
           i=i+1; 
        else 
           Ts_p(i+1,j)= dTs_p(i,j) + Ts_p(i,j); 
           i=i+1; 
        end 
    end 
    j=j+1;  
end 
Ts_p = Ts_p -273; 
Tg = Tg-273; 
  
figure 
plot(t,Tg(:,1),'--',t,Ts_u(:,1),'--',t,Ts_u(:,2),'-.',t,Ts_p(:,1),t,Ts_p(:,2)) 
xlabel('Time [s]','Fontsize',12) 
ylabel('Temperature [C]','Fontsize',12) 
title('Steel Temperatures, Generalized Exponential Curve alpha = 0.005, Tmax = 
1000C','Fontsize',12) 
legend('Generalized Curve, Tmax=1000C, alpha=0.005','Unprotected - Cellular 
Beam','Unprotected - Solid Beam','Protected - Edge Beams','Protected - Column',0) 
  
   
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%% 
%%%%%% Gas Temperatures 2 - alpha = 0.0015, Tmax = 1000C %%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%% 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% 
%%%%%%%%%  UnProtected Steel  %%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% 
% In this portion of the analysis, the only unprotected member is  
% the cellular beam and solid beam of study. The edge beams, columns, 
% and slab will always be protected throughout the study.  
  
% Number of element in this section to be calc 
ne= 2;              %cellular and solid 
  
%Section factors used 
  sf=[sf_cell;sf_beam]; 
  
% The unprotected steel temperatures were derived from  
% Eurocode 3: Part 1-2 Equation 4.21 
  
% Extract Gas Temperatures from TT_Asif file 
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[T, Tg_2, Tg, To, t, dt] = Temps;  
  
% Calculate Unprotected steel temperatures 
Tg = Tg + 273;                 % Gas temperature [K] 
Ts_u(1,1:ne) = To+273;       % Initial Temperature of Steel [C] 
i=1; 
j=1; 
hc(1,1:ne)= 0; 
hr(1,1:ne) = 0; 
hnet(1,1:ne) = 0; 
for j=1:ne 
    for i=1:length(t)-1 
        if Ts_u(i,j) < 873 
            c_a(i,j) = 425 + (7.73e-1)*Ts_u(i,j) - 1.69e-3*(Ts_u(i,j)^2) + 2.22e-6*(Ts_u(i,j)^3); 
            hc(i+1,j) = alpha_c*(Tg(i+1,2)-Ts_u(i,j)); 
            hr(i+1,j) = PHI*eps_res*stef_bolz*(Tg(i+1,2)^4-(Ts_u(i,j))^4); 
            hnet(i+1,j) = gamma_hc*hc(i+1,j)+gamma_hr*hr(i+1,j); 
            dTs_u(i,j) = sf(j)/c_a(i,j)/rho_a*hnet(i+1,j)*dt; 
        elseif Ts_u(i,j)>=873 & Ts_u(i,j)<1008 
            c_a(i,j) = 666+ (13002/(738-Ts_u(i,j))); 
            hc(i+1,j) = alpha_c*(Tg(i+1,2)-Ts_u(i,j)); 
            hr(i+1,j) = PHI*eps_res*stef_bolz*(Tg(i+1,2)^4-(Ts_u(i,j))^4); 
            hnet(i+1,j) = gamma_hc*hc(i+1,j)+gamma_hr*hr(i+1,j); 
            dTs_u(i,j) = sf(j)/c_a(i)/rho_a*hnet(i+1,j)*dt; 
        elseif Ts_u(i,j)>=1008 & Ts_u(i,j)<1173 
            c_a(i,j) = 545 + (17820/ (Ts_u(i,j) - 731)); 
            hc(i+1,j) = alpha_c*(Tg(i+1,2)-Ts_u(i,j)); 
            hr(i+1,j) = PHI*eps_res*stef_bolz*(Tg(i+1,2)^4-(Ts_u(i,j))^4); 
            hnet(i+1,j) = gamma_hc*hc(i+1,j)+gamma_hr*hr(i+1,j); 
            dTs_u(i,j) = sf(j)/c_a(i)/rho_a*hnet(i+1,j)*dt; 
        else  
            c_a(i,j) = 650; 
            hc(i+1,j) = alpha_c*(Tg(i+1,2)-Ts_u(i,j)); 
            hr(i+1,j) = PHI*eps_res*stef_bolz*(Tg(i+1,2)^4-(Ts_u(i,j))^4); 
            hnet(i+1,j) = gamma_hc*hc(i+1,j)+gamma_hr*hr(i+1,j); 
            dTs_u(i,j) = sf(j)/c_a(i)/rho_a*hnet(i+1,j)*dt; 
        end 
        Ts_u(i+1,j)= dTs_u(i,j) + Ts_u(i,j); 
        i=i+1; 
    end 
    j=j+1; 
end 
Ts_u = Ts_u - 273; 
  
     
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%  Protected Steel  %%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Number of element in this section to be calc 
ne= 2;              %cellular and column 
  
%Section factors used 
  sf=[sf_cell;sf_col]; 
  
% Fire Protection Material Properties: Firetex FB120 
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% Note: Properties given by ARUP & Partners 
dp = 0.02;          % Thickness of material [m] 
c_p = 900;              % Specific Heat [J/kg-K] 
rho_p = 700;            % Density [kg/m^3] 
lamda_p = 0.17;         % Thermal conductivity [W/m-K] 
  
% Calculate Protected steel temperatures 
Ts_p(1,1:ne) = To+273;       % Initial Temperature of Steel [C] 
i=1; 
j=1; 
for j=1:ne 
    for i=1:length(t)-1 
        if Ts_p(i,j) < 873 
            c_a(i,j) = 425 + 7.73e-1*Ts_p(i,j) - 1.69e-3*Ts_p(i,j)^2 + 2.22e-6*Ts_p(i,j)^3; 
            phi(i,j) = (c_p*rho_p)/(c_a(i,j)*rho_a)*dp*sf(j); 
            dTs_p(i,j) = ((lamda_p*sf(j))/(dp*c_a(i,j)*rho_a)*(Tg(i,2)-Ts_p(i,j))/(1+phi(i,j)/3)*dt)-
(exp(phi(i,j)/10)-1)*(Tg(i+1,2)-(Tg(i,2))); 
        elseif Ts_p(i,j)>=873 & Ts_p(i,j)<1008 
            c_a(i,j) = 666+ (13002/(738-Ts_p(i,j))); 
            phi(i,j) = (c_p*rho_p)/(c_a(i,j)*rho_a)*dp*sf(j); 
            dTs_p(i,j) = ((lamda_p*sf(j))/(dp*c_a(i,j)*rho_a)*(Tg(i,2)-Ts_p(i,j))/(1+phi(i,j)/3)*dt)-
(exp(phi(i,j)/10)-1)*(Tg(i+1,2)-(Tg(i,2))); 
        elseif Ts_p(i,j)>=1008 & Ts_p(i,j)<1173 
            c_a(i) = 545 + (17820/ (Ts_p(i,j) - 731)); 
            phi(i,j) = (c_p*rho_p)/(c_a(i,j)*rho_a)*dp*sf(j); 
            dTs_p(i,j) = ((lamda_p*sf(j))/(dp*c_a(i,j)*rho_a)*(Tg(i,2)-Ts_p(i,j))/(1+phi(i,j)/3)*dt)-
(exp(phi(i,j)/10)-1)*(Tg(i+1,2)-(Tg(i,2))); 
        else  
            c_a(i,j) = 650; 
            phi(i,j) = (c_p*rho_p)/(c_a(i,j)*rho_a)*dp*sf(j); 
            dTs_p(i,j) = ((lamda_p*sf(j))/(dp*c_a(i,j)*rho_a)*(Tg(i,2)-Ts_p(i,j))/(1+phi(i,j)/3)*dt)-
(exp(phi(i,j)/10)-1)*(Tg(i+1,2)-(Tg(i,2))); 
        end 
        if dTs_p(i,j) < 0 
           dTs_p(i,j) = 0; 
           Ts_p(i+1,j)=dTs_p(i,j)+Ts_p(i,j); 
           i=i+1; 
        else 
           Ts_p(i+1,j)= dTs_p(i,j) + Ts_p(i,j); 
           i=i+1; 
        end 
    end 
    j=j+1;  
end 
Ts_p = Ts_p -273; 
Tg = Tg-273; 
  
figure 
plot(t,Tg(:,2),'--',t,Ts_u(:,1),'--',t,Ts_u(:,2),'-.',t,Ts_p(:,1),t,Ts_p(:,2)) 
xlabel('Time [s]','Fontsize',12) 
ylabel('Temperature [C]','Fontsize',12) 
title('Scenario II - Steel Temperatures, Generalized Exponential Curve alpha = 0.0015, Tmax = 
1000C','Fontsize',12) 
legend('Generalized Curve, Tmax=1000C, alpha=0.0015','Unprotected - Cellular 
Beam','Unprotected - Solid Beam','Protected - Edge Beams','Protected - Column',0) 
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% Output to excel files 
[success]=xlswrite('N:myhome/Thesis/Calcs/Matlab/Scenario II/UnProtected Steel 
Temps_Case4.xls',Ts_u,'Sheet1','B4:C1445') 
[success]=xlswrite('N:myhome/Thesis/Calcs/Matlab/Scenario II/Protected Steel 
Temps_Case4.xls',Ts_p,'Sheet1','B4:C1445') 
  
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%% Gas Temperatures 3 - alpha = 0.0007, Tmax = 1000C %%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%  UnProtected Steel  %%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% In this portion of the analysis, the only unprotected member is  
% the cellular beam and solid beam of study. The edge beams, columns, 
% and slab will always be protected throughout the study.  
  
% Number of element in this section to be calc 
ne= 2;              %cellular and solid 
  
%Section factors used 
  sf=[sf_cell;sf_beam]; 
  
% The unprotected steel temperatures were derived from  
% Eurocode 3: Part 1-2 Equation 4.21 
  
% Extract Gas Temperatures from TT_Asif file 
[T, Tg_2, Tg, To, t, dt] = Temps;  
  
% Calculate Unprotected steel temperatures 
Tg = Tg + 273;                 % Gas temperature [K] 
Ts_u(1,1:ne) = To+273;       % Initial Temperature of Steel [C] 
i=1; 
j=1; 
hc(1,1:ne)= 0; 
hr(1,1:ne) = 0; 
hnet(1,1:ne) = 0; 
for j=1:ne 
    for i=1:length(t)-1 
        if Ts_u(i,j) < 873 
            c_a(i,j) = 425 + (7.73e-1)*Ts_u(i,j) - 1.69e-3*(Ts_u(i,j)^2) + 2.22e-6*(Ts_u(i,j)^3); 
            hc(i+1,j) = alpha_c*(Tg(i+1,3)-Ts_u(i,j)); 
            hr(i+1,j) = PHI*eps_res*stef_bolz*(Tg(i+1,3)^4-(Ts_u(i,j))^4); 
            hnet(i+1,j) = gamma_hc*hc(i+1,j)+gamma_hr*hr(i+1,j); 
            dTs_u(i,j) = sf(j)/c_a(i,j)/rho_a*hnet(i+1,j)*dt; 
        elseif Ts_u(i,j)>=873 & Ts_u(i,j)<1008 
            c_a(i,j) = 666+ (13002/(738-Ts_u(i,j))); 
            hc(i+1,j) = alpha_c*(Tg(i+1,3)-Ts_u(i,j)); 
            hr(i+1,j) = PHI*eps_res*stef_bolz*(Tg(i+1,3)^4-(Ts_u(i,j))^4); 
            hnet(i+1,j) = gamma_hc*hc(i+1,j)+gamma_hr*hr(i+1,j); 
            dTs_u(i,j) = sf(j)/c_a(i)/rho_a*hnet(i+1,j)*dt; 
        elseif Ts_u(i,j)>=1008 & Ts_u(i,j)<1173 
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            c_a(i,j) = 545 + (17820/ (Ts_u(i,j) - 731)); 
            hc(i+1,j) = alpha_c*(Tg(i+1,3)-Ts_u(i,j)); 
            hr(i+1,j) = PHI*eps_res*stef_bolz*(Tg(i+1,3)^4-(Ts_u(i,j))^4); 
            hnet(i+1,j) = gamma_hc*hc(i+1,j)+gamma_hr*hr(i+1,j); 
            dTs_u(i,j) = sf(j)/c_a(i)/rho_a*hnet(i+1,j)*dt; 
        else  
            c_a(i,j) = 650; 
            hc(i+1,j) = alpha_c*(Tg(i+1,3)-Ts_u(i,j)); 
            hr(i+1,j) = PHI*eps_res*stef_bolz*(Tg(i+1,3)^4-(Ts_u(i,j))^4); 
            hnet(i+1,j) = gamma_hc*hc(i+1,j)+gamma_hr*hr(i+1,j); 
            dTs_u(i,j) = sf(j)/c_a(i)/rho_a*hnet(i+1,j)*dt; 
        end 
        Ts_u(i+1,j)= dTs_u(i,j) + Ts_u(i,j); 
        i=i+1; 
    end 
    j=j+1; 
end 
Ts_u = Ts_u - 273; 
  
     
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%  Protected Steel  %%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%   
% Number of element in this section to be calc 
ne= 2;              %cellular and column 
  
%Section factors used 
  sf=[sf_cell;sf_col]; 
  
% Fire Protection Material Properties: Firetex FB120 
% Note: Properties given by ARUP & Partners 
dp = 0.02;          % Thickness of material [m] 
c_p = 900;              % Specific Heat [J/kg-K] 
rho_p = 700;            % Density [kg/m^3] 
lamda_p = 0.17;         % Thermal conductivity [W/m-K] 
  
% Calculate Protected steel temperatures 
Ts_p(1,1:ne) = To+273;       % Initial Temperature of Steel [C] 
i=1; 
j=1; 
for j=1:ne 
    for i=1:length(t)-1 
        if Ts_p(i,j) < 873 
            c_a(i,j) = 425 + 7.73e-1*Ts_p(i,j) - 1.69e-3*Ts_p(i,j)^2 + 2.22e-6*Ts_p(i,j)^3; 
            phi(i,j) = (c_p*rho_p)/(c_a(i,j)*rho_a)*dp*sf(j); 
            dTs_p(i,j) = ((lamda_p*sf(j))/(dp*c_a(i,j)*rho_a)*(Tg(i,3)-Ts_p(i,j))/(1+phi(i,j)/3)*dt)-
(exp(phi(i,j)/10)-1)*(Tg(i+1,3)-(Tg(i,3))); 
        elseif Ts_p(i,j)>=873 & Ts_p(i,j)<1008 
            c_a(i,j) = 666+ (13002/(738-Ts_p(i,j))); 
            phi(i,j) = (c_p*rho_p)/(c_a(i,j)*rho_a)*dp*sf(j); 
            dTs_p(i,j) = ((lamda_p*sf(j))/(dp*c_a(i,j)*rho_a)*(Tg(i,3)-Ts_p(i,j))/(1+phi(i,j)/3)*dt)-
(exp(phi(i,j)/10)-1)*(Tg(i+1,3)-(Tg(i,3))); 
        elseif Ts_p(i,j)>=1008 & Ts_p(i,j)<1173 
            c_a(i) = 545 + (17820/ (Ts_p(i,j) - 731)); 
            phi(i,j) = (c_p*rho_p)/(c_a(i,j)*rho_a)*dp*sf(j); 
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            dTs_p(i,j) = ((lamda_p*sf(j))/(dp*c_a(i,j)*rho_a)*(Tg(i,3)-Ts_p(i,j))/(1+phi(i,j)/3)*dt)-
(exp(phi(i,j)/10)-1)*(Tg(i+1,3)-(Tg(i,3))); 
        else  
            c_a(i,j) = 650; 
            phi(i,j) = (c_p*rho_p)/(c_a(i,j)*rho_a)*dp*sf(j); 
            dTs_p(i,j) = ((lamda_p*sf(j))/(dp*c_a(i,j)*rho_a)*(Tg(i,3)-Ts_p(i,j))/(1+phi(i,j)/3)*dt)-
(exp(phi(i,j)/10)-1)*(Tg(i+1,3)-(Tg(i,3))); 
        end 
        if dTs_p(i,j) < 0 
           dTs_p(i,j) = 0; 
           Ts_p(i+1,j)=dTs_p(i,j)+Ts_p(i,j); 
           i=i+1; 
        else 
           Ts_p(i+1,j)= dTs_p(i,j) + Ts_p(i,j); 
           i=i+1; 
        end 
    end 
    j=j+1;  
end 
Ts_p = Ts_p -273; 
Tg = Tg - 273; 
  
figure 
plot(t,Tg(:,3),'--',t,Ts_u(:,1),'--',t,Ts_u(:,2),'-.',t,Ts_p(:,1),t,Ts_p(:,2)) 
xlabel('Time [s]','Fontsize',12) 
ylabel('Temperature [C]','Fontsize',12) 
title('Steel Temperatures, Generalized Exponential Curve alpha = 0.0007, 
Tmax=1000C','Fontsize',12) 
legend('Generalized Curve, Tmax=1000C, alpha=0.0007','Unprotected - Cellular 
Beam','Unprotected - Solid Beam','Protected - Edge Beams','Protected - Column',0) 
  
  
% Output to excel files 
[success]=xlswrite('N:myhome/Thesis/Calcs/Matlab/Scenario II/UnProtected Steel 
Temps_Case5.xls',Ts_u,'Sheet1','B4:C1445') 
[success]=xlswrite('N:myhome/Thesis/Calcs/Matlab/Scenario II/Protected Steel 
Temps_Case5.xls',Ts_p,'Sheet1','B4:C1445') 
  
 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Scenario 2- GENERALIZED EXPONENTIAL CURVE     %%%%%%%%%%% 
% Case A -    800C<Tmax<1200C with rate of heating = 0.005  
% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
clear all; 
clc; 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%   PROPERTIES 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
% Steel Properties - constant 
% Physical properties 
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    rho_a = 7850;            % Density of steel [kg/m^3] 
  
% Thermal Properties 
% Convection Coefficients 
    alpha_c = 25;       %[W/m^2-K] 
    gamma_hc = 1;        
  
% Radiation Coefficients 
    eps_f = 0.8; 
    eps_m = 0.7; 
    eps_res = 0.56; 
    gamma_hr = 1; 
    PHI = 1; 
    stef_bolz = 5.67e-8; 
  
% Hp/A Values (Section Factors) 
  
% Total Section Factor Value or Hp/A Value(whole section) 
% Cellular Beam 
 sf_cell = 96.843;       % Total Heated Perimeter [m]/ Total x-sectional area [m^2} 
  
% Solid Beam Hp/A 
  sf_beam = 104.119; 
  
% Column Hp/A 
  sf_col = 53.7; 
  
%Section Factor Matrix 
  sf=[sf_cell;sf_beam;sf_col]; 
               
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% CALCULATION FOR STEEL TEMPERATURE CURVES 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%% Gas Temperatures 1 - Tmax = 1200C %%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%  UnProtected Steel  %%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% In this portion of the analysis, the only unprotected member is  
% the cellular beam and solid beam of study. The edge beams, columns, 
% and slab will always be protected throughout the study.  
  
% Number of element in this section to be calc 
ne= 2;              %cellular and solid 
  
%Section factors used 
  sf=[sf_cell;sf_beam]; 
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% The unprotected steel temperatures were derived from  
% Eurocode 3: Part 1-2 Equation 4.21 
  
% Extract Gas Temperatures from TT_Asif file 
[T, Tg_2, Tg, To, t, dt] = Temps;  
  
% Calculate Unprotected steel temperatures 
Tg_2 = Tg_2 + 273;                 % Gas temperature [K] 
Ts_u(1,1:ne) = To+273;       % Initial Temperature of Steel [C] 
i=1; 
j=1; 
hc(1,1:ne)= 0; 
hr(1,1:ne) = 0; 
hnet(1,1:ne) = 0; 
for j=1:ne 
    for i=1:length(t)-1 
        if Ts_u(i,j) < 873 
            c_a(i,j) = 425 + (7.73e-1)*Ts_u(i,j) - 1.69e-3*(Ts_u(i,j)^2) + 2.22e-6*(Ts_u(i,j)^3); 
            hc(i+1,j) = alpha_c*(Tg_2(i+1,1)-Ts_u(i,j)); 
            hr(i+1,j) = PHI*eps_res*stef_bolz*(Tg_2(i+1,1)^4-(Ts_u(i,j))^4); 
            hnet(i+1,j) = gamma_hc*hc(i+1,j)+gamma_hr*hr(i+1,j); 
            dTs_u(i,j) = sf(j)/c_a(i,j)/rho_a*hnet(i+1,j)*dt; 
        elseif Ts_u(i,j)>=873 & Ts_u(i,j)<1008 
            c_a(i,j) = 666+ (13002/(738-Ts_u(i,j))); 
            hc(i+1,j) = alpha_c*(Tg_2(i+1,1)-Ts_u(i,j)); 
            hr(i+1,j) = PHI*eps_res*stef_bolz*(Tg_2(i+1,1)^4-(Ts_u(i,j))^4); 
            hnet(i+1,j) = gamma_hc*hc(i+1,j)+gamma_hr*hr(i+1,j); 
            dTs_u(i,j) = sf(j)/c_a(i)/rho_a*hnet(i+1,j)*dt; 
        elseif Ts_u(i,j)>=1008 & Ts_u(i,j)<1173 
            c_a(i,j) = 545 + (17820/ (Ts_u(i,j) - 731)); 
            hc(i+1,j) = alpha_c*(Tg_2(i+1,1)-Ts_u(i,j)); 
            hr(i+1,j) = PHI*eps_res*stef_bolz*(Tg_2(i+1,1)^4-(Ts_u(i,j))^4); 
            hnet(i+1,j) = gamma_hc*hc(i+1,j)+gamma_hr*hr(i+1,j); 
            dTs_u(i,j) = sf(j)/c_a(i)/rho_a*hnet(i+1,j)*dt; 
        else  
            c_a(i,j) = 650; 
            hc(i+1,j) = alpha_c*(Tg_2(i+1,1)-Ts_u(i,j)); 
            hr(i+1,j) = PHI*eps_res*stef_bolz*(Tg_2(i+1,1)^4-(Ts_u(i,j))^4); 
            hnet(i+1,j) = gamma_hc*hc(i+1,j)+gamma_hr*hr(i+1,j); 
            dTs_u(i,j) = sf(j)/c_a(i)/rho_a*hnet(i+1,j)*dt; 
        end 
        Ts_u(i+1,j)= dTs_u(i,j) + Ts_u(i,j); 
        i=i+1; 
    end 
    j=j+1; 
end 
Ts_u = Ts_u - 273; 
  
     
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%  Protected Steel  %%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%    
% Number of element in this section to be calc 
ne= 2;              %cellular and column 
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%Section factors used 
  sf=[sf_cell;sf_col]; 
  
% Fire Protection Material Properties: Firetex FB120 
% Note: Properties given by ARUP & Partners 
dp = 0.02;          % Thickness of material [m] 
c_p = 900;              % Specific Heat [J/kg-K] 
rho_p = 700;            % Density [kg/m^3] 
lamda_p = 0.17;         % Thermal conductivity [W/m-K] 
  
% Calculate Protected steel temperatures 
Ts_p(1,1:ne) = To+273;       % Initial Temperature of Steel [C] 
i=1; 
j=1; 
for j=1:ne 
    for i=1:length(t)-1 
        if Ts_p(i,j) < 873 
            c_a(i,j) = 425 + 7.73e-1*Ts_p(i,j) - 1.69e-3*Ts_p(i,j)^2 + 2.22e-6*Ts_p(i,j)^3; 
            phi(i,j) = (c_p*rho_p)/(c_a(i,j)*rho_a)*dp*sf(j); 
            dTs_p(i,j) = ((lamda_p*sf(j))/(dp*c_a(i,j)*rho_a)*(Tg_2(i,1)-Ts_p(i,j))/(1+phi(i,j)/3)*dt)-
(exp(phi(i,j)/10)-1)*(Tg_2(i+1,1)-(Tg_2(i,1))); 
        elseif Ts_p(i,j)>=873 & Ts_p(i,j)<1008 
            c_a(i,j) = 666+ (13002/(738-Ts_p(i,j))); 
            phi(i,j) = (c_p*rho_p)/(c_a(i,j)*rho_a)*dp*sf(j); 
            dTs_p(i,j) = ((lamda_p*sf(j))/(dp*c_a(i,j)*rho_a)*(Tg_2(i,1)-Ts_p(i,j))/(1+phi(i,j)/3)*dt)-
(exp(phi(i,j)/10)-1)*(Tg_2(i+1,1)-(Tg_2(i,1))); 
        elseif Ts_p(i,j)>=1008 & Ts_p(i,j)<1173 
            c_a(i) = 545 + (17820/ (Ts_p(i,j) - 731)); 
            phi(i,j) = (c_p*rho_p)/(c_a(i,j)*rho_a)*dp*sf(j); 
            dTs_p(i,j) = ((lamda_p*sf(j))/(dp*c_a(i,j)*rho_a)*(Tg_2(i,1)-Ts_p(i,j))/(1+phi(i,j)/3)*dt)-
(exp(phi(i,j)/10)-1)*(Tg_2(i+1,1)-(Tg_2(i,1))); 
        else  
            c_a(i,j) = 650; 
            phi(i,j) = (c_p*rho_p)/(c_a(i,j)*rho_a)*dp*sf(j); 
            dTs_p(i,j) = ((lamda_p*sf(j))/(dp*c_a(i,j)*rho_a)*(Tg_2(i,1)-Ts_p(i,j))/(1+phi(i,j)/3)*dt)-
(exp(phi(i,j)/10)-1)*(Tg_2(i+1,1)-(Tg_2(i,1))); 
        end 
        if dTs_p(i,j) < 0 
           dTs_p(i,j) = 0; 
           Ts_p(i+1,j)=dTs_p(i,j)+Ts_p(i,j); 
           i=i+1; 
        else 
           Ts_p(i+1,j)= dTs_p(i,j) + Ts_p(i,j); 
           i=i+1; 
        end 
    end 
    j=j+1;  
end 
Ts_p = Ts_p -273; 
Tg_2 = Tg_2-273; 
  
figure 
plot(t,Tg_2(:,1),t,Ts_u(:,1),'--',t,Ts_u(:,2),'-.',t,Ts_p(:,1),t,Ts_p(:,2)) 
xlabel('Time [s]','Fontsize',12) 
ylabel('Temperature [C]','Fontsize',12) 
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title('Scenario II - Steel Temperatures, Generalized Exponential Curve Tmax = 1200 C, 
alpha=0.005','Fontsize',12) 
legend('Generalized Curve, Tmax=1200C, alpha =0.005','Unprotected - Cellular 
Beam','Unprotected - Solid Beam','Protected - Edge Beams','Protected - Column',0) 
  
% Output to excel files 
[success]=xlswrite('N:myhome/Thesis/Calcs/Matlab/Scenario II/UnProtected Steel 
Temps_Case1.xls',Ts_u,'Sheet1','B4:C1445') 
[success]=xlswrite('N:myhome/Thesis/Calcs/Matlab/Scenario II/Protected Steel 
Temps_Case1.xls',Ts_p,'Sheet1','B4:C1445') 
  
   
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%% Gas Temperatures 2 - Tmax = 1000C %%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%  UnProtected Steel  %%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% In this portion of the analysis, the only unprotected member is  
% the cellular beam and solid beam of study. The edge beams, columns, 
% and slab will always be protected throughout the study.  
  
% Number of element in this section to be calc 
ne= 2;              %cellular and solid 
  
%Section factors used 
  sf=[sf_cell;sf_beam]; 
  
% The unprotected steel temperatures were derived from  
% Eurocode 3: Part 1-2 Equation 4.21 
  
% Extract Gas Temperatures from TT_Asif file 
[T, Tg_2, Tg, To, t, dt] = Temps;  
  
% Calculate Unprotected steel temperatures 
Tg_2 = Tg_2 + 273;                 % Gas temperature [K] 
Ts_u(1,1:ne) = To+273;       % Initial Temperature of Steel [C] 
i=1; 
j=1; 
hc(1,1:ne)= 0; 
hr(1,1:ne) = 0; 
hnet(1,1:ne) = 0; 
for j=1:ne 
    for i=1:length(t)-1 
        if Ts_u(i,j) < 873 
            c_a(i,j) = 425 + (7.73e-1)*Ts_u(i,j) - 1.69e-3*(Ts_u(i,j)^2) + 2.22e-6*(Ts_u(i,j)^3); 
            hc(i+1,j) = alpha_c*(Tg_2(i+1,2)-Ts_u(i,j)); 
            hr(i+1,j) = PHI*eps_res*stef_bolz*(Tg_2(i+1,2)^4-(Ts_u(i,j))^4); 
            hnet(i+1,j) = gamma_hc*hc(i+1,j)+gamma_hr*hr(i+1,j); 
            dTs_u(i,j) = sf(j)/c_a(i,j)/rho_a*hnet(i+1,j)*dt; 
        elseif Ts_u(i,j)>=873 & Ts_u(i,j)<1008 
            c_a(i,j) = 666+ (13002/(738-Ts_u(i,j))); 
            hc(i+1,j) = alpha_c*(Tg_2(i+1,2)-Ts_u(i,j)); 
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            hr(i+1,j) = PHI*eps_res*stef_bolz*(Tg_2(i+1,2)^4-(Ts_u(i,j))^4); 
            hnet(i+1,j) = gamma_hc*hc(i+1,j)+gamma_hr*hr(i+1,j); 
            dTs_u(i,j) = sf(j)/c_a(i)/rho_a*hnet(i+1,j)*dt; 
        elseif Ts_u(i,j)>=1008 & Ts_u(i,j)<1173 
            c_a(i,j) = 545 + (17820/ (Ts_u(i,j) - 731)); 
            hc(i+1,j) = alpha_c*(Tg_2(i+1,2)-Ts_u(i,j)); 
            hr(i+1,j) = PHI*eps_res*stef_bolz*(Tg_2(i+1,2)^4-(Ts_u(i,j))^4); 
            hnet(i+1,j) = gamma_hc*hc(i+1,j)+gamma_hr*hr(i+1,j); 
            dTs_u(i,j) = sf(j)/c_a(i)/rho_a*hnet(i+1,j)*dt; 
        else  
            c_a(i,j) = 650; 
            hc(i+1,j) = alpha_c*(Tg_2(i+1,2)-Ts_u(i,j)); 
            hr(i+1,j) = PHI*eps_res*stef_bolz*(Tg_2(i+1,2)^4-(Ts_u(i,j))^4); 
            hnet(i+1,j) = gamma_hc*hc(i+1,j)+gamma_hr*hr(i+1,j); 
            dTs_u(i,j) = sf(j)/c_a(i)/rho_a*hnet(i+1,j)*dt; 
        end 
        Ts_u(i+1,j)= dTs_u(i,j) + Ts_u(i,j); 
        i=i+1; 
    end 
    j=j+1; 
end 
Ts_u = Ts_u - 273; 
  
     
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%  Protected Steel  %%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%  
% Number of element in this section to be calc 
ne= 2;              %cellular and column 
  
%Section factors used 
  sf=[sf_cell;sf_col]; 
  
% Fire Protection Material Properties: Firetex FB120 
% Note: Properties given by ARUP & Partners 
dp = 0.02;          % Thickness of material [m] 
c_p = 900;              % Specific Heat [J/kg-K] 
rho_p = 700;            % Density [kg/m^3] 
lamda_p = 0.17;         % Thermal conductivity [W/m-K] 
  
% Calculate Protected steel temperatures 
Ts_p(1,1:ne) = To+273;       % Initial Temperature of Steel [C] 
i=1; 
j=1; 
for j=1:ne 
    for i=1:length(t)-1 
        if Ts_p(i,j) < 873 
            c_a(i,j) = 425 + 7.73e-1*Ts_p(i,j) - 1.69e-3*Ts_p(i,j)^2 + 2.22e-6*Ts_p(i,j)^3; 
            phi(i,j) = (c_p*rho_p)/(c_a(i,j)*rho_a)*dp*sf(j); 
            dTs_p(i,j) = ((lamda_p*sf(j))/(dp*c_a(i,j)*rho_a)*(Tg_2(i,2)-Ts_p(i,j))/(1+phi(i,j)/3)*dt)-
(exp(phi(i,j)/10)-1)*(Tg_2(i+1,2)-(Tg_2(i,2))); 
        elseif Ts_p(i,j)>=873 & Ts_p(i,j)<1008 
            c_a(i,j) = 666+ (13002/(738-Ts_p(i,j))); 
            phi(i,j) = (c_p*rho_p)/(c_a(i,j)*rho_a)*dp*sf(j); 
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            dTs_p(i,j) = ((lamda_p*sf(j))/(dp*c_a(i,j)*rho_a)*(Tg_2(i,2)-Ts_p(i,j))/(1+phi(i,j)/3)*dt)-
(exp(phi(i,j)/10)-1)*(Tg_2(i+1,2)-(Tg_2(i,2))); 
        elseif Ts_p(i,j)>=1008 & Ts_p(i,j)<1173 
            c_a(i) = 545 + (17820/ (Ts_p(i,j) - 731)); 
            phi(i,j) = (c_p*rho_p)/(c_a(i,j)*rho_a)*dp*sf(j); 
            dTs_p(i,j) = ((lamda_p*sf(j))/(dp*c_a(i,j)*rho_a)*(Tg_2(i,2)-Ts_p(i,j))/(1+phi(i,j)/3)*dt)-
(exp(phi(i,j)/10)-1)*(Tg_2(i+1,2)-(Tg_2(i,2))); 
        else  
            c_a(i,j) = 650; 
            phi(i,j) = (c_p*rho_p)/(c_a(i,j)*rho_a)*dp*sf(j); 
            dTs_p(i,j) = ((lamda_p*sf(j))/(dp*c_a(i,j)*rho_a)*(Tg_2(i,2)-Ts_p(i,j))/(1+phi(i,j)/3)*dt)-
(exp(phi(i,j)/10)-1)*(Tg_2(i+1,2)-(Tg_2(i,2))); 
        end 
        if dTs_p(i,j) < 0 
           dTs_p(i,j) = 0; 
           Ts_p(i+1,j)=dTs_p(i,j)+Ts_p(i,j); 
           i=i+1; 
        else 
           Ts_p(i+1,j)= dTs_p(i,j) + Ts_p(i,j); 
           i=i+1; 
        end 
    end 
    j=j+1;  
end 
Ts_p = Ts_p -273; 
Tg_2 = Tg_2-273; 
  
figure 
plot(t,Tg_2(:,2),t,Ts_u(:,1),'--',t,Ts_u(:,2),'-.',t,Ts_p(:,1),t,Ts_p(:,2)) 
xlabel('Time [s]','Fontsize',12) 
ylabel('Temperature [C]','Fontsize',12) 
title('Scenario II - Steel Temperatures, Generalized Exponential Curve Tmax = 1000 C, alpha = 
0.005','Fontsize',12) 
legend('Generalized Curve, Tmax=1000C, alpha =0.005 ','Unprotected - Cellular 
Beam','Unprotected - Solid Beam','Protected - Edge Beams','Protected - Column',0) 
  
% Output to excel files 
[success]=xlswrite('N:myhome/Thesis/Calcs/Matlab/Scenario II/UnProtected Steel 
Temps_Case2.xls',Ts_u,'Sheet1','B4:C1445') 
[success]=xlswrite('N:myhome/Thesis/Calcs/Matlab/Scenario II/Protected Steel 
Temps_Case2.xls',Ts_p,'Sheet1','B4:C1445') 
  
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%% Gas Temperatures 1 - Tmax = 800C %%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%  UnProtected Steel  %%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% In this portion of the analysis, the only unprotected member is  
% the cellular beam and solid beam of study. The edge beams, columns, 
% and slab will always be protected throughout the study.  
  
% Number of element in this section to be calc 
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ne= 2;              %cellular and solid 
  
%Section factors used 
  sf=[sf_cell;sf_beam]; 
  
% The unprotected steel temperatures were derived from  
% Eurocode 3: Part 1-2 Equation 4.21 
  
% Extract Gas Temperatures from TT_Asif file 
[T, Tg_2, Tg, To, t, dt] = Temps;  
  
% Calculate Unprotected steel temperatures 
Tg_2 = Tg_2 + 273;                 % Gas temperature [K] 
Ts_u(1,1:ne) = To+273;       % Initial Temperature of Steel [C] 
i=1; 
j=1; 
hc(1,1:ne)= 0; 
hr(1,1:ne) = 0; 
hnet(1,1:ne) = 0; 
for j=1:ne 
    for i=1:length(t)-1 
        if Ts_u(i,j) < 873 
            c_a(i,j) = 425 + (7.73e-1)*Ts_u(i,j) - 1.69e-3*(Ts_u(i,j)^2) + 2.22e-6*(Ts_u(i,j)^3); 
            hc(i+1,j) = alpha_c*(Tg_2(i+1,3)-Ts_u(i,j)); 
            hr(i+1,j) = PHI*eps_res*stef_bolz*(Tg_2(i+1,3)^4-(Ts_u(i,j))^4); 
            hnet(i+1,j) = gamma_hc*hc(i+1,j)+gamma_hr*hr(i+1,j); 
            dTs_u(i,j) = sf(j)/c_a(i,j)/rho_a*hnet(i+1,j)*dt; 
        elseif Ts_u(i,j)>=873 & Ts_u(i,j)<1008 
            c_a(i,j) = 666+ (13002/(738-Ts_u(i,j))); 
            hc(i+1,j) = alpha_c*(Tg_2(i+1,3)-Ts_u(i,j)); 
            hr(i+1,j) = PHI*eps_res*stef_bolz*(Tg_2(i+1,3)^4-(Ts_u(i,j))^4); 
            hnet(i+1,j) = gamma_hc*hc(i+1,j)+gamma_hr*hr(i+1,j); 
            dTs_u(i,j) = sf(j)/c_a(i)/rho_a*hnet(i+1,j)*dt; 
        elseif Ts_u(i,j)>=1008 & Ts_u(i,j)<1173 
            c_a(i,j) = 545 + (17820/ (Ts_u(i,j) - 731)); 
            hc(i+1,j) = alpha_c*(Tg_2(i+1,3)-Ts_u(i,j)); 
            hr(i+1,j) = PHI*eps_res*stef_bolz*(Tg_2(i+1,3)^4-(Ts_u(i,j))^4); 
            hnet(i+1,j) = gamma_hc*hc(i+1,j)+gamma_hr*hr(i+1,j); 
            dTs_u(i,j) = sf(j)/c_a(i)/rho_a*hnet(i+1,j)*dt; 
        else  
            c_a(i,j) = 650; 
            hc(i+1,j) = alpha_c*(Tg_2(i+1,3)-Ts_u(i,j)); 
            hr(i+1,j) = PHI*eps_res*stef_bolz*(Tg_2(i+1,3)^4-(Ts_u(i,j))^4); 
            hnet(i+1,j) = gamma_hc*hc(i+1,j)+gamma_hr*hr(i+1,j); 
            dTs_u(i,j) = sf(j)/c_a(i)/rho_a*hnet(i+1,j)*dt; 
        end 
        Ts_u(i+1,j)= dTs_u(i,j) + Ts_u(i,j); 
        i=i+1; 
    end 
    j=j+1; 
end 
Ts_u = Ts_u - 273; 
  
     
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
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%%%%%%%%%  Protected Steel  %%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Number of element in this section to be calc 
ne= 2;              %cellular and column 
  
%Section factors used 
  sf=[sf_cell;sf_col]; 
  
% Fire Protection Material Properties: Firetex FB120 
% Note: Properties given by ARUP & Partners 
dp = 0.02;          % Thickness of material [m] 
c_p = 900;              % Specific Heat [J/kg-K] 
rho_p = 700;            % Density [kg/m^3] 
lamda_p = 0.17;         % Thermal conductivity [W/m-K] 
  
% Calculate Protected steel temperatures 
Ts_p(1,1:ne) = To+273;       % Initial Temperature of Steel [C] 
i=1; 
j=1; 
for j=1:ne 
    for i=1:length(t)-1 
        if Ts_p(i,j) < 873 
            c_a(i,j) = 425 + 7.73e-1*Ts_p(i,j) - 1.69e-3*Ts_p(i,j)^2 + 2.22e-6*Ts_p(i,j)^3; 
            phi(i,j) = (c_p*rho_p)/(c_a(i,j)*rho_a)*dp*sf(j); 
            dTs_p(i,j) = ((lamda_p*sf(j))/(dp*c_a(i,j)*rho_a)*(Tg_2(i,3)-Ts_p(i,j))/(1+phi(i,j)/3)*dt)-
(exp(phi(i,j)/10)-1)*(Tg_2(i+1,3)-(Tg_2(i,3))); 
        elseif Ts_p(i,j)>=873 & Ts_p(i,j)<1008 
            c_a(i,j) = 666+ (13002/(738-Ts_p(i,j))); 
            phi(i,j) = (c_p*rho_p)/(c_a(i,j)*rho_a)*dp*sf(j); 
            dTs_p(i,j) = ((lamda_p*sf(j))/(dp*c_a(i,j)*rho_a)*(Tg_2(i,3)-Ts_p(i,j))/(1+phi(i,j)/3)*dt)-
(exp(phi(i,j)/10)-1)*(Tg_2(i+1,3)-(Tg_2(i,3))); 
        elseif Ts_p(i,j)>=1008 & Ts_p(i,j)<1173 
            c_a(i) = 545 + (17820/ (Ts_p(i,j) - 731)); 
            phi(i,j) = (c_p*rho_p)/(c_a(i,j)*rho_a)*dp*sf(j); 
            dTs_p(i,j) = ((lamda_p*sf(j))/(dp*c_a(i,j)*rho_a)*(Tg_2(i,3)-Ts_p(i,j))/(1+phi(i,j)/3)*dt)-
(exp(phi(i,j)/10)-1)*(Tg_2(i+1,3)-(Tg_2(i,3))); 
        else  
            c_a(i,j) = 650; 
            phi(i,j) = (c_p*rho_p)/(c_a(i,j)*rho_a)*dp*sf(j); 
            dTs_p(i,j) = ((lamda_p*sf(j))/(dp*c_a(i,j)*rho_a)*(Tg_2(i,3)-Ts_p(i,j))/(1+phi(i,j)/3)*dt)-
(exp(phi(i,j)/10)-1)*(Tg_2(i+1,3)-(Tg_2(i,3))); 
        end 
        if dTs_p(i,j) < 0 
           dTs_p(i,j) = 0; 
           Ts_p(i+1,j)=dTs_p(i,j)+Ts_p(i,j); 
           i=i+1; 
        else 
           Ts_p(i+1,j)= dTs_p(i,j) + Ts_p(i,j); 
           i=i+1; 
        end 
    end 
    j=j+1;  
end 
Ts_p = Ts_p -273; 
Tg_2 = Tg_2-273; 
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figure 
plot(t,Tg_2(:,3),t,Ts_u(:,1),'--',t,Ts_u(:,2),'-.',t,Ts_p(:,1),t,Ts_p(:,2)) 
xlabel('Time [s]','Fontsize',12) 
ylabel('Temperature [C]','Fontsize',12) 
title('Scenario II - Steel Temperatures, Generalized Exponential Curve Tmax = 800 C, 
alpha=0.005','Fontsize',12) 
legend('Generalized Curve, Tmax=800C, alpha =0.005','Unprotected - Cellular 
Beam','Unprotected - Solid Beam','Protected - Edge Beams','Protected - Column',0) 
  
  
% Output to excel files 
[success]=xlswrite('N:myhome/Thesis/Calcs/Matlab/Scenario II/UnProtected Steel 
Temps_Case3.xls',Ts_u,'Sheet1','B4:C1445') 
[success]=xlswrite('N:myhome/Thesis/Calcs/Matlab/Scenario II/Protected Steel 
Temps_Case3.xls',Ts_p,'Sheet1','B4:C1445') 
  
   
 Scenario III – Heat Transfer (Matlab script file) 
function [O,P,bf_T,avg_web,tf_T,time]=caseA() 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% SCENARIO III - STANDARD TIME TEMPERATURE CURVE  %%%%%%%%%%%%%% 
% %%%%%%%% Case A - Vary Temperatures across depth %%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
clear all; 
clc; 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%   PROPERTIES 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
% Steel Properties - constant 
% Physical properties 
    rho_a = 7850;            % Density of steel [kg/m^3] 
  
% Thermal Properties 
% Convection Coefficients 
    alpha_c = 25;       %[W/m^2-K] 
    gamma_hc = 1;        
  
% Radiation Coefficients 
    eps_f = 0.8; 
    eps_m = 0.7; 
    eps_res = 0.56; 
    gamma_hr = 1; 
    PHI = 1; 
    stef_bolz = 5.67e-8; 
  
% Hp/A Values (Section Factors) 
% Heated Perimeter [m]/ Total x-sectional area [m^2} 
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% Section Factors by parts  
% Bottom Flange Hp/A 
  sf_bf = 87.387; 
  
%Web Hp/A 
  sf_w = 166.667; 
  
%Top Flange 
  sf_tf = 45.721; 
  
%Section Factor Matrix 
  sf=[sf_bf;sf_w;sf_tf]; 
  
% Number of elements 
  ne= 3;                 %bottom flange, web, top fl 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% CALCULATION FOR STEEL TEMPERATURE CURVES 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%  UnProtected Steel  %%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% In this portion of the analysis, the only unprotected member is  
% the cellular beam and solid beam of study. The edge beams, columns, 
% and slab will always be protected throughout the study.  
  
  
% The unprotected steel temperatures were derived from  
% Eurocode 3: Part 1-2 Equation 4.21 
  
% Extract Gas Temperatures from TT_Asif file 
[T, Tg_2, Tg, To, t, dt] = Temps;  
  
% Calculate Unprotected steel temperatures 
T = T + 273;                 % Gas temperature [K] 
Ts_u(1,1:ne) = To+273;       % Initial Temperature of Steel [C] 
i=1; 
j=1; 
hc(1,1:ne)= 0; 
hr(1,1:ne) = 0; 
hnet(1,1:ne) = 0; 
for j=1:ne 
    for i=1:length(t)-1 
        if Ts_u(i,j) < 873 
            c_a(i,j) = 425 + (7.73e-1)*Ts_u(i,j) - 1.69e-3*(Ts_u(i,j)^2) + 2.22e-6*(Ts_u(i,j)^3); 
            hc(i+1,j) = alpha_c*(T(i+1)-Ts_u(i,j)); 
            hr(i+1,j) = PHI*eps_res*stef_bolz*(T(i+1)^4-(Ts_u(i,j))^4); 
            hnet(i+1,j) = gamma_hc*hc(i+1,j)+gamma_hr*hr(i+1,j); 
            dTs_u(i,j) = sf(j)/c_a(i,j)/rho_a*hnet(i+1,j)*dt; 
        elseif Ts_u(i,j)>=873 & Ts_u(i,j)<1008 
            c_a(i,j) = 666+ (13002/(738-Ts_u(i,j))); 
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            hc(i+1,j) = alpha_c*(T(i+1)-Ts_u(i,j)); 
            hr(i+1,j) = PHI*eps_res*stef_bolz*(T(i+1)^4-(Ts_u(i,j))^4); 
            hnet(i+1,j) = gamma_hc*hc(i+1,j)+gamma_hr*hr(i+1,j); 
            dTs_u(i,j) = sf(j)/c_a(i)/rho_a*hnet(i+1,j)*dt; 
        elseif Ts_u(i,j)>=1008 & Ts_u(i,j)<1173 
            c_a(i,j) = 545 + (17820/ (Ts_u(i,j) - 731)); 
            hc(i+1,j) = alpha_c*(T(i+1)-Ts_u(i,j)); 
            hr(i+1,j) = PHI*eps_res*stef_bolz*(T(i+1)^4-(Ts_u(i,j))^4); 
            hnet(i+1,j) = gamma_hc*hc(i+1,j)+gamma_hr*hr(i+1,j); 
            dTs_u(i,j) = sf(j)/c_a(i)/rho_a*hnet(i+1,j)*dt; 
        else  
            c_a(i,j) = 650; 
            hc(i+1,j) = alpha_c*(T(i+1)-Ts_u(i,j)); 
            hr(i+1,j) = PHI*eps_res*stef_bolz*(T(i+1)^4-(Ts_u(i,j))^4); 
            hnet(i+1,j) = gamma_hc*hc(i+1,j)+gamma_hr*hr(i+1,j); 
            dTs_u(i,j) = sf(j)/c_a(i)/rho_a*hnet(i+1,j)*dt; 
        end 
        Ts_u(i+1,j)= dTs_u(i,j) + Ts_u(i,j); 
        i=i+1; 
    end 
    j=j+1; 
end 
Ts_u = Ts_u - 273; 
  
     
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%  Protected Steel  %%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Fire Protection Material Properties: Firetex FB120 
% Note: Properties given by ARUP & Partners 
dp = 0.02;          % Thickness of material [m] 
c_p = 900;              % Specific Heat [J/kg-K] 
rho_p = 700;            % Density [kg/m^3] 
lamda_p = 0.17;         % Thermal conductivity [W/m-K] 
  
% Calculate Protected steel temperatures 
Ts_p(1,1:ne) = To+273;       % Initial Temperature of Steel [C] 
i=1; 
j=1; 
for j=1:ne 
    for i=1:length(t)-1 
        if Ts_p(i,j) < 873 
            c_a(i,j) = 425 + 7.73e-1*Ts_p(i,j) - 1.69e-3*Ts_p(i,j)^2 + 2.22e-6*Ts_p(i,j)^3; 
            phi(i,j) = (c_p*rho_p)/(c_a(i,j)*rho_a)*dp*sf(j); 
            dTs_p(i,j) = ((lamda_p*sf(j))/(dp*c_a(i,j)*rho_a)*(T(i)-Ts_p(i,j))/(1+phi(i,j)/3)*dt)-
(exp(phi(i,j)/10)-1)*(T(i+1)-(T(i))); 
        elseif Ts_p(i,j)>=873 & Ts_p(i,j)<1008 
            c_a(i,j) = 666+ (13002/(738-Ts_p(i,j))); 
            phi(i,j) = (c_p*rho_p)/(c_a(i,j)*rho_a)*dp*sf(j); 
            dTs_p(i,j) = ((lamda_p*sf(j))/(dp*c_a(i,j)*rho_a)*(T(i)-Ts_p(i,j))/(1+phi(i,j)/3)*dt)-
(exp(phi(i,j)/10)-1)*(T(i+1)-(T(i))); 
        elseif Ts_p(i,j)>=1008 & Ts_p(i,j)<1173 
            c_a(i) = 545 + (17820/ (Ts_p(i,j) - 731)); 
            phi(i,j) = (c_p*rho_p)/(c_a(i,j)*rho_a)*dp*sf(j); 
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            dTs_p(i,j) = ((lamda_p*sf(j))/(dp*c_a(i,j)*rho_a)*(T(i)-Ts_p(i,j))/(1+phi(i,j)/3)*dt)-
(exp(phi(i,j)/10)-1)*(T(i+1)-(T(i))); 
        else  
            c_a(i,j) = 650; 
            phi(i,j) = (c_p*rho_p)/(c_a(i,j)*rho_a)*dp*sf(j); 
            dTs_p(i,j) = ((lamda_p*sf(j))/(dp*c_a(i,j)*rho_a)*(T(i)-Ts_p(i,j))/(1+phi(i,j)/3)*dt)-
(exp(phi(i,j)/10)-1)*(T(i+1)-(T(i))); 
        end 
        if dTs_p(i,j) < 0 
           dTs_p(i,j) = 0; 
           Ts_p(i+1,j)=dTs_p(i,j)+Ts_p(i,j); 
           i=i+1; 
        else 
           Ts_p(i+1,j)= dTs_p(i,j) + Ts_p(i,j); 
           i=i+1; 
        end 
    end 
    j=j+1;  
end 
Ts_p = Ts_p -273; 
T = T-273; 
  
figure 
plot(t,T,t,Ts_u(:,1),'--',t,Ts_u(:,2),'-.',t,Ts_u(:,3),':',t,Ts_p(:,1),t,Ts_p(:,2),t,Ts_p(:,3)) 
xlabel('Time [s]','Fontsize',12) 
ylabel('Temperature [C]','Fontsize',12) 
title('Scenario III - Steel Temperatures for top/bottom flange & web, Standard Curve','Fontsize',12) 
legend('Standard Curve','Unprotected - Bottom Flange','Unprotected - Web','Unprotected - Top 
Flange','Protected - Bottom Flange','Protected - Web','Protected - Top Flange',0) 
hold on 
  
O = Ts_u; 
P = Ts_p; 
  
[success]=xlswrite('N:myhome/Thesis/Calcs/Matlab/Scenario III/UnProtected Steel 
Temps.xls',Ts_u,'Sheet1','B4:D1445') 
[success]=xlswrite('N:myhome/Thesis/Calcs/Matlab/Scenario III/Protected Steel 
Temps.xls',Ts_p,'Sheet1','B4:D1445') 
  
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%  COMPARISON WITH FABSEC TEMPERATURES   
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
% Bottom Flange Temperatures 
  bf_T = [25,350, 427, 628, 829]; 
   
% Web Temperatures 
  web_bot_T = [336, 478.5, 663, 810]; 
  web_edgebot_T = [385, 522, 723.6, 887.8]; 
  web_edgetop_T = [385, 478.5, 663.3,849.2]; 
  web_top_T = [350, 435, 603, 772]; 
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  avg_web_T = 
[25;(web_bot_T(1)+web_edgebot_T(1)+web_edgetop_T(1)+web_top_T(1))/4;(web_bot_T(2)+we
b_edgebot_T(2)+web_edgetop_T(2)+web_top_T(2))/4;(web_bot_T(3)+web_edgebot_T(3)+web_
edgetop_T(3)+web_top_T(3))/4;(web_bot_T(4)+web_edgebot_T(4)+web_edgetop_T(4)+web_top
_T(4))/4]; 
  
% Top Flange Temperatures 
  tf_T = [25,350,400,562,722]; 
  
% Time (Defined by Fabsec output) 
time = [0,1800, 3600, 5400,7200]; 
  
figure 
plot(time,bf_T,time,avg_web_T,'-.',time,tf_T,':') 
xlabel('Time [s]','Fontsize',12) 
ylabel('Temperature [C]','Fontsize',12) 
title('Protected Cellular Beam Temperatures from FABSEC','Fontsize',12) 
legend('Bottom Flange Temperature','Avg. Web Temperature','Top Flange Temperature') 
  
  
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%  COMPARISON WITH BAILEY TEMPERATURES   
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%  
 
% Cellular beams protected with 0.8mm water based intumescent 
web_wb=[25,230,720,930,1050]; 
bf_wb = [25,230,990]; 
t1=[0,5,48,78,90]*60; 
t2 = [0,5,90]*60; 
% Cellular beams protected with 0.8mm solvent based intumescent 
web_sb=[25,240,430,670,830,1000]; 
bf_sb = [25,280,350,670,710,830,980]; 
t3=[0,5,20,40,60,90]*60; 
t4=[0,10,20,40,60,70,90]*60; 
  
  
% Cellular beams protected with 2.1 mm solvent based intumescent 
web_2=[25,220,250,340,400,590,990]; 
bf_2 = [25,250,305,400,805]; 
t5=[0,5,10,20,30,40,90]*60; 
t6=[0,10,20,40,90]*60; 
  
figure 
plot(t1,web_wb,t2, bf_wb,t3,web_sb,t4, bf_sb,t5,web_2,t6, bf_2) 
xlabel('Time [s]','Fontsize',14) 
ylabel('Temperature [C]','Fontsize',14) 
title('Protected Cellular Beam Temperatures from Bailey','Fontsize',14) 
legend('Web Temp 0.8mm water based','Bottom Flange 0.8 water-based','Web Temp 0.8mm 
solvent','Bottom Flange 0.8 water-based','Web Temp 2.1mm solvent','Bottom Flange 2.1 solvent 
  
  



206 

  
  
  
  
  
 

 

APPENDIX B:  Structural Design Sheets (FABSEC) 
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APPENDIX C: Sample Input File (upon request) 
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APPENDIX D: ABAQUS Structural Fire Analysis Data For Each Case Study 
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Solid Beam Model  

Displacement after Loading 

 

Displacement at end of simulation (time = 7200s) 
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Deformation of solid beam at end of simulation (time = 7200s) 
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DEFORMATIONS: Solid Beam Model 

 
Time = 0 sec, Temp = 25 C, localized stress 
concentrations at bottom of beam at end 
supports  

 
Time = 621.9 sec, Web Temp = 339 C 
Bottom flange starts to laterally displace, 
bottom of web yielding at supports 

 
Time = 1030 sec, Temp = 524C 
Significant lateral torsional buckling. High 
stress concentrations at supports, and top 
flange. Web is buckling 

 
Time = 2600 sec, Temp =889 C  
Stress concentrations along length of beam. 
Significant web and flange buckling. Around 
800s beam no longer undergoes LTB, just 
displacement. 

 
Time = 7200 sec, Temp = 1051C 
Stress concentrations throughout beam. 
Catenary action witnessed. End of 
simulation. 
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Midspan Displacement vs. Time
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Forces at Supports    

Axial Forces at Support vs. Time
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Axial Forces at Support vs. Temperature
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Solid Beam Case  – Von Mises stresses 

 
Time = 0 sec, Temp = 25 C, localized stress 
concentrations at bottom of beam at end 
supports 

 
 

Time = 621.9 sec, Web Temp = 339 C 
Bottom flange starts to laterally displace, bottom 
of web yielding at supports 

 
Time = 1030 sec, Temp = 524C 
Significant lateral torsional buckling. High 
stress concentrations at supports, and top 
flange. Web is buckling  

 
Time = 2600 sec, Temp =889 C  
Stress concentrations along length of beam. 
Significant web and flange buckling. Around 
800s beam no longer undergoes LTB, just 
displacement. 

 
Time = 7200 sec, Temp = 1051C 
Stress concentrations throughout beam. 
Catenary action witnessed. End of 
simulation.  
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Scenario I – Case a.1 

Case a.1 – Hole Diameter=150mm 
Displacement at end of simulation (t = 1918s, Temp = 812 C) 
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DEFORMATIONS: Case a.1 – Hole Diameter=150mm 

 
Time = 0 sec, Temp = 25C  

Time = 627 sec, Web Temp = 327 C 
Bottom flange starts to lateral displace; no 
significant stress concentrations around 
openings, yielding of web at support 

 
Time = 1030 sec, Temp = 507C 
Lateral torsional buckling. High stress 
concentrations at supports, and top flange. 
Web buckling near supports. 

 

 
Time = 1280 sec, Temp =581C  
Stress concentrations at ends of beams. 
Lateral torsional buckling increases. 

 

 
Time = 1919 sec, Temp = 813 C 
Stress concentrations throughout beam. 
Since last slide, no significant increase in 
LTB, just further displacement (catenary 
action). End of simulation. No convergence 
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Midspan Vertical Displacement vs. Time
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Midspan Vertical Displacement vs. Temperature
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Case a.1 – Von Mises stresses 

 
Time = 0 sec, Temp = 25 C, localized stress 
concentrations at bottom of beam at end supports 

 
Time = 627 sec, Web Temp = 327 C 
Bottom flange starts to lateral displace; no 
significant stress concentrations around openings, 
yielding of web at support 

 
Time = 1030 sec, Temp = 507C 
Lateral torsional buckling. High stress 
concentrations at supports, and top flange. Web 
post buckling near supports. 

 
Time = 1280 sec, Temp =581C  
Stress concentrations at ends of beams. Lateral 
torsional buckling increases.  

 
Time = 1919 sec, Temp = 813 C 
Stress concentrations throughout beam. Since last 
slide, no significant increase in LTB, just further 
displacement (catenary action). End of simulation.  
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Scenario I – Case a.2 

Case a.2 – Hole Diameter=300 mm 

Displacement at end of simulation (t = 1966s), Temp = 821C 
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DEFORMATIONS: Case a.2 – Hole Diameter=300 mm 

 
Time = 0 sec, Temp = 25 C, localized stress 
concentrations at bottom of beam at end 
supports  

 
Time = 616 sec, Web Temp = 321 C 
Bottom flange starts to lateral displace; no 
significant stress concentrations around 
openings, yielding of web at support 

 
Time = 1030 sec, Temp = 507C 
Lateral torsional buckling. High stress 
concentrations at supports, and top flange. Web 
buckling near supports. 

 
Time = 1302 sec, Temp =595C  
Stress concentrations at ends of beams. 
Lateral torsional buckling increases.   

 
Time = 1966 sec, Temp = 821 C 
Stress concentrations throughout beam. Since 
last slide, no significant increase in LTB, just 
further displacement (catenary action). End of 
simulation. No convergence 
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Case a.2 – Von Mises stresses 

 
Time = 0 sec, Temp = 25 C, localized stress 
concentrations at bottom of beam at end supports 

 
Time = 616 sec, Web Temp = 321 C 
Bottom flange starts to lateral displace; no 
significant stress concentrations around 
openings, yielding of web at support 

 
Time = 1030 sec, Temp = 507C 
Lateral torsional buckling. High stress 
concentrations at supports, and top flange. Web 
buckling near supports. 

 
Time = 1302 sec, Temp =595C  
Stress concentrations at ends of beams. 
Lateral torsional buckling increases.  

 
Time = 1966 sec, Temp = 821 C 
Stress concentrations throughout beam. Since last 
slide, no significant increase in LTB, just further 
displacement (catenary action). End of simulation.  

 
 
 
 
 
 
 

NO Convergence 
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Scenario I – Case a.3 

Case a.3 – Hole Diameter = 500 mm 

Displacement at end of simulation (t = 7200s), Temp = 1051 C 
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DEFORMATIONS: Case a.3 – Hole Diameter = 500 mm 

 
Time = 0 sec, Temp = 25 C, localized stress 
concentrations at bottom of beam at end supports 

 
Time = 500 sec, Web Temp = 257 C 
Stress concentrations developing around 
openings and (4) web posts are buckling at ends 
of beam, no yielding of web at support 

 
Time = 1030 sec, Temp = 507C 
High stress concentrations at supports and 
around openings. (8) web-posts are each end of 
beam have buckled. Some lateral buckling. 

 
Time = 1356 sec, Temp =621C  
Once stresses spread the length of the web and 
all web-posts have buckled, lateral torsional 
buckling increases.  

  
Time = 2600 sec, Temp = 887 C 
Stress concentrations throughout beam. Since 
last slide, lateral torsional buckling has increased 
in addition to further displacement (catenary 
action).   

 
Time = 7200sec. Temp =1015C  
Beam no longer LTB but displaces in catenary 
action; End of simulation.  
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Case a.3 – Von Mises stresses 

 
Time = 0 sec, Temp = 25 C, localized stress 
concentrations at bottom of beam at end supports 

 
Time = 500 sec, Web Temp = 257 C 
Stress concentrations developing around openings 
and (4) web posts are buckling at ends of beam, no 
yielding of web at support 

 
Time = 1030 sec, Temp = 507C 
High stress concentrations at supports and around 
openings. (8) web-posts are each end of beam 
have buckled. Some lateral buckling. 

 
Time = 1356 sec, Temp =621C  
Once stresses spread the length of the web and all 
web-posts have buckled, lateral torsional buckling 
increases.  

 
Time = 2600 sec, Temp = 887 C 
Stress concentrations throughout beam. Since last 
slide, lateral torsional buckling has increased in 
addition to further displacement (catenary action).  

 
Time = 7200sec. Temp =1015C  
Beam no longer LTB but displaces in catenary 
action; End of simulation. 
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Scenario I – Case b.1 

Case b.1 – End Post Length = 100 mm 

Displacement at end of simulation (t = 1790s, Temp = 786 C) 
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DEFORMATIONS: Case b.1 – End Post Length = 100 mm 

 
Time = 0 sec, Temp = 25 C, localized stress 
concentrations at bottom of beam at end 
supports 

 
Time = 631.3 sec, Web Temp = 329 C 
Bottom flange yielded; web at supports is 
yielding, no significant stress concentrations 
around openings 

 
Time = 1030 sec, Temp = 507C 
Beam is undergoing lateral torsional buckling. 
Stress concentrations at supports. Web posts 
have started to buckle near supports. 

  
Time = 1280 sec, Temp =581C  
Stress concentrations in web spread along 
beam.  Lateral torsional buckling increases. 

 
Time = 1790 sec, Temp = 786 C 
Stress concentrations throughout beam. Since 
last slide, no significant increase in LTB, just 
further displacement (catenary action). End of 
simulation. No convergence 
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Case b.1 – Von Mises stresses 

 
Time = 0 sec, Temp = 25 C, localized stress 
concentrations at bottom of beam at end 
supports 

 
Time = 631.3 sec, Web Temp = 329 C 
Bottom flange yielded; web at supports is yielding, 
no significant stress concentrations around 
openings 

 
Time = 1030 sec, Temp = 507C 
Beam is undergoing lateral torsional buckling. 
Stress concentrations at supports. Web posts 
have started to buckle near supports. 

 
Time = 1280 sec, Temp =581C  
Stress concentrations in web spread along beam.  
Lateral torsional buckling increases.  

 
Time = 1790 sec, Temp = 786 C 
Stress concentrations throughout beam. Since 
last slide, no significant increase in LTB, just 
further displacement (catenary action). End of 
simulation. No convergence  
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Midspan Displacement vs. Time
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Midspan Vertical Displacement vs. Temperature
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Axial Forces at Support vs. Time
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Axial Forces at Support vs. Temperature
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Scenario I – Case b.2 

Case b.2 – End Post Length = 400 mm 

Displacement at end of simulation (t = 7200s, Temp =  C) 
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DEFORMATIONS: Case b.2 – End Post Length = 400 mm 

 
Time = 0 sec, Temp = 25 C, localized stress 
concentrations at bottom of beam at end supports 

 
Time = 601 sec, Web Temp = 313 C 
Bottom flange has yielded at supports; end-post 
is buckling, no significant stress concentrations 
around openings 

 
Time = 793 sec, Temp = 409 C 
(3) Web posts are buckling near supports leading 
to lateral torsional buckling of beam.   

 
Time = 1030 sec, Temp = 507C 
Beam is undergoing lateral torsional buckling. 
Stress concentrations have spread along beam 
web. (4) Web posts have buckled near supports.  

  
 
Time = 1446 sec, Temp =668 C  
Stress concentrations in web spread along beam.  
Lateral torsional buckling increases.  

 
 
Time = 7200 sec, Temp = 1015 C 
Stress concentrations throughout beam. Since 
last slide, no significant increase in LTB, just 
further displacement (catenary action). End of 
simulation. No convergence 
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Case b.2 – Von Mises stresses 

 
Time = 0 sec, Temp = 25 C, localized stress 
concentrations at bottom of beam at end supports 

 
Time = 601 sec, Web Temp = 313 C 
Bottom flange has yielded at supports; end-post 
is buckling, no significant stress concentrations 
around openings 

 
Time = 793 sec, Temp = 409 C 
(3) Web posts are buckling near supports leading 
to lateral torsional buckling of beam.   

 
Time = 1030 sec, Temp = 507C 
Beam is undergoing lateral torsional buckling. 
Stress concentrations have spread along beam 
web. (4) Web posts have buckled near supports.  

  
 
Time = 1446 sec, Temp =668 C  
Stress concentrations in web spread along beam.  
Lateral torsional buckling increases.  

 
 
Time = 7200 sec, Temp = 1015 C 
Stress concentrations throughout beam. Since 
last slide, no significant increase in LTB, just 
further displacement (catenary action). End of 
simulation. No convergence 
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Scenario I – Case b.3 

Case b.3 – End Post Length = 1400 mm 

Displacement at end of simulation (t = 1030s, Temp = 507 C) 
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DEFORMATIONS: Case b.3 – End Post Length = 1400 mm 

 
Time = 0 sec, Temp = 25 C, localized stress 
concentrations at bottom of beam at end 
supports 

 
Time = 551 sec, Web Temp = 285 C 
Bottom flange yielded, stress concentrations 
around openings near supports. (2) Web posts 
each side are buckling near supports.  

 
Time = 1030 sec, Temp = 507C 
Beam is undergoing lateral torsional buckling. 
Stress concentrations have spread along web of 
beam. Significant buckling of web posts. 

 
 
 
 
 
 

End of simulation. No convergence 
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Case b.3 – Von Mises stresses 

 
Time = 0 sec, Temp = 25 C, localized stress 
concentrations at bottom of beam at end 
supports 

 
Time = 551 sec, Web Temp = 285 C 
Bottom flange yielded, stress concentrations 
around openings near supports. (2) Web posts 
each side are buckling near supports.  

 
Time = 1030 sec, Temp = 507C 
Beam is undergoing lateral torsional buckling. 
Stress concentrations have spread along web of 
beam. Significant buckling of web posts. 

 
 
 
 
 
 

End of simulation. No convergence 
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Case b.3 (EXPLICIT Model) – End Post Length = 1400 mm 

Displacement at end of simulation (t = 1030s, Temp = 507 C) 
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DEFORMATIONS: Case b.3 (EXPLICIT Model) – End Post Length = 1400 mm 

 

Time = 0 sec, Temp = 25 C 

 

Time = 838 sec, Temp = 430 C 

 

Time = 944 sec, Temp = 477 C 

 

Time = 1030 sec,Temp =507C  

 

Time = 1280 sec, Temp = 634 C 

 

Time = 1641sec, Temp = 779C 
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Time = 2077sec, Temp = 850 C 

  

Time = 2600 sec, Temp = 894 C 

 

Time = 7200sec, Temp = 1051 C 
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Case b.3 (EXPLICIT MODEL) – Von Mises stresses 

 
Time = 0 sec, Temp = 25 C, localized stress 
concentrations at bottom of beam at end 
supports 

 
Time = 551 sec, Web Temp = 341 C 
Bottom flange yielded, stress concentrations 
around openings near supports. (2) Web 
posts each side are buckling near supports.  

 
 
Time = 1030 sec, Temp = 542C 
Asymmetric buckling of web-posts and lateral 
torsional buckling. Stress concentrations 
have spread along web of beam, but are 
localized to one end.  

 
 
Time = 1281 sec, Temp = 634C 
Stress concentrations have spread along web 
of beam. Buckling of web-posts and lateral 
torsional buckling are more symmetric.  
 

 
Time = 1595 sec, Temp = 761C 
Web posts continue to buckle further; 
Displacement increases. After this point, 
beam undergoes significant lateral torsional 
buckling.  

 
Time = 2600 sec, Temp = 894C 
Lateral torsional buckling of beam. Beam 
continues to displace in catenary action. 
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Time = 7200 sec, Temp = 1015 C 
No significant changes. Beam displaces in 
catenary action.  

 
 
 
 
 
 
 

End of simulation 
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Scenario I – Case c.1 

Case c.1 – Number of web openings = 12 

Displacement at end of simulation (t = 2000s, Temp =827 C) 
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DEFORMATIONS: Case c.1 – Number of web openings = 12 

 
Time = 0 sec, Temp = 25 C, localized stress 
concentrations at bottom of beam at end 
supports 

 
Time = 555 sec, Web Temp = 287 C 
Bottom flange yielded near support; no 
significant stress concentrations around 
openings; end post is buckling 

 
 
Time = 661 sec, Temp = 344C 
As beam laterally buckle the stress 
concentrations around the openings increase. 
Stress concentrations spread along beam web. 

 
Time = 1030 sec, Temp = 507C 
As beam laterally buckle the stress 
concentrations around the openings increase. 
Stress concentrations spread along beam 
web. No web post buckling/ crushing 

 
Time = 2000 sec, Temp = 827 C 
Beam continues to laterally buckle and vertically 
displace. Beam in catenary action. 
End of simulation. 
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Case c.1 – Von Mises stresses 

 
Time = 0 sec, Temp = 25 C, localized stress 
concentrations at bottom of beam at end supports 

 
Time = 555 sec, Web Temp = 287 C 
Bottom flange yielded near support; no significant 
stress concentrations around openings; end post 
is buckling  

 
Time = 661 sec, Temp = 344C 
As beam laterally buckle the stress concentrations 
around the openings increase. Stress 
concentrations spread along beam web. 

 
 Time = 1030 sec, Temp = 507C 
As beam laterally buckle the stress concentrations 
around the openings increase. Stress 
concentrations spread along beam web. No web 
post buckling/ crushing 

 
Time = 2000 sec, Temp = 827 C 
Beam continues to laterally buckle and vertically 
displace. Beam in catenary action. 
End of simulation.  
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Scenario I – Case c.2 

Case c.2 – Number of web openings = 28 

Displacement at end of simulation (t = 7200s, Temp =1051 C) 
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DEFORMATIONS: Case c.2 – Number of web openings = 28 

 
Time = 0 sec, Temp = 25 C, localized stress 
concentrations at bottom of beam at end supports 

 
Time = 553 sec, Web Temp = 286 C 
Bottom flange yielded near support; stress 
concentrations around openings. Web post 
buckling initiated near supports (3 at each end) 

 
Time = 1030 sec, Temp = 507C 
Stress concentrations increase along length of 
beam. Additional web-posts buckle. Beam begins 
to laterally displace.  

 
Time = 1979 sec, Temp =823C  
Stress concentrations in web spread along beam.  
Beam. Beam further displaces. No significant 
lateral torsional buckling. End of simulation. No 
convergence 
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Case c.2 – Von Mises stresses 

 
Time = 0 sec, Temp = 25 C, localized stress 
concentrations at bottom of beam at end supports 

 
Time = 404sec, Web Temp = 202 C 
Bottom flange yielded near support; stress 
concentrations around openings. Web post 
buckling initiated near supports (3 at each end) 

 
Time = 1030 sec, Temp = 507C 
Stress concentrations increase along length of 
beam. Additional web-posts buckle. Beam begins 
to laterally displace.  

 
Time = 7200sec, Temp =1051C  
Stress concentrations in web spread along beam.  
Beam. Beam further displaces. significant lateral 
torsional buckling. End of simulation. 
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Scenario I – Case d.1 

Case d.1 – web thickness = 8mm 

Displacement at end of simulation (t = 1828s, Temp = 795C) 
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DEFORMATIONS: Case d.1 – Web thickness = 8mm 

 
Time = 0 sec, Temp = 25 C, localized stress 
concentrations at bottom of beam at end 
supports 

 
Time = 384.3 sec, Web Temp = 191 C 
Bottom flange has yielded at supports; stress 
concentrations around openings; (5) web-posts 
have buckled on each side of beam.  

 
Time = 613 sec, Temp = 319 C 
Up to this point, web-posts were buckling 
rapidly. Stress concentrations are spreading 
the length of the web.   

 
Time = 1030 sec, Temp = 507C 
Beam is undergoing lateral torsional buckling. 
Stress concentrations have spread along beam 
web. Most of the web posts have buckled.  

  
Time = 1330 sec, Temp =605 C  
Stress concentrations in web spread along 
beam.  Lateral torsional buckling increases.  

 
Time = 1828 sec, Temp = 795C 
Stress concentrations throughout beam. Since 
last slide, increased in LTB and further 
displacement (catenary action). End of 
simulation. No convergence 
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Midspan Displacement vs. Time
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Midspan Displacement vs. Temperature
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Case d.1 – Von Mises stresses 

 
Time = 0 sec, Temp = 25 C, localized stress 
concentrations at bottom of beam at end supports 

 
Time = 384.3 sec, Web Temp = 191 C 
Bottom flange has yielded at supports; stress 
concentrations around openings; (5) web-posts 
have buckled on each side of beam.  

 
Time = 613 sec, Temp = 319 C 
Up to this point, web-posts were buckling rapidly. 
Stress concentrations are spreading the length of 
the web.   

 
Time = 1030 sec, Temp = 507C 
Beam is undergoing lateral torsional buckling. 
Stress concentrations have spread along beam 
web. Most of the web posts have buckled.  

  
Time = 1330 sec, Temp =605 C  
Stress concentrations in web spread along beam.  
Lateral torsional buckling increases.  

 
Time = 1828 sec, Temp = 795C 
Stress concentrations throughout beam. Since 
last slide, increased in LTB and further 
displacement (catenary action). End of 
simulation. No convergence 
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Scenario I – Case d.2 

Case d.2 – Web thickness = 20 mm 

Displacement at end of simulation (t = 2046s, Temp =795 C) 
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DEFORMATIONS: Case d.2 – Web thickness = 20 mm 

 
Time = 0 sec, Temp = 25 C, localized stress 
concentrations at bottom of beam at end 
supports 

 
Time = 603.5 sec, Web Temp = 314 C 
Bottom flange has yielded at supports; Stress 
concentrations reducing.  

 
Time = 777 sec, Temp = 319 C 
Stress concentrations at bottom flange near 
supports. Bottom flange appears to buckle.   

 
Time = 1030 sec, Temp = 507C 
Beam is undergoing lateral buckling. Stress 
concentrations have spread along top flange 
and bottom flange near the supports. Bottom 
flange continues to buckle further. 

 
Time = 1281 sec, Temp =589 C  
Stress concentrations spread along length of 
beam in the web. Lateral torsional buckling 
initiates.  

 
Time = 2048 sec, Temp = 833C 
Web has buckled. Since last slide, increased 
in LTB and further displacement (catenary 
action). End of simulation. No convergence 
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Case d.2 – Von Mises stresses 

 
Time = 0 sec, Temp = 25 C, localized stress 
concentrations at bottom of beam at end supports 

 
Time = 603.5 sec, Web Temp = 314 C 
Bottom flange has yielded at supports; Stress 
concentrations reducing.  

 
Time = 777 sec, Temp = 319 C 
Stress concentrations at bottom flange near 
supports. Bottom flange appears to buckle.   

 
Time = 1030 sec, Temp = 507C 
Beam is undergoing lateral buckling. Stress 
concentrations have spread along top flange and 
bottom flange near the supports. Bottom flange 
continues to buckle further. 

 
Time = 1281 sec, Temp =589 C  
Stress concentrations spread along length of 
beam in the web. Lateral torsional buckling 
initiates.  

 
Time = 2048 sec, Temp = 833C 
Web has buckled. Since last slide, increased in 
LTB and further displacement (catenary action). 
End of simulation. No convergence 
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Scenario I – Case e.1 

Case e.1 – Flange thickness = 12mm 

Displacement at end of simulation (t = 7200s, Temp = 1015C) 
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DEFORMATIONS: Case e.1 – Flange thickness = 12mm 

 
Time = 0 sec, Temp = 25 C, localized stress 
concentrations at bottom of beam at end 
supports 

 
Time = 427 sec, Web Temp = 215 C 
Bottom flange has yielded near supports; 
stress concentrations near buckling flanges.  

 
Time = 701 sec, Temp = 365 C 
Bottom flange buckles further. Stress 
concentrations localized in these areas. 

 
Time = 1030 sec, Temp = 507C 
End-post and web-post near send supports 
have buckled. Stresses concentrated near 
supports. Beam is laterally displacing more.   

 
Time = 1286 sec, Temp =591 C  
Since last slide, stress concentrations spread 
rapidly in web along beam.  Lateral torsional 
buckling increases quickly.  

 
Time = 2600 sec, Temp = 887C 
Stress concentrations throughout beam. Since 
last slide, increased in LTB and further 
displacement (catenary action).  
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Time = 7200 sec, Temp = 1015 C 
Stress concentrations throughout beam. 
Beam undergoes catenary action >>> further 
displaces. 

 
 
 
 
 
 
 

END OF SIMULATION 
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Scenario I – Case e.2 

Case e.2 – Flange thickness = 48mm 

Displacement at end of simulation (t = 1633s, Temp = 742C) 
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DEFORMATIONS: Case e.2 – Flange thickness = 48mm 

 
Time = 0 sec, Temp = 25 C, localized stress 
concentrations at bottom of beam at end 
supports 

 
Time = 505 sec, Web Temp = 260 C 
Stress concentrations around web openings 
near supports. Web posts start buckling (4) on 
each end.  

 
Time = 575 sec, Temp = 365 C 
Stress concentrations spread along web. 
Beam stabilizes slightly. 

 
Time = 1030 sec, Temp = 507C 
Stress concentrations spread further. Web 
posts buckle more as beam displaces 
downward. Minimal LTB   

  
Time = 1632 sec, Temp =742 C  
Since last slide, stress concentrations spread 
rapidly in web along beam.  Beam displaces 
further. Minimal lateral torsional buckling. 

 
 
 
 
 
 
 

END OF SIMULATION 
NO CONVERGENCE 
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Midspan Displacement vs. Time
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Midspan Displacement vs. Temperature
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Case e.1 – Von Mises stresses 

 
Time = 0 sec, Temp = 25 C, localized stress 
concentrations at bottom of beam at end supports 

 
Time = 427 sec, Web Temp = 215 C 
Bottom flange has yielded near supports; stress 
concentrations near buckling flanges.  

 
Time = 701 sec, Temp = 365 C 
Bottom flange buckles further. Stress 
concentrations localized in these areas. 

 
Time = 1030 sec, Temp = 507C 
End-post and web-post near send supports have 
buckled. Stresses concentrated near supports. 
Beam is laterally displacing more.   

  
Time = 1286 sec, Temp =591 C  
Since last slide, stress concentrations spread 
rapidly in web along beam.  Lateral torsional 
buckling increases quickly.  

 
Time = 2600 sec, Temp = 887C 
Stress concentrations throughout beam. Since 
last slide, increased in LTB and further 
displacement (catenary action).  
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Time = 7200 sec, Temp = 1015 C 
Stress concentrations throughout beam. Beam 
undergoes catenary action >>> further displaces. 

 
 
 
 
 
 
 

END OF SIMULATION 
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Case e.2 – Von Mises stresses 

 
Time = 0 sec, Temp = 25 C, localized stress 
concentrations at bottom of beam at end supports 

 
Time = 505 sec, Web Temp = 260 C 
Stress concentrations around web openings near 
supports. Web posts start buckling (4) on each 
end.  

 
Time = 575 sec, Temp = 365 C 
Stress concentrations spread along web. Beam 
stabilizes slightly. 

 
Time = 1030 sec, Temp = 507C 
Stress concentrations spread further. Web posts 
buckle more as beam displaces downward. 
Minimal LTB   

 

 
Time = 1632 sec, Temp =742 C  
Since last slide, stress concentrations spread 
rapidly in web along beam.  Beam displaces 
further. Minimal lateral torsional buckling. 

 
 
 
 
 
 
 

END OF SIMULATION 
NO CONVERGENCE 
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Scenario I – Case f.1 and  Case f.2 

Case f.1 – Bottom flange width = 270mm 

Displacement at end of simulation (t = 1990s, Temp = 825C) 
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DEFORMATIONS: Case f.1 – Bottom flange width = 270mm 

 

 
Time = 0 sec, Temp = 25 C 

 

Time = 506 sec, Temp = 260 C 
Lateral torsional buckling starts 

 

Time = 679 sec, Temp = 353 C 
(3) Web posts at each ending are starting to 

buckle, stress concentrations around holes of 
buckling web posts  

 

Time = 1030 sec,Temp =570C  
Stress concentrations along beam around 

holes, more lateral buckling 

 

Time = 1397 sec, Temp = 644 C 
Beam buckles lateral more and then goes into 

catenary action 

 

Time = 1990 sec. Temp =825C 
End of simulation; catenary action 
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Case f.2 – Bottom flange width = 470mm 

Displacement at end of simulation (t = 1991s, Temp = 825 C) 
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DEFORMATIONS: Case f.2 – Bottom flange width = 470mm 

 

 
Time = 0 sec, Temp = 25 C 

 

Time = 687 sec, Temp = 357C 
Web posts begin buckling 

 

Time = 769 sec, Temp = 398 C 
Significant web post buckling with stress 

concentrations around last 4 holes of beam  

 

Time = 1030 sec,Temp =570C  
Beam displaces more, stress concentrations 

located around holes at ends of beam  

 

Time = 1339 sec, Temp = 611 C 
Beam experiences lateral torsional buckling, 
stress concentrations spread throughout web 

 

Time = 1991 sec. Temp =825C 
End of simulation; beam continues to have LTB 

and then into catenary action 
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Midspan Displacement vs. Time
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Midspan Displacement vs. Temperature
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Case f.1 – Von Mises stresses 

 

Time = 0 sec, Temp = 25 C, localized stress 
concentrations at bottom of beam at end supports 

 

Time = 506 sec, Temp = 260 C 
Lateral torsional buckling starts 

 

Time = 679 sec, Temp = 353 C 
(3) Web posts at each ending are starting to 

buckle, stress concentrations around holes of 
buckling web posts  

 

Time = 1030 sec,Temp =570C  
Stress concentrations along beam around holes, 

more lateral buckling 

 

Time = 1397 sec, Temp = 644 C 
Beam buckles lateral more and then goes into 

catenary action 

 

Time = 1990 sec. Temp =825C 
End of simulation; catenary action 
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Case f.2 – Von Mises stresses 

 

Time = 0 sec, Temp = 25 C, localized stress 
concentrations at bottom of beam at end 

supports 

 

Time = 687sec, Temp = 357C 
Web posts start buckling 

 

Time = 769 sec, Temp = 398 C 
Significant web post buckling with stress 

concentrations around last 4 holes of beam 

 

Time = 1030 sec,Temp =570C  
Stress concentrations located around holes at 
ends of beam (note: image rotated for clearer 

view of stresses) 

 

Time = 1339 sec, Temp = 611 C 
Beam experiences lateral torsional buckling, 

stress concentrations spread throughout web. 
(note: beam rotated for clearer view of 

stresses) 

 

Time = 1991 sec. Temp =825C 
End of simulation; beam continues to have LTB 

and then into catenary action 
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Scenario I – Case g.1 and Case g.2 

Case g.1 – Span = 6150mm 

Displacement at end of simulation (t = 7200s, Temp = 1015C) 

 

 

 

DEFORMATIONS: Case g.1 – Span = 6150mm 
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Time = 0 sec, Temp = 25 C 

 

Time = 650 sec, Temp =  336C 
Lateral torsional buckling starts, bottom flange 

 

Time = 1030 sec, Temp =570C  
1st time web posts begin to buckle. stress 

concentrations around holes of buckling web 
posts (2) 

 

Time = 1219 sec, Temp =571 C  
Stress concentrations spread along beam, 
after this point beam displaces and laterally 

rotates rapidly. 

 

Time = 1570 sec, Temp = 887 C 
Beam buckles lateral more and then goes into 

catenary action 

 

Time = 7200sec. Temp =1015C  
Beam in catenary action; 

End of simulation, no convergence 

 

Case g.2 – Span = 12000mm 
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Displacement at end of simulation (t = 7200s, Temp = 1015C) 
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DEFORMATIONS: Case g.2 – Span = 12000mm 

 

Time = 0 sec, Temp = 25 C 
 

Time = 797 sec, Temp = C 
Bottom flange starts to lateral displace; no 
significant stress concentrations around 
openings 

 

Time = 1030 sec, Temp =C 
Stress concentrations increasing along top 
flange and at supports 

 

Time = 1789 sec, Temp =C  
Stress concentrations spread along beam, 
after this point beam displaces and laterally 

rotates rapidly. 

 

Time = 1570 sec, Temp = 887 C 
Stress concentrations spread, but overall 
stresses are reducing. 

 

Time = 7200sec. Temp =1015C  
End of simulation 
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Midspan Displacement vs. Time
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Midspan Displacement vs. Temperature
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Case g.1 – Von Mises stresses 

 

Time = 0 sec, Temp = 25 C, localized stress 
concentrations at bottom of beam at end 
supports 

 
 

Time = 650 sec, Temp = 292C 
Lateral torsional buckling starts, bottom flange; no 
significant stress concentrations around openings 

 

Time = 1030 sec, Temp =570C 
1st time web posts begin to buckle. stress 
concentrations around holes of buckling web 
posts (2) 

 

Time = 1219 sec, Temp =571C  
Stress concentrations spread along beam, after 
this point beam displaces and laterally rotates 
rapidly. 

 

Time = 1570 sec, Temp = 887 C 
Beam buckles lateral more and then goes into 
catenary action 

 

Time = 7200sec. Temp =1015C  
Beam in catenary action; 
End of simulation, no convergence 

 



306 

Case g.2 – Von Mises stresses 

 

Time = 0 sec, Temp = 25 C, localized stress 
concentrations at bottom of beam at end 
supports 

 
 

Time = 797 sec, Temp = 411 C 
Bottom flange starts to lateral displace; no 
significant stress concentrations around openings 

 

Time = 1030 sec, Temp = 507C 
Stress concentrations increasing along top 
flange and at supports 

 

Time = 1789 sec, Temp =786 C  
Stress concentrations spread along beam, after 
this point beam displaces and laterally rotates 
rapidly. 

 

Time = 1570 sec, Temp = 887 C 
Stress concentrations spread, but overall 
stresses are reducing.  

 

Time = 7200sec. Temp =1015C  
End of simulation 
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Scenario II – Case 1 

 

 

Displacement at end of simulation (t = 1635s, Temp = 1200C) 
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DEFORMATIONS: Case 1 –  Tmax=1200°C, αααα = 0.005 

 

 
Time = 0 sec, Temp = 25 C 

 
 
Time = 344 sec, Temp =328 C 
Bottom flange starts to lateral displace; no 
significant stress concentrations around 
openings 

 

Time = 415sec, Temp = 434C 
Stress concentrations around holes at ends 
of beam, web posts start buckling 

 

Time = 1789 sec, Temp =C  
Stress concentrations spread along beam, 
after this point beam displaces and laterally 

rotates rapidly. 

 

Time = 655 sec, Temp = 843 C 
Stress concentrations spread, but overall 
stresses are reducing. Lateral torsional 
buckling significant. 

 

Time = 1635 sec. Temp =1200C  
Beam continues to displace vertically. 
End of simulation, no convergence 
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Von Mises stresses 

 

Time = 0 sec, Temp = 25 C, localized stress 
concentrations at bottom of beam at end supports 

 
 

Time = 344 sec, Temp =328 C 
Bottom flange starts to lateral displace; no 
significant stress concentrations around openings 

 

Time = 415sec, Temp = 434C 
Stress concentrations around holes at ends of 
beam, web posts start buckling 

 

Time = 551 sec, Temp =618 C  
Stress concentrations spread along beam, after this 
point beam displaces and laterally rotates rapidly. 

 

Time = 655 sec, Temp = 843 C 
Stress concentrations spread, but overall stresses 
are reducing. Lateral torsional buckling significant. 

 

Time = 1635 sec. Temp =1200C  
Beam continues to displace vertically. 
End of simulation, no convergence 
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Scenario II – Case 2 

 

Displacement at end of simulation (t = 7200s, Temp = 1000C) 
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DEFORMATIONS: Case 2 (Scenario II) 

 

Time = 0 sec, Temp = 25 C 

 

Time = 409 sec, Temp = 309 C 
Stress concentrations around last three holes 
at each end. Web post buckling observed at 
ends of beams. (last three holes)  

 

Time = 701 sec, Temp = 578C 
Stress concentrations spread along beam 
web, as additional web posts buckle.  5 web 
posts at each end have buckled >>> lateral 
torsional buckling 

 

Time = 1286 sec, Temp =969 C  
Stress concentrations spread along beam. 
Beam continues to experience further lateral 
torsional buckling. 

 

Time = 7200sec. Temp =1000C  
No significant changes. Beam continues to 
displacement. End of simulation 
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Stresses   

 

Time = 0 sec, Temp = 25 C, localized stress 
concentrations at bottom of beam at end supports 

 
 

Time = 409 sec, Temp = 309 C 
Stress concentrations around last three holes 
at each end. Web posts highlighted in red have 
buckled. However bottom flange yielding 
occurred 1st. 

 

Time = 701 sec, Temp = 578C 
Stress concentrations spread along beam web, as 
additional web posts buckle.  5 web posts at each 
end have buckled >>> lateral torsional buckling 

 

Time = 1286 sec, Temp =969 C  
Stress concentrations spread along beam. 
Beam continues to experience further lateral 
torsional buckling. 

 

Time = 7200sec. Temp =1000C  
No significant changes. Beam continues to 
displacement. End of simulation 
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Scenario II – Case 3 

Displacement at end of simulation (t = 1098s, Temp = 581C) 
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DEFORMATIONS: Case 3 (Scenario II) 

 

Time = 0 sec, Temp = 25 C 
 

Time = 552.5 sec, Temp = 316 C 
Bottom flange starts to lateral displace; 
significant stress concentrations at support; 
Yielding at support 

 

Time = 678 sec, Temp = 398C 
Stress concentrations around last three holes 
at each end. Web posts highlighted in red 
have buckled. 

 

Time = 907 sec, Temp =513 C  
Stress concentrations spread along beam, 
after this point beam displaces and laterally 
rotates rapidly. 

 

Time = 1098 sec, Temp = 581  C 
Stress concentrations spread along beam. 
End of simulation. No Convergence. 
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Stresses    

 

Time = 0 sec, Temp = 25 C, localized stress 
concentrations at bottom of beam at end supports 

 
 

Time = 552.5 sec, Temp = 316 C 
Bottom flange starts to lateral displace; significant 
stress concentrations at support; Yielding at 
support 

 

Time = 678 sec, Temp = 398C 
Stress concentrations around last three holes at 
each end. Web posts highlighted in red have 
buckled. 

 

Time = 907 sec, Temp =513 C  
Stress concentrations spread along beam, after 
this point beam displaces and laterally rotates 
rapidly. 

 

Time = 1098 sec, Temp = 581  C 
Stress concentrations spread along beam. End of 
simulation. No Convergence. 
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Scenario II – Case 4 

Displacement at end of simulation (t = 2008s, Temp = 917C) 
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DEFORMATIONS: Case 4 (Scenario II) 

 

Time = 0 sec, Temp = 25 C 
 

Time = 806.9 sec, Temp = 312 C 
Bottom flange starts to lateral displace; 
significant stress concentrations at support; 
Yielding at support 

 

Time = 1057 sec, Temp = 457 C 
Stress concentrations at web posts near ends 
of beam. Web-buckling significant. 

 

Time = 1789 sec, Temp =C  
Stress concentrations spread along beam, 
after this point beam displaces and laterally 

rotates rapidly. 

 

Time = 1588 sec, Temp = 772 C 
Stress concentrations spread along beam. 

 

Time = 2008 sec. Temp =917 C  
Beam continues to have lateral torsional 
buckling, as it displaces in catenary action 
End of simulation 



318 

 

 

Time = 0 sec, Temp = 25 C, localized stress 
concentrations at bottom of beam at end supports 

 

 
Time = 806.9 sec, Temp = 312 C 
Bottom flange starts to lateral displace; significant 
stress concentrations at support; Yielding at 
support 

 

Time = 1057 sec, Temp = 457 C 
Stress concentrations at web posts near ends of 
beam. Web-buckling significant.  

 

Time = 1502 sec, Temp =718 C  
Stress concentrations spread along beam, after this 
point beam displaces and laterally rotates rapidly. 

 

Time = 1588 sec, Temp = 772 C 
Stress concentrations spread along beam. 

 

Time = 2008 sec. Temp =917 C  
Beam continues to have lateral torsional buckling, 
as it displaces in catenary action 
End of simulation 
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Scenario II – Case 5 

Displacement at end of simulation (t = 2295s, Temp = 663C) 
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DEFORMATIONS: Case 5 (Scenario II) 

 

Time = 0 sec, Temp = 25 C 
 

Time = 1231 sec, Temp = 297 C 
Bottom flange starts to lateral displace; 
significant stress concentrations at support; 
Yielding at bottom flange support 

 

Time = 1720 sec, Temp = 470 C 
Stress concentration around last two web 
posts. Web post buckling and bottom flange 
yielding, at beam ends 

 

Time = 2295 sec, Temp =663 C  
Stress concentrations continue to spread from 
end support. Additional web posts buckle. 
End of simulation. No convergence 
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Von Mises Stresses 

 

Time = 0 sec, Temp = 25 C, localized stress 
concentrations at bottom of beam at end supports 

 
 

Time = 1231 sec, Temp = 297 C 
Bottom flange starts to lateral displace; significant 
stress concentrations at support; Yielding at bottom 
flange support 

 

Time = 1720 sec, Temp = 470 C 
Stress concentration around last two web posts. 
Web post buckling and bottom flange yielding, at 
beam ends 

 

Time = 2295 sec, Temp =663 C  
Stress concentrations continue to spread from end 
support. Additional web posts buckle. End of 
simulation. No convergence 
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Midspan Displacement vs. Time
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Midspan Displacement vs. Temperature
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Scenario III – Protected Cellular Beam 

Displacement at end of simulation (t = 4380s, Temp = 663C) 
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DEFORMATIONS: Case 1, Scenario III, Protected Cellular Beam 

 

Time = 0 sec, Temp = 25 C 

 

Time = 805.7 sec, Web Temp = 117 C 
Bottom flange starts to lateral displace; no 
significant stress concentrations around 
openings, bottom of web yielding at supports 

 

Time = 2172 sec, Temp = 307C 
Stress concentrations around web openings 
near end of beam. Web post buckling initiated. 

 

Time = 2577 sec, Temp =354 C  
Stress concentrations continue to increase 
around web openings. Significant web post 
buckling initiates. 

 

Time = 4380 sec, Temp = 515 C 
Stress concentrations spread in web along 
length of beam, as web posts continue to 
buckle. End of simulation. No convergence 
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Time = 0 sec, Temp = 25 C, localized stress 
concentrations at bottom of beam at end 
supports 

 
 

Time = 805.7 sec, Web Temp = 117 C 
Bottom flange starts to lateral displace; no 
significant stress concentrations around openings, 
bottom of web yielding at supports 

 

Time = 2172 sec, Temp = 307C 
Stress concentrations around web openings 
near end of beam. Web post buckling initiated.  

 

Time = 2577 sec, Temp =354 C  
Stress concentrations continue to increase around 
web openings. Significant web post buckling 
initiates.  

 

Time = 4380 sec, Temp = 515 C 
Stress concentrations spread in web along 
length of beam, as web posts continue to 
buckle. End of simulation. No convergence 
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Scenario III – Unprotected Cellular Beam 

Displacement at end of simulation (t = 1030s, Temp = 663C) 
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DEFORMATIONS: Case 2, Scenario III, UnProtected Cellular Beam 

 

Time = 0 sec, Temp = 25 C 
 

Time = 472 sec, Temp = 345 C 
Bottom flange starts to laterally displace; no 
significant stress concentrations around 
openings, bottom of web yielding at supports 

 

Time = 603.2 sec, Temp = 431 C 
Stress concentrations around web openings 
near end of beam. Web post buckling initiated. 

 

Time = 472 sec, Temp = 345 C 
Bottom flange starts to laterally displace; no 
significant stress concentrations around 
openings, bottom of web yielding at supports 
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Time = 0 sec, Temp = 25 C, localized stress 
concentrations at bottom of beam at end 
supports 

 

 
Time = 472 sec, Temp = 345 C 
Bottom flange starts to laterally displace; no 
significant stress concentrations around openings, 
bottom of web yielding at supports 

 

Time = 603.2 sec, Temp = 431 C 
Stress concentrations around web openings near 
end of beam. Web post buckling initiated. 

 

Time = 1030 sec, Temp =626 C  
As stresses spread, more web posts buckle and 
beam undergoes lateral torsional buckling. End of 
simulation. No convergence 
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Midspan Displacement vs. Time
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Midspan Displacement vs. Temperature
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4.2.1.1 Case h – Vary Column Load (Weak Column Scenario) 

In this case study, a weak column scenario was studied.  Due to 

geometric constraints, a weak column was simulated by increasing the 

column loads by 15% and 30%, respectively.  The actual column loads 

tested included: 9.085 N/mm and 10.27N/mm.  The column loads were 

applied as shell line loads to the top ends of the columns; therefore, the 

actual point loads applied to the columns (given the cross-sectional 

length of the column) were 10.9kN and 12.34kN.  The base cellular 

beam model had a column shell line load of 7.9N/mm (or a 9.5kN point 

load equivalent).  All other aspects of the structural system and geometry 

were maintained.  Both trials were run using implicit analysis.  As seen in 

Table Y, both the 15% increase and 30% increase cases had simulation 

times of 7200s (entire fire duration).  No additional models were run 

using an explicit analysis.  Figure Y is a visual representation of each 

case analyzed. 

 

 

9.085 N/mm 

9.085 N/mm 
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4.2.1.1.1 Displacements 

Case h.1 – Column Load = 9.085mm 

Displacement at end of simulation (t = 7200s, Temp = 1015C) 

 

    

10.27 N/mm 

10.27 N/mm 
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